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FOREWORD

The 14th Lomonosov Conference on Elementary Particle Physics was held
at the Moscow State University (Moscow, Russia) on August 19-25, 2009 under the
Patronage of the Rector of the Moscow State University Victor Sadovnichy.

The conference was organized by the Faculty of Physics and Skobeltsyn
Institute of Nuclear Physics of the Moscow State University in cooperation with the
Interregional Centre for Advanced Studies and supported by the Joint Institute for
Nuclear Research (Dubna), the Institute for Nuclear Research (Moscow), the Budker
Institute of Nuclear Physics (Novosibirsk) and the Institute of Theoretical and
Experimental Physics (Moscow). The Russian Foundation for Basic Research, the
Russian Agency for Science and Innovation, the Russian Academy of Sciences, the
Dmitry Zimin "Dynasty" Foundation and the Russian Agency for Atomic Energy
sponsored the conference.

It was more than twenty years ago when the first of the series of
conferences (from 1993 called the "Lomonosov Conferences"), was held at the
Department of Theoretical Physics of the Moscow State University (June 1983,
Moscow). The second conference was held in Kishinev, Republic of Moldavia,
USSR (May 1985).

After the four years break this series was resumed on a new conceptual
basis for the conference programme focus. During the preparation of the third
conference (that was held in Maykop, Russia, 1989) a desire to broaden the
programme to include more general issues in particle physics became apparent.
During the conference of the year 1992 held in Yaroslavl it was proposed by myself
and approved by numerous participants that these irregularly held meetings should
be transformed into regular events under the title "Lomonosov Conferences on
Elementary Particle Physics". Since then at subsequent meetings of this series a
wide variety of interesting things both in theory and experiment of particle physics,
field theory, astrophysics, gravitation and cosmology were included into the
programmes. It was also decided to enlarge the number of institutions that would
take part in preparation of future conferences.

Mikhail Lomonosov (1711-1765), a brilliant Russian encyclopaedias of the
era of the Russian Empress Catherine the 2nd, was world renowned for his
distinguished contributions in the fields of science and art. He also helped establish
the high school educational system in Russia. The Moscow State University was
founded in 1755 based on his plan and initiative, and the University now bears the
name of Lomonosov.

The 6th Lomonosov Conference on Elementary Particle Physics (1993) and
all of the subsequent conferences of this series were held at the Moscow State
University on each of the odd years. Publication of the volume "Particle Physics,
Gauge Fields and Astrophysics" containing articles written on the basis of
presentations at the 5th and 6th Lomonosov Conferences was supported by the
Accademia Nazionale dei Lincei (Rome, 1994). Proceedings of the 7th and 8th

Lomonosov Conference (entitled "Problems of Fundamental Physics" and
"Elementary Particle Physics") were published by the Interregional Centre for

IX



Advanced Studies (Moscow, 1997 and 1999). Proceedings of the 9th, 10th, 11th, 12th

and 13th Lomonosov Conferences (entitled "Particle Physics at the Start of the New
Millennium", "Frontiers of Particle Physics", "Particle Physics in Laboratory, Space
and Universe", "Particle Physics at the Year of 250th Anniversary of Moscow
University" and "Particle Physics on the Eve of LHC") were published by World
Scientific Publishing Co. (Singapore) in 2001, 2003, 2005, 2006 and 2009,
correspondently.

The physics programme of the 14th Lomonosov Conference on Elementary
Particle Physics (August 19-25, 2009) included review and original talks on wide
range of items such as neutrino and astroparticle physics, electroweak theory,
fundamental symmetries, tests of standard model and beyond, heavy quark physics,
non-perturbative QCD, quantum gravity effects, physics at the future accelerators.
Totally there were more than 350 participants with 143 talks including 43 plenary
(25 min) talks, 38 session (20 min) talks, 47 brief (15-10 min) reports and 15 poster
presentations. One of the goals of the conference was to bring together scientists,
both theoreticians and experimentalists, working in different fields, so that no
parallel sessions were organized at the conference. The Round table discussion on
"The Year of Astronomy: Astroparticle Physics and Frontiers of the Universe" was
held during the last day of the 14th Lomonosov Conference.

Following the tradition that has started in 1995, each of the Lomonosov
Conferences on particle physics has been accompanied by a conference on problems
of intellectuals. The 8th International Meeting on Problems of Intelligentsia held
during the 13th Lomonosov Conference (August 29, 2007) was dedicated to
discussions on the issue "Intelligentsia and World Crisis".

The success of the 14th Lomonosov Conference was due in a large part to
contributions of the International Advisory Committee and Organizing Committee.
On behalf of these Committees I would like to warmly thank the session
chairpersons, the speakers and all of the participants of the 14th Lomonosov
Conference and the 8th International Meeting on Problems of Intelligentsia.

We are grateful to the Rector of the Moscow State University, Victor
Sadovnichy, the Vice Rector of the Moscow State University, Vladimir Belokurov,
the Dean of the Faculty of Physics, Vladimir Trukhin, the Directors of the Joint
Institute for Nuclear Research, Victor Matveev, the Director of the Budker Institute
of Nuclear Physics, Alexander Skrinsky, and the Vice Dean of the Faculty of
Physics of the Moscow State University, Anatoly Kozar for the support in
organizing these two conferences.

This volume is dedicated to the memory of the late Alexey Sisakian, the
Director of the Institute for Nuclear Research, who for many years provided very
important help in organizing of the Lomonosov conferences.

I would like to thank Tom Browder, Giorgio Chiarelli, Dmitri Denisov,
Guido Drexlin, Richard Dubois, Antonio Ereditato, Bellisario Esposito, Paolo
Franzini, Peter Jenni, Takuya Hasegawa, Cristina Lazzeroni, Tsuyoshi Nakaya,
Monica Pepe-Altarelli, Luc Poggioli, Frank Porter, David Reitze, Uwe Schneekloth,
Stefan Schoenert, Christian Spieling, Christian Stegmann, Horst Wahl, Gaston
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Wilquet, Bolek Wyslouch for their help in planning of the scientific programme of
the meeting and inviting speakers for the topical sessions of the conference.

Special thanks are due to Alexander Suvorinov (the Russian Agency for
Science and Innovations) and Valery Rachkov (the Russian State Corporation for
Atomic Energy) for their very valuable help.

Furthermore, I am very pleased to mention Ilya Balantsev, Alexander
Grigoriev and Alexey Lokhov, the Scientific Secretaries of the conference, Andrey
Egorov, Hamid Gadimi, Mila Polyakova, Konstantin Kiselyev, Ilya Tokarev,
Svetlana Esakova, Tanyusha Pogorelova and Maria Skrigolovskaya for their very
efficient work in preparing and running the meeting.

These Proceedings were prepared for publication at the Interregional Centre
for Advanced Studies with support by the Russian Foundation for Basic Research,
the Russian Agency for Science and Innovations and the Russian Agency for
Atomic Energy.

Alexander Studenikin
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STATUS OF THE ATLAS EXPERIMENT

P. S. Wells", on behalf of the ATLAS Collaboration
Dept. PH, CERN, CH-1211 Geneva 23, SWITZERLAND

Abstract. The ATLAS experiment is a general purpose detector to observe proton-
proton collisions at the Large Hadron Collider. The experiment has been commis-
sioned with a large sample of cosmic ray events recorded in 2008 and 2009, and
the first proton-proton collisions were observed at the end of 2009. The very good
state of readiness of the detector, and some first results of collisions, are reported.

1 Introduction

The ATLAS experiment [1] is a general purpose detector, designed to measure
the products of high energy proton-proton (pp) and heavy ion collisions from
the Large Hadron Collider (LHC). The detector was built and is operated by
a collaboration of about 2,800 physicists, including 800 PhD students, drawn
from 169 institutions, coming from 37 countries, spanning 5 continents. This
paper discusses the readiness of the ATLAS detector to observe LHC collisions,
based on calibration work and studies of a large sample of cosmic ray events.

A total of 216 million cosmic ray events was collected in the autumn of
2008, and a further 93 million in summer 2009. The overall event rate was
up to 700 Hz, but with less than 1 Hz passing through the pixel detector
at the centre of the experiment. In December 2009, about one million pp
collision interactions were recorded at the LHC injection energy, corresponding
to 900 GeV in the centre-of-mass system. The beams were declared stable
for about 460 thousand of these collisions, and for these events the detector
could be fully switched on. In addition, 34 thousand events were recorded at a
higher centre-of-mass energy of 2.36 TeV, but without the full tracking detector
at operational voltage.

2 The ATLAS detector

The overall apparatus is 25 m high, 44 m long, and weighs 7,000 tonnes. A
cut-away diagramme is shown in Figure 1. The layout of the detector is driven
by the magnet systems, in particular the barrel and end-cap toroid magnets of
the muon spectrometer.

2.1 The ATLAS magnets and the muon spectrometer

A 2.5 m long, 2.5 m diameter superconducting solenoid provides a uniform 2 T
field for the inner detector, with an excitation current of 7.7 kA. The barrel and
two end-cap toroids each have eight coils, with an excitation current of 20.5 kA.

ae-mail: pippa.wells@cern.ch
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Figure 1: Cut-away view of the ATLAS detector. 

The 8 barrel coils are each 25 m long, 5 m wide and weigh 100 tonnes. The 
typical field is 0.5 T. In contrast, each end-cap toroid has 8 coils in a common 
cryostat of 11 m diameter. At 240 tonnes each, these were the heaviest indidual 
pieces to be lowered into the ATLAS experimental cavern. The typical end-cap 
field is 1 T. The full magnet system has operated reliably for long periods. 

The muon spectrometer provides a muon trigger and momentum measure
ment, with a momentum resolution better than 10% up to about 1 TeV. The 
barrel toroid field alone covers the range 1171 < 1.4, and then overlaps the end
cap field for 1.4 < 1171 < 1.6. There are 700 precision chambers made from 
monitored drift tubes (MDT) in the barrel, complemented by 600 resistive 
plate trigger chambers (RPC) for 1171 < 1.05. When the detector is in its oper
ating configuration, the most dramatic sight is that of the end-cap big wheels 
of the forward muon system. These add an additional 400 MDT chambers with 
1171 < 2.7. The precision chamber coverage is completed by 32 cathode strip · 
chambers (CSC) of the innermost "small wheel" (2.0 < 1171 < 2.7). The forward 
trigger is provided by 3,600 thin gap chambers (TGC), which instrument the 
range 1.05 < 1171 < 2.7, and extend the trigger to 1171 < 2.4. 

Projecting RPC stand-alone cosmic ray muon tracks to ground level, 81m 
above the centre of ATLAS, the rate dependence reveals the two main access 
shafts down which the parts of the detector were lowered, and the two smaller 
personnel elevator shafts, as shown in Figure 2. 

The alignment of the MDT chambers was tested with cosmic rays, with the 
toroid magnet switched off(giving a sample of approximately straight tracks). 
The sagitta in the precision plane of the middle barrel chamber was measured 
before alignment , after alignment with the optical alignment system, and after 
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Figure 2: Map of cosmic ray tracks reaching the detector, revealing the access shafts (left) 
and MDT sagitta for straight tracks at three stages in the alignment process (right). 

applying a track-based alignment correction. The sagitta for a 1 TeV muon 
with field on would be typically 500 Mm, and the target is to achieve a mis
measurement less than 30 Mm for a momentum resolution better than 10% at 
1 TeV. With the track based alignment , the average sagitta is 22 Mm. The 
alignment residuals are illustrated in Figure 2. 

2.2 The calorimeters 

The electromagnetic calorimeter covers 1771 < 3.2, while the hadronic calorime
tery extends to 1771 < 4.9. The lead/ liquid-Argon electromagnetic calorime
ter has an accordion geometry, and provides triggering, identification and en
ergy measurement of electrons and photons. The energy resolution is (J / E ::::0 

10%/vE EB 0.7%. The liquid Argon cryostats also include a copper and tung
sten layers to provide the forward hadronic calorimeter. The central hadronic 
calorimeter is iron with scintillator tiles. The calorimeter can trigger on and 
measure jets and missing transverse energy, with a resolution of (J / E ::::0 50%/ vE 
EB3%. The calorimeter noise and response have been shown to be uniform across 
the detector, and stable in time. The calorimeter pulse-shape modelling has 
also been studied. Two examples are given in Figure 3. 
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Figure 3: Energy deposited in cells of the tile calorimeter as a function of the <p position of 
extrapolated tracks (left) and the pulse shape of the liquid argon EM calorimeter (right). 

2.3 The inner detector 

The inner detector (ID) measures the tracks of charged particles. A typical 
barrel track would pass three layers of pixel detectors, four layers of double 
sided silicon micro-strip detectors (SeT) and more than thirty straws of the 
transition radiation tracker (TRT). Including the barrel and both end-caps, the 
overall ID covers 1171 < 2.5, with 80 million 50x400 /-lm pixels on 1,744 modules, 
6.3 million SeT strips on 4,088 modules, with a 40 mrad stereo angle between 
the two sides, and 400 thousand 4mm TRT straws. The expected momentum 
resolution satisfies (j/PT ;:::::; 3.4 x 1O- 4pT(GeV) EB 0.015. Out of 216 million 
cosmic ray events, 7.6 million pass through the ID , and 420 thousand have at 
least one pixel hit. 

4500 • Me perfect angnment.+ ATLAS Preliminary 
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fl:::::N2flm, o0::34~lm 

" 3000 
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Figure 4: Examples of the ID alignment resolution for the most precise coordinates of the 
pixel barrel (left) and the SeT end-cap (right). 

The silicon pixel and strip noise occupancies are below the design specifica
tion: less than 10-9 for the pixels and less than 5 x 10-4 for the SeT. For 
the TRT, the thresholds are adjusted such that the noise occupancy is 2%. 
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The intrinsic sensor efficiencies have been measured with cosmic ray tracks 
to be much greater than 99% for the silicon detectors, and above 97% for an 
individual TRT straw. Furthermore, the cosmic ray sample allowed the ID 
alignment procedure to be exercised, especially for the barrel regions which 
are well illuminated with cosmic ray tracks. Using the 2008 alignment results 
on the Summer 2009 cosmic ray sample already showed that the detector was 
remarkably stable. The good quality of the barrel alignment was confirmed 
with collision data at the end of the year. The collision data also allowed a 
rapid improvement in the quality of the end-cap alignment, as illustrated in 
Figure 4. 

3 Detector performance 

3.1 Operational efficiency and trigger performance 

Sub-detector Number of Operational 
channels fraction (%) 

Pixel 80 M 97.5 
SCT silicon strips 6.3 M 99.3 
TRT transition radiation tracker 350 k 98.2 
LAr EB calorimeter 170 k 98.6 
Tile calorimeter 9800 98.0 
Hadronic end-cap LAr calorimeter 5600 99.9 
Forward LAr calorimeter 3500 100 
LVL1 calorimeter trigger 7200 99.5 
MDT muon drift tubes 350 k 99.7 
CSC muon end-cap 31 k 98.5 
RPC barrel muon trigger 370 k 99.5 
TGC end-cap muon trigger 320 k 100 

Table 1: Fraction of operational channels for the main ATLAS sub-detectors. 

The operational fraction of the main subsystems at the time of December 
2009 are listed in Table 1. The typical operational efficiency for simulated LHC 
fills in Summer 2009 was about 83%. The data-taking efficiency with colliding 
beams was around 90%. 

The ATLAS trigger has three levels, designed to reduce the event rate of pp 
collision data from 40 MHz to about 200 Hz. The large samples of cosmic ray 
tracks have allowed detailed studies of the trigger performance. Two examples 
are shown in Figure 5. 
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Figure 5: Comparision of the fast energy measurement made by the level-l calorimeter 
trigger and the more precise measurement from the full calorimeter readout (left) , and the 
high efficiency of level-2 tracking algorithms after tuning for tracks from cosmic rays (right). 

3.2 Reconstruction of particles 

Split tracks 

~ Data. (uil ID 
-{;';' Data, Si only 
.,..- Simulation, full 1]) 

Preliminary Cosmic '08 

JO H1" P [GeV] 
T 
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0.06 " 
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0.02 .. 

ATLAS preliminary 

2008 cosmic data 

!!15 -10 - 5 0 5 10 15 
P (Inner Detector) - p (Muon Spectrometer) [GaWe] 

Figure 6: The momentum resolution derived by the cosmic ray split-track method (left), and 
the evaluation of energy deposited in the calorimeter by comparing the momentum measured 

in the ID and muon spectrometer (right). 

Splitting cosmic ray tracks which pass through the whole ID into the upper 
and lower hemisphere, and fitting these as two separate tracks, allows a direct 
measurement of track resolutions. At low momentum, the resolution is dom
inated by multiple scattering, so the good agreement between Me and data 
shown in Figure 6 indicates that the material in the detector is well modelled. 
The cosmic ray sample also allowed checks of the agreement between track 
parameters measured in the ID and the muon spectrometer, and comparisons 
between data and simulation of T-lepton identfication variables. For example, 
in Figure 6, the difference in momentum measured in the ID and in the muon 
spectrometer is shown to be in good agreement between simulation and data, 
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consistent with a typical energy loss of 3 Ge V as the muons pass through the 
material of the calorimeters. 

"'1 
Y. jJ 

A TLAS preliminary 

Barrel TRT 
A' ' , ~ , A ... • 

103 . 104 

Lorentz gamma fa.ctor 

Figure 7: TRT transition radiation for cosmic-ray muons (left) , and comparing hadrons 
(generic tracks) and electron candidat es in collision data (right). 

Transition radiation in the TRT is intended to be used for electron-pion sep
aration. However, the highest energy cosmic rays in ATLAS had a sufficiently 
high Lorentz gamma factor to be able to see the turn on of transition radia
tion, resulting in a larger fraction of high threshold hits, as shown in Figure 7. 
In the same figure , a transition radiation signal from electron candidates from 
converted photons in pp collisions is also shown. 

Combining transition radiation information with the ratio between the track 
momentum and the energy of an associated electromagnetic calorimeter cluster 
allowed a sample of delta rays from cosmic rays to be identified. 

Neutral kaons and lambdas have been identified by combining oppositely 
charged tracks with a common vertex, under either a pion-pion or pion-proton 
hypothesis, to construct the invariant mass. The K~ mass peak is shown in 
Figure 8. In the same figure, the result of combining photon pairs to reconstruct 
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Figure 8: Mass peaks formed from two charged tracks (K~, left) or two photons (7[0 , right). 
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neutral pions is also shown. 
Algorithms to identify and measure jet energies and missing transverse en

ergy were studied in cosmic ray events, randomly trigged noise events and colli
sion events. Examples from collision data of the very good agreement between 
data and simulation seen in all the variables studied is given in Figure 9. 

Figure 9: Transverse momentum spectrum of jet s (left), and the resolution of the transverse 
momentum in collision events as a function of the total transverse energy (right). 

4 Conclusion 

The detailed preparation of the ATLAS experiment with cosmic rays has re
sulted in a very well understood detector, equally well modelled by Monte Carlo 
simulation. The first measurements of LHC pp collision events at 900 Ge V and 
2.36 TeV at the end of 2009 proved this remarkable state of readiness. The 
experiment took data with high efficiency, and has demonstrated that the vari
ables to identify charged leptons, photons, jets and missing transverse energy 
are all under control. The collaboration is ready and eager to collect a large 
data sample of 7 TeV centre-of-mass energy collisions in 2010. 
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EARLY PHYSICS WITH ATLAS AT LHC
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00044 Frascati (Italy)
Abstract. The ATLAS experiment is aimed at the exploitation of the full physics
potential of LHC. The 2009 - 2010 LHC run will provide the first collision data at an
energy above the Tevatron energy. The detector calibration with physics processes
and the main physics measurements possible with early data are presented.

1 Introduction

The LHC collider is designed for a proton-proton collision energy of 7+7TeV
and a luminosity of 1034cm−2s−1 in order to provide access to the experi-
mentation at an energy scale high enough to make it possible to clarify the
mechanism of the spontaneous gauge symmetry breaking and the origin of
the particle masses. In addition, new physics expected by models beyond the
Standard Model (SM), or unexpected, can take place at such high energy and
intensity. The ATLAS experiment aims at covering the full physics potential
offered by LHC [1,2]. The ATLAS detector is fully operational [3] and ready
to start the campaign of measurements foreseen in its physics program.
The physics perspectives of the first LHC run depend on the performance of the
LHC, namely on which is the collision energy and what integrated luminosity is
delivered. At the moment of writing these proceedings, data has been collected
in the Nov.-Dec. 2009 run (∼ 920k minimum bias events at

√
s = 900GeV

and ∼ 34k minimum bias events at
√
s = 2.36TeV) and the plan is to have a

run in 2010-2011 at 3.5+3.5TeV and reach an integrated luminosity of 1 fb−1.
The scenario discussed here corresponds to what was expected at the time
of the conference: beam energy between 3.5 and 5TeV, luminosity ∼ 1031-
1032 cm−2s−1, integrated luminosity ∼ 100 pb−1.
Based on the integrated luminosity expected, a discussion of the physics pro-
cesses observable is made in Section 2. In Section 3 the use of physics processes
for the in-situ calibration is discussed. Section 4 is devoted to report on the
main early physics measurements.

2 Physics processes observable with early data

The main known processes (minimum bias, high pT jet production, bb̄, cc̄, W,
Z and top) have large cross section. With 100 pb−1 of integrated luminosity
large enough statistics can be collected to perform interesting studies of these
processes in a new energy regime, to improve the knowledge of the PDF using
jets, W and Z events, and to tune the Monte Carlo generator.

ae-mail: bellisario.esposito@lnf.infn.it
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Most of the interesting discovery processes, like Higgs production, have cross
section very low and for their discovery a much larger integrated luminosity is
required. There are however also new processes like Z′ production or gluino
or squark production in supersymmetry for which the expected cross section
is such that with 100 pb−1 there are chances that they are observed, or a
significant limit can be established on their mass.

3 Detector performance and in-situ calibration

The ATLAS detector has been designed to provide excellent performance in the
measurement of the charged particle tracks in the Inner Detector, the muon
tracks in the Muon Detector and in the calorimetric energy measurement of
electron, photon and jets [1,2].

Initial Ultimate Samples for calibration
ECAL uniformity ∼2.5% 0.7% Isolated e, Z →ee
e/γ Energy-scale 2− 3% ≤0.1% J/ψ, Z →ee, E/p for e
Jet Energy-scale 5− 6% 1% γ/Z+1j, W →jj in tt̄ events
ID alignment 20− 200μm 5μm Tracks, isolated μ, Z → μμ
Muon alignment 40− 1000μm 40μm Straight μ, Z → μμ

Table 1: Initial and ultimate detector performances.

With the calibration and performance studies of the various subdetectors
with test beam and cosmic rays, the so-called ”day-1” performance, which is
already very good, has been obtained. In order to obtain the ultimate design
performance it is necessary to perform a calibration of the detector using col-
lision events such as Z → μμ, Z →e e, J/ψ, γ/Z+jet,W →jj in top events etc..
Table 1 summarizes the initial, obtained, and the ultimate, expected, detector
performance and the calibration processes to be used.

4 Early physics results

With the expected integrated luminosity many studies can be performed both
on standard processes and for the search of new physics. The main expected
physics results are discussed in the following subsections.

4.1 Minimum Bias

The goals of the study of the minimum bias events at LHC are to measure the
properties of the inelastic pp interaction processes in a new energy regime, and
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to determine the characteristics of the background at high luminosity, due to
pile-up events. The detector performances required for those studies are an
unbiased trigger and tracking efficiency at low pT.
The results expected for the measurement of the charged particle pseudo-
rapidity η in minimum bias events using the low pT tracking algorithm are
reported in Figure 1. The systematic uncertainty coming from the trigger
and selection efficiency correction and from the tracking efficiency correction
is about 6-8%. The results of these measurements will allow to disentangle be-
tween different expectations based on different extrapolations from low energy
data. These expectations have indeed a large uncertainty, as shown in Figure
2.

Figure 1: Charged particles pseudo-
rapidity distributions. MC truth (full
line) and the ratio of the analysis re-
sult over the MC (at the bottom) are

also shown.

Figure 2: Central charged particle
density for non-single diffractive in-
elastic events as a function of energy.

4.2 QCD Jet Physics

The LHC energy opens up a much higher pT region with respect to the Teva-
tron (Figure 3). The goals of the study of the high pT jet events are to measure
the properties of the very hard pp interaction processes, to look for deviations
from QCD predictions due to new physics (quark substructure, resonant pro-
duction, large extra dimensions) and to determine the characteristics of the
background from QCD events for the observation of other processes.
The use of a jet algorithm appropriate for comparison with theoretical calcu-
lations (colinear and infrared safe) is required, and the jet energy scale (JES)
has to be calibrated accurately for detector effects (non compensation, noise,
cracks) and for physics effects (clustering, fragmentation, Initial State Radia-
tion (ISR), Final State Radiation (FSR), Underlying Event (UE)).
In-situ calibration with physics processes (di-jet, γ / Z + jet, multi-jet, W →jj)
is used. The calibration with γ-jet events is illustrated by the plots in Figure 4.
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With 100 pb−1 a statistical uncertainty on JES of 1-2% for 100-200 < pT <
500GeV is obtained. The systematics from physics is 1-2% (ISR/FSR, UE).

Figure 3: Inclusive differential jet
cross section as a function of ET.
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Figure 4: The most probable value of
γ/jet pT balance as a function of pγT.

4.3 W and Z Physics

The goals of the study of the W and Z events are to measure their production
cross-sections known theoretically with uncertainty at the level of 1 %, to mea-
sure pT distribution to probe QCD initial parton radiation, and to measure
rapidity distribution to probe parton density functions (PDF).
The results of an analysis to measure the W and Z cross sections with 50 pb−1

N(x104) B(x104) σ (pb)
W → eν 22.67 ± 0.04 0.61 ± 0.92 20520 ± 40 ± 1060
W → μν 30.04 ± 0.05 2.01 ± 0.12 20530±40 ± 630
Z → ee 2.71 ± 0.02 0.23 ± 0.04 2016±16 ± 83
Z → μμ 2.57 ± 0.02 0.010 ± 0.002 2016±16 ± 76

Table 2: Signal (N), Background (B) events and cross section measurement with integrated
luminosity of 50 pb−1.

are reported in Table 2. W and Z events can also be used to perform in-situ
detector calibration (absolute energy and momentum scale, resolution, trigger
and reconstruction efficiency).
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4.4 Top Physics

The goals of the study of top-quark physics are to measure tt̄ cross-section and
to study top properties and decay. The tt̄ events can also provide samples of
b-jet and W →j j , very useful for the in-situ detector calibration (b-tagging
efficiency, light jet energy scale).
The tt̄ signal can be observed in the single lepton channel. The three jet top
mass peak and the two jet W mass peak can be observed with a simple cut
selection and no b-tagging (Figure 5 and 6). The t̄t cross section measurement
with 10-15% accuracy is possible with 100 pb−1. The tt̄ signal can also be
observed in the di-lepton channel with lower statistics but systematic uncer-
tainties smaller than for the single lepton channel.
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Figure 5: Three jet mass distribu-
tion. The fit to the top signal (gaus-
sian) and to the background (Cheby-

chev polynomial) are indicated.

Figure 6: Two jet mass distribution.
The fit to the W signal (gaussian)
and to the background (Chebychev

polynomial) are indicated.

4.5 Early discoveries of New Physics

The LHC run will not only provide data to study known processes in a new
energy regime but will also give the chance of new discoveries even with the
initial expected luminosity. In fact with integrated luminosity of 100 pb−1 early
discoveries are possible.

Z′ searches

A Z′ signal would show up as a (narrow) mass peak above small and smooth
SM background . The discovery for mass up to 1TeV is possible with 100 pb−1

at
√
s=10 TeV (Figure 7). The observation of Z →ll signal does not require

ultimate detector performance.
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Supersymmetry (SUSY) searches

Squarks and gluinos are produced via strong interactions and have large cross-
section. Their decay produces spectacular final states with many jets, leptons,
missing transverse energy. The results of a simulation study at

√
s = 10TeV

are summarized in Figure 8. A discovery up to squark and gluino masses
of 600-700GeV is possible with 200 pb−1 . This however requires a very good
understanding of the detector effects and of the physics background. The Emiss

T

can be checked with known processes, and data-driven methods to estimate the
background from the SM processes are to be used.

Figure 7: Integrated luminosity
needed for Z′ discovery as a function

of center-of-mass energies.

Figure 8: SUSY discovery reach in
the plan of universal scalar mass m0

and universal gaugino mass m1/2.

5 Conclusions

The study of a variety of SM processes in a new energy regime and the search
for some of the new particles foreseen by the models beyond the SM are the
physics prospects of the first LHC run. The analysis of the data collected will
also provide the verification and the tuning of the ATLAS detector calibration,
necessary to improve the performances and reduce the systematics.
With a well understood and calibrated detector, unexpected effects possibly
leading to surprising discoveries can be looked upon.
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THERMAL EFFECTS FOR QUARK AND GLUON
DISTRIBUTIONS IN HEAVY-ION COLLISIONS AT NICA

G.I.Lykasov a, A.N.Sissakian b, A.S.Sorin c, O.V.Teryaev d

Joint Institute for Nuclear Research, 141980 Dubna, Russia

Abstract. In-medium effects for distributions of quarks and gluons in central A+A
collisions are considered. We suggest a duality principle, which means similarity of
thermal spectra of hadrons produced in heavy-ion collisions and inclusive spectra
which can be obtained within the dynamic quantum scattering theory. Within the
suggested approach we show that the mean square of the transverse momentum
for these partons grows and then saturates when the initial energy increases. It
leads to the energy dependence of hadron transverse mass spectra which is similar
to that observed in heavy ion collisions.

1 Introduction

Searching for a new physics in heavy-ion collisions at NICA, AGS, SPS and
RHIC energies has led to intense theoretical and experimental activities in
this field of research [1]. In this respect the search for signals of a possible
transition of hadrons into the QCD predicted phase of deconfined quarks and
gluons, quark-gluon plasma (QGP), is of particular interest. One of these sig-
nals can be the recent experimental observation of the transverse-mass spectra
of kaons and pions from central Au+Au and Pb+Pb collisions which revealed
”anomalous” dependence on the incident energy. The inverse slope parameter
of the transverse mass distribution (the so called effective transverse tempera-
ture) at the mid-rapidity rather fast increases with incident energy in the AGS
domain [2], then saturates at the SPS [3] and RHIC energies [4].

In this paper we would like to discuss the physical meaning of the so-called
thermal spectra of hadrons produced in heavy-ion collisions, see for example
[5, 6], and try to understand the dynamic reason of such inclusive spectra.
Then we focus on a possible theoretical interpretation of the nontrivial energy
dependence for the inverse slope parameter of the transverse mass spectra of
mesons produced in central heavy-ion collisions.

2 Duality principle

According to many experimental data, inclusive spectra of hadrons produced in
heavy-ion collisions can be fitted by the Fermi-Dirac distribution, corresponding
to the thermodynamic equilibrium (LE) for the system of final hadrons, see

ae-mail: lykasov@jinr.ru
be-mail: sisakian@jinr.ru
ce-mail: sorin@theor.jinr.ru
de-mail: teryaev@theor.jinr.ru
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for example [5, 6]

fA
h = CA

T {exp((εh − μh)/T ) ± 1}−1
, (1)

where + is for fermions and − is for bosons, εh and μh are the kinetic energy
and the chemical potential of the hadron h, T is the temperature, CA

T is the
normalization coefficient depending on T . Actually, the parameter T depends
on the incident energy

√
s in the N−N c.m.s. For mesons simplifying this case

we can assume that μh � 0, (in fact, it generally cannot be strictly zero [7]);
then Eq.(1) is usually presented in the form

fA
h � CA

T exp(−εh/T ) . (2)

On the other hand, according to the Regge theory and the 1/N expansion
in QCD, the inclusive spectrum of hadrons produced, for example in N − N
collisions at high energies, has the scaling form, e.g., it depends only on M2

X/s,
where MX is the missing mass of produced hadrons, s is the initial energy
squared in the N −N c.m.s., and M2

X/s = 1 − xr, where xr = 2E∗h/
√
s is the

radial Feynman variable, E∗h is the energy of the hadron h in the N −N c.m.s.
For example, the quantum scattering theory and the fit of the experimental
data for inclusive meson spectra at low xr results in

ρNN
m (xr) ∼ CN (1− xr)

dN (3)

If xr << 1, Eq.(3) can be presented in the exponential form

ρNN
m ∼ CNexp(−dNxr) (4)

Inserting the form for xr in Eq.(4), we get the inclusive spectrum of mesons in
the form similar to that of the thermal spectrum given by Eq.(2)

ρNN
m = CN exp(−dNxr) ≡ CN exp(− E∗h

TN
s

) , (5)

where TN
s =

√
s/2dN . However, in contrast to Eq.(2), the form of the inclusive

spectrum of mesons produced in N − N collisions given by Eq.(5) does not
assume introduction of any temperature of mesons like T . Figure 1 illustrates
the approximate equivalence between ρNN

m given by Eq.(3) and ρNN
m given by

Eq.(5). One can see from Fig.1 that at high energies these two forms for the
meson spectrum are very similar to each other to the meson energies about a
few GeV. Therefore, ρNN

m can be presented in the exponential form at low and
even moderate energies E∗h.

Let us assume that in central A − A collisions at high energies in the first
N −N interaction at some time the mini-jet consisting of (qq̄) pairs is created
and then pions are produced in the central rapidity region. We also suggest
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Figure 1: f1(xr) = exp(−dxr) and f2(xr) = (1 − xr)d as functions of Eh.

that the distribution of these pairs in the (qq̄) mini-jet has the form similar to
the one given by Eq.(5)

f jet
qq̄ = CA(1 − xr)

dA � CA exp(−E∗h
TA
s

) , (6)

where TA
s =

√
s/2dA. In the general case, the parameter dA is not the same as

dN which can be found from the quantum scattering theory or fitting the exper-
imental data on inclusive spectra of mesons produced in N −N collisions. Let
us call the assumption corresponding to Eq.(6) the Dynamic ansatz (DA).
One can suggest the duality principle which is the similarity of thermal spec-
tra given by Eq.(2) and the dynamical spectra given by Eq.(6). To find the
form for dA one can use the approach suggested by Kuti, Weiskopf [8] for the
calculation of parton distribution in a nucleon. One can show that dA is pro-
portional to the number n of qq̄ pairs in the mini-jet, e.g., dA ∼ n. To estimate
the in-medium effects we replace n by the mean multiplicity < n >NN

π of pions
produced in NN collision, e.g., dA � d0 < n >NN

π .

3 Parton distribution in medium

Recently the parton distribution in a medium was analyzed on the assumption
of the local thermodynamic equilibrium for quark objects like hadrons produced
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in heavy ion central collisions [9]. It was shown that, for example, the valence
quark distribution in the quark object like the hadron h, which is in local
thermodynamic equilibrium with surrounding nuclear matter, can be calculated
by the following equation:

fA
qv
(x,pt) =

∫ 1

0

dx1

∫ 1

0

dxh

∫
d2p1td

2phtq
h
v (x,pt)q

h
r (x1,p1t)× (7)

fA
h (xh,pht)× δ(x+ x1 − xh)δ

(2)(pt + p1t − pht) ,

where fA
h (xh,pht) is the distribution of quark objects like hadrons locally equi-

librated in a medium (LE); qhv , q
h
r are the probabilities to find the valance quark

and other partons (valence, sea quarks (antiquarks) and gluons) in h; x1, xh, x
are the Feynman variables, pt,p1t,pht are the transverse momenta. The ther-
modynamic distribution like Eq.(2) was assumed in [9] for fA

h (xh,pht). The
same form for fA

qv
can be obtained suggesting the dynamic distribution (DA)

for fA
h given by Eq.(6) instead of Eq.(2). Assuming the factorized form for

fh
q (x, pt) = fq(x)gq(pt) we have approximately [9] the following form for the
mean transverse momentum squared of the valence quark in a medium:

< p2q,t(x � 0) >A
q,appr. � < p2t >h

q +T̃
√

m2
h + s/4

1 + T̃
√
m2

h + s / 4/(2 < p2t >h
q )

, (8)

where T̃ = T for Eq.(2) (LE) and T̃ = Ts =
√
s/2dA for Eq.(6) (DA); < p2t >h

q

is the mean value for the transverse momentum squared of the quark in the
free hadron h. As is seen from Eq.(8) < p2q,t >

A
q,appr. grows when

√
s increases

and then saturates, its more careful calculation is presented in [9]. Note that
in the LE case

√
s is some scale energy which cannot be equal to the initial

energy
√
sNN [9], whereas in the DA case it is the same as

√
sNN . For mesons

produced in central A−A collisions we have similar broadening for the hadron
pt-spectrum [9]

< p2h1t
>AA

appr. � < p2h1t
>NN /(1 + r) + T̃

√
m2

m + s/4

1 + T̃
√
(m2

m + s/4)(1 + r) / (2 < p2h1t
>NN)

+
< p2h1t

>NN

r
, (9)

where < p2h1t
> is the mean value for the transverse momentum squared of

the meson h1 produced in the central heavy-ion collision, < p2t >m
q is the same

quantity for a quark in a medium, r = γc/γq , T̃ = T (LE) or T̃ =
√
s/2dA.

Here γq and γc are the slopes in the Gauss form of the pt dependence for the
quark distribution in the hadron h and its fragmentation function, see details
in [9]. As is seen from Eqs.(8,9), the saturation properties for < p2q,t >

A
q and
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Figure 2: The mean transverse momentum squared of the K−-meson produced in the central
A-A collision. The solid line corresponds to the DA, when the effective slope for the transverse
mass spectrum of kaons produced in the p − p collision T

pp

eff
depends on

√
s [11]. The

long dashed line corresponds to the DA, when T
pp

eff
= constant, whereas the short dashed

line corresponds to the LE, when T
pp

eff
= constant and the temperature T = 150 MeV.

Experimental data were taken from [2–4].

< p2h1t
>AA at high

√
s do not depend on the values of T̃ , whereas the growth

of these quantities at
√
s ≤ 20 − 30 GeV is very sensitive to the value of dA.

To describe the experimental data on the transverse momentum squared of K-
mesons produced in central A − A collisions we took d0 = 0.5 and the energy
dependence for < n >NN

π from [10]. We included also the energy dependence
for the mean squared of the transverse momentum of kaons produced in the
N −N collision, see [11] and references there in.

In Fig.2 we present our estimation for the mean transverse momentum
squared of the K−-meson produced in the A-A collision. The suggested ap-
proach results in the saturation of the effective slope Teff for the transverse
mass spectrum of mesons produced in central heavy-ion collisions that is di-
rectly related to the quantity presented in Fig.2. In contrast to this the ther-
modynamic models predict the increase in Teff when

√
sNN increases even to

very high energies [12]. Therefore, the presented results can be verified by more
careful measurements at the SPS energy and future experiments at the LHC
and NICA.
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CMS: STATUS AND PHYSICS PROSPECTS

Cristina Biino a

Istituto Nazionale di Fisica Nucleare, via P. Giuria 1, 10125 Torino, Italy
Abstract. CMS is one of the two general purpose particle detector experiments
located at the Large Hadron Collider (LHC) at CERN. After a brief overview
of the CMS experiment, the final detector installation and its commissioning is
reviewed. Some of the achievements of the past year are highlighted. Preliminary
subdetectors performance results from the large data sample of cosmic ray collected
during 2008 and 2009 and events produced by the first LHC beams are presented.
The early physics potential is illustrated.

1 Introduction

The CMS experiment [1] was completely assembled in the fall of 2008 after
more than a decade of design, construction and installation. During the last
two years, cosmic ray data were collected on a regular basis. These data have
enabled CMS to align the detector components, both spatially and temporally
and to establish the relative alignment of the CMS tracking and muon systems.
In addition, the CMS calorimetry has been crosschecked with test beam data,
thus providing an initial energy calibration of CMS calorimetry to about 5%.
The CMS magnet has been powered and field mapped. The trigger and data
acquisition systems have been run at full speed. The data analysis system has
been exercised at full design bandwidth for Tier0, Tier1 and Tier2 sites. Monte
Carlo simulation of the CMS detector at a detailed geometric level has been
tuned using test-beam and other production data to provide a realistic model
of the CMS detector prior to first collisions. A few preliminary results from
the subdetectors commissioning during the long COSMIC Muon Run at Four
Tesla (CRAFT) field are presented in this paper.

In 2008 the LHC beam was commissioned and successfully steered through
the CMS detector. First commissioning results with real beam data are shown
focusing on detector performance.

The LHC collider run 2009-2010 will restart in October 2009 after a short
beam commissioning phase. Beam intensity, bunch spacing and instantaneous
luminosity will be gradually increased. The run is expected to deliver � 300
pb−1 integrated luminosity at

√
s � 7 TeV. The early physics potential and a

roadmap toward discoveries is highlighted. [2]

2 The CMS Detector

A detailed description of the Compact Muon Solenoid (CMS) experiment can
be found elsewhere Ref. [1] and the overall layout is shown in Fig.1, left side.
At design luminosity (1034cm−2s−1) the 7 TeV proton beams will cross inside

ae-mail: cristina.biino@to.infn.it
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CMS every 25 ns providing an average of 20 collisions per crossing, leading
to up to 1000 tracks in the detector. In order to sustain such a rate the
detector has extremely high granularity. The overall size of the detector is

Figure 1: (left) A perspective view of the CMS detector. (right) The CMS detector during
the installation of the silicon strip tracker, December 2007.

set by the muon tracking system that in turn makes use of the steel return
yoke of the magnet. The central feature of the CMS apparatus is therefore
the superconducting solenoid of 6 m internal diameter delivering a uniform
magnetic field of 3.8 T. Immersed in the magnetic field are the inner tracker, the
crystal electromagnetic calorimeter (ECAL) and the brass-scintillator hadron
calorimeter (HCAL). The tracker consists of 66M silicon pixel channels and
10M silicon microstrip channels (SST) and measures charged particles within
the pseudorapidity range |η| < 2.5. It provides an impact parameter resolution
of about 100 μm and a transverse momentum resolution of about 0.7% for 1
GeV/c charged particles. During the early beam data taking period 98.4% of
the Pixel and 97.2% of the SST channels were operational. The fraction of
noisy Pixel channels was less than 10−5. The signal-to-noise ratio in the SST
depends on the sensor thickness and was measured to be between 28 and 36,
consistent with the design expectations. The tracker was aligned using cosmic
ray data in advance of the LHC commissioning. The precision achieved for the
positions of the detector modules with respect to particle trajectories is 3-4 μm
in the barrel for the coordinate in the bending plane. ECAL, made of about
76,000 lead tungstate scintillating crystals, has been designed to obtain an
energy resolution of about 0.5% for high energy electromagnetic showers, with
the Higgs decay to two photons as a benchmark channel. Muons are measured
in different gas-ionization detectors (Drift Tubes, Cathode Strip Chambers and
Resistive Plate Chambers) and the momentum resolution is 9% at 200 GeV and
15-40% at 1 TeV and, combined with the tracker, it becomes 1% at low pt and
5% at 1 TeV. The overall detector is segmented in wheels and disks. It was
assembled on surface and lowered in the collision hall slice by slice (see Fig. 1,
right side).
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Cosmic ray runs started early in 2007, first with only the data acquisition
system itself, and then grew up to include almost all CMS at the end of August
2008. CMS ran in global mode as a single detector a few days per week and a
full week per month logging more than 350 million cosmic triggers in the period
March-August 2008.

3 Performance in LHC Beam Runs

On September 2008, LHC injected beam in the accelerator and in the following
days the experiment accumulated many beam splash and beam halo events from
circulating beams. Single beam shots of 2 × 109 protons at injection energy
were sent onto a closed collimator about 150m upstream of CMS. Hundreds of
thousand of scattered muons deposited several hundred TeV of energy in the
calorimeters. We used these splash events to synchronize the trigger, to improve
the calorimeters timing (to better than 1 ns) and validate the intercalibration
of the ECAl endcaps channels. The first RF capture of the beam resulted in
millions of orbits through CMS. Halo muons, mainly parallel to the beam, were
reconstructed and were used to improve on alignment precision in the muon
endcaps.

On September 19th an interconnection between two magnets broke leading
to a premature shutdown of the LHC machine.

4 Cosmic Run at Four Tesla (CRAFT)

After the LHC incident CMS went back to cosmic operation. The aim of
CRAFT was to run CMS for four weeks during 2008 fall with all subsystems
participating, collecting data continuously to further gain operational experi-
ence. (see Fig.2, left side). We collected more than 370 million cosmic events.

Figure 2: (left) Event display of a typical cosmic muon passing through the CMS detector.
(right) ECAL stopping power for muons as a function of the muon momentum.

This data has been particularly useful to evaluate efficiencies, resolutions, im-
prove on calibration and alignment constants. A lot of information has been
extracted from these data and a series of paper is being prepared for publica-
tion. The study of energy deposition in ECAL crystals is one of such analysis.
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We studied the stopping power of the CMS electromagnetic crystal calorimeter
as a function of the muon momentum as measured in the tracker (see Fig.2,
right side). The good agreement between the data and the theoretical curve
proves the correctness of the tracker momentum scale and the ECAL energy
scale, calibrated at test beams.

5 Early Physics Program

As we have seen, much of the detector commissioning has been done using
cosmics and test-beams. In 2009 and 2010, with early beam, splash events,
muons halos, we will repeat the first in-situ alignment and calibration, we will
study the detector synchronization, and continue commissioning the trigger.

With first collisions it will be possible to study the detector and reconstruc-
tion performance for physics objets: muons, electrons, lepton rates, minimum
bias events, jets, b-tags, τ , missing transverse energy (MET).

Everything other than the hard scattering process in a collision is referred as
the underlying event. Soft interactions are not calculable from first principles.
We will compare phenomenological models: different models consistent with
Tevatron results show significant differences at LHC energies in the number of
charged particles as a function of leading charged jet transverse momentum.

Soft hadronic interactions, minimum bias events will be the most common
events. The measurement of their properties will be top priority in order
to study reconstruction efficiency and understand background contribution to
physics studies.

In general the understanding of Standard Model (SM) processes will be cru-
cial in the early searches for new physics, therefore a considerable effort should
be invested to measure them precisely. Even at low integrated luminosity such
as 10-20 pb−1 and up to several 100 pb−1 we will continue measuring SM, we
will record many di-jets, W, Z and top quark events. We will improve the
understanding of physics objects, we will start to study the jet energy scale
from W → jetjet and start an extensive use of b-tagging. We will understand
and measure the background to SUSY and Higgs searches and start looking
for possible extraordinary signatures, i.e. Z ′, W ′ resonances.With collisions at
higher energy we will extend searches, explore large part of SUSY and start
searches for resonances at about a few TeV. With luminosity in the 1000 pb−1

range we will enter the Higgs discovery era.

Leptons and photons play a crucial role at LHC in several fields. They are
essential in Higgs decay channels, they can be signature of the decay of new
heavy bosons, they play a role in SUSY and are, of course, central in the recon-
struction of electroweak and QCD processes. CMS, featuring a finely grained,
high resolution e.m. calorimeter and excellent muon tracking performances, is
well equipped for the task of measuring these particles with high resolution.
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No new physics will be possible before the rediscover of SM, that can be used
as the ultimate detector commissioning tool. In the roadmap towards discov-
eries with leptons at LHC as a function of increasing luminosity (see Fig.3),

Figure 3: The roadmap to discoveries with leptons. From left to right: Jψ Resonance Mass
Distribution (few pb−1). Z Boson Peak (10 pb−1). W Cross Section Measurement (10 pb−1)

Drell-Yan Spectrum.

we can first measure low mass resonances (J/Ψ and Υ should be available with
just a few pb−1 of integrated luminosity). We should establish important SM
reference signals like the Z peak (order of 10 pb−1) and W cross-section mea-
surement. We will look for Drell-Yan spectrum beyond Mleptlept > 700 GeV2.
These SM measurements, at the beginning of the data taking, can be used for
a detailed understanding of instrumental effects, detector performance, opti-
mization of reconstruction algorithms, tune MonteCarlo detector simulation,
understand the underlying events and the MET resolution.

The production of Z boson is foreseen to be used to estimate lepton recon-
struction efficiencies and trigger efficiency from the data using a tag and probe
method. This is done by selecting events with a lepton satisfying very stringent
cuts (tag lepton) and then looking for a second lepton in the event which is
consistent with originating from Z decay and passing the set of cuts for which
one wants to determine the efficiency (probe lepton). W and Z production
have several advantages: the cross section is large, of the order of nb, they
have charged leptons in the final state which can be triggered on and their de-
cay properties have been measured at previous accelerators to high precision.
In Z events the background can be estimated from off resonance regions in the
dilepton invariant mass spectrum (side bands). Since cross section theoreti-
cal calculations are very precise (1%) one can turn this measurement into a
luminosity measurement.

One of the most promising signals for new physics in the first data are high
mass lepton pairs. If these particles have SM like couplings to leptons and
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quarks then one expects sizable production cross section and BR to e+e− and
μ+μ− resulting in very clean signatures above a low and well defined Drell-
Yan continuum background. Extending the knowledge beyond the Z boson
reach relies on MonteCarlo extrapolation. Good understanding of the Drell-Yan
spectrum from data will be a key check-point on the roadmap to discoveries.

The t-tbar production cross section at LHC at NLO is about a factor 100
higher at LHC compared to the Tevatron. LHC will be therefore a top quark
factory and should allow to study the properties of top in great details, not
only mass and cross section but also BR, coupling and rare decays. Final
states of top pair events are determined by the fact that the decays are almost
exclusively into W and a b-quark and by the branching fraction of the W boson.
The b-tagging performance can be studied in these events.

If SUSY exists at the electroweak scale should be discovered at LHC but first
we will have to overcome MET challenges.

A key question in particle physics is the origin of electroweak symmetry
breaking. The most elegant explanation within the SM is a Higgs field with
at least one scalar particle: the Higgs Boson. At high luminosity (� fb−1) we
will start to hunt for the Higgs but the potential of discovering at relatively
early days of LHC operation strongly depends on its mass. As the luminosity
starts reaching a few hundreds pb−1 we will reach 150-160 GeV sensitivity,
comparable to the Tevatron.

6 Conclusions

The year 2008 saw the final achievement of almost 20 years of development
and building of CMS. Since 2008 all subdetectors have been routinely in global
readout and the stability of the running has been proven. A long cosmic data
taking confirmed that all components are operational and close to their perfor-
mance design specifications. The first physics analyses are only preparations
for the physics goals for which CMS has been designed, but the understand-
ing of the detector demonstrate its readiness for data taking. CMS has shown
that can deliver high quality data, and CMS is more than ready for first LHC
collisions data in 2009.
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Z
′

DISCOVERY POTENTIAL AT THE LHC FOR MODELS
WITH CONTINUOUSLY DISTRIBUTED MASS

N.V.Krasnikov
INR RAN, Moscow 117312

Abstract. We study the Large Hadron Collider (LHC) discovery potential for Z‘

models with continuously distributed mass for
√
s = 7, 10 and 14 TeV centre-of-

mass energies. One of possible LHC signatures for such models is the existence of

broad resonance structure in Drell-Yan reaction pp→ Z
′

+ ...→ l+l− + ....

In this note we study the Large Hadron Collider (LHC) discovery potential
for Z ‘ models [1] with large invisible decay width. a One of possible LHC
signatures is the existence of broad resonance structure in Drell-Yan reaction
pp → Z

′

+ ... → l+l− + .... The Z ‘ models with broad resonance structure
naturally arise in the context of Z ‘ models with continuously distributed masses
[4,5].b Also scenario with large invisible decay width can be realized if Z ‘ boson
couples to a hidden sector and Z ‘ boson decays mainly into heavy neutral
leptons (massive neutrino). We present the LHC discovery potential for Z ‘

models with continuously distributed mass for
√
s = 7, 10 and 14 TeV centre-

of-mass energies c. In most standard Z ‘ models [1] the total decay width Γtot

is rather narrow. Typically Γtot ≤ O(10−2) ·mZ‘ . The interaction of Z ‘ boson
with additional neutral fermions increases invisible Z ‘ decay width and can
lead to broad total decay width of the Z ‘ boson.

In this paper we consider three Z ′ models. In model A the Z ‘ boson interac-
tion with quarks and leptons is the same as for standard Z boson. In model B
the interaction of Z ‘ boson with quark and lepton fields is determined by the
current

Jμ =
g

2
[
∑
q,l

(q̄γμ(1 + γ5)q + l̄γμ(1 + γ5)l], (1)

where g = 0.65 is the Standard Model SU(2)L coupling constant. In model C
the Z ‘ boson interacts with (B-L) current

Lmu = gB−L

∑
q,l

[
1

3
q̄γμq − l̄γμl] . (2)

with coupling constant gB−L = 0.9. To make Z ‘ resonances broad we modified
the Z ‘ boson interaction with the first flavour of neutrino, namely we made the
replacement

aThe LHC Z ‘ boson discovery potential at CMS and ATLAS detectors has been studied
for narrow Z‘ resonances in refs. [2, 3].

bNote that recent notion of an unparticle, introduced by Georgi [6] can be interpreted as
a particular case of a field with continuously distributed mass [4, 5, 7–10].

cIn recent papers [11] the LHC Z ‘ boson discovery potential was studied for energies√
s = 7, 10 and 14 TeV .
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Z ‘
μgν ν̄(γμ + γμγ5)ν → Z ‘

μgν ν̄(γμ(1 + u) + γμγ5(1− u)) ,

where u is some parameter The parameter u = 0 corresponds to the case of
standard interaction and the invisible decay width into righthanded neutrino
is proportional to |u]2 and for large u it dominates. In other words, in consid-
ered models we introduced additional interaction of Z ‘ boson with righthanded
neutrino that allows to increase full decay width of the Z ‘ boson and make Z ‘

boson rather wide. The values of total decay width Γtot for some parameters
u for models A, B and C are given in Table 1.

The reaction we are interested in is di-lepton production

pp→ γ∗, Z∗, Z ‘∗ + ...→ l+l− + ...

Here l = e, μ. The main background is the Drell-Yan production PP →
γ∗, Z∗+ ...→ l+l−+ .... Other backgrounds like WW,ZZ,WZ or tt̄ are small.
For leptons standard acceptance cuts are the following:

plT > 10 GeV , (3)

|ηl| < 2.4 . (4)

For di-lepton invariant mass Mll we apply cut

Mll > MZ‘ . (5)

This cut differs from standard cut

|Mll −MZ‘| < ΓZ‘

2
(6)

often used for estimation of the LHC Z ‘ boson discovery potential for the case
of narrow Z ‘ boson. The reason is that the Drell Yan cross section is sharply
decreasing function on Mll and for wide Z ‘ boson the Drell-Yan background

dominates in mass region MZ‘ − Γ
Z‘

2
< Mll < MZ‘ . In our calculations we use

PYTHIA 6.3 code [12] with STEQ6L [13] parton distribution functions eval-
uated at the scale Q2 = M2

Z‘ . We did not take into account K-factors. An
account of K-factor which is similar for both background and signal leads to
the increase of significance. Also we don’t take into account detector effects
like effectiveness of electron or muon registration but at the CMS and AT-
LAS detectors the effectivness of lepton registration is typically bigger than 80
percent [2, 3] that can decreases significance by factor ≥ 0.8. An account of
nonzero K-factor partly compensates this decrease. For the LHC total energy√
s = 14 TeV and for Z ‘ boson masses 1 TeV ≤ MZ‘ ≤ 4 TeV K-factor for

both signal and background is approximately 1.3 - 1.4 [2]. An account of K-
factor leads to the increase of the significance by factor

√
K ≈ 1.1−1.2. For the
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estimation of the significance we we use the method [14] based on frequentist
approach which for the case of large statistics (NS 
 1, NB 
 1) leads to the
approximate formula S = 2(

√
NS +NB −

√
NB) for significance.

The first two years LHC will work with center-of-mass energy
√
s = 7 TeV

and with total integrated luminosity Ltot = O(1) fb−1. Finally the energy
will be increased up to

√
s = 14 TeV . In our estimates we use total integrated

luminosity Ltot = 1 fb−1 for energies
√
s = 7 TeV, 10 TeV and Ltot = 100 fb−1

for the LHC energy
√
s = 14 TeV . For models A, B and C we used Z ‘

boson resonances with total decay widths shown in Table 1. Our results are
summarized in Tables 2-4.

Table 1. The ratio
Γ
Z‘,tot

M
Z‘

for models A,B,C and parameters u = 0, 3, 5, 10,

15, 20.

u-parameter
Γ
Z‘,tot

MZ
(mod.A)

Γ
Z‘,tot

MZ
(mod.B)

Γ
Z‘,tot

MZ
(mod.C)

u = 0 0.031 0.046 6.2 · 10−3

u = 3 0.048 0.062 0.028
u = 5 0.078 0.092 0.061
u = 10 0.22 0.23 0.21
u = 15 0.45 0.47 0.45
u = 20 0.78 0.79 0.79

Table 2. The LHC cross sections for signal plus background in fb and sig-
nificances (in brackets) for total energy

√
s = 7 TeV and MZ‘ = 1 TeV . The

background cross section is σB = 1.9 fb and total integrated luminosity is
Ltot = 1 fb−1.

u-parameter model A model B model C
u = 0 94 (17) 166 (23) 24 (7.3)
u = 3 58 (13) 114 (18) 5.8 (2.7)
u = 5 36 (6.2) 72 (14) 3.2 (1.7)
u = 10 12 (4.7) 20 (6.5) nondetectable
u = 15 5.6 (2.7) 7.2 (3.2) nondetectable
u = 20 3.6 (1.8) 5.2 (2.5) nondetectable

Table 3. The LHC cross sections for signal plus background in fb and sig-
nificances (in brackets) for total energy

√
s = 10 TeV and MZ‘ = 1.5 TeV .

The background cross section is σB = 0.66 fb and total integrated luminosity
is Ltot = 1 fb−1.

u-parameter model A model B model C
u = 0 34 (10) 58 (14) 8.8 (4.5)
u = 3 22 (7.8) 40 (11) 2.1 (1.6)
u = 5 13 (5.6) 26 (8.7) nondetectable
u = 10 4.2 (2.8) 7.8 (4.2) nondetectable
u = 15 2.0 (1.5) 2.6 (2.0) nondetectable
u = 20 nondtectable nondetactable nondetectable
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Table 4 .The LHC cross sections for signal plus background in fb and signif-
icances (in brackets) for total energy

√
s = 14 TeV and MZ‘ = 3 TeV . The

background cross section is σB = 0.040 fb and total integrated luminosity is
Ltot = 100 fb−1.

u-parameter model A model B model C
u = 0 2.0 (24) 3.6 (32) 0.54 (11)
u = 3 1.9 (23) 3.4 (31) 0.12 (4.0)
u = 5 1.4 (20) 2.6 (28) 0.064 (2.4)
u = 10 0.54 (11) 1.0 (17) nondetectable
u = 15 0.24 (5.6) 0.46 (9.4) nondetectable
u = 20 0.13 (3.2) 0.22 (5.4) nondetectable

As we can see from Tables 2-4 the LHC discovery potential depends rather
strongly on the total decay width and it decreases with the increase of the
total decay width. The reason is trivial and it is due to the dilution factor

k = Γtot(u=o)
Γtot(u=0)+Γinv(u)

. Note that direct Tevatron experimental bound on the

mass of Z ‘ boson depends on the Z ‘ model and for Z ‘ boson with standard
couplings MZ‘ > 923 GeV [15]. For considered in this paper Z ‘ models with
large invisible decay width the Tevaton bound will be more weak for wide Z ‘

bosons.
To conclude in this note we studied the LHC discovery potential for Z

′

models with continuously distributed mass. One of the possible LHC signatures
for such models is the existence of broad resonance structure in Drell-Yan
reaction pp→ Z

′

+ ...→ l+l−+ .... We made our estimates at the parton level
and did not take into accont detector level Rough estimates show that detector
effects are not very essential and will lead to the decrease of the significance by
factor 0.8−0.9. An account of K-factor will compensate this decrease. The LHC
discovery potential for wide Z‘ bosons is more weak than for the case of narrow
Z‘ bosons due to the dilution factor for Br(Z ‘ → l+l−). Nevertheless for some
models it is possible to detect wide Z ‘ bosons for masses up to 3−4 TeV at final
LHC energy

√
s = 14 TeV and total integrated luminosity Ltot = 100 fb−1.

For the 2010-2011 LHC energy
√
s = 7 TeV and total integrated luminosity

Ltot = 1 fb−1 it is possible to discover wide Z‘ boson with masses up to 1.2 TeV.
I am indebted to A.N.Toropin for useful discussions. This work was sup-

ported by the Grant RFBR 08-02-91007-CERN.
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BLACK HOLES AT LHC?

D. V. Galt’sov a, P. A. Spirin b
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Abstract.We critically review the scenario of black hole production by colliders
in view of the recent calculations of the emission of Kaluza-Klein gravitons in
the transplanckian collisions within the TeV-scale gravity models. These results
indicate that strong radiative damping may substantially decrease the rate of black
hole production at LHC.

TeV-scale gravity [1] assumes that the “true” gravitational constant corre-
sponds to the mass scaleM∗ of the order of one or several TeV, at the expense of
making gravity multidimensional. The weakness of the usual four-dimensional
gravity results from the fact that only a small fraction of the gravitational
lines of force is responsible for gravitational interaction in our world which can
be thought of as four-dimensional hypersurface (brane) in the D = n + 4 di-
mensional bulk. The standard model particles live only on the brane, while
the bulk is inhabited only by gravitons which participate in interactions with
matter with equal strength.

This (and similar) scenario opens a fascinating possibility of production of
black holes at colliders. This prediction [2] made about ten years ago, has been
the subject of intense theoretical study and numerical simulations (for a review
see [3]). The prediction is based on the assumption that for impact parameters
of the order of the horizon radius corresponding to the center of mass collision
energy 2E =

√
s (s being the Mandelstam variable)

rS =
1√
π

[
8Γ

(
d+3
2

)
d+ 2

] 1
d+1 (

GD
√
s

c4

) 1
d+1

an event horizon should form due to the non-linear nature of gravity. The D =
4+d dimensional gravitational constant can be replaced by the D-dimensional
Planck mass M∗ through GD = h̄d+1/(Md+2

∗ cd−1). It is related to the four-
dimensional Planck mass as MPl ≡ M4 via

M2
Pl = Md+2

∗ V, V = (2πR)d,

where R is the compactification radius assumed to be of mesoscopic scale up
to micrometers.

This classical, essentially, picture of BH formation is justified for transplanck-

ian energies s � G
−2/(d+2)
D = M2

∗ . Indeed [4], in this case the D-dimensional
Planck length

l∗ =
(
h̄GD/c3

)1/(d+2)
= h̄/M∗c

ae-mail: galtsov@physics.msu.ru
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and the de Broglie length of the collision λB = h̄c/
√
s satisfy the classicality

condition
λB � l∗ � rS.

Furthermore, gravity is believed to be the dominant force in the transplanckian
region. Thus, for BH masses large compared to M∗, the use of classical Einstein
theory is well justified. Moreover, it seems that formation of BHs in four
dimensions is predicted by string theory Thus a consensus has been reached that
the prediction of BHs in ultra-high energy collisions is robust and is summarized
in the widely accepted four-stage process of formation and evaporation of BHs
in colliders [2], namely (i) formation of a closed trapped surface (CTS) in
the collision of shock waves modeling the head-on particle collision, (ii) the
balding phase, during which the BH emits gravitational waves and relaxes to
the Myers-Perry BH, (iii) Hawking evaporation and superradiance phase in
which the experimental signatures are supposed to be produced, and (iv) the
quantum gravity stage, where more fundamental theory like superstrings is
important. This scenario was implemented in computer codes [5] to simulate
the BH events in LHC, where they are expected to be produced at a rate of
several per second, and in ultra high energy cosmic rays.

Our concern here is the stage (i). Replacing the field of an ultrarelativistic
particle by that of a black hole in the infinite momentum frame corresponds to
the linearized theory picture, while the full non-linear gravitational dynamics is
more complicated. First of all, it is intrinsically dissipative due to gravitational
radiation. To see the difference, it is enough to compare the Lorentz contracted
Coulomb field of the uniformly moving charge and the retarded field of an
accelerated charge which has quite different fall-off law at infinity. Continuing
this analogy with electrodynamics, one can argue that strong radiation damping
may essentially change the particle trajectory and decrease the particle energy
so that conditions for the black hole creation will not be encountered at all.
These conditions are quite likely to be met in the transplanckian region in
TeV-scale gravity, similarly to the case of string theory [6].

Full quantum treatment of the bremsstrahlung in the transplanckian region
is not available for the moment neither in the usual Einstein gravity nor in
the TeV-scale models. Lack of better, we can use the resent results [7] of
purely classical treatment, which is partially justified in the classicality region
mentioned above if, in addition, the emitted quanta are soft. Classical calcu-
lation of bremsstrahlung at ultrarelativistic collisions of point masses m, m′ at
an impact parameter b gives the energy loss in the rest frame of one of the
particles [7]

Erad = CD
m2m′2κ6

D

b3d+3
γd+3,

where κ2
D = 16πGD, γ is the Lorentz-factor of the collision and CD is some

dimension-dependent coefficient. To pass to the center of mass frame, we cal-
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culate the relative energy loss (radiation efficiency) ε ≡ Erad/E, and express
the result in terms of the Lorentz factor in the CM frame via (for m = m′):

ε = Cd

(rS
b

)3(d+1)

γ2d+1
cm , γ2

cm = (1 + γ)/2. (1)

This expression contains the large factor γ2d+1
cm which rapidly increases with the

number of extra dimensions. Physically it is due to the large number of light
KK modes involved both in the gravitational force and in the radiation. It is
also worth mentioning the growing with d coefficient Cd (see [7] for details).

The classical description of small angle ultrarelativistic scattering is strictly
speaking valid for impact parameter in the region

γνrS � b � bc, ν = 1/2(d+ 1),

where bc is a special length parameter arising if d ≥ 1

bc ≡ π−1/2
[
Γ(d/2)GDs/h̄c5

]1/d ∼ rS (rS/λB)
1/d

,

marking the scale beyond which the classical notion of particle trajectory is
lost [4]. These two restrictions come from the validity of the perturbation
theory in terms of the gravitational constant, and classicality of motion in
ADD. Another restriction comes from the quantum bound on the radiation
frequency h̄ωcr < mγ, which is equivalent to b > λC ≡ h̄/(mc). For d �= 0
the two conditions overlap provided λC < bc. A rough estimate of ε can be
obtained in the case γνrS � λC � bc by setting b = λC in (1), which becomes

ε = Bd(sm/M3
∗ )

d+2,

with Bd = 7.4, 0.6, 0.36, 0.45, 0.81, 2.1, 7.0 for d = 0, 1, . . . , 6. Thus, a simple
condition for strong radiation damping is

sm ≥ M3
∗ ,

which may well hold for heavy point particles with LHC energies. For example,
in collisions of particles with m ∼ O(100GeV ) and energy

√
s ∼ O(10TeV ) all

conditions for extreme gravitational bremsstrahlung are satisfied for d = 2.
However, even it seems physically reasonable, one cannot strictly speaking

apply (1) to the case of proton-proton collisions in LHC. Protons are not point-
particles, while their constituents are too light and lie outside the region of va-
lidity of our approximation. For the same reason formula (1) cannot be applied
to massless particle collisions, which seem to require a different treatment [6].
Therefore, even though quantum gravity effects can be ignored for some param-
eters in the transplanckian region, non-gravitational quantum features have to
be taken into account.
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Nevertheless, (a) one may have to include the reaction force in the study
of processes such as BH production, which might even exclude the formation
of a CTS. Note that there are indications that gravitational collapse of an
oscillating macroscopic string does not take place, once gravitational radiation
is taken into account [8]. Also, (b) bremsstrahlung, is a strong process leading
to missing energy signatures in transplanckian collisions, which may further
constrain the ADD parameters.

We thank Th.Tomaras and G.Kofinas for collaboration, and G. Veneziano
for useful discussions and correspondence. The work was supported by the
RFBR project 08-02-01398-a.
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RECENT ELECTROWEAK MEASUREMENTS AT THE
TEVATRON

Andrew Askew a

Physics Department, Florida State University, Tallahassee FL, U.S.A.

Abstract.The CDF and D0 experiments at the Fermilab Tevatron have now col-
lected in excess of 6 fb−1 in integrated luminosity. These large datasets make avail-
able a wide range of electroweak measurements. Electroweak cross sections provide
a great deal of vital information. Large inclusive cross sections (and asymmetries
within those processes) are sensitive to parton distribution functions. Measure-
ment of the W boson mass, a key parameter in the Standard Model (SM), can be
made to high precision. Much smaller diboson cross sections are sensitive to trilin-
ear coupling vertices, and are also common backgrounds to new physics searches.
An overview of the most recent measurements from the CDF and D0 experiments
will be presented.

1 Introduction

The Fermilab Tevatron has delivered more than 6 fb−1 of integrated luminosity
to the CDF and D0 experiments. This provides an opportunity to study W and
Z production properties with high statistics, as well as low cross section diboson
processes. In this paper, the newest of these results are reviewed, which utilize
1 to 4.9 fb−1.

2 W boson analyses

2.1 W Charge Asymmetry

The W boson charge asymmetry arises from the differing momentum fractions
carried by the initial state partons. Thus, a measurement of this asymmetry as
a function of the W-rapidity can be used to further constrain the momentum
distribution of partons within the proton (and anti-proton). This is complicated
by the decay of the W (W → �ν), since the neutrino escapes, the W-rapidity
cannot be exactly calculated. CDF weights events and then unfolds the W
charge asymmetry [1] (the first time this method has been used), while D0
measures the charge asymmetry of the decay leptons [2] in both electron and
muon channels (see Figure 1). This data can be used to further constrain the
parton distribution function fits.

2.2 W Mass

A full discussion of the measurement of the W-mass and width far exceeds
the scope of these proceedings. Briefly, a parametrized detector simulation
is created to reflect the detector reponse, resolution and efficiency. Monte

ae-mail: askew@hep.fsu.edu
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Figure 1: Left, unfolded W charge asymmetry distribution from CDF, using 1 fb−1. Right,
muon charge asymmetry distribution from D0, using 4.9 fb−1.

Figure 2: Left, W-width measurement from D0 (arrow denotes the fit range). Right, world
combination of W-mass measurements, the precision now driven by the Tevatron measure-

ments.

Carlo mass templates are then generated using this simulation, which are then
compared with the data distribution [3], [4]. For the measurement of the W-
mass, the position of the peak of the transverse mass distribution is used, while
for the W-width the tail of the distribution is used(see Figure 2). The D0 W-
mass measurement is currently the most precise single measurement, and in the
combination, the Tevatron value now drives the precision on the world average.

3 Z/γ∗ boson analyses

The Z/γ∗ boson analyses mentioned here only make use of Z/γ∗ → ee events,
due to the larger detector acceptance for electrons (for both CDF and D0).
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Figure 3: Left, Z-rapidity measurement from CDF. Right, forward-backward asymmetry
from D0.

The differential cross section in Z/γ∗ rapidity, like the W charge asymmetry,
is used as a probe of the initial momentum fractions of the colliding partons.
Using 2.1 fb−1 of integrated luminosity, the CDF experiment measures the
cross section versus rapidity in the invariant mass range of 66<Mee <116 GeV,
shown in Figure 3 [5].

The forward-backward asymmetry probes the coupling of the neutral current
to fermions, and is sensitive to sin2θW . If additional structure is present at
high invariant masses, it could be indicative of interference with new gauge
bosons. Using 1.1 fb−1 of data, the D0 experiment measures the forward-
backward backward asymmetry to be in agreement with the SM, and measures
sin2θeffW =0.2326±0.0018(stat)±0.0006(syst) [6].

4 Diboson analyses

The study of the production of pairs of vector bosons probes the underlying
gauge structure of the SM. The boson trilinear couplings, whether required or
forbidden, are predicted exactly by the SM. Any deviation would be evidence
for new physics beyond the SM.

WW production simultaneously probes both the WWγ and WWZ cou-
plings. SM WW production is also the major background to searches for H →
WW , one of the most sensitive channels at the Tevatron. The lowest back-
ground decay process isWW → �ν�ν. Using 1 fb−1 of integrated luminosity, D0
measures a cross section of σWW =11.5±2.2 pb [7]. Using 3.6 fb−1 of integrated
luminosity, CDF measures a cross section of σWW =12.1+1.8

−1.7(stat+syst) pb [8].
The semileptonic decay of WW production (WW → �νjj) cannot be dis-

tinguished from the similar final state in WZ. It is thus typical to measure
the combined cross section, which suffers from very large backgrounds of W
bosons produced in association with jets. Using 1.1 fb−1 of integrated lumi-
nosity, D0 measures a cross section of σ(WW + WZ)=20.2±4.5 pb, at 4.4 σ
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Parameter Minimum 68%C.L. 95%C.L.
Δκγ 0.07 [-0.13,0.23] [-0.29,0.38]
ΔgZ1 0.05 [-0.01,0.11] [-0.07,0.16]
λ 0.0 [-0.04,0.05] [-0.08,0.08]

Table 1: Combined anomalous coupling limits from D0.

significance [9]. CDF uses 3.9 fb−1 of integrated luminosity, and measures a
cross section σ(WW +WZ)=14.4±3.8 pb, at 4.6 σ significance [10].

In a similar vein, CDF searches for events in which two vector bosons are
produced, where one decays hadronically, and the other decay involves a neu-
trino. Using 3.5 fb−1 of integrated luminosity, CDF measures a cross sec-
tion σ(V V +X)=18.0±2.8(stat)±2.4(syst)±1.1(lumi) pb, at 5.3 sigma signifi-
cance [11].

D0 has produced anomalous vector boson coupling limits in several analyses
(Wγ → �νγ,WW → �ν�ν, WZ → ���ν andWW+WZ → �νjj), and combines
them under the assumption of SU(2)L × U(1)Y symmetry. The result of this
combination is shown in Table 1 [12].

5 Summary

The Tevatron continues to deliver vast quantities of data to the CDF and D0
experiments. With over 6 fb−1 of integrated luminosity delivered, these results
are still only a small portion of the electroweak measurements that can be
performed with the full data sample.
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Abstract. Studies performed at 14TeV and 10TeV centre-of-mass energies to es-

timate the potential for top quark physics of the ATLAS experiment at the LHC

are reviewed.

1 Introduction

Since its discovery in 1995 [1,2] the top quark properties have been extensively
explored at Tevatron. Indeed, the top quark has quite interesting features. It
has a very large mass compared to the other quarks, its measured mass be-
ing about 173 GeV [3] from CDF and D0 experiments. It interacts heavily
with the Higgs sector. This suggest that the top quark plays a specific role in
the electro-weak symmetry breaking mechanism and this has been exploited
in many models beyond the standard model (SM) [4, 5]. Another interesting
property is that due to its short lifetime the top quark decays before hadronisa-
tion. It is the only quark which can be studied as a bare quark. Consequently,
the physics content of top physics is quite broad and a large number of pre-
cision measurements could be performed to see if the top quark behaves as
expected from the SM and if some new physics could be revealed in the top
quark production or decays.

In 2009, the Large Hadron Collider (LHC) provided first proton-proton col-
lisions. Even at low center-of-mass energies and luminosities, top quark events
are expected to be produced copiously at the LHC, opening a new opportunity
for precision measurements of the top quark properties. Prior to any measure-
ments, the top quark will be a reference point and top events will be used as a
tool for detector commissioning. Top quark rediscovery and top quark pair pro-
duction cross section will be important early measurements. With increasing
luminosity and centre-of-mass energy, measurements will gain in precision im-
proving our knowledge in the top quark sector and possibly opening a window
for physics beyond the standard model (BSM).

A brief overview of the potential of the ATLAS detector [6] for measuring
the top quark properties at LHC is given here. Studies performed at 10 TeV
and 14 TeV [7–10] to determine the top quark pair production cross section, to
measure the top quark mass, the top quark charge, to search for rare top quark
decays and t̄t resonance production are reviewed.

Top quarks are mainly produced via the pair production mechanism. Top
quark pairs can be produced through gluon-gluon fusion and quark-antiquark
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42

Number_#1024_Pg001-452.indd   42 9/23/10   3:00 PM



annihilation. In pp collisions at the LHC t̄t production via gluon-gluon dom-
inates, the theoretical tt̄ cross section at 10TeV being 400 pb with an uncer-
tainty of about 6% [11] . The single top production is far from being negligible
with a total cross section of about one third of the t̄t production.

In the SM, a top quark decays almost exclusively through the t→Wb decay
mode. The W decays in about one third of the cases into lν, all lepton flavours
being produced at an approximately equal rate. In the remaining two thirds
the W decays into qq̄. From an experimental point of view, the t̄t decay mode
is defined according to the W decay mode: the dilepton mode where both W
boson decay leptonically , the semi-leptonic mode where only one W decays
leptonically and the full hadronic mode where both W decay hadronically.

2 Top quark measurements at the LHC

The gold plated channel to investigate top properties is the semi-leptonic chan-
nel accounting for 30% of the t̄t decays considering only the electronic and
muonic W decays. The dilepton channel has a very clean signature but repre-
sents only 5% of the decays and cant be fully reconstructed due to the precence
of two neutrinos. The presence of lepton(s) is used to trigger the di-leptonic
and semileptonic modes. The full hadronic channel suffers from a large QCD
background and will be difficult to exploit in early data. The measurement
of most of the top properties implies the detection and identification by the
ATLAS detector of all top decay products. Two of the produced jets being b
jets, good b-tagging capabilities are a real bonus to choose the right assignment
of the jets to the two top quarks.
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Figure 1: Left: Expected distribution of the three-jet invariant mass in the electron channel
mass, normalised to 200 pb−1. Middle: The likelihood fit in the three-jet invariant mass for
the muon channel. The statistical uncertainties correspond to an integrated luminosity of

200 pb−1. Right: Hadronic top mass for semileptonic events after purification cuts.

Since t̄t events are a major background for many processes in the SM and
BSM where many models of physics predict events with similar signatures,
the measurement of the t̄t production is an essential stepping stone to new
physics. The latest ATLAS prospects for the t̄t cross section measurement [8,9]
have been determined at

√
s = 10TeV assuming an integrated luminosity of

200 pb−1 from early data. The studies of the semi-leptonic and di-leptonic
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modes rely on very simple and robust selections, and do not make use of b
tagging capabilities. The baseline analysis for the semi-leptonic mode consists
of selecting events which pass the lepton trigger (15 GeV) and contain one iso-
lated lepton with pT >20 GeV, at least 4 jets with pT > 20 GeV, 3 of them
having a pT > 40 GeV. The expected transverse missing energy from the es-
caping neutrino has to be larger than 20 GeV. Only the hadronic top is fully
reconstructed. It is defined as the 3 jet combination which gives the highest
transverse momentum sum. Among these selected 3 jets, one jet pair should
originate from the W boson. A further selection cut reducing a large fraction
of the W+jets background requires that one jet pair is within 10 GeV of the
W boson mass. The hadronic top invariant mass distribution is shown in fig-
ure 1(left). Two methods have been used to measure the cross section. The
first uses a very simple approach based on a Cut and Count method, which
counts the total number of events passing the cuts, substracts the number of
background events expected from simulation and data driven background de-
termination (mainly W+jets events), and finally corrects for signal efficiency
and luminosity. The second method uses a fitting procedure where the top
mass distrution is modeled by a Gaussian function for the signal and a Cheby-
chev distribution for the background (figure 1 middle). The two methods have
different systematics uncertainties, the first one being more sensitive to back-
ground normalisation (from the uncertainty on the jet enegy scale), the second
one to signal and background shapes. The precision for the tt̄ cross section
measurement in the semileptonic channel is expected to be better than 20%,
excluding the luminosity uncertainty. A Cut and Count method is also applied
to measure the tt̄ cross section in the di-leptonic channel. The obtained tt̄ cross
section sensitivity is of the same order as in the semi-leptonic case.
ATLAS used the semileptonic decay of the tt̄ process to determine the reach-
able precision on the top mass using a sample of 1 fb−1 of data at 14 TeV [7].
The strategy followed was to remove as much as possible the combinatorial
background contribution making use of b-tagging capabilities (events with two
b-tagged jets) and to rely only on well measured objects. The top mass es-
timator is built from the invariant mass of the hadronic top candidate which
is reconstructed in two steps: first a W candidate is selected as the 2 jet pair
which is the closest in space and the top candidate is built by adding the closest
b-jet to this pair. The mass distribution is shown in figure 1(right). The main
contribution to the systematic error on the mass measurement is coming from
the b-jet energy scale uncertainy, the top mass being expected to be measured
at the level of 1 (3.5)GeV if the b-jet scale is known with a 1 (5)% precision.
The full reconstruction of the event then allows the tt̄ invariant mass to be
reconstructed. The leptonic W can be reconstructed from a W mass constraint
assuming that the neutrino transverse momentum is identified with the missing
transverse energy. The remaining b jet is added to the leptonic W to form the
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leptonic top candidate. ATLAS established from the tt̄ invariant mass distribu-
tion the discovery potential for a generic resonance which could appear on top
of this distribution. With 1 fb−1 at 14 TeV, ATLAS will be able to discover a
t̄t resonance of mass 700 GeV if σ× BR is greater than 11 pb [7]. This standard
top reconstruction is not very efficient for highly boosted top quarks since top
decay products tend to overlap and produce top monojets. ATLAS developed
new reconstruction schemes for highly boosted tops leading to a much improved
efficiency for large Mt̄t. 95% CL expected limits for 1 fb−1 at 14 TeV were set
for 2 and 3 TeV t̄t resonance masses to be 550 and 160 fb [10].

The top quark charge is one of the top fundamental properties which will be
probed at LHC. ATLAS expects to perform the measurement of the electric
charge of the top quark using the semi- and di-leptonic channels where both
b jets are tagged. This measurement requires the determination of the charge
of the top decay products. The W and b originating from the same top have
to be correctly assigned. The charge of the W boson is determined through
its leptonic decay while for the charge of the b jet the best method uses a
weighted technique where the b jet charge is obtained from the charges of the
tracks belonging to the b-jet. Using this technique ATLAS will be able to
establish with 0.1 fb−1 if the top quark has the SM charge or if it is an exotic
particle with charge -4/3, with 5σ significance [7].

Top quark rare decays through FCNC processes are strongly suppressed in
the SM but may appear at tree level in SUSY and others models. ATLAS
investigated such top rare decays where top quarks decay into a quark and a
particle which could be either a photon, a Z or a gluon. One of the top quark
is assumed to decay according to the SM while the other procceeds through
FCNC decay. For 1 fb−1at 14 TeV in the absence of a FCNC top quark decay
signal, BR limits at 95% CL are expected to be 6.8 × 10−4, 2.8 × 10−3 and
1.2 × 10−2 for the t → qγ, t → qZ and t → qg respectively [7].
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QCD STUDIES AT THE LHC WITH THE ATLAS DETECTOR

Sebastian Eckweiler a on behalf of the ATLAS Collaboration

University of Mainz, Staudinger Weg 7, 55126 Mainz, Germany
Abstract.This paper describes a selection of early QCD analyses, planned to be
performed with the ATLAS experiment. Plans for measurements of underlying
event properties and minimum bias events in early data are discussed. Selected
analyses including jets are presented.

1 Introduction

This paper describes a selection of QCD analyses, planned to be performed with
early data at

√
s = 14TeV of the ATLAS experiment [1]. We present plans for a

measurement of properties of inelastic proton proton collisions, using minimum
bias events. These analyses will provide a better understanding of underlying
event modelling. Measurements including jets are discussed: They will enable
better tuning of Monte Carlo (MC) generators and decrease the uncertainties
of the high-x gluon parton density function (pdf).

2 Minimum bias

We distinguish two definitions for minimum bias events: One referring to
minimum bias events as all inelastic events and one restricted to non-single-
diffractive (NSD) events. Both sorts of events are dominated by particles with
low transverse momentum. Their multiplicity and momentum spectrum are
quantities, which will help constrain the modelling of soft QCD processes in
MC generators. This is especially important in LHC scenarios, where more
than one proton proton interaction per bunch crossing takes place. Though
several such measurements have been made at lower energies, the extrapola-
tion to the LHC design energy is uncertain. A comparison in [2] of simulations
using PYTHIA [3] and PHOJET [4] illustrates that these uncertainties cannot
be neglected.

A detailed preparation study of this measurement is given in [5]. An im-
portant detail in a minimum bias analysis is the trigger, whose bias naturally
has to be minimised and well known. The above cited analysis uses the mini-
mum bias trigger scintillators (MBTS), which are, as a part of the first trigger
level, implemented in hardware. The system covers the pseudorapidity region
of 2.1 < |η| < 3.8. One of the triggers used is MBTS 2, which requires in
total two hits anywhere in the MBTS system and thus also incorporates asym-
metric topologies. Information from PYTHIA and PHOJET is used to correct
for the included single-diffractive events in case of the measurement on a NSD
event sample, as it is shown in Figure 1. The statistical uncertainties will be
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Figure 1: Pseudorapidity distribution of charged particles with p
T

> 150 MeV in non-single-
diffractive events at

√
s = 14 TeV, which were selected using the MBTS 2 trigger. Figure

taken from [5].

negligible, compared to the systematic uncertainties. The dominant system-
atic uncertainties are the the mis-alignment of the tracking system and the
predictions for diffractive cross sections at LHC energies, which differ signifi-
cantly between PHOJET and PYTHIA. In total, the systematic uncertainties
are evaluated to be 8%, which will allow to incorporate this measurement in
tunes of MC generators for the LHC.

3 Underlying event

We refer to the underlying event (UE) as everything but the particles from
the primary hard scattering. Thus, this includes the beam remnants, their
connection to the hard scattering, initial and final state radiation and possible
interactions of secondary pairs of partons. The effect of the underlying event is
important as it contaminates the primary event and even adds physics objects
to it, such as low pT jets. Thus a proper modelling of its properties is crucial
to be able to correct for its effects.

Though the UE has been thoroughly studied at the Tevatron and MC gen-
erators have been tuned appropriately, the extrapolation to LHC energies is
uncertain and differs significantly between MC generators. A commonly used
quantity to characterise the UE is the charged particle distribution in regions
transverse to the leading jet in an event. The study in [6] compares the
UE properties predicted by PYTHIA and HERWIG [7] in combination with
JIMMY [8].

Once PYTHIA and JIMMY are tuned to describe the available CDF data
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Figure 2: Predictions from JIMMY and PYTHIA for multiplicity and transverse momenta
of charged particles in the region transverse to the leading jet at

√
s =14TeV. Figure taken

from [6].

the UE description is extrapolated to
√

s = 14TeV. This is illustrated in Fig-
ure 2. While both generators agree in the description of the charged particle
multiplicity, the average transverse momentum sum pT,Sum that is predicted
by PYTHIA is roughly 20% higher in the plateau region. These studies imply
that with an integrated luminosity of 10 pb−1, ATLAS will be able to provide
important input to generator tunes and a significant decrease in the uncertainty
of the UE description.

4 Jet physics

Jet physics very directly gives a handle to the momentum fractions x of the
scattered partons. Thus, observables like the jet cross section as function of
transverse momentum and rapidity can give a handle on the gluon pdf. Espe-
cially constraints on this pdf at high values of Q2 and x are expected.

In [9] a toy study was made, using ATLAS pseudo jet data: The inclusive
jet cross section in three bins of pseudorapidity was added to a pdf fit and the
effect on the gluon uncertainty was studied. The pseudo data was simulated
to correspond to an integrated luminosity of 10 fb−1. The result is shown in
Figure 3: the uncertainty at the high-x end is reduced to from 18% to 7%.

5 Summary and conclusions

With the early data QCD analyses presented, we will be able to improve our
knowledge of minimum bias events and the underlying event. This will become
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Figure 3: Fractional uncertainty on the gluon density function for jet energy scale uncertain-
ties assumed to be 10% (left) and 5% (right). Figure taken from [9].

even more important once the LHC will run in configurations with more than
one proton-proton-collision per bunch crossing.
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ATLAS DISCOVERY POTENTIAL OF THE STANDARD

MODEL HIGGS BOSON

Christian Weiser a on behalf of the ATLAS collaboration

Physikalisches Institut, Albert-Ludwig-Universität Freiburg, Hermann-Herder-Str. 3,
D-79104 Freiburg

Abstract.The Standard Model of elementary particles is remarkably succesful in
describing experimental data. The Higgs mechanism as the origin of electroweak
symmetry breaking and mass generation, however, has not yet been confirmed
experimentally. The search for the Higgs boson is thus one of the most important
tasks of the ATLAS experiment at the Large Hadron Collider (LHC). This talk will
present an overview of the potential of the ATLAS detector for the discovery of the
Standard Model Higgs boson. Different production processes and decay channels
-to cover a wide mass range- will be discussed.

1 Introduction

The discovery of the Standard Model Higgs boson [1] is one of the most impor-
tant outstanding issues in elementary particle physics. The current experimen-
tal knowledge on the Higgs boson mass, the only free parameter of the theory,
comes from direct searches at LEP, setting a lower limit of mH >114.4 GeV [2],
direct searches at the Tevatron, excluding the mass range 162 GeV < mH <

166 GeV [3], and the combination of precision measurements of electroweak
observables, suggesting a relatively light Higgs boson (mH <157 GeV) [4]b.
Figure 1 shows the Higgs boson production cross sections for the different pro-
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Figure 1: The cross sections at the LHC of different Higgs boson production processes (left)
and the branching ratios of the Higgs boson (right) as function of the Higgs boson mass.

duction processes (gluon fusion, vector boson fusion and associated production
with W and Z bosons or a tt pair) and the decay branching ratios as function
of the Higgs boson mass. In the following, studies performed by the ATLAS
collaboration with realistic full simulations of the ATLAS detector, includ-
ing simulations of the trigger systems, and real reconstruction algorithms are
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ball limits given here at a confidence level of 95%
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Figure 2: The expected signal and background components (left) for a Higgs boson mass of
mH =120 GeV and the expected signal significance using several methods for its estimation

for an integrated luminosity of Lint. = 10 fb−1 (right).

presented. The focus lies on studies of the discovery potential in the low and
medium mass range (up to mH ≈ 200 GeV) at the design centre-of-mass energy
of the LHC of

√
s=14 TeV.

2 H → γγ

Despite its very small branching ratio at the permille level (see Fig. 1), the decay
of the Higgs boson into two photons, H → γγ, offers good discovery potential
for low masses of the Higgs boson because of its clear experimental signature
of two isolated photons in the detector. The main background processes in
this channel are the irreducible γγ processes and the reducible γ + jet and
jet + jet processes. Excellent photon identification and photon-jet separation
are crucial to suppress the reducible backgrounds. An excellent di-photon mass
resolution is needed to be able to establish a signal over the huge combinatorial
background (see Fig. 2, left). The expected signal significance as function of
the Higgs boson mass using different techniques is shown in Fig. 2, right.

3 qqH, H → τ+τ−

The decay of the Higgs boson into a pair of τ -leptons, H → τ+τ−, has the
second largest branching ratio for low Higgs boson masses. The distinct exper-
imental signature of the vector boson fusion production process with two tag
jets in the forward and backward regions of the detector with a large rapidity
gap (Fig. 3, left) is exploited to suppress background processes. The collinear
approximation allows the computation of the τ+τ− invariant mass (Fig. 3, mid-
dle). To be able to estimate the contribution of the dominating Z → τ+τ−

background from the experimental data themselves, Z → μ+μ− decays are
studied, with a proper transformation of the muons to τ leptons. The expected
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minosity of Lint. = 30 fb−1.

signal significance for the decay channels of the τ leptons decaying either both
leptonically or one of them decaying into a hadronic final state is shown in
Fig. 3, right.

4 WH/ZH, H → bb

As can be seen in Fig. 1, for masses of the Higgs boson up to about 135 GeV,
the dominant decay mode is into a pair of b quarks. The dominant Higgs boson
production process of gluon-gluon fusion, however, is not accessible experimen-
tally because of the huge QCD production of jets, including real b jets.

Some time ago the associated production with a tt pair was thought to be the
channel with the best discovery potential in the bb final state and being able
to contribute significantly to a discovery of the Higgs boson for low masses
[5, 6]. More recent studies, using realistic simulations of the detectors and
reconstruction algorithms, have shown that this channel might only be able to
marginally contribute to a discovery if systematic uncertainties are taken into
account [7,8], as can be seen in Fig. 4, left. The production modes of the Higgs
boson in association with a W or Z boson and the subsequent decay of the Higgs
boson in a pair of b quarks had been studied extensively in the past at the LHC
experiments (see e.g. [9]). However, it turned out that these channels offer only
a very modest discovery potential because of the overwhelming backgrounds,
mainly from tt and W + jets events.

Recently, a new analysis on the WH and ZH channels has been performed
in ATLAS [10], following an idea described in [11]. In this analysis, one selects
events where both the W and Higgs bosons have a large transverse momen-
tum, typically above 200 GeV. This results in the two b jets from the Higgs
boson decay to end up in one fat jet. Despite the fact that the requirement
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of such large transverse momenta selects only about 5% of the signal events,
background processes such as tt and W +jets are strongly suppressed. Further-
more, these events populate preferably the central part of the detector leading
to increased acceptances and performances of many reconstruction algorithms.
The key element of the analysis is the decomposition of the broad jet by itera-
tively undoing the last steps of the jet clustering, thus breaking up the jets into
smaller components (see Fig. 4, right), until a configuration is obtained that
contains the two b jets from the Higgs boson decay and possibly an additional
jet from final state radiation.
The analysis has been carried out in three final states as motivated by the
(semi-)leptonic decays of the W and Z bosons: (1) leptonc-Emiss

T
, (2) lepton-

lepton and (3) Emiss

T
, where mainly (1) W → lν, (2) Z → l+l− and (3) Z → νν

contribute to these topologies. Figure 5 shows the mass distributions expected
for a Higgs boson mass of mH =120 GeV and an integrated luminosity of
Lint. = 30 fb−1 for these topologies. The statististical significances in terms
of standard deviations obtained are (1) 3.0, (2) 1.5 and (3) 1.6, respectively.
A combination yields a statistical significance of 3.7 standard deviations. The
signal to background ratio in this analysis is significantly better than in the
case of the ttH channel. This has the advantage that the dependence on the
background uncertainties is strongly reduced, e.g. assuming an uncertainty of
15% on all background production cross sections still results in a significance
of 3.0 standard deviations.

5 H → ZZ(∗)

The decay of the Higgs boson into two Z bosons, H → ZZ(∗) , which are then
both decaying into leptons (electrons or muons), offers a very clear experimental
signature with typically at least one reconstructed Z boson close to its nominal
mass and a narrow Higgs boson mass peak. The main background processes are

cA lepton denotes an electron or muon here.
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Figure 5: The expected bb mass distributions for signal and background events for the lepton-
Emiss

T (left), lepton-lepton (middle) and Emiss
T (right) channels, for a Higgs boson mass of

mH =120 GeV and an integrated luminosity of Lint. = 30 fb−1.

ZZ (irreducible), Zbb and tt production, the latter two being reduced efficiently
by lepton isolation and impact parameter requirements, since these leptons
stem mainly from decays of heavy flavoured hadrons. The expected invariant
mass distribution of the four leptons for a Higgs boson mass of mH =150 GeV,
as well as the expected signal significance for the muons, electrons and mixed
Z boson decays are shown in Fig. 6, left and middle. It can be seen, that this
channel can cover a wide range of Higgs boson masses. The dip in the expected
signal significance around mH ≈ 2 · mW ≈ 160 GeV is caused by the fact that
the Higgs boson decays almost exclusively into a pair of W bosons in this mass
range.

6 H → WW (∗)

The decay of the Higgs boson into a pair of W bosons, H → WW (∗), also shows
a very clear experimental signature of two leptons and large missing transverse
energy caused by the undetectable neutrinos. However, in contrast to the
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Figure 6: The invariant mass of four leptons in the decay mode H → ZZ(∗) for a Higgs
boson mass of mH =150 GeV (left) and the expected signal significances separated for the
different Z boson decay modes and after combination (middle) for an integrated luminosity
of Lint. = 30 fb−1. The expected signal significance for the channel H → WW (∗) for both

final state topologies studied for an integrated luminosity of Lint. = 10 fb−1 (right).
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ZZ channel, no mass peak and intermediate resonances can be reconstructed
making the interpretation of this channel more challenging. This channel has
been analysed in the +0 jet and +2 jets modes, which are dominated by the
gluon-gluon and vector boson fusion production processes, respectively. The
spins of the particles and helicity structure of the decays involved allows the use
of the opening angle between the two leptons in the transverse plane as efficient
discriminating variable, especially against the irreducible WW background.
This channel has an excellent discovery potential, especially around mH ≈
2 ·mW ≈ 160 GeV, already with a modest integrated luminosity as can be seen
in Fig. 6, right.

7 Combined Discovery Potential

To obtain the best possible sensitivity for either a discovery or exclusion of
the Standard Model Higgs boson, the channels discussed before have been
combined following the methods described in [7] and the results are shown in
Fig. 7. This indicates that the ATLAS experiment has the potential to reach
a signal significance corresponding to more than five standard deviations for
an integrated luminosity of Lint. = 10 fb−1 for Higgs boson masses mH > 127
GeV. If no evidence for a Higgs boson is found, Higgs boson masses mH > 115
GeV are expected to be excluded at 95% confidence level with an integrated
luminosity of Lint. = 2 fb−1. Such a combination is particularly important for
low Higgs boson masses where no single channel alone offers sufficient discovery
potential. The inclusion of the channels WH/ZH, H → bb (see Sec. 4) will
improve the situation in this mass range.
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SIGNATURES OF ADS/CFT USING THE CMS EXPERIMENT

AT THE LHC

David Krofcheck a

Dept of Physics,University of Auckland, Private Bag 92019, Auckland, New Zealand

Abstract. Measurements of jet suppression via heavy ion collisions at RHIC lead

to an interpretation that the produced, high temperature nuclear matter is ”color

opaque”. Observation of large collective motion, known as elliptic flow in this

strongly interacting nuclear matter, led to the suggestion that ideal hydrodynamic

behavior was observed. We will look at what could be measured with the CMS

detector, and how the higher centre-of-mass energy at the LHC will permit access

to new observables and laboratory tests of AdS/CFT versus pQCD.

