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Balloon measurements of cosmic ray muon spectra in the atmosphere along with those of
primary protons and helium nuclei over midlatitude
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We report here the measurements of the energy spectra of atmospheric muons and of the parent cosmic ray
primary proton and helium nuclei in a single experiment. These were carried out using the MASS supercon-
ducting spectrometer in a balloon flight experiment in 1991. The relevance of these results to the atmospheric
neutrino anomaly is emphasized. In particular, this approach allows uncertainties caused by the level of solar
modulation, the geomagnetic cut-off of the primaries and possible experimental systematics, to be decoupled in
the comparison of calculated fluxes of muons to measured muon fluxes. The muon observations cover the
momentum and depth ranges of 0.3–40 GeV/c and 5 –886 g/cm2, respectively. A comparison of these results
with those obtained in a previous experiment by the same collaboration using a similar apparatus allows us to
search for differences due to the different experimental conditions at low energy and to check for the overall
normalization between the two measurements. The proton and helium primary measurements cover the rigidity
range from 3 to 100 GV, in which both the solar modulation and the geomagnetic cut-off affect the energy
spectra at low energies. From the observed low-energy helium spectrum, the geomagnetic transmission func-
tion at mid-latitude has been determined.@S0556-2821~99!07513-X#

PACS number~s!: 96.40.De, 14.60.Pq, 96.40.Kk, 96.40.Tv
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I. INTRODUCTION

Data on muon spectrum as a function of the atmosph
depth in the momentum interval 0.3–40 GeV/c have been
published earlier by this collaboration@1#. We report in this
paper a new measurement of muon spectra in the atmosp
as well as the spectra of proton and helium nuclei wh
were measured at the float altitude with the same appar
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during the same balloon flight. The measurements were
formed with the MASS~Matter Antimatter Spectromete
System! apparatus on September 23, 1991 starting from
Sumner, NM at 1270 m above sea-level. The coordinate
this location are 34°N and 104°W, corresponding to an
fective vertical cut-off rigidity of about 4.3 GV. The balloo
ascent lasted for almost 3 hours, during which about 240
triggers were collected. The muon measurements cover
altitude range from ground level to 36 km, which corr
sponds to about 5 g/cm2 of atmospheric depth. The asce
curve of the apparatus, based on the pressure measurem
taken by the payload sensors is shown in Fig. 1. The fl
data analyzed for this work cover an exposure time of ab
10 h. These data were taken at atmospheric depths betwe
and 7 g/cm2, with an average value of 5.8 g/cm2.
©1999 The American Physical Society02-1
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R. BELLOTTI et al. PHYSICAL REVIEW D 60 052002
Primary cosmic ray particles, while entering the Earth
atmosphere, interact with the atmospheric nuclei and p
duce secondary particles~see@2#, for an excellent introduc-
tion!. Among the primary cosmic rays, protons and heliu
nuclei are the major components, and as a consequen
large fraction of these secondary particles are produced
them. Most of the secondary particles decay and some o
decay products are muons and neutrinos. Muons and m
neutrinos are the decay products of mesons, and both m
and electron neutrinos are the result of muon decays. B
these kinds of neutrinos are detected by underground de
tors.

Because of this close relationship, atmospheric mu
have been often considered as a powerful tool to calibrate
calculations of atmospheric propagation, in particular for
neutrino flux evaluation~e.g., @3,4#!. This situation appears
to be most interesting in the context of the increasing e
dence of the atmospheric neutrino anomaly~for a recent dis-
cussion, see@5#!. The anomaly is based on the discrepan
between the observed ratio of the number of neutrino in
actions due tom-type and that due toe-type, as measured b
some underground detectors@6–11#, and the robust theoret
ical expectation at low energy. While the evidence for t
anomaly will not be discussed here, it is important to n
that any interpretation of the phenomenon depends cruc
on the absolute value of the expected fluxes of neutrinos

In order to take into account the details of particle prop
gation and interactions in the calculations of atmosphe
cascades, both analytic@12–14# and Monte Carlo approache
@15–17# have been succesfully undertaken in the past.
extensive work has investigated the differences between
recent neutrino calculations@18#, indicating that the param
etrization of the cross sections for meson creation in pro
collisions with the atmospheric nuclei is one of the ma

FIG. 1. Ascent curve of the payload, based on the press
measurements. Time is measured from the startup of the on-b
computer and the launch is at 5180 s from this reference time.
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reasons for this discrepancy. It is well known that at lo
transverse momentumpT the perturbative quark model doe
not work and, moreover, the data available from accelera
measurements are not enough to discriminate between di
ent interaction models in the central collision region~Feyn-
man xL<0.1). Contribution from this experimentally unex
plored region is important for the meson production. A
additional factor of inaccuracy may come from the kinem
ics of the particle propagation and decay. Although the
processes are well known, their description in the atm
spheric simulation codes requires some approximations
fact, most of the calculations published so far are perform
under the approximation of unidimensional propagation
the secondaries, and the effect of this approximation on
low-energy neutrino results is still under study.

Another important input to the atmospheric propagat
calculations, which may introduce a further degree of unc
tainty, is the primary cosmic ray composition and flux. T
direct measurements of the primary components show so
times significant discrepancies with respect to one ano
~see@19#, for a compilation!. The differences in the experi
mental results are to some extent due to the specific co
tions of the measurements, namely, the geomagnetic
pression and the solar modulation, and in part may be du
experimental inaccuracies. Both the geomagnetic and s
cycle effects on the primary cosmic rays need to be ta
into account to evaluate the neutrino fluxes, since the un
gound experiments collect events coming from a large in
val of geomagnetic locations over significant fractions of t
solar activity cycles. While the geomagnetic suppression
well understood mechanism and significant improvement
its description have been introduced recently@20#, the solar
modulation of cosmic rays is not exactly periodic and sho
some pecularities~e.g., the so-called ‘‘Forbush events’’! that
are hard to describe in a model.