1 Introduction

The study of relativistic nuclear collisions at RHIC has generated data that
supports the idea that Quantum Chromodynamics(QCD) may share a deep
mathematical link with a form of string theory via anti-de Sitter/conformal
field theory (the AdS/CFT conjecture [1]). Ideal hydrodynamic fluid behavior
observed at RHIC from the strongly interacting quark gluon plasma (sQGP)
has prompted new theoretical work (see [2]) on comparing measurable quanti-
ties like: nuclear matter flow; jet propagation through hot nuclear matter; jet
energy loss via gauge boson tagging; pT dependent quarkonia melting; and nu-
clear modification factors (RAA), with perturbative QCD (pQCD) calculations
and string theory inspired predictions for these effects.

2 Experimental Signatures

2.1 Elliptic Flow

Elliptic flow data [3] was obtained at RHIC using the STAR detector. Ideal
fluid hydrodynamical calculations [4] were shown to reproduce the data. An
analysis [5] using the AdS/CFT conjecture also explained the data by requir-
ing a minimum viscosity-to-entropy ratio ≥ 1/4π for the hot, flowing, nuclear
matter. The CMS detector [6] at the Large Hadron Collider (LHC) should be
capable of measuring low-pT elliptic flow for pT ≤ 1GeV/c. Particle identifi-
cation for protons, pions, and kaons in the CMS detector will be done using
the pixel barrel and silicon strip detectors. [7] If the same ideal hydrodynamic
behavior is observed at the LHC beam energy, then the LHC will also provide
a testing ground for the AdS/CFT conjecture and would permit comparisons
with pQCD.

ae-mail: d.krofcheck@auckland.ac.nz
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2.2 Gauge Boson Tagging

The CMS will primarily reconstruct the Z0 in the dimuon channel The large pT

of its decay muons allows for a clean identification of this gauge boson over the
underlying heavy-ion event background. Energy loss of the jet on the away side
can be compared against the gauge boson energy to determine jet energy loss in
the colored medium. It is important to note that contributions from the γ∗ to
dimuons has only been simulated at the generator level in the CMS acceptance.
[7] In principle, the high resolution CMS electromagnetic calorimeter with large
coverage and segmentation may make it possible to reconstruct γ-jet events.
The γ escapes the hot colored nuclear matter without depositing much energy.

2.3 Shock Waves

A heavy quark moving through a sQGP will generate a diffusion wake and a
”sonic” boom (Mach cone) like pattern of emitted particles. Thermal AdS/CFT

calculations in the rest frame of the sQGP lead to the suggestion that the en-
ergy flow from the sonic boom may dissipate approximately ∼ (1 + v2) more
energy than is fed in by the diffusion wake energy flow. [8] The CMS detector,
with its ability to measure energy flow may allow an empirical check of this
predicted velocity dependence in the supression.

2.4 Quarkonia Melting

The dissociation of charmonium bound states was suggested as a signal of the
production of hot and deconfined quark gluon plasma by Matsui and Satz. [9]
It is expected that the melting of bottomonium bound states should occur in
sQGP matter for center-of-mass energies expected at the LHC.

The total production of high-pT charmonium and bottomium is expected
to be greatly enhanced at the LHC when compared to RHIC. In Fig. 1 the
production and detection range of high-pT quarkonia are simulated for the CMS
detector. An observation of changes in the melting pattern of the quarkonia
resonances (ψ′, Υ′ and Υ′′), predicted using AdS/CFT , can be used to explore
this conjecture. It is predicted [10] that the melting temperatures for the
various J/ψ and the Υ families should show T (v)Melt ∼ T (0)Melt(1 + v2)1/4

for heavy mesons as a function of their transverse momenta. Here, T (0)Melt is
the dissociation temperature for a heavy quark meson in its rest frame

2.5 Nuclear Modification Factor

Recently, there was a proposal [11] to use nuclear modification factors for a
possibly more sensitive high-pT test comparing AdS/CFT with pQCD. The
idea is to use the momentum independence and heavy quark inverse mass de-
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Figure 1: Simulated production and generated CMS detection of high-p
T

J/ψ (left) and Υ
(right) for PbPb at 5.5 TeV. [7]

pendence of the AdS/CFT drag coefficient. This drag coefficient is completely
different to the log(pT /M)/pT variation of the drag coefficient of pQCD.
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STUDY OF JET TRANSVERSE STRUCTURE WITH CMS
EXPERIMENT AT 10 TEV

Natalia Ilina a for the CMS collaboration

Institute for Theoretical and Experimental Physics, 117218, Moscow, Russia

Abstract.We present a study of the jet transverse structure which could be per-
formed at CMS start up conditions. The analysis corresponds to the first 10pb−1

of proton-proton collisions at
√

s = 10 TeV. Jet transverse structure is studied
using the second moment of the jet profile in transverse momentum which reflects
the distribution of transverse energy inside the jet cone. Different sources of sys-
tematics were considered and a comparison of predictions from different generators
(HERWIG++ and PYTHIA) was made. The jet structure differs for quark and
gluon initiated jets and the possibility of estimating the fractions of quark and
gluon jets from the second moment of the jet profile in transverse momentum is
discussed.

1 Introduction

In hadron-hadron collisions the jet shape provides a good test for different
models of parton cascades and the hadronization [1,2]. The comparison of the
jet transverse structure between CMS data and Monte Carlo events can be a
powerful tool for tuning Monte Carlo generators used for hadron jet simulations.
This analysis is devoted to the analysis of the jet transverse structure studied
with the CMS experiment at

√
s = 10 TeV, using the new observable, the

second moment of the jet profile in transverse momentum,
〈
δR2

jet

〉
.

We use this new variable for testing the two main hadronization models
(implemented in PYTHIA [3] and HERWIG++ [4] Monte Carlo generators) at
the level of fully simulated CMS data. The possibility to measure the fraction
of quark-induced jets using the second moment is shown.

2 Jet transverse structure variables

The variable used in the CMS collaboration for the study of jet transverse
structure was proposed in [5]:

〈
δR2

jet

〉
(pT) =

∑
i∈jet

ΔR2(i, jet) · pi
T∑

i∈jet

pi
T

(1)

where ΔR2(i, j) = (φi −φj)2 +(ηi − ηj)2. The summation can be performed
either over stable particles, or over calorimeter towers or over reconstructed
tracks in the η − φ cone around the jet axis.

ae-mail: Natalia.Ilina@cern.ch

60

Number_#1024_Pg001-452.indd   60 9/23/10   3:00 PM



In order to avoid the impact of the jet angular resolution, we use the 2nd

central moments of φ and η. Then, we combine the central moments to calculate
the trace of the η − φ correlation matrix

〈
δR2

c

〉
.

While all jets become narrower as the transverse momentum increases, gluon
initiated jets are found to be on average broader than quark initiated jets.
Both generators predict for both quark and gluon initiated jets separately that〈
δR2

jet

〉
does not depend on η for fixed jet transverse momentum. The quark

jet fraction rises with pT and higher quark fraction values are occurred for
higher |η|.

In order to avoid the magnetic field shifts and the non-linearity effects of the
calorimeter energy response we analyze the shape of the charged component
of the jet, as reconstructed from charged particle tracks. The tracker provides
more accurate measurements of the kinematics of low-pT charged particles.

We have considered three sources of systematic uncertainty [5]: jet energy
scale, tracker pT resolution and simulation bias correction.

3 Testing of hadronization models in PYTHIA and HERWIG++

The comparison of the particle level and detector level observables shows out
that the size of the difference is similar for both generators. The correction for
this deviation was done.

Predictions of generators on the particle level are shown in Fig. 1(left) with
data points which were produced by HERWIG++ samples passed through the
full CMS detector simulation and reconstruction. The figure demonstrates
that a CMS data sample corresponding to 10 pb−1 of integrated luminosity
should be sufficient to distinguish between the predictions of the PYTHIA and
HERWIG++.

Figure 1 (right) shows the variable
〈
δR2

c

〉
as a function of the jet pT for quark,

gluon and all jets for particle level Monte Carlo events and for all jets extracted
from the data for |η| < 1. The different

〈
δR2

c

〉
distributions correspond to a

variation of the quark induced jet fraction from 30% at pT = 100 GeV to 70%
at pT = 900 GeV.

4 Conclusions

The study of the jet transverse structure was performed using the second central
moment of the jet profile in transverse momentum,

〈
δR2

〉
. We show that with

MC generated data corresponding to the integrated luminosity of 10 pb−1, the〈
δR2

c

〉
tr

measured with future data from the CMS detector will be enough to
distinguish between HERWIG++ and PYTHIA generators.

The results of this study can be used for tuning the MC models in a central
η range. The fraction of quark- and gluon initiated jets does not depend on
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Figure 1: Comparison between PYTHIA and HERWIG++ predictions for the jet transverse
structure for |η| < 1(left) and HERWIG++ prediction for the jet transverse structure for
quark jets and gluon jets in |η| < 1(right). The data points are calculated from the recon-
structed tracks as a function of the reconstructed jet transverse momentum and the lines

show
〈
δR2

c

〉
calculated from the charged particles as a function of the generated jet trans-

verse momentum. The error bars correspond to the statistical uncertainty for 10 pb−1. The
total systematic uncertainties are indicated by the shaded region.

parameters of the fragmentation models, therefore the main tuning that should
be done is that of transverse structure of quark- and gluon jets. Once the
tuning for central η-region is done and the data are well described, the fraction
of quark induced jets as a function of jet pT and η can be extracted from
experimental CMS data for the other η-regions and compared with the Monte
Carlo predictions.
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ELLIPTIC FLOW STUDIES IN HEAVY-ION COLLISIONS

USING THE CMS DETECTOR AT THE LHC

Sergey Petrushanko a (for the CMS collaboration)

Skobeltsyn Institute of Nuclear Physics, Moscow State University,
Leninskiye Gory, 119991 Moscow, Russia

Abstract. The azimuthal anisotropy of charged particles in heavy ion collisions is

an important probe of quark-gluon plasma evolution at early stages. The nuclear

reaction plane can be determined independently by different CMS detector subsys-

tems and using different analysis methods. The capabilities of the CMS detector at

the LHC to reconstruct the reaction plane of the collision and to measure elliptic

flow with calorimetry and a tracking system are discussed.

1 Introduction

In non-central collisions between two nuclei the beam direction and the impact
parameter vector define a reaction plane for each event. A measurement of the
azimuthal anisotropy of particle production with respect to the reaction plane
is one of the important tools for studying the properties of the dense matter
created in ultra relativistic heavy-ion collisions [1,2]. This report is dedicated to
studying the capability of the CMS detector [3] at the LHC to reconstruct the
reaction plane and to measure elliptic flow, using calorimetry and the tracking
system. The high tracking efficiency and low rate of fake tracks at the CMS,
together with a large calorimetric coverage, provide a precise measurement of
global event characteristics, event by event [4, 5].

2 Methods

The elliptic flow parameter, v2, is defined as the second harmonic coefficient
in the Fourier expansion of the particle azimuthal distribution with respect to
the reaction plane:

dN

dϕ
=

N0

2π
[1 + 2v1 cos(ϕ − ΨR) + 2v2 cos 2(ϕ − ΨR) + ...], (1)

where ΨR is the true reaction plane angle and N0 stands for full multiplicity.
Then v2 is the average over particles of cos(2(ϕ − ΨR)).

There exists a wealth of anisotropic flow measurement methods, each of
which has its advantages and limitations. Here we have used a v2 determina-
tion method based on plane angle measurement. Usually the true elliptic flow
coefficient in the event plane (EP) method is evaluated by dividing the observed
v2 value by a factor, R [6], which accounts for the event plane resolution:

v2{EP} =
vobs

2
{EP}
R

=
〈cos 2(ϕ − Ψ2)〉
〈cos 2(Ψ2 − ΨR)〉 . (2)
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Here the event plane angle Ψ2 is the estimate of the true reaction plane angle
ΨR. The mean was taken over all charged particles in a given event and then
over all events. In order to avoid the trivial autocorrelation of particles, the
event plane angle Ψ2 and, hence, R are calculated from the angular distribu-
tion of a sample of events, and v2 from another event sample with the same
multiplicity.

The event plane angle, Ψn, can be determined from the measured n-th har-
monics via the standard method [6, 7]:

tannΨn =

∑
i

wi sin(nϕi)

∑
i

wi cos(nϕi)
, n ≥ 1, 0 ≤ Ψn < 2π/n, (3)

where ϕi is the azimuthal angle of the i-th particle and wi is a weight. The
sum runs over all particles in each given event.

3 Analysis and discussion

For the estimation of the azimuthal anisotropy of particles in heavy ion colli-
sions, the HYDJET event generator [8] was used with full GEANT simulation
of the CMS detector responses.

Study of event plane resolution with CMS calorimeters. It was
found that the CMS calorimetric system can be used for the determination of
the event plane, using ωi = pTi in Eq. (3) [4]. Although the anisotropic flow is
maximal at midrapidity, the much larger total energy deposition in the CMS
calorimeter endcaps (1.5 < |η| < 3.) results in reduced relative fluctuations
and, accordingly, in a much better event plane resolution. Moreover, energy
flow measurements in the endcaps are less sensitive to the magnetic field than
in the barrel region (|η| < 1.5).

Study of v2 reconstruction with the CMS tracker. A sample of 105

Pb+Pb events at impact parameter b = 9 fm within the pseudorapidity window
|η| < 2.4 (the CMS tracker acceptance) was utilized. The standard settings
were used to reconstruct tracks (i.e. more than 12 hits per track and a track
fit probability above 1 %). A cut on pT > 0.9 GeV/c was set in both simulated
and reconstructed events. The number of reconstructed tracks per event is
about 170 at this centrality.

The differential pT dependence of the elliptic flow in Pb+Pb collisions for
impact parameter b = 9 fm is shown in Fig. 1. Here we have calculated the
dependence using the event plane angle determination from Eq. (3). Two sub-
event sets were used, with η > 0 and η < 0.
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Figure 1: The pT dependence of v2{EP} in Pb+Pb collisions for impact parameter b = 9

fm, calculated with the simulated (open circles) and reconstructed events (closed squares).

Statistical errors are shown for 105 events. Non-flow systematic uncertainties not included.

4 Summary

We have shown that the CMS detector at the LHC will be able to determine the
reaction plane using the calorimeters and the tracker. The transverse momen-
tum dependence of the elliptic flow coefficient v2 can be reconstructed in the
CMS tracker with high accuracy. The CMS track reconstruction performance
induces a systematic error estimated to be about 3% on the v2 determination.
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ION PHYSICS IN CMS EXPERIMENT AT LHC

L.I.Sarycheva (on behalf the CMS Collaboration)

Faculty of Physics, Moscow State University, 119991 Moscow, Russia

Abstract. We review the capabilities of the CMS experiment to measure various
observables in Pb-Pb collisions at the LHC, including elliptic flow, jet quenching,
J/ψ and Υ production. The results are based on full simulation studies using the
Monte-Carlo event generator HYDJET.

1 CMS detector and Heavy Ion program

The Compact Muon Solenoid (CMS) at LHC is a detector optimised for mea-
surements of the characteristics of high energy leptons, photons, hadrons and
hadronic jets, which provide the unique possibility to make “hard probes” in
both pp and AA collisions. The detailed description of the CMS apparatus can
be found in [1]– [4]. CMS features high magnetic field of 4T in 13 m long,
∼ 3 m dia volume inside. The tracking system and muon chambers cover the
pseudorapidity region |η| < 2.4, the electromagnetic (ECal) and hadron (HCal)
calorimeters reach the values η = ±3 while the very forward (HF) calorimeters
— η = ±5.2. In addition, a quartz-fibre calorimeter “CASTOR” covers the
region 5.2 < |η| < 6.6, and another “zero degree” calorimeter (ZDC) 140 m
distant from the interaction point — the region |η| ≥ 8.3. CASTOR and ZDC
extend the area of observations to forward physics including ultraperipheral
interaction, limiting fragmentation, saturation, color glass condensate, exotics.
The tracking system of CMS apparatus allows track reconstruction and mo-
mentum esimation with resolution better than 2% in the region PT between 0.5
GeV/c and few tens GeV/c. CMS is an excelent device for the study of quark-
gluon plasma using hard probes: quarkonia (J/ψ, Υ), heavy quarks (bb̄) and
Z0, high PT jets, as well as jet-jet, jet-γ, jet-γ∗/Z0 correlations [5, 6]. Heavy
Ion (HI) Physics program at CMS is presented in detail in [7].

2 Quarkonia and heavy quarks

Quark-gluon plasma becomes hotter and lives longer as energy increases from√
s = 200 GeV/n-n (RHIC) to 5500 GeV/n-n (LHC). Quarkonia (J/ψ, ψ′, Υ,

Υ′, Υ′′) and Z0 should be observed with high statistics under the conditions of
LHC. Large cross-section for heavy quark (b, c) production allows evaluation
of medium-induced energy loss of partons basing on the spectra of large mass
μμ pairs and secondary J/ψ. SPS and RHIC experiments report the J/ψ
suppression, and now we have a question: will recombination or suppression
be observed at LHC? At LHC we have the new probes Υ: Υ′ and Υ′′, so
the question is: should we expect such regeneration or suppression for these
particles? From B → J/ψ and BB → μ+μ− events one can obtain information
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about b-quark rescattering and energy loss in the medium. Fig. 1 shows the
mass distributions of dimuons with opposite charge assuming the multiplicity
2500 and the full acceptance (|η| < 2.4). The different quarkonia resonances
appear on top of the continum due to the various decay modes: π+K, charm
and bottom decays.
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Figure 1: Dimuon mass distributions within |η| < 2.4 for PbPb events with dNch/dη|η=0 =
2500 in the J/ψ and Υ mass regions. The main background contributions are also shown: h,

c and b stand for π +K, charm, and bottom decay muons, respectively.

3 Jet Quenching and azimuthal anysotropy

The algorithm of jet reconstruction in HI collisions is based on the event-by-
event η dependent background substraction. This work started in 1994 [5] and
has been in progress up to now [6]. The possibility of hard QCD jet reconstruc-
tion with initial parton energies in the range 50 ÷ 300 GeV was investigated
(using HIJING model) in central PbPb collisions. An important tool for studies
of the properties of quark-gluon plasma (QGP) in ultrarelativistic HI collisions
is the analysis of QCD jet production: medium-induced energy loss of ener-
getic partons (jet quenching) is very different in cold nuclear matter and in
QGP. The energy lost by partons in nuclear matter appears to be 102 times
lager than that in a hadron gas. The jet quenching should manifest itself in
PT distribution, elliptic flow, jet fragmentation function, distribution of az-
imuthal angles in non-central HI collisions, and other observables. Fig. 2 shows
the ratio of jet fragmentation functions DPbPb(Z)/Dpp(Z) � 0.25. The jet
quenching is observed in the nuclear modification factor for charged hadrons:
RAA(PT ) = d2NAA/dPTdη/TAAd

2σNN/dPT dη. Fig. 3 shows the factor of
nuclear modification for charged hadrons up to PT ∼ 300 GeV/c.

Non-central HI collisions (impact parameter b �= 0) result in the elliptic
volume of interacting nuclear matter. The energy flow from this elliptic volume
may be non-isotropic. Fig. 4 shows the behaviour of parameter v2(PT , y) =
〈cos[2(φ−ΨR)]〉 as a function of PT and η, obtained using CMS Tracker.
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Figure 4: Azimuthal anisotropy in HI Collisions: v2(PT , y) = 〈cos[2(φ − ΨR)]〉, where
azimuthal angle φ = arctan(Py/Px). Open circles — simulated, closed squares — recon-

structed events(HYDJET, 10000 PbPb events, b = 9 fm).

4 Summary and Acknowledgement

With its large acceptance, nearly fine granularity hadronic and electromagnetic
calorimetry, precision muon and tracking system, the CMS detector is an ex-
cellent device for the study of hard probes (such as quarkonia, jets, photons
and high PT hadrons) in heavy ion collisions at the LHC.

The author is grateful to the members CMS Collaboration for providing the
material for this talk.
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SYSTEMATIC UNCERTAINTIES IN EXPERIMENTS AT LHC
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Abstract.We discuss the issues related to systematics in experimental data. We
consider the possibilities both for classifying and estimating of them and for im-
plementing the estimators of systematic uncertainties in the data analysis of ex-
periments at LHC.

1 Introduction

Most measurements of physical quantities involve both a statistical uncertainty
and a systematic uncertainty. Typically, systematic uncertainties are not well
defined and are not straightforward to determine. They are also usually not
Gaussian distributed, and combining systematic uncertainties from different
sources is problematic.

The consideration of issues of uncertainty propagation and combining is a
very important part of planning of experiments at the LHC (see, for example,
PTDR CMS v.II [1]). Such type studies [2–5] often include proposals to com-
bine statistical and systematic uncertainties, and techniques to estimate the
magnitude of systematic uncertainties.

2 Classification of systematic uncertainties

Statistical uncertainties are the result of stochastic fluctuations arising from
the fact that a measurement is based on a finite set of observations.

Systematic uncertainties arise from uncertainties associated with the nature
of the measurement apparatus, assumptions made by the experimenter, or
the model used to make inferences based on the observed data. Examples of
systematic uncertainties include uncertainties that arise from the calibration
of the measurement device, the probability of detection of a given type of
interaction, and parameters of model used to make inferences that themselves
are not precisely known.

Let us consider systematic uncertainties which are usually taken into account
in experiment. In ref.[4] is proposed the classification of systematic uncertain-
ties.

– Class 1 systematics are uncertainties that can be constrained by ancillary
measurements and can therefore be treated as statistical uncertainties.

ae-mail: Serguei.Bitioukov@cern.ch
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– Class 2 systematics arise from model assumptions in the measurement or
from poorly understood features of the data or analysis technique that intro-
duce a potential bias in the experimental outcome.
– Class 3 systematics from uncertainties in the underlying theoretical paradigm

used to make inferences using the data.

3 Typical sources of systematic uncertainties in LHC

The part of systematic uncertainties depends on the integrated luminosity of
experiment. The another part depends on statistics in ancillary measurements
during experiment and, correspondingly, has internal limitations. Third part
has not dependence from any experimental data. The list of typical sources of
systematics is presented below.
– Luminosity from detector: the uncertainty on the luminosity detector ac-

ceptance and efficiency.
– Luminosity from cross section: the uncertainty of the inelastic and diffrac-

tive cross sections.
– Signal modeling: the systematic uncertainty arising from uncertainties in

the modeling of the signal.
– Detector modeling: the systematic uncertainty arising from the uncertainty

on the event detection efficiencies for object identification and MC mismodeling
of data.
– Background from MC: the systematic uncertainty arising from uncertain-

ties in modeling of the different background sources.
– Background from data: the systematic uncertainty arising from uncertain-

ties in modeling of the different background sources that are obtained using
data-driven methods.
– Particle identification and misstagging: the systematic uncertainty coming

from the uncertainty on the identification of particles and mistag rate and
shape modeling.
– JES and Emiss

T
scale: the JES uncertainty which originates from limitations

in the calibration data samples used.

4 Treatment of systematic uncertainties

Class 1 systematics are statistical in nature and will therefore naturally scale
with the sample (special or regular) size.
A common technique for estimating the magnitude of systematic uncertainty

of Class 2 is to determine the maximum variation in the measurement, associ-
ated with the given source of systematic uncertainty.
Class 3 systematics do not depend on how well we understand the measure-

ment per se, but are fundamentally tied to the theoretical model or hypothesis
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being tested.
Often the distribution of errors is supposed to be normal distribution. It

allows to combine the error estimates of several uncertainties into the overall
uncertainty using a root sum-of-the-squares approach.
The systematic uncertainties usually not Gaussian distributed. For example,

distributions of efficiencies are asymmetric. In this case the combination of
different systematic uncertainties by standard methods is problematic.
If we measure the random variable to estimate the parameter of model which

describe the behavior of this random variable, we can describe the systematic
uncertainties via confidence densities [6, 7]. In this case the uncertainty in
determination of parameter is associated with probability.
More commonly, if we know the probability density of uncertainties during

planning of experiment we can use MC experiments to imitate the possible
result and to construct the confidence densities of parameters in frame of the
model of experiment. It is usual practice in experiment preparation and it is
done for experiments at LHC.
By the using of notion confidence distributions (and, correspondingly, con-

fidence densities) all sources of uncertainties can be included in a logically
consistent way to description of overall uncertainty [6]. We use this notion in
statistical studies during preparing experiments at LHC [8,9].
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ELECTROWEAK PHYSICS AND SEARCHES FOR NEW
PHYSICS AT HERA
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Abstract. Recent results from the H1 and ZEUS experiments are reported on elec-
troweak physics and on searches for new physics. All results are in good agreement
with the Standard Model.

1 Introduction

High energy electron- (positron-) proton collisions at the HERA collider, col-
liding 27.5GeV electrons (or positrons) on 920GeV protons, provide a unique
opportunity for studying electroweak physics and for searches for physics be-
yond the Standard Model. Extensive studies have been performed by the H1
and ZEUS collaborations with the final data sets, corresponding to an inte-
grated luminosity of about 0.5 fb−1 per experiment. Recently, significant im-
provements have been achieved by combining the results of both experiments.
A summary of electroweak studies and searches for new physics is presented in
this paper.

2 Evidence for Electroweak Unification

One of the main goals of the HERA physics program has been the precise
measurement of the differential cross sections in neutral (NC) and charged
current (CC) deep inelastic scattering (DIS). These measurements have not
only been of great importance for the understanding of the quark and gluon
content of the proton, but have also provided a basis for electroweak (EW)
studies [1].

Figure 1 shows the single differential NC and CC e+p and e−p cross sec-
tions measured by H1 [2, 3] and ZEUS [4] for Q2 > 200GeV2 as a function
of the momentum transfer Q2. The NC data show a 1/Q4 behavior due to
the electromagnetic current, whereas the CC cross section is proportional to
1/(Q2 + M2

W )2, which gives a much less steeper cross section decrease as a
function of Q2, since the propagator term includes the W mass. At high Q2,
Q2 > M2

W , both NC and CC are mediated by a unified electroweak current and
both cross sections are of comparable size. There is excellent agreement with
the SM predictions over 7 (4) orders of magnitude for NC (CC) scattering.

ae-mail: uwe.schneekloth@desy.de

72

Number_#1024_Pg001-452.indd   72 9/23/10   3:00 PM



)2
 (

p
b

/G
eV

2
/d

Q
σd

-710

-510

-310

-110

10

)2 (GeV2Q
310 410

p CC 03-04 (prel.)+H1 e

p CC 2005 (prel.)-H1 e

p CC 06-07 (prel.)+ZEUS e

p CC 04-06-ZEUS e

p CC (HERAPDF 0.1)+SM e

p CC (HERAPDF 0.1)-SM e

p NC 94-07 (prel.)+H1 e
p NC 94-07 (prel.)-H1 e

p NC 06-07 (prel.)+ZEUS e
p NC 05-06-ZEUS e

p NC (HERAPDF 0.1)+SM e
p NC (HERAPDF 0.1)-SM e

..y < 0.9
 = 0eP

HERA I & II

Figure 1: Differential cross section for NC and CC ep scattering, as measured by H1 and
ZEUS, compared to the SM expectations using the HERAPDF parametrization of the proton
parton distribution functions.

3 Neutral Current Cross Sections

The unpolarized NC cross section has been measured over a large range of Q2

(200 - 30 000GeV2) for e−p and e+p DIS. At high Q2, the e−p cross section is
significantly larger than the e+p cross section. This charge asymmetry can be
exploited to measure the interference structure function xF γZ3 :

xF γZ3 � xF̃3
(Q2 +M2

Z)

αeκQ2
, xF̃3 =

Y+

2Y−
(σ̃e

−p − σ̃e
+p).

Since xF γZ3 has little dependence on Q2, the measurements from 1 500 <
Q2 < 30 000GeV2 were extrapolated to 5 000GeV2 and then averaged to ob-
tain higher statistical significance. Figure 2 shows xF γZ3 measured at Q2 =
5000GeV2 [6]. It is well described by the SM prediction.

A direct measure of EW effects are the charge dependent polarization asym-
metries of the NC cross sections, which are now accessible using the HERA II
data. The cross section asymmetries A±, as defined below, can be used to
measure to a good approximation the structure function ratio, which is pro-
portional to the product aevq, where ae(vq) is the axial (vector) coupling of the
electron (quark q) to the Z boson, and thus gives a direct measure of parity
violation.

A± =
2

PR − PL
· σ
±(PR)− σ±(PL)

σ±(PR) + σ±(PL)
� ∓κae

F γZ2

F2
∝ aevq,

where PR (PL) is the right (left) handed lepton beam polarization.
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The asymmetries obtained from the combined H1 and ZEUS data are shown
in Fig. 3 [7] and are well described by the SM predictions as obtained from the
H1 and ZEUS QCD fits. The data demonstrate parity violation at very small
distances, down to 10−18 m.

4 Polarized Charged Current Cross Sections

The total CC cross sections have been measured by H1 [3] and ZEUS [4] as
a function of the lepton beam polarization Pe in the common phase space
Q2 > 400GeV2 and y < 0.9. In Fig. 4 the results are compared with SM
predictions based on CTEQ6D, MRST 2004 and HERAPDF0.1 fits. The linear
dependence of the CC cross sections on Pe is expected as the W boson interacts
only with e−L and e+R. A straight line fit to these cross sections is sensitive to
exotic right-handed and left-handed current additions to the SM Lagrangian.
Assuming SM couplings and a massless right-handed neutrino, the existence of
charged currents involving right-handed fermions mediated by a boson of mass
below 208GeV is excluded at 95% C.L. [5].

5 Combined Electroweak-QCD Fits

The NC cross sections provide information on the quark couplings to the Z0 bo-
son. For the HERA kinematic regime, the axial (aq) and vector (vq) coupling
constants are dominant in the unpolarized xF 0

3 and polarized FP2 structure
functions, respectively. These electroweak parameters can be fitted simultane-
ously with the PDF parameters to perform a model independent extraction.
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Figure 4: Total cross sections for e−p and e+p CC DIS as a function of longitudinal electron
(positron) beam polarization.

The HERA [8, 9] results are shown in Fig. 5 and compared to LEP and CDF
results [10, 11].

6 Isolated Lepton Events with Missing PT

A search for events with high transverse energy isolated leptons (electrons or
muons) and missing transverse momentum has been performed by the H1 and
ZEUS collaborations [12] using the full data sets. In general, the observed
events yields are in good agreement with the SM model predictions, which is
dominated by W production. An excess at high PXT , PXT > 25GeV, is observed
by H1 in the e+p data sample, which is not observed by ZEUS. A small excess
remains in the common analysis [12]: the number of observed events with PXT >
25GeV is 23, compared to 14.0± 1.9 expected.

The measured single W production cross section is shown in Fig. 6. The total
cross section of this process is measured as 1.07± 0.16(stat.)±0.08(sys.) pb, in
agreement with the SM prediction of 1.26± 0.19 pb.

7 Multi-Lepton Production

The production of multileptons (electron or muon) at high transverse momenta
has been studied by the H1 and and ZEUS collaborations [13] using the full e±p
data sample. The yields of di- and tri-lepton events are in good agreement with

75

Number_#1024_Pg001-452.indd   75 9/23/10   3:00 PM



-1 -0.5 0 0.5 1

-1

-0.5

0

0.5

1
-PDF (prel.)d-au-ad-v

u
 ZEUS-pol-v
 total uncert.
 uncorr. uncert. 
 H1 prel. (HERA I+II 94-05)

 SM
 CDF
 LEP

-1 -0.5 0 0.5 1

-1

-0.5

0

0.5

1

ua

uv

68% CL

ZEUS

-1 -0.5 0 0.5 1

-1

-0.5

0

0.5

1
-PDF (prel.)d-au-ad-v

u
 ZEUS-pol-v
 total uncert.
 uncorr. uncert. 
 H1 prel. (HERA I+II 94-05)

 SM
 CDF
 LEP

-1 -0.5 0 0.5 1

-1

-0.5

0

0.5

1

da
dv

68% CL

ZEUS
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SM predictions. Distributions of the invariant mass M12 of the two highest PT
leptons and of the scalar sum of the lepton transverse momenta

∑
PT are in

good agreement with the SM expectations. Events are observed in ee, eμ, eee
and eμμ topologies with invariant masses M12 above 100 GeV, where the SM
prediction is low. Both experiments observe high mass and high

∑
PT events in

e+p collisions only, while, for comparable SM expectations, none are observed in
e−p collisions. In the combined analysis seven events have a

∑
PT > 100GeV,

whereas the corresponding SM expectation for e+p collisions is 1.94 ± 0.17
events [13] .

The total and differential cross sections for electron and muon pair photo-
production are measured in a restricted phase space dominated by photon-
photon interactions and are found in good agreement with the SM expectations.

8 Single-top Production

Observables sensitive to flavor-changing neutral current (FCNC) interactions
are particularly useful as probes for physics beyond the SM, since SM rates
are very small due to the GIM mechanism. At the HERA collider, single-top
production is a prime reaction to search for FCNC, where the incoming lepton
exchanges a γ or Z with an up-type quark in the proton, producing a top quark
in the final state. Deviations from the SM can be parameterized in terms of
the coupling constants κtuγ , vtuZ [14].

The studies performed by H1 and ZEUS considered top quark decays into a
b quark and a W boson with subsequent leptonic or hadronic decay of the W .
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Figure 6: The differential single W cross section plotted as a function PX
T .

The search is therefore based on a sample of events with isolated leptons and
missing transverse momentum and a sample of multi-jet events. No evidence
for single top quark production is observed. A 95% C.L. limit on the anomalous
coupling κtuγ , κtuγ < 0.18 for H1 [15] and κtuγ < 0.13 for ZEUS [16] is set for
the scale of new physics of Λ ≡ mtop ≡ 175GeV.

9 Are Quarks elementary?

A possible quark sub-structure can be detected by measuring the spatial dis-
tribution of the quark charge. If the quark has a finite radius, the cross section
will decrease as the probes penetrates into it. Deviations from the SM cross
section are described by:

dσ

dQ2
=

dσSM

dQ2

(
1− R2

q

6
Q2

)2 (
1− R2

e

6
Q2

)2

,

where Re and Rq are the root-mean-square radii of the electroweak charge of
the electron and the quark, respectively.

The high Q2 (Q2 > 1 000GeV2) neutral current data sample has been used
for this analysis. Assuming the electron to be point-like, the 95% C.L. limit
on the quark radius is obtained as: Rq < 0.74 · 10−18 m (H1 [2]) and Rq <
0.63 · 10−18 m (ZEUS [17]).

The ZEUS data set has also been used to derive limits on the mass scale
parameter in models with large extra dimensions and on the effective mass
scale limits for contact-interaction model ranging from 3.8 to 8.9TeV [17].
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10 Search for Excited Fermions

Excited fermions (e�, ν�and q�) would be a signature of compositeness at the
compositeness scale Λ. The cross section is proportional to the coupling con-
stants f and f

′
[18]. All electroweak decays of excited fermions have been

considered, including final states from Z or W hadronic decays. No evidence
for excited fermion production is found. Exclusion limits on f/Λ at 95% C.L.
are determined by H1 as a function of the mass of the excited fermions. As-
suming f/Λ = 1/Mf� , the following mass limits are derived at 95% C.L.:
Me� > 272GeV, Mν� > 213GeV and Mq� > 252GeV (for fs = 0) [18,19].

11 Leptoquarks

A search for scalar and vector leptoquarks (LQ) coupling to first generation
fermions has been performed by the H1 collaboration using the full HERA
data set [20]. Leptoquark decays into eq and νq were considered, where q
represents both quarks and anti-quarks. Such LQ decays lead to final states
similar to those of DIS NC and CC interactions at very high Q2. No evidence
for direct or indirect production of leptoquarks is found in data samples with a
large transverse momentum final state electron or with large missing transverse
momentum. For each of the LQ species defined in the Buchmüller-Rückl-Wyler
(BRW) model [21], the present analysis excludes a previously unexplored do-
main in the plane spanned by the mass of the leptoquark and its coupling to
fermions.

As an example limits on the coupling λ for S̃1/2,L and S0,L leptoquarks are
shown in Fig. 7 as function of the LQ mass.

200 250 300 350 400

-210

-110

1

/ GeVLQM

λ

d)+ (e1/2,LS
~

H1 prelim. single LQ

H1 (94-00) single LQ

D0 pair prod.

OPAL indir. limit

200 250 300 350 400

-210

-110

1

Excluded 

)-1Leptoquark Search, HERA I+II (449 pb

200 250 300 350 400

-210

-110

1

/ GeVLQM

λ

d)νu, 
-

 (e0,LS

H1 prelim. single LQ

H1 (94-00) single LQ

D0 pair prod.

L3 indir. limit

200 250 300 350 400

-210

-110

1

Excluded 

) -1Leptoquark Search, HERA I+II (449 pb

Figure 7: Limits of the coupling constant λ for S̃1/2,L and S0,L leptoquarks as a function
of their mass.
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12 General Searches for High - PT Phenomena

H1 performed a model independent, generic search in final states with at least
two high-PT objects: electrons, muons, jets, photons or neutrinos [22]. The
transverse momentum of these objects is required to be larger than 20GeV.
The events were classified according to their final states. Forty different final
states were considered. In general, the events yields are in good agreement with
Standard Model expectations. No statistically significant deviation is observed.
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PROTON STRUCTURE FUNCTION MEASUREMENTS AT
HERA

V. Chekelian (Shekelyan) a

Max Planck Institute for Physics, Foehringer Ring 6, 80805 Munich, Germany
Abstract. Recent results from the electron-proton collider HERA on the structure
of the proton and understanding of the data in terms of QCD are presented.

1 Introduction

At the first ep collider HERA, electrons of 27.5 GeV collided with protons
of 920 GeV (820 GeV until 1997). This corresponds to an ep centre of mass
energy of 320 GeV. The maximum negative four-momentum-transfer squared
from the lepton to the proton, Q2, accessible with this machine was as high as
100000 GeV2. The two ep interaction regions were instrumented with the multi-
purpose detectors of the H1 and ZEUS collider experiments. Over 15 years of
data taking from 1992 to 2007, these two experiments together collected a total
integrated luminosity of ≈ 1fb−1, about equally shared between positive and
negative polarities and positive and negative longitudinal polarisations of the
lepton beam.
This paper concentrates on recent developments related to the central topic of

the HERA physics program - the measurements of the inclusive neutral current
(NC) and charged current (CC) deep inelastic scattering (DIS) cross sections,
determination of the proton structure and understanding of the data in terms of
Quantum Chromodynamics (QCD). The ultimate goal for these measurements
is to obtain one unique HERA data set, which averages the H1 and ZEUS
results produced in different years with emphasis on different features of the
apparatus. Recently the combination is performed for HERA I, the first phase
of the HERA project from 1992 to 2000, for which both experiments completed
and published final results. These combined data are analysed in the QCD
framework, and the parton distribution functions (PDFs) in the proton are
determined. At the end of the HERA data taking, special runs were performed
with reduced energies of the proton beam of 460 and 575 GeV. Using these
data the longitudinal structure function was measured in a model independent
way.

2 Deep inelastic NC and CC ep scattering

The deep inelastic NC e±p scattering cross section with unpolarised beams can
be expressed in the reduced form as

σ̃±NC(x, Q2) =
d2σ±NC

dxdQ2

xQ4

2πα2

1
Y+

= F2(x, Q2)∓Y−
Y+

xF3(x, Q2)− y2

Y+

FL(x, Q2), (1)
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Figure 1: Left: Selection of combined NC e+p reduced cross sections from HERA I compared
to the separate H1 and ZEUS data input to the averaging procedure. Right: The parton
distribution functions from HERAPDF1.0, xuv, xdv , xS = 2x(Ū + D̄) and xg, at Q2 =
10 GeV2. The gluon and sea distributions are scaled down by a factor 20. The experimental,

model and parametrisation uncertainties are shown separately.

where α is the fine structure constant, x is the Bjorken scaling variable, y
characterises the inelasticity of the interaction and Y± = 1± (1− y2). The NC
cross section is dominated by the contribution of the proton structure function
F2(x, Q2). At leading order in QCD, F2 is related to a linear combination
of sums of the quark and anti-quark momentum distributions in the proton,
and the structure function xF3(x, Q2) is related to a linear combination of
their differences. The longitudinal structure function FL is equal to zero in
the quark-parton model due to the spin one half nature of the quarks. Non-
zero values of the longitudinal structure function appear in QCD due to gluon
radiation.
The deep inelastic CC cross section can be expressed in a similar manner.

The W±-boson exchange in the charged current process distinguishes between
the charges of the constituent quarks. So, for the electron (positron) beam the
cross section depends on the u(d) quark content of the proton.

3 Combination of the H1 and ZEUS inclusive data

The published H1 and ZEUS measurements on inclusive NC and CC reactions
cover a wide range of x and Q2. For NC the kinematic range is 6 · 10−7 ≤ x ≤
0.65 and 0.045 ≤ Q2 ≤ 30000GeV2, and for CC it is 1.3 · 10−2 ≤ x ≤ 0.40 and
300 ≤ Q2 ≤ 30000GeV2. All published NC and CC cross section measurements
from H1 and ZEUS obtained using data collected in the years 1994-2000 are
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x values of the averaged FL are given in the figure for each point in Q2.

combined [1] in one simultaneous minimisation. The resulting shifts of the
correlated systematic uncertainties are propagated to both CC and NC data
such that one coherent data set is obtained. This combined data set contains
complete information on inclusive DIS cross sections measured by H1 and ZEUS
at HERA I.

The data sets considered for the combination were taken with a proton beam
energy of 820 and 920 GeV. Therefore, the data are corrected to a common
centre of mass energy corresponding to Ep = 920 GeV and then averaged. The
NC data for y ≥ 0.35 are kept separate for the two proton beam energies.

The total integrated luminosity of the combined data set corresponds to
about 200 pb−1 for e+p and 30 pb−1 for e−p. In total 1402 data points are
combined to 741 cross section measurements. The data show good consistency,
with χ2/ndof = 636.5/656. There are in total 110 sources of correlated sys-
tematic uncertainty. None of these systematic sources shifts by more than 2 σ
of the nominal value in the averaging procedure. The total uncertainty of the
combined data set reaches 1% for NC scattering in the best measured region,
20 < Q2 < 100 GeV2.

In Figure 1 (left) averaged NC data are compared to the input H1 and
ZEUS data. Since H1 and ZEUS have employed different experimental tech-
niques, using different detectors and methods of kinematic reconstruction, the
combination leads to a significantly reduced correlated systematic uncertainty.
This reduction propagates to all average points, including also those which are
based solely on the measurement from one experiment.
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4 QCD analysis of the combined data

The combined data set on the NC and CC e+p and e−p inclusive cross sections
from HERA I is used as the sole input to a next-to-leading order (NLO) QCD
PDF fit, called HERAPDF1.0 [1]. The consistency of the present input data
justifies the use of the conventional χ2 tolerance, Δχ2 = 1, when determining
the experimental uncertainties of the fit.
The QCD predictions for the structure functions are obtained by solving the

DGLAP evolution equations at NLO in the MS scheme with the renormalisation
and factorization scales chosen to beQ2. The DGLAP equations yield the PDFs
at all values of Q2, if they are provided as functions of x at some input scale
Q2

0
. This scale is chosen to be Q2

0
= 1.9 GeV2 such that the starting scale

is below the charm mass threshold, Q2

0
< m2

c . The heavy quark coefficient
functions are calculated in the general-mass variable-flavour-number scheme.
The heavy quark masses are chosen to be mc = 1.4 GeV and mb = 4.75 GeV.
The strong coupling constant is fixed to αs = 0.1176. A minimum Q2 cut on
the data of Q2

min = 3.5 GeV2 is imposed to remain in the kinematic region,
where perturbative QCD should be applicable. PDFs are parametrised at the
input scale by the generic form

xf(x) = AxB(1− x)C(1 + ε
√

x+Dx+ Ex2). (2)

The parametrised PDFs are the gluon distribution xg, the valence quark dis-
tributions xuv, xdv, and the u-type and d-type anti-quark distributions xŪ ,
xD̄.
Figure 1 (right) shows a summary plot of the HERAPDF1.0 distributions

at Q2 = 10 GeV2. The analysis yields small experimental uncertainties and
makes an assessment of uncertainties introduced both by model assumptions
and by assumptions about the form of the parametrisation. Due to the high
precision of the combined data set, the parametrisation HERAPDF1.0 has total
uncertainties at the level of a few percent at low x.

5 HERA results for FL(x, Q2)

A model independent measurement of the longitudinal structure function
FL(x, Q2) requires several sets of NC cross sections at fixed x and Q2 but
different y. This was achieved at HERA by variation of the proton beam en-
ergy. The measurements are performed using e+p data collected in 2007 with
a positron beam energy of 27.5GeV and with three proton beam energies: the
nominal energy of 920GeV, the smallest energy of 460GeV and an intermediate
energy of 575GeV.
According to eq. 1, the FL(x, Q2) contribution to the reduced cross section is

proportional to f(y) = y2/[1+(1−y)2]. Therefore, the FL values are determined
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as the slopes of straight-line fits of the measured σ̃NC(x, Q2, y) values as a
function of the y-dependent factor f(y). The ZEUS result for FL(x, Q2) is
shown in Figure 2 (left). The result is consistent with the expectation derived
from the ZEUS-JETS QCD fit [3] to previous data. The H1 measurements of
FL(x, Q2) are averaged over x at fixed Q2, and the resulting FL(Q2) is shown
in Figure 2 (right). The averaged FL is compared with calculations based on
the H1PDF 2009 fit [5]. For Q2 ≥ 10GeV2, the data are well described by the
QCD predictions, whereas at lower Q2 the QCD calculations underestimate
the FL data. Dipole models are found to describe the measurements. The FL

data are consistent with R = FL/(F2 − FL) = 0.25.

6 Summary

Inclusive cross sections of NC and CC e±p scattering, measured by H1 and
ZEUS at HERA I, are combined providing the most accurate data set with a
total uncertainty which reaches 1% for NC in the bulk of the phase space.
A NLO QCD analysis is performed based exclusively on these combined

cross section data. A new set of parton distribution functions, HERAPDF1.0,
is obtained using a variable-flavour-number scheme. The parametrisation
HERAPDF1.0 has total uncertainties at the level of a few percent at low x,
which include experimental as well as model and parametrisation uncertainties.
The H1 and ZEUS collaborations measured the longitudinal proton structure

function in DIS at low x. The FL(x, Q2) values are determined from three sets
of cross section measurements at fixed x and Q2, but different inelasticity y,
obtained using three different proton beam energies at HERA. For the Q2 ≥
10GeV2, the FL results are consistent with the QCD predictions. At lower Q2

values the predictions underestimate the FL measurements.
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SEARCHES FOR PHYSICS BEYOND THE STANDARD
MODEL AT TEVATRON

Andrey Shchukin a, on behalf of the CDF and D0 Collaborations
Institute for High Energy Physics, 142281 Protvino, Russia

Abstract. Recent searches beyond the Standard Model in pp̄ collisions at center-
of-mass energy of 1.96 TeV at Tevatron RunII are presented. The analyses use
1.1-4.1 fb−1 of data collected with CDF and D0 detectors.

1 Introduction

The Standard Model (SM) of elementary particle physics describes the struc-
ture of fundamental particles and their interactions via gauge bosons. To date
most of experimental tests have agreed with the predictions of the SM. How-
ever, many questions can be raised, indicating that SM is not complete model.
Therefore many theoretical extensions of the SM have been proposed. Together
with supersymmetry as most popular extension of SM there are other well mo-
tivated models like extra dimensions, 4th generation, compositeness, etc. In
this article we report most recent results of signature based searches obtained
using 1.1-4.1 fb−1 of data collected at CDF and D0 detectors.

2 Searches for high mass resonances

Attempting to unify SM forces or explain the large difference between the SM
and gravitational scales some theories predict new particles which decay to
lepton-lepton or photon-photon pair, such as Z ′ and Randall-Sundrum (RS)
graviton. The Z′ is predicted be E6 model where six mass eigen states Z′ψ , Z

′
χ,

Z′η, Z
′
I , Z

′
sq, Z

′
N are built with specific mixing angles. The RS graviton is the

lightest neutral spin-2 particle predicted by RS model. The CDF has reported
two searches [1,2] in μ+μ− and e+e− channels based on 2.5 fb−1 and 2.3 fb−1

data correspondingly. The upper limits on σ ·Γ(X → ee) at 95% CL are set as
function of mass. The X’s are spin-1 or spin-2 particles. The SM coupling Z ′

and the RS graviton with k/M̄Pl = 0.1 are excluded for masses below 966 and
850 GeV/c2 respectively. The similar studies are performed in μ+μ− channel
and the SM coupling Z ′ is excluded for masses bellow 1030 GeV/c2 and RS
graviton with k/M̄Pl = 0.1 is excluded for masses below 921 GeV/c2.

3 Searches for heavy quarks

The SM of particle physics defines three generations of quarks but do not
prohibit a fourth. CDF has performed the search [3] for pair production of
heavy bottom-type quarks decaying to bW which leads to same sign dilepton

ae-mail: schukin@ihep.ru

85

Number_#1024_Pg001-452.indd   85 9/23/10   3:00 PM



final state with missing transverse energy, two jets and positive b-tag. Also
the search for exotic top partners (B, T5/3) which have similar decays has been
conducted. The results obtained using 2.7 fb−1 of data exclude a b’ (or B)
with mass less than 338 GeV/c2, and a T5/3 with mass less than 365 GeV/c2

at 95% CL.

4 Searches for leptoquarks

The leptoquarks are hypothetical bosons that allow lepton-quark transitions are
predicted by numerous extensions of standard model. The leptoquarks would
come in three generation and can be either scalar of vector particles. At the
Tevatron leptoquark pairs would be produced mainly through qq̄ annihilation or
through gluon-gluon fusion. The D0 has performed search [4] for the final state
with two acoplanar b-jets from the third generation leptoquarks and missing
energy due to escaping neutrinos or neutralinos. The preliminary results are
obtained with 4.0 fb−1 data sample. At 95% CL D0 excludes third generation
leptoquark with mass below 252 GeV/c2 and sets new cross section limit in the
(mb̃1

,m
χ̃0

1

) plane.

5 Searches for extra dimensions

Some theoretical models propose the existence for extra spatial dimensions to
resolve the SM hierarchy problem. One of such extensions is Arkani-Hamed,
Dimopulos, Dvali (ADD) model which assumes that SM forces are confined to a
four-dimensional brane, but the gravity propagates in several additional (up to
7) dimensions. ADD model gives massive stable Kaluza-Klein gravitons GKK

and can explain why gravity is weak. The CDF has looked [5] for indication of
large extra dimensions in qq̄ → Gγ channel using 2.0 fb−1 data sample and set
the new limit on MD as function of the number of extra dimensions, Fig. 1.

The D0 has probed [6] extra dimensions by searching the channels GKK → ee
and GKK → γγ using 1.1 fb−1 of collected data. The limit on effective Planck
scale MS has been set at 95% CL from 2.09 TeV to 1.29 TeV for two to seven
dimensions.

6 Searches for supersymmetry

Supersymmetry (SUSY) is a popular extension of the SM. It postulates the
symmetry between fermionic and bosonic degrees of freedom. Since no SUSY
particles has been observed yet, we can conclude that supersymmetry must
be broken and supersymmetric particles must be heavier than corresponding
SM partners. Both CDF and D0 experiments have performed the searches for
many different channels with different SUSY scenarios.
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Figure 1: CDF search for LED. 95% CL lower limits in the ADD model on MD as function
of the number of extra dimensions.

6.1 Searches for stop quark

As possible exception stop quark might be lighter then top quark. In the frame-
work of minimal supersymmetric standard model with R-parity conservation
the final state t̃1 ˜̄t1 → bb̄ll′ν̃ñu might be observed. The D0 has performed the
search [7] for the final states where ll′ is e±μ∓ or e+e−. The integrated lu-
minosity of analyzed data sample is 1.0 fb−1. The 95% CL exclusion contour
as function of scalar top quark and sneutrino masses is shown on the Fig 2.
Assuming that χ0

1 is the lightest supersymmetric particle and mt̃1
< mt, stop

quarks will decay into final state similar to that of pair produced top quarks.

The CDF has updated [8] their search for stop quark in t̃1 → bχ̃±1 → bχ̃0
1lν

channel using 2.7 fb−1 of data. The 95% CL exclusion contour as function of
scalar top quark and sneutrino masses is shown on the Fig. 3.

6.2 Search for SUSY in trilepton final state

In pp̄ collisions charginos and neutralinos can be produced in pairs via off-shell
W boson or the exchange of squarks. These processes can lead to the signatures
with three isolated leptons and large missing transverse energy. The search for
this channel is performed by D0 [9] in four different signatures: eel, μμl, eμl,
μτl using 2.3 fb−1 of data. New cross section limit as function of chargino
mass have been set. To explore broader parameters space m0 and m1/2 were
scanned simultaneously. The exclusion contour in m0 −m1/2 plane are shown
on the Fig. 4.
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Figure 2: D0 search for stop. The 95% CL exclusion contour in the sneutrino mass versus
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6.3 Search for SUSY with Hidden Valleys

Hidden valley models introduce a new hidden sector which is very weakly cou-
pled to the SM particles, and therefore can easily escape detection. An impor-
tant subset of hidden valley models also contain supersymmetry. Supersym-
metric partners are pair produced and cascade to lightest neutralinos that can
decay into the hidden sector state plus either a photon or a dark photon. The
dark photon decays through its mixing with a photon into fermion pairs. Such
scenario leads to unexplored before final state with missing transverse energy
from darkino, photon and two spatially close leptons. The D0 has performed
this search [10] using 4.1 fb−1 of data. No evidence for dark photon events is
found. For dark photon masses of 0.2, 0.782, and 1.5 GeV/c2 chargino masses
of 230, 142, and 200 GeV/c2, respectively, are excluded.
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7 Conclusion

Many searches for new physics are performed by CDF and D0 experiments
using up to 4.1 fb−1 of RunII Tevatron data. No evidence for the physics
beyond th Standard Model is found and new exclusion limits have been set.
By the end of 2009 CDF and D0 experiments expect to collect up to 7 fb−1

of data. With growing integrated luminosity there can be many promising
updates.
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TESTING THE STANDARD MODEL WITH TOP QUARKS

Erich W. Varnes a

Department of Physics, University of Arizona, Tucson 85721, USA
Abstract. The top quark, by far the most massive known fermion, provides a
unique laboratory in which to study phyiscs at the electroweak scale. I report on
recent top quark measurements from the CDF and DØ experiments at the Fermilab
Tevatron pp̄ collider, including the first observation of single top quark production,
measurement of the top quark mass, the tt̄ production rate, and several searches
for new physics in the properties of the top quark, and in its production and decay.

1 Introduction

The top quark is both familiar, in that in the standard model it occupies the
isospin +1/2 location in the third quark family, and also unique, in that it is far
more massive than the other fermions. The large mass of the top quark means
that only the CDF and DØ experiments at the Fermilab Tevatron pp̄ collider
have collected top quark samples. In the context of the standard model (SM),
the large mass also means that the top quark is a rather uninteresting object: it
decays before it can form a color-singlet bound state, meaning that the sets of
hadrons associated with the other quarks is absent for the top quark. Further,
given the known values of the CKM matrix elements, the top quark must decay
nearly always toWb, so that the only variety in top quark signatures is provided
by the various decay modes of the W boson. On the other hand, the top quark
is the only fermion with a Higgs Yukawa coupling ≈ 1, which may indicate
that it plays a special role in electroweak symmetry breaking, making close
examination of the top quark’s production and properties a critical test of the
SM. The current status of this examination is presented here.

2 Single Top Quark Production

Electroweak single top quark production is of interest because, among other
things, its cross section is proportional to the strength of the tWb coupling,
and therefore to the CKM matrix element |Vtb|. This mode is far more difficult
to observe than tt̄ production due to its lower cross section (≈ 3 pb at the
Tevatron in the SM, compared to 7.5 pb for tt̄), less distinctive signature, and
larger W+jet background. To extract a signal one must employ a multivari-
ate discriminant that estimates the probability that a given event arose from
single top production rather than background. The number of events with
low signal probability normalizes the background production rate, and allows
the observation of single top production as an excess of events at high signal
probability. Both CDF and DØ use this method, with either a neural network,
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Figure 1: Single top quark production signatures observed at CDF (left) and DØ (right). In
each experiment a multivariate discriminant is used to constrain the background level and
to search for single top quark production, which would appear as an excess of events at large
discriminant values. Both experiments observe such an excess with a significance of greater

than 5σ.

boosted decision tree, matrix element calculation or classical likelihood taken
as the discriminant, with the results shown in Fig. 1. In both experiments an
excess is in fact observed in the signal region with a statistical significance of 5
standard deviations, allowing both to claim observation of the single top pro-
duction process. The cross section measured by CDF is σ = 2.3+0.6

−0.5 pb, which
corresponds to a constraint that |Vtb| > 0.71 at 95% confidence level (CL) [1].
DØ measures σ = 3.84± 0.88 pb, corresponding to |Vtb| > 0.71 at 95% CL [2].
Combination of the CDF and DØ results yields σ = 2.76+0.58

−0.47 pb [3].

3 Top quark pair production

Most of the information we have about the top quark comes from events in
which tt̄ pairs are produced by gg fusion or qq̄ annihilation. The most accessible
decay mode is the �+ jets channel tt̄ → W+bW−b̄ → �+νbqq̄′b̄, but the dilepton
tt̄ → W+bW−b̄ → �+ν�−ν̄b̄ and all-hadronic tt̄ → W+bW−b̄ → qq̄′bqq̄′b̄ modes
are also used in top quark measurements.

Measurements of the top quark production rate provide excellent tests of
perturbative QCD and also probe for new physics in either the production or
decay of top quarks. Both CDF and DØ have produced many such measure-
ments in a variety of tt̄ final states, and find consistent results across all of those
final states. In addition, the combined measurements σ = 7.50± 0.31 (stat.)±
0.34 (syst.)±0.15 (lumi.) pb from CDF [4] and σ = 7.8±0.5 (stat.)±0.6 (syst.)±
0.5 (lumi.) pb from DØ [5] are consistent with the SM expectation at the Teva-
tron. CDF has extended the test of perturbative QCD by measuring the cross
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section for at least one jet to be produced in association with a tt̄ pair to be
σ = 1.6 ± 0.2 (stat.) ± 0.5 (syst.) ± 0.5 (lumi.) pb [6], which is also consistent
with the expectation from QCD.

4 Measurement of the top quark mass

The fact that the top quark mass mt is large compared to the QCD scale
allows its mass to be measured to a fractional precision better than that of any
other quark. Since tb loops provide the dominant correction to the tree-level
W boson mass, with Higgs boson loops providing another correction, precise
measurement of both the top and W masses constraints the Higgs boson mass
in the context of the SM.

The best measurements of mt come from the �+jets channel, using a tech-
nique known as the Matrix Element Method in which the set of observed decay
products in the detector are compared directly to the mass-dependent physics
of tt̄ production, integrating over the detector response. This method provides
superior statistical precision, and allows an in situ measurement of the jet en-
ergy by using information from the W → qq̄′ decays. Results are typically
presented as a function of both jet energy scale and mt as shown for both CDF
and DØ in Fig. 2. CDF measures mt = 172.6± 0.9 (stat.)± 1.3 (syst.) GeV [7]
while DØ finds mt = 173.7± 0.8 (stat.)± 1.6 (syst.) GeV [8].

DØ has also measured the t and t̄ masses separately using the matrix element
method, providing a test of the requirement from CPT conservation that these
masses be equal, and finds mt −mt̄ = 3.8± 3.4 (stat.)± 1.2 (syst.) GeV [9].

While the matrix element method currently offers the most precise measure-
ment ofmt, other techniques that are less sensitive to systematic variations may
prove better in the long run (particularly at the LHC). CDF has pioneered to
the use of techniques that are independent of the jet response, with one re-
sult being a measurement based on the lepton pT distributions, for which they
find mt = 178.2 ± 7.2 (stat.) ± 2.3 (syst.) GeV when the �+jets and dilepton
channels are combined [10].

Both CDF and DØ have also measured mt by applying the matrix element
method to dilepton events, with the results mt = 171.2±2.7 (stat.)±2.9 (syst.)
GeV from CDF [11] andmt = 174.7±2.9 (stat.)±2.4 (syst.) GeV from DØ [12].
In addition, CDF has performed a measurement using events from the all-
hadronic final state, finding mt = 174.8± 2.4 (stat.)

+1.2
−1.0 (syst.) GeV [13].

Measurements of mt from all channels from both CDF and DØ are combined
to yield a world average mt = 173.1 ± 0.6 (stat.) ± 1.1 (syst.) GeV [14]. The
fractional precision of 0.8% on mt makes the mass of the top quark more pre-
cisely known than the mass of any other quark. Using this measurement along
with the world average W boson mass and other electroweak measurements,
the mass of the Higgs boson is constrained to be < 157 GeV at 95% CL (< 186
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Figure 2: Result of the two-dimensional fit of top quark mass and data/MC jet response
ratio in CDF (left) and DØ (right).

GeV if the direct search exclusion is taken as a prior probability) [15].

5 Top quark properties

Beyondmt, several other production and decay properties of the top quark have
been measured. One of these is the forward-backward production asymmetry
AFB , which is expected to be ≈ 5% but could be enhanced by new physics at
the production vertex. CDF finds AFB = 19± 7± 2% [16] while DØ measures
AFB = 12 ± 8 ± 1% [17]. These numbers are not directly comparable since
CDF corrects for acceptance effects while DØ does not.

Both experiments also measure the correlation between the spins of the two
top quarks in each event. Since the top quark decays so rapidly, the correlation
present when the pair is created is expected to be largely preserved in the
decay, yielding a correlation coefficient C ≈ 0.8. Using dilepton events, CDF
finds C = 0.320+0.545

−0.775 [18] while DØ finds C = −0.17+0.64
−0.53 [19] (the experiments

use slightly different spin quantization axes).

6 Search for new particles related to the top quark

Since the three-generation structure of the SM is unexplained, it is natural to
search for a fourth generation. CDF has searched for the isospin 1/2 quark of
the fourth generation, denoted as t′ by looking for an excess of events with large
reconstructed top mass or large jet pT s. They observe no significant excess,
and set a limit that mt′ > 311 GeV at 95% CL [20].

CDF and DØ have searched for a charged Higgs boson under the assumption
that the H+ mass is low enough to allow the decay t → H+b. The experiment
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use different techniques, as CDF searches for a peak in the invariant mass of the
cs̄ from top quark decay [21], while DØ compares the measured cross section
for several final states (including those with τ leptons, to which the H+ may
preferentially decay) [5]. Neither experiment observes an H+ signature.

The possibility of resonant tt̄ production has also been explored by both
CDF and DØ by comparing the invariant mass of the tt̄ system mtt̄ to the
expectation from the SM. The mtt̄ distributions observed in both experiments
in the �+jets channel are shown in Fig. 3, and both are consistent with the
SM. CDF interprets its result as a limit that χ/Mpl > 0.16 at 95% C.L. for a
600 GeV graviton [22], while DØ sets a limit on a leptophobic Z ′ bosons mass
of mZ′ > 820 GeV at 95% C.L. [23]. CDF also explores the mtt̄ distribution
in the all-hadronic final state, and finds agreement with the SM, leading to a
limit mZ′ > 805 GeV at 95% C.L. [24].

7 Summary

The large data sample collected by the Tevatron in recent has allowed the top
quark to be studied with unprecedented precision. Highlights of recent mea-
surements include the observation of electroweak single top quark production,
and the measurement of mt with a precision of 0.8%. Many other measure-
ments of the top quark’s production and decay properties have also been done,
with results consistent with SM expectations. As the Tevatron continues to
collect data and the Large Hadron Collider comes on line, these tests will be
repeated with far greater precision in the years to come.
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SEARCH FOR PHYSICS BEYOND THE STANDARD MODEL WITH THE
ATLAS EXPERIMENT AT THE LHC

Eduardo Ros a

IFIC, Univ.Valencia-CSIC, apartado 22085, 46071-Valencia, Spain
Abstract. A brief summary of searches for new phenomena using the ATLAS detector at the
LHC is presented.

1 Introduction

The aim of this talk is to give an overview of the potential of the ATLAS experiment
at the LHC to discover beyond the standard model (BSM) physics. In this short sum-
mary, supersymmetry (SUSY) is excluded since it is already covered by another talk
in these proceedings. Even after excluding SUSY, the field of BSM physics is ex-
tremely large, and there is no intention to cover it in any detail. Rather than that, we
focus on a small number of simple signatures, namely 2-body decay signatures, and
finally, as typical examples of more complex signatures, we focus on models like the
‘left-right symmetric model’, the ‘little higgs model’ and the ‘twin higgs model’. It is
by now well known that the first data at the LHC will be collected at a center-of-mass
(cms) energy of s 7 TeV, rather than at the nominal cms energy of 14 TeV. The
question of what can be achieved with this reduced cms energy is also covered by an-
other talk in these proceedings and is not discussed here. In the following, we assume
therefore s 14 TeV and luminosities typically in the range of 1 to 100 f b 1. These
luminosities require of course several years of data taking. For more detailed reviews,
we refer to reference [1], that describes a large amount of potential BSM searches,
using a fast simulation of ATLAS, and also to reference [2], with a reduced selection
of searches, but with a detailed simulation of the ATLAS detector.
Even if no details can be given here, it is worth mentioning that ATLAS is a general

purpose detector, capable of detecting SM and BSM signatures at the LHC. Its weight
is 7000 tons and overall dimensions 46 22 m2. It has a central cylindrical solenoid
with a 2 T magnetic field and external toroidal magnets to cover barrel and end-cap
muon chambers. The central tracker yields a momentum resolution for charged par-
ticles of σ pT 5 10 4pT 0 01 (pT in GeV). The calorimeters measure energy
with electromagnetic resolution of σ E 10% E 0 01 and hadronic resolution
of σ E 50% E 0 03, where E is the energy in GeV. Finally a muon momen-
tum resolution of 2% and 10% can be achieved for muons of 50 GeV and 1 TeV,
respectively.

2 Selection of channels: 2-body decays

The simplest searches consist of 2-body decays of a resonance R, typically a Z but
any narrow resonance is covered by the searches described here. These searches in-
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clude the following final states R e e μ μ τ τ bb̄ tt̄. Leptonic decays of a
resonance are well known signatures for new physics at hadron colliders. Examples
of important discoveries using leptons are the J ψ at Brookhaven in 1973, the at
Fermilab in 1977, and finally the Z at CERN in 1984. ATLAS has of course the capa-
bility to discover a new narrow resonance decaying into e e or μ μ , up to masses
of several TeV. Figure 2 shows, as an example, the signal that might be observed for
a 3.5 TeV resonance decaying into electrons and muons. We observe that the signal
is much more narrow for electrons than for muons. The widths are 20 GeV and 400
GeV, respectively. This is expected, since the colorimeter energy resolution improves
with energy as 1 E , whereas the muon momentum resolution is proportional to pT .
This result by no means implies that the muon channel is to be neglected, since on one
side a new resonance R might decay preferably into muons, and on the other side the
muon background is expected to be smaller.

(a) (b)

Figure 1: Simulation of the signal observed for a 3.5 TeV resonance decaying into (a) e e and (b) μ μ .
Only the signal peak is shown.

As a novelty compared to past colliders, ATLAS is able to observe as well the decay
of a resonance into τ pairs, b-quarks and t-quarks. As for the channel R τ τ , a
significance of 8 can be achieved if the mass ofR is 600 GeV, and the luminosty at least
1 fb 1. The mass resolution of the decays R bb̄ and R tt̄, where R could be an
excited gluon g or a Kaluza-Klein state gKK , has been found to be about 150 GeV, for
a resonancemass of 1 TeV. These resolutions are dominated by detector resolution and
fragmentation effects, since the natural width of a resonance R decaying hadronically
does not exceed 10% of its mass in most models. In both b and t channels, it is possible
to reach masses up to 2 TeV for 10 fb 1 luminosities. The b channel is somewhat more
difficult due to a larger irreducible background.
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3 Selection of channels: complex signatures

As examples of complex signatures, we study in the following the LR symmetric
model, the Little Higgs model and the Twin Higgs model. All them are characterized
by the appearance of several new particles, with correlated masses, widths and cross-
sections. All 3 models imply however the presence of a heavyZ decaying into leptons,
in the way discussed in the previous section. Furthermore, all 3 require that the Z is
accompanied by a heavy W . The signature of a heavy W is also well-known. It
consists of a hight pT lepton, in correlation with large transverse missing energy. It is
not possible in this case to reconstruct the invariant mass of the resonance, but rather
the so-called ‘transverse mass’, with a jacobean peak at the position of the mass.
A very simple extension of the SM is the LR symmetric model, requiring ZR,WR,

and a heavy neutrinoN, possibly ofMajorana type. The signature for this model would
be the decayWR lNl , followed by Nl lqq̄, so the final state consist of 2 leptons
(sign-like for the Majorana case) and 2 jets, without missing energy. Examples of this
search are heavyW bosons with masses of 1.5 and 1.8 TeV, and heavy neutrino masses
of 500 and 300 GeV, respectively. In both cases a significant signal can be observed
provided the luminosity is at least 100 pb 1. Two somewhat more complex extensions
of the SM are the Little Higgs and the Twin Higgs model. Both require the presence of
many new particles, in particular a heavy top state T and a new heavy scalar sector φ 0,
φ and φ , in addition to a heavy Z andW . The Twin Higgs model has additional
scalar particles h01, h02 and h , that could explain dark matter. There are typical decays
of these models that can be used as characteristic signatures. For example the decay
ZH Zh, where h is the SM Higgs boson, is typical of the Little Higgs model. The
branching ratio (BR) of this decay could be as large as 10%. Another typical decay
is T Zt, with a BR of 25%. The decay ZH Zh has a characteristic final state
of 2 leptons and 2 b-jets. Assuming a ZH mass of 1 TeV, a significant signal can be
observed for a luminosity above 10 fb 1 (see figure 3a). The decay T Zt can also
be easily identified by its final state consisting in 2 leptons, aW and a b-jet. For a T
mass of 1 TeV, a significant signal can be can be observed for a luminosity above 100
fb 1 (see figure 3b).
In all models discussed before there are free parameters, normally coupling con-

stants, that could enhance or decrease the predicted signals. An interesting decay to
look at, in case a heavy bosonWH is detected, is the hadronic decay WH tb. The
BR for this decay is 25% for most models, but only 3% in the Twin Higgs model. The
detection of this decay is therefore challenging but, if measured, could be a clear hint
in favor of this model. In this case, assuming a mass of 1 TeV forWH , the maximum
expected luminosity of 300 fb 1 should be used to detect this decay. We mention fi-
nally another characteristic decay ofWH in the Twin Higgs model, namely the cascade
decayWH T b φ bb tbbb Wbbbb that yields a final state with a W and 4
b-jets. This decay is extremely challenging to obverse, and is one out of the many
examples of interesting signatures that will be very difficult to observe at the LHC.
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(a) (b)

Figure 2: Reconstructed mass for the decays (a) ZH Zh e e bb and (b) T Zt e e bW , that are
predicted in the little higgs model.

4 Summary and outlook

The ATLAS detector at the LHC has the capability to discover resonances decaying
into leptons, but also into b or t quarks. These resonances are typically heavy Z or
W states, that are predicted in many BSM models. The detection of more complex
decays is possible, depending on the value of masses, widths and cross-sections. A
beautiful example of a complex decay that might be observed at the LHC consists of
a heavyW decaying into 2 leptons and 2 jets, without missing energy. This decay is
expected for a heavy Majorana neutrino.
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NEUTRINO PHYSICS WITH OPERA
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Abstract. Neutrino physics with the OPERA experiment will be discussed in this
paper. First the OPERA physic goal will be presented. A description of the
neutrino beam and of the detector will follow. The analysis of the beam induced
neutrino interactions will then be presented.

1 The OPERA physics goal

Studies of the atmospheric neutrino interactions by the Super–Kamiokande
experiment in 1998 showed that the so called “atmospheric neutrino anomaly”
can be explained in terms of neutrino flavor oscillations. The CHOOZ results
excluded the νμ to νe oscillation as the dominant process responsible for the
atmospheric νμ disappearance. The atmospheric νμ disappearance signal was
further confirmed byK2K andMINOS. In this context the νμ to ντ oscillation
seems an interesting possibility.
As a consequence direct observation of ντ appearance from νμ oscillations is
the primary goal of the OPERA experiment. In this case the decay products
of a τ lepton are identified in the final state of an incoming νμ interaction.

2 The CNGS beam

The CERN Neutrino To Gran Sasso [1], CNGS, primary source is a 400 GeV
proton beam from the SPS hitting a graphite target. The νμ beam emerges
beyond a decay tunnel with a magnetic system to focus charged particles of
the appropriate charge. μ detectors are used to quantify the intensity of the
νμ beam. The νe plus ν̄e and ν̄μ contaminations are 0.87 % and 4 % of the
νμ flux. The prompt ντ component is negligible. The average energy of the
νμ beam is 17.9 GeV. The expected intensity is 4.5 1019 p.o.t./year, assuming
200 days of beam operation per year. With a target mass of 1.3 k tons this
leads to ∼ 22000 changed or neutral current νμ events and to ∼ 70 – 150 ντ
charged current events (for Δm2= 2 – 3 10−3 eV2 and sin22θ23 = 1). In each
SPS super-cycle three cycles are devoted to the CNGS beam, the CNGS cycles.
Each CNGS cycle consists of two νμ shots, 50 ms apart, each shot lasting 10.5
μs. It is thus possible to establish if the interaction observed in the OPERA
detector is in time with the CNGS beam, while the observed events “not in
time” are surely due to cosmic rays.

ae-mail: bertolin@pd.infn.it
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3 The OPERA detector

The OPERA detector is located ∼ 730 km away from the neutrino source in
the Laboratori Nazionali del Gran Sasso, ∼ 150 km eastbound from Roma.
More precisely the detector is located underneath the Gran Sasso mountain,
2914 m height. The mountain thus provides a powerful “natural” filter against
cosmic rays. A special branch of the highway tunnel from and to Rome is used
to access the experimental area.
The detector is bimodular. Each module consists of an instrumented target,
with a lead–photographic emulsion sandwich and orthogonal scintillator bars,
and of an instrumented iron spectrometer with a dipolar magnetic field. The
field is vertical with a strength of 1.55 T. The spectrometer is instrumented
with 22 planes of resistive plate chambers, RPC, and 6 planes of drift tubes,
called High Precision Trackers, HPT. The drift tubes perform a measurement
in the bending plane only and hence are lined up vertically. Each HPT plane
has three layers of drift tubes. The RPCs have readout in both the vertical and
horizontal planes by means of an orthogonal set of copper strips. Combining
the RPC and the HPT data it is possible to identify and measure the momen-
tum of penetrating particles. Upstream with respect to the first module, two
planes of glass resistive plate chambers are used to tag incoming charged tracks
produced by the νμ beam in the rock surrounding the detector.
The passive material of each target module consist of ∼ 75000 “bricks” ar-
ranged in 31 walls. Each brick is made by a lead–photographic emulsion sand-
wich. Moreover 31 walls of horizontal and vertical scintillator bars, the active
material, are used for a rough identification of the neutrino interactions.
Combining the informations on penetrating particles with the patterns of en-
ergy deposits in the scintillator bars it is first possible to determine with little
uncertainty if the primary vertex of the event occurred inside the target. With
a more refined analysis it is then possible to locate the brick that with highest
probability contains the primary vertex. Each brick is made of 56 lead plates
and 57 photographic emulsion plates. Each emulsion plate consists of ∼ 44
μm thick emulsion layers with a ∼ 212 μm thick plastic base in between. The
primary vertex brick is taken out of the detector and the emulsion layers de-
veloped. As a final step, a primary vertex search is performed in the emulsion
layers.
Therefore OPERA is a hybrid detector: the electronic detectors are used to tag
in almost real time the brick containing the primary vertex. High resolution
tracking, O(few μm) resolution, is performed later on in the emulsion layers of
the tagged brick.
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4 Real time analysis in the electronic detectors

The first neutrino interaction induced events have been recorded with the elec-
tronic detectors in 2006. At that time the OPERA target was empty. The
effective running time was ∼ 10 days with only 7.6 1017 integrated p.o.t.; less
that 2 % of the nominal expected amout of p.o.t. per year. These data have
however been useful for the electronic detectors [2]. Fig. 1 shows the distribu-
tion of the vertical angle of the reconstructed three dimensional tracks. The
data are shown by the black bullets. The vertical error bars are statistical only.
The expected cosmic ray contribution is shown by the yellow histogram. The
cosmic rays were normalized using the effective running time. Fig. 1 clearly
shows a peak at about 3.4o not described by the cosmic rays contribution. This
peak is due to the beam induced muon tracks which due to the Earth curvature
are expected to be seen in OPERA with an angle of 3.3o. The measured value
was in agreement with the geodetic expectations.
Requiring a time coincidence with the neutrino beam only the events of the
insert are left. All the cosmic ray background is thus removed.

Figure 1: Distribution of the vertical angle of the reconstructed three dimensional tracks
using the 2006 data sample. More details are given in the text.
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Data taking was resumed in September 2007, still at rather low beam inten-
sity and with a target about half filled. Unfortunately due to a fault of the
CNGS beam the physics run lasted only a few days. About 0.08 1019 p.o.t.
were accumulated corresponding to ∼ 3.6 days of running at the nominal in-
tensity. 465 events on time with the beam have been recorded out of which 35
occurred in the region of the target filled with bricks [3].

The 2008 run started in June and lasted till November. The target was
almost fully filled. About 1.8 1019 p.o.t. were recorded, ∼ 40 % of the nominal
value. 10100 events were in coincidence with the neutrino beam out of which
1663 were automatically classified as occurring in the target volume [3].
The analysis of the vertical angle of the beam induced three dimensional tracks
was repeated with significantly higher statistics. The result is given in the left
part of Fig. 2: the data are shown by the black bullets, the vertical error
bars are statistical only. The MC prediction is given by the yellow histogram.
From this comparison the vertical beam tilt is consistent with expectations.
The momentum times charge distribution is shown in the right part of Fig. 2.
As expected most of the measured tracks are negative muons from νμ changed
current interactions. A positive muon component is also seen. It is due to
the ν̄μ contamination of the beam. From the agreement observed between
data and MC for positive tracks the ν̄μ contamination is fairly consistent with
expectations.

Figure 2: Left: distribution of the vertical angle of the beam induced three dimensional
tracks. Right: momentum times charge distribution for the same tracks sample. More

details are given in the text.

The 2009 run started on June the 1st. The run start was delayed by an earth-
quake that occurred in the region of the Laboratori Nazionali del Gran Sasso.
The earthquake had a large and dramatic impact on the local population, 306
killed and 1600 injured, but the effect in the underground experimental area
was dumped by a factor ∼ 5 thus no damage occurred to the detector.
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At the time these proceedings are being written the run period ended with ∼
3.5 1019 recorded p.o.t. Likely without the delay due to the earthquake the
nominal luminosity may have been reached.

5 Analysis in the emulsions

As mentioned in Sec. 3 the electronic detectors data allows the automatic
selection of the events with the primary vertex inside the target volume and
the selection of the brick that with highest probability contains the primary
vertex.
At this point the analysis in the emulsion starts with the extraction from the
detector of the interesting brick and the development of the corresponding
emulsion films.
The developed films are being analyzed in Europe with customized commercial
optics and mechanics, and in Japan with custom made hardware. The tracks
search is based on the tomographic acquisition of the emulsion layers. The
scanning speed is ∼ 20 – 75 cm2 / hour according to the hardware being used.

The full analysis of a typical charged current events is shown in Fig. 3. The
upper left and right plots show the event as it appears in the electronic detec-
tors. A penetrating muon track stopping in the iron of the first spectrometer
is apparent. The track emerges from a significant energy deposit in the scintil-
lator bars. The incoming νμ direction is shown to guide the eye.
Using the emulsion data the lower left, middle and right plots show the event
primary vertex and the track leaving it in the X vs Z, Y vs Z and Y vs X
projections, respectively. The thicker segments along the tracks correspond
to the particle path inside the emulsion layers. The Y vs X projection, front
view, is particularly interesting. The isolated continuous track on the lower
left corner is the muon one. The cloud of dots also in the lower left corner
is due to an electromagnetic shower. In the opposite hemisphere with respect
to the muon track a large number of charged particles are generated from the
primary vertex. One of these tracks has an obvious kink (upper side of the
primary vertex almost on the vertical with respect to it). The large kink is
visible also in the other projections. A more detailed kinematic analysis shows
that this event is consistent with being a charm candidate.

6 Conclusions

The first neutrino interactions have been observed in the OPERA detector in
2006 in parallel to the commissioning of the CNGS beam. Since then and
at the time these proceedings are being written OPERA integrated 5.28 1019

p.o.t. The electronic detectors are fully operational and are doing very well.
All steps of the emulsion analysis have been successfully validated. Events are

107

Number_#1024_Pg001-452.indd   107 9/23/10   3:00 PM



Figure 3: Event display in both the electronic detectors, upper part, an in the emulsion
layers, lower part, of a charm candidate event. More details are given in the text.

being regularly analyzed up to the primary vertex. Charm events have been
identified. As statistic is a key point in order to achieve the direct observation
of νμ to ντ oscillation, OPERA relies on the CERN support to have soon the
CNGS running at nominal intensity, 4.5 1019 p.o.t./year.
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NEW RESULTS FROM THE FNAL SCIBOONE NEUTRINO
EXPERIMENT (FNAL E954)

Tsuyoshi NAKAYA a for the SciBooNE collaboration

Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, JAPAN

Abstract. We report new results from Fermilab E954, a neutrino scattering exper-
iment SciBooNE. SciBooNE is motivated to measure the neutrino-nucleus cross
sections precisely in the energy region of ∼1 GeV. The measurements are impor-
tant to understand the interactions of neutrinos with the nucleus and information
is essential for future accelerator neutrino oscillation experiments, such as T2K. We
report the measurements of the charged-current quasi-elastic scattering, the mea-
surements of pion productions by neutrinos, and the status of the short baseline
neutrino disappearance search together with the MiniBooNE experiment.

1 Introduction

The neutrino-nucleus cross sections are recently drawn much attention to by
particle and nuclear physics communities. Data of the cross sections are not
precise enough to reveal the underlying mechanism of nuclear physics in neu-
trino interactions. In addition, precise knowledge of neutrino cross sections on
nuclei is desired by the next generation accelerator neutrino oscillation exper-
iments such as T2K [1], of which ultimate goals are the complete studies of
neutrino oscillations including the CP violation.

The SciBooNE experiment is designed to measure the neutrino cross sec-
tions on carbon in the energy region of ∼ 1 GeV. In SciBooNE, we study
quasi-elastic scattering, resonant single π production, coherent π production
and deep-inelastic scattering of neutrinos and anti-neutrinos in both charged-
current (CC) and neutral-current (NC) reactions. In addition, since the Sci-
BooNE detector is located on the same neutrino beam line of the MiniBooNE
experiment, the measurement of the neutrino flux at SciBooNE could be con-
tributed to the better prediction of the neutrino flux at MiniBooNE which is
useful to improve the studies of neutrino oscillations at MiniBooNE.

2 Experimental Setup

SciBooNE shares the Fermilab Booster Neutrino Beam (BNB) with the Mini-
BooNE experiment. The 8 GeV protons from the Booster are extracted to
BNB and hit a 71.1 cm long beryllium target. The hadorons, mainly pions,
are focused by an electromagnetic horn. The neutrinos are produced from the
decay of hadrons, and the mainly muon neutrinos from π → μν decays are
the dominant component in the beam with the peak energy of 0.7 GeV. The
neutrino fluxes at SciBooNE predicted by the beam Monte Carlo Simulation [2]

ae-mail: t.nakaya@scphys.kyoto-u.ac.jp
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are shown in Figure 1. By switching the polarity of the horn current, the BNB
provides both the neutrino and the anti-neutrino beams.
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Figure 1: Neutrino flux predictions at SciBooNE as a function of neutrino energy. The
neutrino beam mode (left) and the anti-neutrino beam mode (right) are shown.

The SciBooNE detector located 100 m downstream from the target consists
of three detectors: a fully-active fine-segmented tracking detector (SciBar) [3]
as a neutrino target and a vertex detector, an electro-magnetic calorimeter
(EC) [4] and a muon range detector (MRD). The SciBar consists of 14,336
extruded plastic scintillator strips, and each strip is 1.3× 2.5× 300 cm3. The
scintillators are arranged vertically and horizontally to construct a 3×3×1.7 m3

volume with a total mass of 15 tons. Based on the hits information with en-
ergy, we reconstruct the tracks of charged particles and identify a proton track
from others by the dE/dx measurement. The EC is located just downstream of
SciBar to measure the electron neutrino component in the beam and to detect
the photons from π0 decay. The EC is made of 32 vertical and 32 horizon-
tal modules with the cross-section of 262 × 256 cm2. Each module with the
dimension of 262 × 8 × 4 cm3 is a spaghetti-type calorimeter comprised of 1
mm diameter scintillating fibers embedded in lead foil. The MRD is installed
downstream of the EC to measure the momentum of a muon. Twelve 5 cm
thick iron plates are sandwiched between 6 mm thick scintillator hodoscopes.
The 13 alternating horizontal and vertical scintillator hodoscopes are mounted.
The cross section of the iron plate is 274 × 305 cm2 and the total mass of ab-
sorber material is 48 tons. The MRD measures the momentum of the muon up
to 1.2 GeV/c using the range of the muon.

The SciBooNE experiments took data from June 2007 to August 2008 with
2.64 × 1020 protons on target (POT) in total. The available data for analysis
are 0.99 × 1020 POT with the neutrino beam and 1.53 × 1020 POT with the
anti-neutrino beam.
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3 Physics Results

In the analysis, we use the NEUT program library [5, 6] to simulate the in-
teractions of neutrinos with nuclei. In the neutrino beam running, 53,000
Charged-Current (CC) quasi-elastic scattering (QE) (41 %), 30,000 CC single
π via resonances (23 %), 23,000 Neutral-Current (NC) elastic (18 %), 6,900 NC
single π0 via resonances (5.4 %), 6,100 CC DIS (4.7 %), 4,700 NC single meson
but π0 (3.7 %), 1,800 CC coherent π+ (1.4 %), 1,800 NC DIS (1.4 %), 1,100
NC coherent π0 (0.9 %), and 800 CC single meson but π (0.7 %) interactions
are estimated by NEUT in the 10.6 ton fiducial volume of SciBarb.

3.1 Charge-Current Quasi-Elastic Scattering

Charged-Current quasi-elastic (CC-QE) scattering is a dominant process in
the neutrino interactions with nuclei below 1 GeV energy. CC-QE is a useful
reaction in which the parent neutrino energy could be reconstructed only by
the muon momentum with information of the neutrino beam direction. We
study CC-QE events by requiring one muon track reaching the MRDc. Then,
we count the number of tracks from the common vertex and identify another
track as a proton or a pion based on the dE/dx information. In Table 1, we
summarize three samples: the 1-track, the 2-track (μ + p) and the 2-track (μ
+ π) samples. The 1-track and 2-track (μ + p) samples contain the CC-QE
events with high purity. The 2-track (μ + π) sample contains the other type
of events, by which the amount of the background events on CC-QE is studied
in data.

Sample # Events Efficiency (%) Purity (%)
1 track 13586 52.9 65.2

2 track (μ + p) 2915 11.1 68.5
2 track (μ + π) 1628 2.7 32.3

Table 1: Summary of three samples for the CC-QE cross section measurement. The efficiency
and purity are for the CC-QE events estimated by NEUT.

The νμ-CCQE cross section per nucleon is measured in the neutrino energy
range between 0.6 and 1.6 GeV. The result is shown in Figure 2 [7], which is
consistent with the prediction by NEUT. A main systematic uncertainty is due
to the uncertainty of the neutrino flux predictions at SciBooNE.

bThe SciBar fiducial volume is defined as −130 < x, y < 130 cm and 2.62 < z < 157.2 cm
where the z axis is the beam direction.

cWe also have another analysis not requiring the MRD matching track.
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Figure 2: The νμ-CCQE cross section measured in SciBooNE for the SciBar-MRD analysis
(circle dots) in comparison with the NEUT prediction (triangle dots). The statistics (bars)

and the flux systematic errors (yellow [or light-gray]) band are shown.

3.2 Pion Production by Neutrinos

Pion production by neutrinos is one of the most interesting and popular subjects
in the neutrino scattering physics. CC π production is a major background to
CC-QE process which is used to reconstructed neutrino energy in the neutrino
oscillation experiments. NC π0 production is a major background events in
search for νμ → νe appearance signal which probes the unknown mixing angle
θ13. Recently, we published the result of no evidence of CC coherent π+ [8].
We set an upper limit on the cross section ratio of CC coherent π+ production
to the total CC cross section at 0.67× 10−2 at mean neutrino energy 1.1 GeV
and 1.36×10−2 at mean neutrino energy 2.2 GeV in 90% confidence level. The
result is consistent with and confirm the result by K2K [9].

After the publication, we further investigate the signal and find the excess of
the events with the pion scattered more forward (< 35◦) [10]. Those events have
very low Q2 and just a muon and a pion tracks observed. So the events have a
features of the coherent π production although the kinematic distributions and
the production cross section do not match with the model prediction by Rein-
Sehgal [11,12]. So, further theoretical studies on coherent π are interesting and
expected together with the SciBooNE results.

In the anti-neutrino data, the better signal discrimination for CC coherent
π is expected because of less background events. We looks for the signal of
CC coherent π in the anti-neutrino data, and find the excess of the signals [13]
as shown in Figure 3. In the anti-neutrino data, we observed the excess of
the signal over the background by 4 σ level (statistical uncertainty only). We
plan to evaluate the systematical error including the estimate of the wrong sign
background components which only appear in the analysis of the anti-neutrino
beam data.
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Figure 3: The reconstructed Q2 distribution in the anti-neutrino charged current coherent
pion sample. The expected signal level in MC is based on a model by Rein-Sehgal

The π0 productions are intensively studied by several modern experiments [14–
18]. We also measured the NC π0 production cross section ratio to the total
CC cross section to be [7.7± 0.5(stat.)± 0.5(sys.)]× 10−2, while the MC pre-
diction is 6.8 × 10−2. For the measurements, we select the events with two
γ’s converted in the SciBar fiducial volume. We rejects events with positively
identified a proton track or a muon track. The invariant mass and the momen-
tum distributions of the events are shown in Figure 4. We observed 657 NC
π0 candidate events with the efficiency of 5.3 % over 240 background events
estimated by the MC simulation. The measurements are consistent with the
Rein-Sehgal model implemented in the MC simulation.
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Figure 4: The invariant mass and the momentum distributions of the π0 candidate events.

With the NC π0 candidate events, we study the NC coherent π0 production
and the result is under preparation.
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3.3 Short Baseline Neutrino Oscillation Search with the SciBooNE and Mini-
BooNE detectors

A short baseline neutrino oscillation search in the Δm2 region of 0.5− 40 eV2

is conducted by using the SciBooNE as a front detector and the MiniBooNE
as a far detector. At SciBooNE, we measure the neutrino flux, constrain the
uncertainties of neutrino interactions, and provide the better prediction of the
neutrino events at MiniBooNE. The expected distributions of the reconstructed
neutrino energy at MiniBooNE is shown in Figure 5. With the predicted neu-
trino events at MiniBooNE, muon neutrino disappearance by oscillation is stud-
ied and the expected sensitivity is shown in Figure 5. Now, we are doing the
final check to publish the result of the neutrino oscillation.
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Figure 5: (Left) The reconstructed neutrino energy distribution predicted at MiniBooNE
from SciBooNE. The MiniBooNE detector error, flux and cross-section uncertainties, and
the total systematic uncertainty are separately shown. (Right) The expected sensitivity
for νμ disappearance. The dotted curve shows the 90% CL limits from CDHS and CCFR
experiments. The thin solid curve is the MiniBooNE-only 90% CL sensitivity. The thick
solid curve and the filled region are the 90% CL sensitivity and ±1σ band from SciBooNE-

MiniBooNE joint analysis, respectively.

4 Summary and Future Prospect

In the paper, we report some highlight results from the SciBooNE experiment.
We are in the middle of the active analysis stage and we expect more results.
In the neutrino beam data, we more study the NC elastic scattering [19] and
the components of electron neutrinos in our beam. In the anti-neutrino beam
data, we also study the copious channels of the results presented here. We are
providing high precision data of neutrino interactions with nuclei which could
give a great contribution to the future of neutrino physics. We are very much
looking forward to exploring the neutrino oscillations and the CP violation.
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STATUS OF THE T2K EXPERIMENT

Masahiro Shibata a, for the T2K collaboration
Institute of Particle and Nuclear Studies, High energy accelerator research

organization (KEK), 1-1 Oho, Tsukuba, Ibaraki, Japan
Abstract. Tokai to Kamioka experiment (T2K) is an accelerator based long base-
line neutrino oscillation experiment. Neutrino beams are produced at Japan proton
accelerator research complex (J-PARC) and injected to Super-Kamiokande (SK).
Our goals are discovery of νμ → νe mode and precise measurement of νμ dis-
appearance mode. The neutrino facility was completed in March 2009 and first
beam commissioning was performed in April and May. All components worked as
designed and neutrino production was confirmed with the muon monitor.

1 Introduction

Neutrino oscillation is a phenomenon that probability of measured lepton flavor
of a neutrino oscillates with time. Neutrino oscillation can happen when weak
interaction and mass eigenstate of neutrino is different and mass eigenvalues are
different between eigenstates. Relation between weak interaction eigenstates
(νe, νμ, ντ ) and mass eigenstates (ν1, ν2, ν3) is described with Maki-Nakagawa-
Sakata (MKS) matrix [1].

⎛

⎝
νe
νμ
ντ

⎞

⎠ = U

⎛

⎝
ν1
ν2
ν3

⎞

⎠ (1)

U =

⎛

⎝
1 0 0
0 C23 S23

0 −S23 C23

⎞

⎠

⎛

⎝
C13 0 S13e

−iδ

0 1 0
−S13e

−iδ 0 C13

⎞

⎠

⎛

⎝
C12 S12 0
−S12 C12 0
0 0 1

⎞

⎠

(2)
Where Sij (Cij) stands for sinθij (cosθij). This matrix has four parameters,
namely three mixing angle (θ12, θ23, θ13) and phase of CP asymmetry (δ).

The T2K experiment has two goals. The first goal is discovery of νμ → νe
mode, which is the last undiscovered mode and determine θ13. The oscillation
probability is

P (νμ → νe) ≈ sin2 2θ13 sin
2 2θ23 sin

2

(
1.27Δm2

31L

E

)

. (3)

Where Δm2
31 = m2

3 − m2
1 is difference of squares of mass for each eigenstate

in eV2, L is length of the baseline in km and E is neutrino energy in GeV.
Measurement of θ13 is important because θ13 just has upper limit [2] and is
related to possibility of CP violation measurement in neutrino. The sensitivity
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is sin22θ13 = 0.006 at 90% C.L. with integrated proton beam power of 3.75
MW × 107 s.

Another goal is precise measurement of νμ disappearance mode. The prob-
ability of disappearance is

P (νμ → νx) ≈ sin2 2θ23 sin
2

(
1.27Δm2

23L

E

)

. (4)

We are aiming to determine sin22θ23 and Δm2
23 with precision 1% and 1×10−4

eV2, respectively.

The T2K experiment has three features. First one is high intensity proton
beam of J-PARC. The design intensity is 750 kW and highest in the world. It
greatly helps to reduce necessary time to achieve our goals.

Second one is off axis beam method [3]. In the T2K experiment, the proton
beam axis is 2.5 degrees tilted from the direction of the neutrino detector.
With this method, the peak of neutrino energy spectrum coincides with the
peak of oscillation probability and high energy neutrino is suppressed to reduce
background (fig.1).

Figure 1: (top) Oscillation probability. (bottom) Energy spectrum of neutrino beam.

Third one is SK, the world largest 50 kt water Cherenkov detecor (fiducial
volume 22.5 kt). SK has good performance of neutrino detection efficiency,
momentum measurement and particle identification from several hundred MeV
to 1 GeV, which is neutrino energy range of the T2K experiment.
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2 Experimental setup

Fig.2 shows the experimental setup of the T2K experiment. 30 GeV pro-
ton beams are extracted from the main ring of J-PARC and transported to
the graphite target. Superconducting conbined-function (bending + focusing)
magnets are used to bend proton beams toward SK direction. Pions generated
at the target are focused with toroidal magnetic fields generated by three elec-
tromagnetic horns. These pions decay in the decay volume and muon neutrinos
and muons are generated. Arrays of Si PIN photodiodes and ion chambers are
placed to monitor muons at downstream side of the beam dump which ab-
sorbs remaining hadrons. With this muon monitor neutrino beam intensity
and direction are checked from muon intensity and distribution. At 280 m
downstream from the target, a near neutrino detector is installed. It consists
of on-axis detector and off-axis detector. The on-axis detector is an array of
modules of scintillator planes sandwiched by iron targets and placed on the axis
of the beamline. The on-axis detector measures neutrino beam direction and
profile directly. The off-axis detector is a complex of scintillators, time projec-
tion chambers and electromagnetic calorimeters in the UA1 magnet which is
donated from CERN. The off-axis detector is installed in the direction toward
SK and measures neutrino flux and energy spectrum before oscillation. It also
measures electron neutrino contamination and neutrino cross section.

Neutrino oscillation is searched by compareing neutrino flux and energy spec-
trum measured at SK with expected ones. They are estimated from proton
numbers on the target, muon intensity and neutrino flux and energy spectrum
measured at the near detector using neutrino cross section with the target
material and the efficiency of each detector.

Figure 2: Experimental setup of the T2K experiment.

3 Neutrino facility commissioning

Commissioning of the neutrino facility was performed in April and May 2009
for nine days. Integrated proton number measured with the most down stream
beam intensity monitor was 1.8 × 1014. The goal of the commissioning was
to comfirm fanctionality of the neutrino facility. The commissioning was per-
formed with the first horn. And beam intensity was limited up to 4 × 1011

118

Number_#1024_Pg001-452.indd   118 9/23/10   3:00 PM



protons per spill, because radio activation level around the target should have
been kept small enough for installation of second and third horn during summer
2009.

After confirmation of functionality of the proton beam monitors (intensity,
position, profile and loss) and magnets, extracted proton beam orbit was tuned
within 3 mm from design orbit (fig.3). Beam position at the target was con-
firmed with a luminescence plate installed just in front of the target. Neutrino
production was confirmed with the muon monitor by detecting muons produced
with neutrinos (fig.4). Stability of beam intensity and position for 30 minutes
continuous operation was better than 1% and 0.2 mm, respectively.

Figure 3: Proton beam orbit.

Focusing effect of the electromagnetic horn was confirmed. When the horn
is operated with 273 kA, signal of the muon monitor becomes larger and 2D
profile becomes sharper than those measured without horn operation (fig.5).

4 Future prospect

During 2009 summer and fall, the second and third horn and the near detector
were installed. Commissioning of the facility was resumed from November 2009.
Beam intensity was increased to 20 kW and neutrino events were observed in
the near detector.

The physics run will start from early 2010. In 2010, we plan to search θ13 with
better sensitivity than current CHOOZ limit with 100 kW × 107 s integrated
beam power (fig.6). The goal is to discover θ13 with 3.75 MW × 107 s physics
run.
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Figure 4: Signal observed with the muon monitor.

Figure 5: Horn focusing effect. 2D distribution of the muon monitor signal is shown for horn
off (top) and 273 kA operation (bottom).

5 Summary

T2K is an accelerator based long base line neutrino oscillation experiment,
aiming to discover θ13 and precisely measure θ23 and Δm2

23 with high intensity
and narrow energy band neutrino beams and Super-Kamiokande. Accumulat-
ing data with 3.75 MW × 107 s integrated beam power, sensitivity for sin2 2θ13
is 0.006 at 90 % C.L., δ(sin2 2θ23) < 0.01 and δ(Δm2

23) < 1× 10−4 eV2.

First beam commissioning was performed in April and May 2009. Neutrino
production was confirmed with muon monitors. And basic performance of the
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Figure 6: Sensitivity of θ13.

neutrino facility was confirmed. We plan to start physics run from early 2010
and aim to search θ13 with sensitivity better than current CHOOZ limit in
2010.
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RECENT RESULTS OF THE BOREXINO EXPERIMENT

Evgeny Litvinovich a

(on behalf of the Borexino collaboration)
RRC “Kurchatov Institute”, 123182, Kurchatov sq., 1, Moscow, Russia

Abstract. Borexino detector has performed the first real-time measurement of 7Be
solar neutrinos flux. Direct measurement of 8B solar neutrinos flux with the lowest
threshold ever achieved by real-time detectors was done as well. Simultaneous
spectral measurements in vacuum-dominated (7Be νe) and matter-enhanced (8B
νe) oscillation (LMA) regions were performed for the first time by single detector.

1 Borexino and the solar neutrinos

Borexino detector is continuously taking data since May of 2007 in the Gran
Sasso underground laboratory (Italy). The main physical goal is solar neutrinos
studies, primarily 7Be neutrinos of the energy E ν = 0.862 MeV, which are
emitted in the Sun’s core in the process 7Be(e−,νe)7Li. Detection mechanism
is neutrino-electron elastic scattering in the large volume (278 tons) of the
organic liquid scintillator. Detailed description of the detector can be found
at [1].

1.1 7Be neutrinos

The sun shines by the energy produced in a thermonuclear reaction chain built
up on the fusion of four protons to produce one 4He nucleus. More than 99%
of neutrinos from the sun have energies below 2 MeV. Beryllium νe contribute
about 10% of the flux. According to Standart solar model (SSM), the prediction
of 7Be νe flux is 5.08 × 109 cm−2s−1. The uncertainty is currently 6% [2].

Current spectroscopic data on solar νe are confined to energies greater than
5 MeV (0.01% of the total solar neutrinos flux). The separation of the neutrino
events in the Borexino detector is performed in the region of high background
radioactivity of materials, so the success of the experiment depends directly
on the degree of detector radiopurity. The possibility of purifying organic
liquid scintillators to the level of 10−17 − 10−18 g/g of 238U and 232Th was
successfully demonstrated in 1996 - 2004 with the prototype of the Borexino
detector - Counting Test Facility (CTF). The radiopurity level achieved now in
Borexino is summarized in Table 1. Extremely low radioactive contamination
of the detector is a result of more than 15 years of work.

Borexino result on 7Be solar neutrinos is based on 192 live days of data-
taking [3]. Events are selected by means of the following cuts: (i) Events
must have a unique time cluster of photomultipliers hits to reject pile-up of
multiple events in the same acquisition window. (ii) Cosmic muons and all
events within a time window of 2 ms after a muon are rejected. (iii) Decays
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due to radon daughters occurring before 214Bi-214Po delayed coincidences are
vetoed. (iv) Events must be reconstructed within a spherical fiducial volume
(FV) corresponding approximately to 1/3 of the scintillator volume in order
to reject external γ background. Additionally, z coordinate of the event is
required to be |z |<1.7 m in order to escape the background near the poles of
the inner nylon vessel, where the Borexino scintillator is enclosed.

Table 1: Borexino radiopurity.

Source Typical abundance Level achieved
14C/12C 10−12 g/g (cosmogenic) (2.7 ± 0.6) × 10−18

238U 2 × 10−5 g/g (dust) (1.6 ± 0.1) × 10−17

(by 214Bi-214Po)
232Th 2 × 10−5 g/g (dust) (6.8 ± 1.5) × 10−18

(by 212Bi-212Po)
222Rn 100 atoms/cm3 (air) ∼10−17 (∼1 cpd b /100 tons)
(by 214Bi-214Po)
210Po Surface contamination May 2007: ∼70 cpd/ton,

Sep 2008: ∼7 cpd/ton
40K 2 × 10−6 (dust) < 3× 10−18 (90%) g/g
85Kr 1 Bq/m3 (air) (28 ± 7) cpd/100 tons
39Ar 17 mBq/m3 (air) �85Kr

In order to determine the counting rate for 7Be νe, two different approaches
were used. In both cases consistent results have been obtained. The counting
rate for beryllium solar neutrinos of energy 0.862 MeV was found to be 49 ±
3stat ± 4syst counts/(day · 100 tons). The expected signal for nonoscillated
solar νe in the high metallicity solar model is 74 ± 4 counts/(day · 100 tons).
Thus, Borexino measurements confirm the solar neutrinos deficit, observed by
all radiochemical and water Ĉerenkov solar neutrino detectors. In the MSW-
LMA scenario of solar neutrino oscillations, the expected 7Be νe signal is 48 ±
4 counts/(day · 100 tons), in a good agreement with the Borexino result.

Solar 7Be νe flux in the no-oscillation scenario is found to be (2.74 ± 0.27)
× 109 cm−2s−1. In case of the MSW-LMA scenario of neutrino oscillations the
flux is (5.18 ± 0.51) × 109 cm−2s−1. This value is in a good agreement with
the SSM prediction.

Several sources, as summarized in Table 2, contribute to the systematic error.
Analysis of the calibration data will allow to reduce the uncertainties related
to fiducial mass definition and detector response function.

In the MSW-LMA scenario, neutrino oscillations are dominated by mat-
ter effect above 3 MeV and by vacuum regime below 0.5 MeV [4]. Borexino

bcounts per day
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Table 2: Estimated systematic uncertainties [%].

Total scintillator mass 0.2
Fiducial mass ratio 6.0
Live time 0.1
Detector response function 6.0
Efficiency of cuts 0.3
Total systematic error 8.5

measurements lead to survival probability for 7Be electron neutrinos with the
energy 0.862 MeV Pee = 0.56 ± 0.10. The no-oscillation hypothesis, Pee = 1,
is rejected at 4σ C.L.

1.2 8B neutrinos

Boron solar neutrinos are originated from the reaction 8B → 8Be* + e+ + νe.
They have continuous energy spectrum ended at 14.06 MeV. Borexino result
on 8B solar neutrinos is based on 245.9 live days of data-taking with a target
mass of 100 tons, defined by a FV cut of radius 3 m [5].

Table 3: Effect of the sequence of cuts on the observed counts.

Cut Counts Counts
2.8-16.3 MeV 5.0-16.3 MeV

All counts 20449 14304
Muon cut 3363 1135
Neutron cut 3280 1114
FV cut 567 372
Cosmogenic cut 71 26
10C removal 65 26
214Bi 62 26
Expected 208Tl 14 ± 3 0
Measured 8B ν 48 ± 8 26 ± 5
SSM BS07(GS98) 8B ν 50 ± 5 25 ± 3

Prior to all cuts, the counting rate in the 8B νe energy range between 2.8 and
16.3 MeV, the maximum recoiled electron energy from 8B neutrino scattering,
recorded in the entire active mass (278 tons) is about 1500 cpd. Starting from
here, the analysis is based upon consecutive removing all the known classes of
background events in the energy range of interest. Table 3 gives the effect of
the sequence of cuts on the observed counts.
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After all cuts, the counting rates in the energy region above 2.8 MeV (5.0
MeV) is 0.26 ± 0.04stat ± 0.02syst counts/(day · 100 tons) (0.14 ± 0.03stat
± 0.01syst counts/(day · 100 tons)). The equivalent unoscillated 8B νe flux is
(2.65 ± 0.44stat ± 0.18syst) × 106 cm−2s−1 ((2.75 ± 0.54stat ± 0.17syst) × 106

cm−2s−1).
The boron νe survival probability at the mean energy of 8.6 MeV for 8B

neutrinos is found to be P ee = 0.35 ± 0.10. Taking into account the experi-
mentally determined Pee for

7Be νe at the energy of 0.862 MeV (0.56 ± 0.10),
one can conclude that the Borexino data confirm the presence of a transi-
tion between vacuum-driven and matter-enhanced solar neutrino oscillations.
Borexino is thus the first experiment detecting at the same time neutrinos in
the low energy, vacuum-dominated- and in the high energy, matter-enhanced
region.

2 Borexino calibrations

Several calibration campaigns (on- and off-axis) were performed in the Borexino
experiment within October 2008 - July 2009. The main goal is to reduce
systematic uncertainties and to achieve at least 5% error in the determination
of 7Be solar neutrinos flux. Calibrations will also allow to study α, γ and proton
quenching in the Borexino liquid scintillator.

The position of the radioactive source inside the Borexino detector is known
within 2 cm accuracy. The following sources were deployed into different po-
sitions inside the inner vessel of the detector: several γ-sources in the wide
energy region (Eγ = 122 ÷ 1461 keV), α-source 222Rn, neutron source 241Am-
9Be. Analysis of the calibration data is currently in progress.
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DOUBLE CHOOZ PROJECT: STATUS OF A REACTOR
EXPERIMENT AIMED AT SEARCH FOR NEUTRINO

OSCILLATIONS

Sergey Sukhotin a

(on behalf of the Double Chooz Collaboration)

Russian Research Centre “Kurchatov Institute”

123182 Kurchatov sq., 1,Moscow,Russia
Abstract. Double Chooz is an experiment that is devoted to searches for reactor-
antineutrino oscillations at the CHOOZ nuclear power plant. This project is aimed
at measuring the unknown mixing angle θ13. It is assumed that the value of θ13 will
be extracted from an analysis of the distortion of the antineutrino spectra obtained
in relative measurements at two distances from the nuclear reactors by means of
two identical detectors. The method makes it possible to minimize systematic
errors of the experiment and to improve the sensitivity to the sought parameter.
To date, the most stringent constraint on the parameter θ13 was obtained from
the CHOOZ experiment in 1995 − 1997 (sin2(2θ13) < 0.19, with the difference of
the squares of the neutrino masses being Δm2

13 = 2.5 × 10−3eV 2).

1 Introduction

Pontecorvo’s hypothesis [1] of neutrino oscillations has been confirmed in ex-
periments with natural and artificial sources. Experiments with solar neutri-
nos [2–5] and with reactor antineutrinos (KamLAND Collaboration [6]) resulted
in determining the parameters of νe → νμ oscillations, which explain the deficit
of solar neutrinos:

Δm2
12 = (7.9 ± 0.3) × 10−5eV 2

sin2(2θ12) = 0.80 ± 0.04
The parameters of oscillations belonging to the νμ → ντ type were measured
in experiments with atmospheric neutrinos [7], as well as in experiments at
accelerators [8, 9]. The results are:

Δm2
23 = (2.5 ± 0.2) × 10−3eV 2

sin2(2θ23) = 1.0 ± 0.08
The set of experiments performed thus far determined Δm2

13, thereby facili-
tating searches for the mixing angle θ13, which is the last unknown parameter.
Oscillations of the νe → ντ type have not yet been observed. The most strin-
gent constraint, sin2(2θ13) < 0.19 at the differences of the masses squared in
the region around Δm2

13 = 2.5×10−3eV 2 , was obtained in the CHOOZ exper-
iment [10,11], which was performed in 1995− 1997. A reactor experiment that
belongs to a new type and which would involve simultaneously measuring an-
tineutrino spectra by two identical detectors positioned at different distances
from the reactor was proposed in 2000 [12]. In 2004, a group of physicists
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from France, Germany and Russia (Kurchatov Institute) announced the for-
mation of an international collaboration with the aim of implementing such an
experiment. In 2005, the project was supported by several groups from the
United States of America. In 2006, laboratories from the United Kingdom,
Brazil, Spain, and Japan joined the project. The project was called Double
Chooz [13].

2 ATOMIC POWER PLANT AND DETECTOR POSITIONS

The Double Chooz experiment will be performed at the French nuclear power
plant situated at the Chooz town near the border with Belgium. The nuclear
power plant has two nuclear reactors of total thermal power 8.4 GW. Thus, the
distances to the reactors from the far detector are already known, 997.9 and
1114.6 m. The near detector will be positioned at a mean distance of about
390 m from the reactors. The farther laboratory is arranged in a tunnel at a
depth of about 300 mwe. The nearer laboratory will be situated at a depth of
about 100 mwe.

3 DETECTOR FOR ELECTRON ANTINEUTRINOS 

 

 
Figure 1: Design of the Double Chooz detectors: (1) Gadolinium scintillator target, (2)

absorber of gamma rays, (3) mineral oil buffer, (4) inner veto
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The design of the detector is illustrated in Fig. 1. The detector will be a
four-zone assembly of concentric cylinders inserted into one another [13]. The
first zone (target) is a cylinder 2.3 m in diameter and 2.46 m in height. This
zone will be filled with a liquid scintillator specially developed for the Double
Chooz project. The scintillator has a high content of hydrogen and features a
small addition of gadolinium (1 g/l). The second zone (gamma-ray absorber)
is a cylinder 3.4 m in diameter and 3.57 m in height. It will be filled with the
scintillator free from gadolinium. The third zone (buffer) is a cylinder 5.5 m
in diameter and 5.67 m in height. This zone, filled with pure mineral oil, will
protect the detector target from the natural radioactivity of the materials of
the outer zones. Photomultiplier tubes viewing the gamma-ray absorber and
the target will be arranged at its walls. The fourth zone (active shield from
cosmic rays - veto) is a cylinder 6.6 m in diameter and 6.64 m in height. This
zone will be filled with a scintillator. It will ensure a reliable shield for the
detector from cosmic-ray muons. The inner volume of this zone will be viewed
by photomultiplier tubes recording muons.

4 DETECTION OF REACTOR ANTINEUTRINOS

The interactions of reactor antineutrinos in the detector will be recorded by
the inverse beta-decay reaction occurring on hydrogen and resulting in the
production of a positron and a neutron:

ν̃e + p → e+ + n Ethr = 1.806 MeV. (1)
The delayed coincidences of signals from a positron and neutron capture in the
time gate equal approximately to the tripled neutron lifetime in the detector
will be used to single out events of reaction (1). A neutron, after being moder-
ated, is captured either by gadolinium nuclei (with a probability of about 80%)
or by hydrogen (with a probability of about 20%), this being accompanied by
the emission of gamma rays whose total energy is about 8 MeV in the case
of gadolinium or 2.2 MeV in the case of hydrogen. Owing to the presence of
gadolinium in the target scintillator, the neutron lifetime decreases from 200
μs (scintillator without gadolinium) to 30 μs. The neutron detection threshold
can be set to about 6 MeV. This makes it possible to reduce the background
of random coincidences substantially, since the natural radioactivity spectrum
does not go beyond 4 MeV, the neutron detection efficiency remaining high
(about 80%). The positron-detection threshold will be set to about 0.5 MeV.

5 SENSITIVITY OF THE EXPERIMENT TO THE MIXING AN-
GLE θ13

In the CHOOZ experiment [10,11], the search for oscillations was performed
by comparing the antineutrino spectrum measured by the detector with its
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calculated counterpart. No effect of neutrino oscillations was discovered. The
ratio (R) of the expected number of reactor-antineutrino interactions to their
measured number proved to be:

R =1.01 ± 2.8%(stat.) ± 2.7%(syst.)
The values of the statistical and systematic errors determined the constraint
on the mixing angle. In order to improve the sensitivity substantially, it is
necessary to reduce the experimental errors greatly. The statistical error can
easily be reduced to 0.5% by increasing the target volume and the time of data
acquisition in relation to the previous CHOOZ experiment. The main system-
atic error in the CHOOZ experiment was associated with the determination
of the flux and energy spectrum of antineutrinos corresponding to the current
reactor power and fuel burnup. In the new project, it is proposed to perform
simultaneous measurements with two identical detectors, whereby systematic
errors related to the reactors are avoided almost completely, since the two de-
tectors are similarly affected by any variations in the reactor power and in the
composition of the reactor area. The systematic errors related to the proper-
ties of the detectors will also be removed to a considerable extent owing to the
identity of the detectors. In particular, it is unnecessary to know, in the new
experiment, the absolute number of hydrogen nuclei in the target, but this was
a source of a significant systematic error in the first experiment. Our analysis
revealed that the total systematic error related to the detectors would be about
0.6%.

6 STATUS OF THE DOUBLE CHOOZ PROJECT

The assembling of the far detector is completed in December 2009. The data
taking will statrt in April 2010. Within 1.5 years of data accumulation with the
far detector, an improvement of the sensitivity to the mixing angle 013 and the
attainment of values in the range sin2(2θ13) < 0.06 are expected in the Double
Chooz experiment. The construction of the nearer laboratory will have been
completed at the end of 2010. The near detector will have been assembled in
November 2011. Thus, it is planned to begin collecting data with two detectors
at the end of 2011. Within three years after that, this would make it possible
to set the constraint sin2(2θ13) < 0.03 on the mixing angle θ13 or to measure
it if sin2(2θ13) > 0.05.

7 CONCLUSIONS

The Double Chooz project is aimed at measuring the mixing angle θ13. This
measurement is of importance not only for obtaining deeper insight into the
nature of neutrino oscillations but also for studying phenomena that could play
a significant role for developing a more fundamental theory of the subatomic
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world, a theory that would describe the evolution of the Universe, and so on.
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THE ANTARES EXPERIMENT IN THE MEDITERRANEAN
SEA: OVERVIEW AND FIRST RESULTS

D. Zaborov a on behalf of the ANTARES collaboration
Institute for Theoretical and Experimental Physics, 117218 Moscow, Russia
Abstract.A general overview on the ANTARES neutrino telescope is given. The
status of the experiment is briefly reviewed. First results of atmospheric muon and
neutrino analyses are presented.

1 The ANTARES neutrino telescope

ANTARES is a large water Cherenkov detector installed in the Mediterranean
Sea, 40 km offshore from Toulon (France) at a depth of 2475 m [1]. The ele-
ments of the detector are arranged in twelve flexible structures (lines) attached
to the seabed with an anchor and kept taut by a buoy (see Fig. 1). A detector
line comprises 25 storeys distributed along the length of the 450 m long electro-
mechanical cable, starting 100 m above the seabed. The storeys are separated
by 14.5 m. A storey contains three transparent glass spheres (17-inch in di-
ameter, arranged in 120o distance to each other), each housing a large-area
hemispherical 10-inch photo-multiplier tube (PMT) [2, 3]. The PMTs are ori-
ented downwards at an angle of 45o from the vertical. The storey also contains
an electronics module for the readout of the PMTs [4]. Some storeys are also
equipped with additional devices aimed for calibration purposes (LED Beacons)
and acoustic positioning (hydrophones). In addition, each storey has a digital
compass and a tiltmeter. The detector lines are installed on the seabed with a
separation of about 70 m from each other and connected to the Junction Box,
also installed on site, which is in turn connected to shore via a long-distance
electro-optical cable. In total the detector contains nearly 900 PMTs.

The experiment is optimized for the detection of upward-going muons pro-
duced by neutrino interactions inside or below the instrumented volume. Ar-
rival times of the Cherenkov photons emitted by the muons are used to recon-
struct the muon direction of origin, which is at high energies well connected
with the neutrino direction. With advanced reconstruction techniques, an an-
gular resolution up to 0.2o can be achieved at TeV energies. An estimate of
the muon energy is made using the reconstructed track length and the pro-
duced amount of light. Hadronic showers from neutral current interactions of
all neutrino types, as well as charged current interaction of νe and ντ , can also
be detected and reconstructed with dedicated algorithms.

Scientific objectives of the experiment comprise the search for high-energy
neutrino sources outside the solar system, indirect Dark Mater searches (e.g.
neutralino annihilation in the Sun), diffuse neutrino flux, exotic searches (mag-
netic monopoles, nuclearites), and other related studies.

ae-mail: dmitry.zaborov@itep.ru
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Figure 1: Schematic view of the ANTARES detector (only 8 lines out of 12 are shown).

2 Detector status and in situ calibration

The detector has been operated in partial configurations since March 2006
and was completed in May 2008. Currently (January 2010) 10 lines out of 12
are working, one more is awaiting an interlink cable connection by a subma-
rine, and another one is to be recovered for maintenance works. In addition,
a short instrumentation line (IL07) is operating. IL07 hosts a number of in-
struments dedicated to the measurements of water properties (temperature,
salinity, sound velocity, transmission of light) and water currents, an oxygen
probe, a seismometer, and 2 sensitive cameras with an infrared flash light.
Three of the 6 storeys of IL07 and 3 storeys of Line 12 are equipped with hy-
drophones for acoustic noise and acoustic detection R&D studies. Line 12 also
has a robotized Oxygen probe (IODA) capable of taking and analysing water
samples in automatic mode.

Before deployment, each detector line is calibrated in the laboratory. Later
on the calibration parameters are regularly verified for possible changes in situ.
A central role in the time calibration is played by LED Beacons [5]. The ensem-
ble of the detector storeys is synchronized by a dedicated optical fiber system,
which uses round-trip delay measurements. The time offsets between PMTs lo-
cated on the same storey can also be verified using the coincidence signal from
Potassium-40 decays in sea water. The 40K technique is also used to monitor
the efficiencies of the PMTs [6], which are related to the PMT gains and elec-
tronics thresholds. The PMT gains are monitored independently by measuring
the position of the single photoelectron peak in the recorded data. The elec-
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Figure 2: The measured muon flux as a function of depth, interpreted in terms of total
muon intensity (left axis) and vertical muon intensity (right axis). The grey band shows the
normalization uncertainty of the data. The predictions of the Monte Carlo simulations based

on MUPAGE and CORSIKA are shown by dashed and dash-dotted lines, respectively.

tronics thresholds are also monitored in situ. In case of a significant drift, the
change is compensated by adjusting the corresponding threshold parameter or
the PMT high voltage. The performance of most of the optical modules after
about 2 years of operation remains good. The precision of the time calibration
meets the design goal of σ ≈ 0.5 ns.

3 First results

Ameasurement of the muon flux and its dependence on the depth in ANTARES
has been recently published in [6]. A novel approach was used, which is based
on the observation of coincidence signals in adjacent storeys of the detector.
This yields a low energy threshold of 4 GeV. The depth intensity relation was
obtained directly from the coincidence rates measured in different detector
storeys (see Fig. 2). The results are found compatible with a Monte Carlo
simulation using MUPAGE [7], as well as a CORSIKA [8] simulation using the
NSU model of the primary cosmic ray spectrum [9]. Another measurement
of the muon flux was performed using 5-line detector data taken in June and
July 2007. Like in an earlier study [10], the depth intensity relation was ob-
tained from the zenith angle distribution of reconstructed muons. The result
is compatible with the analyses [6] and [10].

The data sample acquired so far by ANTARES includes about 108 downward-
going muon events, and over 2000 neutrino candidates. A zenith angle distri-
bution for a combined data set is shown in Fig. 3. As one can see, the data
agree reasonably well with expectations. Further analysis is ongoing.
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4 Outlook

The ANTARES neutrino telescope is currently operating in a nearly nomi-
nal configuration. The performance of the optical modules, calibration and
positioning systems conforms to the design specification. The flux of atmo-
spheric muons has been measured using two different techniques and found to
be in agreement with Monte Carlo simulations and earlier measurements. The
angular distribution of upward-going neutrino-induced events has been also
measured and agrees with simulations. Further physics analyses are ongoing.
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HIGH-ENERGY NEUTRINOS FROM GALACTIC SOURCES

Alexander Kappes a
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Abstract. Even 100 years after the discovery of cosmic rays their origin remains a
mystery. In recent years, TeV gamma-ray detectors have discovered and investi-
gated many Galactic sources where particles are accelerated up to energies of 100
TeV. However, it has not been possible up to now to identify these sites unambigu-
ously as sources of hadronic acceleration. The observation of cosmic high-energy
neutrinos from these or other sources will be a smoking-gun evidence for the sites
of the acceleration of cosmic rays.

1 Introduction

Up to now, information on objects in our galaxy and beyond has nearly exclu-
sively been obtained using electromagnetic waves as cosmic messengers. Mod-
ern astronomy started in 1610 with optical photons, when Galileo Galilei took
one of the first telescopes and pointed into the sky. Only in the last century,
people started to extended the observations to lower and higher energies of the
electromagnetic spectrum, where today’s instruments span an enormous range
of 20 orders of magnitude from radio waves to TeV gamma-rays.

In addition, we know from measurements of the cosmic-ray spectrum that
there exist sources in the universe which accelerate protons or heavier nuclei
up to energies of ∼ 1020 eV, 107 times higher than the most energetic man-
made accelerator, the LHC at CERN. These highest energies are believed to be
reached in extra-Galactic sources like gamma-ray bursts or active galactic nuclei
whereas Galactic sources like supernova remnants (SNRs) or micro-quasars are
thought to accelerate particles at least up to energies of 3×1015 eV, also called
the “knee” region of the cosmic-ray spectrum. Though these phenomena are
quite different, the basic acceleration mechanism is believed to be very similar.
Particles are injected into shock fronts which develop when fast moving matter
collides with other matter. In these shock fronts, the injected particles are
accelerated in a repeating process (Fermi acceleration) where the energy gain
per cycle is only small. Other phenomena where a “one-shot” acceleration of
cosmic rays to high energies might take place are objects with strong magnetic
fields (up to 1015 G) like pulsars and magnetars. However, despite the detailed
measurements of the cosmic-ray spectrum and 100 years after their discovery
by Victor Hess, we still do not know what the sources of the cosmic rays are
as they are deflected in the Galactic and extra-Galactic magnetic fields and
hence have lost all information about their origin when reaching Earth. Only
at the highest energies beyond ∼ 1019.6 GeV cosmic rays might retain enough
directional information to locate their sources.

ae-mail: kappes@physik.uni-erlangen.de
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Alternative messengers for locating the sources of the cosmic rays must have
two distinct properties: they have to be electrically neutral and essentially
stable. Only two of the known elementary particles meet these requirements:
photons and neutrinos. Both particles are inevitably produced when the ac-
celerated protons or nuclei collide with matter or photons inside or near the
source. In these reactions neutral and charged pions are produced which then
decay into high-energy photons and neutrinos, respectively. The well known
ratio between the production of neutral and charged pions yields a direct link
between the photon and neutrino flux from proton-proton and proton-gamma
interactions, respectively.

The number of sources detected in TeV gamma-rays has increased dramati-
cally during the last decade which was made possible by significant advances in
the technique of air Cherenkov telescopes. Today, over 100 sources are known,
both Galactic (e.g., SNRs, micro-quasars, pulsars) and extra-Galactic (e.g., ac-
tive galactic nuclei, starburst galaxies). However, it has not been possible up
to now to unambiguously identify these sources as sites of cosmic-ray acceler-
ation as the observed TeV photons could also have been generated in the up-
scattering of photons in reactions with accelerated electrons (inverse-Compton
scattering). High-energy neutrinos, on the other hand, are only produced in
reactions of accelerated hadrons and hence are a smoking-gun evidence for the
sources of cosmic rays.

2 Potential Galactic neutrino sources

From the discussion above it follows naturally that TeV gamma-ray sources are
prime candidates for high-energy neutrino emission. Today, the list of Galactic
objects with observed TeV gamma-ray emission contains a.o. SNRs, pulsar
wind nebulae (PWNe), binary systems and molecular clouds. In the following,
we will discuss the prospects for neutrino emission from these objects and the
expected fluxes. For an overview and more details about the sources see [1]
and references therein.

Supernova remnants: SNRs are the prime candidate for the acceleration
of the Galactic cosmic rays. This has several reasons: There exists a plausi-
ble model for the acceleration of hadrons in the shock fronts generated when
the ejecta of the supernova interact with the surrounding medium. Further-
more, energetic considerations show [2] that the observed supernova rate of
about 3 per century and a conversion of 10% of the 1051 erg released per nova
into cosmic-ray acceleration matches quite well the energy required to keep the
energy in cosmic rays constant over time. Up to now, 11 SNRs have been ob-
served in TeV gamma-rays. Under the assumption that all gamma-ray photons
origin from the interaction of accelerated hadrons and utilizing the connection
between gamma-rays and neutrinos one can make rather precise predictions
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Figure 1: Left: Measured photon and expected neutrino flux from RXJ1713.7−3946. The
area formed by the solid lines and the shaded area represent the uncertainty (including
systematics) on the respective spectrum. Right: Expected event rates from RXJ1713.7−3946
in a cubic-kilometer sized neutrino telescope with and without a high-energy cut-off. Also

shown is the rate of atmospheric neutrinos. Taken from [3].

for the expected neutrino flux from these sources [3]. An example of such a
calculation is shown in the left plot of Fig. 1. Using the effective muon neu-
trino area of a neutrino telescope one can calculate the integrated number of
observed events as a function of the threshold energy. This is displayed in the
right plot of Fig. 1 for a water Cherenkov neutrino telescope with an instru-
mented volume of 1 km3. The importance of the cut-off at high energies for
the detectability of the source becomes apparent when comparing the light and
dark shaded areas with the expected background from atmospheric neutrinos.
The strong contribution of high-energy neutrinos to the number of detected
events origins from the strong rise of the effective area with the neutrino en-
ergy which is mainly caused by the increasing neutrino-nucleon cross section
and the extended range of themuons produced. On the other hand, the number
of background events scales with the size of the emission region which in the
case of RXJ1713.7−3946 is quite large with 1.3◦ diameter. These two features,
the low energy cut-off and the large emission region, make the detection of this
and similar sources like RXJ0852.0−4622 with neutrino telescopes challenging.
In addition, there exits a population of SNRs where no cut-off could be deter-
mined from the measured gamma-ray spectrum due to the large error bars at
high energies. However, these spectra are rather steep and only a small number
of events comparable to those from atmospheric neutrinos is expected [3].

Binary systems: The binary systems observed in gamma-rays consist of a
compact object (either a neutron star or a black hole) and a companion star.
The compact object accretes material from the companion star producing jets
where particles are accelerated. One of these objects is LS 5039 discovered
with the H.E.S.S. telescope. The system has a period of 3.9 days and the TeV
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gamma-ray emission region is point-like for neutrino telescopes. A calculation
of the expected neutrino event rate from the measured gamma-ray flux yields
less than one event per year for a cubic-kilometer neutrino telescope [3]. How-
ever, due to the dense photon fields originating from the companion star the
measured gamma-ray flux may be significantly suppressed by up to a factor
100 [4]. If this is indeed true then this and similar sources would be one of the
most promising targets for neutrino telescopes.

Pulsar wind nebulae: A PWN is powered by the wind from a pulsar
which streams into the ambient medium creating shock fronts. In these shock
fronts particles are accelerated. In general, PWNe are believed to accelerate
mainly electrons. In [5] however, the authors argue that there also might be a
significant fraction of nuclei in the pulsar wind. In this case PWNe like Vela X
pose interesting targets for neutrino telescopes.

Molecular clouds: Gamma-ray emission from molecular clouds origins
from the interaction of cosmic rays from a nearby source, e.g., a SNR, with
the nuclei in the cloud. Hence, molecular clouds are a “guaranteed” source of
neutrino emission. Such an emission region was located by H.E.S.S. near the
Galactic center. Unfortunately, the expected neutrino fluxes derived from the
measured gamma rays are rather low and the emission region is quite large
making the detection of this and other molecular clouds in neutrinos very chal-
lenging.

3 The missing Pevatrons

The existence of the “knee” in the cosmic ray spectrum tells us that there must
exist Galactic cosmic-ray sources which accelerate protons up to energies of sev-
eral PeV. These “Pevatrons” will produce pionic gamma rays whose spectrum
extends to several hundred TeV without cut-off in interactions with the inter-
stellar medium. However, none of the observed gamma-ray sources shows such
a spectrum. One reason for this observation could be the fact that the highest
energies in SNRs are only reached during the first few hundred years after the
supernova explosion (a SNR has a typical lifetime of the order of 10,000 years).
In this case, it could simply be possible that currently there does not exist
an observable SNR in this early phase. Nevertheless, the detection of these
cosmic rays could still be possible by observing the gamma rays produced in
their interaction with interstellar medium, in particular, with dense molecular
clouds as shown in [6]. In [7] the authors argue that some of the gamma-ray
sources discovered by Milagro [8] might origin from such secondary interactions
of cosmic rays from Pevatrons. Future measurements with air Cherenkov and
neutrino telescopes have to show whether this is true. On the other hand, one
of the suggested sources, MGRO1908+06, has now been plausibly associated
with a pulsar [9], disfavoring it as a region of proton acceleration.
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4 Sensitivity of current and future neutrino telescopes

All current event rate calculations indicate that neutrino telescopes with in-
strumented volumes of cubic kilometer size are necessary to identify the first
cosmic source of high-energy neutrino emission. Due to the large background
of downgoing muons produced in interactions of cosmic rays with the Earth’s
atmosphere, neutrino telescopes have their highest sensitivity when looking
through the Earth. Hence, in order to cover the full sky with high sensitivity
both a telescope in the Northern and in the Southern hemisphere is necessary.

Currently, the most sensitive neutrino telescope in the Northern hemisphere
is the ANTARES detector [10], installed at a depth of 2500m off the coast
of south France in the Mediterranean Sea. The detector instruments a vol-
ume of about 0.01 km3 and therefore is probably too small for cosmic neutrino
detection. In the Southern hemisphere, the currently largest and hence most
sensitive neutrino telescope, IceCube, is close to completion planned for next
year. With an instrumented volume of 1 km3 it is the first cubic-kilometer-
class detector. The sensitivities of both experiments to an E−2 neutrino flux
are shown in Fig. 2. It is apparent, that in order to achieve a high-sensitivity
coverage over the full sky a cubic kilometer class detector in the Northern
hemisphere is needed which will cover most of the Galactic plane including the
Galactic center. Such a detector with an instrumented volume of about 5 km3,
KM3NeT [11], is currently in its planning phase. Data taking is planned to
start around 2014.

5 Summary and outlook

The observation of cosmic high-energy neutrinos will open a new window to the
universe and help to solve long-standingmysteries like the question of the origin
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of the cosmic rays. With the recent advances in gamma-ray astronomy we were
able to identify many good Galactic candidate sources of neutrino emission.
However, due to the expected low fluxes and the early high-energy cut-offs of
the predicted neutrino spectra the detection of these sources is challenging.

IceCube will be the first detector to advance into the “discovery region” but
will likely only scratch it. Therefore, a factor five to ten more sensitive detector
is needed in the Northern hemisphere which will also cover the inner Galactic
Plane and Center. This detector, KM3NeT, is supposed to start data taking
around 2014. With IceCube and KM3NeT combined, neutrino astronomy will
hopefully soon become reality.
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THE GSI TIME ANOMALY: FACTS AND FICTION
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Abstract. The claims that the GSI time anomaly is due to the mixing of neutrinos
in the final state of the observed electron-capture decays of hydrogen-like heavy
ions are refuted with the help of an analogy with a double-slit experiment. It is a
consequence of causality. It is shown that the GSI time anomaly may be caused by
quantum beats due to the existence of two coherent energy levels of the decaying
ion with an extremely small energy splitting (about 6 × 10−16 eV) and relative
probabilities having a ratio of about 1/99.

A GSI experiment [1] observed an anomalous oscillatory time modulation of
the electron-capture decays

140Pr58+ → 140Ce58+ + νe ,
142Pm60+ →142 Nd60+ + νe . (1)

The hydrogen-like ions 140Pr58+ and 142Pm60+ were produced by fragmentation
of a beam of 152Sm with 500-600 MeV energy per nucleon on a 9Be target and
stored in the ESR cooler-storage ring where they circulated with a frequency
of about 2 MHz and were monitored by Schottky Mass Spectrometry. The
electron capture data are fitted by an oscillatory decay rate with a period
T � 7 s and an amplitude A � 0.2 [1].

It has been proposed [1–4] that the GSI anomaly is due to the interference
of the massive neutrinos which compose the final electron neutrino state,

|νe〉 = cosϑ|ν1〉+ sinϑ|ν2〉 , (2)

where ϑ is the solar mixing angle (see Ref. [5]).
In order to assess the viability of this explanation of the GSI anomaly, it is

necessary to understand that interference is the result of the superposition of
two or more waves [6]. If the waves come from the same source, interference
can occur if the waves evolve different phases by propagating through different
paths. Therefore, interference occurs after wave propagation, not at the wave
source. In the case of the GSI experiment, there cannot be any interference
effect of ν1 and ν2 in the electron-capture decays (1), which are the sources of
ν1 and ν2.

Let us illustrate these remarks through an analogy with the well-known
double-slit interference experiment with classical or quantum waves depicted in
Fig. 1a. In a double slit experiment an incoming plane-wave packet hits a bar-
rier with two tiny holes, generating two outgoing spherical wave packets which
propagate on the other side of the barrier. The two outgoing waves are coher-
ent, since they are created with the same initial phase in the two holes. Hence,
the intensity after the barrier, which is proportional to the squared modulus of
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I = A1I1 + A2I2

Figure 1: Analogy between the electron-capture decay process (3) and a double-slit interfer-
ence experiment with one source (a) and two coherent sources (b).

the sum of the two outgoing waves, exhibits interference effects. The interfer-
ence depends on the different path lengths of the two outgoing spherical waves
after the barrier.

For the analogy with the double-slit experiment, let us write schematically
an electron-capture decay process of the type in Eq. (1) as

I → F + νe . (3)

Taking into account the neutrino mixing in Eq. (2), we have two different decay
channels: I → F+ν1 and I → F+ν2. The initial state in the two decay channels
is the same. In our analogy with the double-slit experiment, the initial state
I is analogous to the incoming wave packet. The two final states F + ν1 and
F + ν2 are analogous to the two outgoing wave packets. Different weights of
ν1 and ν2 production due to ϑ �= π/4 correspond to different sizes of the two
holes in the barrier.

In the analogy, the decay rate of I corresponds to the fraction of intensity of
the incoming wave which crosses the barrier, which depends only on the sizes
of the holes. It does not depend on the interference effect which occurs after
the wave has passed through the barrier. In a similar way, the decay rate of
I cannot depend on the interference of ν1 and ν2 which occurs after the decay
has happened b.

The above argument is a simple consequence of causality: the interference
of ν1 and ν2 occurring after the decay cannot affect the decay rate.

Causality is explicitly violated in Ref. [2], where the decaying ion is described
by a wave packet, but it is claimed that there is a selection of the momenta
of the ion caused by a final neutrino momentum splitting due to the mass

bOf course, flavor neutrino oscillations caused by the interference of ν1 and ν2 can occur
after the decay of I, in analogy with the occurrence of interference of the outgoing waves in
the double-slit experiment, regardless of the fact that the decay rate is the incoherent sum
of the rates of production of ν1 and ν2 and the fraction of intensity of the incoming wave
which crosses the barrier is the incoherent sum of the fractions of intensity of the incoming
wave which pass trough the two holes.
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difference of ν1 and ν2. This selection violates causality. In the double-slit
analogy, the properties of the outgoing wave packets are determined by the
properties of the incoming wave packet, not vice versa. In a correct treatment,
all the momentum distribution of the wave packet of the ion contributes to the
decay, generating appropriate neutrino wave packets.

The authors of Refs. [3,4] use a different approach: they calculate the decay
rate with the final neutrino state

|ν〉 =
3∑

k=1

|νk〉 . (4)

This state is different from the standard electron neutrino state, which is given
by

|νe〉 =
3∑

k=1

U∗ek |νk〉 , (5)

where U is the mixing matrix (in the two-neutrino mixing approximation of
Eq. (2), Ue1 = cosϑ, Ue2 = sinϑ, and Ue3 = 0). It is not even properly nor-
malized to describe one particle (〈ν|ν〉 = 3). Moreover, it leads to a decay rate
which is different from the standard decay rate, given by the incoherent sum
of the rates of decay into the different massive neutrinos final states weighted
by the corresponding element of the mixing matrix (see Ref. [5]). The decay
rate is given by the integral over the phase space of the decay probability

PI→F+ν = |〈ν,F|S|I〉|2 =

∣
∣
∣
∣
∣

3∑

k=1

〈νk,F|S|I〉
∣
∣
∣
∣
∣

2

, (6)

where S is the S-matrix operator. Considering the S-matrix operator at first
order in perturbation theory, S = 1 − i

∫
d4xHW (x), with the effective four-

fermion interaction Hamiltonian

HW (x) =
GF√
2

cos θC νe(x)γρ(1− γ5)e(x)n(x)γρ(1− gAγ
5)p(x) (7)

=
GF√
2

cos θC

3∑

k=1

U∗ekνk(x)γρ(1− γ5)e(x)n(x)γρ(1− gAγ
5)p(x) ,

where θC is the Cabibbo angle, one can write the matrix elements in Eq. (6)
as 〈νk,F|S|I〉 = U∗ekMk, with

Mk =
GF√
2

cos θC 〈νk,F|νk(x)γρ(1− γ5)e(x)n(x)γρ(1− gAγ
5)p(x)|I〉 . (8)

Therefore, the decay probability is given by PI→F+ν =
∣
∣
∣
∑3
k=1 U

∗
ekMk

∣
∣
∣
2

. It is

different from the standard one (see Ref. [5]), which is obtained by summing
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incoherently over the probabilities of decay into the different massive neutrinos
final states weighted by the corresponding element of the mixing matrix:

P =

3∑

k=1

|Uek|2 |Mk|2 . (9)

The analogy with the double-slit experiment and the causality argument
discussed above support the correctness of the standard decay probability P .
Another argument against the decay probability PI→F+ν is that in the limit of
massless neutrinos it does not reduce to the decay probability in the Standard
Model,

PSM = |MSM|2 , (10)

with

MSM =
GF√
2

cos θC 〈F, νSMe |νSMe (x)γρ(1− γ5)e(x)n(x)γρ(1− gAγ
5)p(x)|I〉 ,

(11)
where νSMe is the SM massless electron neutrino. Indeed, for mk → 0 we have

Mk → MSM , (12)

leading to PI→F+ν → |MSM|2
∣
∣
∣
∑3

k=1 U
∗
ek

∣
∣
∣
2

. This is different from the SM

decay probability in Eq. (10). Notice that the contribution of the elements of
the mixing matrix should disappear automatically c in the limit mk → 0.

We conclude that the state in Eq. (4) does not describe the neutrino emitted
in an electron-capture decay process of the type in Eq. (3) and Refs. [3, 4] are
flawed.

The correct normalized state (〈νe|νe〉 = 1) which describes the electron neu-
trino emitted in an electron-capture decay processes of the type in Eq. (3)
is [5, 7]

|νe〉 =

⎛

⎝
∑

j

|〈νj ,F|S|I〉|2
⎞

⎠

−1/2
3∑

k=1

|νk〉 〈νk,F|S|I〉

=

⎛

⎝
∑

j

|Uej |2|Mj |2
⎞

⎠

−1/2
3∑

k=1

U∗ekMk |νk〉 . (13)

In experiments which are not sensitive to the differences of the neutrino masses,
as neutrino oscillation experiments, we can approximate Mk � M and the

cIn fact, even in the SM one can define the three massless flavors neutrinos νe, νμ, ντ
as arbitrary unitary linear combinations of three massless neutrinos ν1, ν2, ν3. However, all
physical quantities are independent of such an arbitrary transformation.
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state (13) reduces to the standard electron neutrino state in Eq. (5) (apart for
an irrelevant phase M/|M|).

With the electron neutrino state in Eq. (13), the decay probability is given
by

PI→F+νe = |〈νe,F|S|I〉|2 =

3∑

k=1

|〈νk,F|S|I〉|2 =

3∑

k=1

|Uek|2 |Mk|2 . (14)

This is the correct standard result in Eq. (9): the decay probability is given
by the incoherent sum over the probabilities of decay into different massive
neutrinos weighted by the corresponding element of the mixing matrix.

Using Eq. (12) and the unitarity of the mixing matrix, one can also easily
check that PI→F+νe reduces to PSM in Eq. (10) in the massless neutrino limit.

Although the GSI time anomaly cannot be due to the interference of the two
massive neutrinos in the final state of the electron-capture process, it can be
due to the interference of two coherent energy states of the decaying ion which
produces quantum beats. Also in this case we can draw an analogy with a
double-slit experiment. However, we must change the setup, considering the
double-slit experiment with two coherent sources of waves depicted in Fig. 1b.
The two coherent sources are produced by an incoming plane-wave packet hit-
ting a first barrier with two tiny holes. The two coherent outgoing waves in-
terfere in the space between the first and the second barrier. The interference
at the holes in the second barrier induces a modulation of the intensity which
crosses the barrier. The role of causality is clear: the interference effect is due
to the different phases of the two coherent incoming waves at the holes in the
second barrier, which have developed during the propagation of the two waves
along different path lengths between the two barriers. Analogously, quantum
beats in the GSI experiment can be due to interference of two coherent energy
states of the decaying ion which develop different phases before the decay. The
two coherent energy states could be produced in the creation process of the
ion, which in GSI occurs through fragmentation of a beam of heavier ions on
a target [1], as illustrated in Fig. 1b. Alternatively, the two coherent energy
states could be due to interactions of the decaying ion in the storage ring.

The quantum mechanical description of quantum beats is rather simple. If
the two energy states of the decaying ion I1 and I2 are produced at the time
t = 0 with amplitudes A1 and A2 (with |A1|2+|A2|2 = 1), we have |I(t = 0)〉 =
A1 |I1〉 + A2 |I2〉. Assuming, for simplicity, that the two states with energies
E1 and E2 have the same decay rate Γ, at the time t we have d

|I(t)〉 = (A1 e
−iE1t |I1〉+A2 e

−iE2t |I2〉
)
e−Γt/2 . (15)

dSince the measuring apparatus monitors the ions through elastic electromagnetic inter-
actions with a frequency of the order of the revolution frequency in the ESR storage ring,
about 2 MHz, the coherence can be preserved only if the interaction with the measuring ap-
paratus does not distinguish between the two states. In this case the interaction is coherent,
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The probability of electron capture at the time t is given by

PEC(t) = |〈νe,F|S|I(t)〉|2 = [1 +A cos(ΔEt+ ϕ)]PEC e−Γt . (16)

where S is the S-matrix operator, A ≡ 2|A1||A2|, ΔE ≡ E2 − E1, PEC =
|〈νe,F|S|I1〉|2 = |〈νe,F|S|I2〉|2, and ϕ is a constant phase which takes into ac-
count possible phase differences ofA1 andA2 and of 〈νe,F|S|I1〉 and 〈νe,F|S|I2〉.

The fit of GSI data presented in Ref. [1] gave ΔE � 6×10−16 eV and A � 0.2.
Therefore, the energy splitting is extremely small and the oscillation amplitude
A is significantly smaller than one.

The authors of Ref. [1] noted that the splitting of the two hyperfine 1s energy
levels of the electron is many order of magnitude too large. It is difficult to find
a mechanism which produces a smaller energy splitting. Furthermore, since the
amplitude A � 0.2 of the interference is rather small, it is necessary to find a
mechanism which generates coherently the states I1 and I2 with probabilities
|A1|2 and |A2|2 having a ratio of about 1/99!

In conclusion, the GSI time anomaly cannot be due to neutrino mixing. It
may be due to quantum beats due to the existence of two coherent energy levels
of the decaying ion.
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i.e. the two states suffer the same phase shift. Since the energy splitting ΔE is extremely
small, coherence is maintained for a long time if I1 and I2 have the same electromagnetic
properties.
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UPDATED CONSTRAINTS ON NONSTANDARD NEUTRINO

INTERACTIONS
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Abstract. The current status of the constraints for non-standard interactions (NSI)
is discussed. This type of interactions arise naturally in models that consider
physics beyond the Standard Model, especially when one tries to explain the origin
of neutrino masses. Future perspectives for improving these constraints will also
be briefly discussed.

The great progress of neutrino physics in the last decade has demonstrated
that neutrinos change flavor when they propagate either in vacuum or in me-
dia [1]. The explanation for this phenomena is given by the neutrino oscillation
mechanism and implies a nonzero neutrino mass, which is a hypothesis that
appears in many extensions of the Standard Model of Elementary Particles
(SM).
It is natural to wonder if neutrino experiments could test the nature of the

underlying mechanism that give rise to neutrino masses. In particular, for dif-
ferent models beyond the SM it is common to have corrections to the V − A

structure of the theory. These corrections can be parametrized by using an
effective Lagrangian that describes, in a model independent way, the neutrino
nonstandard interactions (NSI). Such NSI constitute an unavoidable charac-
teristic of gauge models of neutrino mass, for example, models of the generic
seesaw type [2].
We will focus on nonstandard interactions that can be parametrized with the

effective low–energy four–fermion operator for neutral currents:

LNSI = −ε
fP
αβ 2

√
2GF (ν̄αγμLνβ)

(
f̄γμPf

)
, (1)

where P = L, R and f is a first generation fermion: e, u, d. The coefficients
ε
fP
αβ denote the strength of the NSI between the neutrinos of flavors α and β

and the P–handed component of the fermion f . We will study the case when
the fermion f is either a d type quark or an electron.

For the case of interactions of neutrinos with a d-type quark it is possible
to obtain constraints for the neutrino NSI either from the solar neutrino data
or from accelerator experiments. For the solar neutrino case, a global analysis
can be developed if one includes the results from the radiochemical experiments
Homestake [3], SAGE [4] and GALLEX/GNO [5], the zenith-spectra data from
Super-Kamiokande I [6], the data reported from the three different phases of
the SNO experiment [7] and the measurement of the 7Be solar neutrino rate

ae-mail: omr@fis.cinvestav.mx

147

Number_#1024_Pg001-452.indd   147 9/23/10   3:00 PM



Table 1: Constraints on the NSI couplings at 90% C L from the combined analysis of solar
and accelerator experiments [11] .

−0.5 < εdV
ee < 1.2 −1.8 < εdV

ττ < 4.4

−0.4 < εdA
ee < 1.4 −1.5 < εdA

ττ < 0.7

performed by the Borexino collaboration [8]. Besides, in this analysis it is also
necessary to include the data from the KamLAND reactor experiment [9], in
order to obtain better constraints for the NSI parameters.
The results reported by the CHARM collaboration, an accelerator experi-

ment measuring the ratio of the neutral current to the charge current cross
section for electron (anti)neutrinos off quarks [10], could also be very useful for
obtaining constraints on the NSI of neutrinos with a d-type quark.
Constraints to the NSI parameters coming from an analysis that uses these

experiments [11] are shown in Table 1. It is possible to see from these results
that there is still a lot of room for new physics effects, especially in the case of
the tau neutrino.

For the case of neutrino interactions with electrons, it is possible to focus
again on the solar neutrino data [12] or to consider laboratory experiments [13].
In the case of laboratory constraints one can study the cross section e+e− →

νν̄γ [14] that in the presence of NSI will change its expected value. Besides,
the νee and ν̄ee scattering processes can also give constraints to the NSI. For
the case of the interaction νe+ e− → νe+ e−, there are results reported by the
Liquid Scintillator Neutrino Detector (LSND) [15], while for the antineutrino
case, the ν̄ee process has been measured by reactor experiments in Irvine [16],
Rovno [17] and also in the most recent MUNU experiment [18].
For the case of muon type neutrinos, the CHARM II collaboration results

give very restrictive constraints for the NSI parameters. The collaboration
measured the νμ + e → νμ + e and ν̄μ + e → ν̄μ + e scattering processes. The
neutrinos were produced by a 450 GeV proton beam accelerated in the Super
Proton Synchrotron (SPS) for 2.5×1019 protons on target [19].
Finally, for the case of the solar neutrino data, a similar analysis to the one

discussed above for the NSI of neutrinos with d-type quark can be developed.
The constraints obtained from using either the solar neutrino data [12] or labo-
ratory experiments [13] are summarized in Table 2. We can see that in this case
it is possible to obtain stronger constraints than in the case of the interaction
with d-type quarks.

Besides the current constraint on the NSI parameters, there are also different
experimental proposals that could improve the bounds on the parameters shown
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Table 2: Constraints on the NSI couplings at 90% C L. We show the most stringent constraints
coming either from the solar analysis [12] or from a combined laboratory analysis [13].

−0.036 < εeL
ee < 0.063 −0.03 < εeR

ee < 0.18

−0.033 < εeL
μμ < 0.055 −0.040 < εeR

μμ < 0.053

−0.16 < εeL
ττ < 0.11 −0.4 < εeR

ττ < 0.6

here. For the case of the interactions with quarks, different experimental setups,
such as long baseline neutrino experiments and neutrino factories, have been
considered [20], as well as the case of coherent neutrino nucleus scattering [21].
For the case of NSI with electrons there are also new experimental proposals
for measuring the neutrino scattering off electrons, such as Texono [22] and
NuSong [23].
Non standard interactions of neutrinos is a promising subject that could shed

light on the physics beyond the Standard Model. In this work I have discussed
the current status for the constraints on the NSI parameters.
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Abstract. The Karlsruhe Tritium Neutrino experiment (KATRIN) is designed to
measure the mass of electron antineutrinos from tritium β-decay with an unprece-
dented sensitivity of 0.2 eV/c2. As the experimentally measured parameter is the
square of the neutrino mass, such a sensitivity can be reached only by improving
both the statistical and systematic errors by two orders of magnitude relative to
previous experiments. Special measures will be taken to improve the source thick-
ness measurements, to prevent tritium penetration to the spectrometers, to im-
prove the high voltage measurement, to control space charge effects in the gaseous
source and the tritium adsorption on the rear wall of the source, etc.

1 Introduction

KATRIN is an international experiment currently being assembled at Karlsruhe
to measure the absolute value of the electron antineutrino mass at the 0.2 eV/c2

level. It will study the shape of the tritium β-decay spectrum near the end-
point with an electrostatic spectrometer with adiabatic magnetic collimation.
In order to accumulate high precision data and to reduce the systematic uncer-
tainties, a windowless gaseous tritium source (WGTS) will be used to produce
an unprecedented number of decay electrons [1]. Systematic uncertainties as
well as statistic errors should be reduced by two orders in magnitude (for m2

ν)
in comparison with previous experiments.

The discovery of neutrino oscillations by experiments with atmospheric and
solar neutrinos proves that neutrinos mix and that they have non-zero masses in
contrast to their previous description in the Standard Model of particle physics.
Unfortunately, these oscillation experiments are sensitive only to the differences
of squared neutrino mass states δm2

ij = m2(i) − m2(j), but not directly to
the neutrino masses m(i) themselves. With defined mixing parameters, the
neutrino mass spectrum can be obtained if one neutrino mass is measured
absolutely.

Different Standard Model extensions lead to both ”quasi-degenerate” and
”hierarchical” mass schemes, see e.g. [2]. The sensitivity of the KATRIN ex-
periment will allow to confirm or practically exclude the ”quasi - degenerate”
scenario (see fig.1).

Free streaming relic neutrinos with the masses > 0.3 eV/c2 scale usually are
considered to be in contradiction with the observed large scale structures in
the Universe. It was found recently that the relic neutrino mass is highly cor-
related with the dark energy equation of state w = P/ρc2, [3, 4]. A laboratory

ae-mail: titov@inr.ru
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Figure 1: Neutrino mass eigenstates masses as a function of the lightest one (normal hierar-
chy). KATRIN is probing ”quasi-degenerate” regime when all masses are close to each other.

”Quasi-degenerate” regime could be confirmed or rejected by KATRIN results.

measurement of mν > 0.2eV/c2 could thus imply w < −1 (quintessence).

2 History

First neutrino mass evaluations were performed 70 years ago by E.M. Lyman [5]
and by A. I. Alichanian, A. I. Alichanov and B. S. Dzhelepov [6] with the use
of the RaE (85At) β-spectrum. The spectra were found to be consistent with
mν = (0.3 . . . 0.8) me. It was recognized soon that the tritium β - spectrum
is much better suited for the neutrino mass measurement due to the following
reasons:

1. superallowed transition: the matrix element M is not energy dependent;

2. low endpoint energy: the decay fraction at the endpoint sensitive to the
neutrino mass is comparatively high;

3. short half life: only a low amount of source material is required, only
a small fraction of the electrons are subject to inelastic scattering inside the
source;

4. As a hydrogen isotope it has a simple atomic shell: final states are precisely
calculable.
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First two arguments from the list above were given by S.C. Curran, J. An-
gus, and A.L. Cockcroft in their publication in the 1948 [7]. This year we
are celebrating the 60-th anniversary of the first experiments of the neutrino
mass measurement with tritium. This pioneer experiment was performed with
a gaseous proportional counter filled with counting gas mixed with tritium. An
observed signal amplitude spectrum contradicted both the zero and non-zero
neutrino mass hypothesis and gave a wrong endpoint position [8]. This ex-
periment revealed once more a rule that each improvement in the statistical
sensitivity should be accompanied by the improved study of the increasing list
of the systematic effects. The same year G.C. Hanna and B. Pontecorvo pub-
lished results of a similar experiment but they achieved a better determination
of the counter response function [9]. The crucial influence came from the re-
duced signal amplification at the ends of the counter, where signal wire holders
have a larger diameter than the wire itself [10]. As a result, the measured
spectrum was in agreement with a zero neutrino mass and a limit mν < 1 keV
was obtained and measured endpoint value within it error coincides with co-
temporal one. Thus, switching to tritium as a β -source immediately improved
the sensitivity to the neutrino mass by two orders of magnitude.

A review of the further progress of the neutrino mass measurements in the
tritium β-decay up to the middle-80’es can be found in [11]. One has to mention
the invention of the spectrometer with toroidal magnetic field [12] and an elab-
orate systematic analysis first performed in [13]. The experimental sensitivity
at that time reached a limit posed by the trade between source luminosity and
spectrometer resolution. A further breakthrough was achieved by invention of
the electrostatic spectrometer with adiabatic magnetic collimation [14]. The

Figure 2: Electrostatic spectrometer with adiabatic magnetic collimation principle. Electron
born in the strong magnetic field and travel to the week one. Due to the adiabaticity of his
motion transversal electron momentum is almost totally transferred into longitudinal one. In

the week magnetic field electron energy is analyzed by the electrostatic spectrometer.

operation principle of the new spectrometer spectrometer is based on the con-
servation of the adiabatic invariant μ = E⊥

B . Once an electron is born in the
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strong magnetic field of the source it will have to travel to the weak field at
the spectrometer. Due to the adiabaticity of the electron motion, transversal
electron momentum is almost totally transferred into longitudinal one. In the
weak magnetic field, the electron energy is analyzed by the electrostatic spec-
trometer that serves as a high-pass energy filter with a threshold eU0, were U0

is a spectrometer stopping potential. The spectrometer resolution (full width)

is eU0
Banalysis

Bmax
for any electron trajectory if an adiabaticity motion criteria

λ = ωcR
V << 1 (were ωc - electron cyclotron frequency, R - trajectory curva-

ture radius, V -electron velocity) is fulfilled. Thus, the spectrometer resolution
became decoupled from the source luminosity and the subsequently increased
statistical accuracy has made it possible to improve the neutrino mass upper
limit by the order of magnitude [15].

3 KATRIN experiment - probing subelectronvolt neutrino masses

The KATRIN experiment [1] is based on the recent advances in modern tech-
nology and combines the best features of its ancestors [15,16] with new solutions
that make possible a reduction of both the statistic and systematic errors by
one more order of magnitude. One has to have in mind that actually two or-
ders of magnitude improvements are required, as the measured parameter is the
neutrino mass square m2

ν . The Windowless Gaseous Tritium Source (WGTS)
of KATRIN is a 90 mm diameter, 10 m long pipe with a tritium density at
its center of 1015mol/cm3. The KATRIN spectrometer vessel is a 10m diam-
eter 24 m long cylinder, with residual pressure 10−11mbar (that is formed by
the H2 outgassing from the walls). The transport system between WGTS and
spectrometer includes both turbo-molecular and cryogenic pumping stations
that will reduce the tritium flow toward the spectrometer by a factor 1014

and together with spectrometer pumping will achieve tritium pressure in the
spectrometer at the 10−20mbar level.

Both the basic spectrometer and source parameters should be known with
high accuracy: the stopping potential δU0±30mV , the spectrometer resolution
δ(
Banalysis

Bmax
)/

Banalysis

Bmax
< 3 · 10−2, the source thickness δ(ρd)/ρd < 1 · 10−3, the

source thickness spirality correction δ(Bsource

Bmax
)/Bsource

Bmax
< 4·10−3. The stopping

potential, magnetic fields have radial and azimuthal variation and should be
carefully mapped. It is proposed to use for this purpose a test electron beam
generated by the electron gun of a new type. This electron gun makes use of
the Ultra Violet Light Emitting Diode (UV LED) in pulsed mode in order to
produce short (up to 40 ns) signals for the time - of - flight measurements [20].
Further improvement is an electron gun that emits electrons within a narrow
angle with respect to the external magnetic field direction.

The spectrometer resolution could be perturbed by an external magnetic field
in the analyzing plane. Special precautions were undertaken that paid back.
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Particularly, the building concrete near the analyzing plane of the spectrometer
was armed by the stainless steel . This year the external magnetic field variation
was measured to be less than 1.7μT compared with 100μT specification [17].

In order to reduce T2 source thickness variation, the WGTS temperature will
be maintained constant within 30 mK. A temperature stabilization system
based on 2-phase boiling Ne was developed [18]. Tests of the system will take
place in 2010 with WGTS full scale model (”Demonstrator”).

Contributions to the T2 source thickness from the admixture of other hydro-
gen isotopes will be controlled on-line with the use of the Raman spectroscopy.
First results were published last year [19] and continuing efforts promise that
the required sensitivity will be reached.

A precision 35 kV high voltage divider was developed for monitoring the
spectrometer high voltage in the collaboration with the Physikalisch - Technis-
che Bundesanstalt (PTB), German National Metrology Institute that provides
scientific and technical services . As a result of careful design, use of the new
type of high stability resistors, etc the total measurement uncertainty with the
new divider is proved to be better than 1 · 10−6 [21]. After successful tests of
the first divider a second one with more improvements is being manufactured.
Comparison of the two divider readings will allow to monitor HV drifts beyond
their quite conservative specifications.

A complementary spectrometer potential monitoring method is a position
measurement of the conversion lines of 83mKr by an independent monitoring
spectrometer connected to the same HV supply. It is shown that two different
approaches to the 83mKr source preparation lead to the reproducible results
within KATRIN specifications δE ± 30 meV [22, 23].

The tritium decay rate inside the WGTS is planned at the 1.2 · 1011sec−1

level. Together with the processes of secondary ionization, thermalization and
charge transport this leads to an ion/electron pair density inside WGTS at
the level of 107 . . . 108cm−3. At the operation temperature 30 K these charges
will behave as a plasma [24]. One has to be confident that corresponding
space charge potential do not exceeds 200 meV . Our first estimations showed
that this could be achieved due to the high conductance between plasma and
WGTS rear wall with well defined potential. Ions leaving the WGTS follow
the magnetic field lines and special equipment is developed in order to prevent
them from entering the spectrometer. Ion beam toward spectrometer will be
analyzed in the 3-pole Penning trap by the Fourier Transform Ion Cyclotron
Resonance (FT-ICR) method [25]. The plasma effects will be modeled in the
Differential Pumping Section (DPS2F) that is a part of the transport channel
under commissioning in Karlsruhe now. Use of the artificial ion- and plasma
sources is planned during experiments in the middle of 2010.

The beginning of T2 measurements by KATRIN is scheduled at 2012.
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SEARCH FOR NEUTRINOLESS DOUBLE BETA DECAY OF
76Ge WITH THE GERmanium Detector Array ”GERDA”
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Abstract. The study of neutrinoless double beta decay (DBD) is the only presently
known approach to the fundamental question if the neutrino is a Majorana particle,
i.e. its own anti-particle. The observation of neutrinoless DBD would not only
establish the Majorana nature of the neutrino but also represent a determination of
its effective mass if the nuclear matrix element is given. So far, the most sensitive
results have been obtained with 76Ge, and the group of Klapdor-Kleingrothaus
has made a claim of discovery. Future experiments have to reduce radioactive
backgrounds to increase the sensitivity. GERDA is a new DBD experiment which
is currently under construction in the INFN Gran Sasso National Laboratory, Italy.
It is implementing a new shielding concept by operating bare Ge diodes - enriched
in 76Ge - in high purity liquid argon supplemented by a water shield. The aim of
GERDA is to scrutinize the recent claim of discovery, and, in a second phase, to
achieve a two orders of magnitude lower background index than recent experiments,
increasing the sensitive mass and reaching an exposure of 100 kg yr. The paper
will discuss design, physics reach, and status of construction of GERDA.

1 Introduction

Since their discovery neutrinos have been an object of extensive experimental
study and the knowledge about their properties has advanced our understand-
ing of weak interactions significantly. Still unanswered, however, is the very
fundamental question whether the neutrino is a Majorana particle like most
extensions of the Standard Model assume. The study of DBD is the only one
presently known approach capable to answer this question; if the decay occurs
without the emission of neutrinos then their Majorana nature is proven. In the
following, a brief summary of the theory and the present experimental status is
given; finally the GERDA experiment, its goals, the detector and the present
status are described.

2 Theory and present experimental programs

Neutrinoless DBD, ββ(0ν), is a very slow lepton-number violating nuclear tran-
sition that happens if neutrinos have mass and are their own antiparticles. An
initial nucleus (Z,A) decays to (Z + 2, A), emitting two electrons. A related
transition, called two-neutrino DBD, ββ(2ν), results in the emission of two
electron antineutrinos in addition to the electrons. The latter is a very rare
process but it does not violate any rule: in fact its has been observed in a
number of experiments. If the ββ(0ν) decay is mediated by the exchange of a

ae-mail: alberto.garfagnini@pd.infn.it
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light Majorana neutrino, the half-life is

[T 0ν
1/2(0

+ → 0+]−1 = G0ν(Qββ, Z)|M0ν |2〈mββ〉2 (1)

where G0ν is the exactly calculable phase space integral, M0ν is the nuclear
matrix element and 〈mββ〉 is the effective Majorana mass of the electron neu-
trino:

〈mββ〉 ≡ |
∑

k

mkU
2
ek| (2)

Here them′ks are the masses of the three light neutrinos and U is the matrix that
transforms states with well-defined mass into states with well-defined flavour.
So the observation of neutrinoless DBD would not only establish the Majorana
nature of the neutrino but also provide a measurement of its effective mass,
mββ . Moreover, through Eq. (2), the absolute mass scale for the neutrino can
be investigated. In Eq. (1) the nuclear matrix element M0ν is not well known:
presently the most accurate calculations give the same result for a given matrix
element to within a factor of 2-3.

At present there is only one claim for a positive ββ(0ν) observation by Klap-
dor et al. [1] as part of the Heidelberg-Moscow Collaboration: T 0ν

1/2(
76Ge) =

2.23+0.44
−0.31 × 1025 yr at 1σ. The other most sensitive limits are from the IGEX

experiment [2]: T 0ν
1/2(

76Ge) ≥ 1.6× 1025 yr (90% C.L.), and the CUORICINO

experiment [3]: T 0ν
1/2(

130Te) ≥ 3.0 × 1024 yr (90% C.L.). These experiments
contained 5-10 kg of the parent isotope and ran for several years. Hence in
order to increase the half-life sensitivity by a factor of about 100, the goal of
the next generation of experiments will require hundreds of kg of parent isotope
and a significant decrease in background beyond the present state of the art
(∼ 0.1 counts/(keV kg yr)).

3 The GERDA experiment

The GERDA experiment [4] located in Hall A of the Laboratori Nazionali del
Gran Sasso (LNGS) has the aim to search for neutrinoless DBD using enriched
76Ge detectors. The experiment will proceed in several phases. In phase I,
existing enriched 76Ge of Heidelberg-Moscow and IGEX experiments for a to-
tal mass of 18 kg will be used. The goal for the background index is 10−2

counts/(keV kg yr). In these conditions, after an exposure of 15 kg yr, a limit
of T 0ν

1/2 > 2.2×1025 yr will be reached, scrutinizing the Klapdor claim. In phase

II, with additional 20 kg of enriched Ge detectors and a background of 10−3

counts/(keV kg yr) and 100 kg yr exposure, GERDA will reach the sensitivity
of T 0ν

1/2 > 1.4 − 2.0 × 1026 yr b at 90% C.L., corresponding to about 130 meV

bDepending on the number of background events
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(with the Rodin et al. [5] matrix elements). Depending on the results obtained
in phase I and II, a new phase III is foreseen with the aim of reaching the 10
meV scale: this requires O(1t) of enriched germanium and represents a big
challenge, which can be afforded only in the context of a world-wide collabo-
ration. GERDA, shown as an artist view in Fig. 1, will use naked Ge crystals
immersed in liquid Ar. The shielding of external environmental backgrounds
is realized using an onion-like structure consisting of, from outside to inside:
hyper-pure water in a 10 m diameter tank shown open in Fig. 1, a stainless
steal cryostat with internal lining of hyperpure copper and ultra-pure liquid
Ar. The Ge diodes will be assembled into an array suspended in the centre of

Figure 1: Artistic view of the GERDA experiment.

the liquid Ar volume. In Phase I the existing detectors are expected to con-
tribute with about 10−2 counts/(keV kg yr), due to their intrinsic cosmogenic
60Co contamination. This will dominate the background budget. However this
will be enough to confirm or refute the Klapdor-Kleingrothaus et al. claim in
an exposure of one year. Notice that this test needs to be performed on the
same isotope, due to the uncertainty on the nuclear matrix elements. To reach
the background index 10−3 counts/(keV kg yr), no individual component of
the background budget should be larger than 10−4 counts/(keV kg yr). The
method followed by GERDA is the following.

• The quantitative evaluation of all background sources in every compo-
nent of the apparatus by analytical methods or Monte Carlo simulations.
These calculations provide the allowed specific activity for each compo-
nent, depending on its location relative to the detectors.

• Shielding: γ’s from the external environment (like 208Tl) with the H2O
(3 m thickness) and the LAr (2 m thickness) shields; from the 228Th in
the stainless steel cryostat with a Cu shield and LAr; μ-induced prompt
signals with two vetoes. a plastic scintillator roof and the water used as
Cherenkov medium.
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• Mechanical design of minimum mass suspension and contact system for
the Ge detectors. Notice also that in GERDA the detectors are sur-
rounded by low Z materials, a fact that minimizes the muon induced
neutron background and makes the experiment feasible at the depth of
Gran Sasso. Low mass ASIC and front-end electronics.

• Geometrical localization and pulse shape analysis to discriminate the
backgrounds intrinsic to the Ge diodes. The two electrons of the sig-
nal deposit their energy within a few millimeters, whilst the gammas,
which constitute the principal background, with a few Compton scat-
ters separated by a few centimeters. Consequently, the signal events are
“single site” (SS); background events are “multiple site” (MS). SS can
be distinguished from MS with pulse shape analysis and anti-coincidence
between diodes.

The detectors for phase II are presently under development. Two different
types are considered: detectors [6] with segmented electrodes c, and point-
contact diodes [7] developed as a commercial product by the company Can-
berra. Both detectors give similar suppression factors for the MS events and
similar efficiency for SS events. The choice will be taken in 2010.

4 Outlook

Presently (February 2010) all existing detectors made from enriched material
have been tested to work properly and are ready to be installed. The water
tank, the cryostat (filled with LAr), the clean room have been already installed
at LNGS. The final tests for the FE electronics and DAQ are well advanced.
The commissioning is in an advanced phase and the data-taking will follow in
spring 2010.

[1] H.V. Klapdor-Kleingrothaus et al., Phys. Lett. B 586 198 (2004);
H.V. Klapdor-Kleingrothaus et al., Mod. Phys. Lett. A 21 1547 (2006).

[2] C.E. Aalseth et al., Phys. Rev. D 65 092007 (2002);
C.E. Aalseth et al., Phys. Rev. D 70 078302 (2004).

[3] C. Arnaboldi et al., Phys. Rev. C 78 035502 (2008).
[4] I. Abt et al. GERDA The GERmanium Detector Array for the search of
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[5] V.A. Rodin et al. Nucl. Phys. A 766 107 (2006);

V.A. Rodin et al. Nucl. Phys. A 793 213 (2007).
[6] I. Abt et al., N.I.M. A 577 574 (2007).
[7] D. Dudjáš et al., IEEE Conference 2008, 19-25 Oct 08, Dresden, Ger-
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cThe segmentation will be 6-fold in azimuth and three-fold in height.
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CUORE: NEUTRINOLESS DOUBLE BETA DECAY WITH
BOLOMETERS
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Abstract. Cuore is a 1 ton-scale bolometric experiment devoted to the search of
neutrinoless double beta decay of 130Te. The experiment will start data taking in
2012 at the Laboratori Nazionali del Gran Sasso, Italy. Cuore will have a sensitivity
for the half life of the searched process of the order of 1026y, and will be able to
touch the inverted neutrino mass-hierarchy region. The success of the experiment
will rely on the results that will be achieved in the reduction of the background.

1 Introduction

The search for neutrinoless double beta (0νββ) decay [1] is the most promising
approach to investigate the nature of neutrino mass: besides proving that neu-
trinos are Majorana particles, its observation could give informations on the
absolute scale of neutrino masses and on the so called neutrino mass-hierarchy.

The experimental signature of 0νββ decay is a sharp peak in the energy
spectrum whose position is given by the mass difference between the parent
and the daughter nucleus, minus twice the electron mass (Q-Value). In order
to search for this rare process, 0νββ experiments require big source mass, low
background, and good energy resolution.

The Cuore collaboration uses bolometric detectors to search for 0νββ decay
in 130Te (Q-Value = 2527.5 keV). Bolometers are cryogenic calorimeters capable
of measuring the energy released by a particle by detecting the thermal pulse
it produces in an absorber crystal.

The Cuoricino experiment completed data taking in 2008. It set the best
limit for 0νββ decay of 130Te and demonstrated the feasibility of Cuore, a
1 ton scale experiment that will begin data taking in 2012.

2 Cuoricino detector

Cuoricino [2] was installed underground at the Laboratori Nazionali del Gran
Sasso (LNGS), under a 3200 m w.e. rock shield against cosmic rays. The de-
tector consisted in an array of TeO2 bolometers with a total mass of 40.2 kg
(11.8 kg in 130Te), maintained at ∼8 mK by a 3He/4He dilution refrigerator.
The bolometers were arranged in a tower with 13 floors. Eleven floors were
composed by four crystals with size of 5×5×5 cm3 while the remaining two
floors were composed by nine crystals with size of 3×3×6 cm3. Four of the
small crystals were enriched, two to 82.3% in 128Te and two to 75% in 130Te,

ae-mail: sergio.didomizio@ge.infn.it
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while all other crystals had natural abundance of 130Te (34%). The crystals
were held by a structure made of PTFE and OFHC copper which served both
as mechanical support and as thermal bath. Thermal signals were read using
Neutron Transmutation Doped germanium thermistors with a doping concen-
tration corresponding to the Variable Range Hopping regime. For 1 MeV of
released energy the typical thermal pulse had an amplitude of about 0.1 mK
and a signal of about 100 μV was obtained at the sensor output.

The detectors were protected from environmental radioactivity by two lead
shields. An inner 1 cm thick layer, thermalized at 600 mK, protected the detec-
tors from radioactive contaminations in the cryostat materials, while another
20 cm thick layer was located at room temperature outside the cryostat. The
external lead shield was surrounded by a 10 cm layer of borated polyethylene
to reduce background from neutrons, and a continuous overpressure of nitro-
gen was maintained around the cryostat to reduce background from radon in
the air. The experimental apparatus was enclosed in a Faraday cage to reduce
electromagnetic disturbances.

All the materials used for the construction of the detector underwent strict
radioactivity controls and were treated with dedicated cleaning procedures, and
particular attention was paid to the parts that are very close to the crystals,
where shielding is not possible. All the assembly procedures were performed in
nitrogen atmosphere.

3 Cuoricino Performances and Results

Cuoricino took data for five years between 2003 and 2008. During this period
a statistics of 18 kg·y in 130Te was accumulated. The energy calibration was
performed by inserting for three days per month a Th source between the
cryostat and the external lead shield. The energy resolution measured on the
2615 keV line from 208Tl visible during calibration measurement was on average
of 8 keV (FWHM) with the best detectors reaching a resolution of 4 keV.
No evidence for a peak at the Q-Value of the decay was found in the energy
spectrum summed over all the detectors, and the measured background rate in
the region of interest was of 0.18 counts/(keV·kg·y). The lower limit on the half
life, obtained by a maximum likelihood fit where the big, small and enriched
detectors were considered separately, was evaluated on the anti-coincidence
sum spectra, resulting in

T 0ν
1/2 > 2.94× 1024y (90%C.L.)

Using nuclear matrix elements from several authors this value translates into
an upper limit on the effective Majorana mass of mββ < 0.2÷ 0.7 eV, where
the interval ranges from the most favorable to the less favorable calculation.
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4 Cuore

The Cuore experiment [3], currently under construction at the LNGS, will be a
tightly packed array of 988 TeO2 bolometers with natural abundance of 130Te.
It will have a total mass of 750 kg (204 kg in 130Te). The bolometers will be
arranged in 19 towers, each tower being very similar to Cuoricino. The Cuore
collaboration aims at reaching a background of 0.01 counts/(keV·kg·y) in the
region of the 0νββ peak. In five years of data taking this would result in a
sensitivity on the 0νββ decay half life of 2.1×1026 y, which translates into to
mββ < 20÷ 100 meV.

The background reduction around the Q-Value of 130Te is the main challenge
to be faced by the Cuore collaboration. The Cuoricino background was dom-
inated in this region by three contributions: multi-Compton scattering from
the 208Tl γ line (40%) and α surface contaminations in the crystals (10%) and
in the copper structure (50%). A full Monte Carlo simulation of the Cuore
detector shows that the background from the 208Tl line, originating from tho-
rium contaminations in the cryostat radiation shields, can be reduced below
the target background level by proper design of the detector shieldings. In
contrast background from surface contaminations in the crystals and in the
copper structure cannot be shielded and must be removed by proper material
cleaning. For this purpose several R&D measurements were performed in the
cryogenic test facility in the Hall C at LNGS, in which new cleaning techniques
were employed. Compared to Cuoricino, the Hall C tests showed improve-
ments in material cleanliness for both crystal an copper surfaces. However,
while an adequate background reduction was obtained for the crystals, only a
partial improvement was obtained for copper, for which a background between
0.02 counts/(keV·kg·y) and 0.04 counts/(keV·kg·y) was measured. While the
baseline for the assembly of the Cuore detector is to employ the cleaning tech-
niques whose effectiveness was demonstrated in the Hall C measurements, fur-
ther R&D is still ongoing with the purpose of reaching the target background
of 0.01 counts/(keV·kg·y).

References
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THE ABSOLUTE MASS OF NEUTRINO AND THE FIRST
UNIQUE FORBIDDEN β-DECAY OF 187Re
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Abstract. The planned rhenium β-decay experiment MARE might probe the ab-
solute mass scale of neutrinos with the same sensitivity as the tritium β-decay
experiment KATRIN, which will start data taking in 2011 and will proceed for
five years. We present the energy distribution of emitted electrons for the first
unique forbidden β-decay of 187Re. It is found that the p-wave emission of elec-
tron dominates over the s-wave. By assuming mixing of three neutrinos the Kurie
function for the rhenium β-decay is derived. It is shown that the Kurie plot near
the endpoint is within a good accuracy linear in the limit of massless neutrinos like
the Kurie plot of the superallowed β-decay of 3H.

1 Introduction

The recent atmospheric, solar, reactor and accelerator neutrino experiments
have convinced us that neutrinos are massive particles. However, the problem
of absolute values of their masses is still waiting for a solution. Neutrino os-
cillations depend on the differences of neutrino masses, not on their absolute
values. Apparently three kinds of neutrino experiments have a chance to de-
termine the light neutrino masses. These are: i) cosmological measurements,
ii) the tritium and rhenium single β-decay experiments, iii) neutrinoless double
β-decay experiments.

The measurement of the electron spectrum in β-decays provides a robust
direct determination of the values of neutrino masses. In practice, the most
sensitive experiments use tritium β-decay, because it is a super-allowed tran-
sition with a low Q-value. The effect of neutrino masses mk (k=1,2,3) can be
observed near the end point of the electron spectrum, where Q − T ∼ mk. T
is the electron kinetic energy. A low Q-value is important, because the relative
number of events occurring in an interval of energy ΔT near the endpoint is
proportional to (ΔT/Q)3.

The current best upper bound on the effective neutrino mass mβ given by,

m2
β =

3∑

k=1

|Uek|2m2
k, (1)

have been obtained in the Mainz and Troitsk experiments: mβ < 2.2 eV [1].
Uek is the element of neutrino mixing matrix. In near future, the KATRIN
experiment will reach a sensitivity of about 0.2 eV [1]. In these experiments
the β-decay of tritium is investigated with electrostatic spectrometers.
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Calorimetric measurements of the β-decay of rhenium where all electron
energy released in the decay is recorded, appear complementary to those carried
out with spectrometers. The unique first forbidden β-decay,

187Re → 187Os + e− + νe, (2)

is particularly promising due to its low transition energy of ∼ 2.47 keV and the
large isotopic abundance of 187Re (62.8%), which allows the use of absorbers
made with natural Rhenium. Measurements of the spectra of 187Re have been
reported by the Genova and the Milano/Como groups (MIBETA and MANU
experiments). The achieved sensitivity of mβ < 15 eV was limited by statistics
[1]. The success of rhenium experiments has encouraged the micro-calorimeter
community to proceed with a competitive precision search for a neutrino mass.
The ambitious project is planned in two steps, MARE I and MARE II. MARE
I is to meet the existing upper limit of 2 eV around 2011, MARE II is to
challenge the KATRIN goal of 0.2 eV [2].

The aim of this contribution is to derive the form for the endpoint spectrum
of emitted electrons for the β-decay of 187Re, which is needed for extracting
the effective neutrino mass mβ or limit on this quantity from future MARE I
and II experiments.

2 First unique forbidden β-decay of 187Re

The ground-state spin-parity is 5/2+ for 187Re and 1/2− for the daughter
nucleus 187Os, and the decay is associated with ΔJπ = 2− (ΔL = 1, ΔS = 1)
of the nucleus, i.e., classified as unique first forbidden β-decay. The emitted
electron and neutrino are expected to be, respectively, in p3/2 and s1/2 states
or vice versa. The emission of higher partial waves is strongly suppressed due
to a small energy release in this nuclear reaction.

The differential decay rate is a sum of two contributions associated with
emission of the s1/2 and the p3/2 state electrons. By considering the finite
nuclear size effect the theoretical spectral shape of the β-decay of 187Re is

N(Ee) =
dΓ

dEe
=

3∑

k=1

|Uek|2G
2
FV

2
ud

2π3
BR2peEe(E0 − Ee)

√
(E0 − Ee)2 −m2

k

× 1

3

[
F1(Z,Ee)p

2
e + F0(Z,Ee)((E0 − Ee)

2 −m2
k)
]
θ(E0 − Ee −mk)

(3)

with

B =
g2A
6
| < 0−1/2||

√
4π

3

∑

n

τ+n
rn
R
{σ1(n)⊗ Y1(n)}2||0+5/2 > |2. (4)
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GF is the Fermi constant and Vud is the element of the Cabbibo-Kobayashi-
Maskawa (CKM) matrix. pe, Ee and E0 are the momentum, energy, and
maximal endpoint energy (in the case of zero neutrino mass) of the electron, re-
spectively. R is the nuclear radius. The Fermi functions F0(Z,E) and F1(Z,E)
in (3) are due to a distortion of the s1/2- and the p3/2- electron wave states in
the Coulomb field of final nucleus, respectively. The value of nuclear matrix
element in (4) can be determined from the measured half-life of the β-decay of
187Re.

Experimentally, it was found that p3/2-state electrons are predominantly
emitted in the β-decay of 187Re [3]. By performing numerical analysis of partial
decay rates associated with emission of the p3/2 and the s1/2 electrons (terms
with F1(Z,Ee) and F0(Z,Ee) in Eq. (3), respectively) we conclude that about
104 more p3/2-state electrons are emitted when compared with emission of s1/2-
state electrons. The reasons of it are as follows: i) F1(Z,Ee) � F0(Z,Ee) for
Ee−me < Q (see Fig. 1), ii) the maximal momentum of electron (∼ 49.3 keV)
is much larger when compared to maximal momentum of neutrino (∼ 2.5 keV).
Henceforth, we shall neglect a small contribution to the differential decay rate
given by an emission of the s1/2-state electrons.

For a normal hierarchy (NH) of neutrino masses with m3 > m2 > m1 the
Kurie function of the β-decay of 187Re is given by

K(y) = BRe
√
y +m1

[
|Ue1|2

√
y(y + 2m1)

+|Ue2|2
√

(y +m1 −m2)(y +m1 +m2)θ(y +m1 −m2)

+|Ue3|2
√

(y +m1 −m3)(y +m1 +m3)θ(y +m1 −m3)
]1/2

, (5)

with

BRe = GFVud
√
B√

2π3

√
R2 p2e

3

F1(Z,Ee)

F0(Z,Ee)
(6)

and y = (E0 − Ee − m1) ≥ 0. The ratio
(
p2e F1(Z,Ee)

)
/F0(Z,Ee) depends

only weakly on the electron momentum in the case of the β-decay of rhenium.
With a good accuracy the factor BRe can be considered to be a constant.

So far the rhenium β-decay experiments will not see any effect due to neutrino
masses, it is possible to approximate mk � Q− T and obtain

K(y) 	 BRe
(

(y +mβ)
√

y(y + 2mβ)

)1/2

, (7)

where y = (E0 − Ee −mβ). In Fig. 2 we show the Kurie plot for β-decay of
187Re versus y near the endpoint. We see that the Kurie plot is linear near the
endpoint for mβ = 0. However, the linearity of the Kurie plot is lost if mβ is
not equal to zero.
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Figure 1: Fermi functions for k = 0 and
k = 1 as functions of electron energy Ee in
energy interval relevant for the β-decay of

187Re.

Figure 2: Endpoints of the Kurie plot
of the rhenium β-decay for various val-
ues of the effective neutrino mass: mβ =

0, 0.2, 0.4, 0.6 and 0.8 eV.

3 Conclusions

For the first unique forbidden β-decay of 187Re to ground state of 187Os we
derived the theoretical spectral shape. It is found that electrons are emitted
dominantly in the p3/2-wave state in agreement with available data analysis [3].
The Kurie function of the rhenium β-decay close to the endpoint coincides up
to a factor to that for the superallowed β-decay of tritium [4]. These foundings
are important for the planned MARE experiment, which will be sensitive to
neutrino mass in sub eV region.
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NEUTRINOLESS DOUBLE BETA DECAY: SEARCHING FOR
NEW PHYSICS WITH COMPARISON OF DIFFERENT

NUCLEI

A. Ali a

Deutsches Electronen-Synchrotron, DESY, 22607 Hamburg, Germany
A. V. Borisov b
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D. V. Zhuridov c
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Abstract. The neutrinoless double beta decay is analyzed using a general Lorentz
invariant effective Lagrangian for various decaying nuclei of current experimental
interest: 76Ge, 82Se, 100Mo, 130Te, and 136Xe. We work out the half-lives and
angular correlation coefficients of the outgoing electrons in several scenarios for new
physics: the left-right symmetric models, the R-parity-violating SUSY and models
with leptoquarks. The theoretical uncertainty in the nuclear matrix elements is
discussed.

1. The Majorana nature of neutrino masses is anticipated by most of
the theories created to explain the observable lightness of neutrinos, in par-
ticular, seesaw mechanism and models with radiative neutrino mass genera-
tion (see [1, 2] and references therein). Experimental evidence for the neutri-
noless double beta decay (0ν2β) would deliver a conclusive confirmation of the
Majorana nature of neutrinos, in contrast to the Dirac nature of all other known
fermions. There is the overriding interest in carrying out these experiments and
in the related phenomenology [3]. We recall that 0ν2β decays are forbidden
in the Standard Model (SM) by lepton number (LN) conservation. However,
an extended version of the SM could contain terms that violate LN and allow
the 0ν2β decay. Probable mechanisms of LN violation may include exchanges
by: Majorana neutrinos (νM s), SUSY Majorana particles, scalar bilinears, e.g.
doubly charged Higgs, leptoquarks (LQs), right-handed WR bosons etc. [1].
These various contributions will have to be disentangled to extract informa-
tion from the 0ν2β decay on the characteristics of the sources of LN violation,
in particular, on the neutrino masses and mixing. Measurements of the 0ν2β
decay in different nuclei will help to determine the underlying physics mecha-
nism [4–6]. In Ref. [7] the 0ν2β decay angular correlation for the 76Ge nucleus
was investigated in order to discriminate among the various possible mecha-
nisms contributing to this decay. However much more new physics one can
extract using the experimental data for various decaying nuclei. In this report,
we generalize the analysis of Ref. [7] for the case of the following set of nuclei:
76Ge, 82Se, 100Mo, 130Te, and 136Xe.

2. Following Ref. [7], we use the general effective Lagrangian for the 0ν2β
decay

L =
GFVud√

2
[(Uei + εV −A

V −A,i)j
μi
V −AJ+

V −A,μ +
∑
α,β

′
εβ
αij

i
βJ+

α + H.c.] , (1)

where the hadronic and leptonic currents are defined as: J+
α = ūOαd and

ji
β = ēOβνi; the leptonic currents contain neutrino mass eigenstates and the
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index i runs over the light eigenstates; a summation over the repeated in-
dices is assumed; α, β=V ∓A,S∓P ,TL,R (OTρ

= 2σμνPρ, σμν = i
2

[γμ, γν ],
Pρ = (1∓γ5)/2 is the projector, ρ = L, R); the prime indicates the summation
over all the Lorentz invariant contributions, except for α = β = V − A, Uei
is the PMNS mixing matrix [8] and Vud is the CKM matrix element [9]. The
coefficients εβ

αi encode new physics, parametrizing deviations of the Lagrangian
from the standard V −A current-current form and mixing of the non-SM neu-
trinos. Eq. (1) describes the so-called long range mechanism of the 0ν2β decay
mediated by light Majorana neutrinos.

The differential width for the 0+(A,Z) →0+(A,Z + 2)e−e− transitions is [7]

dΓ/d cos θ = (ln 2/2)|MGT|2A(1 − K cos θ), K = B/A , −1 < K < 1, (2)

where θ is the angle between the electron momenta in the rest frame of the
parent nucleus, MGT is the Gamow–Teller nuclear matrix element, and K is
the angular correlation coefficient. Eq. (2) is derived taking into account the
leading contribution of the parameters εβ

α = Ueiε
β
αi. The expressions for A and

B for different choices of εβ
α, with only one nonzero coefficient considered at a

time, are given in Ref. [7].
Using the data on various decaying nuclei we have considered the two par-

ticular cases for the parameter space: A) εβ
α = 0, |〈m〉| �= 0 (SM plus νM s),

B) εβ
α �= 0, |〈m〉| = 0 (vanishing effective Majorana mass). Only the terms

with εV ∓A
V ∓A (see Ref. [7] for their expressions through the parameters of the

nonstandard models with WRs, LQs, and RPV SUSY) are taken into account
as the corresponding nuclear matrix elements have been worked out in the liter-
ature [10]. The results for more general cases C) εβ

α �= 0, |〈m〉| �= 0, cos ψi = 0
and D) εβ

α �= 0, |〈m〉| �= 0, cos ψi �= 0, where ψi are the relative phases for the
non-SM contributions, will be published elsewhere.

The differences in the half-lives and angular coefficients for various nuclei are
described by the ratios Rβ

α(AX) = T1/2(εβ
α,A X)/T1/2(εβ

α,76 Ge) and Kβ
α(AX) =

K(εβ
α,A X)/K(εβ

α,76 Ge), for the choice of only one nonzero coefficient εβ
α which

characterize specific alternative new physics contributions (we make a compar-
ison with 76Ge as it is the best tested isotope to date). The numerical values
of R, K and Rβ

α , Kβ
α corresponding to cases A) and B), respectively, are given

in Tables 1 and 2 for two different nuclear models: QRPA without and with
p-n pairing [10].

Table 1: The ratios of the half-lives R and Rβ
α for various nuclei in QRPA without (with)

p-n pairing [10].

Nucleus R=RV −A
V −A

RV −A
V +A

RV +A
V −A

RV +A
V +A

82Se 0.42 (0.15) 0.37 (2.76) 2.10 (3.07) 0.24 (0.03)
100Mo 1.08 (195.18) 52.87 (0.59) 1.11 (0.49) 1.06 (0.79)
130Te 0.24 (0.11) 0.21 (0.16) 0.20 (0.12) 0.15 (0.03)
136Xe 0.53 (0.15) 0.40 (0.37) 0.41 (0.22) 0.34 (0.06)

The entries for the ratios of the half-lifes are well separated, besides the
RV −A

V −A, which is equal to R. However, they are dominated by the uncertain-
ties of the nuclear model. On the other hand, the angular coefficients K and
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Table 2: The ratios of the angular coefficients K and Kβ
α for various nuclei in QRPA without

(with) p-n pairing [10].

Nucleus K=KV −A
V ±A

KV +A
V −A

KV +A
V +A

82Se 1.08 1.11 (1.11) 1.13 (0.95)
100Mo 1.08 1.14 (1.14) 1.13 (0.84)
130Te 1.04 1.07 (1.07) 1.01 (0.90)
136Xe 1.03 1.06 (1.06) 0.98 (0.91)

KV −A
V ±A do not depend on the nuclear matrix elements, and coefficients KV +A

V −A
essentially do not depend on the uncertainties of the nuclear model. More-
over, the ratios of the angular correlations are not discriminating among the
various underlying theories as within the anticipated experimental uncertainty
they are all consistent with unity. The most sensitive to the listed ratios is
100Mo, except for the ratio RV +A

V −A to which the most sensitive is 82Se. From
the measurements of the half-lives, the most sensitive to the effects of εV ±A

V +A

and εV +A
V −A are the pairs 100Mo – 130Te and 82Se – 130Te, correspondingly. From

the measurements of the angular coefficients, the most sensitive to the effects
of εV +A

V ±A is the pair 76Ge – 100Mo.
3. In conclusion, the comparison of the half-lives and the electron angular

correlations for the selected decaying nuclei would help to minimize the theo-
retical uncertainties in the nuclear matrix elements and identify the dominant
mechanism underlying these decays. The experimental facilities that can mea-
sure not only the half-lives but also the angular correlations in the 0ν2β decays
are the running experiment NEMO3 [11] (it has already measured the electron
angular distributions for the two neutrino double beta decays of 100Mo and
82Se) and the proposed ones SuperNEMO [12], MOON [13], and EXO [14].
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STUDY OF QUASI-ELASTIC νμ(ν̄μ) SCATTERING IN THE

NOMAD EXPERIMENT

Jean-Michel Levy a

LPNHE, T43 rdc, 4 place Jussieu, 75252 Paris Cedex 05, France

Abstract.The legacy of the NOMAD neutrino oscillation experiment is a unique
data set with a large physics studies potential. We present here the results obtained
for the quasi-elastic νμn → μ−p and ν̄μp → μ+n reactions.

1 Introduction

The NOMAD (CERN WA96) experiment purpose was to look for νμ → ντ

oscillations through the topological and kinematical identification of the decay
products of the CC generated τ lepton, requiring both abundant and precise
data. This was obtained through the use of a thinly segmented active target
(drift chambers made of low Z material to minimize multiple scattering) com-
plemented by various detectors for identification and calorimetry. The resulting
data set is both abundant and kinematically accurate and its exploitation has
yielded many important results beyond limits on oscillation parameters. In this
talk, we presented the measurement of the quasi-elastic (anti)neutrino nucleon
cross-section and of the axial mass. Full details as well as further references on
the experiment and its results can be found in [ 1].

2 Method

2.1 Detector and data sample

The NOMAD detector is shown in Fig.1. The drift chambers allow for momen-
tum reconstruction with an uncertainty approximately given by :
σp

p
≈ 0.05

√

L
⊕ 0.008p

√

L5
(momentum p is in GeV/c and track length L in m). They are

used to determine the event topology, the vertex(tices) position(s) and type(s),
and the track parameters at each vertex. Together with the muon chambers
and the veto and trigger planes, these DC’s are the most important elements
for the present analysis. The most upstream chamber is used as an additional
off line veto against through going muons.