A comparison of the expected muon fluxes to measu
ments of muons in the atmosphere may help in reducing
uncertainty in the neutrino calculations due to the above f
tors, namely the primary spectra and the interaction cr
sections; both affect to similar extent the muon and neutr
flux calculations. An obvious limitation to this approach
that the muon measurements are not always available in
periments, by which primary particle spectra are measu
and calculations are carried out using available primary sp
tra measured at a time and location, which may not co
spond to the muon measurements. The approach describ
this investigation to measure the primary spectra of prot
and helium nuclei along with the measurement of atm
spheric muons by the same experiment, allows the follow
possibilities.~i! The measured primary spectra can be used
input to the propagation calculations whose results have
be compared to the muon measurements, thus taking a
matically into account the specific levels of geomagne
suppression and solar modulation of the experiment.~ii ! Pos-
sible systematics on the global normalization of the exp
ment~e.g., geometric factor, acquisition efficiency, etc.! will
be compensated as well in such calculations.

While muon measurements at sea-level are widely
ported in the literature, there have been very few attempt
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BALLOON MEASUREMENTS OF COSMIC RAY MUON . . . PHYSICAL REVIEW D60 052002
measure the muon flux as a function of altitude. The ea
experiments were performed either with airplane-borne
paratus or at mountain sites@21,22#. Counter telescopes wer
used for detecting charged particles and muons were usu
selected by requiring them to traverse large amounts of m
ter without interacting. The main difficulty in such exper
ments was to properly identify muons while rejecting t
other components of the ‘‘hard’’ radiation. This problem w
of course more complex for positive muon measureme
since the proton flux rapidly increases with increasing a
tude. A thorough review of these earlier results is presen
in @23#. The deployment of balloon-borne detectors allo
the investigation to be extended to momentum and de
ranges much larger than in previous experiments@1,24–26#.

Preliminary results for the muon measurements from
study were reported earlier@27,28#, as well as preliminary
proton results at float level@29#. The measurement of th
muon flux and charge ratio at the float level from this expe
ment has already been published@30#.

II. DETECTOR SETUP

The apparatus used in the 1991 experiment was a m
fied version of the MASS spectrometer flown by the sa
collaboration in 1989@31#. It consisted of a superconductin
magnet spectrometer, a time of flight device~TOF!, a gas
threshold Cherenkov detector and an imaging calorimete
shown in Fig. 2.

FIG. 2. The MASS apparatus in the 1991 configuration.
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The magnet spectrometer consisted of the NMSU sin
coil superconducting magnet and of a hybrid tracking devi
The magnet, with 11161 turns and a current of 120 A, ga
rise to a field strength of 0.1–2 T in the region of the trac
ing device. The latter consisted of three groups of multiw
proportional chambers interleaved with two drift chambe
for a total height of 110 cm. Each drift chamber w
equipped with ten sensitive layers, each with 16 independ
cells. The drift tubes were filled with CO2. The multiwire
proportional chambers were filled with ‘‘magic gas,’’ an
were read by means of the cathode-coupled delay line te
nique @32#. A total number of 19 measurements along t
direction of maximum curvature and 8 measurements al
the perpendicular direction were performed. The maxim
detectable rigidity for this configuration of the spectrome
was estimated to be about 210 GV for singly charged p
ticles @33#.

The time of flight detector consisted of two planes
scintillator separated by a distance of 2.36 m. The up
plane was located at the top of the apparatus. It consiste
two layers of scintillator, segmented into 5 paddles of 20
width and variable length in order to match the round sect
of the payload’s shell. The bottom plane, consisting o
single scintillator layer segmented into two paddles, was
cated below the tracker system and above the calorimete
coincidence between the signals from the two planes p
duced the trigger for data acquisition. The signals from e
paddle of scintillator were independently digitized for tim
of flight measurements as well as for pulse height analys

The Cherenkov detector consisted of a 1 mtall cylinder of
Freon 22 at the pressure of 1 atm. A four-segment spher
mirror focussed the light onto four photomultipliers. Th
threshold Lorentz factor for Cherenkov emission wasg th
'25.

The calorimeter consisted of 40 layers, each having
brass streamer tubes. Tubes from adjacent layers were
ranged perpendicular to one another. The total depth of
calorimeter was 40 cm, equivalent to 7.3 radiation leng
and 0.7 interaction lengths for protons.

III. DATA ANALYSIS

The general features of the data analysis procedures w
the same for the three studies illustrated here. Neverthe
we used different sets of criteria for selecting different p
ticles, due to the different kinds of background events to
eliminated and the extent of the rigidity over which th
analysis was carried out in each of these cases. Additio
difficulties for the ascent analysis arise because of the p
sible shocks during the launch and of the rapidly chang
environmental conditions with altitude, namely, atmosphe
pressure and temperature. We accurately monitored the
strumental conditions continuously during the ascent in or
to make sure that the detector performances did not cha
significantly during the data acquisition. Further, in the ca
of the ascent analysis, the relative intensity of different p
ticles change with altitude, and this might mimic instrume
tal drifts. Because of these reasons, we used a stringen
lection for ascent muons, in such a way to make use of
2-3
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TABLE I. Selection criteria for track reconstruction.