The data sample used here consists of about 751000 νμ and 23000 ν̄μ charged-
current (CC) interactions in a reduced detector fiducial volume. The average
energy of the incoming νμ is 25.9 GeV (17.6 GeV for ν̄μ) Candidate neutrino
events must comprise a vertex in the fiducial volume and an unvetoed negative
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track identified as a muon, with or without a positive track compatible with
being the proton (1T and 2T events in what follows). Unvetoed single positives
identified as antimuons are taken as anti-neutrino event candidates.

2.2 Modeling neutrino interactions

Since target nuclei are mostly carbon, Fermi momentum and final state interac-
tions forbid identification of quasi-elastic events by kinematical fits. Therefore,
the method used relies on a detailed description of the neutrino primary inter-
action and nuclear effects; particularly important are Fermi motion and rescat-
tering of the produced hadrons in the nucleus, since they modify observable
distributions and therefore bear on the definitions of the cuts used to reduce
background in the above described data samples. A modified Fermi gas model
is used for the nucleon momentum distibution. The parameters of the forma-
tion zone model used for rescattering are tuned by demanding equality of the
cross-sections derived from the 1T and 2T samples, ensuring consistency of the
corresponding efficiencies. It is further found that results (cross sections and
axial mass) are least sensitive to these parameters when calculated with the
combination of both samples. Finally, comparison of the 1T and 2T extracted
cross sections allows to estimate the systematic errors due to this modeling.

2.3 Procedure

The event generator and detector Monte Carlo are used to compute efficien-
cies for signal (QEL events) and background which may arise from single pion
resonant production (RES), deep inelastic scattering (DIS) and coherent pion
production on the target nucleus (COH). RES and DIS event numbers are pre-
dicted using analytical formulae, corrected with the MC computed efficiencies
and subtracted from the observed numbers of QEL event candidates. The re-
sulting numbers are further corrected for efficiencies in view of cross-section
and axial mass calculations. The expected number of coherent π+ is estimated
at 2700 but the demands imposed on the recoil proton candidate reduce the
contamination from this channel to less than .4% of the QEL sample.
In these calculations, DIS charged current events above 40 GeV in the same
fiducial volume are used to give the overall normalization, which is subjected
to a further and independant check performed by determining the number of
νμe− → μ−νe events through a one-parameter fit of the PT (μ

−) distribution.

3 Results

With the background subtracted and efficiency corrected QEL event numbers
as a function of energy and the overall normalization provided by DIS, cross
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sections are calculated for ν and ν̄. The axial mass parameter is found by
demanding that the flux averaged QEL cross section calculated within the
Smith-Moniz [ 2] model be equal to our measured one. The same parameter
is also extracted from the fit of the shape and the shape plus normalization of
the Q2 distribution for events with a reconstructed proton track.

The flux averaged neutrino cross-section over the energy interval 3-100 GeV
and the axial mass inferred from it are as follow:

〈σqel〉νμ
= (0.92± 0.02(stat)± 0.06(syst))× 10−38 cm2

MA = 1.05± 0.02(stat)± 0.06(syst) GeV

This result for MA is in agreement with both the standard (shape) fit of the
Q2 distribution and the fit of the Q2 shape plus normalization:

MA = 1.07± 0.06(stat)± 0.07(syst) GeV

MA = 1.06± 0.02(stat)± 0.06(syst) GeV

Finally, the results for the antineutrino case are:

〈σqel〉ν̄μ
= (0.81± 0.05(stat)± 0.08(syst))× 10−38 cm2

MA = 1.06± 0.07(stat)± 0.10(syst) GeV

Y
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PRECISION MEASUREMENTS BY NOMAD EXPERIMENT

Dmitry V.Naumova

Joint Institute for Nuclear Research, 141980, Dubna, Russia

Abstract.Recently completed precision measurements and other ongoing analyses
by NOMAD experiment are reviewed.

1 NOMAD experiment

The Neutrino Oscillation MAgnetic Detector (NOMAD) experiment at CERN
used a neutrino beam with Eν integrated relative composition of νμ, ν̄μ, νe, ν̄e

neutrino species 1.00 : 0.025 : 0.015 : 0.0015. Thus, 95% of ν-events are due to
νμ-interactions. The NOMAD detector consisted of several subdetectors cru-
cial for an accurate measurement of interaction verteces and particle momenta.
The active target of 2.7 tons in mass comprised 132 planes of 3 × 3 m2 drift
chambers (DC) with an average density similar to that of liquid hydrogen (0.1
g/cm3). Downstream of the DC, there were nine modules of transition radiation
detectors (TRD), followed by a preshower (PRS) and a lead-glass electromag-
netic calorimeter (ECAL). The ensemble of DC, TRD, and PRS/ECAL was
placed within a dipole magnet providing a 0.4 T magnetic field orthogonal to
the neutrino beam line. The charged tracks in the DC were measured with
an approximate momentum (p) resolution of

σp

p
≈ 0.05

√

L
⊕ 0.008×p

√

L5
(p in GeV/c

and L in meters). Full event kinematics was reconstructed as well. The details
of the NOMAD detector can be found in [1]. The experiment collected the fol-
lowing numbers of ν-interactions on various targets: over 1.7 millions in Drift
Chambers, over 2 millions in Al-coil, and over 20 millions in Fe-scintillator
calorimeter. A good accuracy in kinematics reconstruction supplimented by
world record statistics of neutrino interactions collected allows us to work on a
number of precision measurements. Let me briefly recall some of these below.

2 NOMAD precision measurements

2.1 Inclusive and QEL cross-sections

Wemeasured the muon neutrino-nucleon inclusive charged current cross-section,
off an isoscalar target, in the neutrino energy range 2.5 ≤ Eν ≤ 40 GeV [2].
The signicance of this measurement is its precision, ±4% in 2.5 ≤ Eν ≤ 10
GeV, and ±2.6% in 10 ≤ Eν ≤ 40 GeV regions, where signicant uncertainties
in previous experiments still exist. In fig. 1 it is shown the measured inclusive
νμN cross-section as a function of neutrino energy.
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Figure 1: Inclusive νμN cross-section as a
function of neutrino energy.

The systematics error of the mea-
sured inclusive cross-section is domi-
nated by uncertainties in the flux pre-
diction.
Also NOMAD measured with the

best precision the quasi-elastic cross-
section of νμn → μ−p reaction and
with a somewhat worse resolution
(due to a lack of statistics primarily)
the cross-section of ν̄μp → μ+n [3]
both discussed at this conference in
details by J. M. Levy. The results for
the flux averaged QEL cross-sections
in the (anti)neutrino energy inter-
val 3-100 GeV are σqel

νμ
= (0.92 ±

0.02(stat) ± 0.06(syst)) × 10−38cm2

and σ
qel
ν̄μ

= (0.81 ± 0.05(stat) ±
0.08(syst)) × 10−38cm2 for neutrino
and antineutrino, respectively. The

axial mass parameter MA extracted from the measured quasi-elastic neutrino
cross-section is MA = 1.05± 0.02(stat)± 0.06(syst) GeV.

2.2 Coherent π0 production

Another interesting analysis deals with an exclusive neutral pion production
in neutrino-nucleus neutral current interactions. Such analysis is of great im-
portance for long base line (LBL) neutrino experiments with massive detectors
because such π0 if collinear to neutrino beam will make an electromagnetic
shower resulting in about 60% of the expected backgrounds for νe appearance.
We measure with best precision the coherent π0 production cross-section to be
(72.6± 10.6) · 10−40cm2 per nucleon [4].

2.3 Ongoing analyses

There are several ongoing precision analyses in NOMAD. In one of these we
study π± multiplicities as functions of various kinematics variables. In fig. 2
we show a subsample of NOMAD data comprizing only about 1

4
of the total

statistics in DC compared to the HERMES measurements as a function of
relative energy of the hadronic jet carried out by a pion. One can observe a
factor 30 smaller value of the left edge of the distribution measured by NOMAD.
We plan to extract also fragmentation and fracture functions using these data.
Another analysis near to be completed measures the dimuons cross-section
of the process νμN → μ+μ−X which is dominated by νμs(d) → μ−c, c →
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Figure 2: π+ (right) and π− (left) multiplicities measured by NOMAD and HERMES as a
function of z.

μ+s(d) subprocesses. A precise measurement of this cross-section improves our
knowledge of strange content of the nucleon and about the charm quark mass.
The accuracy obtained ranges from less than 7% at low Eν to about 3% at
large Eν yielding the most precise measurements of these quantitities up to
date.
At last but not least let me mention another ongoing analysis - a measure-

ment of the ratio of neutral to charged current cross-sections as a function of
hadronic energy. This quantity provides a sensitive constrain on partonic den-
sity functions, admixture of (quasi)elastic, resonance and deep-inelastic events
and it is expected to be helpful for future LBL experiments designs and anal-
yses.
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SOME REMARKS ON NEUTRINO DETECTION FROM
SN1987A
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Abstract.In the paper the authors comment on the results concerning the detection
of neutrino radiation from SN 1987A presented in complete bulk and published
from 1987 to 1992 and also suggest their considerations on possible interpretation
of the experiment.

1 Introduction

On February,23, 1987 astronomers observed a supernova in a nearby galaxy
- the Large Magellanic Cloud. That day at about 2:52 UT LSD detector
(Italy-USSR, Mont Blanc) and at about 7:35 UT BUST (USSR, Baksan), KII
(Japan-USA, Kamioka) and IMB (USA, Cleveland) detectors measured neu-
trino radiation from collapsing star for the first time in the history of science.
The theory predicted and the experiment confirmed. Only the fact of the neu-
trino detection from supernova itself is an outstanding achievement. But the
details are also important. One group of the results corresponds to theoreti-
cal predictions. The other part of results was comprehended only after many
years. However, there are also other results which are not success to interprete
upto now in the frame of the modern models of stellar evolution. Our paper is
about all this.

The experiment on searching for neutrino radiation from collapsing stars
was based on the idea about spherically symmetric, nonrotating, nonmagnetic
star [1]. In this case 1) the advantage for neutrino detection has the reaction
νep → e+n due to its large cross section and 2) the duration of neutrino burst
is very short: from 5 to 20 s.

Basically, the experiment is simple. The detector, a scintillation or Cherenkov
one, is filled with a hydrogenous material. A neutrino burst is identified by a
series of scintillations in the range of amplitudes 5 - 50 MeV in a time less
than 20 s. The number of pulses in the series is proportional to the hydrogen
mass in the detector. Fluctuations in the frequency of background pulses can
imitate the effect. To reduce the background, the detectors are placed deep
underground and anticoincidence systems are used. For success of a searching
experiment the detectors should have a target mass of hundreds or thousands
of tons. A concurrent operation of several detectors placed at various points of
the globe is very important for the reliability of the results.

ae-mail: ryazhskaya@lvd.ras.ru
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Figure 1: Time sequence of events observed with various detectors on February 23, 1987, on
the scale of Universal Time (UT). For each neutrino detector, the number of pulses in the
packet is shown along the vertical axis; the arrival times of the first and last pulses are given

nearby. Geograv is the gravitational wave antenna in Rome.

2 On Experimental Results

Two scintillation detectors, LSD (90 t of CnH2n+2 + 200 t of Fe) [2] and BUST
(200 t of CnH2n+2 + 160 t of Fe) [3], and two Cherenkov detectors, KII (2000
t of H2O) [4] and IMB (5000 t of H2O) [5], were operational on February 23,
1987. The timing diagram of effects in the detectors is shown in the figure
1. We see that the effects in the detectors are small and have poor statistics.
This leads to quite understandable scepticism with regard to the significance of
the effects themselves and the schemes for their interpretation. However, this
experiment was unique up to now and therefore all the information obtained
at that time requires very careful treatment. The effects in all detectors at
about 7:35 UT were undoubtedly related to the Supernova explosion. They
coincided between themselves in time to within a minute and with the optical
observations of the Supernova within several hours. This assertion concerns
mainly the KII and IMB detectors, where the effects are noticeable and the
probability of imitations by the background is negligible. Given the difference
in hydrogen masses, the effects in LSD and BUST at this time correspond,
within the error limits, to those in KII and IMB.

The fact could testify on the success of the model of standard collapse under
assumption that the pulses in all detectors at about 7:35 UT were caused by νep-
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reaction. If an angular distribution of particles in Cherenkov counters would
be isotropic, it could prove that just this reaction took place. However, 15 of
20 events (the sum of KII and IMB pulses) fall into the forward hemisphere,
and 3 of 5 rest ones are near boundary of forward and backward hemisphere.
Therefore the reliable identification of neutrino type was not successful. The
main intrigue of the experiment is connected with LSD. At about 2:52 UT
this detector observed a burst of 5 pulses during 7 s. Clearly these were not
caused by νep-reaction. If it would be so, KII should measure about 50 pulses
at the same time. The fact that at 2:52 UT any of other three detectors had
not significant effect cannot compromise LSD one. This means only that LSD
observed something that other detectors could not measure. 200 t of iron in
the LSD structure is the reason of this. Thick scintillation counters like LSD
provided a sufficiently high detection efficiency of the products of electron or
muon neutrino interaction with iron. The details are discussed in [6, 7]. They
show that there is no reason to believe the effect at 2:52 UT to be a freak
of statistics or noise. The effect is of high quality and is undoubtedly related
to the SN1987A explosion and should be taken into account on a par with
the effects at 7:35 UT when the experiment is analysed. Our interpretation
of the signal in LSD is entirely consistent with a popular scheme of neutrino
oscillations.

It is clear that the model of standard collapse can not explain the value of
the LSD effect at 2:52 UT and the existence of two neutrino bursts separated
by a time interval of about 5 h. Only later on when V.S. Imshennik sug-
gested the theory of a rotating mechanism of supernova explosion for massive
main-sequence stars [8], it was done reasonable explanation of the neutrino
observation from SN 1987A taking into account both the effects at 2:52 and
7:35 UT [9]. In this so called model of rotating collapsar the rotational energy
of the presupernova core at the neutronization stage leads to a strong defor-
mation and, subsequently, fragmentation of the core with the formation of a
close neutron star binary. As a result of this system evolution the gravitational
collapse has two stages. The short intense pulse of electron neutrinos with
energies 30 - 55 MeV is produced during the first stage (binary formation). It
was detected at 2:52 UT with LSD thanks to the reaction (ν56e Fe). The second
neutrino burst is generated after about 5 hrs and contains all types of neutrino
with average energies of about 15 - 20 MeV probably according to the standard
collapse model. It was detected at about 7:35 UT.

Apart from the repeatedly discussed results concerning the signals in the
four neutrino detectors at 2:52 and 7:35 UT on February, 23, 1987, there are
also other, less-known, results obtained at the same time that day. These
include the papers in which the coincidencies between the pulses in the different
neutrino detectors (LSD, BUST, KII) in a very narrow time window of about
1 s in width [10–13] as well as the coincidences between the signals in these
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detectors and signals from the Maryland and Rome gravitational antennas
were studied [14]. Finally, note the papers of the LSD collaboration about
studies on the double pulses in LSD that day [15]. The consideration of the
significance and the place of the papers in the experiment on searching for
neutrino radiation from SN 1987A are discussed in our paper [16].

In the normal mode of operation the neutrino detectors record noise pulses
with a rate about 10−2s−1. The expected rate of chance coincidences between
pulses of two detectors is about 1 per hour. This value for the pairs of detectors
LSD-KII and LSD-BUST was measured for the long time interval of about one
month around February, 23, 1987, and was exactly the same except of the time
interval when the supernova explosion was observed. The result is shown in
figure 2. It also shows the rare series of double pulses detected with LSD. It
consists of nine pairs of pulses arrived in the interval from 5:42:48 to 10:13:04
UT. We selected the cases where the time between two pulses was no more than
2 s; on average it was 1.5 s. It was required that the amplitude of one of the
pulses, the first or the second, was larger than 25 MeV. The amplitude of the
other pulse should exceed 5 MeV. The mean rate of such background double
pulses calculated from February 10, to March 7, 1987 is 0.275 h−1. Hence, such
event (nine pairs) could coincide by chance with the day of supernova explosion
once in 3× 103 years.

The figure 2 shows that the excess of coincidences concentrates near 2:52 UT,
while the excess of double pulses concentrates near 7:35 UT. Such effect could
be simulated by chance extremely rarely [10–13]. This is convincing evidence
for the genetic relationship of the effects considered to the supernova explosion.
Our figure shows only the results of three works [10–12]. The results of all the
remaining works mentioned above would look similar to the figure 2.

3 On The Interpretation of Some Results

In our opinion, the excess of coincidences near 2:52 UT may be indicative of a
very-low-intensity pulsed neutrino source operating in the regime of a pulsar at
the presupernova stage. This pulsar has an emission time of about 1 s, a pulse
repetition period much longer than 1 s, and a lifetime of about 2 h. It has such
an intensity that each pulsar triggering gives, on average, much fewer than one
neutrino interaction in a LSD-type detector. As regards the understanding of
the double pulses note that a mechanism of this phenomenon in the spirit of
the ideas of the rotating collapsar model was proposed in [6, 17]. These pulses
can be the decay products of the pions and muons generated in the collisions of
iron nuclei orbiting a heavy neutron star with the surrounding iron gas. This
is the star that is involved at the final stage of collapse and is responsible for
the neutrino signal at 7:35 UT.

The study of the coincidences between the signals from gravitational an-
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Figure 2: Timing diagram of the BUST pulses coincident with the LSD pulses within 1 s and
similar coincidences for the K2 and LSD detectors as well as double pulses in LSD over the
period from 0:00 to 10:00 UT on February 23, 1987. 1,2,3,4 - duplicate scales for LSD, BUST
and KII. The rate of coincidences over 2 hour time interval was 8 (scales 2,4) for LSD-KII and
13 (scales 1,3) for LSD-BUST, of which 2 and 3 coincidences, respectively, could be chance
ones. No background pulses for the coincidences outside the interval 1:45 - 3:45 UT and no
background double pulses outside the interval 5:42 - 10:13 UT are shown in the figure. These

data are absent in the original publications.

tennas and the pulses in neutrino detectors shows an excess of coincidences
near 2:52 UT. Of course, the sensitivities of the antennas are too low to detect
gravitational effects at a distance of 50 kpc. The situation could be improved
significantly by assuming that the gravitational radiataion from our star is
anisotropic. In any case, the logic of the experiment, a periodically repeated
coincidence of the signal in the gravitational wave detector with the signal in a
neutrino detector within narrow time windows, points to the possible existence
of gravitational pulsar operating synchronously with a neutrino one.
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FLAVOR OSCILLATIONS OF LOW ENERGY NEUTRINOS
IN THE ROTATING NEUTRON STAR
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Abstract.We study flavor oscillations of low energy neutrinos propagating in dense
matter of a rotating neutron star. On the basis of the exact solutions of the wave
equations for neutrinos mass eigenstates we derive the transition probability for
neutrinos having big initial angular momentum. It is found that flavor oscillations
of neutrinos with energies of several electron-Volts can be resonancely enhanced.

It is known that neutrinos play a significant role at the last stages of the
evolution of massive stars. For example, almost 99% of the gravitational energy
of a protoneutron star is carried away during the supernova explosion. The
remaining dense, compact object, a neutron star, can have extreme properties:
central density ∼ 1014 g/cc, magnetic field ∼ 1015 G and angular velocity ∼
103 s−1. In this short note we examine the influence of the neutron star rotation
on flavor oscillations of neutrinos. Note that the propagation of neutrinos in
rotating matter was also studied in Refs. [1, 2].

Let us study the evolution of the two flavor neutrinos system (να, νβ) inter-
acting with the background matter by means of the electroweak forces. The
Lagrangian for this system has the form,

L =
∑

λ=α,β

ν̄λ(iγ
μ∂μ − fμλ γ

L
μ)νλ −

∑

λλ′=α,β

mλλ′ ν̄λνλ′ , (1)

where γL
μ = γμ(1− γ5)/2. Supposing that matter is electroneutral and all the

background fermions rotate as a rigid body we can express the external fields
fμλ for α = μ or τ and β = e oscillations channel as,

fμα = −GF√
2
jμn , fμβ =

GF√
2
(2jμe − jμn), jμe,n = (ne,n, ne,nv), (2)

where GF is the Fermi constant, ne,n is the number density of electrons and
neutrons and v = (Ω× r) is the velocity of the background matter.

To study the evolution of the system (1) we should introduce the neutrino
mass eigenstates ψa to diagonalize the mass matrix (mλλ′), νλ = (exp[−iσ2θ])λa
×ψa, where θ is the vacuum mixing angle. We suggest that the mass eigenstates
are Dirac particles. In the basis of the mass eigenstates ψa neutrinos have
definite masses ma.

In the limit of small neutrino masses the wave equations for the upper ξa
and lower ηa chiral components of the spinor ψT

a = (ξa, ηa) decouple. Therefore

ae-mail: maxim.dvornikov@usm.cl
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using cylindrical coordinates (r, φ, z) with Ω = Ωez we can write the general
expression for the two component wave function ηa in the form (see Ref. [2]),

ηa(r, φ, t) =

∞∑

n,s=0

(
a(a)ns (t) u

+
a,ns(r, φ) exp[−iE(a)+

n t]

+ b(a)ns (t) u
−
a,ns(r, φ) exp[−iE(a)−

n t]
)
, (3)

where the energy levels

E(a)±
n = −Va ±

√
4VaΩn +m2

a, n = 0, 1, 2, . . . (4)

have the discrete values and the basis spinors

u(±)
a,ns(r, φ) =

√
VaΩ

2π

(
In−1,s(ρa)e

i(l−1)φ

∓iIn,s(ρa)e
ilφ

)

, l = n− s, (5)

are expressed in terms of the Laguerre functions In,s(ρa) of the dimension-
less argument ρa = VaΩr

2, V1 = GF(nn − 2ne sin
2 θ)/

√
2 and V2 = GF(nn −

2ne cos
2 θ)/

√
2 are the potentials of the interaction of mass eigenstates with

background matter. Note that in Eqs. (3)-(5) we study neutrinos propagating
in the equatorial plane with z = 0.

In Ref. [2] we obtained the general differential equations for the coefficients

a
(a)
ns (t) and discussed the situation of the small initial angular momentum:

l � s. Now we study neutrino flavor oscillations for l � s, i.e. particles
with big initial angular momentum. Using the results of our work [2] we get
that in this situation the differential equations for different l and s decouple and
we can describe the evolution of the system with help of the single Schrödinger
equation,

i
d

dt

(
ã
(1)
l

ã
(2)
l

)

=

(
ω/2 Δ
Δ −ω/2

)(
ã
(1)
l

ã
(2)
l

)

, (6)

where the components ã
(a)
l of the “wave function”, which now can be enu-

merated with the single quantum number “l” are related to the coefficients in

Eq. (3) by the formula, ã
(a)
l = (exp[−iσ3ω/2])

a
ba

(b)
l . The parameters of the

effective Hamiltonian in Eq. (6) have the form,

Δ =

(
GF√
2
− k

2nn

)

ne sin 2θ, ω =
δm2

2k
, k =

√
4V Ωl, (7)

where k is the effective momentum of neutrinos and V = GFnn/
√
2.

Using Eqs. (6) and (7) we can obtain the transition probability in the form,

Pβ→α(x) =
(Δ cos 2θ + ω sin 2θ/2)2

Δ2 + (ω/2)2
sin2

(√
Δ2 + (ω/2)2x

)
. (8)
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Figure 1: The dependence of the maximal transition probability on the neutrino energy for
the case l � s. This plot corresponds to νe → νμ oscillations, with δm2 ≈ 8.1 × 10−5 eV2

and sin2 θ ≈ 0.3 and matter with nn = 1038 cm−3 and Ye = ne/nn = 3 × 10−3. The very
low energy part of the curve, which cannot be treated in frames of the quantum mechanical

approach, is shown by the dashed line.

Let us discuss the oscillation scheme νe → νμ. In Fig. 1 we present the maximal
transition probability as a function of the neutrino energy, built on the basis of
Eq. (8). Note that for the nuclear matter in β equilibrium the number density
of electrons has the following value: ne ≈ 3π2n2

n/(2mn)
3. As one can see

from this picture, the transition probability has a resonance behaviour. The
maximal transition probability is reached at ∼ 16 eV. At very large energies
the transition probability approaches to the limit Pmax → cos2(2θ) ≈ 0.16, a
result that can also be inferred from Eq. (8). We should notice that the solution
presented in Eq. (8) is not valid for very large neutrino energies, because in
that case the condition l � s is violated.
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DIRAC NEUTRINO MAGNETIC MOMENT
AND THE DYNAMICS OF A SUPERNOVA EXPLOSION
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Abstract. The double conversion of the neutrino helicity νL → νR → νL has been
analyzed for supernova conditions, where the first stage is due to the interaction of
the neutrino magnetic moment with plasma electrons and protons in the supernova
core, and the second stage, due to the resonance spin flip of the neutrino in the
magnetic field of the supernova envelope. It is shown that, in the presence of
the neutrino magnetic moment in the range 10−13 μB < μν < 10−12 μB and a
magnetic field of ∼ 1013 G between the neutrinosphere and the shock-stagnation
region, an additional energy of about 1051 erg, which is sufficient for a supernova
explosion, can be injected into this region during a typical shock-stagnation time.

Two main obstacles are encountered in numerical simulations of a supernova
explosion [1–5]. First, a mechanism stimulating the damping shock, which is
likely necessary for the explosion, has not yet been well developed. Recall that
shock damping is mainly due to energy losses on the dissociation of nuclei.
Second, the energy release of the “theoretical” supernova explosion is much
lower than the observed kinetic energy ∼ 1051 erg of an envelope. This is
called the FOE (ten to the Fifty One Ergs) problem. It is believed that a
self-consistent description of the explosion dynamics requires an energy of ∼
1051 erg to be transferred via some mechanism from the neutrino flux emitted
from the supernova central region to the envelope.

Dar [6] proposed a possible way for solving the above-mentioned problems.
His mechanism is based on the assumption that the neutrino has a magnetic
moment which is not very small. Left-handed electron neutrinos νe intensely
generated in the collapsing supernova core are partially converted into right-
handed neutrinos due to the interaction of the neutrino magnetic moment with
plasma electrons and protons. In turn, the right-handed neutrinos sterile with
respect to weak interactions freely leave the central part of the supernova if
the neutrino magnetic moment is not too large, μν < 10−11 μB, where μB is
the Bohr magneton. Some of these neutrinos can be inversely converted to
left-handed neutrinos due to the interaction of the neutrino magnetic moment
with the magnetic field in the supernova envelope. According to contemporary
views, the magnetic field strength in this region can be of the order of the
critical magnetic field Be = m2

e/e � 4.41 × 1013 G d or even higher [7–9]. The
born again left-handed neutrinos can transfer additional energy to the envelope

ae-mail: avkuzn@uniyar.ac.ru
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dHereafter, we use the natural system of units in which c = h̄ = 1, and e > 0 is the

elementary charge.
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by virtue of the beta-type absorption νen → e−p.
In our opinion, the mechanism of the double conversion of neutrino helicity

should be analyzed more carefully. It was shown in our recent paper [10] that
the flux and luminosity of right-handed neutrinos from the central region of
the supernova were significantly underestimated in previous works. Here, we
reconsider the process νL → νR → νL under supernova conditions and analyze
the possibilities for stimulating the damping shock.

A consistent analysis of the processes

νL → νR + γ∗, νL + γ∗ → νR (1)

with neutrino-helicity conversion due to the interaction with both plasma elec-
trons and protons via a virtual plasmon and with the inclusion of polarization
effects of the plasma on the photon propagator was given in [10]. In particular,
according to the numerical analysis, the contribution of the proton component
of the plasma is not only significant, but even dominant. As a result, using the
data on supernova SN1987A, a new astrophysical limit was imposed on the
electron-neutrino magnetic moment:

μν < (0.7 − 1.5) × 10−12 μB , (2)

This is a factor of two better than previous constraints.
The effect of the magnetic field on neutrinos with nonzero magnetic moments

can be illustrated most conveniently using the equation for neutrino-helicity
evolution in the uniform external magnetic field [11–17]. The additional energy
gained by left-handed electron neutrinos in the matter

CL =
3 GF√

2
ρ

mN

(
Ye +

4
3

Yνe
− 1

3

)
(3)

deserves a special analysis. Here, the ratio ρ/mN = nB is the nucleon number
density and Ye = ne/nB = np/nB, Yνe

= nνe
/nB, ne,p,νe

are the number
densities of electrons, protons, and neutrinos, respectively.

It is important that this quantity can vanish in the considered region of
the supernova envelope. In turn, this is a criterion for the resonance transition
νR → νL. Since the neutrino number density in the supernova envelope is fairly
low, this yields the resonance condition in the form Ye = 1/3. It is remarkable
that only one such point with dYe/dr > 0 exists (see [2, 4]). Note that the
so-called adiabatic condition should also be satisfied.

Our analysis [18] shows that the Dar mechanism of the double conversion
of neutrino helicity νL → νR → νL exists under the following not very se-
vere conditions: the Dirac-neutrino magnetic moment should be in the range
10−13 μB < μν < 10−12 μB and a magnetic field of ∼ 1013 G should exist in
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the region between the neutrinosphere and the shock-stagnation region. In this
case, an additional energy of about

ΔE � LνR
Δt ∼ 1051 erg , (4)

is injected into this region during the shock-stagnation time Δt ∼ 0.2–0.4 s.
This energy is sufficient to solve the problem.
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Abstract. The neutrino helicity-flip process under the conditions of the supernova
core is reinvestigated. Instead of the uniform ball model for the SN core used in
previous analyses, realistic models for radial distributions and time evolution of
physical parameters in the SN core are considered. A new upper bound on the
Dirac neutrino magnetic moment is obtained from the limit on the supernova core
luminosity for νR emission.

The neutrino helicity flip νL → νR under physical conditions corresponding
to the central region of a supernova has been studied in a number of works. All
previous analyses [1–4] were based on a very simplified model of the supernova
core as the uniform ball with some averaged values of physical parameters.
Moreover, the parameter values look, in modern views, rather too high than
typical.

We reinvestigate the right-handed neutrino luminosity caused by the neutrino
helicity-flip process under the conditions of the supernova core and make the
estimation of the upper bound on the Dirac neutrino magnetic moment from
the limit on the supernova core luminosity for νR emission by a more reliable
way, with taking account of radial distributions and time evolution of physical
parameters from some realistic models of the supernova core.

The very recent model was developed by H.-Th. Janka with collaborators
who presented us the results of their simulations [5] of the O-Ne-Mg core col-
lapse supernovae which were a continuation of model simulations of Refs. [6,7].
The successful explosion results for this case have recently been independently
confirmed by the Arizona/Princeton SN modelling group, [8, 9] which found
very similar results. So we were provided with a model whose explosion behav-
ior was comparatively well understood and generally accepted.

The upper bounds are obtained on the combination of the effective magnetic
moments of the electron, muon and tau neutrinos from the condition of not-
spoiling the subsequent Kelvin—Helmholtz stage of the supernova explosion
by emission of right-handed neutrinos during a few seconds after the collapse.
In a general case the combined limit on the effective magnetic moments of the
electron, muon and tau neutrinos is

[
μ2

νe
+ 0.71

(
μ2

νμ
+ μ2

ντ

)]1/2

< 3.7 × 10−12 μB . (1)
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This limit is less stringent than the bound obtained in the frame of the uniform
ball model for the SN core, but it is surely more reliable. The similar procedure
of evaluation was performed with using of the results of Ref. [10–12].

The upper bound on the flavor- and time-averaged neutrino magnetic mo-
ment at the Kelvin-Helmholtz phase of the supernova explosion occurs to be

μ̄ν < (1.1 − 2.7) × 10−12 μB , (2)

depending on the explosion model.
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COSMIC ANTIMATTER: MODELS AND PHENOMENOLOGY
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Abstract. The possibility of creation of cosmologically significant antimatter are
analyzed in different scenarios of baryogenesis. It is argued that there may exist
plenty of antimatter even in our Galaxy. Possible forms of antimatter objects and
their observational signatures are discussed.

Prediction of antimatter made by P.A.M. Dirac [1] and the discovery of anti-
electron, i.e. positron [2] was surely the most impressive result of quantum field
theory of the XX century. The whole new world of elementary particles was
predicted and Dirac naturally suggested that “ If we accept the view of complete
symmetry between positive and negative electric charge so far as concerns the
fundamental laws of Nature, we must regard it rather as an accident that the
Earth (and presumably the whole solar system), contains a preponderance of
negative electrons and positive protons. It is quite possible that for some of the
stars it is the other way about, these stars being built up mainly of positrons
and negative protons. In fact, there may be half of stars of each kind.”

It is striking that 30 years before Dirac and one year after discovery of
electron (J.J. Thomson, 1897) A. Schuster [3] (another British physicist) con-
jectured that there might be other sign electricity, which he called antimatter,
and supposed that there might be entire solar systems, made of antimatter and
indistinguishable from ours. He even made an ingenious (or wild) guess that
matter and antimatter are capable to annihilate and produce vast energy.

Today it is established beyond any doubt that for each particle there exists
an antiparticle (except for a few absolutely neutral ones, as e.g. photons)
but the expectations that half of the universe may consist of antimatter are
more dead than alive. To a large extent this attitude is stimulated by the
Sakharov theory of baryogenesis [4] which successfully explained the observed
cosmological predominance of matter over antimatter.

Though observations strongly restrict possible existence of antimatter do-
mains and objects, as is discussed below, it is still not excluded that antimatter
may be abundant in the universe and even in the Galaxy, not too far from us.
This remaining freedom will be either eliminated by the existing (BESS [5],
AMS [6], PAMELA [7]) and planned (AMS-2 [8], PEBS [9], and GAPS [10])
missions for search of cosmic antimatter or anti-stars or total anti-solar systems,
as was envisaged by Schuster and Dirac, will be discovered.

Possible existence of anti-worlds depends upon the mechanism of breaking
of symmetry between particles and antiparticles, i.e. on physics of C and CP

ae-mail: dolgov@fe.infn.it
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violation. From the cosmological point of view there are three types of such
violation:
1. Explicit, by complex parameters in Lagrangian, as is usually assumed in
particle physics.
2. Spontaneous, by a vacuum expectation value (v.e.v.) of a real pseudoscalar
field [11] or a complex scalar or pseudoscalar field. Such mechanism is locally
indistinguishable from the explicit one but globally leads to charge symmetric
universe, consisting of equal amount of matter and antimatter. This mechanism
suffers from a serious domain wall problem which jeopardizes homogeneity and
isotropy of the observed universe [12].
3. Dynamical or stochastic CP-breaking [13] enforced by a (pseudo)scalar field
shifted from the equilibrium position and not yet relaxed to equilibrium point
at baryogenesis. It could operate only in the early universe and disappeared
without trace today and thus it is free of the domain wall problem. Of course an
additional source of CP-violation effective only in cosmology is at odds with the
Occam razor, but nevertheless it must work in the early universe if there exists
a scalar field with mass smaller than the Hubble parameter during inflation,
m < Hinf .

Scenarios of baryogenesis with explicit C(CP)-violation lead to creation of
the universe devoid of noticeable antimatter, at least in the simplest versions
of the models.

Spontaneous C(CP)-violation evidently predicts alternating matter and anti-
matter domains but, according to the results of ref. [14] the domain size should
be very large so that the nearest domain may be at least at the distance com-
parable to the cosmological horizon, lB ∼ Gpc. However, in some versions of
the scenarios of the domain wall formation and elimination this bound may be
relaxed (work in progress).

An interesting possibility is the combined action of explicit plus spontaneous
C(CP)-violation [15] but probably it is strongly restricted, if not excluded,
because it leads to too large angular fluctuations of CMB and distortion of big
bang nucleosynthesis.

The third mechanism of stochastic C(CP) breaking is probably most suitable
for creation of cosmologically interesting antimatter, moreover such mechanism
naturally works in popular spontaneous [16] and Affleck and Dine [17] scenarios
of baryogenesis. However, the versions of the models of cosmic antimatter
creation suggested ref. [18] seem to suffer from excessive density perturbations
at large scales which are excluded by observations.

A promising scenario of significant antimatter creation in our neighborhood
was proposed in ref. [19], which I will discuss in some details below, as well
as its cosmological manifestations [20]. The model predicts that antimatter
is mostly concentrated in compact stellar like objects (probably dead stars) or
dense clouds of antimatter and usual matter. These dense matter and antimat-
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ter objects have equal share in the total cosmological mass density and may
contribute significant fraction of dark matter in our galaxy and in the universe,
possibly even 100%.

On the other hand, there are quite strong observational bounds on possible
antimatter in the universe. The nearest antigalaxy in our supercluster cannot
be closer than at ∼10 Mpc [21]. Otherwise the annihilation of intergalactic
gas from our supercluster inside such an anti-galaxy would create too large
flux of gamma quanta with energy around 100 MeV. Analogous arguments
exclude fraction of anti-matter inside two colliding galaxies (Bullet Cluster)
larger than 3 × 10−6 [22]. These bounds together with cosmic ray data, that
the fraction of p̄ in cosmic rays is less than 10−4 and the fraction of antihelium
is smaller than 3 × 10−8 [5] seem to exclude large amount of antimatter in our
Galaxy. However these bounds are valid if antimatter makes exactly the same
type objects as the OBSERVED matter, as is usually assumed. For example,
compact objects made of antimatter may be abundant, live in the Galaxy, but
still escape observations, as wee in what follows.

To create compact high density baryonic and antibaryonic objects we rely
on the Affleck-Dine mechanism of baryogenesis [17]. According to this mech-
anism a scalar baryon, χ, condenses along flat directions of its potential and
accumulates very big baryonic charge, B, later released in the decays of χ into
quarks. If χ acquires high B value homogeneously in all space, it would end
up with the universe with constant and large baryon or antibaryon asymmetry.
However, if the window to the flat direction is open only during a short period,
cosmologically small but possibly astronomically large bubbles with high B
could be created, occupying a small fraction of the cosmological volume, while
the rest of the universe would have the normal baryon asymmetry:

β = NB/Nγ ≈ 6 × 10−10, (1)

while inside the high B-bubbles the asymmetry may be of order unity or even
larger.

Such rather unusual inhomogeneous modification of the Affleck-Dine mech-
anism can be realized by a very simple modification of the potential of the
Affleck-Dine field χ. We assume that χ has the usual Coleman-Weinberg po-
tential [23] plus general renormalizable coupling to inflaton field Φ:

U(χ,Φ) = λ1|χ|2(Φ − Φ1)2 + λ2|χ|4 ln(|χ|2/σ2) + m2
0|χ2| + (m2

1χ
2 + h.c.), (2)

where Φ1 is some constant value which Φ passes in the course of inflation but
not too long before the end of inflation, otherwise the high B-regions would
be too large. The mass parameter m1 may be complex but CP would be still
conserved, because one can “phase rotate” χ to eliminate complex parameters
in the Lagrangian. It is essential that the last term is not invariant with respect
to U(1) transformation, χ → exp(iΘ)χ, and thus it breaks B-conservation.
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Potential (2) has one minimum at χ = 0 for large and small Φ and has a deeper
minimum at non-zero χ when Φ is close to Φ1. At that time the chances for χ
to reach a high value at the other minimum are non-negligible.

The probability for χ to reach the deeper minimum is determined by the
quantum diffusion at inflationary stage. It is governed by the diffusion equa-
tion [24]:

∂P
∂t

=
H3

8π2

∑
k=1,2

∂2P
∂χ2

k

+
1

3H

∑
k=1,2

∂

∂χk

[
P ∂U

∂χk

]
(3)

where χ = χ1 + iχ2. The inflation may be not exact and HI may depend upon
time but this does not significantly influence the spectrum of the produced
bubbles with high baryonic density.

It can be shown [19] that the mass spectrum of the high B bubbles has log
normal form:

dn

dM
= CM exp [−γ ln2(M/M0)] (4)

where CM , γ, and M0 are some constant model dependent parameters.
According to this scenario the universe would look as a huge piece of swiss

cheese with high B bubbles instead of holes and homogeneous background with
constant baryonic density. The mass of those high B objects is model dependent
and can be of the order of stellar mass or even larger or much smaller. Despite
their small size the mass fraction of the bubbles could be comparable or even
larger than the observed baryonic mass fraction.

Initially the density contrast between the bubbles with high values of χ and
the bulk with χ ∼ 0 was small. Later, when the mass of χ came into play, the
matter inside the bubbles with a large amplitude of χ became nonrelativistic
and the density contrast started to rise. The rise continued till χ decayed into
light quarks and/or leptons and the matter inside became relativistic as in the
bulk of the universe. The second period of the rising perturbations took place
after the QCD phase transition at T = TQCD ∼ 100 MeV, when relativistic
quarks confined to make nonrelativistic nucleons.

The final state of the high B-bubble depends upon their mass and radius. If
the density contrast was large, δρ/ρ ≥ 1 at horizon crossing, the bubbles would
form primordial black holes (PBH). The mass inside horizon at cosmological
time t is equal to:

Mhor ≈ m2
Plt ≈ 1038g (t/sec) ≈ 105M�(t/sec), (5)

where M� is the Solar mass. At the moment of QCD phase transition the mass
inside horizon is about M�, while during big bang nucleosynthesis (BBN) the
mass inside horizon varies from 105M� to to 107M�. So as a by-product the
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considered scenario allows for formation of superheavy black holes whose origin
is not well explained by conventional mechanisms.

One should keep in mind that not only black holes but some other compact
objects could be formed too. If PBH had not been formed, the subsequent
evolution of the B-bubble depends upon the relation between their mass and
the Jeans mass. Bubbles with δρ/ρ < 1 but with MB > MJeans at horizon
would decouple from cosmological expansion and form compact stellar type
objects or lower density clouds. Such anti-objects could survive against an
early annihilation. Moreover, the annihilation products would be practically
unnoticeable. According to the estimates of ref. [20], the fraction of extra
energy produced by the annihilation on the surface of the compact stellar-like
anti-objects would not exceed about 10−15 of CMB.

The bubbles with high baryonic number density, after they decoupled from
the cosmological expansion, would have higher temperature than the back-
ground. The luminosity due to thermal emission into external space would be
L ≈ 1039 erg/sec for the bubbles with solar mass. Even if these high-B bubbles
make all cosmological dark matter, i.e. ΩBB = 0.25, the thermal keV photons
would have the energy density not more than 10−4 − 10−5 of the energy density
of CMBR, red-shifted today to the background light [20].

Some of those high density baryonic and antibaryonic objects might be sim-
ilar to red giants core. The dominant internal energy source of these objects
would be the nuclear helium burning through the reaction 3He4 → C12, how-
ever with larger T by factor ∼ 2.5 in comparison with red giants. Since L ∼ T 40,
the nuclear power exhaust would be very fast, with life-time shorter than 109

s. The total energy outflux would be below 10−4 of CMBR. It is unclear it the
nuclear reactions could lead to the B-ball explosion and creation of solar mass
anti-cloud. Astrophysics of such early formed high density objects is not yet
studied.

Thus sufficiently large compact anti-objects could survive in the early uni-
verse, especially if they are PBHs. A kind of early dense stars might be formed
with initial pressure outside larger than that inside, which introduced an ad-
ditional stabilizing factor for their survival. Such “stars” would evolve quickly
and, in particular, could make early supernovae which would enrich the uni-
verse with heavy (anti)nuclei and re-ionize the universe. Energy release from
stellar like objects in the early universe is small compared to the energy density
of CMB. The objects with high (anti)baryonic number are not dangerous for
the standard outcome of big bang nucleosynthesis since the volume of such B-
bubbles is small. However, all above are the results of some simplified estimates
and more rigorous calculations are necessary.

In the present day universe the antimatter bubbles created by the discussed
above mechanism may form all kinds of antimatter objects populating the
Galaxy or its halo. They could make dense clouds of antimatter, isolated
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antistars, which are most probably evolved and not shining, anti-black holes,
which are indistinguishable from the black holes made of the usual matter,
except for possible anti-atmosphere of non-collapsed primordial antimatter.

The observational signatures of such antimatter objects are almost evident.
They include the standard list of 100 MeV gamma background, excessive an-
tiprotons, and low energy positrons. For all these observations an alternative
explanations cannot be a priori excluded, but an observation of cosmic antin-
uclei, starting from anti-helium and heavier ones would be unambiguous proof
of existence of primordial antimatter.

One can also expect to see compact sources of γ radiation, which are not
associated with shining stars. The chemical content of those objects maybe
be different from the normal stars, because they were created from matter
processed through BBN with unusually high baryon-to-photon ratio. So an
observation of compact stellar-like objects in the sky or clouds with unusual
chemistry would be a strong indication that such objects are made of antimatter
and search for annihilation around them has chance to be successful.

There could also be some catastrophic phenomena generated by the star-
antistar collisions, processes similar to hypernova explosions induced by transfer
of material in double star-antistar system. A capture of compact antistar by a
red giant would lead to a noticeable change of the red giant luminosity over a
time interval of the order of a month.

To summarize both theory and observations allow for abundant cosmic an-
timatter in the Galaxy and in its halo and the search of cosmic antinuclei,
excessive antiprotons and positrons, gamma-quanta from the antiproton and
positron annihilation, and striking astrophysical phenomena due to star-antistar
interactions have a non-negligible chance to be discovered.
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Abstract.The instrument PAMELA, in orbit since June 15th, 2006 on board of
the Russian satellite Resurs DK1, is daily delivering to ground 16 Gigabytes of
data. The apparatus is designed to study charged particles in the cosmic radiation,
with a particular focus on antiparticles for searching antimatter and signals of
dark matter annihilation. A combination of a magnetic spectrometer and different
detectors allows antiparticles to be reliably identified from a large background of
other charged particles. New results on the antiproton-to-proton and positron-to-
all electron ratios over a wide energy range (1-100 GeV) have been obtained from
the PAMELA mission. These data are mainly interpreted in terms of dark matter
annihilation or pulsar contribution.

1 Introduction

One hundred years ago Victor Hess discovered cosmic rays and an impressive
experimental study was performed from then on. Cosmic rays are associated
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with the most energetic events and active objects in the Universe and the
energies of the observed particles far exceed the energies even of the most
powerful accelerators. Their chemical composition and energy spectrum give
extensive information for probing their origin, acceleration and propagation
mechanisms. In this spectrum there are, quite hidden, the answers to the main
questions in cosmic rays research: where are particles coming from? Are they
galactic or also extragalactic? How and where are they accelerated? How do
they propagate through the interstellar medium and what kind of interaction do
they encounter? What role do they play in the energy budget of the interstellar
medium? Do we find hints of the existing of exotic particles as relic from the
early Universe, as antimatter and dark matter?

Twenty-one orders of magnitude in energy have been explored up to now, by
direct methods - balloon borne and satellite experiments - up to 1014 eV and
by indirect methods - ground large size apparata - at the highest energies. At
medium energy the study is focused on the search of antimatter and antipar-
ticle content in cosmic rays as a unique tool to investigate several physics and
astrophysics phenomena. The search of antimatter is instead strictly connected
with the baryon antibaryon asymmetry in the Universe and the detection of
antimatter of primary origin in cosmic rays would be a discovery of fundamen-
tal significance. Other possible contributions could come from evaporation of
primordial mini black holes by the Hawking process and from exotic particles
annihilation.

Several observations show that the Universe is prominently composed of dark
matter and dark energy. Among the most plausible candidates for dark matter
there are weakly interacting massive particles (WIMP), with the supersim-
metric neutralino as a favourite candidate. The neutralino arises naturally in
supersymmetric extensions of the standard model, and has the attractive fea-
ture of giving a relic density adequate to explain cosmological dark matter in
a large region of the parameter space. Neutralinos are Majorana fermions and
can annihilate with each other in the halo, resulting in the symmetric produc-
tion of particles and antiparticles, the latter providing an observable signature.
Other models privilege lightest Kaluza-Klein particles in the Universal Extra
Dimension scenario. These ideas had a great improvement from the discovery
of antiprotons on the top of the atmosphere made from Robert Golden [1] and
Edward Bogomolov [2] in 1979 by balloon borne experiments. They measured a
rate of antiprotons much higher than expected from interactions of cosmic rays
with the interstellar matter. Many other experiments followed these pioneer
ones, performed mainly from the WiZard, HEAT and BESS collaborations on
board balloons and from AMS-01 on board the Shuttle, using novel techniques
developed for accelerator physics. Although the first historical results were not
confirmed later, the way for a wide research for primary antimatter and dark
matter signals in the cosmic rays was open. However, possible contributions
from dark matter annihilation or other exotic sources are mixed with a huge
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Figure 2: PAMELA antiproton-to-proton flux
ratio compared with previous measurements.

background produced in the interactions of cosmic rays with the ISM, so that
they appear as a distortion of the antiproton, positron energy spectra. Then, a
better knowledge of the standard mechanisms of production, acceleration and
transport of cosmic rays is required.

New satellite experiments have been devised with the task to measure at
the same time antiprotons and positrons, but also experimental parameters
included in the background calculation. In June 2006 the first of these satel-
lite, PAMELA, was launched in orbit by a Soyuz-U rocket from the Bajkonur
cosmodrome in Kazakhstan.

2 The PAMELA Instrument

The PAMELA experiment, part of the RIM (Russian-Italian Missions) pro-
gram, is performed by an international collaboration composed of the Italian
Universities and INFN divisions of Bari, Florence, Naples, Rome Tor Vergata
and Trieste, the INFN National Laboratory of Frascati, the Russian Insti-
tutes MEPhI and FIAN Lebedev in Moscow and Joffe in S. Peterbourg, the
University of Siegen in Germany and the Royal Technical Institute of Stock-
olm, Sweeden. Conceived mainly for searching primordial antimatter, signals
from dark matter annihilation, exotic matter as strangelets, PAMELA achieves
also other important tasks as the study of the mechanisms of acceleration and
propagation of cosmic rays in the Galaxy, the cosmic ray solar modulation,
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the detection of solar flares. Studies of the interaction of particles with the
terrestrial magnetosphere complete the PAMELA research program.

An overview of the PAMELA apparatus is shown in fig. 1. The core of the
instrument is a magnetic spectrometer, made of a permanent magnet and a
silicon tracking system for a maximum detectable rigidity of 1 TV. A time-of-
flight system consisting of three double layers of segmented plastic scintillator
provides timing and dE/dx measurements and defines the primary PAMELA
trigger. The separation between hadronic and leptonic components is made by
an imaging silicon-tungsten detector and a neutron counter. An imaging silicon
calorimeter and a neutron detector assures a rejection of protons, compared to
positrons, at the order of 105. The calorimeter permits also measurements of
the electron energy up to 300 GeV, with a resolution of few per cent. A thick
scintillator placed between the calorimeter and the neutron counters and an
anticoindence system complete the instrument. PAMELA can measure elec-
trons, positrons, antiprotons, protons and light nuclei in an energy range from
tens MeV up to hundreds GeV. More details can be found in [3].

PAMELA has been inserted in a pressurized vessel and installed on board
of the Russian satellite DK-1 dedicated to Earth observation. It was launched
on June 15th 2006 in an elliptical orbit, ranging between 350 and 610 Km and
with an inclination of 70 degrees. Since July 2006 PAMELA is daily delivering
16 Gigabytes of data to the Ground Segment in Moscow.

3 Data analysis and results

The results presented here correspond to the data-set collected between July
2006 and February 2008. More than 109 triggers were accumulated during a
total acquisition time of approximately 500 days.

3.1 Antimatter and Dark Matter

Antiprotons identification was based on the spectrometer and the properties of
the energy deposit and interaction topology in the calorimeter. The energy in-
terval explored is limited by the ”spillover”, protons recognized as negative par-
ticles due to the intrinsic deflection uncertainty in spectrometer measurements
at the highest energies and to a possible multiple scattering of the particles in
the tracking system. Calorimeter was used to reject electrons.

The antiproton to-proton flux ratio [4] measured by the PAMELA experi-
ment is shown in fig. 2, compared with theoretical calculations assuming pure
secondary production of antiprotons by cosmic rays in the galaxy (see [5] and
references therein). The ratio increases smoothly from about 2×10−5 at a ki-
netic energy of about 1 GeV and levels off at about 10−4 for energies above
10 GeV. The data do not present the features or structures expected from
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Figure 3: The positron fraction measured by the PAMELA experiment, compared with other
recent experimental data.

exotic sources, so they place strong limits to dark matter annihilation mod-
els. Moreover, they set tight constraints on parameters relevant for secondary
production calculations, e.g. the normalization and the index of the diffusion
coefficient, the Alfven speed, and contribution of a hypothetical ”fresh” local
cosmic-ray component. It is worth to cite the results obtained by Kane et al. [6];
their calculation of the secondary antiproton production still leaves room for a
contribution from an exotic source.

Positrons and electrons data need a very careful analysis, because of the pos-
sibility of misidentification of protons as positrons. Particle identification was
based on the matching between the momentum measured by the magnetic spec-
trometer and the total energy measured by the calorimeter, the shower starting
point, its lateral and longitudinal profiles and the neutron detector response.
The positron to all electron ratio measured by the PAMELA experiment [7]
is given in fig. 3, compared with other recent experimental results (see [5]).
The data, covering the energy range 1.5–100 GeV, show two clear features. At
low energies, below 5 GeV, the PAMELA results are systematically lower than
data collected during the 1990’s, but they are in agreement with data obtained
from the AESOP balloon borne experiment [8] that flew from Scandinavian to
Canada in June 2006. At high energies, above 10 GeV, PAMELA data show a
positron fraction increasing significantly with energy.

Standard calculations of positrons secondary production predict a continu-
ous decrease of the positron fraction, then the observed excess of positrons in
the range 10-100 GeV has led to many theoretical models explaining its ori-
gin as due to annihilation or decaying of dark matter. The lack of particular
features in the antiproton/proton ratio favors an explanation of the positron
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excess in terms of a direct leptonic annihilation channel for the WIMP’s with a
large boost factor. Another explanation claims for a contribution from nearby
and young pulsars, objects well known as particle accelerators, or for some
inhomogeneity in the SNR density in our Galaxy or for a production of sec-
ondary positrons in the same site where protons are accelerated. It is worth
to remind that a reliable calculation of antiprotons and positrons secondary
production is necessary to extract possible signals from exotic sources inside
the huge astrophysics background. PAMELA is measuring with good preci-
sion and high statistics protons, 4He, Carbon and Oxygen (primaries cosmic
ray sources) together with 3He, Li, Be, B (secondaries). These measurements
will improve the propagation models describing the galactic structure and the
various mechanisms involved. Data analysis for protons and helium fluxes and
the B/C ratio measured by PAMELA is in progress.

3.2 Solar physics

Continuous monitoring of the solar activity and the detection of solar energetic
particle events are other important issues addressed from PAMELA. It is well
known that the low energy part of the cosmic ray energy spectra up to about
5–10 GeV is affected by solar modulation in a way depending on the particle
electric charge sign. Moreover, this effect is different if the magnetic dipole
projection on the solar rotational axis and the same axis is parallel (phase
A+) or anti-parallel (pase A−). This is due to a systematic deviation from
the reflection symmetry of the interplanetary magnetic field. The Parker field
has opposite magnetic polarity above and below the equator, but the spiral
field lines themselves are mirror images of each other. This anti-symmetry
produces drift velocity fields that for positive particles converge on the helio-
spheric equator in the A+ state or diverge from it in A− state. PAMELA data
have been collected during a A− phase when the positrons are modulated more
than electrons, and this explains the difference at low energy with the results
obtained by previous experiments that were performed in A+ phase. In fig. 4
phenomenological calculations for the positron/electron and antiproton/proton
ratios for several solar phases A+ and A− and compared with data at 1.25 GV
momentum of different experiments are shown. PAMELA data are very im-
portant also taking into account the long duration of its permanence in orbit in
the recovery phase going towards solar maximum at cycle 24. It is interesting
to stress that without a complete modeling of the solar modulation it becomes
almost impossible to disentangle exotic signals at low energy.

PAMELA also detected the solar impulsive event of December 13th 2006.
The observation of solar energetic particles (SEP) events with a magnetic spec-
trometer allows for several aspects of solar and heliospheric cosmic ray physics
to be addressed for the first time.
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Figure 4: Phenomenological calculations for the positron-electron and antiproton-proton
ratios along with the PAMELA and other experimental results.

4 Conclusion

PAMELA is a general purpose charged particle detector system exploring the
antiparticle components of the cosmic radiation over a wide energy range. It
has been in orbit since June 2006 and it is daily transmitting to ground 16 GB
of data.

The main results obtained by PAMELA concern the antiproton-to-proton
and the positron-to-electron ratios. The first appears to be in agreement with
the standard secondary production in the collision between high energy cosmic
rays and interstellar matter, while the positron fraction shows, instead, an
increase in the ratio at energy above 10 GeV compared to expectations. This
result is generally interpreted in terms of positron primary sources, such as
dark matter annihilation or nearby pulsars contributions, or by non standard
processes in secondary positrons production.
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Abstract.

The DAMA/LIBRA set-up (about 250 kg highly radiopure NaI(Tl) sensitive mass)

is running at the Gran Sasso National Laboratory of the I.N.F.N.. The first

DAMA/LIBRA results published in 2008 have confirmed the model independent

evidence for the presence of Dark Matter particles in the galactic halo, previously

pointed out by the former DAMA/NaI experiment. After this conference, at begin-

ning of 2010, the data of other two annual cycles have been released. The presence

of Dark Matter particles in the galactic halo is now supported at 8.9 σ C.L. by an

exposure of 1.17 ton × yr collected over 13 annual cycles by the former DAMA/NaI

and the present DAMA/LIBRA. Related arguments are summarized.

DAMA is an observatory for rare processes located deep underground at the
Gran Sasso National Laboratory of the I.N.F.N.. It is based on the develop-
ment and use of low background scintillators. The main experimental set-ups
are: i) DAMA/NaI (� 100 kg of highly radiopure NaI(Tl)) which completed
its data taking on July 2002 [1–12]; ii) DAMA/LXe (� 6.5 kg liquid Kr-free
Xenon enriched either in 129Xe or in 136Xe) [13]; iii) DAMA/R&D, a facility
dedicated to tests on prototypes and to experiments for investigations on rare
events [14]; iv) DAMA/Ge, dedicated to sample measurements and to specific
measurements on rare events [15]; v) the second generation DAMA/LIBRA
set-up (� 250 kg highly radiopure NaI(Tl)) [16–18]. Profiting of the low back-
ground features of these set-ups, many rare processes are studied.

In particular, DAMA/LIBRA is investigating the presence of Dark Matter
(DM) particles in the galactic halo by exploiting the model independent DM
annual modulation signature [19]. In fact, as a consequence of its annual rev-
olution around the Sun, which is moving in the Galaxy travelling with respect
to the Local Standard of Rest towards the star Vega near the constellation of
Hercules, the Earth should be crossed by a larger flux of Dark Matter particles
around ∼ 2 June (when the Earth orbital velocity is summed to the one of
the solar system with respect to the Galaxy) and by a smaller one around ∼ 2
December (when the two velocities are subtracted). It is worth noting that the
DM annual modulation signature has a different origin and peculiarities than
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the seasons on the Earth and than effects correlated with seasons (consider the
expected value of the phase as well as the other requirements listed below).
This signature offers an efficient model independent signature, able to test a
large number of DM candidates, a large interval of cross sections and of halo
densities.

The DM annual modulation signature is very distinctive since the corre-
sponding signal must simultaneously satisfy all the following requirements: the
rate must contain a component modulated according to a cosine function (1)
with one year period (2) and a phase that peaks roughly around � 2nd June
(3); this modulation must only be found in a well-defined low energy range,
where DM particle induced events can be present (4); it must apply only to
those events in which just one detector of many actually “fires” (single-hit
events), since the DM particle multi-interaction probability is negligible (5);
the modulation amplitude in the region of maximal sensitivity must be <∼7%
for usually adopted halo distributions (6), but it can be larger in case of some
possible scenarios such as e.g. those in refs. [20, 21]. Only systematic effects
or side reactions able to fulfil these requirements and to account for the whole
observed modulation amplitude could mimic this signature; thus, no other ef-
fect investigated so far in the field of rare processes offers a so stringent and
unambiguous signature.

In the following, we will just briefly summarize the results on the Dark Matter
particle investigation obtained by DAMA/LIBRA, exploiting over six annual
cycles the model independent DM annual modulation signature (exposure: 0.87
ton×yr), that is including the two annual cycles released at beginning 2010
after this Conference [17, 22]. The results have also been combined together
with the previous data collected over 7 annual cycles by DAMA/NaI (0.29
ton×yr). Thus, the whole available data correspond to 13 annual cycles for a
total exposure of 1.17 ton×yr, which is orders of magnitude larger than the
exposures typically collected in the field.

The DAMA/NaI set up and its performances are reported in ref. [1, 3–5],
while the DAMA/LIBRA set-up and its performances are described in ref. [16].
Here we just summarized the main features: i) the sensitive part of the set-up is
made of 25 highly radiopure NaI(Tl) crystal scintillators placed in a 5-rows by
5-columns matrix; ii) the detectors’ responses range from 5.5 to 7.5 photoelec-
trons/keV; iii) the hardware threshold of each PMT is at single photoelectron
(each detector is equipped with two low background photomultipliers working
in coincidence); iv) energy calibration with X-rays/γ sources are regularly car-
ried out down to few keV in the same conditions as the production runs; v) the
software energy threshold of the experiment is 2 keV.

Several analyses on the model-independent DM annual modulation signature
have been performed (see ref. [17,22] and references therein); here just few ar-
guments are mentioned. In particular, Fig. 1 shows the time behaviour of the
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation events,

measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 6) keV energy intervals as a function of

the time. The experimental points present the errors as vertical bars and the associated

time bin width as horizontal bars. The superimposed curves are the cosinusoidal functions

behaviors A cos ω(t − t0) with a period T = 2π

ω
= 1 yr, with a phase t0 = 152.5 day (June

2nd) and with modulation amplitudes, A, equal to the central values obtained by best fit over

the whole data including also the exposure previously collected by the former DAMA/NaI

experiment (1.17 ton × yr) The dashed vertical lines correspond to the maximum expected

for the DM signal (June 2nd), while the dotted vertical lines correspond to the minimum [22].

experimental residual rates of the single-hit events collected by DAMA/LIBRA
in the (2–6) keV energy interval [17, 22]. The superimposed curve is the cos-
inusoidal function: A cosω(t − t0) with a period T = 2π

ω
= 1 yr and with a

phase t0 = 152.5 day (June 2nd), and modulation amplitude, A, obtained by
best fit over the seven cycles of DAMA/NaI [4,5] and the six of DAMA/LIBRA
data. When the period and the phase parameters are also released in the fit,
values well compatible with those expected for a DM particle induced effect are
obtained for the cumulative exposure [22]: A = (0.0116± 0.0013) cpd/kg/keV,
T = (0.999± 0.002) yr and t0 = (146± 7) day in the cumulative (2–6) keV en-
ergy interval. Summarizing, the analysis of the single-hit residual rate favours
the presence of a modulated cosine-like behaviour with proper features at 8.9
σ C.L. [22].

The same data of Fig.1 have also been investigated by a Fourier analysis,
obtaining a clear peak corresponding to a period of 1 year [22]; this analysis
in other energy region shows instead only aliasing peaks. Moreover, while in
the (2–6) keV single-hit residuals a clear modulation is present, it is absent
at energies just above [22]. In particular, in order to verify absence of annual
modulation in other energy regions and, thus, to also verify the absence of any
significant background modulation, the energy distribution measured during
the data taking periods in energy regions not of interest for DM detection has
also been investigated. In fact, the background in the lowest energy region is
essentially due to “Compton” electrons, X-rays and/or Auger electrons, muon
induced events, etc., which are strictly correlated with the events in the higher
energy part of the spectrum; thus, if a modulation detected in the lowest en-
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ergy region would be due to a modulation of the background (rather than to
a signal), an equal or larger modulation in the higher energy regions should
be present. The data analyses have allowed to exclude the presence of a back-
ground modulation in the whole energy spectrum at a level much lower than
the effect found in the lowest energy region for the single-hit events [22].

A further relevant investigation has been done by applying the same hard-
ware and software procedures, used to acquire and to analyse the single-hit
residual rate, to the multiple-hits one. In fact, since the probability that a
DM particle interacts in more than one detector is negligible, a DM signal can
be present just in the single-hit residual rate. Thus, this allows the test of
the background behaviour in the same energy interval of the observed positive
effect. In particular, Fig. 2 shows the residual rates of the single-hit events
measured over the six DAMA/LIBRA annual cycles, as collected in a single
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Figure 2: Experimental residual rates over the six DAMA/LIBRA annual cycles for single-hit

events (open circles) (class of events to which DM events belong) and for multiple-hits events

(filled triangles) (class of events to which DM events do not belong), in the energy interval

(2 – 6) keV [22]. They have been obtained by considering for each class of events the data

as collected in a single annual cycle and by using in both cases the same identical hardware

and the same identical software procedures. The initial time of the scale is taken on August

7th. The experimental points present the errors as vertical bars and the associated time bin

width as horizontal bars. Analogous results were obtained for the DAMA/NaI data [5].

annual cycle, together with the residual rates of the multiple-hits events, in the
same energy interval. A clear modulation is present in the single-hit events,
while the fitted modulation amplitude of the multiple-hits residual rate is well
compatible with zero [22]. Similar results were previously obtained also for the
DAMA/NaI case [5]. Thus, again evidence of annual modulation with proper
features, as required by the DM annual modulation signature, is present in the
single-hit residuals (events class to which the DM particle induced events be-
long), while it is absent in the multiple-hits residual rate (event class to which
only background events belong). Since the same identical hardware and the
same identical software procedures have been used to analyse the two classes of
events, the obtained result offers an additional strong support for the presence
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of DM particles in the galactic halo further excluding any side effect either from
hardware or from software procedures or from background.

The annual modulation present at low energy has also been analyzed by
depicting the differential modulation amplitudes, Sm,k, as a function of the
energy (the k index identifies the energy interval); the Sm,k is the modulation
amplitude of the modulated part of the signal obtained by maximum likeli-
hood method over the data, considering T = 1 yr and t0 = 152.5 day. The
Sm,k values are reported as function of the energy in ref. [22]. It has been
also verified that the measured modulation amplitudes are statistically well
distributed in all the crystals, in all the annual cycles and energy bins; these
and other discussions can be found in ref. [22]. It is also interesting the results
of the analysis performed by releasing the assumption of a phase t0 = 152.5
day in the procedure of maximum likelihood to evaluate the modulation am-
plitudes from the data of the seven annual cycles of DAMA/NaI and the six
annual cycles of DAMA/LIBRA. In this case alternatively the signal is written
as: S0,k + Sm,k cosω(t − t0) + Zm,k sin ω(t − t0) = S0,k + Ym,k cosω(t − t∗),
where S0,k is the constant part of the signal in k-th energy interval. Obvi-
ously, for signals induced by DM particles one would expect: i) Zm,k ∼ 0
(because of the orthogonality between the cosine and the sine functions); ii)
Sm,k � Ym,k; iii) t∗ � t0 = 152.5 day. In fact, these conditions hold for
most of the dark halo models; however, it is worth noting that slight dif-
ferences in the phase can be expected in case of possible contributions from
non-thermalized DM components, such as e.g. the SagDEG stream [7] and the
caustics [23]. The 2σ contours in the plane (Sm, Zm) for the (2–6) keV and
(6–14) keV energy intervals and those in the plane (Ym, t∗) are reported in
ref. [22]. The best fit values for the (2–6) keV energy interval are (1σ errors):
Sm = (0.0111 ± 0.0013) cpd/kg/keV; Zm = −(0.0004 ± 0.0014) cpd/kg/keV;
Ym = (0.0111 ± 0.0013) cpd/kg/keV; t∗ = (150.5 ± 7.0) day; while for the
(6–14) keV energy interval (also shown there) are: Sm = −(0.0001 ± 0.0008)
cpd/kg/keV; Zm = (0.0002 ± 0.0005) cpd/kg/keV; Ym = −(0.0001 ± 0.0008)
cpd/kg/keV and t∗ obviously not determined. These results confirm those
achieved by other kinds of analyses. In particular, a modulation amplitude is
present in the lower energy intervals for single hit events and the period and
the phase agree with those expected for DM induced signals. For more detailed
discussions see ref. [22]

Both the data of DAMA/LIBRA and of DAMA/NaI fulfil all the require-
ments of the DM annual modulation signature.

As previously done for DAMA/NaI [4, 5], careful investigations on absence
of any significant systematics or side reaction effect in DAMA/LIBRA have
been quantitatively carried out and reported in details in ref. [17] and some
other arguments have also been addressed in ref [24,25]. No systematics or side
reactions able to mimic the signature (that is, able to account for the measured
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modulation amplitude and simultaneously satisfy all the requirements of the
signature) has been found or suggested by anyone over more than a decade.
For detailed quantitative discussions on all the related topics and for results
see ref. [17, 22] and refs. therein.

In conclusion, DAMA/LIBRA has confirmed the presence of an annual mod-
ulation satisfying all the requirements of the DM annual modulation signature,
as previously pointed out by DAMA/NaI; in particular, the evidence for the
presence of DM particles in the galactic halo is cumulatively supported at 8.9
σ C.L..

It is worth recalling that no other experiment exists, whose result can be
directly compared in a model-independent way with those by DAMA/NaI and
DAMA/LIBRA, and that – more in general – results obtained with differ-
ent target materials and/or different approaches cannot be directly compared
among them in a model-independent way. This is in particular due to the ex-
isting experimental and theoretical uncertainties, not last e.g. how many kinds
of dark matter particles can exist in the Universeb, the nature, the interaction
types, the different nuclear and/or atomic correlated aspects, the unknown
right halo model, the right DM density, etc. as well as the uncertainties on
the values of each one of the many involved experimental and theoretical pa-
rameter/assumption/approximation used in the calculations. Moreover, some
experimental aspects of some techniques used in the field have also to be ad-
dressed [4, 25, 26]. Another relevant argument is the methodological robust-
ness [27]. In particular, the general considerations on comparisons reported in
Appendix A of ref. [17] still hold. Hence, claims for contradiction have no sci-
entific basis. On the other hand, whatever possible “positive” result has to be
interpreted and a large room of compatibility with DAMA annual modulation
evidence is present.

Similar considerations can also be done for the indirect detection searches,
since it does not exist a biunivocal correspondence between the observables
in the direct and indirect experiments. However, if possible excesses in the
positron to electron flux ratio and in the γ rays flux with respect to a modeling
of the background contribution, which is expected from the considered sources,
might be interpreted – under some assumptions – in terms of Dark Matter, this
would also be not in conflict with the effect observed by DAMA experiments.
It is worth noting that different possibilities either considering different back-
ground modeling or accounting for other kinds of sources can also explain the
indirect observations [28].

After the first data release, a first upgrade of the DAMA/LIBRA set-up
was performed in September 2008. One detector was recovered by replacing

bIn fact, it is worth noting that, considering the richness in particles of the visible matter

which is less than 1% of the Universe density, one could also expect that the particle part of

the Dark Matter in the Universe may also be multicomponent.
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a broken PMT and a new optimization of some PMTs and HVs was done.
The transient digitizers were replaced with new ones, having better perfor-
mances and a new DAQ with optical read-out was installed; since October
2008 DAMA/LIBRA was put again in operation.

Considering the relevance to lower the software energy threshold of the ex-
periment, in order to improve the performance and the sensitivity of the exper-
iment and to allow a highly precise determination of all the DM modulation
parameters and deeper corollary information on the nature of the DM parti-
cle(s) and on the various related astrophysical, nuclear and particle Physics
scenarios, the replacement of all the PMTs with new ones with higher quan-
tum efficiency has been planned and work is in progress. DAMA/LIBRA will
also study second order effects and several other rare processes as done by the
former DAMA/NaI apparatus in the past [12] and by itself so far [18].
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Abstract.
A search for processes normally forbidden by the Pauli–Exclusion–Principle (PEP)
has been carried out at LNGS by means of the DAMA/LIBRA set-up. The ob-
tained upper limit for the spontaneous non-paulian emission rate of protons with
energy Ep ≥ 10 MeV in 23Na and 127I is 1.63 × 10−33 s−1 (90%C.L.). The cor-
responding limit on the relative strength (δ2) for the transition is δ2 <∼ (3 – 4)

×10−55 (90%C.L.). PEP violating electron transitions in Iodine atoms have also
been investigated. Lifetimes shorter than 4.7×1030 s are excluded at 90%C.L. and
a limit δ2e < 1.28× 10−47 (90% C.L.) has been derived.

The exclusion principle was postulated by W. Pauli in 1925 to explain atomic
spectra and regularities of the Periodic Table of the elements; it is related
to the spin statistics and arises from the anti-commutation property of the
fermion creation and destruction operators. Many theoretical attempts have
been investigated to go beyond the Bose and Fermi statistics; an example
is the case of the ”q-commutation algebra” describing particles with a small
probability (δ2) of admixed symmetric component [1]; this model provides small
PEP violations.

Many experimental tests of the PEP validity with improved sensitivities have
been proposed and performed by using different approaches (see [2] for some
discussions and references).

Recently, by analysing data collected with the help of the DAMA/LIBRA set-
up [2, 3], two different possible Pauli–Exclusion–Principle violating processes
have been investigated. The first process is the non-paulian emissions of protons
with Ep ≥ 10 MeV in 23Na and in 127I, while the second one is the possible
PEP violating K-shell electron transitions in Iodine atoms.

Since the nucleus is a fermions’ system, the nuclear structure is stable in
case of an exact PEP. If small violations of PEP exist one of the nucleons in a
higher energy shell may fall into a lower energy state, normally occupied, and
another nucleon can acquire enough energy to reach the unbound region and to
escape from the nucleus. The width of a single nucleon transition to an i− th

ae-mail: riccardo.cerulli@lngs.infn.it
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occupied state, Γi, can be expressed according to [4, 5] as: Γi = δ2i Γ̃i, where
δ2i is the mixing probability of non-fermion statistics allowing the transition
to the occupied state i, and Γ̃i is the width of the corresponding PEP-allowed
transition whenever the final state i would be empty.

A search for non-paulian proton spontaneous emission with energy above 10
MeV has been performed by analysing the data collected in a devoted running
period of 23.7 days, when the data taking was optimized for the very high
energy region [2]. Considering all the 24 detectors in operation during the
measurement (total exposure 1.9 × 1033 nuclei × s) 17 events above 10 MeV
are observed by the ten top and bottom detectors in the matrix (11 of them
in the four detectors placed in the corners of the matrix). In this very high
energy region the expected background is due to the very high energy muons
surviving the mountain. Generally they give rise to events, in which more
than one detector fires, and thus they can be easily identified and are not
competing background for the PEP violating processes. Only muons, impinging
the sensitive part of the set-up with a direction that forbids them to hit more
than one detector, can play a role. In order to have an accurate estimate of such
a background, a suitable simulation has been realized on the basis of the set-up
features, of the vertical muon intensity distribution and of the Gran Sasso rock
overburden map of ref. [6]. The simulation has shown that the observed 17
events (11 in the four corner detectors and 6 in the remaining 6 detectors in
the upper and in the lower rows in the matrix) are fully consistent with the
expectations for this kind of background [2].

In the analysis, considering various detectors configurations, upper limits on
the rates, λ, of non-paulian processes leading to emission of protons with Ep ≥
10 MeV have been obtained. The final combined result is λ ≤ 1.63×10−33 s−1;
it means Γ = Γ(23Na)+Γ(127I) = h̄λ ≤ 1.1× 10−54MeV (90% C.L.) [2]. This
value represents an improvement of about a factor 3 with respect to the limits
previously available. The corresponding δ2 has been derived by considering
two models for the momentum distribution functions of the nucleons in the
bound state used to estimate Γ̃ [5]. Being the obtained values clearly model
dependent, the cautious limit δ2 <∼ 3− 4× 10−55 has been derived [2].

Finally, considering a Γ̃ energy behaviour as in ref. [5], one can roughly esti-
mate a lower limit on the mean life for non-paulian proton emission, obtaining:
τNa >∼ 2 × 1025 yr and τI >∼ 2.5 × 1025 yr [2]. These limits improve those

previously available for 23Na and 127I [4, 5].

Following a PEP violating electronic transition, X-rays and Auger electrons
can be emitted due to both the transition itself and to the subsequent atomic
shell rearrangements. The total energy release is expected to be at level of the
ionization energy for the considered shell [2].

To investigate PEP violating electron transitions in atoms, the data collected
by DAMA/LIBRA in the low energy range have been considered (exposure 0.53
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ton × yr). In the analysis only the electron atomic transitions of Iodine atoms
have been considered, being the energy of the transitions in Sodium atoms
below the experimental energy threshold.

In the case of Iodine K-shell PEP violating process, a peak at 32 keV is
expected [2]. No evidence for the presence of this peak has been observed and
only a limit on the number of PEP violating K-shell transitions in Iodine have
been obtained. In particular, lifetimes (τPV ) shorter than 4.7 × 1030 s have
been excluded at 90%C.L.. τPV is related to the lifetime (τ0) of the PEP
allowed transition of outer electrons into a free K-shell when an hole is present:
τ0 = δ2eτPV ; δ2e is the probability of the admixed symmetric component for
the electron [7]. Since the normal electromagnetic dipole transition to Iodine
K-shell is typically τ0 ∼ 6× 10−17 s [8], a limit δ2e < 1.28× 10−47 (90% C.L.)
has been obtained. It is worth noting that the achieved limit is one order of
magnitude more stringent than the previously available ones [7,9] and that the
sensitivity reached by VIP experiment [10] – by considering a different approach
– for Cu electronic transition is of the order of 10−28, with final goal at level
of 10−31.

In ref. [11] superficial violations of the PEP due to the possible substructure
of electrons have been discussed in composite models of quarks and leptons
where the possible finite size of the electron, r0, is related to δ2e . In this frame-
work an upper limit on the electron size: r0 < 5.7× 10−18 cm can be derived,
corresponding to an energy scale of E >∼ 3.5 TeV.
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Abstract.The particle physics interpretation of the missing-mass, or dark-matter,
problem of cosmological and astrophysical nature is going to be posed under deep
scrutiny in the next years. From the particle physics side, accelerator physics will
deeply test theoretical ideas of new physics beyond the Standard Model, where a
particle physics candidate to dark matter is often naturally obtained. From the
astrophysical side, many probes are already providing a great deal of independent
information on the signals which can be produced by the galactic or extra-galactic
dark matter. The ultimate hope is in fact to be able to disentangle a dark matter
signal from the various sources of backgrounds and to extract a coherent picture
of new physics from the accelerator physics, astrophysics and cosmology side. A
very ambitious and far–reaching project, indeed!

1 Introduction

The presence of dark matter has been assessed on very different scales by a large
number of experimental observations, ranging from dynamics of galaxy clusters,
to the rotational curves of galaxies, weak lensing, the theory of structure for-
mation and from the energy density budget of the Universe. Non–baryonic
cold dark matter is needed, and this fact poses challenges to fundamental
Physics since no viable Dark Matter (DM) candidate is present in the Stan-
dard Model. Extensions like Supersymmetry or theories of extra–dimensions
typically accomodate succesfull DM candidates, like neutralinos or sneutrinos
is Supersymmetric (SUSY) theories, or Kaluza–Klein excitations in theories of
extra–dimensions.

2 Multichannel search of dark mater

Galactic DM may be sarched for in many ways: by looking at the recoil energy
directly deposited in a low–background detector (direct detection) or by look-
ing for annihilation products which are produced in the galactic environment
(antimatter, gamma–rays) or in the Earth and Sun (neutrinos). In the follow-
ing we will briefly report some recent results and give a comparative summary
of the various searches.

3 Neutrinos as dark matter messengers

DM captured and accumulated inside bodies like the Earth and the Sun may
annihilate and produce a neurtino flux which can escape the body. Recent
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Figure 1: Modifications of neutrino fluxes from DM annihilation due to neutrino propa-
gation [1]. The figures show the ratio of νμ fluxes ‘with’ over ‘without’ the effects of
neutrino propagation (oscillations, absorptions, regeneration). The lines refer to neutri-
nos from DM annihilations into τ τ̄ (continuous line), ZZ (dotted) and bb̄ (dashed), for

mDM = 100, 1000GeV.

advances in the calculation of the theoretical fluxes have dealt with the effect
induced by neutrino oscillation and by neutrino interactions with the medium
(relevant for the Sun) [1, 2]. The relevance of the effect can be found in Ref.
[1]. As a matter of example, for mDM = 1000GeV, the rate is unaffected if
annihilation into W+W− occurs in the Earth, while it gets reduced to 0.04 of
its value if annihilations occur in the Sun. The largest enhancement of the rate
due to oscillations occurs in the τ τ̄ channel. Other channels cause a reduction.
At large values of mDM oscillations have a smaller impact.

4 Antiprotons

Annihilation in the galactic environment may produce antimatter, adding an
exotic contribution to cosmic rays. The case of antiprotons is shown in Fig. 2,
where predictions for the differential flux and for a scan of the SUSY parame-
ter space of a low–energy realization of the Minimal Supersymmetric Standard
Model (MSSM) where neutralino is the DM candidate are provided [3,5]. The-
oretical uncertainties of astrophysical origin are sizeable [3]. E.g., in the right
panel of Fig.2 the scatter plot can be shifted upward or downward by about
a factor of 6–10 [3], due to uncertainties in galactic propagation. Recently,
PAMELA provided new reuslts on the p̄/p ratio [6]. Consequences have been
derived in [7].

5 Antideuterons

Antideuterons as a DM indirect signal have been proposed in Ref. [8]. Recently
a reanalysis has been developed, where also theoretical uncertainties have been
quantified [9]. Some results are reported in Fig. 3, where it is shown that the
low–energy spectrum offers a unique opportunity to desentangle a signal from
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Figure 2: Left panel: Primary Top-Of-Atmosphere (TOA) antiproton fluxes as a function
of the antiproton kinetic energy, for some representative spectra from neutralino annihila-
tion [3]: the solid, long–dashed, short–dashed, dotted lines refer to mχ = 60, 100, 300, 500
GeV, respectively. The astrophysical parameters correspond to the median choice. Solar
modulation is for minimal solar activity. The upper dot–dashed curve corresponds to the
antiproton secondary flux [23,24]. Full circles, open squares, stars and empty circles show the
data from bess 1995-97 [25], bess 1998 [26], ams [27] and caprice [28]. Right panel: An-
tiproton flux at Tp̄ = 0.23 GeV vs. the neutralino mass, at solar minimum and for the best fit
set for the astrophysical parameters [5]. A spherical isothermal DM density profile has been
used. The scatter plots are derived by a full scan of the parameter space of non–universal
gaugino models which predict low–mass neutralinos [29–31]. Crosses (red) and dots (blue)
denote neutralino configurations with 0.095 ≤ Ωχh

2 ≤ 0.131 and Ωχh
2 < 0.095, respectively.

The shaded region denotes the amount of primary antiprotons which can be accommodated
at Tp̄ = 0.23 GeV without entering in conflict with the experimental BESS data [25,26] and

secondary antiproton calculations [32].

the background. The capability to probe the SUSY parameter space with a
future experimental mission (GAPS) is shown in the rigth panel of the same
figure. Neutralino consifurations with masses up to a few hundreds of GeV
may be probed. and rates as large as 100 events are possibile.

6 Positrons

Positrons are currently the most interesting signal to look at, since recently
PAMELA detector has released its first data on the positron fraction e+/(e−+
e+) [10]. Novel theoretical analysis both for the signal component from DM
annihilation in the Galaxy and for the astrophysical background have been
recently derived [11, 12]. It has been shown that theoretical uncertainties are
relevant also for the positron flux, and they are reported in Fig. 4. The
importance of the electron flux in comparing theoretical predictions of the
positron fraction with the data has been raised in Ref. [12]: this fact may have
impact on the assessing of the presence of an excess in the PAMELA data and
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Figure 3: Left panel: TOA primary (solid lines) and secondary antideuteron fluxes, mod-
ulated at solar minimum, for a Weakly Interacting Massive Particle (WIMP) with mχ = 50
GeV and for the three propagation models which encompass astrophysical uncertainties [9].
The secondary flux (dashed line) is shown for the median propagation model. The upper
dashed horizontal line shows the current BESS upper limit on the search for cosmic an-
tideuterons. The three horizontal solid [blue] lines are the estimated sensitivities for (from
top to bottom): AMS–02 [33], GAPS on a long (LDB) and ultra–long (ULDB) duration
balloon flights [34–36]. Right panel: GAPS ULDB reach compared to predictions for neu-
tralino DM in low–energy supersymmetric models, shown in the plane effective annihilation
cross section ξ2〈σannv〉0 vs. neutralino mass mχ [9]. The solid, long–dashed and short–
dashed lines show the estimate of the capability of GAPS ULDB of measuring 1, 10 and 100
events, respectively, for the median propagation model. The scatter plot reports the quantity
ξ2〈σannv〉0 calculated in a low–energy MSSM (for masses above the vertical [green] dashed
line) and in non–universal gaugino models which predict low–mass neutralinos [29–31]. [Red]
Crosses refer to cosmologically dominant neutralinos, while [blue] dots stand for subdominant

neutralinos. Grey point are excluded by antiproton searches.

an the determination of the size of such an effect.

7 Gamma rays

Gamma rays are another important tool in studying dark matter. The search
for this signal will largely benefit from the FERMI/GLAST detector: a sum-
mary of its capabilities may be found in Ref. [13].

8 Summary

A brief comparative analysis of the various detection signals of particle DM
may start from stating that antideuterons [8] are the signal which possesses the
strongest feature, when compared to the expected background [9]: this occurs
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Figure 4: Left panel: Positron fraction e+/(e−+e+) versus the positron detection energy E

for a DM particle with a mass of 100 GeV and for a Navarro-Frenk-White (NFW) profile [11].
The four cases refer to different annihilation final states : direct e+e− production (top left),
bb̄ (top right), W+W− (bottom left) and τ+τ− (bottom right). In each panel, the thick solid
[red] curve refers to the best–fit choice of the astrophysical parameters. The colored [yellow]
area features the total uncertainty band arising from positron propagation. In each panel,
the thin [brown] solid line stands for the background of Ref. [37,38]. Experimental data from
HEAT [39], AMS01 [40, 41], CAPRICE [42] and MASS [43] are also plotted. Right panel:

Positron fraction arising from pure cosmic rays interactions (background) as a function of the
positron energy, for a soft (left panel) and hard (right panel) electron spectrum [12]. Data
are taken from CAPRICE [42], HEAT [39], AMS [40, 41], MASS [43] and PAMELA [10].

at low kinetic energies, which is therefore the place where experimental effort
should concentrate. Antideuterons in fact appear to offer the best possibility
to detect a signal, even in the absence of a boost factor. Foreseen experiment
(GAPS, AMS) will have a unique chance to probe this signature directly in the
next decade [9].

The antiproton signal at low–energies has a milder feature and when com-
pared to the background the capability to clearly disentagle a signal from the
background is hard, expecially when considering that astrophysical uncertain-
ties will still be a major component in the theoretical determination of the
signal [3]. In the case DM is heavy, the spectral feature could allow discrim-
ination against the background, but this requires pretty strong boost factors,
which appear to be disfavoured by recent studies [14]. Special annihilation
mechanism, like the Sommerfeld enhancement [15], could prevent the necessity
of large astrophysical boost factors. Current data from PAMELA on the p̄/p
ratio nevertheless do not exhibit an excess ascribable to DM annihilation [6,7].
Antiprotons, instead, are suitable to set (potentially strong) bounds on an ex-
otic component in the flux and therefore on the particle DM properties, once
theoretical uncertainties are properly taken into account [3–5].

Positrons offer a very interesting possibility and have recently re–gained a lot
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of attention as a consenquence of the first release of the PAMELA data on the
positron fraction [10]. The positron flux from DM annihilation may posses spec-
tral features, depending on the final state of the particle DM annihilation [11].
Similary to the case of the other indirect detection signal, astrophysical uncer-
tainties largely affect also the positron flux [11]. Large theoretical uncertainties
affect also the background flux [12], and they have to be taken into consider-
ation when comparison with data is attempted. Theoretical determinations
agree with available experimental data [12], including the HEAT positron flux,
when theoretical and experimental uncertainties are considered [12]. The most
recent results are provided by the PAMELA experiment, but for the moment
on the positron fraction, which requires, in the comparison with theoretical
determination, to consider also the electron flux. Is has been shown that once
astrophysical uncertainties are taken into account, the comparison between the
predicted positron fraction and the PAMELA data is indicative of an excess
in the case of a hard electron spectrum, while in the case of a soft electron
spectrum the identifications of an excess is not conclusive [12] and requires
a detailed study which properly takes into account the galactic propagation
mechanisms. Typically, the positron signal requires sizeable boost factors in
order to prevail over the background: theoretical uncertainties may actually
be instrumental in reducing the amount of boost factors required to explain a
possibile excess in the data [16] and therefore in making the PAMELA result
fully compatible with the current understanding of the astrophysical properties
of DM indirect detection signals.

Gamma rays are another important tool for studying DM annihilation in
the Galaxy and to probe regions of the galactic environment which are partly
different from those explored by charged cosmic rays. Spectral features of the
gamma–ray signal are not typically very strong, execept for the case of direct
annihilation into a gamma–line, which instead would be a striking signature of
DM annihilation. The gamma line is typically strongly suppressed for suitable
DM candidates, and therefore very hard to be probed. The gamma–ray signal
typically requires (sizeable) boost factors in order to be observable on the top
of the astrophysical gamma rays. FERMI will be in the next years a unique
laboratory to study gamma rays and it will provide valuable insight also on the
DM problem.

Finally, neutrinos from the Earth and the Sun, which can be studied at neu-
trino telescopes, are an important alternative which nicely complements the
other indirect detection techniques. In this case, spectral and angular features
may be exploited to desentangle the signal from the atmospheric neutrino back-
ground [1, 2]. Neutrino oscillation, and transport in the Sun, have been shown
to be relevant effects, which cannot be neglected [1, 2]. The typical signature
relies in the search for a muon neutrino flux, which induces upgoing muons in
the neutrino telescope. On the other hand, since the DM annihilation and the
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Figure 5: Minimal SUGRA parameter space m0 (universal soft scalar mass) vs m1/2 (gaug-
ino mass) for tanβ = 45 (left panel) and tanβ = 53 (right panel) and common trilinear
coupling A0 = 0. The shaded areas are excluded by bounds on supersymmetry searches and
supersymmetry contribution to rare processes. The dark (black) circles show the region of
parameter space where the neutralino relic abundance matches the WMAP range for cold
dark matter in standard cosmology. The light (red) points refer to the same situation in a
scalartensor cosmology. From Ref. [45]. The solid line denotes the expected reach of LHC.

oscillation phenomenon produces also electron and tau neutrinos, additional
signatures may be worthwhile to be explored [1].

Complementar to indirect detection is direct detection. A clear signature is
offered by the annual modulation of the detection rate. The DAMA/NaI and
DAMA/LIBRA detectors actually observe annual modulation in the low-energy
single-hit events and this effect has now reached a statistical significance of 8.2σ
[17]. In SUSY models, this effect is compatible with neutralinos in the MSSM
or in gaugino non–universal schemes [18, 19] or sneutrinos in Left–Right (LR)
models or models with see-saw neutrino masses [20]. Experiments which rely
on the total counting rate and exploit rejection techniques (like e.g. CDMS [21]
and XENON10 [22]) allow to set bounds on the scattering cross section of DM.
These experiments currently probe a fraction of the MSSM parameter space
for neutralino (see e.g. Ref. [19]) or sneutrino DM [20]. The actual extension
of the probe depends on astrophysical (galactic halo properties) and nuclear
physics (DM–nucleus interaction) assumptions [18]. Comparison with indirect
searches may be found in Refs. [5, 18].

9 Accelerator physics and cosmology

Dark matter candidates are potentially present in almost any extension of the
Standard Model of particle physics. In supersymmetric theories with R–parity
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conservation, both neutralinos and sneutrinos are successful cold dark mat-
ter candidates, although other possibilities are present, like e.g. gravitinos.
In the next years LHC, and hopefully in the future the ILC, will probe these
new physics models and a quite intriguing interconnection between high–energy
physics studies, astophysics and cosmology will be posed under deep scrutiny.
An example of this interplay is depicted in Fig. 5, where a section of the mini-
mal SUGRA parameter space is shown, together with the expected reach of the
LHC. A fraction of this parameter space is already excluded by LEP, Tevatron
and studies of rare processes. In the allowed region, Fig. 5 shows the sector
which is compatible with a relic neutralino able to explain the dark matter
content of the Universe, a sector which is just a small fraction of the relevant
parameter space. The same figure also shows the effect induced by the ther-
mal history of the Universe: alternative cosmologies, different from the FRW
cosmology, imply a modified decoupling epoch and an ensuing different relic
abundance: therefore, the cosmologically relevant regions in parameter space
are shifted. The example shown in Fig. 5 refers to scalar–tensor cosmologies.
Reconstruction of the particle physics properties of dark matter and the un-
derlying particle physics model represent a window also on the early Universe
fisical properties [46].
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DARK MATTER ANNIHILATION IN THE GALAXY
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Abstract. Surviving of small dark matter clumps is considered in early hierarchical
structure formation and in the Galaxy for the standard power-law spectrum of
primordial perturbations. The dense remnants of clumps provide a suitable contri-
bution to the amplification of dark matter annihilation signal in the Galaxy. The
formation and evolution of superdense clumps are also studied in the two non-
standard scenarios: spike in the spectrum of primordial perturbations and cosmic
strings loops as seeds.

1 Introduction

Dark matter (DM) particles may annihilate most effectively in the dense regions
of Galactic halo, such as Galaxy center [1] or DM substructures in the form
of DM clumps (minihaloes). As a result the bright point gamma-sources arise
or the background signal is amplificated by several times or even by several
orders of magnitude. This makes the DM annihilation more easy to detect in
the future observations. However some witnesses of annihilation were already
obtained in spectrum of cosmic rays and in the observations of Galactic cen-
ter, the convincing results are still awaited just as the direct detection and/or
production of DM particles in accelerator experiments.

The main topic of our report is the small-scale DM clumps of substellar
masses. We discuss different possible conditions for the clumps formation in
the early universe, their subsequent evolution, and the annihilation of DM
inside the clumps.

2 Clumps in standard cosmological scenario with an inflationary-
produced primordial fluctuation spectrum

In the case of neutralino, considered as DM particles, the formation of clumps
begins from the minimum masses Mmin ∼ 10−6M�, determined by dumping
processes [2]. For the Harrison-Zeldovich spectrum of primordial fluctuations
with CMB normalization the first small-scale DM clumps are formed at redshift
z ∼ 60 (for 2σ fluctuations) with a mean density 7×10−22 g cm−3, virial radius
6× 10−3 pc and internal velocity dispersion 80 cm s−1.

The formed clumps are subjected to the tidal destruction at early stages of
structures formation. We calculate [3] the mass function of clumps (fraction of
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DM in the form of clumps) within a hierarchical clustering as

ξint
dM

M
� 0.02(n+ 3)

dM

M
, (1)

where an effective power-law index n is n = −3(1 + 2∂ log σeq(M)/∂ logM)
and depends very weakly on M , and σeq(M) is the mean fluctuation at the
time of the matter-radiation equality. This mass function gives that only a
small fraction of these clumps, ∼ 0.1− 0.5%, in each logarithmic mass interval
Δ logM ∼ 1 survives the stage of hierarchical clustering. The mass function is
in good agreement with the numerical simulations [4].

The clumps survived the early stages can be disrupted further in the galaxies
by tidal interactions with stars. We calculate [3] the destruction of clumps by
stars in the bulge and halo and by the Galactic disk. It was demonstrated that
clump remnants may survive through the tidal destruction during the lifetime
of the Galaxy if the radius of the clumps cores are rather small. Destruction
of the outer part of the clump affects the annihilation rate relatively weakly,
because the annihilation signal is dominated by the dense part of the clump.
The survived dense remnants of clumps provide a large contribution to the
annihilation signal in the Galaxy. The uncertain parameter of the scenario is
a value of core radius there central density in clump stops to grow.

3 Superdense clumps and superheavy DM

Spiky features in the spectrum of adiabatic inflationary perturbations may
produce the superdense clumps even at radiation dominated stage of universe
evolution. The production of primordial black holes constrains the allowed
parameters of this model. The superdense clumps evolve as isolated objects for
a long time after formation, and therefore they are not destroyed by tidal forces
inside the later larger-scale structure. The ordinary ∼ 100 GeV neutralinos
as DM particles are strongly disfavored in this scenario by too large gamma
radiation from particles annihilation.

We consider the superheavy ∼ 1011 GeV neutralinos as possible constituent
DM particles [5]. The minimum masses of clump Mmin is extremely small for
the superheavy DM. The two-body gravitational relaxation in central part of
clumps may initiates the “gravithermal catastrophe”, when the initial density
profile turns into isothermal one ρ ∝ r−2 down to a new, extremely small core in
the center, limited by Fermi degeneracy or impetuous annihilation. Small core
and large density in the clumps centers may lead to the observed annihilation
signal even for very small annihilation cross-section of superheavy particles. In
the case of a higgsino, the annihilation signal is additionally enhanced by the
Sommerfeld effect.

Therefore, these superdense clumps can in principle be observed through the
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γ-radiation from DM annihilations and tidally by gravitational wave detectors.
These result will be published in near future [6].

4 Clumps seeded by cosmic string loops

Linear topological defect — cosmic strings can be formed in early cosmological
phase transitions. Along with infinite strings there are possibility of closed loops
formation in a network of curved cosmic strings due to their interconnections
[7]. The annihilation of the dark matter in clumps originated around cosmic
string loops is studied. These clumps form at the radiation dominated stage
and may have very large densities. There are possibility to avoid adiabatic
restriction on the clumps densities [8]. Only low velocity loops can produce the
clumps. The probability of low velocity loop formation is very small, but even
such tiny fraction of formed loops may produce the dense clump population
and significant annihilation signal.