Test Description

1 at least 11 signals in the spectrometer along thex viewa

2 at least 8 signals in the spectrometer along they viewa

3 not more than 3 multiple hits,b x viewa

4 not more than 3 multiple hits,b y viewa

5 xx
2<8 andxy

2<8
6 the reconstructed deflection uncertaintysh<0.03 GV21

7 extrapolated track and positions in the scintillatorsc consistent within 10 cm
8 reconstructed track crossing the calorimeter
9 extrapolation of the track not intersecting the lift bar
10 b, as measured from the TOF, between 0 and 2

aThe x view is the maximum curvature axis; they view the perpendicular direction.
bMultiple hits were defined as signals in the drift chambers at a distance larger than 4 cm from the
structed track.
cThe crossing positions in the scintillators were estimated by using the time signals from the TOF sy
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full information recorded for each event. A great deal
effort was put into checking the consistency of the asc
selection with the muon analysis at float, which has be
illustrated separately@30#.

The proton and helium events from the float file we
identified by selecting charge 1 and 2 particles by mean
the scintillator signals. The selection of muon events fr
the ascent file were mainly obtained by identifying sing
charged particles which did not interact in the calorimet
The track reconstruction in the spectrometer allowed the s
of charge of the particles to be determined. Low-ene
muons were discriminated from protons by means of
time of flight measurement. Details of the event select
and analyses are described in the following sections.

A. Event reconstruction

The criteria imposed for the selection of good reco
structed tracks were based on the experience gained with
spectrometer in this and in other flights@33–35#. Although
the spectrometer had some multiple track capabilities, o
single track events were selected for analysis. The crit
used for the reconstruction of events in the spectrometer
summarized in Table I. This set of criteria was sufficient
select clean good events for the track reconstruction fr
both the ascent and the float samples. Among the tests sh
in this table, tests 1–6 were introduced in order to select o
good quality reconstructed tracks. In addition, the requi
consistency between the track extrapolation to the scintilla
plane and the position obtained from the scintillator inform
tion ~test 7!, the requirement that the extrapolated track p
through the calorimeter~tests 8! and the rejection of tracks
intersecting the lift bar of the payload~tests 9! removed mul-
tiple tracks and events generated in interactions in the p
load. Finally, test 10 on the particle velocity as determin
with the time of flight measurement rejected albedo even

B. Proton and helium selection

The identification of protons and helium events in t
float sample was performed by analyzing the pulse height
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the two independent signals,I 1 andI 2, from the top layers of
scintillator.

The selection for charge 1 particles~protons! was

0.7I 0,
I 11I 2

2
,1.8I 0 , ~3.1!

whereI 0 is the mean signal from a singly charged minimu
ionizing particle. The selection for charge 2 particles~he-
lium! was

3.5I 0,
I 11I 2

2
,6I 0 . ~3.2!

Such selection criteria are illustrated in Fig. 3. The lower
in the helium selection, as given by the above equation

FIG. 3. Distribution of the amplitude signals from the top sci
tillators for high-energy positive events at float~above 3 GV!.
2-4
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TABLE II. Selection criteria for muons.

Test Description

1 pulse height from the top scintillatorsa between 0.7 and 1.8I 0

2 number ofx-view hits in the calorimeter between 2 and 10
3 number ofy-view hits in the calorimeter between 2 and 14
4 not more than 1 multiple calorimeter hits along each view
5 Cherenkov signal less than the equivalent to 3 photoelectrons at less than 0.8
6 squared massb m2<0.5 GeV2 in the rigidity range 0.65–1.25 GV

squared massb m2<0.3 GeV2 in the rigidity range 1.25–1.5 GV

aAs determined from Eq.~3.1!.
bAs from Eq.~3.4!.
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necessary in order to reduce the proton contamination in
helium sample. For the same reason, consistency betw
the amplitudes of the two signalsI 1 andI 2 was also required
for helium selection:

uI 12I 2u

A2
,0.4*I 0 . ~3.3!

These selection criteria are appropriate for rigidit
above a few GV, relevant to this work. The results conce
ing the proton and deuterium components in the atmosp
below the geomagnetic cutoff will be presented separa
~see@29# for a preliminary report!.

C. Muon selection

The criteria for the identification of muons of eithe
charge are shown in Table II. The scintillator selection~test
1! for identifying singly charged particles was the same
for the float protons~3.1!. For the muon selection, the num
ber of hits detected in the calorimeter was counted separa
for each view, in order to account for the different stream
tube efficiency. Both the minimum number of signals and
number of multiple hits refer to the hits contained in a c
inder of radius of 5 streamer tubes along the track extra
lation in the calorimeter, corresponding to about 3 Molie`re
radii. In particular, test 4 is a powerful means of rejecti
electrons@37#. An event identified as a negative muon b
means of such selection is shown in Fig. 4.

The Cherenkov signal and the time of flight informatio
were used for background rejection. Test 5 was impose
remove the low-energy electrons and positrons misidenti
in the calorimeter. Test 6 rejects low-energy protons fr
the positive muon sample by a test of the squared massm2

which, once the chargeZe is known, can be estimated from
the magnetic deflectionh and the velocityb as

m25

1

b2
21

h2

Z2e2

c2
. ~3.4!

No time of flight test was required below 0.65 GV, sin
low-energy protons are efficiently rejected by the scintilla
pulse height discrimination.
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D. Background estimates and corrections

1. Proton and helium analysis

Protons are the main component of primary cosmic ra
As a consequence, the possible background from light p
ticles, namely, positrons, muons and pions, is expected to
small above the geomagnetic cutoff and is not customa
subtracted from the measurement. Therefore, no correc
for such background events has been performed on the
ton measurements in this investigation. The contamina
from helium events in the selected proton sample is ne
gible. Further, no attempt was made to separate the isot
of protons and helium events, even at low energies. In
case of helium selection there could be a small proton c
tamination due to the Landau fluctuations of the energy

FIG. 4. Negative muon identified in the apparatus. The rec
structed event is shown along the direction of maximum bendin
the magnetic field~left! and along the perpendicular view~right!.
The estimated deflection ish50.24 GV21, corresponding to a
rigidity R54.17 GV. The track in the calorimeter is shown at t
bottom.
2-5
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TABLE III. Sources for muon background.

Source Rejection criteria Residual contamination

albedoa TOF measurement none
low-energy electrons Cherenkov test &1% below 0.5 GV
and positronsb

spillover protonsa no correction negligible
atmospheric mesonsb no correction &1 –2% almost everywhere

for &10 GeV/c pions; negligible for kaons
locally-produced track reconstruction &5% above 50 g/cm2 below 1 GeV/c;
mesonsb requirements negligible above 1 GeV/c
low-energy protonsc TOF measurement &1%

aFor m2.
bBoth for m1 andm2.
cFor m1.
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leased in the scintillator layers from the large flux of proto
This background was evaluated by studying a sample of
tons selected by means of the pulse height signals in
bottom scintillator layer. The contamination, in the who
energy range, was found to be less than 2% and for e
energy bin the number of the estimated background pro
in the helium sample was subtracted.

2. Muon analysis

The possible sources of background events, which m
simulate moun-like events, are listed in Table III. Als
shown in this table are the most efficient rejection criteria
eliminate the background events and the estimated leve
residual contamination.

Albedo events are upward-going particles which simul
a curvature of opposite sign in the spectrometer. They
either produced as large angle secondaries in interaction
hadrons incident at large zenith angles or by hard scatteri
However, we found only 9 upward-going events in the wh
ascent sample. They were easily removed by means of
time of flight measurement~test 10 of Table I!.

The degree of possible electron contamination varies w
altitude and energy because of the different developmen
the electron and muon fluxes in the atmosphere. For ener
&1 GeV, the worst conditions for the relative ratio of muo
to electron flux is expected at less than 100 g/cm2, where
the muon flux is still increasing with atmospheric depth a
the electron flux has already reached its maximum@38#.
Low-energy electrons and positrons misidentified as mu
in the calorimeter were rejected from the muon sample
means of the Cherenkov selection shown in test 5 of Ta
II. We used the number of Cherenkov-identified electr
events to estimate the upper limit to the altitude-depend
residual contamination as given in Table III.

Spillover events are particles whose charge sign is mi
terpreted in the magnet spectrometer. This source of b
ground needs to be considered for the negative muon sa
because of the large number of protons at high altitudes
a consequence of the high performances of the magnet s
trometer, spillover is expected to be only a negligible sou
of background in the momentum range of this investigati
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In fact, we carried out a simulation@36#, which takes into
account the details of the magnetic field in the spectrom
and detector response. We found that the spillover ba
ground cannot be more than 1% of the negative muon ev
even near the float altitude and at the highest rigidity b
where one might expect some contribution.

Background due to pions and kaons is the major conc
for the muon measurements, because it is not possibl
identify mesons that do not interact in the calorimeter. Fr
theoretical expectations for the pion and kaon fluxes in
atmosphere@12,39#, we estimated that for muon momen
less than 10 GeV/c pions do not contaminate significantl
the muon measurements at depths larger than 200 g/2,
while an altitude-dependent pion contamination of the or
of 1–2 % cannot be excluded at smaller depths. The frac
of contaminating pions may be larger at larger particle m
menta. The kaon contamination is negligible everywhe
There is also the possibility that locally produced particl
namely secondaries produced by hadrons interacting in
shell or in the lift bar above the payload, may be detected
single muon-like events. In order to reject such events,
excluded from the analysis all the tracks whose extrapola
did intersect the lift bar. In addition, we placed severe
quirements on the reconstructed tracks, as illustrated pr
ously, by which multiple particles from an interaction th
are incident within the instrument can be rejected. From
analysis of simulated events, we estimated that the poss
residual contamination from locally produced particles
negligible, except at very low energies and at small atm
spheric depths. In order to evaluate the possible exten
contamination in this region, we checked the number
negative events which were selected as muons in the re
the apparatus and passed a pion selection criterion in
calorimeter. From this fraction and from the estimated e
ciency for such a test to detect pions, we estimated th
contamination by locally produced particles at an extent
to 20% cannot be excluded for muons below 1 GeV/c at
small atmospheric depths. The fraction of such events
creases rapidly with increasing atmospheric depth and
found that it may not exceed 5% at depths larger th
50 g/cm2. It should be emphasized that this procedure c
2-6
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BALLOON MEASUREMENTS OF COSMIC RAY MUON . . . PHYSICAL REVIEW D60 052002
allow us only to set the upper limit to the contamination d
to this source of background. Therefore no further correct
was made to the data.