We present the new constraint on tension μ (mass per unit length of the
string) which obtained from the dark matter particles annihilation in the dense
clumps seeded by the loops in comparison with observed γ-background as upper
limit.

We conclude that 100 GeV neutralino DM is incompatible with range of
strings tensions 1 × 10−9 < Gμ/c2 < 5 × 10−9, where μ−8 = Gμ/(10−8c2),
because the γ-ray signal exceeds the EGRET limit in this case.
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Abstract.The status of leptogenesis is reviewed, focusing in particular on the neu-
trino mass bounds and on the possibility to test New Physics.

1 The cosmological puzzles

All modern cosmological observations are explained, in a minimal way, by the
ΛCDM model. The parameter space is over constrained by the observations
that yield precise measurements of the involved cosmological parameters. The
robustness and the precision of the cosmological results make therefore even
more striking the existing clash between the ΛCDM model and the Standard
Model of Particle Physics (SM) due to four basic features of the ΛCDM model
unexplained within the SM: i) the nature of cold Dark Matter; ii) the matter-
antimatter asymmetry of the Universe; iii) the nature of Inflation and finally
iv) why the Universe is accelerating at present. Therefore, solutions to the
cosmological puzzles, seem to provide a strong motivation for new physics. In
particular the Dark Matter conundrum strongly points to the existence of some
new particle that is stable on cosmological scales. In this review I will focus
on the matter-antimatter asymmetry puzzle discussing recent developments in
Leptogenesis, a model of Baryogenesis where the matter-antimatter asymmetry
of the Universe is closely related to the observed neutrino masses and mixing.

2 Vanilla leptogenesis

From the acoustic peaks in the power spectrum of the Cosmic Microwave Back-
ground (CMB) anisotropies, the net baryon to photon number ratio is measured
to be |ΔηB| ≡ |ηB − ηB̄| = (6.2 ± 0.15)× 10−10 , in agreement with the Big
Bang Nucleosynthesis estimation. These measurements are only sensitive to
the ηB absolute value but not to the sign of ηB . However, combining CMB
anisotropies and spectrum with cosmic rays observations, it is possible to rule
out a symmetric (observable) Universe with matter-antimatter domains con-
cluding that ΔB is everywhere positive and therefore that there is indeed an
overall matter-antimatter asymmetry. Notice moreover that so far any search
of primordial anti-matter has produced negative results. Therefore, it is fair to
conclude that ΔB = ηB , barring astrophysical contaminations.

The need of an inflationary stage in the history of the early Universe implies
that the asymmetry had to be generated either after or at the end of infla-
tion by some dynamical process, called baryogenesis. A successful model of
baryogenesis has to fulfill the three Sakharov conditions and remarkably this
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happens within the SM to some extent. However, because of the current exper-
imental lower bound on the Higgs boson mass and of the current constraints on
CP violation in the quark sector, any attempt to explain the observed baryon
asymmetry fails and for this reason, a solution to the matter-antimatter asym-
metry problem requires new physics.

A particularly intriguing solution is offered by leptogenesis [1] because it relies
on the same minimal extension of the SM that can also explain the results from
neutrino oscillation experiments and the stringent upper bound on the absolute
neutrino mass scale. This extension is the (type I) see-saw mechanism.

By adding N right-handed (RH) neutrinos with Yukawa couplings h and a
Majorana mass term M to the SM lagrangian, after electro-weak symmetry
breaking a usual Dirac mass term mD = h v is generated by the Higgs vev. In
the see-saw limit, M � mD, the spectrum of mass eigenstates splits into a set
of light neutrino masses m1 ≤ m2 ≤ m3 described by the see-saw formula and
into a set of heavy neutrino masses M1 ≤ M2 ≤ . . . ≤ MN almost coinciding
with the eigenvalues of the Majorana mass term. For definiteness, we will
consider the case N = 3 that is also the most reasonable choice, though current
neutrino masses and mixing can well described by a choice N = 2 as well. We
will see later on how a particularly attractive scenario of leptogenesis, the N2-
dominated scenario, supports N ≥ 3. It is also reasonable to assume mD �

Mew ∼ 100GeV implying Mi � 100GeV. The heavy RH neutrinos Ni decay
into leptons and anti-Higgs with a decay rate Γ or into anti-leptons and Higgs
with a decay rate Γ̄. The total decay rate is given by ΓD = Γ+Γ̄. By assuming
that that the reheating temperature of the early Universe TR � M1 � 100 eV
has two important consequences: first, the RH neutrinos can be thermally
produced from the thermal bath without the need of an external production
mechanism and second, the lepton number produced in the decays is partly
converted into a baryon number by (B − L conserving) sphaleron processes.

In a traditional minimal description of leptogenesis (vanilla leptogenesis), the
final asymmetry is dominated by the contribution of the lightest RH neutrino
decays and can be simply calculated as N f

B−L = ε1 κ
f , where ε1 is the N1 total

CP asymmetry and κf
1 is the final value of the N1 efficiency factor. This is

basically given by the number of N1’s that decay out-of-equilibrium [2] and
can be calculated using simple analytical solutions of the set of Boltzmann
equations. Vanilla leptogenesis relies on the following set of assumptions and
approximations [3]: i) the flavour composition of the leptons in the final states
is neglected; ii) the heavy RH neutrino mass spectrum is assumed to be such
that M2 � 3M1 andM3 �M2; iii) there is no interference between the heaviest

RH neutrino and the next-to-lightest RH neutrino, i.e. (m†D mD)23 = 0. If one
additionally assumes that there are no fine tuned cancelations among the terms
giving the RH neutrino masses in the see-saw formula, then an upper bound
on the total CP asymmetry, ε1 ≤ εmax

1 � 10−6 (M1/10
10GeV), holds as well

and, imposing ηmax
B ≡ εmax

1 κf
1 > ηCMB

B , one obtains an allowed region in the
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Figure 1: Neutrino mass bounds in the vanilla scenario.

plane (m1,M1) that is shown in Fig. 1. One can notice the lower bound on
M1, also implying a lower bound on the reheating temperature Treh, and the
upper bound on m1, incompatible with quasi-degenerate neutrino models.

3 Flavour effects

There are two kinds of flavour effects that the vanilla scenario neglects: heavy
flavour effects, i.e. the influence of the heavier RH neutrinos on the final asym-
metry, and light flavour effects, i.e. the influence of the flavour composition of
the leptons produced in the decays on the final asymmetry. In the first two sub-
sections we keep separate the discussion of the two effects but in the third one
we discuss how actually their interplay can have very interesting applications.

3.1 Light flavour effects

Let us start assuming that the final asymmetry is influenced only by the de-
cays of the lightest RH neutrinos neglecting heavy flavour effects. If M1 �

5 × 1011GeV, then the flavour composition of the quantum states of the final
leptons has no influence on the final asymmetry (unflavoured regime). This
happens because nothing happens between the production of a lepton from
a N1 decay and the subsequent inverse decay with an Higgs and the lepton
flavour composition does not play any role.

However, if 5 × 1011GeV � M1 � 109GeV, then between one decay and
an inverse decay, on average, the produced leptons interact with tauons in a
way that the lepton quantum state coherence breaks down. Therefore, at the
inverse decays, the leptons are an incoherent mixture of a tauon component and
of a (still coherent!) superposition of an electron and of a muon component
that we will indicate with ‘e + μ’. The important thing is that the fraction
of asymmetry stored in each component and the fraction of wash-out strength
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acting on it, are not proportional in general. Therefore, the dynamics of the
two flavour asymmetries, the tauon and the e + μ asymmetries, have to be
calculated separately and in this way the final asymmetry can be considerably
different from the result in the unflavoured regime. If M1 � 109GeV, then
even the coherence of the electron and of the muon superposition breaks down
between decays and inverse decays and a full three flavour regime is realized.

There are three kinds of consequences. First, the wash-out can be consid-
erably reduced with respect to the unflavoured calculation. Second, the low
energy phases play a direct role contributing to a second source of CP vio-
lation in the flavoured CP asymmetries and the most striking application is
that the same source of CP violation that could have place in neutrino oscilla-
tions, can also be the unique source of CP violation for successful leptogenesis,
though under some quite strict conditions on the RH neutrino mass spectrum.
A third consequence is that the flavored CP asymmetries contain additional
unbounded terms. In this way, by allowing some acceptable cancelations in the
seesaw formula among the light neutrino mass terms and a mild RH neutrino
mass hierarchy (M2/M1 ∼ 3), the lower bound on the reheating temperature
can be lowered by about one order of magnitude down to 108GeV.

3.2 Heavy flavour effects

There are basically two reasons why the influence of the heavier RH neutrinos
on the final asymmetry can be neglected under the assumptions that define
the vanilla scenario: either the asymmetry produced by the N2,3’s is negligible
because the CP asymmetries are suppressed in the hierarchical limit or because,
even though a sizeable asymmetry is produced around T ∼M2,3, this is later on
washed out by the lightest RH neutrino inverse processes. However, there are
different situations where heavy flavour effects have to be taken into account.

First of all one can always consider the quasi-degenerate limit when (M2,3−
M1)/M1 � 1. In this case the CP asymmetries are not suppressed and the
wash-out from the lightest RH neutrinos is only partial. Second, even assuming
a strong RH neutrino mass hierarchy, there is always a choice of the parameters
where N1 decouples and its wash-out vanishes. For the same choice of the
parameters the N2 CP asymmetry is unsuppressed if M3 � 1015GeV . In
this case a N2-dominated scenario is realized [6]. Notice that the existence
of a third heaviest RH neutrino species is crucial. Third, even assuming a
strong mass hierarchy and an undecoupled N1, if M1 � 1012GeV, then the
asymmetry produced by the heavier RH neutrinos, in particular by the N2’s
with unsuppressed total CP asymmetry, can be sizeable and in general is not
completely washed-out by the lightest RH neutrino processes since there is
an orthogonal component in the three light flavour space that escapes the N1

wash-out. Notice that if the mass hierarchy is mild with (M3 −M1)/M1 � 10,
then, for the same reason, even the asymmetry produced by the N3’s can be
sizeable and can avoid the N1 and N2 wash-out.
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3.3 Flavoured N2-dominated scenario

There is a fourth interesting case where the asymmetry from the heavier RH
neutrinos dominates the final asymmetry due to the interplay of light and heavy
flavour effects [7]. Indeed, even assuming a strong mass hierarchy, an undecou-
pled N1 and M1 � 1012GeV, the wash-out from the lightest RH neutrinos can
be avoided. If the production occurs in the two flavour regime, then the asym-
metry produced by the heavier RH neutrinos splits into an incoherent mixture
of light flavour components. The N1 wash-out in one particular flavour can
then be negligible in quite a wide region of the parameter space. This scenario
extends the validity of the N2-dominated scenario since it is not necessary that
N1 fully decouples but it is sufficient that it decouples only in some particular
light flavor.

The applicability of the flavoured N2-dominated scenario proves to be even
larger when flavour coupling is considered [10]. Recently it has been realized
that, accounting for the Higgs and for the quark asymmetries, the dynamics
of the flavour asymmetries couple and the lightest RH neutrino wash-out can
be circumvented for a larger region of the parameter space. Another new
interesting effect is phantom leptogenesis. This is a pure quantum-mechanical
effect that allows parts of the electron and of the muon asymmetries to be
completely unwashed at the production when T ∼M2 � 109GeV.

4 Grand unified theories and leptogenesis

Flavour effects are particularly relevant when testing theories beyond the SM
with leptogenesis. A particularly interesting example is offered by scenarios
that emerge quite naturally within grand-unified theories and in particular
within SO(10). In this case the neutrino Dirac mass matrix is somehow related
to the quark mass matrices and in particular its eigenvalues typically exhibit the
same strong hierarchical pattern. Moreover the matrix that acts on the lepton
doublets when switching from the basis where the neutrino Dirac mass matrix
is diagonal to that basis where the charged lepton mass matrix is diagonal,
is related to the CKM matrix and is typically given by the combination of
rotations with small mixing angles and in first approximation it can be assumed
to be the identity matrix. Under these assumptions one has thatM1 � 109GeV
and within a vanilla scenario where, only the N1 production is considered, the
final asymmetry would not reproduce the observed one.

On the other hand M2 � 109GeV and it has been shown that when the
N2 production and light flavor effects are consistently taken into account, then
there are different points in the parameter space where successful leptogene-
sis is possible [8]. Notice that within this framework all high energy see-saw
parameters can be expressed in terms of the low energy parameters. It is there-
fore interesting that the allowed region in the parameters space for successful
leptogenesis translate into precise regions in the low energy parameter space
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that can be tested in future low energy neutrino experiments.

5 Discrete flavour symmetries and leptogenesis

Pure heavy flavour effects seem to be relevant when leptogenesis is embedded
within theories that try to explain the emerging tribimaximal mixing structure
in the leptonic mixing matrix via flavour symmetries. It has been shown in
particular that if the symmetry is unbroken then the CP asymmetries of the
RH neutrinos would exactly vanish. On the other hand when the symmetry is
broken, for the naturally expected values of the symmetry breaking parameters,
then the observed matter-antimatter asymmetry can be successfully reproduced
[9]. It is interesting that in this picture one has a RH neutrino mass spectrum
with 10M1 � M3 � M1 � 1012GeV. One has therefore that all the asymmetry
is produced in the unflavoured regime and the mass spectrum is only mildly
hierarchical. At the same time the small symmetry breaking imposes a quasi-
orthogonality of the three lepton quantum states produced in the RH neutrino
decays. Under these conditions the wash-out of the asymmetry produced by one
RH neutrino species from the inverse decays of a lighter RH neutrino species
is essentially negligible. The final asymmetry then receives a non negligible
contribution from the decays of all three RH neutrinos species.

In conclusion, a systematic study of flavor effects, light and heavy, seems to
show that leptogenesis has entered a new interesting stage where new possibil-
ities to test models beyond the SM seem to emerge.
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Abstract. The global network of gravitational wav detectors is a reality: since
May, 2007 the LIGO Scientific community and the Virgo collaboration started to
analysis in common all the data produced by the gravitational wave interferometers
running in Europe and in USA. Here we review some of the recent results obtained
by the two collaboration and we discuss the impact of the present and future
observation for fundamental physics and astrophysics.

1 Introduction

Since 1960 various laboratory experiments have been carried on to detect grav-
itational waves (GW). The detector technique evolved from the simpler room
resonant detectors of J. Weber to the cryogenic ones and at present the field
is dominated by the operation of the giant interferometric devices installed in
Europe, Japan and USA. The device sensitivity and its bandwidth is increased
progressively expanding the search domain on a larger variety of GW signals.
However, since the Weber’s epoch it was clear that this experimental challenge
requires the coordinate effort of more than one detector installed in different
Earth locations.

The first attempt to observe a gravitational wave signal using a world wide
network was in 1986 the coincidence experiment of the three cryogenic resonant-
mass detectors set up by the universities of the Louisiana state, Rome and
Stanford. [1]. In the recent years the International Gravitational Event Collab-
oration , derived upper limit on the event rate of GW bursts using observational
data of the resonant detectors in operation taken during almost three years of
run [2].

Then, since May, 2007 at the start up of the first Virgo science run, the LIGO
Scientific community and the Virgo collaboration agreed to analysis in common
all the data produced by the interferometers of the GEO, LIGO and Virgo
project. The data are produced by five interferometers: the LIGO ones are
located in Hanford (H1 and H2, 4 and 2 km long respectively) and in Livingston
(L1, 4 km long), while in Europe there is Virgo, a 3 km interferometer located
in Cascina (Italy) and GEO, 0.6 km long installed in Hannover (Germany).

The scientific motivations for a global GW detector network are strong:

• The GW interferometers have broad sky coverage, but are not omni-
directional: a globally distributed network allows for maximal sky cover-
age
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• It permit the transient source location by triangulate (or N-angulate)

• It improves the detection confidence by the signal redundancy in multiple
detectors

• It permits a more accurate estimates of amplitude and phase polarization,
because the array of oriented detectors is sensitive to two polarizations

• The coherent combination of the data streams leads to better sensitivity
and an optimal waveform and coordinate reconstruction

In conclusion, although the first detections might come from one single de-
tector, the best use of the detectors consists in running all of them together
in a VLBI kind of mode for insuring a strong impact on astrophysics. More-
over, the credibility of the first claims for detection would be infinitely higher
if the event is seen by independent detectors and triggered by another kind of
observation (optical, neutrinos or γ rays).

In the following sections we recall some of the recent results obtained by
these interferometers looking for both transient and continuous GW signals.
inally we discuss shortly the case of the GW stochastic background detection.

2 The search of GW transient signals.

With interferometer sensitivities extending to astrophysically signicant dis-
tances, gravitational wave detectors can now add value to even marginally sig-
nicant sources detected via electromagnetic or particle telescopes. The search
success depends not only on the intrinsic GW luminosity of the source but
also on whether something about the signal model is known. In this case we
are able to reduce the amount of data to be searched taking advantage of the
combination of sky location and timing information (triggers) from optical and
neutrino observatories. Moreover, GW data associated with optical signals
from a well defined population can be selected, setting a specialized limit that,
with a sample of candidate events reach enough, can be signicantly better than
the accuracy of an individual measurement [3].

The main example of this search approach is the analysis carried on in coin-
cidence to the occurrence of Gamma Ray Bursts (GRB) [6], [4]. In particular,
we refer to the interesting example of the GRB 070201 event, a short GRB
whose error box intersects the spiral arms of the Andromeda galaxy (M31).
Previous optical studies of short GRBs had suggested a neutron star merger
model origin for many short GRBs. When the event occurred the LIGO detec-
tors was in Science mode operation and, given the close proximity of M31, the
GW analysis could rule out a binary merger origin at and beyond the distance
to M31.
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In addition, if the event location is M31, the event is more consistent with the
known emission from magnetars. However, the search for completely unmod-
eled emission found no sign of gravitational waves, and the derived upper limit
on the gravitational wave energy flux results to be orders of magnitude greater
than the known optical flux.

Recently an extended LIGO-Virgo search for GW - GRB coincidences have
been concluded: 212 GRB events occurred during the fifth scientific run of
LIGO (S5) and the first Virgo science run (VSR1). 137 events were selected as
double GW coincidence (any two of LIGO Hanford, LIGO Livingston, Virgo)
but any of them can be flag as a GW detection. Thus, a lower limits on GRB
event distance was established assuming an energy emission of EGW = 0.01
M�c

2.

This analysis can be regarded as a preliminary exercise. A coalescent binary
GW signal at redshift z is indistinguishable from a local binary [7], and the
future interferometers should detect several of them. From the binary events
the luminosity distance DL can be identified and by the γ ray counterpart
the red shift z measured. Then, by the best fit of the DL(z) data it should
be possible to infer the dark energy equation-of-state, dark matter and dark
energy density parameters [8].

3 The search of continuous GW signals.

We know that potential sources of continuous waves (CW) exist. In particular
we observed in the e.m. spectrum the signal emitted by ∼ 2, 000 pulsar. How-
ever, robust evolutionary models predict the existence of ∼ 1 billion of neutron
stars in the Galaxy and a fraction of these emit in the sensitivity band of the
terrestrial interferometers. The braking index value of the pulsar n = νν̈ν̇/ν̇2,
which depends on the rotation frequency ν and its derivatives, constrains the
gravitational wave emission.

The observed value n = 2.5 still is not well understood on theoretical grounds,
but since quadrupolar radiation has n = 5 it implies that only a small fraction
of the spin-down power is emitted in gravitational waves. C. Palomba estimates
that the highest possible today h0 is about 40 % of the spin-down limit [9].

For the CW signals the antenna network is less crucial for the detection.
The Doppler effect due to the Earth motion permits the source localization
and taking advantage of the signal persistence the observation can be extended
over several independent time periods. On the other hand, because of the signal
weakness, also in this case the coherent combination of data from different
detectors improves the sensitivity and the statistical confidence. Moreover we
can take advantage of the detector differences: Virgo and LIGO have different
sky coverage and frequency dependence of their sensitivity curve. Thus, we can
optimize the selection of the data produced by the network in function of the
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targeted source.

During the current data taking (S6 and VSR2) a significant astrophysical con-
straint is expected to be obtained for the Vela pulsar, which should emit mainly
at ∼ 22 Hz. In this case, the analysis, currently under way, will be based mainly
on the Virgo data, which shows a higher sensitivity at that frequency. On the
other hand , the GW signal from the Crab pulsar was searched in the LIGO
S5 data.

Among the various local sources of continuous gravitational wave, the Crab
pulsar (PSR B0531+21, PSR J0534+2200) has long been regarded as one of
the most promising known local sources of gravitational wave emission. Its high
spin-down rate, ν̇ = 3.7 · 10−10 Hz s−1, is due to a variety of mechanisms,
including magnetic dipole radiation, particle acceleration in the magnetosphere,
and gravitational radiation. If one assumes that all the energy is being radiated
gravitationally, the gravitational wave tensor amplitude at Earth is ho = 1.4 ·
10−24 assuming a value for the momentum of inertia (I = 1038 kgm2) and a
star distance of 2 kpc. This is the so called spin down limit for the gravitational
wave emission.

Since 1978, Hirakawa and his group at the university of Tokyo carried on
an experimental effort to detect the GW Crab signal [10]. This effort was
pursuived by developing resonant antennas of different geometry and in May
1993 the Japanese group of KEK and Tokyo university collected data with a
cryogenic torsional antenna setting a 1 σ upper limit of h ≤ 2 · 10−22 at 60 Hz
for an averaged time of 1900 hours [11].

The fifth LIGO science run started on 2005 November 4 and ended on 2007
October 1. The search of the Crab GW signal uses the known frequency and
position of the Crab pulsar, as derived from the Jodrell Bank Crab Pulsar
Monthly Ephemeris. Using this ephemeris and the assumption that the gravi-
tational wave and electromagnetic phase track each other precisely, the signal
phase evolution is predicted with negligible uncertainty. The analysis assumes
that emission will be at or near twice the pulsars spin frequency, 59.56 Hz,
which is the frequency of emission by a steadily rotating quadrupolar deforma-
tion, i.e., a triaxial star. In fact, the amplitude of the emitted signals depends
on the star ellipticity ε, a parameter largely unknown. The 95 % upper limit on
the gravitational wave amplitude, using uniform priors on all the parameters,
is ho

95% = 4.9 · 10−25 , a value well below the spin down limit of the pulsar.
Assuming the previous cited values for the star distance and its momentum of
inertia, this results corresponds to a neutron star eccentricity ε ≤ 2 · 10−4 [12].

4 The Stochastic GW background.

The detection of the stochastic GW background would have a profound impact
on early Universe cosmology and on high-energy physics. Recently the Virgo
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and LIGO Scientific collaborations published limits on the amplitude of the
stochastic gravitational-wave background [13]. The search based on the data
from a two-year science run of LIGO was performed by cross-correlating in-
terferometer strain from pairs of detectors. The result constrains the energy
density of the stochastic gravitational wave background normalized by the crit-
ical energy density of the Universe, in the frequency band around 100 Hz, to
be Ωgw

0 (ν) < 6.9 · 10−6 at 95 % confidence.
This limit surpassed already the so-called standard big bang nucleosynthe-

sis bound setting new constraints on the primordial gravitational wave energy
spectrum predicted by several models. The nucleosynthesis bound is derived
from the fact that a large gravitational-wave energy density at the time of nu-
cleosynthesis would alter the abundances of the light nuclei produced in the
process. Hence, the model and observations constrain the total gravitational
wave energy density at the time of nucleosynthesis.
The data rule out models of early Universe evolution with relatively large equa-
tion of state parameter, as well as cosmic string models with relatively small
string tension that are favoured in some string theory models. This search
for the stochastic background improves on the indirect limits from Big Bang
nucleosynthesis and cosmic microwave background at 100 Hz.

This results is a significant example of the potential impact of the GW search
on fundamental phyisics. All the informations on the Universe when an ele-
mentary particle was still in thermal equilibrium at the temperature T are
obliterated by the successive interactions. The condition for thermal equilib-
rium is that the rate Ξ of the processes that maintain equilibrium be larger
than the rate of expansion of the Universe H (the Hubble parameter). The
weaker the interaction of a particle, the higher is the energy scale when they
drop out of thermal equilibrium. Since for the graviton we have [14]

Ξ

H
∼

( T

MPlanck

)3

whereMPlanck ∼ 1019 Gev is the Planck mass, it follows that relic gravitational
waves are a potential source of informations on the state of the very early Uni-
verse and therefore on physics at correspondingly high energies, which cannot
be accessed experimentally in any other way. The relation between time and
temperature during the radiation dominant phase then tells us how far back in
time are we exploring the Universe at temperature T . Moreover, for causality
reasons, we expect that the characteristic frequency of gravitons or any other
particles produced at that time will be directly related to the horizon dimen-
sion of that epoch. Thus, assuming the standard Friedmann-Robertson-Walker
cosmological model the temperature and time production can be related to the
detection frequency of the GW signal (see fig. 1).
The satellite mission Planck [15] focused on the measurement of the cosmic
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Figure 1: Present GW radiation wavelength versus the cosmic emission time.

microwave background (CMB), will either detect gravitational waves from in-
flation at very long wavelengths, or else rule out the simplest (and arguably
the most compelling) inflationary models [16]. On shorter wavelengths pulsar
timing techniques will reach far beyond the gravitational-wave sensitivity of
individual pulsars [17], [18].
In the audio frequency range (0.1 - 1 kHz) of the laser interferometers on the
Earth, the search is related to a production epoch ranging from 10−25 s to
10−27 s after the Big Bang, which corresponds to a high-energy scale that will
never be reached with particle physics experiments. The future interferometric
detectors on the Earth will be able to improve of orders of magnitude the limit
already achieved, probing significantly the cosmological models near the Planck
era.

5 Conclusion

Detecting gravitational waves is still one of the main challenges in physics for
the years to come. At the present sensitivity level the GW network of detectors
permist to contraint a variety of astrophysical and cosmological models. The
analysis in coincidence with e.m. detectors for hunting GW signals associated
to GRB, the pulsar observation via radio telescopes and GW detectors are
examples of the astrophysical potentialities of the world wide network of GW
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detectors. Finally the new upper limit on the stochastic gravitational wave
background below the barrier of nucleosynthesis bound, is the first example of
a significant GW contribution in the fundamental physics domain.
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GRAVITATIONAL WAVE ASTRONOMY: AN EXPERIMENTAL

OVERVIEW
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Abstract. The current worldwide interferometer network comprises detectors in
the US (LIGO) and Europe (GEO600 and VIRGO) as well as advanced facili-
ties in Japan (TAMA, CLIO) and Australia (ACIGA). Detectors currently have
the sensitivity to detect neutron star binary coalescences out to approximately
15Mpc (the Virgo supercluster). Furthermore the long baseline instruments (LIGO
and VIRGO) will shortly be undergoing upgrades which will see their sensitivity
increase by an order of magnitude by 2014. These detectors, together with an
upgraded GEO detector, should make routine detections and open up the grav-
itational window on the universe. In the longer term, 3rd generation detectors
operating post 2018 will further increase the sensitivity by an additional order of
magnitude and will likely feature underground operation at cryogenic temperatures
or operation in space.

1 Introduction

Gravitational waves are a prediction of general relativity and manifest them-
selves as a deformation of the metric of spacetime. Acceleration of mass creates
ripples in the spacetime metric which carry information and energy from as-
trophysical sources at the speed of light. The effect of a gravitational wave at
the Earth will be very weak. A neutron star binary coalescence in the Virgo
supercluster (15Mpc) will result in a strain of approximately 10−21. Over
the baseline of one astronomical unit this equates to a displacement change
of 0.1nm and thus incredibly sensitive detectors need to be utilised. Over the
past couple of decades there has been a significant experimental and theoretical
effort to make a positive detection of gravitational waves and open up a new,
non-electromagnetic, window on the Universe. Although measurements of the
orbital decay of the binary pulsar PSR1913+16 provide excellent indirect evi-
dence for the existence of gravitational waves [1] the field still awaits the first
positive detection. Ground-based detectors are currently operating in a world-
wide network to achieve this goal. The LIGO [2] detectors in the US comprise
a 2km/4km detector sharing an identical vacuum system in Hanford, WA and a
4km detector in Livingston, LA. In Europe, detectors include the joint German-
British 600m GEO [3] detector in Ruthe, Germany and the 3km VIRGO [4]
detector located just outside Pisa. Prototype detectors and advanced test fa-
cilities in Japan (TAMA and CLIO) [5] and Australia (ACIGA) [6] further
complement the worldwide network. Long-baseline interferometers are the de-
tector of choice as they combine good strain sensitivity over a wide bandwidth
from approximately 10Hz-10kHz. All interferometers operate on a similar basis
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and a typical detector topology is shown in figure 1. A stabilised laser (typ-
ically � 10W) passes through a mode cleaning cavity which is used to select
the desired TEM mode. A 50:50 beamsplitter is then used to send the laser
along orthogonal paths to end mirrors. In order to increase the interaction time
of the light beam with the gravitational wave, Fabry-Perot cavities (or beam
folding in GEO) are utilised in each arm. The finesse of the arm cavities can be
used to increase the light storage time and LIGO uses a value of �220 which
results in an optimum sensitivity at approximately 150Hz. The beams are then
recombined at the beamsplitter and a photodiode at the output port monitors
the power exiting the interferometer. The detector is operated near a dark
fringe in order to reduce the effect of laser fluctuations and this means that the
majority of the light exits back towards the laser. A power recycling mirror
is incorporated into the interferometer (between the mode cleaning cavity and
beamsplitter) to reflect this light back into the detector and is equivalent to
increasing the laser power.

Figure 1: The topology of a large kilometre-scale interferometric gravitational wave detector.

Gravitational waves will give a totally new and complimentary view of the
Universeb. Each detector has a broad angular sensitivity [2] and thus a network
of detectors is required to be able to provide pointing information on the loca-
tion of a source. This is accomplished through timing measurements in a similar
way to long baseline interferometry in radio astronomy. An additional benefit
of a network of detectors is also an improved veto to “noise events” through co-
incidence measurements. The LIGO, GEO and VIRGO detectors are operating

ban often cited example is that if an electromagnetic telescope is equivalent to “seeing”
then a gravitational wave telescope is equivalent to “hearing”
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at design sensitivity and have participated in five science runs to date (while
a sixth run is currently underway). Figure 2 shows the sensitivity achieved
by these detectors during the S5 science run. The curve comprises three main
regions; (i) a low frequency region (<60Hz) which is dominated by Newtonian
gravitational gradient noise (interaction of the interferometer optics with mov-
ing mass sources) and seismic noise. Seismic noise is reduced by suspending
the interferometer mirrors from the ground on seismic isolation systems. These
systems provide an isolation factor of 1/f2n for an “n-stage” suspension. (ii)
a mid-frequency region (�100Hz) which is dominated by thermal noise. This
can be in the form of Brownian thermal noise or thermoelastic noise (statistical
temperature fluctuations which can couple into mirror displacement through
the temperature dependence of the thermal expansion coefficient). The fluc-
tuation dissipation theorem states that the thermal noise may be reduced by
using materials with ultra-low dissipation or through the reduction of the sys-
tem temperature. In the GEO detector, fused silica is used in the final stage
suspension in order to fulfill the requirement of providing a suspension with
low mechanical loss. (iii) a high frequency region (>100Hz) which results from
shot noise in the interferometer. Reduction of the shot-noise-limited sensitivity
requires an increase in the laser power or the use of advanced interferometric
techniques such as squeezed light sources to go beyond the Standard Quantum
Limit (SQL) [7, 8].

Figure 2: The sensitivity curves of LIGO, VIRGO and GEO600 during the S5 science run.
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2 Second Generation Detectors

Current detectors are estimated to have detection rates of approximately 0.02
per year for neutron star binary coalescences [9, 10]. Thus at the current sen-
sitivity there is no guarantee of a detection. As a result the next generation
of interferometric gravitational wave detectors (2nd generation or “advanced
detectors” [11]) will see an increase in strain sensitivity by an order of magni-
tude. This is equivalent to increasing the detected volume by a factor of one
thousand and will allow neutron star binary coalescences to be detected out
to several hundred Megaparsecs. Similarly event rates should be at the level
of several events per year and will signal the beginning of Gravitational Wave
astronomy. In order to achieve this improvement in strain sensitivity over all
frequency bands requires research and development to be carried out on all
aspects of the interferometer design. Over the next couple of years Enhanced
LIGO, GEO-HF and VIRGO+ will increase sensitivity by approximately a fac-
tor of two through a combination of laser upgrades, a modified readout scheme
for the output optics, the use of a squeezed light source and developments to
the optic suspensions. This is seen as an intermediate step toward the advanced
detectors (Advanced LIGO and Advanced VIRGO) which will follow in 2014
with a raft of further enhancements. The low frequency improvement will be
achieved by sophisticated seismic isolation systems and suspensions which in-
clude a combination of passive (low frequency passive springs and pendulums)
and active control (seismometers operated in closed loop). Figure 3 shows the
Advanced LIGO mirror suspension which includes a seismic isolation system
(SEI) comprising a two-stage active-passive platform. The SEI provides an iso-
lation factor of approximately 1000 at 10Hz and also reduces the microseismic
peak (� 160mHz) by an order of magnitude [12]. Attached to the underside of
the SEI is a four stage quadruple pendulum [13] which incorporates the inter-
ferometer mirror as its lowest stage. The pendulum incorporates damping and
control actuation (for beam steering) from a quiet reaction chain suspended
behind the main pendulum. Coil-magnet actuators provide control forces to
the upper portions of the suspension while an electrostatic drive provides actu-
ation on the test mass itself. Three stages of vertical springs are incorporated
into the pendulum to provide vertical isolation and the four stage pendulum
provides a factor of 108 horizontal isolation at 10Hz. The test mass and penul-
timate mass are fabricated from fused silica and have a mass of 40kg. Fused
silica attachment “ears” are silicate bonded onto the λ/10 polished sides of the
test mass and allow for the attachment of four fused silica fibres. The fibres
are pulled and welded to the silica ears with a CO2 laser. The monolithic
design of the lower stage is required to meet the thermal noise requirements
for Advanced LIGO. In the mid frequency (40Hz-200Hz) the thermal noise of
the mirror coatings is likely to be a limiting noise source. The coatings for
the mirrors comprise alternating λ/4 stacks of high/low refractive index mate-
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Figure 3: The seismic isolation system and quadruple pendulum suspension which will be
used to suspend the mirrors and beamsplitter in Advanced LIGO.

rial (Ta2O5/SiO2 respectively). Research into the dissipation of the coatings
suggest that the Ta2O5 coatings are the dominant source of dissipation [14].
These measurements are typically performed by exciting a coated oscillator
and measuring the ringdown time. It has further been shown that doping the
coating material with TiO2 can help to reduce the dissipation and thus reduce
the coating thermal noise. Work is currently underway with coating vendors
(CSIRO in Australia and LMA in France) to optimise the coatings for the
advanced detectors and minimise the thermal noise contribution. In the high
frequency regime shot noise will ultimately provide a limiting noise source.
Statistical fluctuations in the number of photons in the laser beam result in a
noise source which is essentially white with frequency. The shot-noise-limited
sensitivity is typically reduced by increasing the laser power circulating in the
detector. However, this also has the effect of increasing the radiation pressure
noise which affects the low frequency performance of the interferometer. The
combined effect of radiation pressure noise and shot noise is often termed quan-
tum noise. In advanced detectors the circulating laser power in the cavities will
be increased to �800kW and the test masses increased from 10kg to 40kg in
order to reduce the quantum noise in all frequency bands. Work is currently
underway to test high power, low noise, lasers which have > 95% of their power
in the TEM00 mode. The lasers tyically comprise a low power 35W front end
and a high power diode pumped output stage. The 35W first stage is currently
being tested in Enhanced LIGO.

249

Number_#1024_Pg001-452.indd   249 9/23/10   3:00 PM



3 Third Generation Detectors

Third generation detectors will aim to provide a further order of magnitude
increase in sensitivity over the advanced detectors in addition to increased
bandwidth. Even though these detectors are scheduled for the post 2018 win-
dow there is already significant research and development underway. Low
frequency operation (from 10−4Hz-10−1Hz) will be achieved by space-borne
detectors such as LISA [15]. The mission features three drag-free spacecraft
which orbit in a triangular configuration with armlengths of 5 million kilome-
tres. Free-falling proof masses are shielded by the spacecraft and are used as
the end mirrors of the interferometer. LISA will provide a complimentary view
of the gravitational wave sky in the low frequency band. In order to prepare
for this mission a technology demonstrator mission, LISA pathfinder [16], is
currently being readied for launch in 2011. This mission will feature a scaled
down version of a single spacecraft and will allow precision interferometry to be
performed between two freely floating test masses. Research and development
for a third generation ground-based detector is currently being directed to-
ward the Einstein telescope [17]. This will most likely feature an underground
detector with armlengths of approximately 10km. Underground operation is
required in order to reduce the effect of gravitational gradient noise and will
allow operation down to approximately 1Hz. Furthermore, the detector will be
operated at low temperature in order to reduce the effect of thermal noise. A
possible candidate material for the test masses and suspension elements may
be silicon as this material has a null in its thermoelastic noise contribution at
both 120K and 20K. High power lasers, in combination with test masses of
several hundred kilogrammes, will also be required in order to push down the
SQL in all frequencies of interest. Naturally this poses a number of techno-
logical challenges such as controlling cavities with high circulating power and
developing effective strategies for inputting the laser power into the cavities
without using transmissive optics c.

4 Summary

We clearly stand at a very exciting time for Gravitational Wave astronomy. A
worldwide network is currently operating at design sensitivity and producing
important and interesting scientific results. Over the next 5 years the advanced
detectors, with an increase in sensitivity by one order of magnitude, will come
online (2014) and open up the gravitational window on the Universe. In the
longer term (2018) third generation space-borne detectors (LISA) and ground-
based detectors (Einstein Telescope) will yield high precision measurements of
gravitational wave sources from 10−4Hz to 10kHz.

cdue to problems associated with thermal lensing
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Abstract. New analysis to separate electrons from protons in the ATIC experiment
has been performed. Five new discriminants were studied by different Monte Carlo
programs. New electron spectrum, when compared with the published results
[1], show good agreement in the most interesting region of energy (from 90 GeV
to 600 GeV). It is argued that there is no disagreement between ATIC’s results
and Fermi-LAT ones. Finally, high-resolution electron spectrum is obtained and
possible fine structure is found out in it.

The ATIC (Advanced Thin Ionization Calorimeter) balloon-borne spectrom-
eter was designed to measure the energy spectra of elements from H to Fe with
individual resolution of charges in primary cosmic rays for energy region from
50 GeV to 100 TeV. ATIC has had three successful flights around the South
Pole in 2000–2001 (ATIC-1), 2002-2003 (ATIC-2) and 2007-2008 (ATIC-4).
ATIC is comprised of a fully active bismuth germanate (BGO) calorimeter, a
carbon target with embedded scintillator hodoscopes, and a silicon matrix that
is used as the main charge detector. The calorimeter is comprised of 8 layers
with 40 BGO crystalls in each for ATIC-1 and ATIC-2 and of 10 layers for
ATIC-4. The details of the construction of the apparatus are described in the
papers [2–4]. It was shown that it is possible also to measure the spectrum of
cosmic ray electrons plus positrons [5] with ATIC (hereinafter we use ’electrons’
for brevity). To separate electrons from the higher background of protons and
other nuclei some differences in shower development for incident electrons and
for nuclei are used. The spectrum of electrons measured with the ATIC spec-
trometer by this method was published in the paper [1]. The most notable
detail of the electron spectrum reported was an ‘excess’ of electrons between
energies of 300–800 GeV. The main purpose of this work is to investigate pos-
sible alternate techniques to separate electrons from hadrons and was curried
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Figure 1: Comparison of the electron spec-
trum of ATIC-2 of present paper with the
spectrum of the paper [1]. The proton back-
ground is not subtracted in both spectra.

Figure 2: Comparison of the electron spectra
of ATIC-2 (present paper) with the electron

spectrum measured by Fermi-LAT [6].

out completely independent of the previous analysis with new discriminants to
look at the resulting electron spectrum.

For better cross-checking of the results we constructed and worked with five
new discriminants that permit to separate electron showers (by its shape) from
proton showers. The first conclusion obtained during analysis was that the pro-
cedure of the proton background subtraction from the spectrum of the selected
electron-like events may be a source of significant systematics. Therefore we
did not rely on the proton background subtraction as was done in the paper [1],
but, instead, we tried to reduce the proton contamination as much as possible.
The things that may be studied are various sharp features in the behavior of
the electron spectrum (like ‘ATIC’s excess’).

We compare the obtained spectrum of electrons with the spectrum of [1] in
Fig. 1. A problem was that the spectrum of [1] was corrected for the scattering
of the electrons in the atmosphere by simple rescaling of the spectrum measured
at the top of the apparatus, but we present the spectrum at the top of the
apparatus as the main result. Therefore to compare the spectra we artificially
normalize the energy of each event of our spectrum in Fig. 1 by factor 1.15 that
corresponds to the mean loss of energy by the electrons in the atmosphere. The
result of the comparison is shown in Fig. 1. It is seen that there exists very
good agreement of both spectra in the region from 90 GeV to 600 GeV. We
completely confirm ‘ATIC’s excess’ measured in ATIC-2 in this region.

In Fig. 2 we compare our data for the ATIC-2 flight with recent results
for the electron spectrum in the region from 20 GeV to 1 TeV measured by
Fermi/LAT telescope [6]. The comparison of ATIC’s results and the spec-
trum of Fermi/LAT shows no sign of disagreement between the experiments.
Actually, the ATIC spectrum are shown without subtraction of proton back-
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Figure 3: Fine structure in the spectra of electrons of ATIC-2 and ATIC-4.

ground. It is most probable that at the energies 30–100 GeV this background
is not high, but above some hundreds of GeV the intensity of background is
higher. Actually, the ATIC data agree with Fermi/LAT at the energies less
than 200 GeV well and the deviation above 300 GeV may be related to unac-
counted background. The only significant difference of the ATIC’s spectrum
from the Fermi/LAT’s one is a sharp dip near 250 GeV but it may be explaind
by lower energy resolution of Fermi/LAT relative to ATIC.

The energy resolution of the ATIC apparatus for electrons actually is very
high and one could measure the electron spectrum with narrower energy bins
than in the previous paper [1]. The electron spectra for ATIC-2 and ATIC-
4 flight measured with bin width of 0.03 for decimal logarithm of energy are
compared in Fig. 3. It is seen that between 200 GeV and 600 GeV some
structure (three dips and three peaks) exists in ATIC-2 spectrum. One may
think that it is only a play of statistics, but the preliminary spectrum measured
by the ATIC-4 experiment in the same region completely confirms the structure.
This is a sign that this fine structure may be real.

The work was supported in Russia by grant of RFBR 08-02-00238; in the US
by NASA (NNG04WC12G at LSU), and in China by the Ministry of Science
and Technology (N2002CB713905).
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THE COSMIC RAY SPECTRUM AT ULTRAHIGH ENERGIES
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Abstract. The energy spectrum obtained on the Yakutsk array is compared with
the results obtained on the AGASA and HiRes arrays and the latest Pierre Auger
Observatory data. The discrepancy in the intensity of the energy spectra obtained
in different experiments can be explained by the presence of systematic errors in
shower energy estimations.

Introdution

Study of the cosmic ray (CR) energy spectrum and establishment of its cutoff,
predicted by Greisen [1] and Zatsepin and Kuzmin [2] (GZK cutoff), remain to
be the most important problems for detecting CR sources at energies above 1019

eV. Four extensive air showers (EASs) with energies above the cutoff threshold
have been detected on the Yakutsk EAS array [3]. The data of AGASA array
(where 11 showers with energies above 1020 eV were registered) indicate the
absence of cutoff in the spectrum . In the new Auger experiment, a record
exposure has been reached and a spectrum cutoff was evidenced [5], which is in
agreement with the HiRes results [6]. The spectra below 1020 eV obtained in
all these experiments have a similar shape but significantly different intensities.
This contradiction is most likely to be caused by the systematic difference in
the energy estimates for individual showers in different experiments.

1 Determination of EAS energy

On EAS arrays, the primary-particle energy E0 is estimated from the experi-
mentally determined basic parameter. Such a parameter for the Yakutsk array
is the density S600 at a distance of 600 m from the shower core. On the arrays
similar to the Yakutsk array, the relation between the basic parameter and
primary energy E0 at the atmospheric depth X0 , corresponding to vertical
showers (θ = 0◦), is generally found. To estimate E0 in events with zenith
angles θ > 0◦ , the found parameter value is recalculated to the vertical level
from the zenith angle dependence.
Three main components are measured on the Yakutsk EAS array: charged-
particle flux, Cherenkov light, and muon component. This circumstance al-
lowed us to estimate energy by the calorimetric method and obtain a relation
between S600 at θ = 0◦ and E0 [7] from the experimental data with a minimum
dependence on the development model. This method is based on experimental
estimation of the energy dissipated by a shower above the observation level
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from the measured EAS Cherenkov light. This energy fraction exceeds 70% of
the total energy.
For the events recorded during operation of Cherenkov light detectors, the pa-
rameter Q400 (Cherenkov flux density at a distance of 400 m from the shower
core) was used to parameterize showers.
The error in determining the energy in individual events is affected by many fac-
tors. Some of them are random; however, there are systematic errors, which sig-
nificantly influence determination of the energy spectrum intensity and shape.
It was found in [8] that the relative systematic error in estimating energy on the
Yakutsk array for vertical showers above 1019 eV is 25-26%. For a zenith angle
of ≈ 60◦, it reaches 30%. The dominant contribution is from the uncertainty
in absolute calibration of the Cherenkov light detectors and the error in deter-
mining the average transparency of atmosphere. However, this contribution is
the same for all showers and does not affect the spectral shape but only leads
to an energy shift of the entire spectrum.
A similar procedure for estimating the energy in showers is used on the AGASA
array. The basic parameter is S600. The relation of the parameter S600(0◦) with
the primary energy was determined from model simulation. It was found in [9]
that the systematic error in determining energy may amount to 18%.
At the HiRes array, the fluorescence from ionization of air atoms by EAS par-
ticles is measured with telescopes. These data are used to reconstruct the
cascade curve of electrons and find the number of particles in the shower max-
imum. The measured signal is proportional to the ionization loss of shower
electrons. According to the HiRes collaboration estimates [6], the systematic
error in determining energy is about 15%.
The Auger project uses both methods for recording showers. A ground-based
array of thick water detectors occupies an area of 3000km2. The distance be-
tween neighboring detectors is 1600 m and the area of each detector is 10m2.
The fluorescence produced by the showers falling in the ground-based array
area is simultaneously measured with four telescopic systems. The energy is
estimated from optical data in the same way as at the HiRes array. The re-
sponse in units of an equivalent vertical muon at a distance of 1000 m from the
shower core, S(1000), is used as the basic parameter for the data from ground-
based detectors [5]. The relationship between S1000 and the energy measured
by fluorescence detectors is found from the common events. The systematic
uncertainty of this energy scale is 22%.

2 Energy spectrum

Figure 1(a) shows the energy spectra registered on the Yakutsk [3], AGASA [4],
Auger [5], and HiRes [6] arrays. The shapes of the energy spectra from different
arrays are in good agreement; however their intensities significantly differ. The
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Figure 1: Differential energy spectrum according to the data of the (circles) Yakutsk [3],
(triangles) AGASA [4], (asterisks) Auger [5], and (diamonds) HiRes [6] arrays. (a) Original
data; (b) Energy spectrum after the energy correction: EC = K × E0; K = 0.75 (Yakutsk),

0.87 (AGASA), 1.2 (HiRes), and 1.5 (Auger).

Auger and HiRes spectra are cut off for the most statistically provided data,
a feature indicating the existence of the GZK cutoff. However, 11 events with
energies above 1020 eV (θ < 45◦) have been detected on the AGASA array;
i.e., the cutoff is absent. The Yakutsk array data are in better agreement with
those of AGASA. Four events with energies above the cutoff threshold have
been detected on the Yakutsk array.
It can be seen in Fig. 1(a) that the spectra of all arrays have characteristic
features (dip and bump) and are in good agreement below 1020 eV. The oblique
line shows the shift of a point on the plot in the coordinates used with a change
in the estimated energy. It can be seen that dip position for all arrays only
slightly deviates from this straight line. Figure 1(b) shows the spectra obtained
by changing the energy estimates (multiplying the initial values by a coefficient
K ). The following values were used: K = 0.75 (Yakutsk), 0.87 (AGASA), 1.2
(HiRes), and 1.5 (Auger). The thus corrected results of the three experiments
are in good agreement in the entire energy range, except for the AGASA data
above 1020 eV. To put the intensities from all arrays into correspondence, a
correction exceeding the specified systematic uncertainty by a factor of 2 was
used for only the Auger data. The correction coefficients for other experiments
were taken to be close to the systematic error in determining energy for each
array.
According to the calculations of Berezinsky et al. [10], the observed features
may arise in the energy spectrum if particles of extragalactic origin dominate
in CRs above 1018 eV. Such a shape of the spectrum is explained by the energy
loss on pion photoproduction and formation of electronpositron pairs on the
relic radiation. In this case, protons should dominate in the spectrum. It was
concluded in [10] that the most likely sources are active galactic nuclei.
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3 Conclusions

The discrepancy in the intensities of the energy spectra obtained in different
experiments can be explained by the presence of systematic errors in the esti-
mated shower energies. The HiRes and Auger data indicate the relic cutoff of
the CR spectrum. This fact and the presence of a dip in all experiments suggest
that protons from extragalactic sources dominate in the spectrum even at en-
ergies above 1018 eV. However, this suggestion is inconsistent with the Yakutsk
array data on the muon component behavior in the showers above 1019 eV [8].
The muon fraction in this region increases with an increase in energy. In the
most inclined showers at E0 > 2 · 1019 eV, the responses of the muon the same
as ground-based detectors in a wide range of distances. These results may
indicate the occurrence of new processes upon interactions of particles with
such energies. If this is true, the estimated energy of the most intense showers
may be incorrect for all arrays. The contradictictory data from different arrays
on the existence of particles above the GZK cutoff can be related to unknown
features of development of EASs produced by such particles.
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Abstract. Primordial cosmological hypermagnetic fields polarize the early Uni-
verse plasma prior to the electroweak phase transition (EWPT). As a result of the
long range parity violating gauge interaction present in the Standard Model their
magnitude gets amplified, opening a new perturbative way of accounting for the
observed intergalactic magnetic fields.

1 Introduction

The cosmological large scale magnetic fields can serve as the seed fields for
observable galactic magnetic fields [1]. Primordial Maxwellian field appears in
early universe after the electroweak phase transition (EWPT) as the combi-
nation Aμ = sin θWW 3

μ + cos θWYμ. Below we consider hot plasma of early
universe at high temperatures above EWPT, T � TEW . The long-ranged non-
Abelian magnetic fields (corresponding, for instance, to the color SU(3) or to
the weak SU(2)) can not exist because at high temperatures the non-Abelian
interactions induce a ”magnetic” mass gap ∼ g2T where g is the gauge cou-
pling. The only long scale field that can exist for such conditions (restored
SU(2)×U(1)Y symmetry) is the hypercharge field Yμ for which lattice studies
confirmed non-perturbatively the absence of mass, mY = 0, as it is in SM for
the massless electromagnetic field after EWPT obeying the boundary condition
at TEW , Aem = cos θWY.

2 Generalized Maxwell equations for hypercharge fields

We start from the SM Lagrangian for hypercharge field Yμ which includes
manifestly parity violation terms for left (right) fermions and antifermions
fL,R = [(1∓ γ5)/2]f :

L = −1

4
YμνY

μν +
∑

l=e,μ,τ

g
′
Y μ

2

(−ν̄lLγμνlL − l̄LγμlL − 2l̄RγμlR
)
+

+
N∑
i

g
′
Y μ

2

[
1

3
ŪiLγμUiL +

1

3
D̄iLγμDiL +

4

3
ŪiRγμUiR −−2

3
D̄iRγμDiR

]
+

+i
g
′
Y μ

2

[
ϕ+Dμϕ− (

Dμϕ
+
)
ϕ
]
, (1)
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where l = e, μ, τ , Ui = u, c, t, Di = d, s, b are leptons and quarks correspond-

ingly, ϕ =
(
φ+, φ(0)

)T
- is the Higgs doublet.

From the Lagrangian (1) one can derive Maxwell equations for hypercharge
fields EY = −∂Y/∂t−∇Y0, BY = ∇×Y which in hot equilibrium plasma at
T � TEW take the form [2]:

∇ ·BY = 0, ∇ ·EY = 0,

∂BY

∂t
= −∇×EY ,

−∂EY

∂t
+∇×BY = 4π

[
JY (x, t) +

47

378
× g

′2μν

π
BY

]
, (2)

where μν =
∑

l μ
(l)
νL is the net chemical potential for left neutrinos, l = e, μ, τ .

The last pseudovector term (JY
5 ∼ μνBY ) originated by parity violation in SM

is absent for Maxwellian fields in QED while namely it produces the amplifi-
cation of a seed hypermagnetic field.

3 Faraday equation and α2 -dynamo

In the rest frame V = 0 of the isotropic early Universe plasma combining last
Maxwell-like equations in Eq. (2) and the Ohm law JY = σcondEY we can write
the Faraday equation describing so-called α2-dynamo [3] of hypermagnetic field:

∂BY

∂t
= ∇× αBY + η∇2BY . (3)

Here η = (4πσcond)
−1 is the magnetic diffusion coefficent, the parameter α is

the hypermagnetic helicity coefficent given as

α =
47g

′2μν

1512π2σcond
. (4)

It plays crucial role in the evolution of hypermagnetic field [2]. We can solve
Eq. (3) through Foirier harmonics as BY (x, t) =

∫
(d3k/(2π)3)BY (k, t)e

ikx

where BY (k, t) is expressed as

BY (k, t) = BY
0 exp

[∫ t

t0

[α(t
′
)k − η(t

′
)k2]dt

′
]

. (5)

For 0 < k < α/η, or correspondigly correlation length scales η/α < Λ < ∞
such field gets exponentially amplified, but differently for different scales Λ.
E.g. for the Fourier mode k = α/2η (or Λ � 2η/α) one gets the maximum

260

Number_#1024_Pg001-452.indd   260 9/23/10   3:00 PM



amplification γ = αk − ηk2 = α2/4η [3, 4]

BY (t) = BY
0 exp

[∫ t

t0

α2(t
′
)

4η(t′)
dt
′
]
= BY

0 exp

⎡
⎣32 ∫ x0

x

dx
′

x′2

(
ξν(x

′
)

0.001

)2
⎤
⎦ , (6)

where we introduced the new variables x = T/TEW , ξν = μν/T and BY
0 is the

assumed initial amplitude of the hypermagnetic field at T � TEw.
For larger scales, Λ > 2η/α, the amplification factor in the exponent (6)

becomes less than ∼ 32, nevertheless, it is enough both for a strong enhance-
ment of the initial hypermagnetic field and to survive against ohmic dissipation
(magnetic field diffusion) if Λ > ldiff =

√
ηlH .

Let us comment on the physical interpretation of the new magnetic helicity
term. The original seed field BY

0 polarizes the fermions and antifermions (in-
cluding neutrinos) propagating along the field in the main Landau level, n = 0.
This polarization effect causes fermions and antifermions to move in opposite
directions with a relative drift velocity proportional to the neutrino asymmetry

μν =
∑

l μ
(l)
νL . The existence of a basic parity violating hypercharge interaction

in the SM induces a new term in the hypermagnetic field in Eq. (3) ∇× αBY

which winds around the rectilinear pseudovector hypercharge current J5 par-
allel to BY . This term amplifies the seed hypermagnetic field BY

0 according to
Eq. (6).

The hypermagnetic helicity HY =
∫
d3xBY ·Y is another interesting object

under study which is the important characteristic of the field structure as well as
the magnetic helicity H =

∫
d3xB·A of cosmological magnetic fields calculated

in [5].
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REGULAR SOURCE OF THE KERR SPINNING PARTICLE

Alexander Burinskii a

Theor.Phys. Lab., NSI Russian Academy of Sciences, 115191 Moscow, Russia
Abstract.Superconducting source of the Kerr-Newman (KN) spinning particle is
obtained as a consistent solution of the Einstein-Maxwell-Higgs system. The source
forms an oblate rotating bubble filled by Higgs field which regularizes the KN
electromagnetic (em) field, expelling it to the boundary of the bubble. External
solution is KN one, while interior of the bubble is flat and extended analytically to
flat ‘negative’ KN sheet, forming a holographic structure. Vortex of the em field
forms a closed loop on the edge of bubble and quantizes spin of the solutions.

1.Introduction.Kerr-Newman (KN) solution for a charged and rotating Black-
hole has g = 2 as that of the Dirac electron and paid attention as a classical
model of electron coupled with gravity [1–5]. For parameters of electron (in the
units G = C = h̄ = 1) J = 1/2,m ∼ 10−22, e2 ∼ 137−1 the black-hole horizons
disappear and there appears a naked source in the form of singular ring of
the Compton radius a = h̄/2m ∼ 1022. This ring is a branch line of the KN
spacetime forming a gate to an “Alice” negative sheet of the Kerr geometry,
which is the old mystery of the Kerr source. A consistent solution for the KN
source was suggested recently [6] as a development of the bag-like model [5].
This solution is based on a supersymmetric version of the U(1) × Ũ(1) field
model which provides phase transition from external vacuum, with potential
V (ext) = 0, to an internal ‘false’ (superconducting) vacuum, V (in) = 0. The
Higgs mechanism of broken symmetry describes oscillating superconducting
internal state and its interaction with the KN em field.

2. Gravitational phase transition. Following [5,6], for external region we use
the exact KN solution in the Kerr-Schild (KS) form of metric

gμν = ημν + 2Hkμkν , (1)

where ημν is metric of the auxiliary Minkowski background in Cartesian co-
ordinates xμ = (t, x, y, z). Electromagnetic (em) KN field is given by vector
potential

Aμ
KN = Re

e

r + ia cos θ
kμ, (2)

where kμ(xμ) is the null vector field which is tangent to a vortex field of null
geodesic lines, the Kerr principal null congruence (PNC). For the KN solution
function H has the form H = mr−e2/2

r2+a2 cos2 θ . The Kerr spheroidal oblate coordi-
nates r, θ, φK , are related with the Cartesian coordinates as follows

x + iy = (r + ia)eiφK sin θ, z = r cos θ. Vector field kμ has the form

kμdxμ = dt − dr − a sin2 θdφK . (3)
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Figure 1: Matching of the metric for regular bubble interior with metric of external KN field.

For the metric inside of the oblate bubble we use the KS ansatz (1) in the
form suggested by Gürses and Gürsey with H = f(r)

r2+a2 cos2 θ . If we set for
interior f(r) = fint = αr4, the Kerr singularity is suppressed. For exte-
rior, r > r0, we use f(r) = fKN = mr − e2/2 corresponding to KN so-
lution. Therefore, f(r) describes a phase transition of the KS metric from
‘true’ to ‘false’ vacuum (see fig.1). We assume that the zone of phase transi-
tion, r ≈ r0, is very thin and metric is continuous (and maybe even smooth)
there, so the point of intersection, fint(r0) = fKN (r0), determines position
of domain wall r0 graphically and yields the ‘balance matter equation’ [5, 6],
m = mem(r0) + mmat(r0), mem(r0) = e2

2r0
which determines r0 analytically.

A small correction may be given by contribution to mass from intermediate
zone. Interior has constant curvature, α = 8πΛ/6. Following López, we fix the
boundary of bubble at r0 = re = e2/2m, which yields flat interior, α = 0. For
parameters of electron the axis ratio of the ellipsoidal bubble is ∼ 137, so it
has the form of highly oblated disk.

3. Chiral sector. The corresponding phase transition is provided by Higgs
model with two complex Higgs field Φ and Σ, two related gauge fields Aμ and
Bμ, and one auxiliary real field Z. This is a given by Morris generalization of
the U(1)×Ũ(1) field model [5,6]. The potential V (r) =

∑
i |∂iW |2, where ∂1 =

∂Φ, ∂2 = ∂Z , ∂3 = ∂Σ, is determined by superpotential W = λZ(ΣΣ̄ − η2) +
(cZ + m)ΦΦ̄ and forms a domain wall interpolating between internal (‘false’)
and external (‘true’) vacua. The vacuum states obey the conditions ∂iW = 0
which yield V = 0 for ‘false’ vacuum (r < r0): Z = −m/c; Σ = 0; |Φ| = η

√
λ/c,

as well as for ‘true’ vacuum (r > r0) : Z = 0; Φ = 0; Σ = η.

4. Higgs mechanism. We set Bμ = 0 and use only the gauge fields Aμ which
interacts with the Higgs field Φ(x) = |Φ(x)|eiχ(x) having a nonzero vev inside
of the bubble, |Φ(x)|r<r0 = Φ0, and vanishing outside. The related part of
the field model is a copy of the Nielsen-Olesen (NO) field model for a vortex
string in superconducting media. However, there is a principal difference from
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NO model, since we describe superconducting interior of the bubble, while the
external em field has to be long-range. The Lagrangian LI = − 1

4FμνFμν +
1
2 (DμΦ)(DμΦ)∗, where Dμ = ∇μ + ieAμ, leads to the equations

�Aμ = Iμ =
1
2
e|Φ|2(χ,μ +eAμ), (4)

where we used flat d’Alemberian, so far as our metric is flat for r < r0. In
external region |Φ| = 0 and the em field has to correspond to exact KN solution,
Aμ ≡ Aμ

KN . and allows us to use flat We assume that current has to be expelled
from interior of the bubble to its boundary, and we set in interior Iμ = 0. The
KN gauge field Aμ is given by (2) and (3). On the boundary and inside of the
bubble the specific Kerr angular coordinate φK turns out to be inconsistent with
Higgs field, and we transform the gauge field to the usual angular coordinate
φ = −i ln[(x + iy)/(x2 + y2)1/2]. It reduces Aμ to the form

Aμdxμ =
er

r2 + a2 cos2 θ
[dt − a sin2 θdφ] + d ln(r2 + a2) (5)

which shows that radial component is full differential. Near the boundary of
bubble, r = re = e2/2m, the value of potential is Aμdxμ|r=re

= ere

r2
e+a2 cos2 θ [dt−

a sin2 θdφ] + d ln(r2 + a2), and in equatorial plane cos θ = 0, we obtain

A(str)
μ dxμ =

2m

e
[dt − adφ] + d ln(r2

e + a2). (6)

Tangent component of the gauge field at the border is A
(str)
φ = −2ma/e =

−2J/e (since J = ma). Setting J = n
2 we find out that A

(str)
φ forms on the

border of KN bubble a closed quantum loop S =
∮

eA
(str)
φ dφ = −n2π, which

has to be matched with angular periodicity of the Higgs field Φ ∼ exp inφ.

Inside the bubble, the condition Iμ = 0 yields χ,0 = −eA
(in)
0 (r), which deter-

mines that χ,0 has to be a constant corresponding to the frequency of oscillation
of the Higgs field, χ,0 = ω = −eA

(str)
0 = 2m. Therefore, we have

A
(in)
0 = −2m

e
; A

(in)
φ = −2ma

e
; A(in)

r =
2erdr

(r2 + a2)
, (7)

Φ(x) = Φ0 exp{iωt − i ln(r2 + a2) + 2iφ}. (8)

For exclusion of the region of string-like loop at the equator, the time and φ
components of the obtained vector field have a chock, crossing the boundary of
the bubble, which generates circular currents. So, by r ≈ r0 we have to admit
Iμ �= 0 and consider deviation of the em field from the obtained background
solution (7), (8). Substituting A

(bound)
μ = Aμ − A

(in)
μ in (4) we obtain the

equation
�A(M)

μ = Iμ = e2|Φ|2A(M)
μ (9)
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which shows that a massive vector meson with mass M = mv = e|Φ| may
resides on the boundary of the bubble.

5.Outlook. For a >> r0 the solutions of (9) form a massive rotating string at
the edge of oblate bubble. It returns us to the old Kerr-Microgeon model [3],
in which the Kerr ring was considered as a waveguide for circular motion of
a photon. This string forms a similar waveguide for the em field. Being very
close to the Kerr ring, it turns out to be relativistically rotating, vtan ≈ c,
which should give a stringy contribution to mass. Besides, there have also to
be the em excitations. It represents a strong analogy with the considered in [7]
solvable model of soliton-antisoliton excitations moving on a rotating circle.

We should also note similarity of the KN source with the spinning Q-balls
models of hadrons (oscillons).

Finally, the superconducting bubble source of the KN solution resolves the
mysterious problem of the negative sheet of the KN solution which turns out to
be related with a holographic structure [8,9] of the KN geometry adapted to its
quantum treatment [10,11]. The boundary of bubble forms a membrane sepa-
rating the bulk regions of the in- and out-vacua and creates the Kerr/CFT (or
the bulk/boundary) correspondence. The superconducting flat interior of the
KN source may analytically be extended to ‘negative’ KN sheet, forming there
a flat vacuum state. It allows one to identify the negative sheets of different
KN sources and form a common vacuum state ensuring linear superposition of
the vacuum fields from different sources.
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ATOMS AS RODS AND CLOCKS IN GRAVITATIONAL FIELD

Anatoly Nikishov a

I.E. Tamm Department of Physics, P.N.Lebedev Physical Institute, 117924,
Leninsky Prospect 53, Moscow, Russia.

Abstract
We consider the implications of using an atom as a rod and a clock

in a constant gravitational field.

1 Introduction and exposition of the approach

Almost 50 years ago the authors of [1] proposed to use, for example,

the hydrogen atom as rod and clock in gravitational field and analyzed

the consequences of this, see also [2]. The constant gravitational field

modifies the Bohr radius rb

rb → rbφ =
rb√
gs

, rb =
h̄2

me2
. (1)

[We use the notation

ds2 = g00c
2dt2 + gs(dx

2
1 + dx2

2 + dx2
3), gs ≡ g11 = g22 = g33.] (2)

Using the atom as a rod in gravitational field, we consider its size as the

unchanged one. So the modified (or calculated [2]) radius rbφ is multi-

plied by
√
g
s
. In this way the space part of metric (2) appears. Similarly

with g00 [1,2]. Other physical quantities such the velocity of light are also

modified by gravitational field. But in the usual approach we consider

them as unchanged and do not make any mistake [2]..This may be com-

mented as follows: Modifications of physical quantities are determined

by their dimensions [1].The terms of the Dirac equation (as any other

equation) have the same dimension. So in constant gravitational field

each term acquires the same factor and it can be dropped. In this way

we get the observed (unchanged) quantities such as the atomic frequency,

observed locally. An interesting exception is the Einstein gravitational

constant

κ → κφ =
κ√

|gsg00|
(3)

The modification is absent if |gsg00| = 1. An application of this approach

is the deflection of light at finate distances from a gravitating body. Not

far from the asymptotic behavior of the trajectory, where the deviation

is small, it can be evaluated by purely mechanical means, see §4, Ch2 in

Schwinger book [4]. This gives the angle of deviation [5]

ϕ = rgρ

∫ ∞

x

dx

(x2 + ρ2)3/2
=

rg
ρ

(
1− xρ−1√

1 +( xρ−1)2

)
. (4)
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Or in terms of

u =
ρ

r
, δ =

rg
ρ
, rg =

2GM

c2
,

where ρ is impact parameter,

ϕ =
1

2
(u)2δ, . (5)

The same result is obtained for the tangent of the trajectory in isotropic

coordinate system. This is not the case for other coordinate systems [5].

2 Conclusions

It seems reasonable to expect that the considered approach should hold

beyond the linear approximation as long as the tidal force inside the atom

is negligible. It even seems reasonable to think that two functions g00
and gs are functions of only Newtonian potential. This is the case for

the isotropic coordinate system of the Schwarzschild field. It is inticing

to think that the same form of metric should hold for any single body;

only the Newtonian potentials are specific. But this agrees with general

relativity only in linear approximation because only two functions g00
and gs mast satisfy all Einstein equations. It would be also interesting

to check experimentally that the relation |gsg00| = 1 holds only in linear

approximation as predicted by general relativity.
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NONHYDROGEN-LIKE GRAVIATOM RADIATION

Michael Fil’chenkov a, Yuri Laptev

Institute of Gravitation and Cosmology, Peoples’ Friendship University of Russia,
6 Miklukho-Maklay Street, 117198 Moscow, Russia

Abstract.Nonhydrogen-like graviatoms corrected for DeWitt’s self-action, mini-hole
rotation and particle spin have been considered.

1 Introduction

Graviatoms are bound quantum systems maintaining particles in orbit around
mini-holes (primordial black holes) [1]. Hydrogen-like graviatoms satisfy
Schrödinger’s equation for the radial wave function as follows

1

r2
d

dr

(
r2

dRpl
dr

)
− l(l + 1)

r2
Rpl +

2m

h̄2

(
E +

mc2rg
2r

)
Rpl = 0, (1)

where m is the particle mass and rg = 2GM
c2

is the mini-hole gravitational
radius. The charged particles satisfying graviatom existence conditions are the
electron, muon, taon, wino, pion and kaon. These conditions are geometrical,
stability and indestructibility ones. Mini-hole and particle masses satisfy the
relation Mm = αgm

2
pl where αg = 0.5÷ 0.6 [2].

2 DeWitt’s self-action corrections

The energy spectrum of a hydrogen-like atom has the form

E(0)
n = −mc2α2

g

2n2
, (2)

where αg = GMm
h̄c is the fine-structure constant gravity equivalent. The per-

turbation being due to DeWitt’s self-interaction [3]

Vq =
mc2rgrq

4r2
, (3)

where rq = q2

mc2
is the the classical radius if a particle withe the charge q.

Corrections to the hydrogen-like spectrum

E
(1)
nl =

mc2αegα
2
g

n3
(
l + 1

2

) , (4)

where αeg =
e2

h̄cαg.
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The intensity of the electric dipole radiation of a particle with mass and
charge in the gravitational field of a mini-hole for the transition 2p → 1s is

I10,21 = I
(0)
10,21

(
1− 46

9

)4

(1− 6αeg)
2, (5)

where

I
(0)
10,21 =

2h̄e2[ω
(0)
12 ]

3

mc3
f
(0)
10,21 (6)

is the intensity for a hydrogen-like graviatom, ω
(0)
12 =

E
(0)

1
−E(0)

2

h̄
, f

(0)
10,21 = 213

39

are the frequency and oscillator strength respectively. Thus, DeWitt’s self-
interaction diminishes both frequencies and in-tensities of the hydrogen-like
graviatom.

3 Pauli’s corrections

Taking account both DeWitt’s self-action and Pauli’s spin corrections [4], the
graviatom energy spectrum takes the form

E = −mc2α2
g

2n2
+

mc2α3
g

2n3

(
2

l + 1
2

e2

h̄c
− αg

j + 1
2

)
+

3mc2α4
g

8n4
, (7)

where j = l + s, s = 0 for mesons and s = ±1
2 for leptons. The first nlj

levels: 1s1/2, 2s1/2, 2p1/2, 2p3/2. The dipole transition 2p → 1s splits into two
transitions: 2p1/2 → 1s1/2 with Δj = 0 and 2p3/2 → 1s1/2 with Δj = 1. The
intensity for the transition 2p3/2 → 1s1/2 is

I10,21 =
2

3
I
(0)
10,21

(
1 +

15

48
α2
g

)4

. (8)

4 Graviatoms with slowly rotating miniholes

Lense-Thirring’s metric for a slowly rotation black hole has the form [5]

ds2 =
(
1− rg

r

)
c2dt2 − dr2

1− rg
r

− r2(dθ2 + sin2 θdϕ2) +
2rga

r
sin2 θdϕdt, (9)

where a the specific angular momentum. The perturbation being due to rota-
tion

Va =
rgah̄

√
l(l + 1)

r3

(
1− rg

r

)
. (10)

The intensity for the transition 2p → 1s

I21 = I
(0)
21

(
1 + 0.0349

ma

h̄

)4 (
1− 1.1064

ma

h̄

)2

. (11)
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The correction to the hydrogen-like spectrum of the graviatom taking account
of DeWitt’s self-force, particle spin and a slow rotation of the mini-hole reads

E
(1)
nl = −mc2α2

g

2n2
+

mc2α3
g

2n3

(
2

l + 1
2

e2

h̄c
− αg

j + 1
2

)
+

3mc2α4
g

8n4
+

2α4
gm

2c2a

h̄n3(l + 1
2 )

2

[
1− 3n2 − (

l + 1
2

)2
n2(l + 1

2 )
2

α2
g

]
. (12)

Providing am
h̄ α2

g � 1 , we obtain

E
(0)
nl

E
(0)
n

=
α2
n

n

[
1

j + 1
2

− 4am

h̄
(
l + 1

2

)2
]
. (13)

Hence
E

(0)

nl

E
(0)

n

� 1 , if α2
n � n, j + 1

2 � 1, 4am
h̄ � (

l + 1
2

)2
.

As a result, the perturbation theory is valid for a slow rotation of the minihole
and higher levels of the particle being constituents of the graviatom.

5 Conclusion

The graviatoms can contain only leptons and mesons. The hydrogen-like gravi-
atom is perturbed by DeWitt’s self-action and minihole rotation diminishing,
whereas particle spin enhancing the dipole radiation intensity.
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BRANE UNIVERSE: GLOBAL GEOMETRY

Alexey Smirnov a

Institute for Nuclear Research, Russian Academy of Sciences,60th October

Anniversary Prospect, 7a, 117312, Moscow, Russia

Abstract
The global geometries of bulk vacuum space-times in the brane-universe

models are investigated and classified in terms of geometrical invariants.

The aim of this talk is to unvestigate the possible global geometries of some
”brane universe” scenarios in which ”our Universe” is supposed to be embedded
in a space-time of larger number of dimensions, ”bulk”.

In order to get the exact solutions we simplify the model as much as pos-
sible. Let us consider a (N + 1)-dimensional space-time containing a single
N -dimensional thin shell (brane) and supppose that this brane is time-like and
has the cosmological symmetry, i.e., it is homogeneous and isotropic. More-
over, we demand the bulk to have the slicing with the same symmetry. Then
the metric of the whole space-time can be written as

ds2 = −dn2 +B2(n, t)dt2 −A2(n, t)

[
dr2

1− kr2
+ r2dΩ2

N−2

]
, (1)

Outside the shell the space-time is a vacuum with some cosmological constant
Λ. Then the energy-momentum tensor in the right-hand side of the Einstein
equations equals

Tμν = Sμνδ(n) +
1

8πG
gμνΛ, Sn

n = Sn
i = 0, S2

2 = S3
3 = SN

N . (2)

In what follows we will consider the so-called vacuum shells only, for which
S0
0 = S2

2 = const.
Due to the proclaimed symmetry we are able to use yet another, more gen-

eral, global approach, considering the metric in the form

ds2 = γAB(x)dx
AdxB −R2(x)dl2N−1 A,B = 0, 1 , (3)

which is essentially characterized by two invariant functions of two variables,
R(x) and Δ(x), where

Δ = γAB ∂R

∂xA
= −k +

2

N(N − 1)
ΛR2 ∂R

∂xB
(4)

is the square of the normal vector to the surfaces R = const. Then

Δ < 0 ⇒ R±-regions

Δ > 0 ⇒ T±-regions

Δ = 0 ⇒ Apparent horizons

ae-mail: smirnov@ms2.inr.ac.ru
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It is the set of these regions and horizons together with the boundaries (infinities
and singularities) that consists the global geometry.

Below we present Carter-Penrose conformal diagrams for all possible values
(signs) of the cosmological constant Λ, spatial curvature k = 0,±1 and the
surface energy density S0

0 . In these figures the dashed curves represent surfaces
of constant radii, and for the case Λ < 0, k = −1 we should distinguish between

”heavy” shells with |S0
0 | >

√
(N−1)|Λ|
2πGN

and ”light” shells with |S0
0 | <

√
(N−1)|Λ|
2πGN

.

Note, that from the point of view of a possible genesis the positive values of
the surface energy density S0

0 > 0 is more plausible for positive cosmological
constant Λ > 0, since it requires only one copy of the bulk space-time (and two
copies if S0

0 < 0). For Λ < 0, the negative S0
0 < 0 seems more natural.

The local Z2−symmetry can be preserved even in the case of two and more
branes. This can be achieved when additional shells are placed on different
sides of the Einstein-Rosen bridges in the space-times with horizons or beyond
the infinities in the case of negative cosmological term because light rays in
such a case reach he infinite value of radius in finite coordinate time interval.
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RADIATION EXPOSURE AND MISSION STRATEGIES FOR
INTERPLANETARY MANNED MISSIONS AND

INTERPLANETARY HABITATS

Piero Spillantini a

INFN and University, Firenze, Italy
Abstract. Active shieldings based on superconducting magnetic lenses were eval-
uated in the past in ESA supported studies. The present increasing interest on
permanent space complexes, to be considered in the far future as ’Bases’, rather
than ’Stations’, located in ’deep’ space requires that this preliminary activity con-
tinues, envisaging the problem of the protection from Cosmic Ray (CR) action
at a scale allowing long permanence in ’deep’ space, besides to a relatively num-
ber of dedicated astronauts, also to citizens conducting there ’normal’ activities.
The realization of the magnetic protection of long permanence habitats by well-
established nowadays materials and techniques is in principle possible, but not
workable in practice for the huge required mass of the superconductor, the too low
operating temperature and the corresponding required cooling power and thermal
shielding. However the fast progress in the production of reliable High Tempera-
ture Superconducting (HTS) or MgB2 cables and of cryocoolers suitable for space
operation opens the perspective of practicable solutions. Quantitative evaluations
for the protection from Galactic CR of a large habitat of the ’Space Base’ are
presented. For possible solutions with outer diameter larger than that allowed by
transportation to space vehicles it must in the meantime solved the problem of
the assembling or deploying in space of the conductors for returning the electric
current.

There are several ideas, initiatives and projects for defending astronauts from
the most energetic solar cosmic rays in the most intense solar events, when they
fly and operate far away from the protection of the terrestrial magnetic field.
The projects of interplanetary spacecrafts ( [1], [2], [3], [4]) foresee ’protected
volumes’ where astronauts can shelter in the unlikely but very dangerous case
of an intense and energetic solar storm. These ’storm shelters’ would be used in
extreme cases, and only for a few hours, perhaps a few days, and are therefore
small in volume (≈1m3/astronaut) and Spartan: the protection is obtained by
a water jacket and penalizes the mission with several tons of mass. A magnetic
field sheath produced by superconducting coils could reduce the mass penalty
for a factor 3 [5].

The criterion of ’shelter’ cannot be used for protecting astronauts in long
duration missions, either in spacecraft or in deep space permanent bases, where
the protection is required to act during the whole duration of the mission
against the action of the galactic cosmic rays (GCR). Astronauts must spend
most of their time inside a volume much larger than a shelter, equipped for their
life and activities, i.e. a large volume ’habitat’ protected from GCR that are
much more energetic that the solar ones emitted in the most energetic solar
events. The dose absorbed by an astronaut in a few months overcomes the
’carrier limits’ (normally expressed in dose absorbed in 10 years) recommended

ae-mail: spillantini@fi.infn.it
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by the USA National Council on Radiation Protection for astronauts [6]. The
volume to be protected should be 50-100m3/astronaut, i.e. 300-600m3 for a
habitat for ≤6 men. Passive protection is not more possible, not only because
of the required enormous mass, but also for the decreasing of its efficacy with
the thickness due to the secondary production of particles by interaction of the
cosmic ray on the material.

The problem must be set to this level of complexity because the plans of
space agencies are evolving from sporadic manned missions of deep space ex-
ploration toward a strategy of exploitation of deep space, and not only by
missions to celestial bodies of the solar system but also deep space bases for
supporting them. This strategy is intended to attract private investments for
digging out resources and implementing services from space, with the Space
Agencies supplying the needed technical competences, guaranties and controls
in conformity with the political indications of the respective governments. The
growing of space tourism enterprises and of enterprises offering access to orbit
(see for example the SpaceShipTwo successful spacecraft [7]), the studies for
extracting useful materials from Moon [8] and asteroids, the growing awareness
of the advantages of locating in Lagrange points permanent stations of transit
and logistics and for transferring infrastructures ( [9], [10], [11]) are signs of the
growing of such a strategy.

In last decade several evaluations were made for protecting large volume habi-
tats by magnetic fields produced by superconducting coil systems. In Europe
ESA supported the work of a Topical Team study ( [5], [12]) and an industrial
tender [13] dedicated to the protection from ionizing radiation of astronauts in
manned interplanetary missions. In both these studies the habitat was assumed
to be protected by a sheath of magnetic field produced by superconducting coils
in toroidal configuration (as schematically indicated in fig.1). The conclusions
of both works were somewhat encouraging, supplying reasonable evaluations
of the needed magnetic field intensities for mitigating by a factor 2-3 the dose
of absorbed radiation inside a protected volume, assumed to be that typical of
an ISS module (about 4m in diameter, see fig.2). In the conclusions of these
studies the needed technologies to be developed were suggested to arrive to the
design of a possible system.

In USA a design was presented [14], based, as the ESA evaluations, on
toroidal coils and protecting a similar volume, but assuming a very high in-
tensity magnetic field, what implied a huge mass of the system (≈30t) for
supporting the enormous ponderomotive forces.

The until now performed work on active shielding was reviewed at the last
COSPAR in Montreal [15].

It can be regarded as ’pioneer’ and must be updated for several reasons:

• (a) a diffuse wide experience was accumulated in realizing and operat-
ing huge volume and huge stored energy superconducting magnets for

275

Number_#1024_Pg001-452.indd   275 9/23/10   3:00 PM



B=0 

inside

B 1/R

B=0 

outside
B=0 

outside

B

R

electric currentelectric current

R
1

R
2

R1 R2

Continuous cilindrical conductor

Lumped conductors

Figure 1: Schematics of a toroidal magnetic sheath for protecting a cylindrical volume inside
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Figure 2: ’Dose’ released in a ISS-like habitat evaluated for the three values 3, 4 and 6m of
the outer radius R2 of the toroidal system as a function of the maximum field (at R=R1)
of the system. For R2=6m the dose due to the maximum possible solar event (MaxSEP) is
lower than that released by GCR in one year for a maximum magnetic field (at R=R1) of
0.8T. The GCR dose is reduced by a factor 2 (3) for maximum magnetic field of 2T(3T).
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experiments at accelerators;

• (b) technical achievements on superconducting materials were obtained,
with the production of High Temperature Superconductors (HTS) cables
and of the medium temperature superconducting MgB2 cables ( [16], [17])
and fast improvement of their parameters ( [18], [19], [20], [21]), as well
in more light and efficient cryocoolers [22];

• (c) the evolution toward the exploitation of the Solar System implies
that in long duration missions to deep space will operate a not negligible
number of citizen, besides astronauts, conducting there their activities (as
for example personnel for running space hotels for tourists, or operating
deep space stations, or assigned to transit and logistics);

• (d) plans are in preparation for establishing permanent bases on the sur-
face of celestial bodies which also require to be protected from GCR, as
well rovers for the mobility on their surface.

The protection from the ionizing radiation rises to a higher level than that
until now afforded, either for the dimensions of the habitats to be protected
or the possible long times of permanence or the possible new safety rules to
comply with. The space bases must be equipped by one (or more) habitats
offering a substantial reduction of GCR dose to the permanent staff during the
whole permanence period and possibly acting as solar storm shelters easily and
timely reachable by all the afferent personnel of the base.

The active system can be constituted by superconducting coils producing a
high intensity magnetic field, protecting, as a sheath, the habitat. The most
convenient configuration is the toroidal one (already shown in fig.1), also if
other configurations can be considered. In order to allow in the habitat normal
activities the residual magnetic field inside must be a few gauss at most, i.e.
three or more order less than in the surrounding sheath. This is possible in
principle if the inner current flows around the cylindrical external wall of the
habitat uniformly in a continuous cylindrical surface; however the mechanical
instability due to the magnetic buckling pressure must be taken into account in
the safety systems. Preliminary tests and an accurate engineering are required
to guarantee the cancellation of the magnetic field inside in any possible normal
or emergency situation. A suitable distribution of high permeability materials
(such as mu-metal sheets) can help to solve the problem.

Furthermore the design of the magnetic system must take in account the
following points:

• - it is advisable that the protection system be integrated with the habitat
before its transportation to space;
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Figure 3: Configuration assumed to evaluate the protection of a 6m diameter cylindrical
habitat

• - therefore its outer dimensions (diameter and length) and its mass must
comply with the capability of the transport system;

• - the system, also if it should be transported already cooled, must be
energized in its final location in space.

The sketch of the whole system shown in fig.3 is not a preliminary design
but just a scheme for the subsequent evaluations, where it was assumed that:

• the total current is returned by a number (16 in the figure) of external
conductors;

• the inner tube of current is supposed to be subdivided at the two ends
in several tubes of smaller diameter, in order to protect down to small
angles and meanwhile maintaining the magnetic field intensity not higher
than that at R=R1 (this is important, because in a superconducting
magnet the strictness of problems strongly depends from the maximum
field reached in the system).

Taking in account the 10m maximum diameter until now foreseen for trans-
port systems (that of the mammoth Ares V rocket for the next NASA mission
to Moon) a habitat of 6m diameter can be protected by a ’sheath’ of magnetic
field not thicker that 2m. The dose in the habitat due to protons is reported
in fig.4 as a function of the maximum magnetic field in the system for the
two ’thicknesses’ of 1m and 2m of the magnetic field sheath (dashed lines); in
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Toroidal shield for 'habitat' (R1=3m): 
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Figure 4: Reduction of the dose released by galactic protons as a function of the maximum
magnetic field for two values of the outer diameter (8 and 10m) of the system (see fig.3).
The reduction of the dose released by all the GCR is reported as indication, obtained by
multiplying for 5 the dose released by the protons. For 10m outer diameter the reduction is
about 70% (80%) for maximum field of 5 tesla (6 tesla). For the smaller 8m outer diameter

the reduction of 70% is obtained with maximum field of 9 tesla.

the figure it is also indicated the dose due to all the GCR flux, obtained by
multiplying by x5 the dose due to protons.

For the assumed geometry (diameter of the habitat 6m, external diameter
of the whole system 10m, 2m thick magnetic sheath) the spectra of the GCR
fluxes at solar minimum are reported in fig.5; at the bottom of the figure it is
reported (in %) the reduction of the dose for different values of the maximum
magnetic field on the superconductor. Reductions higher than 50% can be
reached only for very high values of magnetic field at R1=3m: 6T (8T) for a
reduction of 75% (80%).

It is difficult to conceive a system with such high fields without a very heavy
and bulky mechanics. It must however observed that reductions about 3/4 of
the GCR dose in periods of high solar activity (i.e. minimum GCR flux) can be
regarded as acceptable by nowadays criteria for permanence in space of about
one year. Because the GCR flux varies by a factor 2 according to the 11 year
cycle of the solar activity, also this input must be taken into account in the
planning of long duration permanence in deep space.

In order to evaluate the mass of the magnetic system the following criteria
have been adopted:

• - the coils are maintained cool by cryocoolers at expenses of electrical
power (Cryogen Free Superconducting Magnet concept [23]);
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galactic proton flux in the 'habitat' (R1=3m, R2=5m)
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Figure 5: Reduction of the galactic proton flux inside the habitat. The corresponding reduc-
tion of the dose due to GCR flux is reported at the bottom of the figure for the values (1, 2,

4, 6, 8, 10T) of the maximum magnetic field of the system

• - the superconducting cable is constituted by MgB2 wires produced by
the in-situ method in a titanium sheath ( [18], [19]) stabilized outside
in aluminium. This choice, proposed by Turin university and Alenia in-
dustry [21], seems at present the most promising: the cable can work at
relatively high temperature (greater than 20K, a value that can be effi-
ciently reached by cryocoolers), with a high current density (1kA/mm2 at
2T, assumed diminishing with the inverse of the field for B(R1)≥2T), its
low density (3g/cm3) guaranties an important mass saving, and it can be
produced very thin [20], therefore less suffering current and temperature
instability and better distributing current in the surrounding cables in
case of bad functioning;

• - as observed commenting fig.5 it would be not expedient to approach the
high values of the magnetic field needed for a substantial reduction of the
GCR dose inside the habitat: the stored energy and the ponderomotive
forces increase with the square of the field intensity, as well increase
the possible instabilities of the superconducting regime of the current,
critically depending from the point of higher field in the superconductor;

• - for this reason the mass of the magnetic system was evaluated also for
outer diameters beyond the 10m supposed to be accepted by the trans-
portation system, supposing that the conductors returning the electric
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Figure 6: For large diameter magnetic systems the solenoidal configuration is not adequate,
and must be adopted a toroidal configuration where the magnetic field diminishes at the
increasing of the radius. The outer part of the system should be deployed or assembled in

space

current at the outer radius could be either assembled or deployed in space
in order to increase the ’thickness’ of the magnetic sheath meanwhile al-
lowing decrease its intensity fig.6.

For the 6m diameter habitat the needed cold mass of the system is repre-
sented in fig.7 as a function of the maximum magnetic field of the system for
different values of the outer diameter (from 10m to 20m, corresponding to a
magnetic field sheath thickness from 2m to 7m) and for 3 values of the GCR
reduction. It must be underlined the strong dependence of the cold mass from
the outer diameter: for a fixed GCR reduction the needed maximum field di-
minishes at the increasing the outer radius and the cold mass also decreases
due to the increase of the allowed current density in the superconductor. The
table in the figure is for a reduction of 82% of the GCR flux.

An assessment of the total mass is hardly possible without a detailed project,
also considering that the mass of the supports strongly depends from the max-
imum field and the consequent ponderomotive forces. In the above mentioned
ESA Topical Team study [5], taking in account that the system has a cylin-
drical symmetry, that in free space the vacuum tank (constituting most of the
mass on the ground) is not needed and that is not necessary to contrast the
gravitation field, it was assumed that the total mass could amount to 1.5 times
the cold mass. Diminishing the maximum field in the superconductor also the
ratio of the total mass to the cold mass could further diminish due to the
decreasing of the ponderomotive forces.
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Figure 7: Cold mass of the system realized by MgB2 s.c. cable, for the values 6.1, 12.5, 20.3
Tm of the bending power (corresponding to 0.59, 0.82, 0.85 reduction of the GCR dose) and
several values of the outer diameter as a function of the maximum magnetic field intensity
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These results underline the importance of developing systems for deploying
or assembling in space the conductors returning the electric current running
around the external cylindrical surface of the habitat, and the need of affording
a specific development program, as recommended in the ESA studies.

An alternative solution to the limitedness of the maximum diameter of the
transportation system could be the concept of a ’distributed habitat’ in deep
space: the protected volume could be subdivided in several protected sub-
volumes (habitat modules), connected together for supplying to the personnel
the total required living and working space (as it is now in the ISS). The 6m in
diameter, 20m long habitat above considered could be composed by 8 habitat
modules 3m in diameter, 10m long, each protected by its own toroidal field of
10m outer diameter. In this case a maximum magnetic field intensity less that
4T would be enough for their protection. Probably such architecture would
be more expensive, but could be a useful approach for providing an artificial
gravity gradient in the habitats (e.g. by putting them in rotation around a
common axis).
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KLOE RECENT RESULTS: A REVIEW

Antonio De Santis a on behalf of the KLOE collaborationb

Sapienza Universitá di Roma & sez. INFN Roma

1 The KLOE experiment

The KLOE experiment [1] runs at the Frascati φ factory DAFNE, a high lumi-
nosity e+e− collider working at

√
s ∼ 1020 MeV, corresponding to the φ meson

mass.
The KLOE detector consists of a large cylindrical drift chamber [2], surrounded
by a sampling lead-scintillating fiber electromagnetic calorimeter [3]. Both de-
tectors operate inside a uniform magnetic field of ∼ 0.5 T provided by a super-
conducting coil. In the whole data taking (2001 − 2006) KLOE has collected
an integrated luminosity of 2.5 fb−1 corresponding to about 8 billions of φ
produced. The KLOE trigger system [4] is highly efficient on most of the φ
decay.

2 Kaon physics

CKM Unitarity and Vus [16] Precise measurements of semileptonic kaon
decay rates provide the measurement of the Vus element of the CKM mixing
matrix and information about lepton universality. Helicity-suppressed leptonic
kaon decays provide an independent measurement of |Vus|2 / |Vud|2, through the
ratio Γ(K → μν)/Γ(π → μν). These measurements, together with the result of
|Vud| from nuclear β transitions, provide the most precise test of the unitarity

of the CKM mixing matrix through the relation |Vud|2 + |Vus|2 + |Vub|2 = 1.
Unitarity can also be interpreted as a test of the universality of lepton and quark
weak couplings, testing the relation G2

F = G2
CKM = G2

F (V
2
ud+V 2

us+V 2
ub), with

GF the Fermi coupling constant from the muon decay.
The kaon semileptonic decay rate is given by:

Γ(Kl3) =
C2
KG2

FM
5
K

192π3
SEW |Vus|2|f+(0)|2IK,l(λ)(1 + 2Δ

SU(2)
K + 2ΔEM

K,l ) (1)

where K = K0,K±, l = e, μ and CK is a Clebsch-Gordan coefficient, equal
to 1/2 and 1 for K± and K0, respectively. The decay width Γ(Kl3) is experi-
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mentally determined by measuring the kaon lifetime and the semileptonic BRs

totally inclusive of radiation. Several theoretical inputs are need: SEW , Δ
SU(2)
K ,

ΔEM
K,l and f+(0) ≡ fK

0π−
+ (0). The form factor dependence on the momentum

transfer can be described by one or more slope parameters λ, measured from
the decay spectra, and enters in the phase space integral IK,l(λ).

The KLOE experiment measure all the relevant inputs to extract Vus from
Kl3 decay rates of both charged and neutral kaons: BRs, lifetimes and form
factors. The values of |Vus|f+(0) is determined from five decay modes: KLe3,
KLμ3, KSe3, K

±e3, and K±μ3. The average is |Vus|f+(0) = 0.2157± 0.0006.
Using the determination of |Vus|f+(0) from Kl3 decays and the result f+(0) =
0.964(5) from [18], we get |Vus| = 0.2237(13). With KLOE results it is also
possible test the lepton universality by mean the ratio
rμe = |f+(0)Vus|2μ3/|f+(0)Vus|2e3. Final result (rμe = 1.000(8)) agrees with the

SM expectation rSMμe = 1 with similar accuracy with respect to other precision
measurements. To improve the Vus determination we extract the ratio Vus/Vud
by using K± → μ±ν(γ) [15] and π± → μ±ν(γ) and refitting together Vus and
Vud. The result of this fit is Vud = 0.97417(26) and Vus = 0.2249(10), with
χ2/ndf = 2.34/1 (Prob= 13%), from which we get 1 − V 2

ud + V 2
us + V 2

ub =
4(7) × 10−4 compatible with unitarity at 0.6σ level. Using these results, we
then evaluate GCKM = GF (V

2
ud + V 2

us + V 2
ub)

1/2 = (1.16614± 0.00040)× 10−5

GeV−2 which is in perfect agreement with the measurement from the muon
lifetime GF = (1.166371±0.000006)×10−5 GeV−2 and is competitive with the
present accuracy of the measurements from tau-lepton decays and electroweak
precision tests.

Furthermore we build the observable:
R�23 = |Vus(K�2)/Vus(K�3)× Vud(0

+ → 0+)/Vud(πμ2)| as the ratio of the Vus
values obtained from helicity suppressed and allowed decay modes, having SM
expectation equal to 1. The presence of a scalar current due to a charged Higgs
H+ exchange is expected to lower the value of R�23 [19]. From our results and
theoretical imputs we obtain R�23 = 1.008 ± 0.008 [16]. With this result we
exclude region of parameters space coplementary to those excluded by the B
results [20].

Kaon interferometry The decay of the φ produces a neutral kaon pair in
a coherent quantum state with JPC = 1−−:

|i〉 = 1√
2
{|K0〉|K̄0〉 − |K̄0〉|K0〉} =

N√
2
{|KS〉|KL〉 − |KL〉|KS〉} (2)

The time evolution of the entangled system (2) has been observed for the first
time by the KLOE [21] using the CP violating channel KSKL→π+π−π+π−.
To test the basic quantum mechanics (QM) principles that describe such evolu-
tion we heve introduced in the integrated decay amplitude an extra parameter
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(ζ00̄). It represents a loss of coherence in the entangled state and the QM
prediction is zero. The analysis of a data sample corresponding to L∼ 1.5fb−1

yields the following results [25]: ζ00̄ = (1.4 ± 9.5stat ± 3.8syst) × 10−7 com-
patible with the prediction of QM. This result is well below the previous limit
obtained with CPLEAR data [23] and better than the one obtained in the B
meson system [22].

As discussed in [24], in a quantum gravity framework inducing decoherence,
the CPT operator is ill-defined. This consideration might have intriguing con-
sequences in correlated neutral kaon states, where the resulting loss of particle-
antiparticle identity could induce a breakdown of the correlation in the initial
state imposed by Bose statistics. As a result the odd initial state acquire a sym-
metric component: |i〉 = 1√

2
[|K0〉|K̄0〉−|K̄0〉|K0〉+ω

(|K0〉|K̄0〉+ |K̄0〉|K0〉)],
where ω is a complex parameter describing a completely novel CPT viola-
tion phenomenon, not included in previous analyses. Its order of magni-
tude could be at most |ω| ∼ [(m2

K/MPlanck)/ΔΓ]1/2 ∼ 10−3. The anal-
ysis performed by KLOE on the integrated decay amplitude as a function
of the decay time yields the measurement of the complex parameter ω [25]:

�(ω) =
(
1.1+8.7

−5.3stat ± 0.9syst

)
× 10−4,�(ω) =

(
3.4+4.8

−5.0stat ± 0.6syst

)
× 10−4

with an accuracy that already reaches the interesting Planck scale region.