Finally, the proton background is important for the po
tive muon measurements, since their flux rapidly increa
with increasing altitude. Primary protons exponentially
tenuate in the atmosphere with an absorption lengthL
;120 g/cm2 @2#. This occurrence places a serious constra
on the range of atmospheric depth over which positive m
measurements are possible. However, the situation is di
ent at low energy because of the geomagnetic suppressio
primaries, as can be seen from the helium spectrum show
Fig. 5. The low-energy proton component therefore has to
of a secondary nature. This can also be seen in the alti
distribution of such events@23#. The geomagnetic suppres
sion allows us to perform a low-energy proton rejection
means of the squared mass tests listed in Table II.

E. Geometric factor and efficiencies

1. Geometric factor and global efficiencies

The geometric factor of the apparatus was estimated
means of two independent codes for the containment co
tions listed in Table I. The accuracy of such calculations w
estimated to be better than 1%.

Particles generated at the top of the apparatus were
lowed down to the bottom of the calorimeter and then tra
up to the level of the lift bar. By requiring that the trac

FIG. 5. Mean pulse height in the top scintillators plotted a
function of deflection for the positive particles taken during t
ascent. The scintillator signal has been normalized to the ave
pulse height from singly charged minimum ionizing particles,I 0. A
dashed line shows the value of the vertical geomagnetic cut-off
this experiment. The effect of the cut-off can be seen in the s
pression of the low-energy helium component.
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should not intersect the suspension bar, about 10% of
events above 1 GV that cross the whole detector were el
nated. The deflection dependence of the geometric facto
the different cases is shown in Fig. 6. The small differen
between positive and negative particles at high deflectio
due to a mechanical asymmetry of the magnet with respec
the detector stack.

The following global efficiencies were introduced in ea
analysis:~a! a trigger efficiency of 0.82560.010 measured in
a ground test before the launch;~b! a time-dependen
livetime fraction, which varied during the ascent as shown
Fig. 7 and reached a value of 0.6660.01 at float;~c! a rigid-
ity dependent reconstruction efficiency, shown in Fig. 8
muons. While the reconstruction efficiency, at high ener
is the same for protons and muons, it is significantly low
for helium nuclei. Above the geomagnetic cutoff the reco
struction efficiencies were nearly constant; they were 0.9
60.012 for protons and muons and 0.91760.032 for helium.
No dependence was found on the sign of charge for muo

2. Proton and helium selection efficiencies

The scintillator efficiencies for charge 1~protons and
muons! and charge 2~helium! particle selection were deter
mined using samples of events tagged by the bottom sci
lator detector; this information was not used in the analy
for the event selection. This technique allows a relia
evaluation of the selection efficiencies. We estimated a
lection efficiency of 0.94560.001 for protons and muon
and 0.88260.022 for helium nuclei.

3. Muon selection efficiencies

In addition to the above efficiencies, the following sele
tion efficiencies were considered in estimating the mu

a

ge

r
-

FIG. 6. Geometric factor for different acceptance criteria. T
estimated uncertainties are also shown.
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fluxes: ~a! a calorimeter efficiency of 0.88860.008; ~b! the
requirement of the presence of the calorimeter informat
introduced a further efficiency of 0.85160.005, because o
some acquisition failures;~c! the Cherenkov test at low en
ergy was passed by muons with an efficiency of 0.9
60.001;~d! the efficiency for the time of flight selection o
low-energy positive muons was found to be 0.99260.004
and 0.90860.014, respectively in the 0.65–1.25 GV an
1.25–1.5 GV rigidity ranges.

FIG. 7. Livetime fraction during the ascent of the flight.

FIG. 8. Spectrometer track reconstruction efficiency for mu
particles. The dashed line shows the best-interpolation curve us
the flux calculations.
05200
n

8

The overall efficiency for muon selection was therefore
function of time and energy. It ranged for negative muo
from a minimum of 0.29860.006 at 0.3 GeV/c at maxi-
mum deadtime to the value of 0.53960.011 above 4 GeV/c
and at minimum deadtime. The detection efficiency for po
tive muons was slightly lower because of the addition
squared mass selection criterion.

IV. RESULTS

A. Muon results

With the selection described in the previous sections,
selected a sample of 4471 negative and 2856 positive mu
distributed in the atmospheric depth range of 5 –886 g/c2.
As previously mentioned, the momentum range investiga
for negative muons was from 0.3 to 40 GeV/c, while posi-
tive muons were selected in the 0.3–1.5 GeV/c interval.

We followed the same procedure developed for our p
vious analysis@1# for the reconstruction of the flux growth
curves in the atmosphere. In particular, a parametrization
the form

F~X!5kXe2X/L ~4.1!

was adopted in order to describe the dependence of the m
flux in the different momentum intervals upon the atm
spheric depthX, wherek and L are varied to fit the data
Results on the depth dependence of muons of either ch
are shown in Fig. 9, and are also given in Table IV: it may
noted that the positive and negative curve shapes do
show any noticeable difference.

Figure 10 shows the muon charge ratio in the atmosph
in two different energy intervals. It can be noticed that o
results do not show any definite trend of the charge ra
changing with atmospheric depth. On the other hand, it m
be pointed out that the depth-averaged value of them1/m2

ratio increases with increasing momentum of the partic
being 1.1260.04 and 1.2360.05 respectively in the 0.3–0.
and 0.9–1.5 GeV/c momentum bins. These values are co
sistent with the ratio measured at float in the same exp
ment@30#. Figure 10 also shows that, while there is a gene
agreement among results in the low energy bin at large
mospheric depths, there is noticeable difference at low a
tudes below 100 g/cm2. In addition to the results shown in
Fig. 10, results are also available at very small atmosph
depths. The CAPRICE experiment reported an average v
of 1.6460.08 between 0.2 and 2.3 GeV/c at 3.9 g/cm2 of
residual atmosphere@40#, while a ratio of 1.2660.12 for
0.3–1.3 GeV/c muons was previously found at 11 g/cm2

@41#. It is not clear from the literature how much of th
differences in the observed ratio could be ascribed to
different experimental conditions@40,43#.

The measured spectra of negative muons at differ
depths between 25 and 255 g/cm2 are shown in Fig. 11 and
also in Table V: The results in Table IV show that, in spite
the differences in the growth pattern of the muon flux f
different momentum intervals, the estimated value of the
fective atmospheric depth~FAD! do not differ by more than
1% at all depths, except at the largest depth interval. Ab

n
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BALLOON MEASUREMENTS OF COSMIC RAY MUON . . . PHYSICAL REVIEW D60 052002
1.5 GeV/c, the negative muon spectra may be parametri
as power-laws with a power index of 2.4560.05, almost in-
dependent of the atmospheric depth, and in a close ag
ment with our previous observations in@1#. A comparison
between these two measurements shows that the norma
tions of the two sets of results are in a good agreement in
1 –8 GeV/c interval. A comparison between these two e
periments at lower energy is less straightforward, due to
different conditions of solar modulation and geomagne
cutoff of the two experiments. As shown in Fig. 12, we me
sured a significant deficit of low-energy muons in the 19
flight with respect to the 1989 experiment over a large ra
of atmospheric depth.

B. Proton and helium results

From the events recorded at the float, we have sele
118637 proton events and 15207 helium events for the an
sis. These events were collected over a period of 3533
After subtracting the estimated background, the numbe
events were corrected for the selection efficiencies. The
for each selected energy bin at the spectrometer level
estimated using the time of observation and the calcula

FIG. 9. Flux growth curves for negative muons in th
0.3–40 GeV/c momentum range. Positive muon results are sho
in the 0.3–1.5 GeV/c momentum interval. Some of the distribu
tions have been scaled as indicated.
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geometric factor. In the case of protons, we have chosen
rigidity range between 3.3 and 100 GV, where the contrib
tion from the atmospheric secondaries is small. The heli
spectrum was investigated between 3 and 100 GV.

The estimated flux values at the spectrometer level w
corrected to the top of the payload by taking into acco
inelastic interactions and ionization energy loss in the de
tors above the spectrometer~namely, the plastic scintillator
counters and the gas Cherenkov detector! and in the alumi-
num dome of the payload. The proton flux was then extra
lated to the top of the atmosphere by making use of
procedure described by Papiniet al. @19#, which includes the
ionization and interaction losses as well as the second
production in the residual atmosphere above the appara
In the case of the helium nuclei, in addition to the ionizati
and interaction losses, the production by heavy nucleus s
lation was taken into account by considering the appropr
helium attenuation length instead of the helium interact
length.

The proton and helium fluxes at the top of the atmosph
are given in Tables VI and VII. The spectral indexg is
2.70860.037 for protons above 30 GeV and 2.6560.19 for
the helium flux above 15 GeV/n. The measured spectra a
shown in Fig. 13, where the geomagnetic effect is evid
below 3.5 GeV for protons and below 1.5 GeV/n for he-
lium. The spectral shapes of the data, above the geomag
cutoff, show that the solar modulation effect is noticeab
despite the high value of geomagnetic cutoff for this expe
ment.

Because of the penumbral bands associated with the
magnetic cutoff rigidities at mid-latitudes, primary cosm
rays are partially transmitted through the earth’s magn
field near the cutoff. In the following, we attempt to dete
mine the geomagnetic transmission function, which is
fined as the fraction of cosmic rays of given energy to rea
the Earth after the interaction with the geomagnetic fie
from our observation. For this purpose, we make use of
observed helium spectrum rather than the proton spectr
because at low energies the secondary production of pro
in the atmosphere influences the measured proton spect

In Fig. 14~a! the helium flux is shown as a function o
rigidity together with the curve of Fig. 13 corresponding
the maximum of solar modulation@19#. The ratio between
the experimental points and the curve is shown in Fig. 14~b!.
This ratio can be taken as representative of the transmis
function. The dashed curve is the best-fit parametrization
the data with a simple curve:

GF~R!5$@~0.92060.010!

3~R/Rc!#
(223.262.0)11%(20.38560.040), ~4.2!

whereRc54.1 GV represents the average value of the
fective vertical cutoff rigidity over the flight trajectory. Thi
average value has been estimated using the vertical cu
map by Shea and Smart@44#. The position of the payload
changed between 34°438 and 35°298 of N-latitude and be-
tween 103°388 and 104°258 of W-longitude during the flight,
with a small variation in the value of vertical cutoff.

n
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TABLE IV. Flux growth curve results for 0.3–40 GeV/c negative and 0.3–1.5 GeV/c positive muons. Results are given for th
following momentum intervals: I 0.3–0.9 GeV/c, II 0.9–1.5 GeV/c, III 1.5–2.5 GeV/c, IV 2.5–4 GeV/c, and V 4 –40 GeV/c. The
symbols APD and FAD stand respectively for average payload depth and flux-weighted average depth in the momentum bin. In
case, the best fit curve of type~4.1! was used. The units of flux are particles/(cm2 s sr GeV/c).