Ke2/Kμ2 [31] The decay K±→ e±ν is strongly suppressed, O(∞′−�), be-
cause of conservation of angular momentum and the vector structure of the
charged weak current. It therefore offers the possibility of detecting minute
contributions from physics beyond the SM. This is enhanced in the ratio RK =
Γ(K → eν)/Γ(K → μν) which, in the SM, is calculable without hadronic un-
certainties. It has been shown in Ref. [30] that deviations of RK of up to a few
percent are possible in minimal supersymmetric extensions of the SM (MSSM)
with non vanishing e-τ scalar lepton mixing. RK is inclusive of IB, ignoring
however DE contributions. To avoid high systematic error we define as signal
events only those with energy of the radiated photon less than 10 MeV. Then
we define the rate R10 as: R10 = Γ(K → eν(γ), Eγ < 10MeV )/Γ(K → μν)
from which we extract the RK value. The measured kaon and decay particle
momenta are used to compute the squared mass m2

� of the lepton for the decay
K → ν assuming zero missing mass. Since the decay particle impinge on the
EMC we use all information about shower profile and total energy deposition
by combining them with a neural network (NN) to improve the signal selection.

The number of K → eν(γIB), is determined with a binned likelihood fit
to the two-dimensional NN vs m2

� distribution. Using the full KLOE dataset
we obtain: RK = (2.493 ± 0.025stat ± 0.019syst) × 10−5 in agreement with
SM prediction. In the framework of MSSM with lepton-flavor violating (LFV)
couplings, RK can be used to set constraints in the space of relevant parameters.
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3 Hadron physics

Pseudoscalars The φ meson decays about 1.3% of times into ηγ and then
KLOE has collected one of the largest sample of η mesons in the world, about
108.

Among all decays we presented study of η decaying into four charged parti-
cles: π+π−e+e− [12]. This decay allows us to probe the η internal structure
by exploiting the conversion of the virtual photon into a leptons pair [13]. The
invariant mass spectrum of the four particle is used to count signal events after
background subtraction. Theese have been selected in the η mass region. the
final result is: BR(η → ππee) = (26.8 ± 0.9Stat. ± 0.7Syst.) × 10−5. In [14] a
non-CKM CP violating mechanism has been proposed. It should manifest as
an angular asymmetry (Aφ), between the pion and the electron decay planes
in the η rest frame. We measure: Aφ = (−0.6± 2.5Stat. ± 1.8Syst.)× 10−2.

We have studied also the η → e+e−e+e− decay which is interesting, together
with the η → μ+μ−e+e−, for the η form factor since there are only leptons in
the final state. The number of events is obtained fitting the data distribution
of the 4 electron invariant mass, Meeee, with signal and background shapes.
From the fit we obtain 413 events.

Furthermore with the KLOE experiment it is possible to observe also the
η′ meson through the decay φ → η′γ Using theese events we have measured
the ration of the branching ratios Rφ = BR(φ → η′γ)/BR(φ → ηγ). As
described in [9] we have considered η and η′ in the quark mixing base as (|η′〉 =
Xη′ |qq̄〉 + Yη′ |ss̄〉 + ZG|G〉). Recently we publish a new fit [8] to all data
to constrain gluonium content in the η′ meson. We use updated values for
all imputs in the fit and the new KLOE results on the ω meson [11]. As
a result we observe a 3σ evidence of the gluonium content in the η′ meson:
|ZG| = 0.12± 0.04.

Scalars The structure of the scalars below 1 GeV needs to be further clarified.
Several models have been proposed to describe them (e.g. qq, four quarks, KK
molecules, etc.). The decay of the scalars into two pseudoscalars (S → PP ′)
can be used to investigate their nature because the branching ratios and the
invariant mass spectra are sensitive to the scalar structure.

At KLOE the scalar mesons are produced through φ → Sγ radiative decays.
This allows to observe the f0, σ and a0 members of the light scalar multiplet.

The f0 meson has been studied using charged and neutral pions pair. In both
cases two different theoretical models have been used: “no-structure” (NS) [5]
and the “kaon loop” (KL) [6].

The a0 meson has been studied using the decay φ → a0γ → ηπ0γ. The
analysis has been performed for two different η final states, i.e. η → γγ and
η → π+π−π0. Also in this case the ηπ0(a0) invariant mass distribution has
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been fitted with the NS and KL models after background subtraction. It is
interesting to note that both models give a large coupling of the a0 with the
φ meson, indicating a sizable strange quark content in the a0. The branching
ratio obtained for the two different decay chains are in agreement: BR(φ →
ηπ0γ) = (7.01 ± 0.10stat. ± 0.20syst.) × 10−5 for the η → γγ final state and
BR(φ → ηπ0γ) = (7.12±0.13stat.±0.22syst.)×10−5 for the η → π+π−π0 final
state.

To complete the study of the scalar sector we observe the decay φ→K0K̄0γ.
This process should proceed through the intermediate f0 and a0 scalar mesons.
The kaon pair is produced in a JPC = 0++ state, so the two kaons are both KS

or KL. We limit our search on a final state with both KS decaying to π+π−.
The whole KLOE dataset, ∼ 2.2 fb−1, has been used. We have observed 5
events in the data, with 3.2 ± 0.7 expected background events from MC. A
90% confidence level upper limit on the branching ratio has been obtained:
BR(φ → K0K̄0γ) < 1.9 × 10−8. This measurement excludes some of the
theoretical predictions and is in agreement with expectations from other KLOE
measurements.

Hadronic cross section [29] The anomalous magnetic moment of the muon
has recently been measured to an accuracy of 0.54 ppm [26]. For the SM predic-
tion the main source of uncertainty [27] is given by the hadronic contribution
to the lowest order ahloμ evaluated from the hadronic cross section. Among all
contributors the dominant one is the π+π− cross section.

At KLOE we extract the total cross section σππ ≡ σe+e−→π+π− from the
differential spectrum of the π+π− invariant mass, Mππ, from Initial State Ra-
diation (ISR) events using [28]:

s
dσππγ
dM2

ππ

= σππ(M
2
ππ) H(M2

ππ) , (3)

where H is the radiator function. This formula neglects Final State Radiation
(FSR) terms (which are properly taken into account in the analysis). In the
selected events the two charged pion tracks have 50◦ < θπ < 130◦. The ISR
photon is not explicitly detected and its direction is reconstructed by closing
the kinematics: �pγ � �pmiss = −(�pπ+ + �pπ−).

We have measured the dipion contribution to the muon anomaly, aππμ , in the
interval 0.592 < Mππ < 0.975 GeV, with negligible statistical error and a full
systematic uncertainty of 0.9%. Combining all errors KLOE gives: aππμ (0.592 <
Mππ < 0.975 GeV) = (387.2±3.3)×10−10. This new result confirms the current
disagreement between the standard model prediction for aμ and the measured
value.
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ISR PHYSICS AT BABAR

Sergey Serednyakov
a

Budker Institute of Nuclear Physics, Novosibirsk, Russia

Abstract. Experimental data from the PEP-II B-factory, obtained via initial-state
radiation , are presented. Processes of e+e− annihilation into hadrons in the energy
range up to 5 GeV are studied. From the measured cross sections the parameters of
many resonances are improved, the baryons form factors are derived. New states,
e.g; Y(4260) and Y(2175), for which the internal structure is not yet established,
are observed.

In recent years many cross section measurements were performed with the
Babar detector [1] using the initial-state radiation (ISR) approach [2]. ISR
measurements of e+e− → hadrons cross sections are important because they
are used in the calculation of the Standard model parameters such as the muon
anomaly aμ = g−2

2
and the fine structure constant at Z-mass αem(s = M 2

Z). At
present, there is a considerable disagreement ∼ 3σ between the aμ measurement
and calculation; so new accurate cross section data are needed. In this review
the recent Babar ISR results are presented.

Production of mesons. The channels e+e− → π+π−π+π−, π+π−π0π0

give the largest contribution to the hadronic vacuum polarization term of aμ

above 1 GeV. Babar data give the considerable improvement of the accuracy
above 1.4 GeV [3,4]. In these reactions the ωπ0, πa1, ρ+ρ−, ρ0f0 intermediate
states dominate. In the channel e+e− → π+π−π0π0 a peak above 2 GeV
(Fig.1) is seen, which can be a manifestation of the hypothetical ρ(2150) or ρ′′′

state.
The cross sections of e+e− → 5π, 6π processes [5, 6] have been measured

by Babar from the threshold up to 4.5 GeV in the final states 2(π+π−)π0,
2(π+π−)2π0, 3(π+π−). In the e+e− → 6π cross section some resonance struc-
ture below 2 GeV is seen (Fig.2).

In the e+e− → K+K−π0 and e+e− → K±KSπ∓ reactions [7] the φ(1650)
isoscalar resonance dominates. The cross sections of the φη and φπ0 final
states have been measured for the first time. In the φη final state the can-
didate for the Y(2175) or φ′′ state is possibly seen (Fig.3). The processes
e+e− → K+K−π+π−, K+K−π0π0 [8] show domination of the φ(1650) in the
total cross section and K�(890), K1(1270), η(1500) in intermediate states.
The cross section of e+e− → K+K−π+π−π0, K+K−π+π−η [5], e+e− →
K+K−π+π−π+π− [6] and e+e− → K+K−K+K− [8] processes have been
measured for the first time.

In the study of e+e− annihilation into D-mesons [9] the D-mesons (D±, D0, D̄0,
D∗±, D0∗, D̄0∗) are selected via modes Kπ, K2π, K3π. The main goal of this
study is to see the Table charmonium states ψ(4040), ψ(4160), ψ(4400) and to

ae-mail: seredn@inp.nsk.su
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look for the recently observed Y (4260) state in the DD̄ mode. The measured
cross sections are presented in Figs.4a,b,c for DD̄, D∗D̄, and D∗D̄∗ modes
respectively. While the Table charmonium states are seen, no sign of Y (4260)
is observed; so an upper limit on the Y (4260) branching fraction into DD̄ is
set: BF (Y (4260) → DD̄) < BF (Y (4260) → J/ψπ+π−).

Production of baryons The proton electromagnetic form factor (FF) was
measured by Babar in the reaction e+e− → pp̄γ [10]. The Babar data (Fig.5)
agree with the previous measurements, confirm the rise of the proton FF at
the threshold and modestly satisfy the QCD fit formula [11] above 2.5 GeV.
Structures at 2.15 and 2.9 GeV are possibly seen. Study of the angular dis-
tribution allows to extract the value of |GE/GM | (the ratio of the electric and
magnetic FFs) (Fig.6), which is found to be contradicting the only previous
measurement at LEAR [12].

Later on the reactions e+e− → ΛΛ̄γ, ΣΣ̄γ, ΛΣ̄γ(ΣΛ̄γ) have been studied
[13]. The most accurate FF measurement is done for Λ. Previously the Λ FF
was measured by DM2 only [14] in a single energy point. The Babar data on the
Λ and proton FF are shown in Fig.7. The asymptotic QCD prediction [15] for
the ratio of the Λ and proton FF is 0.24. Figure 7 shows the strong disagreement
between the data and prediction below 2.5 GeV. The disagreement at higher
masses is less, but the measurements accuracy is not sufficient for the test at
higher masses.

Resonance physics Using the ISR technique, parameters of vector states
ρ(1450), ρ(1700), ω(1420), ω(1650) and φ(1650) have been improved (see Babar
references cited above). Concerning the J/ψ and ψ(2S) resonances, many de-
cays have been observed for the first time (J/ψ → K+K−π0π0, K+K−π+π−η,
K∗0K̄∗0, φπ0 . . ., ψ(2S) → π+π−π+π−η, K+K−π+π−π+π− . . .).

The most known new found state is the charmonium-like Y(4260) resonance
[16], decaying into J/ψπ+π− (Fig.8). It has low electron width Γee = 7.5 ±
1.1 eV , which is much less than ∼ 500−800 eV typical for the ψ(4040), ψ(4160)
,ψ(4400) states. No decays of Y(4260) into DD̄ is seen. For these reasons the
Y(4260) is considered as a candidate for the exotic 4-quark cc̄nn̄ (n = u, d) or
molecular state. One could mention, that the π+π− mass spectrum in Y(4260)
decay has a peak close to 1 GeV, that might be an indication on the contribution
of J/ψf0(980) intermediate state.

Another new state is the Y(4320) [17], found in ψ(2S)π+π− channel. Judging
by the presence of the charmonium in the final state and a small production
cross section, this state might be of a similar nature as Y(4260).

One more exotic candidate is the Y(2175) [18], first seen in K+K−f0(980),
f0 → π+π−, π0π0 final states (Fig.9) and then in the φη (Fig.3) state. Similar
to the Y(4260) it is relatively narrow, has a low electron width and is considered
as a possible ss̄ss̄ exotic candidate or φ′′ state.

Summarizing the isovector data one can suggest the existence of a new
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isovector state ρ(2150) or ρ′′′. This resonance is seen in π+π−π0π0 (Fig.1),
η′(958)ρ0 [5] and pp̄ final states. In the latter case, we mean the step in the
proton form factor near 2.15 GeV (Fig.5).

One could mention of an isovector candidate X(1880), seen by Babar as an
interference pattern (Fig.2) in e+e− → 6π cross section [6] with the parameters
M=1.88±0.03 GeV/c2 and Γ=0.13±0.03 GeV/c2. This state was seen earlier
in DM2 [19] and FOCUS [20] experiments. The rise of the proton form factor
at the threshold (Fig.5) can be due to this X(1880) state too.

Conclusions The e+e− → hadrons cross sections are measured at Babar in
the energy range 1÷ 5 GeV using the ISR method. Parameters of many vector
mesons (ρ, ω, φ excitations and J/ψ and ψ(2S) states) are improved. New
resonances are observed via ISR: Y(4260), Y(4320), and Y(2175), which are
candidates for exotic states. Also there are seen two new isovector candidates
ρ(2150) and X(1880).
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SEMILEPTONIC B-MESON DECAYS AT BABAR

Michael Sigamani a

Department of Physics, Queen Mary, University of London,
Mile End Road, London, E1 4NS, UK

Abstract. Presented are selected results from semileptonic B-meson decays at

BABAR. Two measurements of the Cabibbo-Kobayashi-Maskawa matrix element

|V
cb
| are reported, using moments of the hadronic-mass spectrum in inclusive B̄ →

Xc�−ν̄ decays, and also exclusive B → D�−ν̄
�

decays. These results are based

on data samples of 232 (inclusive B̄ → Xc�
−ν̄) and 460 (exclusive B → D�−ν̄

�
)

million Υ (4S) → BB̄ decays recorded by the BABAR detector at the PEP-II e+e−-

storage rings. Semileptonic events are identified by requiring a lepton (e or μ) in

events tagged by a full reconstruction of one of the B mesons in the BB pair.

1 Introduction

In the Standard Model (SM) of electroweak interactions, the coupling strength
of the b to the c quark in the weak interaction is described by the Cabibbo-
Kobayashi-Maskawa (CKM) [1] matrix element |Vcb|. A precise determination
of |Vcb| is therefore crucial for probing the CKM mechanism for quark mixing.

Experimentally, |Vcb| is obtained using decays with two distinct approaches:
An exclusive analysis, where the hadronic system Xc is reconstructed in a
specific mode. Or, an inclusive analysis where Xc is not reconstructed, but
summed over all possible hadronic final states. Theoretically, inclusive deter-
minations rely on an Operator Product Expansion (OPE) in inverse powers
of the b-quark mass mb [2] which relates the total rate to |Vcb|. Whereas
exclusive determinations use Form Factors (FF) to describe the hadronization
process. Current measurements of |Vcb| using inclusive and exclusive determi-
nations generally differ by around two standard deviations, with the inclusive
result being twice as precise as the exclusive [3].

2 Hadronic Reconstruction for the tagged B sample

The signal sample for both exclusive and inclusive measurements are selected
using BB events whereby a full reconstruction for one of the B mesons is
required (referred to as the Btag). The Btag [4] candidate is reconstructed
using hadronic modes of the type B → D(∗)Y , where Y represents a collection
of charmed hadrons. The remaining particles in the event are assumed to
belong to the other B (referred to as the Brecoil), which leaves a very clean
sample of semileptonic events.

ae-mail: sigamani@slac.stanford.edu
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3 Exclusive determination of |Vcb| using B → D�−ν̄� decays

The B → D�−ν̄� decay rate is proportional to the square of |Vcb|. In the limit
of very small lepton masses we have the following relation

dΓ(B → D�ν)

dw
=

G2

F

48π3h̄
M3

D
(MB + MD)2(w2 − 1)3/2 | Vcb |2 G2(w), (1)

where GF is the Fermi coupling constant, G(w) a FF which describes the
effects of strong interactions in B → D transitions, and MB and MD are
the masses of the B and D mesons, respectively. The variable w denotes the
product of the B and D meson four-velocities VB and VD, w = VB · VD =
(M 2

B
+ M2

D
− q2)/(2MBMD), where q2 ≡ (pB − pD)2, and pB and pD are the

four-momenta of the B and D mesons. In the limit of infinite quark masses,
G(w) coincides with the Isgur-Wise function [5]. This function is normalized
to unity at zero recoil, where q2 is maximum. Thus |Vcb| can be extracted by
extrapolating the differential decay rate to w = 1 using B0 → D+�−ν̄� and
B− → D0�−ν̄� decays [6]. Using the Btag sample, the Brecoil is reconstructed
by selecting a lepton with momentum in the CM frame p∗

�
larger than 0.6 GeV.

Semileptonic B decays are identified by a missing-mass squared value,

m2

miss = [p(Υ (4S)) − p(Btag) − p(D) − p(�)]
2
, (2)

defined in terms of the measured particle four-momenta. Signal events will
peak at zero in the m2

miss distribution as there is only one associated missing
particle. Other semileptonic B decays, such as B → D(∗,∗∗)�−ν̄� (feed-down)
will yield larger values of m2

miss due to higher numbers of missing particles
generated from secondary semi-leptonic decays of the D(∗,∗∗). A measurement
of |Vcb| is then made using a fit to the w distribution, where data and MC
events are evaluated in ten equal-size bins in the interval 1 < w < 1.6. Data
samples are assumed to contain four different contributions: B → D�−ν̄� signal
events, feed-down from other semileptonic B decays, combinatorial BB and
continuum background, and fake lepton events (predominantly from hadronic
B decays with hadrons misidentified as leptons).

From the fit to the combined B → D�−ν̄� sample, a measurement of G(1)|Vcb| =
(43.0±1.9±1.4)×10−3 is made. Using an unquenched lattice calculation, cor-
rected by a factor of 1.007 for QED effects, a value of |Vcb| = (39.8 ± 1.8 ±
1.3± 0.9FF )× 10−3 is obtained, where the third error is due to the theoretical
uncertainty from G(1).
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Figure 1: Left: Fit to the m2
miss distribution, in two different w intervals, for B− → D0�−ν̄

�
:

the data (points with error bars) are compared to the results of the overall fit (sum of the

solid histograms). The PDFs for the different fit components are stacked in the order shown

in the legend. Right: (a) The w distribution obtained by summing the B− → D0�−ν̄
�

and

B0 → D+�−ν̄
�

yields. Data (points) are compared to the results of the overall fit (solid

histogram). (b) The G(w)|V
cb
| distribution corrected for the reconstruction efficiency, with

the fit result superimposed.

4 Inclusive determination of |Vcb| using hadronic-mass moments in

B̄ → Xc�
−ν̄ decays

We can also extract |Vcb| using measurements of the hadronic mass moments
〈mk

X
〉 [7], with k = 1, . . . 6 in semileptonic B → Xc�

−ν decays. These moments
are measured as functions of the lower limit on the lepton momentum, p∗

�,min
,

between 0.8 GeV/c and 1.9 GeV/c calculated in the rest frame of the Brecoil. The
measured hadronic mass moments 〈mk

X
〉 are shown in Fig. 2 with k = 1 . . . 6 as

functions of the minimal lepton momentum p∗
�,min

. The statistical uncertainty
consists of contributions from the data statistics, and the statistics of the MC.

The fit method designed to extract the |Vcb| from the moments measure-
ments have been reported in [8] and is based on a χ2 minimization tech-
nique. There are eight fit parameters namely: |Vcb|, the quark masses mb

and mc, the total semileptonic branching fraction B(B → Xc�
−ν), and the

dominant non-perturbative HQE parameters μ2

G
and ρ3

LS . This presenta-
tion only quotes results for |Vcb|. Combined fits to these moments and mo-
ments of the photon-energy spectrum in B → Xsγ decays [9] have resulted in:
|Vcb| = (42.0 ± 0.2 ± 0.7) × 10−3.
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Figure 2: Measured hadronic mass moments 〈mk

X
〉 with k = 1 . . . 6 for different selection

criteria on the minimal lepton momentum p∗
�,min. The inner error bars correspond to the

statistical uncertainties while the full error bars correspond to the total uncertainties. All

the moments are highly correlated since they share subsets of selected events.

5 Summary and Conclusion

Presented are measurements of |Vcb| using exclusive B → D�−ν̄� decays, and
the moments of the hadronic mass distribution in inclusive B → Xc�

−ν decays.
Using the exclusive determination, the fit to the combined B → D�−ν̄� sample,
and an unquenched lattice calculation yields: |Vcb| = (39.8±1.8±1.3±0.9FF)×
10−3. Using the hadronic mass moments 〈mk

X
〉 in the inclusive determination,

and an extraction in the kinetic mass scheme yields: |Vcb| = (42.0±0.2±0.7)×
10−3.
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BABAR : SEARCH FOR LEPTON FLAVOR VIOLATION IN TAU
DECAY

Marcello A. Giorgi a

(on behalf of the BABAR Collaboration)

INFN sezione di Pisa and Dipartimento ”Enrico Fermi” dell’ Università di Pisa,
56127 Pisa, Italy

Abstract. The search for lepton Flavor Violation (LFV) in τ lepton decay in
BABAR experiment at SLAC is presented. The data analyzed were collected
at the e+e− asymmetric collider PEPII , operating at the center of mass energy
corresponding to the mass of the Y4S resonance. Although the machine and the
BABAR detector were built for the discovery of the CP Violation in B meson
decay and the measurements of angles of the Unitarity Triangle of the CKMmatrix,
a large sample of τ leptons was collected. The large statistics available has allowed
to set the upper limits (ULs) to the Branching Ratios (BR) of decay channels
showing LFV, that in the Standard Theory are either forbidden or permitted at
an experimentally unreachable level.

1 Introduction

In this analysis we set upper limits for the branching fractions (BR) of LFV τ
decays. Three categories of decays have been considered in this paper:
τ → �γ, τ → ��� and τ → �V 0

where l could be either a μ or an electron.
LFV decays are extremely suppressed in the Standard Model (SM) even with

neutrino mixing [1–3]
although not forbidden the expected BR (e.g. BR (τ → μγ) and BR( τ →

���) both estimated to be < O (10−54) are well below the sensitivities of the
present and even future experiments. Detection of these rare processes implies
New Physics (NP) beyond SM. Many theoretical NP models predict higher ( up
to O (10−8)) τ LFV Branching Fraction, close to the limits obtainable in the
experiments at the present e+e− factories or in the next generation machines
with luminosity two order of magnitude higher, (see table 1).

So different models expect different processes leading to the LFV in charged
lepton decays, therefore once the violation is observed the NP flavor structure
may be investigated by looking at BR ratios of various LFV decay channels [11].

2 Measurement in BABAR

This paper contains the results of BABAR . The used data were collected at
the asymmetric e+e− B-factory PEP-II operating at SLAC with the BABAR
apparatus

ae-mail: marcello.giorgi@pi.infn.it
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Table 1: Upper limits of τ violating decay Branching Fractions in different Theoretical
scenarios.

Framework Model BR
SM SM + right heavy Majorana ν [4] < 10−10

SM + left-right neutral isosinglets [4] ∼ 10−9

SUSY MSSM+right heavy Majorana ν [5] ∼ 10−9

left-right SUSY [5] ∼ 10−10

SUSY+neutral Higgs [6] 10−10 − 10−7

SUSY+Higgs triplet [7] ∼ 10−7

MSSM+universal soft SUSY breaking [8] ∼ 10−9

MSSM+non-universal soft SUSY breaking [9] ∼ 10−6

Other Technicolor [10] ∼ 10−8

. The apparatus is a general purpose detector, with a very precise vertex and
tracking measurement, a very good particle identification for electrons, muons,
pions and an electromagnetic calorimeter that in addition to the identification
of the electrons, gives a very precise measurement of energy and direction of
γ’s. The machine has been run at different center of mass energies , mainly
at the energy corresponding to the mass of Υ(4S), but with different settings
corresponding to Y(3S) and Y(2S). In the search for τ → �γ a statistics from
an integrated luminosity of 516fb−1 ( of which 470fb−1 at Υ(4S), 31fb−1 at
Υ(3S) and 15fb−1 at Υ(2S)Y, for τ → ��� 470fb−1 and for τ → �V 0 451fb−1

, both at Y(4S) only.

3 Search For τ → �γ

In the search for τ → �γ decays events were separated in five different sam-
ples, depending on the decay of the non signal τ lepton. The e-tag, μ-tag,
and π-tag have only one charged track with no neutral energy deposits asso-
ciated to the tag τ , the ρ-tag associates one charged track and neutral de-
posits consistent to be a π0 to the τ , while the 3h-tag presents three charged
tracks. Further discrimination is obtained requesting charge conservation, re-
constructed τ mass in the tag side to be compatible with the τ mass, and
missing momentum and missing mass consistent to arise only from the non
LFV tau decay. The main tool used for background reduction consist of a
Neural Network (NN) selector, designed to reduce radiative QED backgrounds
(e.g. e+e− → μ+μ−γ) and radiative non-LFV τ decays (e.g. τ → eνν̄γ). The
NN receives six variables as input: the total tag side reconstructed momentum,
the recoil angle of the tag side with respect to the reconstructed signal τ di-
rection, the lepton-photon opening angle, the missing transverse momentum,

and ΔEγ =
Eγ√
s

sin(θ1+θ2)
sin(θ1)+sin(θ2)+|sin(θ1+θ2| , where θ1 and θ2 are the angles the

photon momentum makes with the signal-track and the total observed tag-side

302

Number_#1024_Pg001-452.indd   302 9/23/10   3:00 PM



momentum. The analysis is performed in a blind way, and the signal candi-
dates are identified by two kinematic variables: ΔE = ECM

�γ − sqrts/2 and
the beam constrained τ mass Mec, the signal distributions peak at mτ and
small negative values for Mec and ΔE respectively, the blind signal region is
defined as the elliptical region within 3σ of the distribution center. The se-
lection and NN is optimized to yeld the smallest UL. The background events
are extrapolated from a fit to the MC and data distributions in the regions
near the signal region, the fit to the background PDFs is validated looking at
larger signal regions and both for each single tag and for the whole sample.
The main backgrounds comes from non LFV τ decays for both the e channel
(70 ± 15%) and μ channel (90 ± 8%). The main systematics affecting signal
efficiency estimations arise from signal track Mec and ΔE modeling, while the
background estimation main source of uncertainties comes from the choice of
PDFs used to model backgrounds. The ULs are obtained using Feldman and
Cousin method [12] and are shown in Tab.2 [13], the results after the selection
are shown in Fig.1.

Figure 1: Selection for τ → lγ decay channel
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4 Search for τ → ���

In τ → ��� search all possible lepton combinations, consistent with charge
conservation, are looked for, resulting in a total of six channels under study.
After PID is applied, using a set of multivariate analysis selectors for muon and
electron identification, two variables are defined: ΔE ≡ E�

rec − E�
beam, where

E�
rec is the total energy of the tracks observed in the 3-prong hemisphere and

E�
beam is the beam energy, with both quantities measured in the c.m. frame,

and ΔMec ≡ Mrec −mτ where M2
rec ≡ E� 2

beam/c4 − |
p �3l|2/c2, where |
p �3l|2 is the
squared momentum of the 3-prong tracks in the c.m. and mτ = 1.77GeV/c27
is the tau mass. Further background reduction is obtained using topological
and kinematic variables (such as the angle between the 3-prong reconstructed
momenta and the 1-prong momentum, the missing transverse momentum, and
the minimum invariant mass of the two oppositely charged leptons in the 3
prong hemisphere). The selection procedure is blind: for each channel a differ-
ent rectangular signal box is defined in the (ΔMec,ΔE) plane, the dimensions
of the signal box are chosen taking into account the smearing caused by ex-
perimental resolution and radiative effects. We also define a common Large
Box region, identical for all channels, chosen so that all signal events lie in this
region. The expected background events are estimated fitting the MC and data
in the sideband region (defined as the region of the large box not including the
signal box). Cross checks have been performed to validate the fit, by looking
at expected and observed background events in the sideband regions adjacent
to the signal box. The numbers of events observed and the background ex-
pectations in the signal box are shown in Tab. 2: no events were found in the
signal box for all channels. ULs on the branching fractions are calculated using
Cousin and Highland (CH) method with Barlow implementation. The main
sources of systematic uncertainties are represented by the uncertainty on the
number of τ -pairs produced, which is estimated to be 0.9%, uncertainties on
the selection efficiency, dominated by the PID efficiency error in the 3-prong
hemisphere, and uncertainties on the number of expected background events,
which are dominated by the choice of the shapes used to model the MC distri-
butions in the (ΔMec,ΔE) plane. The selection on the (ΔMec,ΔE) plane is
shown in Fig. 2.

5 Search for τ → �V 0

For the eight τ → �V 0 (� = μ, e and V 0 = ρ0,K�0, K̄�0,Φ) channels PID is
not sufficient to completely remove backgrounds. The main sources of contam-
ination come from low multiplicity e+e− → uds processes and an irreducible
background constituded by D → �V 0ν processes. In order to reduce these
backgrounds, a blind analysis procedure is performed using the same variables
and technique used in τ → ��� study. Further background reduction is ob-
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Table 2: Efficiency, number of expected background events (nbgd), number of observed events
(Nobs), and observed UL at 90% CL for each decay mode in units of 10−8.

Mode ε(%) nbkg Nobs UL Mode ε(%) nbkg Nobs UL
eγ 3.91 1.6± 0.5 0 3.3 μγ 6.11 3.6± 0.6 2 4.4

e−e+e− 8.6 0.12± 0.02 0 2.9 μ−e+e− 8.8 0.64± 0.19 0 2.2
e+μ−μ− 10.2 0.03± 0.02 0 2.6 μ+e−e− 12.7 0.34± 0.12 0 1.8
e−μ+μ− 6.4 0.54± 0.14 0 3.2 μ−μ+μ− 6.6 0.44± 0.17 0 3.3

eρ0 7.31 1.32± 0.19 1 4.3 μρ0 4.52 2.04± 0.21 0 0.8
eK∗0 8.00 1.64± 0.29 2 5.6 μK∗0 4.57 1.79± 0.25 4 16.7

eK
∗0

7.76 2.76± 0.30 2 4.0 μK
∗0

4.11 1.72± 0.18 1 6.4
eφ 6.43 0.68± 0.14 0 3.1 μφ 5.18 2.76± 0.21 6 18.2

Figure 2: Selection for τ → 3leptons decay channel on the left and selection for τ → �V 0 on
the right

tained making tight requirement on the reconstructed mass of the resonances,
moreover the whole decay tree is fitted requiring that, within reconstruction
uncertainties, the hadrons from the meson decay form a vertex, and the lepton
and the meson trajectory form a vertex close to the beam interaction region.
As for τ → ��� expected background is extrapolated from the sideband region
of the (ΔMec,ΔE) plane under exam. The main systematic uncertainties arise
from PID in the signal side and the uncertainty on Φ branching fraction in
τ → �Φ channel and range between 1.2% to 9.0%. Errors on background es-
timation are dominated by background modelization and finite data available
in the GS region. The BR is estimated using CH method, and the measured
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UL are reported in Tab. 2. Large background overfluctuations are observed in
τ → μK�0 and τ → μΦ, resulting in poor ULs for the two channels [14].The
selection on the (ΔMec,ΔE) plane is shown in Fig. 2.
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PROSPECTS FOR RARE B-DECAYS AT THE LHCb

Nicola Serra a

Nationaal instituut voor subatomaire fysica (NIKHEF), Science Park 105 1098 XG
Amsterdam , The Netherlands

Abstract.The search for physics beyond the Standard Model will be the primary
task of the LHC experiments. At present, the most stringent constraints to new
physics are given by Flavor Changing Neutral Current (FCNC) decays, such as
processes that involve b→ sγ transitions. The LHCb experiment has the possibility
to consistently improve present results on rare FCNC decays of B-mesons. Here,
the LHCb potential for the search of new physics in the rare decays Bs → μ+μ−,
Bd → K∗l+l−, Bs,d → e±μ∓ and Bs → φγ is discussed.

1 Introduction

Rare decays of B-mesons which proceed via Flavor Changing Neutral Currents
(FCNC) are forbidden at the tree level and suppressed by the GIM mechanism
in the Standard Model (SM). As a result, new physics (NP) contributions can
enter at the same order as SM contributions. Moreover, since new particles
contribute as virtual particles, the potential of discovering NP is not limited
by the available energy, but only by our ability to make precise predictions and
measurements. In particular FCNC involving b → d, s transitions are excellent
indirect probes for NP, providing information about the masses and couplings
of virtual NP particles entering into the loops. Here the decays Bs,d → μ+μ−,
Bd → K∗l+l−, Bs → φγ and Bs,d → e±μ∓ will be discussed. For all these
decays the LHCb experiment [1] has the possibility to significantly improve the
results of current experiments.

2 The rare decays: Bs → μ+μ− and Bs,d → e±μ∓

The decay Bs → μ+μ− is a very rare decay. Its branching ratio is predicted
to be (3.35± 0.32)× 10−9 within the SM [2]. However, this observable is quite
sensitive to NP involving new scalar/pseudo-scalar couplings. For instance
models involving an extended Higgs sector, such as SUSY models, will change
this branching ratio. In the Minimal Supersymmetric extension of the SM
(MSSM) this branching ratio depends on the sixth power of the parameter
tanβ. The decay Bs → μ+μ− has not yet been observed, and will be one of
the key measurements for the LHCb experiment. Its most recent upper limit
is 3.6× 10−8@90%CL, set by the Tevatron experiments [3].
The LHCb event selection for this decay is based on a ”soft” preselection to
reject most of the background, followed by a multidimensional analysis based
on three variables: the invariant mass of the di-muons, a geometrical likelihood
and a particle identification likelihood. The geometrical likelihood combines

ae-mail: nicola.serra@cern.ch

307

Number_#1024_Pg001-452.indd   307 9/23/10   3:00 PM



Exclusion limit @90% C.L.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

10

20

30

40

50

CDF +D0 (8 fb-1)

CDF  (3.7fb-1)

B
R
(B

s0 -
>
�

+
�

- )
  (

x1
0-9

)

L (fb-1)

@ 3.5 + 3.5 TeV

SM prediction
LQ Mass (TeV)

40 50 60 70 80 90 100 110

8
 1

0
⋅)

μ
 e

→ 
s0

B
R

(B

-110

1

10

Present upper limit
)-1LHCb expected limit (2fb

Figure 1: Exclusion limit at 90% CL for the measurement of BR(Bs → μ+μ−) at LHCb
(left). Exclusion limit for the BR(Bs → e±μ∓) and corresponding limit for the Pati-Salam

Leptoquark (right).

topological discriminating variables. For a given number of observed events the
exclusion at 90%CL or the 3σ signal evidence (5σ discovery) can be computed.
This method is described in [4]. In Fig.1 the expectation for the measurement
of the Br(Bs → μ+μ−) at LHCb, as a function of the integrated luminosity, is
shown. The LHCb experiment will therefore be able of scanning the interesting
region from the final Tevatron limit down to the SM expectation with the first
two years of data taking in 2010 and 2011, corresponding to an integrated
luminosity of 1fb−1.
A similar analysis strategy is foreseen for the rare decays Bs,d → e±μ∓. These
decays are forbidden in the SM. The simplest model which allows these decays
is the Pati-Salam model, based on the SU(4) symmetry group [5]. In this model
the lepton number is seen as the forth color of the theory. LHCb will further
constrain the BR(B → eμ) which in turn will increase the lower limit on the
mass of the Pati-Salam leptoquark by a factor 2 to 100 TeV (Fig. 1) [6].

3 Angular observables in the Bd → K∗μμ decay

The decay Bd → K∗μμ is fully described by three angles (θl, θk, φ) [9] and the
di-muon invariant mass q2. The angular distribution of this decay gives access
to a number of observables sensitive to NP [8]. The most promising of these
observables for the search of NP is the Forward-Backward Asymmetry AFb. In
particular the zero-crossing point of this asymmetry is well predicted in the SM
and in a number of NP extensions of the SM. Recently, measurements of the
AFB were published by the BaBar, Belle and CDF experiments [7]. Although
the statistics is too low for claiming for an evidence of NP, all the measurements
show no evidence of a zero-crossing point, a distinctive sign of the SM. The
expected sensitivity for LHCb to the AFB for 2fb−1 of data taking, assuming
the SM, is shown in Fig.2. The expected resolution in the zero-crossing point
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is expected to be σ(s0) = 0.5GeV 2 [9].
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Figure 2: Expectation for the measurement of the AFB at LHCb for 2fb−1 (right).

4 Measuring the polarization of the photon in b → sγ processes

One of the most stringent constraint on NP comes from measurements of b → sγ
transitions [10]. In the SM the emitted photon is almost completely left-handed
polarized due to the V-A structure of the SM. The right-handed part is of the
order of ms

mb
∼ 10−2. However NP contributions (as shown in the right diagram

of Fig. 3), could significantly enhance the right-handed contribution. At the
LHCb, the helicity of the photon can be probed with the decays Bs → φγ and
Bd → K∗e+e−. In the former decay the photon helicity can be extracted by
performing a time dependent analysis. The decay rate can be written, for Bs
and Bs respectively:

B(B)(t) = B0e
−Γt(cosh(

ΔΓt

2
)−

− H sinh(
ΔΓt

2
)± C cos(Δmst)∓ S sin(Δmst)) (1)

where H ∼ (2ψ) and tanψ = AR

AL
. It is worth noticing that for measuring

the parameters C and S the knowledge of the initial flavor of the B-meson is
needed. To measure the parameter H, instead, no flavor tagging information
is necessary, with a clear experimental advantage [11]. The LHCb sensitivity
for this decay in a nominal year of data taking (2fb−1), according to the Mon-
teCarlo analysis, is σ(AR

AL
) ∼ 0.1 [9].

Another way for accessing the photon polarization in b → sγ transition is by
measuring the virtual photon in the Bd → K∗e+e− decay. The region of low
di-lepton invariant mass, where the photon is quasi-real is dominated by the left
diagram of Fig. 3 in the SM. The polarization of the photon is here accessible
by performing an angular analysis.

According to MC simulation a sensitivity of 2AR

AL
∼ 0.1 is expected in a

nominal year of data taking [12]. A similar sensitivity on the right-handed
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Figure 3: Possible diagrams for the Bs → K∗l+l− decays, for the SM (left) and for a NP
model (right).

component is expected for these two uncorrelated measurements, which allows
for an independent cross-check.
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PROSPECTS OF CP VIOLATION MEASUREMENTS AT LHCb

Tristan du Pree ab

Nikhef, Postbus 41882, 1009 DB Amsterdam, The Netherlands
Abstract. In this contribution the prospects for CP violation measurements at the
LHCb experiment are discussed. In particular, the expected improvement of the
sensitivity to the CP-violating phases γ and βs are given.

1 Introduction

The main subject of B-physics research is the study of flavor changing inter-
actions of quarks qi → Wqj . In the Standard Model (SM) these interactions
are governed by the Cabibbo Kobayashi Maskawa (CKM) mechanism, which
contains a (3×3) matrix with complex coupling constants Vij , describing their
relative strength and phase. These can be determined by measurements of the
decay rates of B decays.

Only if a relative weak phase, i.e. a phase that flips sign under CP conju-
gation, is present in the different amplitudes contributing to the total decay
amplitude, the decay width ΓB→f and the rate of the CP-conjugated decay
ΓB̄→f̄ can be unequal. Also a strong phase (that does not flip sign) is required.
Then

ACP =
ΓB→f − ΓB̄→f̄

ΓB→f + ΓB̄→f̄

, (1)

the CP asymmetry, can be nonzero and CP-violating processes can occur.
Due to its unitarity, the CKM-matrix contains (only) four free parameters.

Of these, only one is an irreducible (weak) phase, and all measurements of
CP violation, albeit in kaon or B0

d or B0
s decays, constrain the same single

irreducible phase that generates CP-violating processes. Inconsistencies be-
tween different probes of the same parameter can indicate contributions of new
physics (NP) processes.

Phase-convention independent combinations of coupling constants in the
form VijV

∗
ik/VljV

∗
lk lead to different observable CP-violating phases in different

B-decays, e.g. α, β, γ, βs. Their definitions and the current measurements that
constrain these observables are shown in table 1. It follows that at the current
level of precision, the direct and indirect constraints of the observable phases
in B-decays are compatible, and the CKM mechanism provides the dominant
source of CP violation in the B system.

The LHCb experiment aims to further constrain the two phases that are
determined by direct measurements with the largest uncertainty, γ and βs. It
is situated at the LHC accelerator, which operates at a design center-of-mass
energy of 14 TeV, at which the bb̄ cross section is expected to be ∼ 500 μb.

ae-mail: tdupree@nikhef.nl
bOn behalf of the LHCb collaboration.
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CP angle Indirect constraints (◦) Direct constraints (◦)
α ≡ arg[−VtdV

∗
tb/VudV

∗
ub] 95.6+3.3

−8.8 89.0+4.4
−4.2

β ≡ arg[−VcdV
∗
cb/VtdV

∗
tb] 27.4+1.3

−1.9 21.07+0.90
−0.88

γ ≡ arg[−VudV
∗
ub/VcdV

∗
cb] 67.8+4.2

−3.9 70+27
−30

βs ≡ arg[−V ∗
csVcb/V

∗
tsVtb] 1.032+0.049

−0.046 22± 10 or 68± 10

Table 1: The current constraints from indirect and direct measurements of α, β, and γ [1],
and βs [2].

The design luminosity at LHCb is 2×1032 cm−2s−1, corresponding to an annual
luminosity of L = 2.0 fb−1. Since ∼ 11% of the b quarks hadronize into Bs

mesons, in a nominal year O(1011) B0
s mesons are expected to be produced at

LHCb, of which ∼ 20% of the decays occur in the acceptance of the single-arm
spectrometer [3].

2 Measurements of βs

The decay leading to most sensitivity to βs is the decay of a B0
s meson to a cc̄ss̄

final state. CP violation in this process originates from the interference of the
mixing and the decay amplitude, leading to a time-dependent CP asymmetryc

ACP ∝ sinφs sinΔmst. (2)

In the SM φs = −2βs ≈ 2◦, but since the mixing originates from off-shell pro-
cesses, this value can change due to contributions of NP processes. The LHCb
proper time resolution of ∼ 40 fs meets the requirement to resolve the proper
time dependent oscillations of the CP asymmetry, occuring with a frequency
proportional to Δms = 17.77 ps−1. Furthermore, to determine the CP asym-
metry the tagging flavor (the flavor of the B0

s meson at production), needs to be
estimated. The large power to do so originates from the particle identification
capabilities of LHCb.

The J/ψφ final state of the B0
s decay (a cc̄ss̄ state), however, is a super-

position of states with odd and even orbital angular momentum. Hence, the
final state is an admixture of states with positive and negative CP eigenvalue,
which, at leading order, contribute with different signs to the CP asymmetry,
diluting the observed CP asymmetry. In order to determine the sizes of the dif-
ferent polarizations, and hence the true CP violating phase, an angular analysis
needs to be performed. The angular distributions of the different polarization
amplitudes are given in [4].

For optimal sensitivity to φs, a multi-dimensional likelihood fit is performed,
simultaneously fitting for the distributions of the proper time, three angles,

cAssuming the B0
s width difference ΔΓ = 0. More general expressions can be found in [4].
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tagging flavor, and invariant mass, taking into account inefficiencies, dilutions
and backgrounds in all observables. With ∼ 100k B0

s → J/ψ(μ+μ−)φ(K+K−)
events expected to be selected, σ(φs) ≈ 1.8◦ for 2.0 fb−1. With L = 0.2 fb−1

at 10 TeV, the expected first year of operation, the sensitivity of LHCb to
φs is expected to be better than the sensitivity of the Tevatron experiments,
extrapolating their current measurements [5] to a luminosity of 9 fb−1 each.

A similar measurement, for which a proper time dependent, flavor tagged,
angular analysis needs to be performed, is the measurement of CP violation in
the B0

s → φφ channel. In this channel off-shell NP processes can contribute
not only to the mixing amplitude, but also to loop-amplitudes in the decay.
Both can alter the CP violating phase Φφφ ≈ 0 in the SM. With 2.0 fb−1 a
sensitivity to the CP-violating phase of σ(Φφφ) ≈ 6◦ is expected [6].

3 Measurements of γ

All analyses used to extract the CP-violating phase γ are performed in decays
in which b → (u, c) quark transitions occur, followed by a decay into a fully
hadronic final state. Since the final state of decays sensitive to γ consists of
kaons and pions, both particle identification and mass resolution is crucial to
distinguish signal and background.

One possibility to measure γ is from the analysis of Bs → D∓
s K

±. As for the
previous decays, this decay can occur both direct and via mixing. This leads to
a proper time dependent CP asymmetry with an amplitude of sin(Δs±(γ+φs)).
Δs is a hadronic strong phase, whereas the weak phase φs originates from the
mixing amplitude, and γ originates from the decay amplitudes. Performing a
tagged proper time dependent analysis, the expected sensitivity for 2.0 fb−1 is
σ(γ + φs) ≈ 10◦ [7].

Secondly, sensitivity to γ (and φs) can originate from decays in which possible
off-shell processes contribute not only to the mixing, but, as in B0

s → φφ, also
to the decay amplitude. This occurs in the B → hh decays. The interference of
different decay amplitudes leads to a sensitivity to γ, but since off-shell particles
can also contribute via loops, there is sensitivity to possible NP in the decay
amplitude. Furthermore, there is sensitivity to φs, from the mixing amplitude.
Combining all measurements of B → hh channels, sensitivities of σ(γ) ≈ 7◦

and σ(φs) ≈ 3◦ are expected for 2.0 fb−1, with weak assumptions on U-spin
symmetry [4].

Finally, a theoretically clean SM estimate of γ is possible from measuring
the decay time independent decay rates of B− → DK−. From the rates of
the decay of the intermediate D into both a CP eigenstate and into D0 and
D̄0 specific states, the GLW method, the phase δ + γ can be determined from
the sum of the three amplitudes. δ is the relative strong phase of the two
amplitudes contributing to the CP-violating decay, and is beforehand unknown.
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Measuring also the rates of all three CP conjugated B+ → DK+ decay rates,
δ − γ can be measured, which makes it possible to resolve the ambiguity and
determine γ. The main amplitudes contributing to these decays originate from
on-shell processes, whereas off-shell loop amplitudes are negligible. Therefore,
this measurement serves as a control of SM processes. Combining the above
method with all other methods to determine γ using on-shell processes only, a
combined sensitivity of σ(γ) ≈ 5◦ is found [4].

4 Conclusions

The CKM model provides a successful description of CP violation in the SM,
but the uncertainties of βs and γ are still sizeable. LHCb will further constrain
these phases in different ways, both with and without possible NP contributions
in loop diagrams. Benefiting from the number of B0

s mesons, proper time

channel(s) contribution(s) sensitivity
B0

s → J/ψφ loops in mixing σ(φs) ≈ 1.8◦

B0
s → φφ loops in mixing and decay σ(Φφφ) ≈ 6◦

B0
s → D±

s K
∓ loops in mixing σ(γ + φs) ≈ 8◦

B → hh loops in mixing and decay σ(γ) ≈ 7◦,σ(φs) ≈ 3◦

B → DK SM only σ(γ) ≈ 5◦

Table 2: Expected sensitivities of LHCb to CP violating phases from different direct mea-
surements after 2.0 fb−1. φs = −2βs in the SM.

and mass resolutions, and particle identification, LHCb will, as summarized
in table 2, drastically improve the current constraints. Comparison of the
indirect constraints and SM measurements with the direct measurements in
which off-shell processes can contribute to loops in both mixing and decays,
makes it possible to check the consistency of the CKM mechanism and helps
to disentangle the type of possibly involved NP processes.
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SEARCHES FOR NEW PHYSICS AT NA62

Vito Palladino a on Behalf of NA62 Coll.

Università e INFN, Dipartimento di Scienze Fisiche, Napoli, Italia

Abstract. We present the latest NA62 results in the search for physics beyond
Standard Model (SM). NA62 aims to have indirect evidences of new physics, mea-
suring rare K decays. NA62 phase I took place in 2007 when we collected data
in order to measure the ratio RK = Ke2/Kμ2 (were Kl2 means K → lνl) at few
per mill level. A brief experimental layout description will be followed by analysis
strategy and preliminary results. The last part of present paper will be devoted
to the description of NA62 phase II, which has the main goal of measuring the
ultra-rare K → π+νν̄ decay Branching Ratio.

1 NA62 Phase I

1.1 RK in Standard Model an beyond

The RK ratio in SM framework is a very well determined quantity [1]:

RSM
K =

m2
e

m2
μ

· m
2
k −m2

e

m2
k −m2

μ

· (1 + δRRad.Corr.
K ) = (2.477± 0.001)× 10−5 (1)

Any significant deviation from this value could signal new physics. In mini-
mal SUSY scenario RK value is modified due to Lepton Flavor Violating (LFV)
terms in charged Higgs exchange diagrams (Fig. 1.2). Using reasonable SUSY
parameters values (Δ13 = 5× 10−4, tan(β) and mH = 500 GeV) sizable devi-
ations from SM value have been predicted [2]:

RLFV
K = 2

ΓSM(K → eνe) + ΓLFV (K → eντ )

Γ(K → μνμ)
= RSM

K (1 + 0.013) (2)

1.2 Experimental Status

RK PDG08 value is computed using three measurements dating back to the
70s:

R70s
K = (2.45± 0.11)× 10−5 (3)

A recent new result from KLOE [3] experiment improved the measurement:

RKLOE
K = (2.493± 0.031)× 10−5 (4)
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Figure 1: SUSY contributions to
BR(K → eνe).

Figure 2: SM decay mode.

Figure 3: Scheme of apparatus for RK measurement.

1.3 Apparatus, Trigger Logic and Measurement Strategy

Data have been taken in the June - October 2007 period. The apparatus used
is reported in Fig. 1.2.

It is composed by a charged Hodoscope (called HODO) used as fast trigger,
a Drift CHamber (DCH) spectrometer, a photon veto (called AKL) and the
NA48 Liquid Kripton (LKr) calorimeter.

We used a minimum bias hardware trigger in order to select simultaneously
Ke2 and Kμ2 events to minimize the systematics. The two samples only differ
for energy release in LKr. Common logical conditions used are: activities in
DCHs and energy release into both the hodoscope planes. Ke2 events have to
satisfy a further condition on energy released in LKr (higher than 10 GeV).
Data taking goal was to collect about 150K events of Ke2 in order to have an
accuracy better than 0.5%.

The experimental quantity to be measured is:

R =
NKe2 −NKe2(BG)

NKμ2 −NKμ2(BG)
· AKμ2 × εKμ2 × PIDKμ2

AKe2 × εKe2 × PIDKe2
(5)

where NKl2 (l=e,μ) is the number of selected events, NKl2(BG) is the number
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Figure 4: M2
miss vs track momentum

in electron mass hypothesis.
Figure 5: E/P distribution, the arrows

define the signal cuts.

of background (BG) events, AKl2 the geometrical acceptance, εKl2 and PIDKl2

the trigger and selection efficiencies respectively.

The ratio R has been evaluated in 10 momentum bins.

1.4 Signal Selection and Main Background

In order to separate the two samples we exploited the kinematic separation
(using M2

miss = (pK−pl)
2 see Fig. 1.3 ) which is optimal for tracks with energy

up to 25 GeV and particle identification using E/p ratio (energy released in
LKr/measured track momentum see Fig. 1.3).

The main background source for Ke2 sample are Kμ2 events in which the
muon loose all its energy into LKr (catastrophic bremsstrahlung) thus emulat-
ing an electron (therefore Ke2 event). These events ere expected to contribute
at O(10%) level to the final sample and we thus decided to directly measure
their fraction in order to validate Monte Carlo estimates.

This measurement has been done using a pure (electron contamination was
evaluated to be ∼ 10−7 ) muon sample obtained interposing a 10Xo deep
lead wall between the two hodoscope planes. A MC simulation was made
with and without the lead wall, the first was compared with data finding a
very good agreement. The second was used to evaluate the real background
contamination: (6.28± 0.17)%.

A preliminary result of RK measurement computed on 40% of whole collected
statistics is:

RK = (2.005± 0.012stat ± 0.011syst)× 10−5 = (2.500± 0.016)× 10−5 (6)

the precision reached is 0.64%, with the whole sample we expect to reach
∼ 0.3%.
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2 NA62 Phase II

2.1 Motivations and Experimental Status

During its phase II NA62 aims to measure the Branching Ratio (BR) of the
ultra-rare Kaon decay K+ → π+νν̄ observing 1̃00 signal events in about 2
years. This decay is a theoretically well described process in the SM and is
very sensitive to SM extensions. The SM and minimal SUSY predictions and
the current experimental status are:

BR(K → π+νν̄)SM = (8.5± 0.7)× 10−11 (7)

BR(K → π+νν̄)SM

BR(K → π+νν̄)MSUSY

∈ (0.65, 1.03) (8)

BR(K → π+νν̄)exp = (1.47+1.30
−1.05)× 10−10 (9)

2.2 Apparatus Design

NA62 experiment [4] has been designed using the following guidelines: Kaons
decay in flight in order to reduce the background and uncertainties introduced
by stopping target, high beam momentum for improving background rejection,
precise timing in order to associate the outgoing particle with the correct in-
coming Kaon, redundant π − μ particle ID, high hermeticity to photons to
reduce π0 induced background.

Almost all detectors have completed the R&D programs. Some of them are
in the final construction phase.

3 Conclusions

NA62 phase I is stretching SM measuring RK . At the end of this phase we
expect to have a sample 1̃0 times larger than the world integrated statistics
collected up to now. The preliminary result does not show any discrepancy
from SM prediction.

Concerning NA62 Phase II we expect to start our data taking in 2012.
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QCD TESTS WITH KAON DECAYS

Cristina Biino a

Istituto Nazionale di Fisica Nucleare, via P. Giuria 1, 10125 Torino, Italy
Abstract. Kaon decays are an ideal laboratory to study strong interaction dynamics

in the low energy regime. The NA48/2 fixed target experiment was dedicated to

the study of CP violation (CPV) and rare decays in the kaon sector. In this

paper the most recent results are reported. The analysis of more than one million

K± → π+π−e±ν (Ke4) rare decays allows a model independent approach to the

study of low energy π-π scattering close to threshold providing an accurate test of

Chiral Perturbation Theory (ChPT) predictions. This result is combined with the

independent and complementary NA48/2 result obtained in the analysis of about

60 millions K± → π0π0π± (K3π), leading to an experimental measurement of

a0 and a2, the isospin 0 and 2 s-wave π-π scattering lengths, of unprecedented

precision. In the radiative decay K± → π±π0γ about one million events were

reconstructed leading to the first measurement of the interference between direct

photon emission and inner bremsstrahlung amplitude. Finally, we report on precise

measurements of the branching fractions and the form factors of the rare decays

K± → π±lepton+lepton−.

1 The NA48/2 experiment at CERN SPS

The main goal of NA48/2 experiment was to measure the CP violating asymme-
try in the charged kaon decay in three pions. Thanks to the very high statistics
accumulated many other interesting measurements have been performed with
unprecedented precision. The NA48/2 experiment beamline [1] is designed to
deliver simultaneously K+ and K−. Charged particles with momentum 60± 3
GeV/c are selected by an achromatic system of dipole magnets, which splits
the two beams in the vertical plane and then recombines them on a common
axis. The ratio of K+ and K− fluxes is about 1.8.

The NA48 detector [2] consists of a magnetic spectrometer made of four
drift chambers and a dipole magnet in the middle. The momentum resolu-
tion is 1.4% for 20 GeV/c charged tracks. The spectrometer is followed by a
plastic scintillator hodoscope used to produce fast trigger signals and precise
time measurements for charged particles. Then there is a high resolution liq-
uid krypton electromagnetic calorimeter used for photon detection and particle
identification. It is an almost homogeneous ionization chamber, 27 X0 deep,
segmented transversally into 13,248 cells 2 × 2cm2 each, with good time res-
olution and energy resolution of about 1% for 20 GeV electrons and photons.
Further downstream there is a hadron calorimeter and a muon detector.

2 The K± → π+π−e±ν (Ke4) Decay Analysis

The selection of the Ke4 semileptonic decays (BR = 4.1 × 10−5) requires
three charged tracks forming a common vertex. Only one of them should

ae-mail: cristina.biino@to.infn.it
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be consistent with the electron hypothesis, (associated energy deposit in the
calorimeter consistent with the measured track momentum). The other two
tracks should have opposite signs and should not give signal in the muon de-
tector. The background, coming mainly from K3π decay with a pion misiden-
tified as electron or with a pion decay π → eν, is evaluated by studying the
K± → π+π−e∓ν decays that are suppressed by the ΔS = ΔQ rule. The to-
tal background level is at 0.5%. The 1.1 million event sample is distributed
over a grid of (10 × 5 × 5 × 5 × 12) equal population boxes in the five vari-
ables space that describes the decay kinematics. For each bin in Mππ, com-
paring data and MonteCarlo simulation, ten independent five parameters fits
are performed. This allows to determine the axial and vectorial form fac-
tors in terms of partial s and p wave expansions which do not depend upon
any particular model. The unprecedented precision of NA48/2 result trig-
gered theoretical work to determine the effect of isospin symmetry breaking
on phase shift. After subtracting isospin effects, numerical solution of Roy
equations are used to extract scattering lengths from the phase measurements
in a 2-parameter fit: a0mπ = 0.2220 ± 0.0128stat ± 0.0050syst ± 0.0037theor,
a2mπ = −0.0432 ± 0.0086stat ± 0.0034syst ± 0.0028theor, with a correlation of
96.7%. Using the ChPT constraint we obtain: a0mπ = 0.2206 ± 0.0049stat ±
0.0018syst ± 0.0064theor, in excellent agreement with the ChPT prediction [3].

3 The K± → π0π0π± (K3π) Decays and the Cusp Analysis

The pion scattering lenghts can also be measured through the study of the cusp
in the π0π0 invariant mass distribution (M 2

00) in K3π decay, see Fig.1 left-side.
At 2mπ a singularity (cusp) appear. The existence of this threshold anomaly

Figure 1: Left-side: Top: distribution of M2

00
. Bottom: enlargement of a narrow region

centered at M2

00
= (2mπ)2. Right-side: Ke4 (blue) and K3π (green) results as 2-par fit in

the (a0 − a2), a2) plane. The lines correspond to DIRAC experiment result band.

had been first predicted in 1961 [4] as due to π+π− → π0π0 strong rescatter-
ing, having different real and imaginary behaviour below and above the 2π+

production threshold. More recently different theoretical approaches using dif-
ferent formalisms and hypothesis have been developed in order to exploit the
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experimental precision obtained by NA48/2 thanks to the statistics collected
(60.31× 106 decays) and the excellent mass resolution M00. The K3π analysis
is essentially based on the liquid krypton calorimeter to identify the γs from π0

decays. We use in particular two models of the decay amplitude estimating one
and two-loop rescattering effects [5] to fit our data. In both approaches, the
M2

00
distribution is fitted using the detector response matrix obtained from a

large MonteCarlo simulation, to extract the scattering lengths a0-a2, a2 and the
Dalitz slopes. The results are in good agreement. The final results presented
here are obtained fron the fits to the most complete description of rescattering
effects (BFGKR [5]): (a0−a2)mπ = 0.2571±0.0048stat±0.0025syst±0.0014ext;
a2mπ = −0.024 ± 0.013stat ± 0.009syst ± 0.002ext; and, using the ChPT con-
straint mentioned earlier, the 1-parameter fit gives: (a0 − a2)mπ = 0.2633 ±
0.0024stat ± 0.0014syst ± 0.0019ext.

4 Comparison between Ke4 and K3π Analysis

Two different approaches to measure the pion scattering lengths have been
presented. From an experimental point of view the two processes are col-
lected by different sub-detectors with different contributions to the systematic
uncertainty. On the other hand also the theoretical inputs used to extract
informations from the decay dynamics are totally different. In spite of these
differences the results obtained are in good agreement, as shown in Fig.1 right-
side. The combined results are: (a0 − a2)mπ = 0.2639± 0.0020stat± 0.0004syst

and a2mπ = −0.0429 ± 0.0044stat ± 0.0016syst and, assuming the ChPT con-
straint: (a0 − a2)mπ = 0.264 ± 0.0020stat ± 0.0017syst, in perfect agreement
with the ChPT prediction [3]: (a0 − a2)mπ = 0.265 ± 0.004.

5 The K± → π±π0γ Radiative Decay

Radiative kaon decays offer a unique opportunity to study ChPT in detail.
The total amplitude of K± → π±π0γ decay is the sum of two terms: inner
bremsstrahlung (IB), with the photon being emitted from the outgoing charged
pion, and direct emission (DE), where the photon is emitted from the weak
vertex. The IB component can be predicted from QED corrections to K± →
π±π0 in a straightforward way. For the DE term, several studies within the
framework of ChPT exist. At O(p4)ChPT, DE can occur through both electric
(XE, no definitive prediction exists) and magnetic (XM, calculable) and a direct
amplitude (expected to be small). In addition to IB and DE contributions
the total decay rate contains also the interference (INT) between IB and DE,
which depend on XE and a possible CP violating phase. By measuring the
INT term it is possible to disentangle the electric and magnetic amplitudes
and to investigate possible CPV. For this measurement the full NA48/2 data
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set with about one million reconstructed decays was analyzed, which is a factor
30 larger than previous experiments. A strong suppression of background from
K± → π0π0π± events is possible due to the excellent performance of the e.m.
calorimeter. The extraction of the IB, DE and INT amplitudes was done with
an extended maximum-likelihood fit of the MonteCarlo distributions of the
single components to the data distribution. The high precision results are:
Frac(DE) = (3.32±0.15)% and Frac(INT ) = (−2.35±0.35)% being observed
for the first time. The data distribution and DE result are shown in Fig.2
left-side. From this we also obtain XE = (−24 ± 4stat ± 4syst)Gev−4 and
XM = (254± 11stat± 11syst) very close to the WZW prediction of 271GeV −4.
NA48/2 is the first experiment with both K+ and K− events and the CP
violating asymmetry between K+ and K− has been obtained to be less than
10−3 in this channel.

Figure 2: Left-side: Data distribution. Right-side: DE experimental results.

6 The K± → π±lepton+lepton− Rare Decays

The full NA48/2 data set has been analyzed, leading to more than 7,200 re-
constructed events in the electronic and more than 3,000 events in the muonic
channels, the latter exceeding the total existing statistics by more than a factor
of five. For both channels the selected events are almost background free. From
these events we have determined the branching fractions and form factors of
the decays using different theoretical models. Our results of the two channels
are in good agreement with each other and improve the existing world averages
significantly. A paper is in preparation. We also measured the CP violating
asymmetry between K+ and K− in this channels to be less than a few percent.
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SCALED MOMENTUM SPECTRA IN DEEP INELASTIC

SCATTERING AT HERA

Beata Brzozowskaa

Faculty of Physics, University of Warsaw, 00681 Warsaw, Poland

(on behalf of the ZEUS collaboration)
Abstract. Particle production in ep deep inelastic scattering (DIS) has been stud-
ied in the ZEUS detector at HERA with an integrated luminosity of 0.44 fb−1.
The distributions of scaled particle momenta in the Breit frame are measured for
charged particles in the current fragmentation region. The results are presented
in a very wide kinematic range 10 < Q2 < 41000 GeV2 and compared with the-
oretical predictions. The concept of quark-fragmentation universality is tested in
comparison with results from e+e− annihilation.

1 Introduction

In this paper, a study of the fragmentation of struck quarks in neutral cur-
rent NC ep DIS is presented. For the study, the inclusive spectrum of charge
particle scaled momenta, xp = 2pBreit/Q, is used, where pBreit denotes the
momentum of a hadron measured in the Breit frame and Q is the virtuality
of the exchanged boson. The Breit frame gives the best separation between
the scattered quark (current region) and proton remnants. It is defined as the
frame in which the four-vector of the exchanged photon becomes (0,0,0,-Q).
The current region closely resembles a single hemisphere of an e+e− annihila-
tion event, thus allowing a comparison to be made between results from ep and
e+e− [1] experiments.
The data presented here were collected with the ZEUS detector at HERA

between 1996-2007 and correspond to a luminosity of 0.44 fb−1 [2]. A detailed
description of the ZEUS detector can be found elsewhere [4]. The reconstructed
charged particle tracks used in the analysis had to be associated with the
primary interaction vertex and were required to be in the region of high Central
Tracking Detector (CTD) acceptance. The particles had to pass through at
least three CTD superlayers and were required to have a transverse momentum,
ptrack

T
, of more than 150 MeV.

2 Scaled momentum spectra

The scaled momentum distributions as functions of 1/ ln(xp) were studied in
(x, Q2) bins for 0.002 < x < 0.75 and 10 < Q2 < 40960 GeV2. The distri-
butions (see Fig. 1, left) are approximately Gaussian in shape with the mean
charged multiplicity given by the integral of the distributions. As Q2 increases,
the multiplicity increases and, in addition, the peak of the distribution moves
to larger values of ln(1/xp).
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The data are compared with calculations based on the modified leading log
approximation (MLLA) [5] which describes parton production in terms of the
shower evolution. These calculations depend on two parameters only, the ef-
fective QCD scale, Λeff , and the infrared cutoff scale, Q0, at which the parton
cascade is stopped. The calculations intrinsically include colour coherence and
gluon interference effects. To connect predictions at the parton-level to ex-
perimental hadron-level data, the hypothesis of local parton-hadron duality
(LPHD) [6] is assumed with the hadronisation constant Kh.

The MLLA+LPHD predictions are calculated with parameter values ob-
tained from a fit to LEP data including e+e− data with lower centre-of-mass
energies: Q0 = Λeff = 270 ± 20 MeV and Kh = 1.31 ± 0.3. The predictions
give a reasonable description of the shape at 80 < Q2 < 1280 GeV2, except
for long tails at large values of ln(1/xp) which are sensitive to mass correc-
tions [7]. At low Q2, the measured average multiplicity is lower than predicted
by MLLA+LPHD. This can be explained by a significant migration of particles
from the current to the target region of the Breit frame. As Q2 increases, the
peaks are shifted more than expected towards higher values of ln(1/xp). Thus,
the analytical MLLA+LPHD predictions with the LEP-tuned parameters can-
not describe the data in the entire range of xp and Q2.

As the energy scale Q increases, αs decreases and the phase space for soft-
gluon radiation increases. This leads to a fast increase of the number of soft
particles with small fractional momenta xp. These scaling violations are seen
when the data in bins of xp are plotted as a function of the energy (see Fig. 1,
right). The distributions rise with Q2 at low xp and fall off at high xp and high
Q2 (the three lowest xp bins are scaled by factors of 30, 5 and 2, respectively).
Also shown is the comparison of recent ZEUS measurements with H1 [8] and
e+e− data [1], a general trend of quark fragmentation features is observed.

3 Conclusions

Scaled momentum spectra in NC DIS have been measured for the current region
in the Breit frame over a large range of Q2 from 10 GeV2 to 40960 GeV2.
Clear evidence for scaling violations is observed. Comparing the data to e+e−

results from the LEP experiments supports the concept of quark-fragmentation
universality. The MLLA+LPHD calculations fail to describe the data over the
whole kinematic range.
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Figure 1: Left: scaled momentum spectra as functions of ln(1/xp). The bands represent the
range of the MLLA+LPHD predictions. Right: the normalized number of charged particles
as a function of Q in xp bins. The dots (triangles) represent the new (previous [3]) ZEUS

measurement, the squares the H1 data [8] and the inverted triangles the e+e− data [1]. The
inner error bars, where visible, indicate statistical uncertainties, the outer bars statistical

and systematic uncertainties added in quadrature.
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HOW THE INTERACTION OF π MESONS IN THE FINAL
STATE CHANGES A CORRELATION BETWEEN K → 2π AND

K → 3π AMPLITUDES
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Abstract. The unitarization of the amplitudes of K0
1 → π+π− andK+ → π+π+π−

decays allows, using the parameters extracted from the data on K → 2π decays,
to obtain a value of width of K+ → π+π+π− decay coinciding to a level of a few
percent with its experimental magnitude.
The slope parameter g++− calculated with taking into account the higher order
terms in the momentum expansion of the K+ → π+π+π− amplitude turns out to
be gth++− = 02182 in agreement with g

exp
++− = 02154 ± 0.0035.

More than 40 years ago, the use of the algebra of currents allowed to find a
correlation between the amplitudes of the K → 2π and K → 3π decays. As an
example, let’s consider the relation (see [1])

M(K+ → π+(p1)π
+(p2)π

−(p3)) =
i

3Fπ

M(K0
1 → π+π−)[1 + y + 6ζ], (1)

y = 3E3/mK − 1, ζ = −M(K+ → π+π0)/M(KS → π+π−). (2)

This equatuion, beeing correct to leading order in momentum expansion of
both amplitudes, howewer, gives a probability of K+ → π+π+π− decay by
1.575 times smaller than its experimental value, if the data on K → 2π de-
cays are used. It means that the higher-order momentum corrections to these
amplitudes are essential [2], [3] and, as it was found in [4], [5], the effect of
final-state interaction (FSI) of pions, in different manner changing a value of
these amplitudes, also has to be taken into account.

In [5], it was found that a repeated rescattering of final pions turns the

arbitrary initial partial amplitude a
(I)
l , where I is the isotopic spin, into

(
a
(I)
l

)

unitar
=

a
(I)
l (s)

1−�Π(s) cos δ
(I)
l (s)eiδ

(I)

l
(s), (3)

where �Π(s) is the real part of the loop integral over momenta of the inter-
mediate particles. The reliable estimate of this part can be extracted from a
fitting of δ00(s) and δ20(s) to data for these phase shifts [5], [6].

In terms of the Wilson coefficients ci of the effective lagrangian of non-
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leptonic interactions with ΔS = 1 [7] , to leading order of momentum expansion

M(K0
1 → π+π−)
= 1
√

2
GFFπ sin θC cos θC(m

2
K0 −m2

π+)[(c1 − c2 − c3 +
32
9 βc̃5)− c4],

M(K0
1 → π0π0)
= 1
√

2
GFFπ sin θC cos θC(m

2
K0 −m2

π0)[(c1 − c2 − c3 +
32
9
βc̃5) + 2c4],

M(K+ → π+π0) = 1
√

2
GFFπ sin θC cos θC(m

2
K+ − m̃2

π)
3c4
2
,

M(K+(k)→ π+(p1)π
+(p2)π

−(p3)) =
1

2
√

2
GF sin θC cos θC ·

[
(c1 − c2 − c3 − c4 +

32
9 βc̃5)(s1 + s2 − 2μ2) + 9c4(s0 − s3)

]
,

M(K+(k)→ π0(p1)π
0(p2)π

+(p3)) =
1

2
√

2
GF sin θC cos θC ·[

(c1 − c2 − c3 − c4 +
32
9
βc̃5)(s3 − μ2) + 9

2
c4(s0 − s3)

]
.

(4)
In the above equations

β = 2μ4/[(md +mu)
2Λ2], Λ2 = m2

σπ
− μ2, c̃5 = c5 +

3
16c6,

m̃2
π = (m2

π+ +m2
π0)/2, s1 = (k − p1)

2, s2 = (k − p2)
2,

s3 = (k − p3)
2, s0 = m2

K/3 + μ2.

The higher-order momentum corrections can be found using the theory [6].As
a result

M corr(K0
1 → π+π−) = 1

√

2
GF sin θC cos θC(m

2
K0 −m2

π+) · [(c1 − c2 − c3+
32
9 βc̃5 · 1.3565) · cos δ00 · exp(iδ00)/(1−�Π0(m2

K))− c4 cos δ
2
0 · exp(iδ20)]

(5)
The rest modes of K → 2π decays undergo the corresponding changes. Com-
paring the calculated widths of K → 2π decays with the experimental ones, we
come to the result:

(c1−c2−c3+
32

9
βc̃5) = −13.845; c4 = 0.3212 and

32

9
βc̃5 = −8.0758, (6)

if (c1 − c2 − c3) = −2.89 (see [8]) is used.
The higher-order momentum corrections and rescattering ot final pions trans-

form the initial K+ → π+π+π− amplitude into

M corr(K+ → π+π+π−) = 1
2
√

2
GF sin θC cos θC

2m2

K

3 0.96[(c1 − c2 − c3 − c4)

·1.67012(1− 0.12694Y ) + 32
9
βc̃5 · 1.001(1− 0.12844Y ) + 0.09150Y

+9c4
3μ2

2m2

K

Y ] exp(i8.53◦),

(7)
where Y = (s3 − s0)/μ

2. At the end we obtain

Γth(K+ → π+π+π−) = 2.8713 · 10−9eV. (8)
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Comparing this result with Γexp = 2.9709 · 10−9eV we come to conclusion
that calculating the K → 3π amplitudes basing on data on K → 2π de-
cays, it is necessary to take into account, besides the higher-order momen-
tum terms in expansion of these amplitudes, the effect of FSI too. Our ap-
proach gave also the result g++− =-0.2178 coinciding with the experimental
one: gexp++− = −(0.2154± 0.0035).
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AXIAL ANOMALY AND STRANGE QUARKS

Oleg Teryaev a

Bogoliubov Laboratory of Theoretical Physics,
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Abstract. The axial (related to axial anomaly) and vector currents of heavy
quarks are considered. The special attention is payed to the strangeness polariza-
tion mediated by gluon anomaly and treatment of the strange quarks in a heavy
ones in a multiscale nucleon. It is shown that the straightforward modification
of Heisenberg-Euler effective lagrangian allows to calculate the vector current of
strange quarks and describes an analog of Chiral Magnetic Effect for strange and
heavy quarks.

1 Introduction

The spin structure of nucleon is a major problem since EMC Spin crisis (puz-
zle) emerged in 80’s. The first observation [1] was related to the role of gluon
anomaly which was interpreted as a (circular) gluon polarization. The exten-
sive experimental investigations at HERMES, COMPASS and RHIC, however,
did not find the significant polarization. Sometimes this is described as an ”ab-
sence” of anomaly which is quite strange because of the fundamental character
of this phenomenon. Because of this, I am going to discuss the manifestation
of anomaly through strange quarks polarization mediated by very small polar-
izations of off-shell gluons. the similar consideration of vector currents leads to
the description of charge separation of strangeness in heavy ions collisions.

2 Axial current of Strange quarks, gluonic anomaly and strangeness
polarization

The divergence of the singlet axial current contains a normal and an anomalous
piece,

∂μj
(0)
5μ = 2i

∑

q

mq q̄γ5q −
(
Nfαs
4π

)

Ga
μνG̃

μν,a, (1)

where Nf is the number of flavours. The two terms at the r.h.s. of the last
equation are known to cancel in the limit of infinite quark mass. This is the so-
called cancellation of physical and regulator fermions, related to the fact, that
the anomaly may be regarded as a usual mass term in the infinite mass limit,
up to a sign, resulting from the subtraction in the definition of the regularized
operators. Consequently, one should expect, that the contribution of infinitely
heavy quarks to the first moment of g1 is zero. This is exactly what happens [2]
in a perturbative calculation of the triangle anomaly graph. One may wonder,
what is the size of this correction for large, but finite masses and how does
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it compare with the purely perturbative result. To answer this question, one
should calculate the r.h.s. of (1) for heavy fermions. The leading coefficient is
of the order m−2,

∂μjc5μ =
αs

48πm2
c

∂μRμ (2)

where
Rμ = ∂μ

(
GaρνG̃

ρν,a
)
− 4 (DαG

να)
a
G̃aμν . (3)

The contribution [3] of heavy (say, charm) quarks to the nucleon forward
matrix element is

〈N(p, λ)|j(c)5μ (0)|N(p, λ)〉 = αs
48πm2

c

〈N(p, λ)|Rμ(0)|N(p, λ)〉 (4)

Note that the first term in Rμ does not contribute to the forward matrix
element because of its gradient form, while the contribution of the second one
is rewritten, by making use of the equation of motion, as matrix element of the
operator

〈N(p, λ)|j(c)5μ (0)|N(p, λ)〉 = αs

12πm2
c
〈N(p, λ)|g ∑

f=u,d,s ψ̄fγνG̃
ν

μ ψf |N(p, λ)〉
≡ αs

12πm2
c
2m3

Nsμf
(2)
S , (5)

The parameter f
(2)
S appears in calculations of the power corrections to the

first moment of the singlet part of g1 part of which is given by exactly the
quark-gluon-quark matrix element we got. The non-perturbative calculations
are resulting in the estimate

ḠcA(0) = − αs
12π

f
(2)
S (

mN

mc
)2 ≈ −5 · 10−4.

The seemingly naive application of this approach to the case of strange quarks
was presented already ten years from now [3] giving for their contribution to the
first moment of g1 roughly −5·10−2, which is compatible with the experimental
data which is preserved also now despite the problem of matching DIS and
SIDIS analyses.

At that time the reason for such a success which was mentioned in [3] was the
possible applicability of a heavy quark expansions for strange quarks [4,5] in the
case of the vacuum condensates of heavy quarks. That analysis was also related
to the anomaly equation for heavy quarks, however, for the trace anomaly,
rather than the axial one. The current lattice data provide somewhat smaller
result of the same order. At the same time, the lattice simulations of scalar
matrix elements [6] are in the case of strange quarks fact surprisingly close to
what ones should get in the heavy quark limit. The current understanding may
also include what I would call ”multiscale” picture of nucleon with (squared)
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strange quark mass (and Λ) being much smaller than that of nucleon but much
larger than (genuine)higher twist parameter. Whether the smallness of higher
twists holds for consecutive terms in the series of higher twists may be checked
by use of very accurate JLAB data for g1. The simplest case of course is the
non-singlet combination related to Bjorken Sum Rule. As higher twists are
more pronounced at low Q2, one should take care on the Landau singularities
which may be achieved by use of Analytic Perturbation Theory (the main
experts in which are here) or Simonov’s soft freezing. The result [7] looks like
a first terms of converging series of higher twists compatible with semiclassical
picture.

It is instructive to compare the physical interpretation of gluonic anomaly for
massless and massive quarks. While in the former, most popular, case it cor-
responds to the circular polarization of on-shell gluons (recall, that it is rather
small, according to various experimental data ), in the case of massive quarks
one deals with very small (because of small higher twist strength) correlation
of nucleon polarization and a sort of polarization of off-shell gluons. As soon
as strange quark mass is not very large, it partially compensated the smallness
of higher twist and this gluon polarization is transmitted to the non-negligible
strange quark polarization. The role of gluonic anomaly is therefore to produce
the ”anomaly-mediated” strangeness polarization.

3 Vector current of Strange quarks and Chiral Magnetic Effect in
Heavy Ions Collisions

The calculation of vector rather than axial current of heavy (and strange)
quarks appears to be even easier. The answer is actually contained in the clas-
sical Heisenberg-Euler effective lagrangian for light-by light scattering. Calcu-
lating its variation with respect to the electromagnetic potential one immedi-
ately get the expression for the current. The transition from QED to QCD is
performed by the substitution of three of quark-photon vertices by the quark-
gluon ones. The C-parity ensures that the result contains only the symmetric
SU(3) structure dabc and is proportional to Abelian one which was explored
earlier [9]. The notion of this current allows to determine the strangeness con-
tribution to the anomalous magnetic moment of the nucleon and to the mean
square radius of the pion.

Another interesting manifestation of strange quark vector current emerges if
one substitutes [8] the two rather than three quark-photon vertices by quark-
gluon ones. The results describes the vector current induced by cooperative
action of (two) gluonic and electromagnetic fields. Its physical realization corre-
sponds, in particular, to heavy ions collisions where extremely strong magnetic
fields are generated. The most interesting contributions comes from the term
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(FF̃ )2 in Heisenberg-Euler lagrangian, leading to the current

jsμ =
7ααs
45m4

s

F̃μν∂
ν(GG̃) (6)

One may easily recognize here the analog of the famous Chiral Magnetic Effect
(CME) (see [10] and Ref. therein). The correspondence is manifested by the
substitution

1

m4
s

∂ν(GG̃) → ∂ν
∫

d4z(GG̃) → ∂νθ.

The latter requires the appearance of two scales, now in multiscale medium,
(the ones corresponding to integration and taking the derivative) and leads to
the derivative of topological field θ. The later property makes the interpretation
of lattice simulations [11, 12] ambiguous. Note also that the calculated effect
for heavy quarks is not directly related neither to topology nor to chirality.
In particular, it is present also when all the three fields are electromagnetic
ones, which may be of physical interest, as soon as the electromagnetic and
chromodynamical fields are of the same order in heavy ions collisions.

Another possibility arises when coupling to electromagnetic field is substi-
tuted by the coupling to medium velocity 	v, as suggested recently [13], which is

accounted for by the substitution e 	H → μrot	v. This charge separation due to
vorticity (appearing also for light quarks and described by the same substitu-
tion) may be called ”Chiral vorticity effect” providing another source (vorticity
of medium instead of magnetic field) of the same observable phenomenon.

4 Conclusions

The role of gluonic axial anomaly in nucleon spin structure may be quite differ-
ent from what was expected before. Instead of inducing circular polarization
of on-shell gluons it can mediate the nucleon polarization to strange quarks via
the tiny high twist correlations of off-shell gluons with the nucleon spin. This
implies the picture of multiscale nucleon, with strange quark mass (squared)
being much smaller than that of nucleon and much larger than higher twist
parameters.

In turn, the matrix elements of vector currents in external gluonic and mag-
netic (or vorticity) fields describe the analog of Chiral Magnetic (or Vorticity)
Effect for strange quarks in heavy ions collisions.
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Abstract.Hadronic matter in very strong (hadron-scale) magnetic fields acquires
many new interesting properties. Some of these properties can be studied with the
help of lattice simulations in quenched lattice gauge theory. One of the interesting
effects is the chiral magnetic effect, that is, the enhancement of the fluctuations
of currents and charge densities by the magnetic field. By virtue of the Green-
Kubo dispersion relations, this enhancement of fluctuations corresponds to the
enhancement of the electric conductivity of hadronic matter. We review here the
results of our recent studies of this phenomenon.

1 Introduction

Very strong magnetic fields of the hadronic scale can significantly modify the
properties of strongly interacting matter: they change the order of the phase
transition from the confinement phase to the quark-gluon plasma, shift the
position of the transition line [1], etc. At the Relativistic Heavy Ion Collider
(RHIC) in noncentral heavy-ion collisions the strong magnetic field arises due
to the relative motion of the ions and products of the collision [2]. The induced
magnetic field is perpendicular to the reaction plane. At first moments (τ ∼
1 fm/c) of the collision the value of magnetic field at RHIC may reach the
hadronic scale,

√
qB ∼ (10−100 MeV) [2,3]. Such strong magnetic fields can

also be created in future at the ALICE experiment at LHC, at the Facility for
Antiproton and Ion Research (FAIR) at GSI, and at the Nuclotron Ion Collider
fAcility (NICA) in Dubna.

The so-called chiral magnetic effect (CME) is the generation of a local electric
current in the direction of the external magnetic field in topologically nontrivial
configurations of the gauge fields [2]. If we consider u and d-quarks as massless
particles then the right-handed quarks should move in the direction of the
magnetic field and the left-handed quarks should move in the opposite direction
because in the external field magnetic moments of quarks are parallel to the
direction of the field. Nonzero topological charge of gauge fields leads to a local
imbalance between left-handed and right-handed quarks, which, in turn, gives
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rise to a nonzero net electric current along the axis of the magnetic field. Since
the topological charge of gauge fields fluctuates, with negative and positive
values of the charge appearing with equal probabilities, the averaged net current
is of course zero. However, such a local “CP - violation” can be observed
as the enhancement of current fluctuations in the direction of the magnetic
field. This enhancement can have several experimental consequences: one is
the direct observation of the enhanced fluctuations in the numbers of positively
and negatively charged particles in the direction perpendicular to the reaction
plane [4], and the other is the enhanced production of soft photons and soft
dilepton pairs [5].

A natural question to ask is whether this enhancement of electric current
and charge fluctuations along the direction of magnetic field corresponds to a
real flow of current, or is just caused by short-lived quantum fluctuations. This
question can be answered by studying the current-current correlation functions.
The currents which correspond to a real transport of charged particles should
have long-range correlations in time, while quantum fluctuations are typically
characterized by a finite correlation time [6]. Recalling Green-Kubo relations,
one can see that this property is intimately related to the electric conductivity
- namely, the real transport of charged particles can occur only in conducting
media. In this paper we try to find out whether the currents induced due to
the CME correspond to a real transport of charged particles by studying the
tensor of electric conductivity of the vacuum. Here we consider the vacuum
of quenched SU (2) lattice gauge theory in external magnetic field. We find
that the magnetic field induces nonzero electric conductivity along its direc-
tion, transforming the confining vacuum from an insulator into an anisotropic
conductor.

2 Details of simulations

We generate statistically independent SU(2) gauge field configurations with the
tadpole improved Symanzik action [7]. Using the chirally invariant Dirac opera-
tor [8], we solve the Dirac equationDψk = λkψk numerically and determine the
corresponding eigenfunctions ψk and eigenvalues λk . Here D = γμ(∂μ− iAμ) is
the massless Dirac operator in the gauge field Aμ. The uniform magnetic field
is introduced into this operator as described in [9].

We performed the zero-temperature simulations on 144 lattice with the lat-
tice spacing a = 0.103 fm and on 164 lattice with the lattice spacings and
a = 0.103 fm and a = 0.089 fm. The values of the magnetic field are quantized
due to the periodic boundary conditions imposed in finite lattice volume. In our
simulations a minimal nonzero value of magnetic field is qBmin = (348 MeV)2.
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3 Local fluctuations of electromagnetic current

In order to study the simplest signatures of the chiral magnetic effect we first
explore the local fluctuations of the electromagnetic current:

〈j2μ〉IR(B, T ) =
1

V

∫

V

d4x〈j2μ(x)〉B,T − 1

V

∫

V

d4x〈j2μ(x)〉B=0,T=0. (1)

We estimate the local squares of the currents by applying the Wick theorem to
fermion bilinears and by inverting the Dirac operator on the subspace spanned
by some number M ∼ 20 of its lowest eigenmodes. This method allows us to
study the contributions of both connected quark diagrams and the “hairpin”
diagrams. It should be stressed, however, that such method leads to uncon-
trollable systematic errors [10].

We checked on the lattice, that all components of the electric current (??)
are on average equal to zero within statistical error bars. The component
of the current along the direction of the magnetic field is called longitudinal.
Transverse components are perpendicular to the direction of the field. At zero
temperature only the magnetic field in the μ = 3 direction breaks the rotational
symmetry, so that we have: 〈j21〉 = 〈j22〉 and 〈j20〉 = 〈j23〉.

In Fig. 1 we show the average squares of all components of the electric cur-
rent. All of them grow with the strength of the field. The longitudinal com-
ponent of the electric current and the electric charge fluctuate stronger than
the transverse ones. The fluctuations of the spatially transverse components
grow with the field because the transverse momentum of a quark occupying
the lowest Landau level increases with the strength of the magnetic field.

4 Current-current correlator and electric conductivity of
the quenched SU (2) lattice gauge theory

By virtue of the Green-Kubo relations, electric conductivity tensor σij (w) can
be extracted from the low-frequency limit of the spectral function ρij (w) which
corresponds the correlator of two vector currents ji (x) = q̄ (x) γiq (x):

Gij (τ) =

∫

d3	x〈 ji
(
	0, 0

)
jj (	x, τ) 〉, (2)

Gij (τ) =

+∞∫

0

dw

2π
K (w, τ) ρij (w) , (3)

K (w, τ) =
w

2T

cosh
(
w
(
τ − 1

2T

))

sinh
(

w
2T

) , (4)

σij = lim
ω→0

ρij (ω)

4T
. (5)
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Figure 1: The squares of the longitudinal and transverse components of the electric currents
vs the external magnetic field in the confinement phase.

The correlators Gij (τ) in (2) are shown on Fig. 2 on the left and the corre-
sponding spectral functions - on Fig. 2 on the right. Here we consider only the
zero-temperature case, since above the deconfinement phase transition hadronic
matter is a conductor even at zero magnetic field. In order to measure the cor-
relators, we directly invert the Dirac operator by using the SHUMR algorithm
proposed in [11].

It can be seen that the correlator of the longitudinal components of the
current decays decays slower when the magnetic field is turned on. The corre-
sponding spectral functions acquire nonzero value in the low-frequency limit,
which, according to (5), corresponds to nonzero electric conductivity of the
QCD vacuum.

5 Conclusion

We have studied the signatures of the chiral magnetic effect in lattice SU (2)
gauge theory with strong external magnetic field. The effect manifests itself
both in the growth of the local fluctuations of the electromagnetic current,
〈 ji (x) jk (x) 〉, in the direction of the magnetic field, and in the enhancement
of the electric conductivity in this direction.

Finally, let us comment on possible experimental consequences of the phe-
nomenon described above. The expectation value 〈 jk (x) jl (y) 〉 is related to
the polarization of soft photons and to the angular distribution of soft photons
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Figure 3:

and dilepton pairs emitted in the collision process [5,12,13]. One can therefore
expect an enhancement of production rate in the direction perpendicular to
the reaction plane, possibly resulting in a negative elliptic flow for soft photons
and dilepton pairs.
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HADRONIC EFFECTS IN LOW–ENERGY QCD:
ADLER FUNCTION AND τ DECAY

A.V. Nesterenko
BLTPh, Joint Institute for Nuclear Research, Dubna, 141980, Russia

Abstract. It is shown that the nonperturbative effects due to hadronization play a
crucial role in a number of strong interaction processes. In particular, these effects
impose a stringent constraint on the infrared behavior of the Adler function and
play an essential role in theoretical analysis of the inclusive τ lepton decay.

1 Introduction

The Adler function D(Q2) [1] plays a key role in elementary particle physics.
Specifically, theoretical description of some strong interaction processes and
hadronic contributions to some electroweak observables is inherently based on
this function. Furthermore, theoretical analysis of timelike experimental data
can be performed by making use of relevant dispersion relations only. In par-
ticular, dispersion relation for the Adler function [1]

D(Q2) = Q2

∫ ∞

4m2
π

R(s)
(s + Q2)2

ds (1)

represents the required link between experimentally measurable R–ratio of
e+e−–annihilation into hadrons R(s) and theoretically computable D(Q2).

The ultraviolet behavior of the Adler function can be approximated by the
power series in the strong running coupling within perturbation theory [2]

D
(�)
pert(Q

2) = 1 +
∑�

j=1
dj

[
α(�)

s (Q2)
]j

, Q2 → ∞ (2)

(the overall factor 3
∑

f Q2
f is omitted throughout). Here α

(�)
s (Q2) denotes

the �–loop perturbative QCD invariant charge, α
(1)
s (Q2) = 4π/[β0 ln(Q2/Λ2)],

β0 = 11 − 2nf/3, and d1 = 1/π. However, expansion (2) is invalid at low
energies and it is inconsistent with the dispersion relation (1) due to unphysical
singularities of the strong running coupling αs(Q

2) in the infrared domain.

2 Novel integral representation for the Adler function

Dispersion relation (1) imposes stringent physical nonperturbative constraints
on the Adler function. Specifically, Eq. (1) implies that D(Q2) possesses the
only cut Q2 ≤ −4m2

π and that D(Q2) vanishes in the infrared limit Q2 → 0.
These nonperturbative constraints have been merged with perturbative approx-
imation (2) in Refs. [3, 4], that led to the following integral representations:

D(Q2) =
Q2

Q2 + 4m2
π

[
1 +

∫ ∞

4m2
π

ρD(σ)
σ − 4m2

π

σ + Q2

dσ

σ

]
, (3)
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R(s) = θ(s − 4m2
π)

[
1 +

∫ ∞

s

ρD(σ)
dσ

σ

]
. (4)

In Eqs. (3) and (4) ρD(σ) denotes the relevant spectral density and θ(x) is the
unit step function. The developed approach [3,4] eliminates some intrinsic dif-
ficulties of perturbation theory and extends its range of applicability towards
infrared domain. It is worth noting that in the massless limit (mπ = 0) ex-
pressions (3) and (4) become identical to those of the Analytic Perturbation
Theory [5,6]. However, it is crucial to keep the pion mass nonvanishing, since it
can be safely neglected only when one handles the strong interaction processes
at high energies (see Refs. [3, 4] for the details).

Figure 1: Adler function (3) corresponding to the spec-
tral density (5) (solid curve) (Λ = 441MeV, nf = 3),
its perturbative approximation (2) (dot–dashed curve),

and its experimental prediction (shaded band).

In Eqs. (3) and (4) the
one–loop spectral function
obtained in Ref. [7]

ρ(1)(σ) =
1 + Λ2/σ

ln2(σ/Λ2) + π2

(5)
will be employed in what fol-
lows. The Adler function (3),
corresponding to the spectral
function (5), is presented in
Fig. 1 by solid curve, whereas
its one–loop perturbative ap-
proximation (2) is shown by
the dot–dashed curve. As
one may infer from Fig. 1,
the obtained result for the
Adler function is in a reasonable agreement with its experimental prediction
(denoted by the shaded band) in the entire energy range 0 ≤ Q2 < ∞.

3 Inclusive τ lepton decay

Let us proceed with the nonstrange part of the inclusive semileptonic branching
ratio associated with the vector quark currents (see paper [8] for details)

Rτ,V =
3
2
|Vud|2SEW (ΔQCD + δ′EW) . (6)

Its experimental measurement [9] yields Rτ,V = 1.764±0.016. In Eq. (6) |Vud| =
0.97418 ± 0.00027 denotes the CKM matrix element, SEW = 1.0194 ± 0.0050
and δ′EW = 0.0010 are the electroweak corrections [8, 10], and

ΔQCD = 2
∫ M2

τ

0

(
1 − s

M2
τ

)2 (
1 + 2

s

M2
τ

)
R(s)

ds

M2
τ

. (7)
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In the framework of the approach in hand at one–loop level Eq. (7) reads [4]

ΔQCD = 1+d1α
(1)
TL (M2

τ )−δΓ−d1δΓα
(1)
TL (m2

Γ)+d1
4π

β0

∫ 1

χ

f(ξ) ρ(1)(ξM2
τ ) dξ, (8)

where f(ξ) = ξ3 − 2ξ2 + 2, χ = m2
Γ/M2

τ , δΓ = χ f(χ), and

α
(1)
TL (s) =

4π

β0
θ(s − m2

Γ)
∫ ∞

s

ρ(1)(σ)
dσ

σ
(9)

is the one–loop timelike effective coupling [3,4]. Here mΓ = mπ0 +mπ− stands
for the total mass of the lightest allowed hadronic decay mode of τ lepton.
Eventually, Eq. (8) results in Λ = (941 ± 86)MeV for nf = 2 active quarks,
that is somewhat larger than the one–loop perturbative estimation Λ = (678±
55)MeV. It turns out that the effects due to the nonvanishing hadronic mass mΓ

play a substantial role herein. In particular, in the massless limit (mΓ = 0)
Eq. (8) leads to Λ = (493 ± 56) MeV for nf = 2 active quarks.

4 Conclusions

The infrared behavior of the Adler function is studied in the framework of
Dispersive approach to QCD. It is shown that the effects due to the nonvanish-
ing mass of the lightest hadron state play a substantial role in processing the
experimental data on the inclusive τ lepton decay.

This work was partially supported by the grants RFBR-08-01-00686, BRFBR-
JINR-F08D-001, and NS-1027.2008.2.
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HELICITY QUARK DISTRIBUTIONS FROM DIS AND SIDIS
MEASURED IN COMPASS

Dmitry Peshekhonov a

Laboratory of High Energy Physics, JINR, 141980 Dubna, Russia

Abstract

The COMPAS experiment at the CERN SPS has a broad physics

program focused on the nucleon spin structure and hadron spectroscopy,

using muon and hadron beams, respectively. In this report we present re-

sults from COMPASS on the inclusive longitudinal spin-dependent asym-

metry A1 at small and high Q2, the spin-dependent structure function

g1d and the first moment value, semi-inclusive asymmetries and distri-

butions of polarized constituent and sea quarks obtained from 2002-2004

and 2006 data with a 160 GeV longitudinally polarised + beam and a
6LiD target. Preliminary results on the analysis comprising 2007 data

obtained with the same beam and the proton polarised target are dis-

cussed.

1 Introduction

The COMPASS experiment results on the spin-dependent asymmetry A1,p,d

and structure functions gp,d1 (x,Q2) are presented. Data with deuteron target
have been collected during 2002-2004 and 2006 years [1], proton target were
used in 2007. COMPASS spectrometer, polarized target and muon beam are
described in [2]. Inclusive and semi-inclusive DIS events were selected by cuts
on the virtuality of the photon, Q2 > 1(GeV/c)2 , and its fractional energy,
0.1 < y < 0.9. Proton and deuteron data have been combined in order to
evaluate the non-singlet structure function gNS

1 (x,Q2). The helicity quark dis-
tributions Δu, Δd, Δū , Δd̄ and Δs(=Δs̄ ) have been obtained in combined
analysis [3] of inclusive and semi-inclusive (with identified hadrons) asymme-
tries. Hadrons were identified as pions or kaons by RICH in the momenta
region 10 < p < 50 GeV/c. To select the current fragmentation region the cut
z > 0.2 were used, and to separate scattered and secondary μ additional cut
z < 0.85 was applied. The total statistics of samples obtained with proton and
deuteron targets for the inclusive, π+(π−) and K+(K−) events after all cuts
are presented below in millions:
Proton target 92.5, 13.3, 11.8, 3.9, 2.6
Deuteron target 135.1, 22.8, 20.5, 4.8, 3.3

ae-mail: pdv@mail.cern.ch
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2 Results on structure function gd,p1 and NLO QCD fit of gNS
1

The longitudinal cross-section asymmetry can be decomposed into the virtual
photon-deuteron(proton) asymmetry Ad,p

1 and Ad,p
2 as follows:

ALL = D · (Ad(p)
1 + η ·Ad(p)

2 ) ≈ D ·Ad(p)
1 (1)

where the photon depolarization factor D (as well asη) depends on the event
kinematics. The term connected with A2 can be neglected since its very small
in the COMPASS kinematical range. The spin dependent structure function

g
d(p)
1 is related to the asymmetry A1 in the following way:

g
d(p)
1 = F

d(p)
2

2 · x(1 +R) · Ad(p)
1

(2)

where F2 and R are spin-independent structure functions. g
d(p)
1 as a functions

of x are shown in Fig.1 superposed to results of previous DIS experiments. The
availability of gd1 and gp1 data with good and comparable precision at low x gives
the opportunity to evaluate the non-singlet structure function gNS

1 defined as:

gNS
1 (x) = gp1(x)− gn1 (x) = 2 · [gp1(x) − gd1(x)/(1 − 3

2wD)]
(3)

where wD is the probability of the D state in the deuteron (wD=0.050.01).
An evaluation of the first moment of gNS

1 (x) provides a new test of the Bjorken
sum rule which is considered as a fundamental result of QCD. The Q2 depen-
dence of gNS

1 is decoupled from the QCD evolution of ΔΣ and ΔG and the fit
to the Q2 evolution requires only small number of parameters to describe the
shape of gNS

1 (x) at some referenceQ2 The values of x·gNS
1 (x) atQ2=3(GeV/c)2

together with NLO QCD fit is shown in Fig.2. The first moment value:

gNS
1 (Q2) =

1

2

gA
gV
· CNS(Q2) (4)

leads the value of gA/gV=1.30± 0.07(stat.) ± 0.10(syst.) at Q2=3 (GeV/c)2

it is in perfect agreement with the one derived from neuteron β decay (1.2690.003
[4]). The dominant systematic error due to the uncertainty of the beam polar-
ization (5%).

3 LO QCD analysis for polarized quark densities

The combined analysis of inclusive and of semi-inclusive asymmetries for iden-
tified hadrons (pions and kaons) measured on proton and deuteron targets
allows to evaluate the helicity distributions for different quark flavours: Δu,
Δd, Δū , Δd̄ and Δs assumed to be equal to Δs̄. As in the previous COMPASS
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Figure 1: Figure 1: COMPASS result on xg
d(p)
1 as a function of x Bjorken. A good agreement

with previous measurements are seen. Experimental points are shown in measured Q2.
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Analysis of
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data alone

Figure 2: Figure 2: Preliminary values of gNS
1 (x) at Q2 = 3(GeV/c)2. The curve represents

the NLO QCD fit to the COMPASS data.

LO analysis [3] assumed that hadrons in the current fragmentation region are
produced independent quark fragmentation and their spin asymmetries can be
written in terms of PDFs q(x,Q2) and Δq(x,Q2) and fragmentation functions
Dh

q (z,Q
2):

Ah(x,Q
2) = Σqe

2
qΔq(x,Q2)

∫
Dh

q (z,Q
2)dz

Σqe2qq(x,Q
2)

∫
Dh

q (z,Q
2)dz

(5)

Unpolarized PDFs were taken from MRST [5] and the DSS parametrization
of the fragmentation functions at LO DCQ was used [6]. The quark helic-
ity distributions are shown in Fig.3. The curves obtained with LO DNS [7]
parametrization of polarized PDFs are also shown. The Δu, Δd, Δū , Δd̄
curves from DNS parametrization fit well our points. However one can see dis-
crepancy in the Δs graph. SIDIS measurement do not support fit behaviour,
at least with DSS FFs. More detailes on the distribution Δs(x) are given in
the Ref.[3]. The present analysis including 2007 proton data confirms the re-
sult obtained with only deuteron data and reduces significantly the statistical
errors.
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Figure 3: Figure 3: The quark helicity distributions evaluated at common value Q2 =
3(GeV/c)2 as a function of x Bjorken. Bands at bottom of each graph present systematic
uncertainties. Solid markers and bands correspond to COMPASS data. For comparison the

NLO DNS parametrization [7] is shown.

4 Conclusion

COMPASS data on the measured inclusive and identified hadron spin asym-
metries on the proton and deuteron targets allow to evaluate the non-singlet
structure function gNS

1 (x,Q2). The first moment of this function confirms the
validity of the Bkorken sum rule with better than one σ precision. The LO
QCD evaluation of polarized quark densities was also presented. The full set of
polarized PDFs Δu, Δd, Δū , Δd̄ and Δs were extracted. All sea quark den-
sities are found to be compatible with zero in the full range of measurements.
The discrepancy in a shape of Δs(x) with the one obtained in a typical qlobal
QCD fit was found.
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SEMI-INCLUSIVE PION ELECTROPRODUCTION WITH CLAS

Mikhail Osipenko a
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Abstract. Measurement of the semi-inclusive π+ electroproduction off the proton,
performed with CLAS detector at Jefferson Lab, has been presented. The obtained
fully-differential cross sections, including the azimuthal angle between hadronic
and leptonic planes, φ, allowed us to separate the φ-dependent terms. While, the
φ-independent part of the cross section was found to be in good agreement with
current fragmentation pQCD calculations.

The semi-inclusive electroproduction of hadrons is an important tool for
studying the nucleon structure in the perturbative Quantum Chromodynamics
(pQCD) framework at medium energies. Indeed, the detection of a hadron
produced by the struck quark or by nucleon spectator fragments provides an
information about the orbital momentum of the quark in the initial state.
Meanwhile, the undetected hadronic system allows to apply the optical theo-
rem, reducing the energy necessary for the convergence towards basic pQCD
processes.
CLAS has measured the semi-inclusive electroproduction of π+ on the proton

at the beam energy of 6 GeV. The measurement span over a wide, continuous 5-
dimensional domain, which allows for a detailed study of φ and pT behaviors. In
this article we will focus on one particular aspect of the obtained results. This
aspect deals with the comparison of the data, integrated in φ and transverse
momentum pT , expressed in terms of the structure function H2:

d3σ

dxdQ2dz
=
4πα2

xQ4

[
xy2H1(x, z, Q2) +

(
1− y− M2x2y2

Q2

)
H2(x, z, Q2)

]
, (1)

with pQCD calculations [4]. These calculations describe the structure function
H2 as the convolution of the parton density function f(x, Q2) obtained in in-
clusive processes and the parton fragmentation function Dh(z, Q2) measured
in e+e− collisions:

H2(x, z, Q2) =
∑

i

e2

i xfi(x, Q2)⊗Dh
i (z, Q2) , (2)

where the sum runs over quark flavors i and ei is the charge of ith flavor quark
(we neglect the gluon contribution here).
In particular, we are interested in the difference between data-theory compar-

isons made using the structure function H2 and structure function ratio H2/F2.
The latter ratio, where the F2 is the inclusive structure function, represents in
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DIS limit the widely used multiplicity observable, and can be calculated in
pQCD as following:

H2(x, z, Q2)

F2(x, Q2)
=

∑
i e2

i xfi(x, Q2)⊗Dh
i (z, Q2)∑

i e2

i xfi(x, Q2)
. (3)

Given the relatively low beam energy of Jefferson Lab one may expect a mani-
festation of visible deviations from pQCD calculations at the low-Q2 end of the
covered interval. Such deviations should indicate the contribution of higher
twists in the semi-inclusive electroproduction. The detailed calculations of
these higher twists are not available due to their complexity. However, one
may phenomenologically divide them in two types: Initial State Interactions
(ISI) of the current quark and Final State Interactions (FSI) of struck quark or
produced hadron. If the dominant contribution to the total higher twist term
would be due to ISI, one could expect a partial cancellation of them in H2/F2

ratio. Hence, it is possible that H2/F2 ratio agrees with pQCD calculations
better that the H2 structure function alone.
In Fig. 1 comparisons of the measured structure function H2 and H2/F2

ratio to LO and NLO pQCD calculations are shown for two values of z. As one
can see, the NLO calculations describe very well the data at z = 0.45 for both
observables, while at z = 0.11 some deviation in the Q2-slope is evident. This
deviation can be due to the higher twist contribution.

10
-1

1

 z=0.11

H
2

10
-1

1

 z=0.45

1

10

2 2.5 3 3.5

Q2 GeV2

H
2
/
F
2

1

10

2 2.5 3 3.5

Q2 GeV2

Figure 1: The Q2-evolution of the data on structure function H2 and ratio H2/F2 at x = 0.34
and two values of z, in comparison to pQCD calculations: LO - solid line, NLO - dashed
line. The calculations use CTEQ 5 parton distributions [2], and Kretzer fragmentation func-
tions [3]. The error bars give statistical and systematic uncertainties combined in quadrature.

In Fig. 2 the same comparison is shown for the ratio of the data over NLO
calculations. In the amplified scale the deviation of the low-z data from the
expected NLO evolution can be quantified. Both H2 and H2/F2 comparisons
show the deviation rising with Q2 from -10% up to 40%. The difference between
H2 and H2/F2 ratios results in a few percent overall shift, well below the
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systematic uncertainties of the measurement (about 15% in average) and the
theory.
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Figure 2: Same as Fig. 1 except with the ratio of H2 and H2/F2 data to the NLO calculations.
The dashed line indicates the unity. The inner error bars (mostly smaller than the symbol

size) give statistical uncertainties.

Summarizing, the use of H2 structure function or H2/F2 ratio in the com-
parison of the experimental data to pQCD calculations is equivalent in JLab
energy domain. If the deviations of the data from NLO pQCD calculations,
observed at low-z, are due to the higher twist contribution, they are probably
related to the FSI mechanism. However, given the low-z values at which the
difference is observed, an alternative explanation due to the mixing between
current and target fragmentation evolutions is more likely. The pQCD calcu-
lations described above are due to the current fragmentation only. The target
fragmentation mechanism [5], expected to play role in the low-z domain, is still
poorly established. In particular, the corresponding partonic functions, frac-
ture functions for the pions are completely unknown. This encourages further
pQCD studies of semi-inclusive reactions at Jefferson Lab.
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SELF-SIMILARITY OF JET PRODUCTION AND QCD

M. Tokarev a and T. Dedovich
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141980 Dubna, Moscow region, Russia

Abstract. Results of the next-to-leading order QCD calculations of inclusive cross
sections of jet production in p̄p and pp collisions at energies

√
s = 63− 14000 GeV

are used to test the z-scaling and compare with available experimental data. The
dependence of the spectra in pT - and z-presentations on the collision energy

√
s

and parton distributions is studied. It is shown that self-similar features of jet
cross sections dictated by the z-scaling give strong restriction on the asymptotic
behavior of ψ(z) predicted by perturbative QCD. The new constraint on the gluon
distribution function based on the properties of z-scaling for jet production is
suggested.

1 Introduction

Search for new scaling regularities in high energy particle collisions is always to
be a subject of intense investigations. Such regularities could give experimental
indications on new physics phenomena and new insight in theory. Jets are
traditionally considered as a best probe of constituent interactions and most
suitable objects for precise test of the perturbative QCD at high energies. New
data on inclusive cross sections of jet production in p̄p collisions at Tevatron
[1,2] are analysed to verify properties of z-scaling [3]. Transverse jet spectra in
the next-to-next leading order QCD in the z-presentation are calculated and
compared with results of analysis of experimental data.

The method of phenomenological description of high-pT particle production
cross sections in inclusive reactions (z−scaling) was developed in [4]. It is based
on the principles of locality, self-similarity and fractality reflecting properties
of particle structure, their constituent interactions and particle formation. For
the first time it has been applied in [5] for analysis of the jet production. A more
sophisticated method of analysis of inclusive cross sections of jet production in
z-presentation was proposed in [6].

2 z-Scaling

The collision of extended objects like hadrons and nuclei at sufficiently high
energies is assumed to be an ensemble of individual self-similar interactions of
their constituents. The structures of the colliding objects (M1) and (M2) are
characterized by the parameters δ1 and δ2. The interacting constituents carry
the fractions x1, x2 of the incoming momenta P1, P2. The inclusive particle
(m1) carries the momentum p.

ae-mail:tokarev@sunhe.jinr.ru
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The elementary sub-process is considered as a binary collision of the con-
stituents (x1M1) and (x2M2) resulting in the scattered (m1) and recoil (MX)
objects in the final state. The momentum conservation law of the sub-process
is written as follows

(x1P1 + x2P2 − p)2 = M2
X , (1)

where MX = x1M1 + x2M2 +m2. This equation is expression of the locality
of the hadron interaction at a constituent level. It represents a constraint on
the fractions x1, and x2. The structural parameters δ1, δ2 are connected with
the corresponding momentum fractions by the function

Ω(x1, x2) = (1− x1)
δ1(1− x2)

δ2 . (2)

The quantity Ω is proportional to relative number of all such constituent con-
figurations which contain the state defined by the fractions x1 and x2. We use
δ1 = δ2 ≡ δ, M1 = M2, and m2 = m1 ≡ 0 in the analysis of jet production in
proton-(anti)proton interactions. The parameters δ1 and δ2 were found to be
constant values [5]. They are interpreted as the fractal dimensions in the space
of the momentum fractions {x1, x2}.

The maximal value of Ω is used in the definition of the scaling variable z
which has the form

z = z0Ω
−1. (3)

The quantity z0 = s
1/2
⊥

/(dN/dη|0) is proportional to the transverse kinetic

energy s
1/2
⊥

of the sub-process consumed on the production of (m1) and (m2).
The multiplicity density dN/dη|0 is taken at η = 0. The scaling function

ψ(z) = − πs

(dN/dη)σin

J−1E
d3σ

dp3
. (4)

is expressed in terms of the inclusive cross section, multiplicity density dN/dη,
and total inelastic cross section σin. Here s is the square of the center-of-mass
energy, and J is the corresponding Jacobian. The function ψ(z) is normalized
to unity.

3 Jet cross section data in z-presentation

The inclusive jet cross section measures the probability of observing a hadronic
jet produced in a hadron-hadron collisions. A jet is a direct evidence of hard
interaction of quarks and gluons. Experimental data on inclusive cross sections
of jet production at different collision energies obtained by CDF [1] and D0 [2]
Collaborations at Tevatron allow us to study the energy dependence of the
function ψ(z).
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a) b)

Figure 1. Inclusive spectra of jet production in p̄p collisions at
√
s = 630, 1800

and 1960 GeV and θ � 900 measured by the D0 [7, 8] (a) and CDF [9, 10] (b)
Collaborations in z-presentation.
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Figure 2. Inclusive spectra of jet production in p̄p collisions at

√
s = 1960 GeV

and different pseudorapidity intervals in pT - (a) and z- (b) presentations. Ex-
perimental data obtained by the D0 Collaboration are taken from [2].

Figure 1 showsb the z-presentation of jet spectra. All data demonstrate the
energy independence of the scaling function. As seen from Fig. 1(a) the power
behavior of ψ(z) is valid over a wide range of z. The function changes more than
on twelve orders. The obtained results mean that mechanism of jet production
manifests a property of self-similarity. Note, that this feature is most distinctly
visible in z-representation in contrast to pT -presentation.

Figure 2 demonstrates inclusive spectra [2] of jet production in p̄p colli-
sions at a center-of-mass energy

√
s = 1960 GeV, over the momentum pT =

50 − 600 GeV/c and pseudorapodity |η| < 2.4 ranges in pT - (a) and z- (b)

bThe version of z-scaling considered in [5] was used for the present data analysis.

354

Number_#1024_Pg001-452.indd   354 9/23/10   3:00 PM



presentations. The collected by the D0 Collaboration the data correspond to
the integrated luminosity of 0.7 fb−1. As seen from Fig. 2(a) the spectra
measured for different pseudorapidity intervals demonstrate a strong angular
dependence. It is enhanced with increasing of the transverse momentum. Jet
yields decrease in the measured momentum range with pT by more than ten
orders. The theoretical calculations of the jet spectra in the NLO QCD (see [2]
and references therein) are shown by the solid lines. Figure 2(b) demonstrates
the angular independence of ψ(z) over a wide kinematical range. The function
is described by the power law, ψ(z) ∼ z−β , with a constant value of the slope
parameter β = 5.48± 0.02.

4 QCD test of z-scaling

We use z-scaling for analysis of inclusive cross sections of jet production in p̄p
collisions calculated in the NLO QCD and comparison of the corresponding
scaling function with that obtained from analysis of experimental data in the
framework of the z-presentation. The code from Ellis-Kunszt-Soper [11] for
calculations of jet transverse momentum spectra in the next-to-leading order
QCD and the parton distribution functions the CTEQ6M [14] and MRST01 [15]
are used in the present analysis.

The inclusive differential cross section for hadron production with the trans-
verse momentum pT and the pseudorapidity η is written in the form

EC

d3σ

dp3C
=

∑
abc

∫
dxadxb

dz

z
fa/A(xa, μF )fb/B(xb, μF )εc ×

×d3σ

dk3c
(pc/z

√
s, μR)DC/c(z, μH) (5)

The sum is taken over the various flavors of partons that can participate in the
hard scattering process. The functions fa/A(xa, μF ) and fb/B(xb, μF ) describe
the distributions of a parton a and b in the hadron A and B on the momentum
fraction xa and xb at the factorization scale μF , respectively. The fragmenta-
tion of a parton c into the hadron C is described by the function DC

c (z, μH).
The parton momentum fraction carried by the hadron C at the fragmentation
scale μH is equal to z. Inclusive cross section εc d3σ/dk3c of the parton sub-
process a + b → c + X is calculated perturbatively in the NLO QCD. In our
case we have c ≡ jet. It is assumed that fragmentation does not destroy the
transverse distribution of jet and z = 1. The MS scheme is used to subtract
final state collinear singularities. The strong coupling αS(μR) is defined in the
MS renormalization scheme at the scale μR.

The jet spectra as a function of the collision energy
√
s and transverse mo-

mentum pT calculated in the NLO QCD are shown in Fig. 3. The results
calculationed with the parton distribution functions MRST01 [15] are depicted
by the dashed lines. The renormalization, factorization and fragmentation
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a) b)
Figure 3. Inclusive spectra of jet production in p̄p collisions as a function
of the transverse momentum pT . Dashed lines are calculated results in NLO
QCD with (a) MRST01 [15] PDFs at

√
s = 63, 200, 630, 1800, 1960, 7000 and

14000 GeV. Symbols are the D0 data taken from [7, 8]. (b) The same data in
z-presentation.

scales were set to be equal each other μR = μF = ζ pT , where ζ is the scale
factor usualy varied in the range ζ = 0.5, 2.

The spectra were calculated over a wide range of the transverse momentum
pT = 10 − 1000 GeV/c and the energy

√
s = 63 − 14000 GeV at θ � 900. As

seen from Fig. 3(a) the strong dependence of the spectra on the collision energy
increases with pT . The D0 data [7, 8] on cross sections at

√
s = 630, 1800 and

1960 GeV are shown in Fig. 3 by the symbols. The same data are plotted
in the dependence on the variable z are shown in Fig. 3(b) as well. The
solid line represents the asymptotic behavior of ψ(z) obtained from analysis of
experimental data. The z-presentation of the NLO QCD calculation results of
jet spectra is shown by the dashed lines. As seen the NLO QCD predictions
demonstrate dramatic deviation from the asymptotic behavior of ψ(z) predicted
by the z-scaling as the collision energy and transverse momentum increase.
The quark and gluon distribution functions and fragmentation function could
modify the asymptotic behavior of ψ. We assume that large uncertainties
of the gluon distribution function could be essentially restricted by the power
behavior of ψ(z) established over a wide range of

√
s and high-pT . It could give

us the new additional constraint on PDFs and FFs which are phenomenological
quantities and weakly controlled by the perturbative QCD.

5 Conclusions

New data on jet spectra at Tevatron up to highest jet transverse momentum
pT � 600 GeV/c confirm the energy and angular independence of the z-scaling.
The power behavior of the scaling function, ψ(z) ∼ z−β, is observed. It means
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that properties of mechanism of jet production reflect the self-similarity, locality
and fractality of the hadron interactions at a constituent level. We conclude
that self-similar features of jet production dictated by the z-scaling give strong
restriction on the asymptotic behavior of ψ(z). The behavior is not reproduced
by the NLO QCD evolution of cross sections with the phenomenological parton
distribution functions used in the present analysis. The asymptotic behavior of
ψ(z) could be used as the additional constraint on a gluon distribution function
in the global QCD analysis of experimental data.
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[4] I. Zborovský, M.V. Tokarev, Phys.Rev. D 75, 094008 (2007).

[5] M.V. Tokarev, T.G. Dedovich, Int.J.Mod.Phys. A 15, 3495 (2000).
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ELECTROMAGNETIC STRUCTURE FUNCTIONS OF
NUCLEONS IN THE REGION OF VERY SMALL X Y
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B.V. Mangazeeva

Irkutsk State University, 1, Karl Marx Street, Irkutsk 664003, Russia

Abstract. A two component model describing the electromagnetic nucleon struc-
ture functions in the low-x region, based on generalized vector dominance and color
dipole approaches is briefly described.

1 Introduction

A starting point of the present model of deep inelastic lepton-nucleon scattering
is generalized vector dominance (GVD) idea [1], the main ingredient of which is
a double dispersion relation for the total cross section for the process γ∗p → X,

σ =
∑
q

∫
dM2

M2 +Q2

∫
dM ′2

M ′2 +Q2
ρ(s,M2,M ′2)

1

s
Aqq̄→p(s,M2,M ′2). (1)

Here, M and M’ are invariant masses of the incoming and outgoing qq̄-pair in
γ∗p elastic amplitude A.

It is assumed here that at high energies the virtual photon γ∗ fluctuates in a
hadronic system ( qq̄-pair, to the leading order) well before the interaction with
the target nucleon and, at the second step, qq̄-pair interacts with the target.
Later, in nineties [2-3], the relation (1) was used, in diagonal approximation,
i.e., with ρ ∼ δ

(
M2 −M ′2 ), for a separation of the “soft” and “hard” in-

teractions, and the soft part was described by the Vector Dominance Model
(VDM).

The present two-component model of deep inelastic scattering differs (in a
description of the soft part) from those developed in [2-3] in two respects: we do
not use diagonal approximation and, most important, we do not limit ourselves
by accounting of low mass vector meson (ρ) and, instead, take into account ρ-
family (containing, except of ρ, the radial excitations ρ’, ρ”,. . . ). The use of
the real mass spectrum of vector mesons is more natural than the introduction,
in [3], the additive quark model component and, besides, allows to introduce
the non-diagonal transitions (and check the importance of them).

aWork partially supported by the program ”Development of Scientific Potential in Higher
Schools of Russia” (project 2.2.1.1/1483, 2.1.1/1539)”.
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2 A two component model

In our previous papers [4], [5] we formulated the two-component model of
electromagnetic structure functions of the nucleon. The nonperturbative (soft)
component of the structure functions is described by the off-diagonal GVD with
vector mesons having properties of usual hadrons. It was shown in [4] that the
approach of the off-diagonal GVD alone cannot describe the experimental data
if the destructive interference effects and corresponding cancellations of VN-
V’N amplitudes inside of GVD sums are small (and they are really small if the
vector mesons in the tower have the properties of usual hadrons). It was shown,
as a result, that two modifications of the off-diagonal GVD scheme are needed:
1) cut-off factors reducing the probability of initial γ V transitions must be
introduced and 2) a “hard component” must be added to describe the pertur-
bative QCD part of the total process of the virtual photon-nucleon interaction.
For a calculation of the cut-off factor we use the following basic assumption: an
interaction of the initial qq-pair with the nucleon is meson dominated if (and
only if) the transverse momenta of pair’s quarks are not too high; only in this
case are confinement forces effective. It can be easily shown that the relative
part of pair’s phase volume for pairs with quarks having transverse momenta,

pT , in the limits (mq÷pTmax) is given, approximately, by η ≈ 3
(
pTmax/Mqq̄

)2
, if

M2
qq̄ >>

(
pTmax

)2
. By definition, this value is just the required cut-off factor.

Here, the value pTmax is the model parameter. The average transverse size of the
qq-pair is, at not very large Q2, inversely proportional to pT . From comparison
with experimental data on F2 we obtained for this parameter the value 0.385
GeV.

The simplest model of VN-scattering had been used [4], based on two-gluon
exchange approximation and relativistic constituent quark model. Wave func-
tions of the vector mesons were obtained from a solution of the Bethe-Salpeter
(BS) equation using quasipotential formalism in the light-front form. The ker-
nel of the BS-equation has the confining term of the harmonic oscillator type.
The vector meson mass spectrum is of the form m2

n = m2
ρ(1 + 2n), for the

ρ-meson family (only this family has been taken into account). For the hard
component, we used the color dipole model and the parameterizations of the
dipole cross section σ (r⊥, s) (perturbative QCD part) from the work by J. For-
shaw et al [6].

As one can see from fig.1, there is rather good agreement of the model pre-
dictions with the available data on the electromagnetic structure function F2

in the region x < 0.05 and Q2 < 102GeV 2. The relative contribution in F2

of the soft (GVD) component strongly depends on the values of the kinematic
variables x, Q2. At not very small x the contribution of the soft component is
dominant. With a decrease of the x-value the interval of Q2 in which soft com-
ponent is dominant is reduced. For example, at x = 10−4 the soft component
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Figure 1: a) The proton electromagnetic structure function F2 measured in experiments H1,
ZEUS, BCDMS, E665, NMC, SLAC [7]. Data of each bin of fixed x has been multiplied by 2i,
where i is the odd number of the bin, ranging from i=7 (x=0.13) to i=27 (x=0.000102). The
red lines are predictions of the present model (soft+hard), blue lines are the contributions
of the soft (GVD). b) The results for FL as a function of x at fixed Q2. The data are taken
from H1 Collaboration. Solid brown curves (BM) are results of the present model. Other

curves are predictions of different theoretical models (see [8]).

is relatively large only in the region of very small Q2, 0 < Q2 < 1GeV 2.
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RESUMMATION IN QCD FRACTIONAL ANALYTIC
PERTURBATION THEORY

Alexander P. Bakuleva

Bogoliubov Laboratory of Theoretical Physics, JINR, 141980 Dubna, Russia

Abstract. In my report I describe the generalization of Analytic Perturbation The-
ory (APT) for QCD observables, initiated by Radyushkin, Krasnikov, Pivovarov,
Shirkov and Solovtsov [1–3], to fractional powers of coupling — the so called
Fractional APT (FAPT) [4, 5]. The basic aspects of FAPT are shortly sum-
marized. After that I discuss how to treat heavy-quark thresholds in FAPT [6]
and then show how to resum perturbative series in both the one-loop APT and
FAPT, provided that the generation function P (t) of perturbative coefficients dn

is known [6–8]. As an application I consider FAPT description of the Higgs boson
decay H0 → bb̄ [4,6,9]. My main conclusion is: To achieve an accuracy of the order
of 1% it is enough to take into account up to the third correction—in complete
agreement with Kataev–Kim analysis in [10]. The d4 coefficient value calculated
in [9] is needed only to estimate the corresponding generating function P (t).

The full version of this report has been published in [11]. Here in Fig. 1 we
show only the main result for the width ΓH→bb̄: The width of the shaded strip
takes into account the overall uncertainties due to the resummation procedure
and the renormgroup-invariant b-quark mass, m̂b.

100 120 140 160 180

2

2.5

3

3.5

100 120 140 160 180

2

2.5

3

3.5

MH

Γ
∞
H→b̄b

Figure 1: The width ΓH→bb̄ as a function of the Higgs boson mass MH in the resummed
FAPT.
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012003 (2006).

[10] A. L. Kataev and V. T. Kim, PoS ACAT08, 004 (2009).
[11] Alexander P. Bakulev, Ukr. J. Phys. 50, 15 (2010).

362

Number_#1024_Pg001-452.indd   362 9/23/10   3:00 PM



SCALING BEHAVIOR OF FACTORIAL MOMENTS OF THE
MULTIPLICITY DIFFERENCE AND PHASE TRANSITION

QGP TO HADRONS

Babichev L.F. a, Khmialeuski A.N. b

Joint Institute for Power and Nuclear Research – Sosny, 220109 Minsk, Belarus
Abstract.The multiplicity difference correlators between two well-separated bins in
high energy heavy-ion collisions are studied using Monte-Carlo simulations. Nu-
merical value of the universal scaling exponents γ is calculated and compared whit
results obtained within the framework of Ginzburg-Landau theory. Simulations of
phase transitions using Monte Carlo generators are discussed.

1 Introductions

Experiments of elementary particles or nuclei collision at high energy show
various collective phenomena, e.g. multiplicity fluctuations of secondary parti-
cles. At high temperatures or energy densities it should be a new superdense
state of matter — quark-gluon plasma (QGP). The heavy ion collisions are
most promising for formation QGP. But detection of QGP is a more difficult.
Firstly, there is a large background due to the strong interaction between nucle-
ons. Secondly, the duration of the evolution quark-gluon phase of the nuclear
system is a small fraction of the total time of evolution. If the QGP was
formed in a collision, then there should be observed a phase transition (PT)
QGP→hadrons. Such PT can be defined by the study of the particles multi-
plicities fluctuations. The availability of sufficiently large fluctuations can be
a indication of PT and correspondingly QGP formation. It was proposed to
study such fluctuations using the factorial moments [1].

2 Scaling behavior of multiplicity difference correlators

The factorial moments are good tool for the study of the multiplicities fluc-
tuations. But they are not effective for the study of the heavy ion collisions.
Factorial moments of the multiplicity difference was introduced to overcome
the problem of hight multiplicity per bin in heavy ion collisions [3]. They
are multiplicity difference correlators (MDC) and a form of hybrid of factorial
correlators and wavelets. MDC are

Fq(δ,Δ) =

∑
∞

m=q m(m− 1)...(m− q + 1)Qm(δ,Δ)

(
∑
∞

m=q mQm(δ,Δ))q
(1)

where m = m(δ,Δ) = |n1−n2| is a multiplicity difference in two bins separated
Δ, Qm(δ,Δ) is a multiplicity difference distribution m, q is order of MDC. The
numerical value was calculated by averaging of MDC over several bins as in [4].
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If there are the nonstatistical fluctuations of multiplicity of secondary parti-
cles in the events, then there should be observed power dependence of the type
Fq(δ) ∝ δ−αq . If the system is characterized by the phenomenon intermit-

tency, then perhaps scaling behavior of MDC Fq(δ) ∝ F−βq

2 . Slope coefficients
βq can be obtained using the following expression: βq = (q−1)γ. γ is universal
scaling exponent for MDC. The numerical value of the scaling exponent γ was
obtained in the framework of the Ginzburg-Landau general theory of the phase
transitions. The value γ for the second order PT is 1.09±0.02 [3]. The value
of γ in the absence of PT is 1.33±0.02 [3].

For the study of the multiplicity fluctuations we have simulated 5% most
of the central events of the Pb ions collisions for energies from 500 to 1400
GeV. For calculations we have selected 105 events of the secondary charge
particles. The Monte Carlo generator HIJING (Heavy Ion Jet INteraction
Generator) [2] was used for simulation. The multiplicity distribution for all the
phase variables (pseudorapidity η, azimuthal angle φ and transverse momentum
p⊥) was calculated. The value of scaling exponents γ for different energies and
the phase variables is calculated and shown in table 1.

Table 1: Value of scaling exponents γ for different energies and the phase variables√
s, γη , [0; 5, 0], γφ, [0; 3, 0], γp

⊥
, [0; 2, 0],

√
s, γη , [0; 5, 0], γφ, [0; 3, 0], γp

⊥
, [0; 2, 0],

GeV Δ = 0, 42 Δ = 0, 19 Δ = 0, 21 GeV Δ = 0, 42 Δ = 0, 19 Δ = 0, 21

500 1,21 ± 0,03 0,86 ± 0,03 1,22 ± 0,16 600 1,22 ± 0,03 0,86 ± 0,06 1,22 ± 0,16

700 1,23 ± 0,03 0,86 ± 0,07 1,22 ± 0,17 800 1,24 ± 0,03 0,86 ± 0,08 1,21 ± 0,20

900 1,25 ± 0,04 0,85 ± 0,08 1,21 ± 0,20 1000 1,28 ± 0,05 0,84 ± 0,11 1,20 ± 0,32

1100 1,26 ± 0,04 0,85 ± 0,10 1,21 ± 0,25 1200 1,27 ± 0,04 0,84 ± 0.10 1.24 ± 0.29

1300 1,28 ± 0,05 0.85 ± 0.11 1.20 ± 0.33 1400 1,29 ± 0,05 0.85 ± 0.10 1.20 ± 0.32

3 Conclusion

Comparing the results for γ with values calculated in the framework of the
Ginzburg-Landau general theory, can say that this method can be used for de-
termining of the PT. Based on data from the table 1, can make the assumption
that in the heavy ion collisions may be observed first order phase transition.
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HEAVY HADRONS IN QUARK-GLUON PLASMA

I.V. Narodetskiia, Yu.A.Simonov b, A.I.Veselovc

ITEP, 117218 Moscow, Russia
Abstract. We use the screened Coulomb potential with r-dependent coupling con-
stant and the non–perturbative quark–antiquark potential derived within Field
Correlator Method (FCM) to calculate J/ψ, Υ, Ωc and Ωb binding energies and
melting temperatures in the deconfined phase of quark-gluon plasma.

1 Introduction

Since 1986, the gold-plated signature of deconfinement was thought to be J/ψ
suppression. If Debye screening of the Coulomb potential above Tc is strong
enough then J/ψ production in A+A collisions will be suppressed. But this is
not the full story.

There is a significant change of views on physical properties and underlying
dynamics of quark–gluon plasma (QGP), produced at RHIC, see e.g. [1] and
references there in. Instead of behaving like a gas of free quasiparticles – quarks
and gluons, the matter created in RHIC interacts much more strongly than
originally expected. It is more appropriate to describe the non-perturbative
(NP) properties of the QCD phase close to Tc in terms of the NP part of the
QCD force rather than a strongly coupled Coulomb force. In the QCD vacuum,
the NP quark-antiquark potential is V = σr. At T ≥ Tc, σ = 0, but that does
not mean that the NP potential disappears.

In a recent paper [2] we calculated binding energies for the lowest QQ and
QQQ eigenstates (Q = c, b) above Tc using the NP QQ potential derived in
the Field Correlator Method (FCM) [3] and the screened Coulomb potential
with the strong coupling constant αs = 0.35. In this contribution we extend
our analysis to the case of the running αs(r) [4]. Technical details and the full
list of references can be found in [3], [2].

2 Results

We employ the current masses mc = 1.4 GeV and mb = 4.8 GeV. The melting
temperatures for heavy meson and baryon ground states are shown in Table 1.

At T = Tc we obtain the weakly bound cc state that disappears at T ∼ 1.3Tc.
Note that immediately above Tc the mass of the cc state is about 0.2 GeV higher
than that of J/ψ. As expected, the 1S bottomoniium T ∼ 2Tc the Υ state
remains intact up to the larger temperatures, T ∼ 2.3Tc. The masses of the
Υ lie in the interval 9.7–9.8 GeV, about 0.2–0.3 GeV higher than 9.460 GeV,
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be-mail: simonov@itep.ru
ce-mail: veselov@itep.ru

365

Number_#1024_Pg001-452.indd   365 9/23/10   3:00 PM



Table 1: The melting points (in units of Tc) for J/ψ, Υ, Ωc, and Ωb

J/ψ Υ Ωc Ωb

This work 1.2 2.3

Ref. [2] 1.3 2.3 1.3 2.3

Ref. [5] 1.2 2.3

Ref. [6] 2 (4− 6)

the mass of Υ(1S) at T = 0. At T = Tc we predict the bb separation r0 =
0.25 fm that compatible with r0 = 0.28 fm at T = 0. The results agree with
those found previously for a constant αs = 0.35 [2]. We also mention that the
melting temperatures for Ωc and Ωb calculated in [2] practically coincide with
those for J/ψ and Υ.

Our results for 1S(J/ψ) are qualitatively agree with those of Refs. [5], [6]
based on phenomenologicalQQ potentials identified with the free quark-antiquark
energy measured on the lattice while our melting temperature for 1S(Υ) is much
smaller than T ∼ (4− 6)Tc found in Ref. [6].
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NEW BOUND STATES OF HEAVY QUARKS AT

LHC AND TEVATRON

C.R. Das

Centre for Theoretical Particle Physics, IST, Lisbon, Portugal
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Department of Physics and Astronomy, Glasgow University, Glasgow, Scotland

L.V. Laperashvili
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H.B. Nielsen

The Niels Bohr Institute, Copenhagen, Denmark

1 Introduction

The Higgs boson couples more strongly to the heavy top quarks than to the
light ones. As a result, the Higgs exchanges between top quarks produce new
type of bound states [1]. The present talk is devoted to the properties of the
new bound states (NBS) [2]: 1) There exists a scalar 1S–bound state of 6t+6t̄.
The forces which bind these top-quarks are so strong that almost completely
compensate the mass of the 12 top-quarks forming this bound state. 2) There
exists a new bound state 6t + 5t̄, which is a fermion similar to the quark of
the fourth generation having quantum numbers of top quark. 3) Theory also
predicts the existence of new bound states with b-quark replaced the t-quark [2]:
for example, NBS nbb+ (6t+ 6t̄− nbt), etc., where nb = 1, ...6. A new (earlier
unknown) bound state 6t+ 6t̄, which is a color singlet (that is, ‘white’ state),
was first suggested by Froggatt and Nielsen in Ref. [3]. Now all these NBS are
named T-balls, or T-fireballs.

2 Higgs and gluon interactions of quarks

If the Higgs particle exists, then between quarks qq, quarks and anti-quarks qq̄,
and also between anti-quarks q̄q̄ there exist virtual exchanges by Higgs bosons,
leading only to the attractive forces. It is well-known that the bound state tt̄

– so called toponium – is obliged to the gluon virtual exchanges. In the case
of the toponium the contributions of the Higgs scalar particles are essential,
but less than gluon interactions. However, putting more and more top and
anti-top quarks together in the lowest energy bound states, we notice that the
attractive Higgs forces continue to increase. Simultaneously gluon (attractive
and repulsive) forces first begin to compensate themselves, but then begin to
decrease relatively to the Higgs effect with growth of the number of top-anti-top
constituents in the NBS. The maximum of the binding energy value corresponds
to the 1S-wave state of the NBS 6t+ 6t̄ [1].
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3 T-ball mass estimate

The VEV of the Higgs field in the EW-vacuum is v = 〈|ΦH |〉 = 246 GeV.
However, if the NBS is a bubble in the EW-vacuum and contains Nconst. top-
like constituents, then the Higgs field can modify its VEV insight the bubble
(bag) [1], and we have: v0 = 〈|Φh|〉, where ξ = v0/v < 1. Then the effective
Higgs mass mh insight the T-ball is smaller than the corresponding experi-
mental mass MH : mh = ξMH (and mt = ξMt). In this case the attraction
between the two top (or anti-top) quarks is presented by the Yukawa type
of potential V (r) = −(g2

t /2)/(4πr)(exp(−mhr)). Assuming that the radius
R0 of the bubble is small (mhR0 � 1), we obtain the Coulomb-like potential
V (r) � −(g2

t /2)/(4πr), describing the attraction between any pairs tt, tt̄, t̄t̄.
By analogy with Bohr Hydrogen-atom-like model, the binding energy of a

single top-quark relatively to the nucleus, containing Z = Nconst.−1 top-quarks,
have been estimated in Refs. [1–3]. The total potential energy for the NBS with
Z = 11 is: Vtot(r) = −11(g2

t /2)/(4πr). Here we would like to comment that
the value of the mass mh, which belongs to the Higgs field insight the NBS
6t+ 6t̄, can just coincide with estimates given by Refs. [4].
Considering a set of Feynman diagrams (the Bethe-Salpeter equation) and

including the contributions of all (s-,t- and u-) channels for the Higgs and gluon
exchange forces, we obtain the following Taylor expansion:

M2

T = (Nconst.Mt)
2 ×

{
1− 2(Nconst. − 1)

(
Nconst.

12

)2 (g2

t +
1

6
g2

s

π

)2

+ ....

}
.

(1)
Here the QCD coupling constant gs is given by its fine structure constant value
at the EW-scale [5]: αs(MZ) = g2

s(MZ)/4π ≈ 0.118. Now the value of the
total binding energy for arbitrary Nconst. is equal to:

ET = Nconst.(Nconst. − 1)

(
Nconst.

12

)2(
g2

t +
1

6
g2

s

π

)2

mt. (2)

The mass of T-ball is: MT = Nconst.mt − ET , and approximately this
dependence is described by the following expression:

MT = Nconst.mt

{
1− (Nconst. − 1)

(
Nconst.

12

)2 (
g2

t +
1

6
g2

s

π

)2
}

. (3)

Below we shall use the following notations: Ts-ball is a scalar NBS 6t + 6t̄,
having the spin S = 0, and Tf -ball presents the NBS 6t+5t̄, which is a fermion:
Tf = 5t+6t̄. Let us consider now the condition: (11/π2)(g2

t +(1/6)g
2
s)

2 = 1. In
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this case the binding energy ET compensates the NBS mass 12mt so strongly
that the mass of the scalar Ts-ball becomes zero:

MTs
= 11mt

{
1− 11

π2
· (g2

t +
1

6
g2

s)
2

}
= 0. (4)

Fig. 1 shows the dependence of T-ball masses on the number of NBS con-
stituents Nconst.. In the case when MTs

= 0, we have:

MT = Nconst.mt

{
1− (Nconst. − 1)

11

N2

const.

122

}
. (5)
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We easily see that the light scalar Higgs bosons with mass mh < MH can
bind the 12 top-like quarks so strongly that the mass MTs

becomes almost zero,
and even tachyonic: M2

Ts
< 0. In the last case we obtain the Bose-Einstein

condensate of T-balls – a new vacuum at the EW-scale.
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BOUNDS ON NEW LIGHT PARTICLES FROM HIGH ENERGY

AND VERY SMALL MOMENTUM TRANSFER np ELASTIC

SCATTERING DATA

Mikhail Vysotsky a

ITEP, 117218 Moscow, Russia

Abstract.We found that vector and axial vector new light particle exchanges are
strongly bounded by high energy data; the analogous bound for a scalar particle
is considerably weaker, while for pseudo-scalar exchange particles there are no
bounds at all.

1 Introduction

The talk is based on paper [1].

The Standard Model of three fundamental forces describes interactions of
elementary particle very well. While the electromagnetic force has a long inter-
action range, the short radius of the “weak force” ∼ 1/1000 fermi is determined
by the heavy masses of mediating W and Z bosons (∼ 100 GeV). The QCD
forces are contained typically within a confinement radius of ∼ 1 fermi. The
effects of the long-range gravity force can usually be neglected in elementary
particle scattering experiments. The search for new forces of nature is a major
goal of experiments at high-energy colliders. Rare transitions and decays of
fundamental particles can also shed light on new interactions. These experi-
ments are probing new forces at distances shorter than 1/1000 fermi. However,
the existence of new forces at distances larger than the confinement radius of a
nucleon ∼ 1 fermi can also be probed and constrained by sensitive experiments.

In the present paper we reanalyze the experimental small-angle np-elastic
scattering data at high energy in terms of bounds on the existence of new
forces expressed as S, P, V, or A covariant interactions. The data were obtained
in the NA-6 experiment [2] performed at CERN SPS a quarter century ago.
Incident neutron energy in the experiment was 100–400 GeV, while the square
of 4-momentum transfer |t| was varied in the range 6 · 10−6 to 5 · 10−1 GeV2.
The data of this experiment are consistent with extrapolation of the hadronic
amplitude from higher |t| values, while at |t| < 10−4 GeV2 the differential
cross section rises due to Schwinger scattering, which is the interaction of the
neutron’s magnetic moment with the Coulomb field of the proton and electron.
The purpose of NA-6 [2] was to measure hadronic interactions at high s in the
region of momentum transfer ∼ |t| < 10−2 GeV2 that was usually unaccessible
in the scattering of charged hadrons due to Coulomb interactions. This is
the region where the effect of a new force mediated by a light particle can be
present.

ae-mail: vysotsky@itep.ru
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np elastic scattering data in this experiment are well described by the fol-
lowing formula:

dσ

dt
= Aexp[bt]− 2

(
αkn

mn

)2
π

t
, (1)

where A = (79.78±0.26)mb/GeV2, b = (11.63±0.08) GeV−2 were determined
from the fit to the data, mn is the neutron mass, and kn = −1.91 originates from
the neutron’s magnetic moment. This description works rather satisfactorily
with χ2=41.5 for 31 degrees of freedom. We will call it the “zero model” since
no new force contributions are included here.

2 Bounds from high energy np scattering

Let us suppose that a new light particle with mass μ exists which interacts with
the neutron and proton with couplings gn and gp correspondingly. Assuming
scalar, pseudoscalar, vector, and axial vector couplings of this particle with
nucleons, we obtain the following addition to expression (1):

dσi

dt
(g, μ)|new =

|Ai|2
16πs(s − 4m2)

, (2)

where s = (pn+ pp)
2 is the invariant energy square and m is the nucleon mass.

We use the following amplitude squares for different couplings:

|AS|2 = g4

S

(t − μ2)2
(4m2 − t)2 , (3)

|AP |2 = g4

P t2

(t − μ2)2
, (4)

|AV |2 = 4g4

V

(t − μ2)2
[s2 − 4m2s+ 4m4 + st+

1

2
t2] , (5)

|AA|2 = 4g4

A

(t − μ2)2
[s2 + 4m2s+ 4m4 + st+

1

2
t2 +

4m4t2

μ4
+
8m4t

μ2
] , (6)

where coupling constants g2

i ≡ gi
pg

i
n.

Though the strong interaction np scattering amplitude can not be determined
theoretically from the first principles, our confidence that 1/t dependence is
absent in strong interactions for |t| < m2

π opens the road to bounding the light
particle exchange if its mass is smaller than that of the π-meson.
Our bounds on the parameters g2

V and g2

A are rather strong; say for μ = 10,
MeV gV,A < 5 · 10−3 at 90% C.L., which corresponds to
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gV,A
N < 0.071 , (7)

four times smaller than the QED coupling constant
√
4πα � 0.3. For scalar

exchange, taking μ = 10 MeV, we get a much weaker bound, g2

S < 1.4.
More stringent constraints on axial couplings were obtained in [3] from the

data on K+ → π++ invisible decays.

3 Conclusions

Summarizing, we see that both low energy n−208 Pb scattering data and high
energy np scattering data lead to similar upper bounds on the coupling con-
stants for ≈ 10 MeV scalar and vector bosons, though upper bounds from n –
Pb scattering on the coupling constants gV,S

N are 30 times lower and close to
the bounds from π0 → invisible and π0 → γ + invisible decays on the vector
coupling constants with quarks.
Our bounds provide exclusion of new forces at distances from 5 to 200 fermi,

which corresponds to exchanged particle masses of 1 MeV to 40 MeV. These
bounds are extracted in a covariant approach as an alternative to the bounds on
couplings at larger distances extracted as a deviation from classical Newtonian
gravitational law.
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IS THE FIFTH FAMILY PREDICTED BY THE ”APPROACH
UNIFYING SPIN AND CHARGES” WHAT FORMS THE DARK

MATTER?

Norma Susana Mankoč Borštnik a

Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana,
Slovenia

Abstract.The approach unifying spin and charges [1–4], which predicts that all the
internal degrees of freedom—the spin, all the charges and the families—originate
in only two kinds of spins in d > (1 + 3), offers a new way to understanding the
appearance of the charges and the families. A simple starting Lagrange density
for gauge fields and for spinors in d > (1 + 3), which carry nothing but two
kinds of spins—the Dirac one and the additional one anticommuting with the
Dirac one—and interact with only the gravitational field through the vielbeins
and the two kinds of the spin connection fields (the gauge fields of the two kinds
of the Clifford algebra objects) manifests (after particular breaks of the starting
symmetry) in d = (1 + 3) the properties of fermions and bosons as postulated by
the standard model of the electroweak and colour interactions, with the Yukawa
couplings included. The approach predicts the fourth family with the masses to be
possibly seen at the LHC or at somewhat higher energies and the fifth family, which
decouples in the Yukawa couplings from the lower four families. The properties of
this fifth family members through the evolution of the universe up to today are
estimated, predicting that they are what the dark matter is made out of.

1 Introduction

The standard model of the electroweak and colour interactions (extended by
the right handed neutrinos), fitting with around 25 assumptions and parame-
ters all the existing experimental data, leaves unanswered many open ques-
tions, among which are also the questions about the origin of the charges
(U(1), SU(2), SU(3)), of the families, and correspondingly of the Yukawa cou-
plings of quarks and leptons and of the Higgs mechanism. Answering the
question about the origin of families and their masses is the most promising
way leading beyond the today’s knowledge about the elementary fermionic and
bosonic fields.

The simple action in d = (1+13)-dimensional space of the approach unifying
spins and charges [1–4]

S =
∫

ddx E Lf +
∫

ddx E Lg (1)

with the Lagrange density for the two kinds of gauge fields linear in the curva-
ture

Lg = E (α R + α̃R̃),

R = fα[afβb] (ωabα,β − ωcaαωc
bβ), R̃ = fα[afβb] (ω̃abα,β − ω̃caαω̃c

bβ),(2)
ae-mail: norma.mankoc@fmf.uni-lj.si
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and for a spinor, which carries in d = (1 + 13) two kinds of the spin—the
Dirac one and the additional one—represented by the two kinds of the Clifford
algebra objects [1–4]

Sab =
i

4
(γaγb − γbγa), S̃ab =

i

4
(γ̃aγ̃b − γ̃bγ̃a),

{γa, γb}+ = 2ηab = {γ̃a, γ̃b}+, {γa, γ̃b}+ = 0, {Sab, S̃cd}− = 0, (3)

(there are no other kinds of the Clifford algebra objects) and no charges, and
interacts correspondingly only with the vielbeins and the two kinds of spin
connection fields

Lf =
1
2
(Eψ̄ γap0aψ) + h.c.

p0a = fα
ap0α, p0α = pα − 1

2
Sabωabα − 1

2
S̃abω̃abα (4)

offers a real possibility to explain the assumptions of the standard model b.
The approach predicts an even number of families, among which is the fourth

family, which might be seen at the LHC [2,4,6] or at somewhat higher energies
and the fifth family neutrinos and the fifth family baryons with masses several
hundred TeV/c2 forming the dark matter [5].

The approach confronted and still confronts several problems (among them
are the problems common to all the Kaluza-Klein-like theories), which we c are
studying step by step when searching for possible ways of spontaneous breaking
of the starting symmetries, which lead to the observed properties of families of
fermions and of gauge and scalar fields, and looking for predictions the approach
is making [3, 5, 6].

I kindly ask the reader to look for more detailed presentation of the approach
in the refs. [2, 4, 6].

The action of Eq. (1) starts with the massless spinor which through two kinds
of spins interacts with the two kinds of the spin connection fields. The Dirac
kind of the Clifford algebra objects (γa) determines, when the group SO(1, 13)
is analysed with respect to the standard model groups in d = (1 + 3) the spin
and all the charges, manifesting the left handed quarks and leptons carrying the
weak charge and the right handed weak chargeless quarks and leptons [2, 4, 6].
Accordingly the Lagrange density Lf manifests after the appropriate breaks
of the symmetries all the properties of one family of fermions as assumed by

bThis is the only theory in the literature to my knowledge, which does not explain the
appearance of families by just postulating their numbers on one or another way, through the
choice of a group, for example, but by offering the mechanism for generating families.

cI started the project named the approach unifying spins and charges fifteen years ago,
proving alone or together with collaborators step by step, that such a theory has the chance
to answer the open questions of the Standard model. The names of the collaborators and
students can be found in the cited papers.
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the standard model, with the three kinds of charges coupling fermions to the
corresponding gauge fields, as presented bellow in the first term on the right
hand side of Eq.(5).

The second kind (γ̃a) of the Clifford algebra objects (defining the equivalent
representations with respect to the Dirac one) determines families. Accordingly
manifests the spinor Lagrange density, after the spontaneous breaks of the
starting symmetry (SO(1, 13) into SO(1, 7) × U(1) × SU(3) and further into
SO(1, 3) × SU(2) × SU(2) × U(1) × SU(3)) the standard model-like Lagrange
density for massless spinors of (four + four) families (defined by 28/2−1 = 8
spinor states for each member of one family). After two successive breaks first
the upper four families (in the Yukawa couplings decoupled from the lower four
families) and in the final break (leading to SO(1, 3)×U(1)×SU(3)) the last four
families obtain masses through the Yukawa couplings, presented in the second
term on the right hand side of Eq.(5) bellow. The third term (”the rest”) is
unobservable at low energies

Lf = ψ̄γm(pm −
∑
A,i

gAτAiAAi
m )ψ +

∑
s=7,8

ψ̄γsp0s ψ + the rest. (5)

Here τAi (=
∑

a,b cAi
ab Sab) determine the hyper (A = 1), the weak (A = 2)

and the colour (A = 3) charge: {τAi, τBj}− = iδABfAijkτAk, f1ijk = 0,
f2ijk = εijk, f3ijk is the SU(3) structure tensor.

Correspondingly manifests the Lg at observable energies all the three known
gauge fields. The scalar fields and the gauge fields manifest (after the breaks
of symmetries, for which are responsible vielbeins and the two kinds of the spin
connection fields with the indices α �= 0, 1, 2, 3) through the vielbeins

ea
α =

(
δm

μ em
σ = 0

es
μ = es

σEσ
AiA

Ai
μ es

σ

)
, (6)

with Eσ
Ai = τAi xσ. (a and α define the index in the tangent space and

the Einstein index, respectively, m and μ determine the ”observed” (1 + 3)-
dimensional space. The break from SO(1, 3)×SU(2)×SU(2)×U(1)×SU(3)
to SO(1, 3)×SU(2)×U(1)×SU(3), appearing at around 1013 GeV, leaves the
four lower families massless (and mass protected), while the upper four families,
with no Yukawa couplings to the lower four families, obtain the masses. The
quarks with the lowest mass among the upper four families, clustered into fifth
family baryons, are, together with the fifth family neutrinos, the candidates to
form the dark matter.

At the last break the action manifests the massive quarks and leptons of the
lower four families and the scalar field, which corresponds to the Higgs field
postulated by the standard model. Making estimations on the tree level we
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were not able to tell the masses of the fourth family d. We are now studying
the properties of the Yukawa couplings for the upper four and the lower four
families bellow the tree level.

2 The fifth family as the candidate for forming the dark matter
clusters

In what follows I briefly present the estimations of the main properties of
the fifth family members under the assumption that the fifth family neutron
is the lightest fifth family baryon and that the neutrino is the lightest fifth
family lepton. Other possibilities are under consideration. For known masses
of quarks and leptons and for known breaks of symmetries the behaviour of
the fifth family members in the evolution of the universe as well as when the
clusters of galaxies are formed and when they interact with the ordinary matter
follow (although the calculations are extremely demanded). We have not yet
studied the masses and the mixing matrices for the upper four families. From
what it is presented it follows that the masses of the fifth family members are
above 1 TeV/c2.

We assume no baryon/antibaryon asymmetry, which anyhow does not in-
fluence much the results for large enough masses (above several tens TeV/c2)
of the fifth family quarks. For high enough masses the one gluon exchange
determines the properties of quarks in baryons as well as the quarks’ inter-
action with the cosmic plasma when the temperature is above 1 TeV/kb and
correspondingly their freezing out of the plasma and their forming the fifth fam-
ily neutrons during the expansion. The fifth family baryons and antibaryons
decoupling from the plasma before (mostly) or during the phase transition in-
teract among themselves through the ”fifth family nuclear force”, which is for
the masses of the fifth family quarks of the order of several hundred TeV/c2

for a factor 10−10 smaller than the ordinary (first family) nuclear force [5].
Correspondingly the fifth family baryons and antibaryons interact in the dark
matter clouds in the galaxies and among the galaxies, when they scatter, domi-
nantly with the weak force. With the ordinary matter they interact through the
”fifth family nuclear force” and are obviously not WIMPS (weakly interacting
massive particles, if they are meant to interact only with the weak force).

We estimated that the fifth family neutrinos with masses above TeV/c2 and
bellow 200 TeV/c2 contribute to the dark matter and to the direct measure-
ments less than the fifth family neutrons.

dFor a particular choice of the additionally assumed symmetry on the Yukawa cou-
plings we predicted the masses of the fourth family members as follows: mui/GeV =
(0.0034, 1.15, 176.5, 285.2), mdi

/GeV = (0.0046, 0.11, 4.4, 224.0) and mνi/GeV =
(1 10−12, 1 10−11, 5 10−11, 84.0), mei/GeV = (0.0005, 0.106, 1.8, 169.2) and the correspond-
ing mixing matrices [4]. Without the additionally imposed symmetry we were able on the
tree level only to evaluate the mixing matrices for the assumed fourth family masses.
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The fifth family quarks in the expanding universe: To solve the coupled Boltz-
mann equations for the number density of the fifth family quarks and the
colourless clusters of the quarks in the plasma of all the other fermions (quarks,
leptons) and bosons (gauge fields) in the thermal equilibrium in the expand-
ing universe we estimate [5] the cross sections for the annihilation of quarks
with antiquarks and for forming clusters. We do this within some uncertainty
intervals, which take into account the roughness of our estimations. Knowing
only the interval for possible values of masses of the fifth family members we
solve the Boltzmann equations for several values of quark masses, following the
decoupling of the fifth family quarks and the fifth family neutrons out of the
plasma down to the temperature 1 GeV/kb when the colour phase transition
starts.

The fifth family neutrons and antineutrons, packed into very tiny clusters so
that they are totally decoupled from the plasma, do not feel the colour phase
transition, while the fifth family quarks and coloured clusters (and antiquarks)
do. Their scattering cross sections grow due to the nonperturbative behaviour
of gluons (as do the scattering cross sections of all the other quarks and anti-
quarks). While the three of the lowest four families decay into the first family
quarks, due to the corresponding Yukawa couplings, the fifth family quarks
can not. Having the binding energy a few orders of magnitude larger than 1
GeV and moving in the rest of plasma of the first family quarks and antiquarks
and of the other three families and gluons as very heavy objects with large
scattering cross section, the fifth family coloured objects annihilate with their
partners or form the colourless clusters (which result in the decoupling from
the plasma) long before the temperature falls bellow a few MeV/kb when the
first family quarks start to form the bound states.

Following further the fifth family quarks in the expanding universe up to
today and equating the today’s dark matter density with the calculated one, we
estimated the mass interval of the fifth family quarks to be 10TeV < mq5 c2 <
a few hundreds TeV The detailed calculations with all the needed explanations
can be found in ref. [5].

Dynamics of a heavy family baryons in our galaxy and the direct measure-
ments: Although the average properties of the dark matter in the Milky way
are pretty well known (the average dark matter density at the position of our
Sun is expected to be ρ0 ≈ 0.3 GeV/(c2 cm3), and the average velocity of the
dark matter constituents around the centre of our galaxy is expected to be
approximately velocity of our Sun), their real local properties are known much
less accurate, within the factor of 10 e. When evaluating [5] the number of

eIn a simple model that all the clusters at any radius r from the centre of our galaxy
travel in all possible circles around the centre so that the paths are spherically symmetrically
distributed, the velocity of a cluster at the position of the Earth is equal to vS , the velocity
of our Sun in the absolute value, but has all possible orientations perpendicular to the radius
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events which our fifth family members (or any stable heavy family baryons
or neutrinos) trigger in the direct measurements of DAMA [8] and CDMS [9]
experiments, we take into account all these uncertainties as well as the un-
certainties in the theoretical estimation and the experimental treatments. Let
the dark matter member hits the Earth with the velocity �vdm i. The velocity
of the Earth around the centre of the galaxy is equal to: �vE = �vS + �vES ,
with vES = 30 km/s and �vS ·�vES

vSvES
≈ cos θ, θ = 600, vS = (100 − 270) km/s.

The dark matter cluster of the i- th velocity class hits the Earth with the
velocity: �vdmE i = �vdm i − �vE . Then the flux of our dark matter clusters hit-
ting the Earth is: Φdm =

∑
i

ρdmi

mc5
|�vdm i − �vE |, which can be approximated

by Φdm = ρ0 ερ

mc5
{εvdmS

vS +, εvdmES
vES cos θ sinωt}. The last term deter-

mines the annual modulations observed by DAMA [8]. We estimate (due to
experimental data and our theoretical evaluations) that 1

3 < εvdmS
< 3 and

1
3 <

εvdmES

εvdmS
< 3.

The cross section for our fifth family baryon to elastically scatter on an ordi-
nary nucleus with A nucleons is σA ≈ 1

πh̄2 < |Mc5A| >2 m2
A, where mA is the

mass of the ordinary nucleus. Since scattering is expected to be coherent the
cross section is almost independent of the recoil velocity of the nucleus. Ac-
cordingly is the cross section σ(A) ≈ σ0 A4 εσ, with σ0 εσ, which is 9πr2

c5
εσnucl

,
with 1

30 < εσnucl
< 30 (taking into account the roughness with which we treat

our heavy baryon’s properties and the scattering procedure) when the ”nuclear
force” dominates. In all the expressions the index c5 denotes the fifth family
cluster, while the index nucl denotes the ordinary nucleus.

Then the number of events per second (RA) taking place in NA nuclei of some
experiment is due to the flux Φdm equal to RA εcut = εcut NA

ρ0
mc5

σ0 A4 vS ε (1+
εvdmES

εvdmS

vES

vS
cos θ sinωt), where we estimate that 1

300 < ε < 300 demonstrates
the uncertainties in the knowledge about the dark matter dynamics in our
galaxy and our approximate treating of the dark matter properties, while εcut

determines the uncertainties in the detections.
Taking these evaluations into account we predict that if DAMA [8] is mea-

suring our fifth family (any heavy stable) baryons then CDMS [9] (or some
other experiment) will measure in a few years these events as well [5] provided
that our fifth family quarks masses are higher than mq5 ≥ 200TeV

c2 .

3 Concluding remarks

I demonstrated in my talk that the approach unifying spin and charges, which
assumes in d = (1 + 13)−dimensional space a simple action for a gravitational

r with equal probability. In the model that the clusters only oscillate through the centre of
the galaxy, the velocities of the dark matter clusters at the Earth position have values from
zero to the escape velocity, each one weighted so that all the contributions give ρdm.
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field and massless fermions carrying only two kinds of spin, no charges, and
interacting with a gravitational field through vielbeins and the two kinds of
spin connection fields, shows the new way beyond the standard model. The
action namely manifests at low (observable) energies after particular breaks of
symmetries eight families of left handed weak charged quarks and leptons and
right handed weak chargeless quarks and leptons, as well as after additional
breaks of symmetries, the Yukawa couplings among the lower four families
and among the upper four families, while the Yukawa couplings among the
lower and the upper four families are zero (in comparison with the age of the
universe).

The approach predicts the fourth family, to be possibly observed at the LHC
or at somewhat higher energies and the stable fifth family, whose baryons and
neutrinos might form the dark matter. I presented the properties of the lower
four families, estimated at the tree level. Following the history of the fifth
family members in the expanding universe up to today and estimating also the
scattering properties of this fifth family on the ordinary matter, the evaluated
masses of the fifth family quarks, under the assumption that the lowest mass
fifth family baryon is the fifth family neutron, are in the interval

200 TeV < mq5 c2 < 105 TeV. (7)

The fifth family neutrino mass is estimated to be in the interval: a few TeV
< mν5 c2 < a few hundreds TeV.
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60 YEARS OF BROKEN SYMMETRIES IN QUANTUM
PHYSICS

FROM THE BOGOLIUBOV THEORY OF SUPERFLUIDITY TO THE
STANDARD MODEL

Dmitry Shirkov a

Joint Institute for Nuclear Research,
141980 Dubna, Moscow region, Russia

”Phase transition in quantum system, as a rule,
is accompanied by Spontaneous Symmetry Breaking”

Folklore of the middle of the XX century

A retrospective historical overview of the phenomenon of spontaneous sym-
metry breaking (SSB) in quantum theory, the issue that has been implemented
in particle physics in the form of the Higgs mechanism. The main items are:

– The Bogoliubov’s microscopical theory of superfluidity (1946);
– The BCS-Bogoliubov theory of superconductivity (1957);
– Superconductivity as a superfluidity of Cooper pairs (Bogoliubov - 1958);
– Transfer of the SSB into the QFT models (early 60s);
– The Higgs model triumph in the electro-weak theory (early 80s);
The role of the Higgs mechanism and its status in the current Standard

Model is also touched upon.
This talk follows the line of an overview published in

[1] D. Shirkov, Phys.Usp. 52, 549-557 (2009); e-Print: arXiv:0903.3194
[physics.hist-ph]

ashirkovd@theor.jinr.ru

382

Number_#1024_Pg001-452.indd   382 9/23/10   3:00 PM



UNSTABLE-PARTICLES PAIR PRODUCTION IN MPT
APPROACH IN NNLO

M.L.Nekrasov
Institute for High Energy Physics, 142284 Protvino, Russia

Abstract.We consider pair production and decay of fundamental unstable particles
in the framework of a modified perturbation theory treating resonant contributions
in the sense of distributions. Outcomes of a numerical simulation up to the NNLO
with taking into account universal massless-particles contributions are presented.

In realistic descriptions of the processes of production and decays of funda-
mental unstable particles the gauge cancellations and high accuracy of the cal-
culation of resonant contributions must be provided. A modified perturbation
theory (MPT) [1,2] is one of the approaches intended for the solution of these
problems. Its main feature is the direct expansion of the probability instead of
the amplitude in powers in the coupling constant, on the basis of distribution-
theory methods. As the object to be expanded (the cross-section) is gauge
invariant, the gauge cancellations in the MPT must be automatically main-
tained. However the accuracy of the calculation of resonant contributions re-
mains vague. For clearing up this question numerical simulations are required.

In this report I present results of calculations in the MPT up to the NNLO in
a model defined as the improved Born approximation for the process e+e− →
γ, Z → tt̄ → W+b W−b̄. The total cross-section of the process is

σ(s) =

s∫
smin

ds′

s
φ

(
s′

s
; s
) ∞∫

simin
s2min

∞∫
ds1 ds2 σ̂(s′ ; s1, s2) (1+δc) , (1)

where φ(s′/s; s) is the flux function, σ̂(s ; s1, s2) is the exclusive cross-section, δc

stands for soft massless-particles contributions, s1 and s2 are virtualities of the
top quarks. With massless b quarks s1 min = s2 min = M2

W , smin = 4M2
W . The φ

we consider in the leading log approximation. By δc the Coulomb factor is me-
ant, taken into consideration in the one-gluon approximation with conventional
resummation, not affecting the Breit-Wigner (BW) factors (see details in [2]).

In σ̂(s ; s1, s2) the kinematic and BW factors can be extracted,

σ̂(s ; s1, s2) =
1
s2

θ(
√

s −√
s1 −√

s2 )
√

λ(s, s1, s2) Φ(s; s1, s2) ρ(s1) ρ(s2) . (2)

Further, Φ(s; s1, s2) may be determined in the conventional perturbation the-
ory, but the BW factors ρ(s1)ρ(s2) must be determined as asymptotic series in
the distributions sense in powers in the coupling constant α. For isolated ρ(s)
in the case of a smooth weight, the series up to the NNLO looks as follows [1]:

ρ(s) = δ(s−M2) + PV Taylor
{
ρ(s)

}
+

2∑
n = 0

cn δ(n)(s−M2) + O(α3) . (3)

Here M is the top quark mass, δ(· · ·) is the δ-function, δ(n) is its n-th derivative.
The ‘PV Taylor’ means the naive Taylor expansion with principal-value presc-
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EXACT result
in the model
NNLO
NLO
LO

500 1000 1500

(a)
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0.2

√
s [GeV]

500 1000 1500

(b)
[%]

100

95

90

85

80
√

s [GeV]

Table 1: The total cross-section in pb and in % with respect to the EXACT result.√
s (TeV) σ σLO σNLO σNNLO

0.5 0.6724 0.5687 0.6344 0.6698(7)
100% 84.6% 94.3% 99.6(1)%

1 0.2255 0.1821 0.2124 0.2240(2)
100% 80.8% 94.2% 99.3(1)%

ription for the poles. Coefficients cn within the NNLO are determined by
three-loop self-energy contributions (for explicit expressions see [2]).

Unfortunately, the weight in (2) is not smooth because of the θ-function and
the square root in the kinematic factor. However it can be analytically regu-
larized by substitution [λ(s, s1, s2)]1/2 → [λ(s, s1, s2)]ν . The singular integrals
then can be analytically calculated and after removing the regularization the
results become finite. Moreover, the expansion remains asymptotic [2].

The further numerical calculations, I carry out by means of rather general
FORTRAN code with double precision. Parameters of the model I determine
as follows: M = 175 GeV, MW = 80.4 GeV. The results for the total cross-
section above the threshold are shown in the figure (notation is obvious). The
results in numerical form at typical ILC energies are presented in the table.

It should be emphasized a very stable behavior of the NLO and NNLO ap-
proximations at the energies above and near the maximum of the cross-section
(this result to a large extent is model-independent [3]). Near the maximum the
discrepancy of the NNLO is within ±0.5%, which seemingly is sufficient for the
ILC in the case of the top quarks. The further increase of the precision is possi-
ble at the proceeding to the NNNLO [2]. Another way for boosting the precision
may be based on the combined use of the MPT, when the loop corrections are
handled in the MPT framework but Born contribution in the conventional ap-
proach with the Dyson-resummation in the unstable-particles propagators (on
the analogy of the actual practice of application of DPA).

[1] F.V. Tkachov, in Proc. of the 32nd PNPI Winter School, St.Petersburg,
ed. by Ya.I.Azimov et al., PNPI, 166, 1999 [hep-ph/9802307].

[2] M.L.Nekrasov, Int.Mod.Phys. A24, 6071 (2009) [arXiv:0709.3046].
[3] M.L.Nekrasov, arXiv:0912.1025.
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REVEALING STRUCTURE OF QUANTUM CORRECTIONS IN
N = 1 SUPERSYMMETRIC THEORIES USING THE

SCHWINGER–DYSON EQUATIONS

Konstantin Stepanyantza

Faculty of Physics, Moscow State University, 119991 Moscow, Russia

Abstract.Some calculations show that all integrals, defining the β-function in su-
persymmetric theories, are integrals of total derivatives. Here we try to explain
this substituting solutions of Slavnov–Taylor identities into Schwinger–Dyson equa-
tions.

Most calculations of quantum correction in supersymmetric theories [1] were
made with the dimensional reduction [2]. However, it is well known that the
dimensional reduction is not self-consistent. A self-consistent regularization,
which does not break the supersymmetry, is the higher covariant derivative
regularization [3], which was generalized to the supersymmetric case in Ref. [4].
Application of the higher covariant derivative regularization to calculation of
quantum corrections in the N=1 supersymmetric electrodynamics in two and
three loops [5, 6] reveals an interesting feature of quantum corrections: all
integrals, defining the β-function appear to be integrals of total derivatives
and can be easily calculated. For example, the two-loop β-function for the
general renormalizable N=1 supersymmetric Yang–Mills theory was calculated
in Ref. [6]. In the massless case this theory is described by the action

S =
1

2e2
Re tr

∫
d4x d2θ WaCabWb +

1
4

∫
d4x d4θ (φ∗)i(e2V )i

jφj +

+
(1

6

∫
d4x d2θ λijkφiφjφk + h.c.

)
. (1)

In order to find the β-function we consider

d

d lnΛ

(
d−1(α0, λ0, Λ/p) − α−1

0

)∣∣∣
p=0

= − dα−1
0

d lnΛ
=

β(α0)
α2

0

. (2)

Then the calculations, made with the higher derivative regularization show that
the integrals, defining the β-function, have the following structure [6]:

I =
∫

d4q

(2π)4
( 1

q2

d

dq2
A(q) +

∂

∂qμ
Aμ(q)

)
, (3)

where A(q) and Aμ(q) are regular in the limit q → 0. So, in the four dimen-
sional spherical coordinates all these integrals are integrals of total derivatives.
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Therefore, they can be easily calculated analytically. The result in the consid-
ered approximation agrees with the exact NSVZ β-function [7] and with the
results of calculations made with the dimensional reduction.

One can try to explain the factorization of integrands into total derivatives
substituting solutions of the Slavnov–Taylor identities into the Schwinger–
Dyson equations [8]. Here we consider only a contribution of the matter su-
perfields. The Schwinger–Dyson equations for the considered theory can be
written in the following graphical form:

δ2Γ
δVxδVy

= +gauge contribution+

Vertexes here contain derivatives w.r.t. auxiliary sources φ0 and ϕ, which
are introduced as follows:

SSource =
∫

d4x d2θ (ϕ)j(U1)j +
1
4

∫
d8x (φ∗

0)
i(e2V ′

φ + U∗
0)i + h.c., where

(U0)i ≡ 1
6
λijk

[ D2

2∂2

(
φjφk

)
+ 2

( D2

2∂2
φj

)
φk

]
; (U1)i ≡ 1

6
λijkφjφk. (4)

These vertexes are restricted by the Slavnov–Taylor identities. Substituting
solution of these identities we obtain

VBDaVA

DaD̄2

d

d lnΛ

(
d−1(α0, λ0, Λ/p) − α−1

0

)∣∣∣
p=0

= 4πT (R)
d

d lnΛ

∫
d4q

(2π)4
×

× 1
q2

d

dq2

(
ln(q2G2) + 2Kϕ

)
+ −(PV, reg)

where (PV, reg) denotes a contribution of the Pauli–Villars fields and a contri-
bution coming from a regularizing term (for simplicity we do not write them
explicitly), and the function Kϕ is defined by

δ2Γ
δ(jy)jδ(ϕw)i

≡ −1
2
(Kϕ)j

iD̄2
yδ8

yw. (5)

For a theory with cubic superpotential this function is nontrivial starting from
the two-loop approximation.

A term with the logarithm is an integral of a total derivative and exactly
produces the contribution to the NSVZ β-function, containing the anomalous
dimension of the matter superfield. However, it is necessary to explain why the
additional contribution, containing the function Kϕ and the remaining effective
diagram, is an integral of a total derivative and vanishes, at least in the lowest
loops. For this purpose we rewrite the last diagram as a sum of two-loop
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effective diagrams. In the next figure we present only a part of this sum, which
corresponds to the triple matter vertex.

→ +

VBDaVA

DaD̄2

VBDaVA

DaD̄2 VB

DaVA

D̄2Da

+ . . .

Substituting solutions of the Slavnov–Taylor identities into these diagrams
we obtain that some contributions are really factorized into integrals of total
derivatives. In particular, this assures vanishing of the additional contribution
in the two-loop approximation. However, there is a contribution, containing a
function, which can not be found from the Slavnov–Taylor identities. There-
fore, the problem is shifted to higher loops. However, we obtained a method, by
which one could possibly explain factorization of integrands into total deriva-
tives. To conclude, now it is clear that higher loops in the Schwinger–Dyson
equations are essential for explanation of this factorization.

Acknowledgments

This work was partially supported by RFBR grant No 08-01-00281a.

References

[1] L.V.Avdeev, O.V.Tarasov, Phys.Lett. 112 B, 356 (1982); L.F.Abbott,
M.T.Grisary, D.Zanon, Nucl.Phys. B244, 454 (1984); A.Parkes, P.West,
Phys.Lett. 138B, 99 (1983); I.Jack, D.R.T.Jones, C.G.North, Phys.Lett
B386, 138 (1996); Nucl.Phys. B473, 308 (1996); Nucl.Phys. B486, 479
(1997); I.Jack, D.R.T.Jones, A.Pickering, Phys.Lett. B435, 61 (1998).

[2] W.Siegel, Phys.Lett. 84 B, 193 (1979); 94B, 37 (1980).
[3] A.A.Slavnov, Nucl.Phys., B31, 301 (1971); Theor.Math.Phys. 13, 1064

(1972).
[4] V.K.Krivoshchekov, Theor.Math.Phys. 36, 745 (1978); P.West,

Nucl.Phys. B 268, 113 (1986).
[5] A.A.Soloshenko, K.V.Stepanyantz, hep-th/0304083; A.B.Pimenov,

E.S.Shevtsova, A.A.Soloshenko, K.V.Stepanyantz, Russ.Phys.J., 51, 444
(2008).

[6] A.B.Pimenov, E.S.Shevtsova, K.V.Stepanyantz, ArXiv:0912.5191 (hep-
th).

[7] V.Novikov, M.Shifman, A.Vainstein, V.Zakharov, Nucl.Phys. B 229,
381 (1983); Phys.Lett. 166B, 329 (1985); Shifman M.A., Vainshtein A.I.,
Nucl.Phys. B 277, 456 (1986).

[8] K.V.Stepanyantz, Theor.Math.Phys. 142, 29 (2005); 150, 377 (2007).

387

Number_#1024_Pg001-452.indd   387 9/23/10   3:00 PM



NEAR-THRESHOLD BOSON-PAIR PRODUCTION
IN THE MODEL OF UNSTABLE PARTICLES

Vladimir Kuksa a, Roman Pasechnik b
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Abstract. Near-threshold production of boson pairs is considered within the frame-
work of the model of unstable particles with smeared mass. The results of calcu-
lations are in good agreement with LEP II data and Monte-Carlo simulations.

1 Boson-pair Production in the Model of
Unstable Particles with a Smeared Mass

Near-threshold production of the unstable particles (UP’s) is the most suit-
able process to observe the finite-width effects (FWE). The measurements of
boson-pair production at threshold energy (LEP II experiments) have provided
us with an important information about the masses of bosons and non-abelian
triple gauge-boson couplings. To extract the exact information from boson-pair
production we have to calculate the radiative corrections (RC’s), which give a
noticeable contribution to the cross-section. However, in practice the problem
of calculation of full RCs to the processes e+e− → ZZ; ZH ; W+W− →∑

f 4f
is very complicated [1] and can not be considered analytically. Therefore,
the Monte-Carlo simulation, effective approaches and some phenomenologi-
cal methods are used. In this paper, we describe FWE’s in the near-threshold
boson-pairs production within the framework of the model of UP’s with a
smeared masses [2]. The model provides simple and transparent analytical
expressions for cross-section of the boson-pair production.

In the case of the boson-pair production e+e− → ZZ, W+W−, ZH model
cross-section has double-convolution form:

σtr(s) =

∫ ∫

σtr(s,m1,m2)ρ(m1)ρ(m2) dm
2
1 dm

2
2, (1)

where ma are the variable masses of bosons and probability density is:

ρ(m) =
1

π

mΓ(m)

[m2 −M2(m)]2 + [mΓ(m)]2
. (2)

In the case of one UP in the final state, for instance in the process e+e− →
γZ, we have one integration over variable mZ . In the calculations we take
into account ISR and the main part of radiative corrections with help of the
universal expression:

σ(s,m1,m2) = kQCD

∫ kmax

0

ργ(k)σ
tr(s(1 − k),m1,m2) dk , (3)
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where ργ(k) is the photon spectrum which describes soft, hard and virtual
radiation. Some vertex corrections are accounted with the help of effective
coupling α(MW ) and factor kQCD (for more details, see Refs. [3]- [5]).

Results and Conclusion

The model cross-sections σ(e+e− → ZZ) and σ(e+e− → ZZ) including above
mentioned corrections is represented in Fig. 1 (the solid lines) together with
the result of Monte-Carlo simulation (the dashed lines) and LEP data points.
Both results are consistent with the data within the error bars. We note that
results of Monte-Carlo simulation and model calculations coincide one with
another with very high precision. The formalism have been applied, also, to
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Figure 1: Total cross-sections of the production ZZ (left panel) and WW (right panel).

the processes e+e− → γZ;HZ with reasonable results (see Ref. [5]). From our
analysis it follows, that the approach under consideration is convenient, simple
and transparent framework for the description of boson-pair production which
significantly simplifies calculations with respect to standard perturbative one.
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RADIATIVE AND HADRONIC DECAYS OF VECTOR MESONS

IN THE GAUGE MODEL OF QUARK-MESON INTERACTIONS

Vitaly Beylin a, Vladimir Kuksa b, Gregory Vereshkov c

Southern Federal University, 344090 Rostov-on-Don, Russia
Abstract. Vector meson radiative and hadronic decays are considered within the
framework of U0(1) × U(1) × SU(2) gauge symmetry approach. The model para-
meters are fixed to describe an electromagnetic and strong meson decays in a good
agreement with the data.

Failing an exact nonperturbative theory, hadron interactions at low energies
are considered in terms of effective Lagrangians, following both from funda-
mental theory (QCD) and dynamical symmetry concepts. The last approach
allows to account for meson-meson and (constituent) quark-meson interactions
combined with the VMD ideas in the generalized linear sigma-model (LσM) [1].
To formulate the gauge description of low-energy hadron phenomenology, we
used the LσM inspired scheme with U0(1)×U(1)×SU(2) gauge symmetry. It is
the simplest group to analyze (non-chiral) electromagnetic and strong meson-
meson and quark-meson interactions. Light vector mesons ρ, ω and photon
arise in the model as gauge fields realizing tree level VMD and electromagnetic
interaction due to extra U(1) groups. To consider the strong effects, SU(2)
group, i.e. diagonal sum of SUL,R(2) subgroups of the global chiral group, is
localized. After the spontaneous breaking of the U0(1) × U(1) × SU(2) local
symmetry, residual scalar degrees of freedom (Higgs fields) can be associated
with the scalar isotriplet a0(980) and singlet f0(980), and σ- meson is inter-
preted as f0(600) state (for details see [2]). Their mass spectrum and decay
properties are reasonably described due to free parameters in the scalar sector.
In the model, vector fields couplings universality bounds in the gauge sector

the number of free parameters (couplings, mixing angles), which are fixed by
the data on two-particle decays (Γ(ρ+ → π+π0), Γ(ω → π+π−)) and masses of
vector mesons [3]. Namely, we get g2

0
/4π = 7.32 ·10−3, g2

1
/4π = 2.86, g2

2
/4π =

2.81, sinφ = 0.031, sin θ = 0.051. These values were used for the calculation
of the vector meson decay widths to verify the gauge VMD approach in radia-
tive decays ρ0 → π+π−γ and ω → π+π−γ at the tree level of meson-meson
sector. The model quark-meson sector is tested in processes with quark loops:
ρ → π0γ, ω → π0γ and ω(ρ) → π0π+π−. Note, in calculations we use strong
couplings as effective final values, without any loop corrections. But electro-
magnetic vertices are renormalized by the strong interactions.
The differential width of ρ0 → π+π−γ can be presented in the form:

dΓ(Eγ)/dEγ =
αem · g2

2
cos2 θ · cos2 φ/24π2

κ
(F1(κ, μ) + F2(κ, μ) lnF3(κ, μ)) ,

ae-mail: vbey@rambler.ru
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where κ = Eγ/mρ μ = m2

π/m2

ρ and F1,2,3(κ, μ) have been calculated in [2].

This theoretical spectrum of photons (normalized by the total width) is in
a good agreement with the experimental curve [4]. Integrating the spectrum
from Emin

γ = 50MeV up to Emax
γ = mρ(1 − 4μ)/2, we get the branching

Btheor(ρ0 → π+π−γ) = 1.17 · 10−2 which is very close to the experimental
value Bexp = (0.99± 0.16) · 10−2 [3]. A phenomenological account of the loop
contributions leads to Bphen = (1.22±0.02) ·10−2 [5]. An excess of Btheor over
Bexp can be caused by uncertainties in the experimental spectrum at Eγ ≤
100MeV. Analogously, with the replacement cosφ → sinφ ≈ 0.034; mρ → mω

for the decay ω → π+π−γ we get: B(ω → π+π−γ) = 4.0 · 10−4 and B(ω →
π+π−γ) = 2.6 · 10−4 for Emin

γ = 30MeV and 50MeV, respectively. Loop
corrections can increase B(ω → π+π−γ) up to (2 − 3) · 10−3, which does not
contradict to the experimental limit, Bexp(ω → π+π−γ) ≤ 3.6 · 10−3 [3].

In the model, radiative decays ρ0, ω → π0γ and hadronic decays ω, ρ → 3π
occur via quark loops only with the gauge vertices. Supposing mu ≈ md = mq

and using for the πqq coupling the Goldberger-Treiman relation, gπqq ≈ mq/fπ,
we have: Γtheor(ω → π0γ) = 0.74 ± 0.02MeV, (Γexp(ω → π0γ) = 0.76 ±
0.02MeV), Γtheor(ρ0 → π0γ) = 0.081 ± 0.003MeV, (Γexp(ρ0 → π0γ) =
0.090 ± 0.012MeV). Thus, both the widths agree with the data [3], and the
only free parameter - effective quark mass - has the value mq = 175± 5MeV.

Analysis of ω(ρ) → 3π decays is more cumbersome because of interfering
box and ρ− mediated quark loop diagrams. Due to non-negligible parameter
m2

π/m2

q, the phase space integration in the case must be exact (cf. with [6]).

Then Γtheor(ω → 3π) = 7.8 ± 0.4(7.6 ± 0.3)MeV for mq = 175(200)MeV.
Replacing parameters (mixing angles and masses), we have Γtheor(ρ → 3π) =
(0.66±0.06) ·10−3MeV. These results are in agreement with the modern data:
Γexp(ω → 3π) = 7.5± 0.1MeV and Γexp(ρ → 3π) = (0.5− 2.9) · 10−3MeV [3].

So, the gauge quantum field approach can be effectively used to describe the
radiative and hadronic decay modes of light vector mesons in the scheme of
meson-meson and quark-meson interactions. Remained Higgs degrees of free-
dom can be associated with known scalar states a0(980) and f0(980). Relatively
light effective quark can be interpreted as a nucleon component separated from
gluon component, which is simulated by σ- meson (f0(600)).
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ENERGY OF UNSTABLE STATES AT LONG TIMES a
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Abstract. An effect generated by the nonexponential behavior of the survival am-
plitude of an unstable state in the long time region is considered. We find that
the instantaneous energy of the unstable state for a large class of models of un-
stable states tends to the minimal energy of the system Emin as t → ∞ which
is much smaller than the energy of this state for t of the order of the lifetime of
the considered state. Analyzing the transition time region between exponential
and non-exponential form of the survival amplitude we find that the instantaneous
energy of the considered unstable state can take large values, much larger than the
energy of this state for t from the exponential time region. Taking into account
results obtained for a model considered, it is hypothesized that this purely quan-
tum mechanical effect may be responsible for the properties of broad resonances
such as σ meson as well as having astrophysical and cosmological consequences.

1 Introduction

Searching for the properties of unstable states |φ〉 ∈ H (where H is the Hilbert
space of states of the considered system) one analyzes their decay law. The
decay law, Pφ(t) of an unstable state |φ〉 decaying in vacuum is defined as
follows

Pφ(t) = |a(t)|2, (1)

where a(t) is the probability amplitude of finding the system at the time t in
the initial state |φ〉 prepared at time t0 = 0, a(t) = 〈φ|φ(t)〉 and |φ(t)〉 is the
solution of the Schrödinger equation for the initial condition |φ(0)〉 = |φ〉. From
basic principles of quantum theory it is known that the amplitude a(t), and
thus the decay law Pφ(t) of the unstable state |φ〉, are completely determined
by the density of the energy distribution ω(E) for the system in this state [1–3]

a(t) =

∫

Spec.(H)

ω(E) e− i
�
E t dE . (2)

where ω(E) ≥ 0 and a(0) = 1.
In [4] assuming that the spectrum of H must be bounded from below,

(Spec.(H) > −∞) it was proved that in the case of unstable states there must
be |a(t)| ≥ A exp [−b tq] for |t| → ∞ (where A > 0, b > 0 and 0 < q < 1).

Recently the experimental evidence of deviations from the exponential decay
law at long times was reported in [5]. This result gives rise to another problem
which seems to be important: If (and how) deviations from the exponential

aThis paper is a shortened version of [1].
be-mail: K.Urbanowski@proton.if.uz.zgora.pl; K.Urbanowski@if.uz.zgora.pl
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decay law at long times affect the energy of the unstable state and its decay
rate at this time region.

Note that in fact the amplitude a(t) contains information about the decay
law Pφ(t) of the state |φ〉, that is about the decay rate γ0

φ of this state, as well

as the energy E0
φ of the system in this state. This information can be extracted

from a(t). Indeed, if |φ〉 is an unstable (a quasi–stationary) state then, there is

E0
φ− i

2γ
0
φ ≡ i� ∂a0(t)

∂t
1

a0(t)
, for t ∼ τφ, (where a0(t) = exp [− i

�
(E0
φ− i

2γ
0
φ)t] 
 a(t)

for t ∼ τφ, τφ = �

γ0

φ
and γ0

φ is the decay rate of |φ〉). Taking the above into

account one can define the ”effective Hamiltonian”, hφ, for the one–dimensional
subspace of states H|| spanned by the normalized vector |φ〉 as follows (see,
eg. [6]),

hφ
def
= i�

∂a(t)

∂t

1

a(t)
. (3)

So starting with a(t) and using the expression (3) one can calculate the
effective Hamiltonian hφ(t) in a general case for every t. Thus, one finds the
following expressions for the energy and the decay rate of the system in the
state |φ〉 under considerations, to be more precise for the instantaneous energy
and the instantaneous decay rate, (for details see: [7, 8]),

Eφ ≡ Eφ(t) = � (hφ(t)), γφ ≡ γφ(t) = − 2� (hφ(t)), (4)

where � (z) and � (z) denote the real and imaginary parts of z, respectively.
The aim of this paper is to discuss the long time behaviour of Eφ(t) using

a(t) calculated for the given density ω(E).

2 The model

Let us assume that Spec.(H) = [Emin,∞), (where, Emin > −∞), and let us
choose ω(E) as follows

ω(E) ≡ ωBW (E , Emin) = N

2π
Θ(E − Emin)

γ0
φ

(E − E0
φ )

2 + (
γ0
φ

2 )2
, (5)

where N is a normalization constant and Θ(E) = {1 for E ≥ 0, and 0 for
E < 0}. An substitution of this ωBW (E , Emin) into (2) leads to the result (see
also [9])

a(t) = N e
− i

�
(E0
φ − i

γ0

φ

2 )t
{
1− i

2π

[
e
γ0

φt

� E1

(
− i

�
(E0
φ − Emin +

i

2
γ0
φ)t

)

−E1

(
− i

�
(E0
φ − Emin − i

2
γ0
φ)t

) ]}
, (6)
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where E1(x) denotes the integral–exponential function [9, 10].

In general one has

a(t) ≡ aexp(t) + anon(t), (7)

where aexp(t) = N exp [− i
�
(E0
φ − i

γ0

φ

2 )t] and anon(t) = a(t)− aexp(t).

Making use of the asymptotic expansion of E1(x) [10] and (3) one finds

hφ(t) t→∞ 
 Emin − i
�

t
− 2

E0
φ − Emin

|h0
φ − Emin | 2

(
�

t

)2

+ . . . (8)

for the considered case (5) of ωBW (E , Emin), (for details see [1, 7]). Here h0
φ =

E0
φ − i

2
γ0
φ. ¿From (8) it follows that

� (hφ(t) t→∞)
def
= E∞φ (t) 
 Emin − 2

E0
φ − Emin

|h0
φ − Emin | 2

(
�

t

)2

−→
t→∞

Emin, (9)

where E∞φ (t) = Eφ(t)| t→∞, and � (hφ(t) t→∞) 
 − �

t
for t → ∞.

Relations (8), (9) become important for times t > tas, where tas denotes the

time t at which contributions to a(t) t→∞
2
from the exponential component

and from the nonexponential component proportional to 1
t2 are comparable,

that is (see (7)),

|aexp(t)|2 
 |anon(t)|2 (10)

for t → ∞.

3 Numerical calculations

The model considered in Sec. 2 and defined by the density ωBW (E , Emin), (5),
allows one to find numerically the decay curves and the instantaneous energy
εφ(t) as a function of time t. The results presented in this Section have been
obtained assuming for simplicity that the minimal energy Emin appearing in
the formula (5) is equal to zero, Emin = 0. So, all numerical calculations
were performed for the density ω̃BW (E) ≡ ωBW (E , Emin = 0) for some chosen
E0

φ

γ0

φ
. While performing calculations particular attention was paid to the form

of the probability |a(t)|2, i. e. of the decay curve, and of the instantaneous
energy εφ(t) for times t belonging to the most interesting transition time-region
between exponential and nonexponential parts of |a(t)|2, where the property
(10) is true and t is of order tas. Some of the result discussed in [1] are presented
graphically below:
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Figure 1: Survival probability Pφ(t) in the transition time region. The case
E0φ
γ0

φ

= 100.

Figure 2: Instantaneous energy Eφ(t) in the transition time region. The case
E0φ
γ0

φ

= 100.

4 Final remarks.

Decay curves of shapes similar to that in Fig. (1) are found in a large class
of models (see [3, 11]). The characteristic feature of all these decay curves is
the presence of sharp and frequent oscillations at the transition times region
(see Fig. (1)). This means that derivatives of the amplitude a(t) may reach
extremely large values for some times from the transition time region and the
modulus of these derivatives is much larger than the modulus of a(t), which
is very small for these times. This explains why in this time region the real
and imaginary parts of hφ(t) ≡ Eφ(t) − i

2
γφ(t) reach values much larger than

the energy E0
φ of the the unstable state measured at times for which the decay

curve has the exponential form.

The question is whether and where this effect can manifest itself. There are
two possibilities to observe the above long time properties of unstable states:
The first one is that one should analyze the properties of unstable states char-
acterized by tas which are not too long. The second one is finding a possibility
to observe a suitably large number of events, i.e. unstable particles, created by
the same source.
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The problem with understanding the properties of broad resonances in the
scalar sector (σ meson problem [12]) discussed in [13,14], where the hypothesis
was formulated that this problem could be connected with properties of the
decay amplitude in the transition time region, seems to be possible manifes-
tations of this effect and this problem refers to the first possibility mentioned
above (see [1]).

Astrophysical and cosmological processes in which extremely huge numbers
of unstable particles are created seem to be another possibility for the above
discussed effect to become manifest. The probability Pφ(t) = |a(t)|2 that
an unstable particle, say φ, survives up to time t ∼ tas is extremely small.
Let Pφ(t) be Pφ(t) t∼tas

∼ 10−k, where k  1, then there is a chance to
observe some of particles φ survived at t ∼ tas only if there is a source creating
these particles in Nφ number such that Pφ(t) t∼tas

Nφ  1. So if a source

exists that creates a flux containing Nφ ∼ 10 l, unstable particles and l  k
then the probability theory states that the number Nsurv unstable particles
Nsurv = Pφ(t) t∼tas

Nφ ∼ 10l−k  0, has to survive up to time t ∼ tas.
Sources creating such numbers of unstable particles are known from cosmology
and astrophysics.

So let us assume that we have an astrophysical source creating a sufficiently
large number of unstable particles in a unit of time and emitting a flux of these
particles and that this flux is constant or slowly varying in time. Consider
as an example a flux of neutrons. There is tnas ∼ (250τn − 300τn) for the
neutron (here τn 
 886 [s]). If the energies of these neutrons are of order
30 × 1017 [eV] then during time t ∼ tnas they can reach a distance dn ∼ 25000
[ly], that is the distance of about a half of the Milky Way radius. Now if in a
unit of time a suitably large number of neutrons Nn of the energies mentioned
is created by this source then in the distance dn from the source a number
of spherically symmetric space areas (halos) surrounding the source, where
neutron instantaneous energies En(t) are much larger than their energy E0

n =
m0

n c
2√

1−( vn
c )2

, (m0
n is the neutron rest mass and vn denotes its velocity) have to

appear. Of course this conclusion holds also for other unstable particles φα
produced by this source. Unstable particles φα forming such halos and having
instantaneous energies Eφα

(t)  E0
φα

= m0
φα

c2 have to interact gravitationally

with objects outside of these halos as particles of masses mφα
(t) = 1

c2 Eφα
(t) 

m0
φα

. The possible observable effects depend on the astrophysical source of
these particles considered.

If the halos are formed by unstable particles emitted as a result of internal
star processes then in the case of very young stars cosmic dust and gases should
be attracted by these halos as a result of a gravitational attraction. So, the
halos should be places where the dust and gases condensate. Thus in this case
one may consider the halos as the places where planets are born. On the other
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hand, in the case of much older stars the presence of halos should manifest
itself in tiny changes of velocities and accelerations of objects moving in the
considered planetary star system relative to those calculated without taking
into account the presence of the halos.

If the halos are formed by unstable particles emitted by a galaxy core and

these particles are such that the ratio
Eφ(t)
E0

φ
is suitably large inside the halos,

then rotational velocities of stars circling the galaxy center outside the halos
should differ from those calculated without taking into account the halos. Thus
the halos may affect the form of rotation curves of galaxies.

All the above mentioned effects are the simple consequence of the fact that
the instantaneous energy Eφα

(t) of unstable particles becomes large compared
with E0

φα
and for some times even extremely large. On the other hand, this

property of Eφα
(t) results from the rigorous analysis of properties of the quan-

tum mechanical survival probability a(t) and from the assumption that the
energy spectrum is bounded from below.
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THE QUANTUM DEFORMATION OF THE WEAKLY
EXCITED ELECTRONS SYNCHROTRON RADIATION

ANGULAR DISTRIBUTIONS
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Abstract. We give the precise analysis of first excited state electron synchrotron
radiation (SR) power using quantum theory methods.

1 Introduction

The precise analytical expressions for the basic synchrotron radiation (SR)
characteristics such as spectral-angular distribution, spectral and angular dis-
tribution, total output, radiation polarization are entirely formulated in terms
of classical theory. These expressions could be found in monographic and edu-
cational literature [1–5].