Depth Interval A B C D

Duration ~s! 820 530 350 390
Live-time fraction 0.920 0.818 0.725 0.648
Initial depth (g/cm2) 886 514 358 272
Final depth (g/cm2) 514 358 272 197
APD (g/cm2) 680 434 316 233

I m2 Flux 2.5960.2831023 6.4960.5931023 9.7960.9531023 1.0360.1031022

FAD (g/cm2) 631.6 421.3 309.1 228.7
II m2 Flux 2.2560.2431023 4.2160.4331023 5.8760.6631023 6.3360.6931023

FAD (g/cm2) 637.4 422.6 309.5 229.0
III m2 Flux 1.2460.1431023 2.1360.2331023 2.7060.3431023 3.4460.3931023

FAD (g/cm2) 639.5 423.0 309.7 229.1
IV m2 Flux 5.3060.7131024 8.8961.2231024 1.1060.1831023 1.2460.1931023

FAD (g/cm2) 645.0 424.2 310.0 229.4
V m2 Flux 4.2560.4131025 5.3660.6131025 6.4960.8731025 5.8260.8331025

FAD (g/cm2) 650.3 425.3 310.4 229.6

I m1 Flux 2.8460.2931023 6.9960.6231023 9.3060.9231023 1.3060.1131022

FAD (g/cm2) 630.5 421.1 309.0 228.6
II m1 Flux 2.9260.2831023 4.8560.4731023 6.8060.7231023 7.7960.7731023

FAD (g/cm2) 637.2 422.6 309.5 229.0

Depth Interval E F G H

Duration ~s! 510 670 670 780
Live-time fraction 0.594 0.597 0.593 0.602
Initial depth (g/cm2) 197 134 95 69
Final depth (g/cm2) 134 95 69 48
APD (g/cm2) 163 112 81 59

I m2 Flux 1.1660.1031022 9.9360.7831023 8.8560.7431023 7.6460.6331023

FAD (g/cm2) 160.4 110.5 80.4 58.2
II m2 Flux 6.0960.6431023 6.1160.5431023 5.3560.5131023 4.1760.4131023

FAD (g/cm2) 160.6 110.6 80.4 58.2
III m2 Flux 3.2360.3431023 2.8060.2831023 2.5760.2731023 1.9060.2131023

FAD (g/cm2) 160.7 110.6 80.5 58.2
IV m2 Flux 1.3260.1831023 9.2961.3031024 8.4561.2431024 6.5461.0031024

FAD (g/cm2) 160.9 110.7 80.5 58.2
V m2 Flux 4.9560.7031025 4.7160.5931025 3.7860.5331025 3.0160.4431025

FAD (g/cm2) 161.1 110.8 80.5 58.2

I m1 Flux 1.2960.1031022 1.1660.0831022 9.7160.7731023 8.5660.6631023

FAD (g/cm2) 160.4 110.5 80.4 58.2
II m1 Flux 8.4660.6931023 7.5460.6131023 5.5460.5231023 4.4160.4331023

FAD (g/cm2) 160.6 110.6 80.4 58.2

Depth Interval I J

Duration ~s! 1100 3590
Live-time fraction 0.619 0.646
Initial depth (g/cm2) 48 27
Final depth (g/cm2) 27 5
APD (g/cm2) 37 13
052002-10
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TABLE IV. ~Continued!.

Depth Interval A B C D

I m2 Flux 4.7860.4131023 2.0060.1431023

FAD (g/cm2) 37.4 15.3
II m2 Flux 2.4460.2631023 1.0260.0931023

FAD (g/cm2) 37.4 15.3
III m2 Flux 1.2960.1431023 5.1160.5031024

FAD (g/cm2) 37.4 15.3
IV m2 Flux 4.2060.6731024 1.6060.2231024

FAD (g/cm2) 37.4 15.4
V m2 Flux 2.5060.3331025 9.6361.1231026

FAD (g/cm2) 37.4 15.4

I m1 Flux 5.5760.4531023 2.3860.1631023

FAD (g/cm2) 37.4 15.3
II m1 Flux 3.0860.3031023 1.4160.1131023

FAD (g/cm2) 37.4 15.3
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It can be useful to have an analytical representation of
measured primary fluxes. For this purpose, it has been fo
that a simple function of the form

J~E!5a~E1be2cE!2g3GF~E! ~4.3!

FIG. 10. Muon charge ratio in the~a! 0.3–0.9 GeV/c and ~b!
0.9–1.5 GeV/c momentum intervals with changing atmosphe
depth. The dashed lines show the weighted average values from
experiment, and the dotted lines the corresponding 1s intervals.
Results from previous experiments are also shown: Conv
(0.315–0.348 GeV/c) @21#, Krizmanic et al. (0.42–0.47 GeV/c)
@24#, Querciaet al. (>460 MeV) @42#, Schneideret al. and Coutu
et al. (0.3–0.9 GeV/c) @25,26#.
05200
e
nd
can fit the data both for proton and helium spectra. In E
~4.3! a,b,c are free parameters,g is the slope of the spec
trum at high energy,GF(E) is the geomagnetic transmissio
function andE is the kinetic energy per nucleon. The param
eter values obtained for protons area5111696121, b
52.68260.046, c50.095060.0059 with a reducedx2

51.12; the corresponding values for helium area5406
614, b51.41660.068, c50.20360.039 with a reduced
x250.51. We found that a parametrization~4.3! can repre-
sent, with the same accuracy and in the same energy ra
explored in this work, the observed spectra of all recent m
surements by using different values for the constants.