As for the quantum theory the only expressions which could be represented
analytically at any quantum factor value are the expressions for the spectral-
angular and spectral distributions and for the total SR polarization compo-
nents output in ultrarelativistic limit [1–5] when we can successfully use the
quasi-classical approximation method modification. However even in ultrarel-
ativistic limit the precise analytical expression for the angular distribution at
the arbitrary quantum factor value is unknown. Still we can obtain the precise
analytical expressions for SR characteristics in terms of quantum theory e. g.
in case of initial state charge being in low energy level. The results of the
precise analytical and numerical analysis of the first excited state electron SR
characteristics are represented below.

2 Basic theoretical expressions

We study the synchrotron radiation (SR) angular distribution structure of an
electron in the first excited state (charge −e, e > 0).

In this case the only possible quantum transition is the transition from the
first excited state to the ground state. So, the electron radiates one harmonic
with the frequency

ω =
mc2

h̄

γ2 − 1

γ +
√
γ2 cos2 θ + sin2 θ

=
E

h̄

β2

1 +
√
1− β2 sin2 θ

, 0 ≤ θ ≤ π. (1)
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Here m - is the rest mass of an electron, c is the velocity of light, h̄ is the
Planck constant, γ = E/mc2 = (1 − β2)−1/2 is the relativistic factor, E is the
electron energy, β = v/c, v is the particle velocity, θ is the angle between the
photon’s impulse direction and the magnetic field. For the first excited state
we have the relation

γ =

√

1 + 2
H

H0
, H0 =

m2c3

eh̄
− the Schwinger field, (2)

where H > 0 - is the magnetic field strength.

Let the quantum number ζ = ±1 specify the initial state electron spin
orientation with respect to the magnetic field direction, (ζ = 1 means that
electron spin and the magnetic field do have the same direction, ζ = −1 signifies
that they have opposite directions). The final (ground) state of the electron is
distinguished by that the electron being in it has the spin opposite to the field.
So, the jump from the initial state ζ = 1 to the ground state occurs with a spin
reorientation (spin - flip) only , the transition from the initial state ζ = −1 to
the ground state happens without the spin-flip.

In the case under consideration the SR power W and its polarization com-

ponents angular distribution can be represented as follows

dWi

dΩ
= QMGi, Q = e2m2c2

h̄2 , dΩ = sin θdθ,

M =
β6(1+

√
1−β2)

64(1−β2)
= 2

(1−x2
0)

2

(
x0

1+x0

)3
= (γ+1)(γ2−1)3

64γ5 ,

x0 =
1−
√

1−β2

1+
√

1−β2
= γ−1

γ+1
, 0 ≤ x0 < 1.

(3)

where the index i denotes the radiation polarization: i = 2 corresponds to

the radiation power of the ”σ” - linear polarization component, i = 3 is for

the ”π” - linear polarization component, i = 0 is for the total (summed over

polarizations) output, i = l (l = ±1) is for the right (l = 1) and left (l = −1)
circular polarizations. The angular distribution structure is completely defined

by the functions Gi = Gi(ζ, β, θ), given below

G2(ζ, β, θ) = (1− ζ)R1(β, θ) + (1 + ζ)x0R2(β, θ),
G3(ζ, β, θ) = (γ − ζ)(γ + ζ)−1 G2(−ζ, β, θ),
G0(ζ, β, θ) = 2[1 + x0 − ζ(1− x0)]R0(β, θ),

2R0(β, θ) = R1(β, θ) +R2(β, θ),
Gl(ζ, β, θ) = [1 + x0 − ζ(1− x0)]Sl(β, θ),

Sl(β, θ) = R0(β, θ) + l S(β, θ) cos θ.

(4)
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Here we introduce the notations

R1(β, θ) =
(1 − x0x)(1 + x)3

1− x
e−x, R2(β, θ) =

(x0 − x)(1 + x)3

x0(1− x)
e−x,

R0(β, θ) =
[2 x0 − (1 + x2

0)x](1 + x)3

2 x0(1− x)
e−x, S(β, θ) =

(1 + x)4

1− x
e−x, (5)

x =
1−

√
1− β2 sin2 θ

1 +
√

1− β2 sin2 θ
=

γ −
√

γ2 cos2 θ + sin2 θ

γ +
√

γ2 cos2 θ + sin2 θ
, 0 ≤ x ≤ x0 < 1 .

Thus we can see that in our case the synchrotron radiation angular distribution
structure is completely defined by the functionsRs(β, θ), s = 0, 1, 2; Sl(β, θ).

3 SR polarization components angular distribution structure of the
first excited state electron

At first we mention that the functions Rs(β, θ), Sl(β, θ) are finite at any
argument value 0 ≤ β ≤ 1 (including the point β = 1). In particular, at the
boundary points of the segment 0 ≤ β ≤ 1 segment we have

R1(0, θ) = 1, R2(0, θ) = cos2 θ, R0(0, θ) =
1 + cos2 θ

2
, Sl(0, θ) =

(1 + l cos θ)2

2
.

(6)

Rs(1, θ) = (1+p)3e−p, Sl(1, θ) =

(

1 + l
cos θ

| cos θ|
)

(1+p)3e−p; p =
1− | cos θ|
1 + | cos θ| .

It is not difficult to obtain the relations

Rs(β, 0; π) = 1, Sl(β, 0; ) = 1 + l, Sl(β, π) = 1− l; R1(β, π/2) =
= 2R0(β, π/2) = 2Sl(β, π/2) = (1 + x0)

4e−x0 , R2(β, π/2) = 0.
(7)

It follows from (4) and (6) that in the ultrarelativistic limit (γ → ∞)the
functions Gi = Gi(ζ, β, θ) do not longer depend on the spin orientation ζ. It
means that in ultrarelativistic limit the spin-flip quantum jumps and the jumps
without spin reorientation become equiprobable.

The second expression in (4) implies that the angular distribution structure
of the ”π” -linear polarization component for an electron with spin ζ and the
”σ”-linear polarization component for an electron with spin −ζ are the same
(the corresponding expressions differs only by the factors which do not depend
on θ).

The ”π” -linear polarization component does not vanish at θ = π/2 for an
electron with spin ζ = 1 and this is an essentially quantum effect.

As it ensues from (6) in the ultrarelativistic case (γ → ∞)the only right
circular polarization is radiated in the upper half plane (θ < π/2),while the
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lower half plane(θ > π/2) contains a pure left circular polarization. It is a
characteristic feature of the transitions to the ground state.

The analysis of the functions Rs(β, θ), S1(β, θ) behavior shows up that the
function R1(β, θ) is a monotone increasing function of θ on 0 < θ < π/2 at
any β.

The function R2(β, θ) is monotone decreasing function of θ on 0 < θ < π/2

and while β2 ≤ 3/4 it has its maximum at some inner point θ = θ
(max)
2 (β) of

this interval.

The functions R0(β, θ) on 0 < θ < π/2 and S1(β, θ) on 0 < θ < π at
β2 ≤ 1/2 are monotone decreasing functions of θ. At β2 > 1/2 they reach

maxima on 0 < θ < π/2 at the points θ = θ
(max)
0 (β) and θ = θ

(max)
1 (β),

respectively.

The figures illustrate the graphs of the functions Rs(β, θ), S1(β, θ) for

different β and the graphs of θ
(max)
n (β), (n = 0, 2)

0.0
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 π/2

R0(θ) 
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β = 0.99

β = 0.9

β = 0.8
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β = 0.3

a)

3

4

2

0.0

5

1

R1(θ) 

 π/2

β = 1

β = 0.99

β = 0.9

β = 0.8

β = 0.7

β = 0.6

β = 0.5

β = 0.4

β = 0.3

b)
3.0

2.0

0.0

1.0

2.5

0.5

1.5

0.0

R2(θ)

 π/2

β = 1

β = 0.8
β = 0.9

β = 0.7
β = 0.6
β = 0.5

β = 0.3

β = 0.2
β = 0.1

β = 0.4

β = 0.99
β = 0.999

c)

2

1.0

6

5

4

3

1

0

 π/2  π/2

Sl(θ) 

β = 1

β = 0.1
β = 0.2
β = 0.3
β = 0.4
β = 0.5
β = 0.6
β = 0.7
β = 0.8
β = 0.9
β =0.99

β = 0.999

d)

Figure 1: This functions define the character of the polarization components angular distri-
bution R0(θ) (a), R1(θ) (b), R2(θ) (c) and Sl(θ) (l = 1) (d).
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0.0

1.00.950.90.850.80.75

 π/2

β

  (0)

θ max(β)

a)

0.0

1.00.9750.950.9250.90.875

β

  (2)

θ max(β)

 π/2

b)

Figure 2: Here the functions θ
(0)
max(β) (a) and θ

(2)
max(β) (b) are represented.

4 The total output

For the total output radiated in the upper half plane (integrated over θ from

0 ≤ θ ≤ π/2) we obtain

Wi = QMPi(ζ, β),

M = β6

32(1−β2)(1+
√

1−β2)
= 1

(1−x0)2

(
x0

1+x0

)3
= (γ2−1)3

32γ3(γ+1)
,

P2(ζ, β) = (1− ζ)f1(β) + (1 + ζ)x0f2(β),
P3(ζ, β) = (γ − ζ)(γ + ζ)−1 P2(−ζ, β),

P0(ζ, β) = [1 + x0 − ζ(1− x0)]f0(β), f0(β) = f1(β) + f2(β),

2Pl(ζ, β) = [1 + x0 − ζ(1− x0)][f0(β) + 2lφ(β)],

(8)

In (8) the following notations are used

f1(β) =
∫ 1
0 (1 + x0y) exp(−x0y)

√
1−x2

0y

1−y dy,

f2(β) =
∫ 1
0 (1 + x0y) exp(−x0y)

√
1−y

1−x2
0y
dy,

φ(β) = 2−(2+x0) exp(−x0)
x0

.

(9)

Substituting l −→ −l in (8) we get the total output radiated in the lower
half plane (integrated over θ from π/2 ≤ θ ≤ π).

The functions defined by (9) are positive and bounded, the functions f0(β),
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f1(β) and φ(β) are monotone decreasing and f2(β) is monotone increasing on
the segment 0 ≤ β ≤ 1. It is easy to calculate the values of the function (9) at
the segment boundary points

f1(0) = 3f2(0) = 2φ(0) = 2, f1(1) = f2(1) = φ(1) = 2− 3

e
. (10)

At β � 1, (x0 � 1) we find for the functions fn(β)

f1(β) ≈ 2

(
1− 13

15
x2
0

)
, f2(β) ≈ 2

3

(
1 +

11

35
x2
0

)
, f0(β) ≈ 8

3

(
1− 4

7
x2
0

)
,

(11)
and for φ(β) we have the convergent at any x0 series expansion

φ(β) =

∞∑
n=0

(−1)n(1− n)

(n+ 1)!
xn0 ≈ 1− x2

0

6
. (12)

For the functions fs(β) (s = 0, 1, 2) and φ(β) at β ≈ 1 (γ � 1) we find

f0(β) ≈ 2
(
2− 3

e
+ 2

e
ln γ
γ

)
+O

(
1
γ

)
, f1(β) ≈ 2− 3

e
+ 8

e
ln γ
γ

+O
(

1
γ

)
,

f2(β) ≈ 2− 3
e
− 4

e
ln γ
γ

+O
(

1
γ

)
, φ(β) ≈ 2− 3

e
+ 2

(
2− 5

e

)
1
γ
+O

(
1
γ2

)
.

(13)
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CASIMIR PRESSURE REGULARIZATION AND
RENORMALIZATION IN TWO-DIMENSIONAL SCALAR

FIELD MODEL

Yu.S. Voronina a, P.K. Silaev b

Faculty of Physics, Moscow State University, 119991 Moscow, Russia

Abstract. A method of calculation Casimir pressure using Green surface function
is considered in two-dimensional case. A method of approximate calculation of the
regular part of the Green surface function with the help of a Born-type series is
suggested.

1 Introduction

In this work we consider the massive scalar field defined on an area with zero
boundary conditions. It is worth stressing that there are many various methods
of regularization. One of the most effective one is regularization with the use
of the Green surface function. The advantage of the method in question is in
the fact that the Green function, through which we define the pressure, can
be found via several different methods. In particular, the Green function can
be found with the help of approximate methods. We consider the pressure
rather than the energy as under renormalization of the pressure the choice of
the normalization point is simplified, because the pressure, unlike the energy,
which is defined up to a constant, has a straightforward physical meaning [2].

The pressure at the area boundary C at the point �ξ can be found through
spatial components of the energy-momentum tensor p(�ξ) = 〈0|ninjTij(�ξ)|0〉,
i, j = 1, 2, 3. We consider area D having axial symmetry. The pressure at the
intersection point of symmetry axis and boundary is defined by expression [1,3]

p(�ξ) = − 1

2π

∞∫
m

κ√
κ2 −m2

(
�n,∇�xS(�x, �y)

)
�x=�y=�ξ

dκ, (1)

As one can see the pressure is defined through Green surface function S(�x, �y)
of inner Dirichlet problem in area D for the Helmholtz equation. Thus, the
pressure regularization and renormalization problem is reduced not only to the
definition of the divergent part in the integral with respect to κ in (1) but
also to the definition of the regular part in the corresponding Green surface
function. In the general case the calculation of Green surface function is rather
difficult, due to the nontriviality of the considered area. However, the regular
part of this function can be calculated approximately.
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2 The construction of a Born-type series

We divide the Green surface function into regular and singular parts

S(�x, �y) = S(r)(�x, �y) + S(s)(�x, �y) (2)

in such a way that the singular part would be defined only by the point �y = �ξ
and wouldn’t depend on other points of the area, and with the regular part
defined by the rest of the area. Also we can consider the case, when singular
part is defined by the boundary curvature at the considered point. The division
into regular and singular parts is ambiguous, and this ambiguity is eliminated
after the selection of a normalization point for pressure.

One can show regular part of the Green surface function can be presented as

S(r)(�x, �y) =
∞∑
m=1

∮

C

· · ·
∮

C︸ ︷︷ ︸
m

S(s)(�x, �z1)S
(r)(�z1, �z2) . . .

. . . S(r)(�zm−1, �zm)S
(r)(�zm, �y)dlz1 . . . dlzm (3)

By calculating few ferst terms of this series we can obtain regular part of the
Green surface function in resoective order of accuracy. The rate of Born series
convergence is defined by the division (2). We examine the correctness and
computational efficiency of the formula (3) using the example of the boundary
problem for the circle, for which the precise analytical solution of the Green
surface functions regular part is known [3].

3 Conclusion

So we suggested an algorithm for the approximate calculation of the Green
surface function with the help of a Born-type series that is applicable for prob-
lems in wich the precise definition of the Green surface function is difficult, but
singular part can be chosen in a certain arbitrary way. In the current work,
no definite type of the subtracted Green surface function’s singular part was
determined. It should be noted that this function should be defined based on
physical considerations. Thus, after the selection of the normalization point,
the problem of the renormalized pressure calculation considered here will ulti-
mately be solved.
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TWO-LOOP GELL-MANN–LOW FUNCTION FOR GENERAL
RENORMALIZABLE N = 1 SUPERSYMMETRIC THEORY,

REGULARIZED BY HIGHER DERIVATIVES

Ekaterina Shevtsova a

Faculty of Physics, Moscow State University, 119991 Moscow, Russia
Abstract.For the general renormalizable N=1 supersymmetric Yang–Mills theory,
regularized by higher covariant derivatives, a two-loop β-function is calculated. It
is shown that all integrals, needed for its obtaining are integrals of total derivatives.

We calculate β-function for a general renormalizable N=1 supersymmetric
Yang–Mills theory, which is described in the massless case by the action [1, 2]:

S =
1

2e2
Re tr

∫
d4x d2θWaC

abWb +
1

4

∫
d4x d4θ (φ∗)i(e2V )i

jφj +

+
(
1

6

∫
d4x d2θ λijkφiφjφk + h.c.

)
.

In order to regularize this, we add the following higher derivatives terms:

SΛ =
1

2e2
trRe

∫
d4x d4θ V

(D2
μ)

n+1

Λ2n
V + (1)

1

8

∫
d4x d4θ

(
(φ∗)i

[
eΩ

+

e2V
(D2

α)
m

Λ2m
eΩ

]
i
jφj ++(φ∗)i

[
eΩ

+ (D2
α)

m

Λ2m
e2V eΩ

]
i
jφj

)
.

We are interested in [3, 4] d
(
d−1(α0, λ0,Λ/p)− α−1

0

)/
d ln Λ |p=0 = β(α0)/α

2
0.

After calculation the corresponding supergraphs, we obtain the following result
for the two-loop β-function [5]:

β2(α) = −3α2

2π
C2 + α2T (R)I0 + α3C2

2I1 +
α3

r
C(R)i

jC(R)j
iI2 + α3T (R)C2I3 +

+α2C(R)i
j λ
∗
jklλ

ikl

4πr
I4,

where Ii = Ii(0)−
∑
I

cIIi(MI) for I = 0, 2, 3,
∑
I

cI = 1,
∑
I

cIM
2
I = 0,

I0(M) = 4π

∫
d4q

(2π)4

d

d ln Λ

1

q2

d

dq2

[
ln

(
P (q,M)

)
+

M2

P (q,M)
−

2mq2m/Λ2mq2B(q,m)

P (q,M)

]
;

I1 = 96π
2

∫
d4q

(2π)4

d4k

(2π)4

d

d ln Λ

1

k2

d

dk2

[
1

q2(q + k)2B(q, n)B(q + k, n)

(
n + 1

B(k, n)
−

n

B2(k, n)

)]
;
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I2(M) = −16π
2

∫
d4q

(2π)4

d4k

(2π)4

d

d ln Λ

1

q2

d

dq2

B(q + k,m)

P (q + k,M)k2B(k, n)

q2V (q, q + k)

P (q,M)
×

×

[
q4V 2(q, q + k)B3(q,m)

P2(q,M)
+

mq2m

Λ2m

(
− 2B(q,m) + V (q, q + k) −

2M2V (q, q + k)

P (q,M)

)]
;

I3(M) = 4π
2

∫
d4q

(2π)4

d4k

(2π)4

d

d ln Λ

{
∂

∂qα

[
kα

(k + q)2B(q + k, n)
×

×

(
−

V 2(q, k)B3(k,m)B(q,m)

P2(k,M)P (q,M)
−

mk2m/Λ2mV 2(q, k)B(q,m)

k2P (k,M)P (q,M)
+

+
2mk2m/Λ2mV (q, k)B(k,m)B(q,m)

k2P (k,M)P (q,M)
+

2mM2k2m/Λ2mV 2(q, k)B(q,m)

k2P2(k,M)P (q,M)

)]
−

−
1

k2

d

dk2

[
2V 2(q, q + k)B(q,m)B(q + k,m)

P (q,M)P (q + k,M)

(
1

B(k, n)
+

nk2n/Λ2n

B2(k, n)

)]}
;

I4 = 64π
2

∫
d4q

(2π)4

d4k

(2π)4

d

d ln Λ

1

q2

d

dq2

[
1

k2(q + k)2B(k,m)

1

B(q + k,m)

(
1

B(q,m)
+

mq2m/Λ2m

B2(q,m)

)]
.

where we use the following notation: 2 + q2m/Λ2m + (q + k)2m/Λ2m ≡ V (q, q +

k), q2B2(q,m) + M2 ≡ P (q,M), B(q,m) ≡ 1 + q2m/Λ2m. We see that all the
integrals are integrals of total derivatives and can be easily calculated. The
result is

β(α) = −α2

2π

(
3C2 − T (R)

)
+

α3

(2π)2

(
− 3C2

2 + T (R)C2 +
2

r
C(R)i

jC(R)j
i
)
−

−α2C(R)i
jλ∗jklλ

ikl

8π3r
+ . . .

In the two-loop approximation this agrees with the exact NSVZ β-function [6].
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CASIMIR EFFECT WITHIN (3 + 1)D
MAXWELL-CHERN-SIMONS ELECTRODYNAMICS

Oleg Kharlanov a, Vladimir Zhukovsky b

Department of Theoretical Physics, Faculty of Physics, Moscow State University,
119991 Moscow, Russia

Abstract. Within the context of electrodynamics extended with the Lorentz- and
CPT-violating Chern-Simons term, we consider the photon Casimir effect between
two parallel perfectly conducting plates. We find the one-photon eigenstates be-
tween the plates and then renormalize the sum over their energies using the residue
theorem. As a result, we find the leading quadratic Chern-Simons correction to
the Casimir force and place a constraint on the Chern-Simons coupling.

1 Introduction

In the late 1990’s, the framework of the Lorentz-violating Standard Model
Extension (SME) [1] was suggested to phenomenologically account for the low-
energy behavior of the mysterious Planck-scale physics. Indeed, some Planck-
scale theories predict the spontaneous Lorentz symmetry breaking at near-
Planck energies. We work within the so-called (3+1)-dimensional Maxwell-
Chern-Simons (MCS) electrodynamics [2], which is a special case of SME, after
the electroweak symmetry breaking occurs in the latter theory. We focus on
the photon Casimir effect with a setup of two parallel superconductor plates.

2 One-photon eigenstates

The Lagrangian of the MCS electrodynamics contains the Lorentz-violating
topological Chern-Simons term in the pure-photon sector,

L = −1
4
FμνFμν +

1
2
ημεμναβAνFαβ , (1)

where Fμν = ∂μAν − ∂νAμ is the field strength tensor, εμναβ is the Levi-Civitá
tensor, and ημ is a constant axial vector. We will consider the case ημ = (η,0),
in which we can fix the radiation gauge A0 = 0, divA = 0. Then the equations
of motion take the form

�A = 2η rotA, divA = 0. (2)

Choose the cartesian coordinates x, y, z in such a way that the plates occupy
the planes z = ±a, a = D/2. Then, searching for the one-photon eigenstate
wavefunctions in the form

A(x, t) = e∓iωnt+ik·xfn(z), k = (kx, ky, 0), (3)
k · fn(−z) = −Πk · fn(z), k × fn(−z) = Πk × fn(z), Π = ±1, (4)
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where n = (kx, ky,Π, nz) is the complete set of quantum numbers, we find the
implicit expression for the energy eigenvalues ωn

gΠ(ω2
n) ≡ ϕΠ(κ+a)ϕ−Π(κ−a) sin θ− + ϕΠ(κ−a)ϕ−Π(κ+a) sin θ+ = 0, (5)

where sin θλ = κλ/Kλ, κλ =
√

K2
λ − k2, Kλ = −λη +

√
ω2

n + η2, ϕ±(ξ) ={
cos ξ
sin ξ , λ = ±1.

3 Vacuum energy

We have shown in [3] that the Casimir force, which is a derivative of the vacuum
energy with respect to the plate separation D, is gauge-invariant, although the
energy-momentum tensor Tμν cannot be made gauge-invariant [1]. Within the
radiation gauge, the vacuum energy per unit plate area equals [3]

Evac

L2
=

1
2L2

∑
n

ωn(D) = lim
Λ→∞

1
2

∞∫
0

k dk

2π

∑
Π=±1

DSΠ(D,Λ), (6)

SΠ(D,Λ) =
1
D

∑
nz

ωk,Π,nz
(D)e−ωk,Π,nz (D)/

√
kΛ, (7)

where Λ is the cutoff regulator. We show in [3] that the zeros ωk,Π,nz
of the

function gΠ(ω2) can be replaced by the zeros of the meromorphic function

g̃Π(K+) ≡ gΠ(ω2)
ϕΠ(κ+a)ϕΠ(κ−a)

= tanΠ
κ+a sin θ+ + tanΠ

κ−a sin θ−, (8)

which correspond to K+ ∈ (0,Λ). Here, K+ is chosen as the parameter, while
ω =

√
K+K−, K− = K+ + 2η. The function g̃Π does not depend on the sign

of η, so we assume η ≥ 0. Now, using the residue theorem, we transform the
discrete sum SΠ into a contour integral over the complex K+-plane:

SΠ =
1
D

∮
C

ω e−ω/
√

kΛdK+

2πi

(
∂g̃Π/∂K+

g̃Π(K+)
− ΨΠ(K+)

)
, (9)

where the term containing ΨΠ(K+) = aΠ
∑

λ=±1

tanΠ
κλa

sin θλ
cancels the residues

of the other term at the poles of ∂g̃Π/∂K+. The contour C = CIm + CΛ

encloses the domain Δ = {|K+| < Λ, ReK+ > 0} and consists of the segment
CIm = [iΛ,−iΛ] and the semicircle CΛ of radius Λ.

As it is common in the Maxwell electrodynamics, the renormalization of the
above expression involves subtracting the two following counterterms:

SΠ(D,Λ) → Sren
Π (D,Λ) = SΠ(D,Λ) − C

(1)
Π (Λ)
D

− C
(2)
Π (Λ). (10)
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The integral over the semicircle CΛ has the form of the second counterterm,
except for the terms which vanish in the Λ → ∞ limit, and is thus fully cancelled
when renormalized [3]. After extracting the counterterms from the integral over
the imaginary axis, through the consideration of its D → ∞ asymptotic, we
find the renormalized expression for the vacuum energy. After making some
variable redefinitions, we get

Eren
vac

L2
= − 1

4πa3

∞∫
0

k dk

2π

∑
Π=±1

∞∫
−∞

ω(K+)dK+

g̃Π

∑
λ=±1

(1 − tanhΠ
κλ Ξ̃Π,λ), (11)

Ξ̃Π,λ = 1 + (1 − tanhΠ
κ−λ)

cosh θλ

cosh θ−λ
+

∑
λ′=±1

λλ′ sinh2 θλ′ cosh θ−λ′

(cosh θ+ + cosh θ−)κλ′
, (12)

g̃Π = cosh θ+ tanhΠ
κ+ + cosh θ− tanhΠ

κ−, (13)

where ω(K+) =
√

K+K−, K− = K+ − 2iηa, κλ =
√

K2
λ + k2, sinh θλ = k

Kλ

after these redefinitions. The Taylor expansion of this integral gives us the
leading correction to the Casimir force per unit plate area

fCasimir = − ∂

∂D

Eren
vac

L2
= − π2

240D4

(
1 +

25(ηD)2

3π2
+ o((ηD)3)

)
, (14)

which is valid for D � 1/|η|. This result differs from the one found in [4] both
in sign and in magnitude. Comparing this result with the experimental data
on the Casimir effect [5,6], we obtain the constraint on the absolute value of η:

|η| � 2 · 10−2 eV. (15)

Although the constraint we have obtained is weak compared to, e.g., astro-
physical constraints on η, the effect we have considered is a signature of the
quantum structure of the vacuum with broken Lorentz invariance and is thus
a subject of experimental interest.

[1] D. Colladay and V. A. Kostelecký, Phys. Rev. D 58, 116002 (1998).
[2] S. M. Carroll, G. B. Field, and R. Jackiw, Phys. Rev. D 41, 1231 (1990).
[3] O. G. Kharlanov and V. Ch. Zhukovsky, e-Print: arXiv:0905.3680 [hep-

th], accepted for publication in Phys. Rev. D.
[4] M. Frank and I. Turan, Phys. Rev. D 74, 033016 (2006).
[5] B. W. Harris, F. Chen, and U. Mohideen, Phys. Rev. A 62, 052109

(2000).
[6] P. Antonini, G. Bressi, and G. Carugno, et al., New J. Phys. 8, 239

(2006).

410

Number_#1024_Pg001-452.indd   410 9/23/10   3:00 PM



CASIMIR ENERGY CALCULATIONS FOR CHERN-SIMONS
SURFACES AND DIELECTRIC PLATES WITHIN THE

FORMALISM OF LATTICE QUANTUM FIELD THEORY

Maxim Ulybyshev a

Faculty of Physics, Moscow State University, 119991 Moscow, Russia

Abstract. A new method based on the Monte-Carlo calculation on the lattice is
proposed to study the Casimir effect in the noncompact lattice QED. This method
can be used for Chern-Simons surfaces (thin metal films) and for dielectric plates.

1 Introduction and general motivation

During the last few years Casimir effect has attracted much attention due
to the great experimental and theoretical progress in studying of this phe-
nomenon. This macroscopic quantum effect plays crucial role in nanophysics,
micro-mechanics and material science.

Analytic methods for Casimir effect calculation are very complicated and
strongly dependent on the shape of a surfaces. So a lot of theoretical methods
for calculation of the Casimir effect were proposed. Typically, various approxi-
mate methods (like the proximity force approximation method [1], [2]) are used
in the case of curved surfaces.

Based on this arguments, it seems a very important task now to create a
general method for calculation of Casimir effects which would work well for
different shapes of boundary surfaces, for different fields, at non-zero temper-
ature and density and under other external factors. It means that such a
method should be formulated very generally for working in different coupling
regimes and different external conditions. And we believe that direct lattice
calculations in quantum field theory can meet all these requirements.

2 Lattice variables for the description of the Casimir efffect.

In our work we use the four-dimensional hyper-cubical lattice in Euclidian
space-time and the following action of so-called non-compact QED:

S =
β

2

∑
x

∑
μν

Θμν(x)Θμν(x).

Here the link variable is simply θμ(x) = gAμ(x)a (a is the step of the lattice)
and plaquette variables are defined as:

Θμν(x) = θμ(x) + θν(x+ μ̂)− θμ(x+ ν̂)− θν(x).

ae-mail: ulybyshev@goa.bog.msu.ru
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Physical quantities are calculated in the lattice formalism by means of field
configuration averaging, where the field configurations (the set of all link vari-
ables) are generated with the statistical weight e−S .

Lattice variables for the description of the Casimir effect can be written as:

e−iSadd ,

where Sadd is an additional action that describes interaction of boundary sur-
faces or macroscopic bodies with the electromagnetic field. So we can obtain
the Casimir energy of this boundaries or bodies by calculation of the configu-
ration average:

〈eiSadd〉 → Ce−EcasT ,

where T is size of the bodies in t-direction.
The main task is to rewrite these additional actions in terms of lattice vari-

ables (links and plaquettes).
Chern-Simons action is the 3-dimentional integral on the boundary surface

S:

S =
λ

2

∮
d3s εσμνρnσAμ(x)Fνρ(x)

It can be rewritten on the lattice by the following way:

Sadd.CS =
1

8
β
∑
x∈Σ

nμ(x)θc,μ(x), (1)

where

θc,μ(x) = εμνρσ(θl,ν(x) + θl,ν(x+ ρ̂) + θl,ν(x+ σ̂) +

θl,ν(x+ ρ̂+ σ̂))(θp,ρσ(x) + θp,ρσ(x+ ν̂)). (2)

The same operation can be performed in the case of dielectric bodies. The
additional action for them can be written as follows:

Sadd. =
(ε− 1)

2

∑
x∈V

3∑
i=1

Θ2
0i(x).

So we have lattice variables for the dielectric bodies and Chern-Simons surfaces.
These variables can be used for the Casimir energy calculations in the case of
complicated geometry of interacting bodies.
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BOUND STATES OF THE FOURTH-GENERATION QUARKS

Oleg Pavlovsky a, Maxim Ulybyshev b

ITPM, Moscow State University, 119991 Moscow, Russia
Abstract. The problem of the boundary state formation of the fourth-generation
quarks due to the interaction with the Higgs field was considered. Such interaction
leads to the change of the vacuum expectation value of the Higgs field locally
around the heavy fermion and to the non-topological soliton generation. This
phenomenon plays a very important role for the fourth-generation quarks physics.

The extension of the Standard Model by taking into the account a 4th-
generation quarks is a very interesting possibility for the New Physics search
and the 4th-generation quarks have been taken into the theoretical consider-
ations. The 4th-generation particles are denoted by the same symbols as the
third-generation ones with an added prime (b′ and t′). Experimentally, the
masses of the 4th generation quarks should be more than 250 GeV . Typically,
in theoretical models of the 4th generation extension of the Standard Model
the b′ quark mass is about 300 GeV , and t′ quark mass should be more the 1
TeV .

Figure 1: Wave-soliton phase diagram for the bubbles with different numbers of quarks.

Analogously to the Standard Model, let as consider the 4th-generation quarks
as the massless Dirac particles been in the Higgs field. Due to the spontaneously
symmetry breaking phenomenon the Higgs field has a vacuum expectation value
ν and the Yukawa coupling generates the values of the mass for the quarks

ae-mail: ovp@goa.bog.msu.ru
be-mail: ulybyshev@goa.bog.msu.ru
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mq = gY ν/
√

2. But as we will show, this scenario of the mass generation correct
only for the small coupling constant gY . Strong coupling leads to the deflection
of Higgs mechanism steam from the fact that in case than the Fermion-Higgs
interaction is strong enough it is favorable for the quasi-massless quarks to be
inside a bubble-like soliton than to be free and massive.

For illustration of this idea let as consider the spherically symmetrical field
configuration for the Higgs fields and the quarks. In this simplest case our
problem is to integrate a system of the ordinary differential equations for po-
tentials and finding the solution of the eigenvalue problem for the energy E of
the quarks.

On Fig.1 one can find the soliton-wave phase diagram for the different num-
bers of fermions (N) which are bound inside the bubble (the largest N is 12
due to the Pauli exclusion principle). The generation of the soliton (and the
changing of the Higgs mechanism) for one fermion bubbles take place only for
very large coupling constants which can be associated with t′-quark physics
only. However for multi-quark bubbles the formation of such states is possible
for b′-quark too.

Figure 2: The mass the bubbles with N fermions.

The deflection of the Higgs mechanism in strong Yukawa coupling regime is
illustrated on Fig. 2. The linear growth of the mass with coupling is changed
on a saturation for any N and the Higgs mass. The physical origin of this
phenomenon consists in the generation of the non-topological soliton of the
Higgs field around the 4th-generation quarks. The energy of this soliton can be
interpret as a binding energy of these quarks in the case misti-quarks bubbles.

This work was partially supported by President RF Grant N.Sh. 3159.2010.2
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EXPONENTIAL FORM OF THE MIXING MATRIX IN THE
LEPTON SECTOR OF THE STANDARD MODEL
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K.Zhukovsky b

Faculty of Physics, M.V.Lomonosov Moscow State University, Leninskie Gory,
119991, Moscow, Russia

Abstract. We propose a new unitary exponential parameterisation of the neutrino
mixing matrix in the Standard Model, where the CP-violating term and the Majo-
rana phases term are accounted for by a special term, separated from the rotational
one and discuss its properties in comparison with the O(3) rotation matrix in the
angle-axis form.

The mass mixing in the Standard Model (SM) is based on the fact that weak
and mass eigenstates differ. Flavour states νe, νμor ντ , are linear combinations
of neutrino states with different masses. The flavour content of a quantum state
may change as it propagates freely. The strength of flavour changes under weak
interactions of neutrinos is specified by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix U PMNS [1]:

|να〉 =
∑

i=1,2,3

U∗
PMNSα i |νi〉, UPMNSα i ≡ 〈να | νi〉 . (1)

For three neutrinos the following standard parameterisation (SP) of theU PMNS

[2] is approved:

UPMNS = UPMjr, PMjr = diag
(
eiα1/2, eiα2/2, 1

)
, (2)

where matrix U is identical to that of quark mixing with three mixing an-
gles θ12, θ23, θ13; the CP violating phases are δ and αi. For Majorana par-
ticles αi �=0, this has physical consequences only in lepton number violating
processes. Regardless of that, αi do not influence the neutrino oscillations.
Experimentally determined values for the mixing angles read as follows [2]:
θ12 ∼= 33.9 ± 2.4◦, θ23 ∼= 45 ± 7◦, θ13 ≤ 13◦. The angles θ12 and θ23 are
large and only θ13 is small in contrast with the mixing matrix for quarks. The
tri-bimaximal (TBM) parameterisation [3] of the U PMNS matrix is consistent
with experimental data. We advocate exactly unitary exponential parameteri-
sation for the neutrino mixing, following that we constructed for quarks [4]:

Ṽ = PRotPCPPMjr. (3)

ae-mail: dattoli@frascati.enea.it
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The matrix PRot (3) represents the angle Φ – axis n form of a rotation in 3D:

PRot = eARot = exp

⎛
⎝ 0 λ μ

−λ 0 −ν
−μ ν 0

⎞
⎠ = M = exp

⎡
⎣Φ

⎛
⎝ 0 −nz ny

nz 0 −nx

−ny nx 0

⎞
⎠
⎤
⎦ ,

(4)
the CP violating part and the Majorana part respectively consist of the matrices

PCP = exp

⎛
⎝ 0 0 μ

(−1 + eiδ
)

0 0 0
μ
(
1− e−iδ

)
0 0

⎞
⎠ ,

PMjr = exp

⎡
⎣i

⎛
⎝ α1/2 0 0

0 α2/2 0
0 0 0

⎞
⎠
⎤
⎦ . (5)

The rotation angles inṼ coincide with those in the SP form of U PMNS [2] only
when δ is small, but U PMNS does not contain any small parameters because
of the angles θ12 and θ23 are large and δ, α1 and α2 are unconstrained by
experiments. Thus we construct Ũ :

Ũ = MPCP =
(
Ξ1 cos 2Δ + κ−Ξ3 sin 2Δ , Ξ2 , Ξ3 cos 2Δ + κ+Ξ1 sin 2Δ

)
,

(6)
where

Δ = μ sin
δ

2
, κ± = ie±i δ

2 ,Ξ1 =

⎛
⎝ Mx

Myx

Mzx

⎞
⎠ ,Ξ2 =

⎛
⎝ Mxy

My

Mzy

⎞
⎠ ,Ξ3 =

⎛
⎝ Mxz

Myz

Mz

⎞
⎠

(7)
and the rotation matrix M in 3D has the following well known tensor form:

Mij= (1− cosΦ)ninj+δij cosΦ−εijknk sinΦ , i, j, k = x, y, z, 	̂n = (nx, ny, nz)
(8)

where n and Φ are the rotation vector and angle. We omit the expressions for
them in terms of the mixing angles θ12, θ23, θ13 of the SP form of U PMNS [2]
and derive them from (4):

nx =
ν

Φ
, ny =

μ

Φ
, nz = − λ

Φ
, Φ = ±

√
λ2 + μ2 + ν2. (9)

Thus, with account for the TBM entries [3] we obtain the values for λ, μ, ν in
PRot: λ ∼= 0.5831, μ ∼= −0.2415, ν ∼= −0.7599. Surprisingly, the rotation axes
n (9) for the neutrino and the quark mixing matrix [4], calculated from the
experimental data [2], form the angle of 44.5 degrees. The product PCP ·PMjr

yields the following VMCP matrix, responsible for the CP violation effects in
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the exponential parameterisation of the U PMNS and its expansion in series of
the Bessel functions:

VMCP = PCPPMjr =

⎛
⎝ ξ1 cos 2Δ 0 κ+ sin 2Δ

0 ξ2 0
ξ1κ

− sin 2Δ 0 cos 2Δ

⎞
⎠ , ξ1,2 = ei

α1,2
2 ,

(10)

VMCP =

⎛
⎜⎜⎜⎜⎝

ξ1
∞∑

n=−∞
Jn (2μ) cos

(
nδ
2

)
0 κ+

∞∑
n=−∞

Jn (2μ) sin
(
nδ
2

)
0 ξ2 0

ξ1κ
− ∞∑

n=−∞
Jn (2μ) sin

(
nδ
2

)
0

∞∑
n=−∞

Jn (2μ) cos
(
nδ
2

)

⎞
⎟⎟⎟⎟⎠ ,

(11)
where the CP non-conserving parameter δ is separated from the parameter μ
in the arguments of the Bessel functions Jn(2μ). The obtained result is exact
in the terms of δ and α1, α2. Assuming that α and δ are small c we have

VMCP = PCPPMjr
∼= exp

⎛
⎝ iα1/2 0

(−1 + eiδ
)
μ

0 iα2/2 0(
1− e−iδ

)
μ 0 0

⎞
⎠+O (α1μδ) .

(12)
The VMCP matrix is asymmetric with respect to ξ1,2 and the Majorana term
interplays with the δ phase. When α1 = 0, the symmetry in (10) is restored.
For ξ2 = 1, i.e. α2 = 0, the VMCP matrix reminds the mixing matrix for just
two lepton generations, acting on e , τ and νe, ντ with the weights ξ1 for the
entry (1,1), κ+ for the entry (3,1) and ξ1 κ− for the entry (1,3). For α2 �= 0,
the vector of the mixed neutrino states under the action of the V ∗

MCP matrix
becomes

|ν̃α〉 =
⎛
⎝ |ν1〉 ξ∗1 cos 2Δ + |ν3〉κ+∗ sin 2Δ

|ν2〉 ξ∗2
|ν1〉 ξ∗1κ−∗ sin 2Δ + |ν3〉 cos 2Δ

⎞
⎠ . (13)

The direct check confirms the unitarity of VMCP of the exponential parame-
terisation Ṽ :

V−1
MCP ·VMCP = V+

MCP ·VMCP = I, Ṽ−1 · Ṽ = Ṽ+ · Ṽ = I. (14)

The action of PRot on the neutrino vector (13) yields the following final result:⎛
⎝ |ν̄e〉

|ν̄μ〉
|ν̄τ 〉

⎞
⎠ = MV∗

MCP

⎛
⎝ |ν1〉

|ν2〉
|ν3〉

⎞
⎠ = F |ν1〉+G |ν2〉+H |ν3〉 , (15)

cNote that |μ| is rather small, compared with 1, and hence the expansion in power series
yields U ∼= PRotPCP when μδ � 1. However, the condition μδ � 1 is fulfilled only roughly
here, contrary to the case of quarks, and we do not make use of this expansion.
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where α denotes the type of the neutrino, M is the rotation matrix (4), (8)
and

F = ξ∗1
(
Ξ1 cos 2Δ + Ξ3κ

−∗ sin 2Δ
)
,

G = ξ∗2Ξ2H = ξ∗2
(
Ξ1κ

+∗ sin 2Δ + Ξ3 cos 2Δ
)
. (16)

Ξi, Δ, κ and ξ in (16) are given by (7),(10),(8), where the n and Φ are expressed
in terms of μ, λ, ν (9) of the exponential mixing matrix. The contribution due
to ν2 neutrinos is affected by α2 in G. The ν1 and ν3 neutrino enter respec-
tively with α1 and α2 dependent factors F and H (16), which can be seen as
a rotation in the angle 2Δ, determined by the CP phase δ with the weights Ξ
and κ. When δ=0, the neutrino mixing can be viewed as the rotation around
a fixed axis in 3D space in the angle Φ. For Φ = 0, the neutrino mixing fades
out, U PMNS becomes unit matrix I. The CP-violating phases δ and αi break
this symmetry. From the experimental data and [3] we calculate Φ ∼= 56◦ and
conclude that the rotation axes for the neutrino and the quark mixing form
the angle of ≈ 45 degrees, thus reformulating the hypothesis of equality and
complementary angles for quarks and neutrinos [5]. The exponential parame-
terisation of the U PMNS gives several advantages. Generation of new unitary
parameterisations with separated CP violating part is possible. Combined ef-
fect and the interplay of δ and Majorana phases αi in the CP violation can be
studied in the exponential forms (10),(12). The Bessel series (11) separate δ
and αi terms in the coefficients. Transformation of the neutrino vector by the
exponential parameterisation of the U PMNS (15),(16) distinguishes the con-
tribution of the CP violating phase for each neutrino type, providing a useful
tool for the analysis of experimental data on neutrino oscillations.
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”THE BUNDLE FOR MEMORY” FROM AN EXOTIC
QUASIPARTICLES
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Abstract.The recent results of micro fibers of diamond bundles and gyroscope cre-
ation by using an exotic quasiparticles (magnetic charges) are represented. We
note that classic L. Euler’s model of gyroscope can be used as theoretical model of
magnetic charge vortex. A new type of an exotic (twin) quasiparticles have been
identified, which are also generated and detected in laser-discharge experiments in
vacuum and air.

1 Introduction

Few interesting physical effects had been observed at first during our investiga-
tion of the processes generation of and exotic quasi particles and its interaction
with matter in laser-produced plasma experiments (see its schemes in [2]).
Namely, we observed the discrete trajectory of moving an exotic quasiparticles
(in vacuum) as was predicted at first by W. Heisenberg [1] (see, for example
Fig.1 and an additional pictures in [2–5]). Here the height of open slit = 15mm.
By using the new method for diamond synthesis [6] we were able to obtain a
strongly magnetized diamond fibers (see Fig.2) which attracted by steel pincers
and had specific specter of Raman scattering (Fig.3). The analogous bundles
have been obtained on the surfaces of dielectric detectors from CR39 (Fig.4).
We already wrote that an exotic quasiparticles have vortex-like structures [2,5]
(Fig.5, height of spinning top equals ≈ 1cm). Now we can add that sometimes
a diamonds in form as ”freezing” gyroscope (Fig.6) had been obtained. In this
paper we try to give our explanation of mentioned above physical phenomena.
Finely, we would like to remember the well forgotten scientific work of M.V.
Lomonosov, who was the first who observed and described analogous an exotic
quasiparticles in 1753 year [7].

2 The physical nature of observed an exotic quasi particles

Why we think that observed an exotic quasi particles are magnetic charges? As
we already demonstrated an exotic quasiparticles separated in two groups near
two different poles of magnets. They produces character tracks on dielectrics
(for example, tubular tracks, see Fig.7, scale X = Y = 921.3 μ) predicted by
L. Schiff [8], and long line tracks which at passed times try to found by E.
Fermi, E. Teller and others, see (Fig.8). Besides this the super strong magnetic
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fields and anomalous plasma droplets with few miniature magnetic dipoles had
been detected and investigated [9–11]. The observed bundle topology (Fig.2,4)
show us that most probably the bundle theory for describing an elementary
particles has a good chance for its the best descriptions. As already wrote
in [12], the structure of magnetic monopole may be very similar to gyroscope
described by Leonard Euler equations in case of zero main inertial moments.
This is in a good agreement with our measurements of mass an exotic quasi
particles [4] md ≈ 2 · 10−35g (namely due to this fact we gave name ”monop-
olino” to an exotic quasiparticles). The generation of an exotic quasiparticles
may be connected with the development of thermomagnetic instability [5] or
an explosive instability [13, 14] in laser-produced plasmas. Such instabilities
are accompanying by super strong magnetic fields generation, as well as by the
generation of shooting vertexes - laser ”magnetoms” [5], which in turn can be
”evaporated” as miniature black holes and hence the magnetic charge genera-
tion can take place [15]. In accordance with [16] classical electrodynamics may
be interpreted as a theory of an infinitesimal connection in a principal fibre
bundle with the structure group U(1). A similar interpretation can be given to
the Yang-Mills fields and in general to all fields resulting from ”gauge transfor-
mations of the second kind”. In absence of external fields the simplification is
possible in theory [17] and then monopoles are Abelian objects [18]. As men-
tioned in this paper the Abelian monopoles and the center vortices appears to
be strongly correlated with each other: almost all monopoles are sitting on top
of the vortices. In reality (in general case) the creation of magnetic monopoles
take place in strong magnetic fields inducing in laser-produced plasma (as in
our case, or in other fields which can be in concrete laboratory system), and
hence the mentioned above simplified model is not correct [17]. So we regards
that detected in our experiments an exotic quasiparticles are non-Abelian par-
ticles on its nature like as leptons [19]. In addition, the observed percolating
properties of the monopoles and the vortices are revealing the nature of the
magnetic condensation in the non-Abellian case [18]. As it had been noted
in this paper in SU(2) gauge theory the magnetic monopoles system can be
considered as monopole-vortex chain. Namely such system we observed in our
experiments [20]. In Fig 9,10, the traces of low energy scattering of non-Abelian
magnetic monopole are shown (theoretically predicted trace [21], left, and our
experimental trace, center). We can note, that predicted theoretical model de-
veloped in [21] could be very interesting due to a good agreement with observed
trace on CR39 (Fig.10). Figures (2,4) are the best arguments for demonstration
that bundles are a generalization of the concept of Cartesian product T ∗ S,
where T is time axis and S is the three-dimensional space [16] (note only, that
T can be also 3D, see [4] and its references). The full set of Maxwell’s equa-
tions is known to follow from a simple action principle in the Kaluza-Klein
theory (or one of its modifications), and one can construct a principal fibre
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bundle from the Kaluza-Klein space [16]. So, in principle, we are not needed in
Yang-Mills theoretical models for describing the real observed monopoles. In
particularly, instead Nahm’s model [12] it is worth to use the classical Euler
model of gyroscope to describe magnetic monopoles (vortexes).

3 The twin exotic quasiparticles

The X-ray images produced by RFR-4 [22] demonstrate us not only discrete
trajectory of moving and radiative quasiparticles but also traces of double par-
ticles. It is distinctly viewed in CR39 after standard procession procedure
(etching in 6.25 N suspension of NaOH during 20 minutes at temperature
(65 ± 10)◦ C, see for example, Fig.11, right). The behavior of such twin par-
ticles are different from behavior of magnetic monopoles (or monopolinos). If
last of theme are ”very nuclear active” [23] the twin particles are more ”quiet”.
Now we can propose that it may be dyons. By using F. Wilczek’s remarks on
dyons [24] and knowing only its typical size ro ≈ 10 μ (see Fig.11) we can esti-
mate the mass of dyons md ≈ 10−34g when q = e (it is easy to show that case
when magnetic g and electric q charges are equals to each other is not realistic),
and then g ≈ (137/4)e, i.e in twice less then possible minimal magnetic Dirac’s
monopole charge. So dyon can be constructed from two pieces with total mag-
netic charge g = gd - minimal magnetic charge of monopole Dirac . But dyons
of course could not being single possible candidate for explanation of our dou-
blet particles observations. In addition, for example, we could proposed, that
they can be neutral Higgs particles H0 which have doublet structure [25] or
two positive and negative Higgs bosons [19] but only with extra small masses.
Because of, if we have such slight magnetic charges we must have very slight
Higgs bosons too. Similar to monopole-vortex chains [20] were found in numer-
ous (non-)supersymmetric non-Abelian gauge theories involving various Higgs
fields (see [18] and its references). These questions will be considered in more
detail in other our publications. Finely, we would like to emphasize, that most
probably an exotic quasiparticles (slight magnetic monopoles) was observed by
M.V. Lomonosov in 1753 year at first by using ”storm machine”! He wrote
( [7], p.191) that a pyramid-like sparks and red sparks moving in air produced
a ”hissing light”. The red color is a preferably that due to Compton’s scatter-
ing of light by slight magnetic charges must be in red and infrared regions [4].
Acoustic radiation effects, which we detected in our experiments [2] are sim-
ilar to acoustic effects which had been listen by M.V. Lomonosov and others
eyewitnesses who observed of ball lightning decomposition (see also our notices
in [14, 26, 27]). When magnetic charge moves in air its Cerenkov’s radiation
must be in opposite direction and also has a pyramid-like form [4].
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Fig. 1(left), Fig. 2(right)

Fig. 3 (left), Fig.4 (right)

Fig. 5 (left) Fig.6 (right)
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Fig.7 (left), Fig.8 (right)

Fig.9 (left), Fig.10 (center), Fig.11 (right)
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ANGULAR MOMENTUM RADIATION OF SPIN LIGHT
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Abstract. Orbital, spin and it’s mixed density tensors of angular momentum radia-
tion of electromagnetic field are constructed on the basis of technique of covariant
differentiation. As an example the angular momentum of spin light of a magneton
moving with a constant velocity is considered.

The spin light [1] corresponds to the electromagnetic radiation of a relativistic
spin particle with a proper magnetic momentum. Such radiation arises only
from the electrically neutral particles (neutron [2], neutrino [3]). If the particles
have also an electrical charge, the interference of radiations arises. In what
follows the problem of identification of the spin light was studied in details on
the basis of the semiclassical theory of relativistic radiation [1,4-6].

At the present time spin light as a special type of electromagnetic radiation
is discussed in the case of synchrotron and undulator radiation of electrons;
high energy neutrino radiation in matter and in gravitational fields [1, 7-9].

In this work we suggest a research of fundamental properties of the spin light
radiation associated with the proper angular momentum of electromagnetic
field (AMEF). For the construction of our theory we will use the well-known
methods of the classical relativistic radiation theory [1, 9].

2 Proper AMEF of spin light and it’s power

With respect to Teitelboim’s assumption [9] the spin density tensor of AMEF
is defined like

Mμνλ =
1

c
(RμEνλ −RνEμλ).

Here Rμ = rμ + r̃μ, rμ = (ct, r), r̃μ is the light-like four-dimensional vector
drawn from the charge to the spectacular point; Eμν is a symmetrical stress
tensor of energy of spin light. In this case the division of the full radiated
AMEF into orbital and spin parts has gauge and relativistically invariance:

Mμνλ = Lμνλ + Π μνλ.

Here

Lμνλ =
1

c
(rμEνλ − rνEμλ), Π μνλ =

1

c
(r̃μEνλ − r̃νEμλ)
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are the orbital and the spin density tensors AMEF correspondingly. Then we
will consider AMEF located at the wave zone, where

L̃
μνλ

=
1

c
(rμ(−2)Eνλ − rν(−2)Eμλ), Π̃ μνλ =

1

c
(r̃μ(−3)Eνλ − r̃ν(−3)Eμλ).

The indexes (−2) and (−3) describe a degree of falling of field subject to the
distance. Similarly we can construct the density tensor AMEF for mixed ra-
diation. Especially for a particle moving with a constant it becomes in the
form

Π̃ μνλ
em =

ec2

4π

r̃[μ
◦◦
Π νρ]

(r̃ρυρ)5
r̃ρr̃

λ.

Here a square brackets denote an antisymmetrization: a[μbν] = aμbν − aνbμ.
Πμν = (Φ,Π) is an antisymmetric space-like tensor of the proper magnetic mo-
mentum of the particle, symbol ◦ means a derivative with respect to the proper
time τ . From the condition of divergence DλΠ̃

μνλ
em = 0 (retardation derivative

is defined like Dμ = ∂/∂Rμ) after tha integration over four-dimensional solid
angle the rate of mixed AMEF per unit proper time is given by

dΠ̃ μν
em

dτ
=

2e

3c2
◦◦
Π
μν .

3 Conclusion

Thus, this paper we demonstrate the properties of intrinsic angular momentum
of spin light radiation, a new phenomenon of nature.
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FORCE-MOMENTUM RADIATION FROM RELATIVISTIC
CHARGED PARTICLES

V. A. Bordovitsyn a, E. A. Nemchenko b

Faculty of Physics, Tomsk State University, 634050 Tomsk, Russia
Abstract. Two alternative definitions of density of angular momentum of electro-
magnetic field by Ivanenko-Sokolov and by Teitelboim et al. are discussed. It is
shown that both definitions give identical integral characteristics of radiation for
an arbitrary moving relativistic charge. The total powers of orbital angular mo-
mentum and spin momentum of radiation are deduced and the exactly physical
interpretation obtained.

1 Introduction

In 1897 A. I. Sadowsky put forward a hypothesis that circularly polarized light
must possess the proper angular momentum [1]. In 1935-1936, B. A. Beth in
USA [2] and A. N. S. Holborn in England [3] experimentally proved that cir-
cularly polarized light does possess angular momentum. At the present time
there is no doubt about the existence of the angular momentum of circularly
polarized electromagnetic waves. However, the general definition of angular
momentum of the electromagnetic field (AMEF) is argued over among physi-
cists even nowadays [4–8].

2 Relativistic theory of the AMEF radiation

In this work two different definitions of density of intrinsic angular momentum
of electromagnetic field by Ivanenko-Sokolov [9] and by Teitelboim- Villarroel-
van Weert [10] are discussed. We find that in spite of the absence of the outward
sign of similarity these two methods give identical results for the rate of the
total power for both orbital and spin angular momenta radiation which in the
wave zone have the following form:

dL̃μν

dτ
=

2

3

e2

c5
ωρω

ρ(rμvν − rνvμ),
dΠ̃μν

dτ
=

2

3

e2

c3
(vμων − vνωμ),

where vμ = drμ/dτ and ωμ = dvμ/dτ are the four-vectors of velocity and
acceleration correspondingly.

Our formulas have clear-cut physical interpretation. If we put the well-known
charge power of the radiation into operation [11]

dP̃μ

dτ
=

2e2

3c5
ωρω

ρvμ,
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then we can get the expression for the orbital momentum of radiation

dL̃μν

dτ
= rμ

dP̃ ν

dτ
− rν

dP̃μ

dτ
=

d

dτ
(rμP̃ ν − rνP̃μ),

which is formally the same relation between the torque tensor of the particle
and its angular momentum as in the relativistic mechanics

T̃μν = rμF̃ ν − rν F̃μ =
dL̃μν

dτ
.

Thus, the radiation of the orbital AMEF adds up to the radiation of the field
momentum of the force.

It should be noted, that the power of the radiation of the spin momentum is
proportional to the Thomas’s precession frequency ΩμνTh (see e. g. [10] ), which
acquires now obvious dynamical interpretation.

3 Conclusion

To sum up, it can be stated that the subject of investigation designed here has
discovered, in fact, a new trend in the relativistic theory of radiation and the
spin properties of relativistic particles.

This work was supported by RF President grant SS 871.2008.2, and by the
Russian Science and Innovations Federal Agency under contract 02.740.11.0238.
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REDUCED GAUGE THEORY AND MULTI-MATRIX MODELS

A.O. Shishanina

Russian People’s Freindship University, Moscow
Abstract. For 2d Eguchi-Kawai model and two-matrix model with commutators
we compare a correlation function.

Many interesting problems of quantum field theory and statistical physics can
be simplified in the limit of infinite number for degrees of freedom N → ∞.
One could then develop a systematic approximation procedure by studying
the case N = ∞. For particle physics the 1/N-expansion was introduced by
’t Hooft [1]. In particular, in this review was observed that the only planar
diagrams survive in the large N limit of SU(N) gauge field theory.

It was explained by T. Eguchi and H. Kawai [2] that at N = ∞ field theories
become equivalent to matrix models living at a single point. The feature of
these Eguchi-Kawai models (or ”reduced models”) has got hope for better
understanding of the N = ∞ limit for QCD [3], [4].

Continuum reduced Eguchi-Kawai model has action

SEK = − 1
4g2

Tr[Aμ, Aν ]2, (1)

where Aμ are N × N traceless anti-hermitian matrices.
In paper of T. Hotta, J. Nishimura and A. Tsuchiya [5] was estimated some

correlators. Using scaling properties of the partition function we have

<
1
N

Tr(F 2) >= dN(1 − 1
N2

)g2. (2)

Let us now consider the k + 1 matrix model [6] with

Z =
∫

dXdY1...dYke
− 1

2 TrX2− 1
2

∑
i
TrY 2

i + 1
4g2

∑
i
Tr[X,Yi]

2

. (3)

We can calculate gaussian integral over Yi matrices. Here we can derive at
large N limit equation for the eigenvalue distribution function ρ(x)

x

2
=

∫
(
1 − k

x − y
+

k

(x − y)(1 + 1
4g2 (x − y)2

)ρ(y)dy. (4)

Here normalization is
∫

ρ(x)dx = N .
Let us for simplicity consider the two-matrix model k = 1 with g → 0 limit as

approximation for 2d Eguchi-Kawai model. For this model the general solution
was found by V. Kazakov, I. Kostov and N. Nekrasov [7]. For all g the solution
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of field equations was expressed via elliptic functions. They demonstrated also
that here a phase transition is absent.

The saddle point equation for this case is

x

2
=

∫
ρ(y)dy

(x − y)(1 + 1
4g2 (x − y)2)

. (5)

One can solve this equation taking into account the general result∫ a

−a

ρ(y)dy

(x − y)(1 + 1
4g2 (x − y)2)

= −2πgρ′(x) (6)

as g → 0.
Then solution of this integral equation is parabolic distribution

ρ(x) =
1

8gπ
(a2 − x2), (7)

where a = 3
√

3πg.
The correlation function also can be calculated as

< tr[X, Y ]2 >= 2 < (tr(X2Y 2) − tr(XY XY ) >=
∫

dxdyρ(x)ρ(y)(x2 − xy)
(1 + 1

4g2 (x − y)2)
,

(8)
where x and y change from −a to a.

When g → 0, we can obtain

<
1
N

tr[X,Y ]2 >= −2Ng2 +
4
5
g2(3πgN)

2
3 + ... = −2λ +

4
5
(3π)

2
3

λ
5
3

N
2
3

+ ... (9)

Here we see that this formula coincides in the principal approximation with
accuracy of sign (we deal with accepted notation). But next approximation
terms are different.
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THE INTELLIGENTSIA AND GLOBALIZATION

by John Kuhn Bleimaier a

15 Witherspoon Street, Princeton, New Jersey 08542 USA

Globalization is an international movement premised on the subordination of
individual rights and sovereign prerogatives to the dictates of the transnational
maximization of return on capital investment. As such, globalization is at
odds with democracy, self-determination, individual economic welfare and the
attainment of world peace. When globalization is recognized for the ideological
malaise which it is, the intelligentsia will strenuously oppose it.

I

Democracy is most readily attained in small units of governance. An in-
formed electorate and a responsive government are likely to work smoothly
together when their interaction is intimate and frequent. For this reason a
globalized polity is unlikely to be democratic. On the other hand, localized
governmental administration is likely to be responsive and representative. The
classic Greek city-states, the cantons of the Swiss Confederation and the town
meetings of rural Vermont are good examples of successful self-government. On
the other hand mega sized sovereigns are destined to be bureaucratic, distant
and imperialistic. Witness the Ottoman Empire, an archetypical, dictatorial
bureaucracy of Byzantine proportions. As a practical matter a large state en-
tity must rule through indirection, and by use of fiat. The mega unit cannot
relate directly to the individual constituent and must rely on mass media as
an avenue of communication. Communication is always, of necessity, from the
top down.

From 1848 the political history of the western world has been centered around
the concept of self-determination. National groups, social classes, professional
associations, all have sought to shape their own destiny. Self-determination is
imperiled by globalization.

Globalization is first and foremost a financial system, which restricts the eco-
nomic freedom of individual state actors in the interest of a unified, transna-
tional market for capital, goods and services. Globalization is advocated in the
exclusive interest of powerful, global economic actors. The determination of
policy in the globalized society will, of necessity, be subjective and self-serving.
After all, in the globalized world only the largest scale players can hope to in-
fluence the determination of policy. In a globalized world the individual person
and his interests are virtually irrelevant. Self-determination is an obstacle in
the path toward the attainment of global objectives. From the perspective of
the global oligarchy democracy is never an efficient system of government.

The global system allocates the extraction of raw materials, the production
of finished goods and the consumption of end products so as to maximize
the return on the capital investment of large international proprietors. The
objectives and needs of the individual members of society are of no consequence.
Thus, globalization is inherently undemocratic. Indeed, globalization is anti-
democratic because it seeks to eliminate the disturbances to the optimized
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flow of capital, goods and services which popular self-determination potentially
present.

The implement used by the global proprietors, which eradicates democratic
institutions, is the international mass media. Establishing and operating the
means of communication in a technological society is an inherently expensive
proposition. The ownership of means of mass communication requires a suffi-
ciently large capital investment that it is only within the grasp of governments
or oligarchs. Thus, ironically the fourth estate, once the advocate of individual
liberty, equality and brotherhood is transformed in the globalized society into
the handmaiden of ”Big Brother.” Mass media becomes a true opiate of the
masses, restraining aspirations, providing mindless distractions and diversions.
The globalized media insures that the mass audience is preoccupied with trivial
show business and yellow journalism, while guaranteeing that substantive is-
sues are disregarded. Mass media, to the extent that it addresses fundamental
issues at all, portrays them as hopelessly complex and insoluble. The mass au-
dience is discouraged from contemplating the basic problems facing humankind
and their solution.

The mass media invariably attempts to establish a conventional wisdom that
is consistent with the economic interests of its proprietors. Thus mass media
is the principal means used by the international capital investment oligarchy
to establish a global network of financial markets and a global distribution of
assets and production, which maximizes the return on capital investment.

What is the intelligentsia’s reaction to this state of affairs? By definition
the intelligentsia is that cadre in society, which thinks deeply, critically and
independently. Membership in the intelligentsia reflects education, but first
and foremost it reflects an intellectual predisposition to think outside the box.
The members of the intelligentsia are the torchbearers of national culture and
the theoreticians in both the arts and in science. The intelligentsia has a long
and distinguished history as the conscience of society and the repository of its
most dearly held values.

The intelligentsia has been deeply committed to western notions of individ-
ualism and self-determination. It is individualism, coupled with freedom of
conscience, which has led the intelligentsia support democracy as a form of
government. The intelligentsia has never been monolithic. However, it is the
diversity of point of view of the intelligentsia which motivates the intelligentsia
to endorse democratic governance. Realizing that thoughtful individuals can
respectfully disagree and require the opportunity to air their differences, leads
inescapably to the embrace of democratic institutions.

II

The concept of the intelligentsia as an integral component of the social fabric
derives from 19th Century Russia. It was in Russia that an extraordinary
cadre of intellectuals without formal organization spontaneously brought forth
enormous achievements in literature, philosophy, the arts and science. The
attainments of this group of individuals brought Russian culture to the forefront
of attention in European civilization. The 19th Century Russian intelligentsia
established itself as a moral force of overpowering significance. And the term,
”intelligentsia,” entered the lexicon.

Among the 19th Century Russian men of letters no one had a more profound
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impact than Count Leo Tolstoy. First as a consummate novelist and then as
a social thinker, Tolstoy became the embodiment of the Russian intelligentsia.
Tolstoy’s moral indignation directed at the social injustices of his time played
an enormous role in the transformation of Russian society.

At the beginning of the 20th Century Leo Tolstoy wrote a political essay
”on patriotism and government” wherein he excoriated both the former and
the latter. Tolstoy depicted patriotic emotion as an antiquated tribal sense of
solidarity, which was being used by an unscrupulous leadership to consolidate
power in the hands of the few. Tolstoy attacked government as the framework
for the exercise of the power of a preeminent minority to the determent of the
majority. ”The ruling classescan retain their position - exceptionally advan-
tageous in comparison with the laboring masses - thanks only to government
organization, which rests on patriotism.” A stern indictment, indeed.

Tolstoy was prophetic when he envisioned the devastating conflagration,
which awaited Christendom in a twentieth century as a result of world wars
and incessant strife. Cynical governments exploited national feelings, engen-
dering enmity between peoples in order to strengthen state power and retain or
expand concentrated economic advantage. An era of unprecedented bloodshed
lined the pockets of those who financed the military industrial complex. ”The
ruling classes have in their hands the army, money, the schools the churches
and the press.”

We are justified in reading this essay by Tolstoy as a political tract. It
is not a closely reasoned, dispassionate philosophical treatise, but is rather
a provocative outcry against a status quo characterized by mobilizing mass
armies bent on destruction. ”No anarchical disorder could be worse than the
position to which governments have already led their peoples.” The author’s
shrill tenor and emotional rhetoric were apparently motivated by a premonition
of impending disaster.

At the beginning of the 21st Century we are living in the backwash of the
cataclysms that Tolstoy foresaw a hundred years ago. Two world wars and innu-
merable undeclared conflicts have left millions dead and have totally reshaped
the international social fabric. However, the oligarchic financial interests, which
he decried, persist to this day. They continue to manipulate the emotions of the
masses and utilize the institutions of government for their economic advantage.

The tactics of the oligarchs have changed. Instead of inflaming patriotism
and strengthening national governments, today the oligarchs tout a concept
of anti-nationalism and seek to subordinate the sovereign state to multina-
tional capital and finance. It is ironic that the same interests, which sought to
engender patriotism and empower governments, would now denigrate national-
ism and subordinate sovereign states to an international cabal of investors and
bankers.

Because smaller units of governance are yet susceptible of reflecting the self-
determination of peoples, the 21st Century oligarchy seeks to subordinate the
sovereign nation to the globalized institution. The International Monetary
Fund, for example, intrudes itself into the life of the state by first offering
development capital at attractive rates of interest. Then, as it manipulates
the international economic climate it can dictate policy to all debtor nations.
National economic policy is thus subordinated to global financial interests. The
ability of an electorate to control its economic destiny is effectively abrogated
in a globalized environment.
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It is not difficult to extrapolate Tolstoy’s values and principles into our 21st
Century world. It seems clear that Tolstoy would decry the global manipulators
of public opinion and the global financial stranglehold just as he condemned
cynical, artificial patriotism and selfish, despotic government.

Evil individuals put good institutions to bad use. Alas, Tolstoy’s indictment
of patriotism and government did not take into consideration the potential for
good that is inherent in both patriotic emotion and governmental organization.
Patriotism is first and foremost an extension of the feeling of attachment and
affection, which is felt toward one’s family, one’s neighbors and one’s commu-
nity. Thus patriotism can motivate us to care for others and to work for the
betterment of the society at large. By the same token, government is what
stands between us and the Hobbsian state of nature where life is nasty, brutish
and short.

Tolstoy’s ringing attack at the dawn of the 20th Century would have been
more productively aimed directly against the oligarchs who subvert the positive
emotion of patriotism into jingoistic aggression and who contrive to make gov-
ernment an instrument for personal gain. Unfortunately, by helping to turn a
generation of Russian intellectuals against patriotism and against the Russian
state, Tolstoy unwittingly facilitated the success of the Bolshevik revolution,
which brought with it more suffering than the most incompetent or venal Ro-
manoff autocrats. Ironically the late Soviet state exploited emotions akin to
patriotism in order to motivate its citizens and the government embarked on
bellicose foreign adventures no less costly in blood and material that its capi-
talist counterparts.

In 21st Century Russia the evils of the communist state are but a distant
memory. However, the new Russian Federation is in the grip of an oligarchy
that consists of the literal and figurative descendents of the communist party
bosses. That oligarchy suppresses national feeling and controls a puppet gov-
ernment. The suppression of patriotic emotion is undertaken in the interest
of removing an element of social cohesion, which might unify the populace in
opposition to the international economic cabal we know as globalization. By
the same token the current oligarchy in the Russian Federation demands that
government not be an expression of popular will but rather be an organ of
social control. The present governmental structure derives its legitimacy from
the mass media and both are the creatures of the international capital investors
who have financed them.

The foregoing analysis of the present state of affairs is not inordinately com-
plex. Knowing what we do of Tolstoy’s idealism and Christian charity, it is
obvious that, were he alive today, Tolstoy would be an outspoken opponent
of the tyranny of globalization. I propose that he would support a generous
spirit of patriotism, which is an extension of loving one’s neighbor. He would
also advocate a form of government, free of corruption, which would reflect the
moral will of the people and work unselfishly for the greater common good.

We can read all of Leo Tolstoy’s political writings as advocating the applica-
tion of Christ’s social teachings in the world of everyday societal intercourse.
Because of Tolstoy’s well publicized disputes with the organized Church of his
day relating to ecclesiastic dogma, we often forget that this spokesman for the
Russian intelligentsia was first and foremost a Christian philosopher. Tolstoy’s
disagreements with the clerical and monarchal powers were based on his assess-
ment that the leadership failed to live up to Christian principles of brotherly
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love and charity. How much more repugnant would Tolstoy find our 21st Cen-
tury social and political environment which has more or less explicitly divorced
itself from the beatitudes expounded in the Sermon on the Mount. Now ide-
alism is dismissed as na?ve, while materialism is touted as virtue. Today’s
globalist ideology is inconsistent with the core values of the intelligentsia.

III

Globalization is based on bogus economics. A twisted interpretation of this
social science has been promulgated, premised on the notion that the interests
of society are served when we exult in man’s selfish nature and allow it the
unfettered reign of laissez-faire. Clearly, it is the function of the intelligentsia
to unmask and debunk retrograde cynicism.

The advocates of globalization argue the merits of their ideology by referring
to the alleged maximization of economic efficiency when every nation produces
goods and services only in the sector or sectors in which it has a natural ad-
vantage. For example it is urged that societies with an abundance of cheap
labor should produce labor-intensive products. Countries with a high level of
education should engage in research and build high tech products. There is a
certain superficial logic to this proposition. However careful analysis proves it
to be simplistic and flawed.

The globalization advocates really seek the maximum return on capital in-
vestment, not the international maximization of economic efficiency. The glob-
alist approach to the manufacture of automobiles would dictate that the fac-
tories in Europe and North America should be shut down so that cars can be
build in the less developed Asian nations, where manpower is abundant and
wages are low. Thus, profit margins on the sale of motorcars can be increased
and the return on investment in this industry is maximized. However, if the
automobile factories in the developed countries shut down the erstwhile work-
ers in this heavy industry will be compelled to take lower paying jobs in other
fields and may no longer be able to purchase new cars. Whereas the workers
in the new third world factories sole economic advantage is their willingness to
work for low wages. Thus, even if the new autoworkers are fully and gainfully
employed they will not be able to purchase new automobiles either. They will
still be commuting to work on their bicycles. In this example the global max-
imization of return on investment is penny wise but pound foolish as the cost
of producing cars decreases in direct proportion to the decrease in the size of
the market for new automobiles.

It should be taken as axiomatic that in a healthy economy the workers should
be able to afford to purchase the fruits of their labor. Thus there is no exploita-
tion and true economic efficiency is attained. Capital and labor are prudently
and effectively invested. The division of labor, which characterizes organized
society, demands that all persons are simultaneously producers and consumers.
When one group merely produces and another merely consumes the social or-
ganization is fundamentally flawed.

The globalist paradigm, where research is conducted in the educated coun-
tries and products are built in the cheap labor countries, fails to take into
account one of the critical elements of the industrial process. Technical innova-
tion is greatest where development and manufacture take place in close physical
proximity to one another. New ideas often come from the factory floor, from
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the workers and managers who are doing the hands on building of a finished
product. When research and development are conducted at a distant location
by an alien culture the opportunities for technical advancement are minimized.

At a sociological level mankind needs to feel the satisfaction of producing a
tangible product. Western man has traditionally been a farmer, a builder or
a craftsman. Healthy societies take into account the emotional well being of
the populous. For western man the universal service industry is incapable of
providing occupational satisfaction for workers. A healthy nation is one which
can take pride in its tangible products. While some are inclined for creative
scientific research or the hucksterism of the marketplace, most workers are
happiest producing a concrete utile good. Indeed our philology itself associates
the word, ”goods,” with positive virtue.

An efficient economy and a stable society represent a mix of industries and
occupations. Individuals are possessed of diverse gifts and attributes. A suc-
cessful country presents the spectrum of economic opportunities, which address
the talents of the workforce. There should be work for intellectuals, for techni-
cians, for healers, for the physically strong and for the weak as well. This kind
of optimal society cannot be achieved on a globalized planet where industries
are distributed on the various continents exclusively for the maximization of
return on capital investment.

Globalization also has the potential for furthering ecological catastrophe.
The interests of global capital are addressed when environmental pollution
can be relegated to the parts of the planet least likely to resist its onslaught.
In the globalized economy dirty industries are concentrated in poor countries
where environmentalist awareness is limited; where impoverished populations
are unlikely to complain; where corrupt politicians can be cheaply bought off.
Yet we do live on a single biologically unified planet. Spewing pollutants in
a distant, poor country has the same long-term negative effect as dumping in
our own backyard. Once again, the globalization approach is inefficient in the
long run.

We would be remiss if we did not consider the practical, political conse-
quences of globalization. As discussed earlier, globalization is theoretically at
odds with the principles of democracy and self-determination. But at its most
immediate and pragmatic level, globalization impacts the political life of the
state. When global capital invests in the export of jobs to a distant land it
creates a low paying job abroad and terminates a higher paying job at home.
From the perspective of an American capital investor the full employment of
a laborer in Mauritius has no immediate political impact. However, the un-
employment of your neighbor can be politically catastrophic. Your disgruntled
neighbor can figuratively and literally break your windows. The export of high
paying jobs from industrialized countries creates the imminent risk of political
instability. Furthermore, the creation of low paying, dangerous and environ-
mentally hazardous employment opportunities in the Third World also has the
potential for global destabilization. A new industrial proletariat developing in
the poor countries of the world is a wild card for the future.

The concentration of higher education and high tech research in a small
number of nations is not a positive development. First it creates a harmful
”brain drain” effect whereby the most intellectually gifted individuals are drawn
away from their native lands and are concentrated in an elite number of host
countries. If all the fine physicians, the trained engineers and research scientists
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are drained off from the developing world, these poorer societies are destined
to languish in poverty forever. Furthermore the concentration of the world’s
intellectual elite in a handful of countries spells an end to cultural identity and
thus an end to international cultural diversity.

National security demands that every viable sovereign foster certain critical
industries within its borders. A pure service economy is de facto at the mercy
of its trading partners who supply hard goods. While trade can encourage
coexistence it also has the potential to facilitate political black mail. Only
a nation state which consciously supports its diversified industrial base can
realistically aspire to the status of a responsible, independent actor in the
international community.

Interestingly the two nation states which have the most to loose from glob-
alization are the United States of American and the Russian Federation. Both
these countries are geographically large, possessed of significant natural re-
sources, and blessed with a highly qualified work force. Both America and
Russia have the potential to ”go it alone” possessed of adequate internal sup-
ply and demand to attain prosperity. Yet, with both these great nations in
the grip of the same globalist oligarchic cabal, they are both presently working
against their national self-interest. America has lost its industrial base and has
been transformed into a service economy and international gendarme. Russia,
on the other hand, has also lost her manufacturing industries. She is now an
extractor of raw materials and a geopolitical buffer state. Globalization has
exacted a heavy toll on both the American and Russian peoples.

It is the obligation of the intelligentsia to expose the fallacies of globalization
and to defend the healthy interests of the population at large. The inherent
idealism of the intelligentsia demands no less.

IV

Internationalism and globalization are opposites. The internationalism tra-
ditionally backed by the intelligentsia centered around the attainment of world
peace. The establishment of international institutions and the promulgation
of international law were based on the idealistic objective of lowering the risk
of international conflict. The world wars of the 20th Century and the tech-
nological feasibility of world nuclear annihilation spurred the development of
international cooperation and encouraged the intelligentsia to take a broader
worldview.

On the other hand, globalization has a negative impact on the chances for
international peace. The maximization of international return on capital in-
vestment bears a strong relation to an older international phenomenon: im-
perialism. The global distribution of industries and markets in response to
capital accumulation on the part of a global oligarchy carries with it the seeds
of international conflict. Access to raw materials, most particularly oil, has
caused otherwise law-abiding nations to resort to policies of ”regime change”
and destabilization in relation to other sovereign states. Globalized capital
investment interests can encourage one country or a single military alliance
to undertake the role of international policeman without official sanction un-
der international law. While bilateral diplomacy or international organization
might have addressed contentious issues in the past, now global investors re-
quire immediate and unilateral action by puppet ”peace keepers.” Globaliza-
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tion is premised on rapidly deployed police actions whereas internationalism
was committed to consensus oriented peaceful resolutions.

Globalization requires a centralized and unified source of power. For the
existence of a global system there must be a single policy for the attainment
of internationally maximized return on capital investment. This requires that
the global policeman be under the control of the capital supplying oligarchy.
It demands a single control center with coordinated strategic and tactical re-
sponse. Notions of democracy and national self-determination are foreign to
the optimization of return on investment.

Just as the intelligentsia conceived and advanced the cause of peaceful inter-
nationalism, it must now recognize and oppose the threat posed by globaliza-
tion.

Conclusion

Globalization is simultaneously the antithesis of nationalism and of interna-
tionalism. The global maximization of return on capital investment is incon-
sistent with notions of democracy and self-determination. Because the intelli-
gentsia has traditionally been the repository of national culture and of interna-
tionalist idealism, the intelligentsia must oppose globalization. The monolithic
structure of a globalized society makes this threat a natural catalyst for unifi-
cation of the intelligentsia in opposition to the financial oligarchy.
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13.45 – 15.00         Lunch 
 
15.00 – 18.40         AFTERNOON SESSION (Conference Hall) 
Chairman: P. Spillantini 
15.00 A.Dolgov (INFN-Ferrara&ITEP) Cosmic antimatter: models and phenomenology (25’) 
15.25 P.Picozza (Univ. of Rome-II) Cosmic ray studies with PAMELA (25 min) 
16.15 M.Panasyuk (SINP MSU) Cosmic rays "many knees" problem for spaceborn 
experiments solutions (25 min) 
16.40 – 17.00         Coffee break 
Chairman: P. Spillantini 
17.00 A.Starobinsky (Landau Inst.) Present observational and theoretical status of dark 
energy (25 min) 
17.25 R.Bernabei (INFN & Univ. of Rome-II) Dark matter particles in the galactic halo (25’) 
17.50 G.Hammond (SUPA, Univ. of Glasgow) Gravitational Wave Astronomy (25 min) 
18.15 N.Krasnikov (INR) “Unparticles” and fields with variable distributed mass (25 min) 
 
18.40 – 23.00         SPECIAL SESSION (40 0 )  
Reception banquet will be held on board of a ship that will stream along the river across the 
central part of Moscow; the conference buses to the ship will depart from the entrance to the 
Faculty of Physics at 18.40 
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20 August, Thursday 
09.00 – 13.35         MORNING SESSION (Conference Hall) 
Chairman: A. Smirnov 
09.00 V.Gavrin (INR) Solar neutrinos (25 min) 
09.25 A.Bertolin (INFN-Padua) Neutrino physics with OPERA (25 min) 
09.50 T.Nakaya (Kyoto Univ.) New results from the FNAL SciBooNE neutrino 
experiment (25 min) 
10.15 J.Hartnell (Univ. of Sussex) Neutrino oscillations with MINOS (25 min) 
10.40 M.Shibata (KEK) Status of the T2K experiment (25 min) 
11.05 – 11.30         Coffee break 
Chairman: N. Fornengo 
11.30 V.Aynutdinov (INR) Baikal Neutrino Experiment: from NT200 to NT1000 (25 min) 
11.55 S.Sukhotin (RRC"Kurchatov Institute") The status of the Double-CHOOZ experiment 
(20 min) 
12.15 N.Titov (INR) KATRIN Experiment preparation status - Systematic improvement (25’) 
12.40 A.Garfagnini (Univ. of Padua) Search for neutrinoless double beta decay of Ge-76 with 
the GERmanium Detector Array "GERDA" (20 min) 
13.00 S. Di Domizio (INFN-Genova) Cuore: neutrinoless double beta decay with bolometers 
(15 min) 
13.15 R.Dvornicky (Comenius Univ.) Endpoint spectra of tritium and rhenium beta decays 
for massive neutrinos (20 min) 
 
13.35 – 15.00         Lunch 
 
15.00 – 19.20         AFTERNOON SESSION (Conference Hall) 
Chairman: P. Di Bary 
15.00 L.Stodolsky (MPI Munich) On “Practical Applications" of neutrinos (25 min) 
15.25 C.Giunti (INFN-Turin) The GSI time anomaly: facts and fiction (25 min) 
15.50 A.Studenikin (MSU) Electromagnetic interaction of neutrino (15 min)  
16.05 C.Salvioni (Univ. of Insubria) Searching for neutrinoless double beta decay with the 
Cuore and Cuoricino experiments (20 min) 
16.25 A.Borisov (MSU),A.Ali (DESY), D.Zhuridov (National Tsing Hua Univ.) Neutrinoless 
double beta decay: searching for new physics with comparison of different nuclei (15 min) 
16.40 E.Litvinovich (RRC "Kurchatov Institute") Recent results of the Borexino experiment 
(20 min) 
17.00 – 17.30         Tea break 
Chairman: T. Nakaya 
17.30 M.Circella (INFN-Bari) Neutrino telescopes in the deep sea (25 min) 
17.55 D.Zaborov (ITEP) The ANTARES experiment in the Mediterranean sea: overview and 
first results (20 min) 
18.15 O.Ryazhskaya (INR) On one group of experimental results related to the search for 
neutrino radiation from SN1987A: commentary (20 min) 
18.35 M.Dvornikov (USM, Chile & IZMIRAN) Propagation of neutrinos in rapidly rotating 
neutron stars (15 min) 
18.50 A.Okrugin (Yaroslavl State Univ.) Dirac-neutrino magnetic moment and the dynamics 
of a supernovae explosion (15 min) 
19.05 K.Zhukovsky (MSU) Exponential form of the mixing matrix in the lepton sector of the 
SM (15 min) 
19.30 – 22.00         Sight-seeing bus excursion in Moscow 
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21 August, Friday 
 09.00 – 13.45         MORNING SESSION (Conference Hall) 
Chairman: F.Ricci 
09.00 C.Cecchi (Univ. of Perugian & INFN) The Fermi/LAT mission: scientific results from 
the first year (25 min) 
09.25 A.Foerster (MPI-K Heidelberg) The Gamma-Ray Sky seen with H.E.S.S. (25 min) 
09.50 A.Chekhtman (George Mason Univ.) FERMI electron results (20 min) 
10.10 M.Pravdin (ICRA-SB-RAS) The cosmic ray spectrum at ultrahigh energies (20 min) 
10.30 A.Panov (SINP MSU) Systematics and fine structure in the cosmic ray electron 
spectrum measured by ATIC (15 min) 
10.45 D.Galtsov (MSU) No black holes at LHC (15 min) 
Chairman: D.Galtsov 
11.30 N.Fornengo (Univ. of Turin & INFN - Turin) Advances in the exploration of particle 
dark matter signals (25 min) 
11.55 V.Berezinsky (LNGS), V.Dokuchaev (INR), Y.Eroshenko (INR) Dark matter 
annihilation in the galaxy (15 min) 
12.10 D.Gorbunov (INR) Minimal extension of the Standard Model of particle physics (20’)  
12.30 R.Cerulli (LNGS-INFN) New results on rare processes by DAMA at Gran Sasso (15’) 
12.45 O.Miranda (Cinvestav-Mexico) Constraining nonstandard neutrino interactions (20’) 
13.05 V.Semikoz (IZMIRAN) Neutrino asymmetry and growth of hypermagnetic fields in hot 
plasma of early Universe (15 min) 
13.20 P. Di Bari (Univ. of Southampton) Leptogenesis (25 min) 
15.00 – 19.00         AFTERNOON SESSION (Conference Hall) 
Chairman: P.Patel 
15.00 S.Kulagin (INR) Nuclear effects in the searching of high-energy neutrino (15 min) 
15.15 J-M.Levy (CNRS) Recent results of the NOMAD experiment (15 min) 
15.30 D.Naumov (JINR) Precision measurements by NOMAD experiment (15 min) 
15.45 A.Kataev (INR) The perturbative relation between pole and running masses of leptons 
and the hypothesis of "maximal transcendality" (15 min) 
16.00 A.Nesterenko(JINR)Hadronic effects in low-energy QCD:Adler function and tau-decay 
(15’) 
16.15 O.Teryaev (JINR) Axial anomaly and strange quarks (15 min) 
16.30 M.Tokarev (JINR) Self-similarity of jet production and QCD (15 min) 
16.45 M.Osipenko (SINP MSU & INFN-Genoa) Semi-inclusive production of charged pions 
with CLAS (15 min) 
17.00 D.Peshekhonov (JINR) Helicity quark distributions from DIS and SIDIS measured in 
COMPASS (15 min) 
Chairman: A.Kataev 
17.40 B.Brzozowska (Univ. of Warsaw) Scaled momentum spectra in the current region of 
the Breit frame at HERA (15 min) 
17.55 V.Braguta (IHEP) eta_b ->J/\Psi J/\Psi decay within light cone formalism (10 min) 
18.05 B.Mangazeev (Irkutsk State Univ.) Electromagnetic structure functions of nucleons in 
the region of very small x (10 min) 
18.15 L.Laperashvili (ITEP) New bound states of heavy quarks at LHC and TEVATRON (15’) 
18.30 M.Nekrasov (IHEP) Unstable-particles pair production in MPT approach in NNLO 
(10 min) 
18.40 V.Kuksa (SouthernFederalUniv.)Bozon-pair production in the model of unstable 
particles (10’) 
18.50 V.Beylin (Southern Federal Univ.) Radiative and hadronic decays of vector mesons in 
the gauge model of quark-meson interactions (10 min) 
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22 August, Saturday 
09.00 – 13.35         MORNING SESSION (Conference Hall) 
Chairman: K. Urbanovski 
09.00 F.Ricci (Univ. of Rome-I) Present and future of the VIRGO gravitational wave 
experiment (25 min) 
09.25 A.Zakharov (ITEP) Gravitational lensing: from micro to nano (20 min) 
09.45 A.Burinskii (Nuclear Safety Inst.) Holographic structure of the Kerr-Schild black-
holes, beamlike excitations and fluctuating horizon (20 min) 
10.05 A.L.Smirnov (INR) On the global geometry of Brane Universe models (15 min) 
10.20 A.Starinets (Oxford Univ.) Transport coefficients in strongly interacting quantum field 
theories from gauge-gravity duality (20 min) 
10.40 M.Passera (INFN-Padua) Review on G-2 of charge leptons (25 min) 
11.05 – 11.30         Tea break 
Chairman: A. Starinets 
11.30 D.Kazakov (JINR) Infrared-finite observables in N=4 SYM theory (20 min) 
11.50 K.Stepanyantz (MSU) Revealing structure of quantum corrections in N=1 
supersymmetric theories using the Schwinger-Dyson equations (15 min) 
12.05 S.Demidov (INR) Production of kink-antikink pair in collisions of high energy particles 
(15 min) 
12.20 D.Kirpichnikov (INR) Quasilocalization in high-energy collisions (15 min) 
12.35 D.Levkov (INR) Long quantum transitions due to unstable semiclassical dynamics (15 
min) 
12.50 T.Rashba (MPI Munich) Search for axion-like particles in astrophysical observations 
(20 min) 
13.10 N.Mankoc (Univ. of Ljubljana) Is the fifth family, predicted by the approach unifying 
spins and charges, the candidate for forming the dark matter clusters? (25 min) 
 
13.35 – 15.00         Lunch 
 
15.00 – 18.15         AFTERNOON SESSION (Conference Hall) 
Chairman: A. Borisov 
15.00 A.Bakulev (JINR) Fractional analytic perturbation theory (20 min) 
15.20 M.Katanaev (Steklov Math.Inst.) Geometric theory of defects in solids (20 min) 
15.40 K.Urbanowski (Univ. of Zielona Gora) Energy of unstable states at long times (20 min) 
16.15 – 16.40        Tea break 
Chairman: P. Pronin 
16.40 A.Nikishov (Lebedev Inst.) Atoms as rods and clocks in a gravitational field (10 min) 
16.50 O.Kharlanov (MSU), V.Zhukovsky (MSU) Casimir effect within (3+1)D Maxwell-
Chern-Simons electrodynamics (15 min)  
17.05 M.Fil'chenkov (Inst. of Gravitation and Cosmology) Nonhydrogen-like graviatom 
radiation (15 min)  
17.20 E.Nemchenko (Tomsk State Univ.) Radiation of force-momentum from relativistic 
charged particles (15 min) 
17.35 O.Konctantinova (Tomsk State Univ.) Angular momentum of spin light (15 min) 
17.50 H.Yamamoto (Tohoku Univ.) Recent physics results from Belle (25 min) 

 
23 August, Sunday 

9.00 – 19.00  Sergiev Posad 
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24 August, Monday 
09.00 – 13.35         MORNING SESSION (Conference Hall) 
Chairman: D. Krofcheck 
09.00 A. De Santis (INFN-Rome) Recent KLOE results (25 min)  
09.25 S.Serednyakov (INP Novosibirsk) ISR physics at BABAR (20 min) 
09.45 P.Patel (McGill Univ.) Bottomonium spectroscopy at BABAR (20 min)  
10.05 Yu.Kolomensky (UC Berkeley & LBNL) Search for exotics in bottomonium decay with 
BABAR (20 min) 
10.25 M.Sigamani (Univ. of London) Semileptonic B decays at BABAR (20 min) 
10.45 M.Giorgi (Univ. of Pisa) Search for lepton flavor violation in tau decays with BABAR 
(20 min)  
11.05 – 11.40         Tea break 
Chairman: M.Giorgi 
11.40 H.Fisk (Fermilab) CP violation and mixing in b-decays (20 min) 
12.00 A.Askew (Rutgers Univ.) Recent electroweak measurements at the TEVATRON (20 
min) 
12.20 N.Serra (NIKHEF) Prospects for rare B-decays at LHCb (20 min) 
12.40 T.du Pree (NIKHEF) Prospects for CP Violation Studies at LHCb (20 min) 
13.00 V.Palladino (INFN & Univ. of Naples) Searches for new physics at NA62 (15 min) 
13.15 C.Biino (INFN-Turin) QCD tests with kaon decays (20 min) 
 
13.35 – 15.00         Lunch 
 
15.00 – 18.40         AFTERNOON SESSION (Conference Hall) 
Chairman: V. Savrin 
15.00 D.Pallin (CNRS/IN2P3) Top physics with the ATLAS detector at LHC (20 min) 
15.20 S.Eckweiler (University of Mainz) QCD studies at LHC with the ATLAS detector 
(20 min) 
15.40 C.Weiser (Univ. of Freiburg) ATLAS discovery potential of the SM Higgs (20 min)
16.00 M.Biglietti (Univ. & INFN - Rome-I) SUSY searches with ATLAS at LHC (20 min) 
16.20 D.Krofcheck (Univ. of Auckland) Signatures of AdS/CFT using the CMS experiment at 
the LHC (15 min) 

16.35 N.Ilina (ITEP) Study of jet transverse structure with CMS experiment at s = 10 TeV 
(15 min) 
16.50 S.Petrushanko (SINP MSU) Elliptic flow studies in heavy-ion collisions using the CMS 
detector at LHC (15 min) 
17.05 L.Sarycheva (MSU) Ion physics in CMS experiment at LHC (15 min) 
17.20 – 17.40         Tea break 
Chairman: A. Grigoriev 
17.40 S.Senyukov (University of Eastern Piedmont, INFN Turin) Open charm study in 
ALICE at the LHC (20 min) 
18.00 S.Bitykov (IHEP) Systematic uncertainties in experiments at LHC (15 min) 
18.15 E.Shabalin (ITEP) How the interaction of pi-mesons in the final state changes a 
correlation between K-2pi and K-3pi amplitudes (15 min) 
18.30 O.Pavlovsky (MSU-ITPM) Is multiple t-quarks bound states possible due to Higgs 
exchange? (10 min) 
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25 August, Tuesday 
09.00 – 13.25          MORNING SESSION (Conference Hall) 
Chairman: H.Fisk 
09.00 U.Schneekloth (DESY) Electroweak Physics and Searches for New Physics at HERA 
(25 min) 
09.25 V.Chekelian (MPI Munich) Proton structure measurements at HERA (20 min) 
09.45 A.Shchukin (IHEP) Searches for physics beyond standard model (25 min) 
10.10 E.Varnes (Univ. of Arizona) Testing the Standard Model with top quarks (25 min) 
10.35 M.Vysotsky (ITEP) Bounds on new light particles from high-energy and very small 
momentum transfer np elastic scattering data (20 min) 
10.55 V.Skvortsov (MIPT-Moscow), N.Vogel (Univ. of Tech.- Chemnitz) “The bundle for 
memory” from an exotic quasi particles (15 min) 
11.10 – 11.50         Tea break  
Chairman: H.Fisk 
11.50 M.Polikarpov (ITEP) Chiral symmetry breaking and Chiral Magnetic Effect in QCD 
with strong magnetic field (25 min) 
 
13.00 – 15.00          Lunch 
    

ROUND TABLE DISCUSSION 
"The Year of Astronomy: 

Astroparticle Physics and Frontiers of the Universe" 
Chairman: A. Studenikin 
15.00 L.Stodolsky (MPI Munich) The Year of Astronomy and the heritage of Galilei (25 min) 
15.25 A.Kappes (Univ. of Erlangen) High-energy neutrinos from Galactic sources (25 min) 
15.50 P.Spillantini (INFN-Florence) Radiation exposure and mission strategies for 
interplanetary manned missions and interplanetary habitats (25 min)  
16.15 Discussion 
16.40 – 17.00         Tea break  

 
EIGHTH  INTERNATIONAL  MEETING ON 

PROBLEMS  OF  INTELLIGENTSIA: 
"Intelligentsia and World Crisis" 

Chairman: A. Studenikin 
17.00 – 17.50         Conference Hall  
17.00 S.Kapitza (Inst.of Phys.Problems, RAS) Demography and the origin of crisis (25 min) 
17.25 J.Bleimaier (Princeton) Governance and the international crisis (25 min) 
17.50 Discussion and conclusion  
 

Closing of the 14th Lomonosov  Conference on Elementary 
Particle Physics and  the 8th International Meeting on Problems 

of Intelligentsia  
 

SPECIAL SESSION (40 0 ) 
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POSTER SESSION 
 
I.Balantsev (MSU) Massive neutrino in rotating media: new neutrino trapping mechanism in 
neutron stars 
V.Bordovitsyn, O.Konctantinova (Tomsk State Univ.) Angular momentum of spin light 
V.Bordovitsyn, E.Nemchenko (Tomsk State University) Radiation of force-momentum from 
relativistic charged particles 
V.Boyarkin (INR), O.Ryazhskaya (INR) Sodium Chloride as a Target for Supernovae 
Neutrinos 
V.Bytev (JINR) Differential reduction of generalized hypergeometric functions in application 
to Feynman diagrams 
K.Heeger (Univ. of Wisconsin) Reactor neutrino experiments: recent results and future 
prospects 
A.Khmialeuski (Joint Inst. for Power and Nucl.Research, Turov) Scaling behavior of factorial 
moments of the multiplicity difference and phase transition QGP to hadrons 
A.Lokhov (MSU) Radiative neutrino decay in dense matter 
A.Mikhailov (MSU) Vacuumless defects in the Randall-Sundrum models 
I.Narodetskiy (ITEP), Yu.Simonov (ITEP), and A.Veselov (ITEP) Diquark and triquark 
correlations in the deconfined phase of QCD 
A.Okrugin (Yaroslavl State Univ.) Reexamination of a bound on the dirac neutrino magnetic 
moment from the supernova neutrino luminosity 
E.Prokopiev (ITEP) Opportunities of positron diagnostics for research of dust space plasma 
E.Shevtsova (MSU) Two-loop Gell-Mann-Low function for general renormalizable N=1 
supersymmetric theory, regularized by higher derivatives 
Yu.Voronina (ITPM-MSU) Casimir pressure regularization and renormalization in two-
dimensional scalar field model 
M.Ulybyshev (MSU) Casimir effect calculations within the formalism of lattice quantum field 
theory 
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