The comparison of the results from this experiment w
data from other experiments is shown in Fig. 15 for proto

his

si

FIG. 11. Negative muon momentum spectra in different de
intervals. Some of the distributions have been scaled as indica
2-11
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TABLE V. Negative muon spectra in different depth intervals. The results are given for the following momentum
I 0.3–0.465 GeV/c, II 0.465–0.65 GeV/c, III 0.65–0.8 GeV/c, IV 0.8–1 GeV/c, V 1 –1.25 GeV/c, VI 1.25–1.5 GeV/c,
VII 1.5–2 GeV/c, VIII 2 –3 GeV/c, IX 3 –8 GeV/c, and X 8 –40 GeV/c. The symbols APD and FAD stand respectively for avera
payload depth and flux-weighted average depth in the momentum bin. In the latter case, the best fit curve of type~4.1! was used. The units
of flux are particles/(cm2 s sr GeV/c).

Depth Interval A B C D E

Duration ~s! 540 700 510 1190 1230
Live-time fraction 0.627 0.594 0.592 0.600 0.620
Initial depth (g/cm2) 255 164 106 83 48
Final depth (g/cm2) 164 106 83 48 25
APD (g/cm2) 206 131 94 65 36
FAD (g/cm2) 202 130 93 65 36

I m2 Flux 1.2160.2031022 1.4860.2031022 1.1660.2031022 1.0660.1231022 5.5860.8831023

II m2 Flux 1.0660.1531022 1.2260.1431022 8.5861.4231023 7.9660.9031023 5.1360.6931023

III m2 Flux 9.0061.4531023 9.4661.3531023 7.7861.4331023 6.6360.8631023 4.1860.6631023

IV m2 Flux 8.4161.2031023 7.8261.0431023 6.9861.1531023 6.4760.7331023 3.2960.5031023

V m2 Flux 6.0960.9031023 6.9160.8731023 6.3960.9831023 4.9060.5631023 2.7660.4031023

VI m2 Flux 4.8360.8031023 4.9060.7331023 4.6960.8331023 3.2960.4531023 1.8660.3331023

VII m2 Flux 4.1360.5231023 3.3160.4231023 3.5560.5131023 2.7360.2931023 1.6060.2231023

VIII m2 Flux 2.5860.2931023 2.1860.2431023 1.4360.2331023 1.3060.1431023 7.2161.0231024

IX m2 Flux 4.7960.5631024 2.9760.3931024 4.0260.5431024 2.3960.2731024 1.9660.2431024

X m2 Flux 2.4460.4931025 2.3060.4331025 1.6460.4231025 1.4360.2631025 8.6661.9431026
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and in Fig. 16 for helium. In general, it seems that there
several inconsistencies among the different experime
Such discrepancies cannot be ascribed completely to the
lar modulation effect, since they are noticed even at h
energies where the solar modulation effect is very smal
we compare only the most recent data, as shown in Fig
for energies above 10 GeV/n, we see that the discrepancie

FIG. 12. Differences in the 0.3–1 GeV/c negative muon flux
measured in this experiment with respect to the 1989 experim
@1#.
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TABLE VI. Proton flux at the top of the atmosphere.

Kin. energy range Mean energy Flux Flux erro
~GeV! ~GeV! (m2 sr s GeV)21

2.55 2.95 2.77 23.10 0.48
2.95 3.41 3.21 51.84 0.71
3.41 3.93 3.68 86.90 0.92
3.93 4.52 4.22 83.46 0.85
4.52 5.19 4.85 67.66 0.72
5.19 5.95 5.56 54.80 0.60
5.95 6.81 6.36 42.04 0.48
6.81 7.78 7.28 32.83 0.40
7.78 8.89 8.31 24.90 0.32
8.89 10.1 9.49 19.18 0.26
10.1 11.6 10.8 13.90 0.21
11.6 13.2 12.3 10.66 0.17
13.2 15.1 14.1 7.63 0.13
15.1 17.2 16.1 5.52 0.10
17.2 19.7 18.3 3.89 0.08
19.7 22.5 21.0 2.79 0.06
22.5 25.7 24.0 1.95 0.05
25.7 29.5 27.5 1.40 0.04
29.5 33.9 31.6 0.961 0.029
33.9 39.0 36.3 0.652 0.022
39.0 52.2 44.8 0.360 0.010
52.2 71.0 60.3 0.167 0.006
71.0 99.1 83.0 0.072 0.003
2-12
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FIG. 13. Proton and helium flux values at the top of the atm
sphere are plotted as a function of energy. The superimposed cu
represent fits of a previous compilation of data@19# for minimum
~dotted! and maximum~dashed! of solar modulation.

TABLE VII. Helium flux at the top of the atmosphere.

Kin. energy range Mean energy Flux Flux erro
~GeV/n! ~GeV/n! (m2 sr s GeV/n)21

0.841 1.00 0.927 3.30 0.34
1.00 1.19 1.11 6.53 0.49
1.19 1.40 1.30 17.7 1.0
1.40 1.64 1.52 27.2 1.4
1.64 1.92 1.78 27.0 1.3
1.92 2.24 2.08 21.9 1.1
2.24 2.62 2.42 16.9 0.9
2.62 3.03 2.82 13.5 0.7
3.03 3.51 3.26 10.1 0.5
3.51 4.06 3.77 7.48 0.41
4.06 4.68 4.36 5.78 0.32
4.68 5.39 5.02 4.58 0.26
5.39 6.20 5.77 3.17 0.19
6.20 7.13 6.64 2.38 0.15
7.13 8.20 7.63 1.62 0.11
8.20 9.42 8.77 1.19 0.08
9.42 10.8 10.1 0.875 0.065
10.8 12.4 11.6 0.536 0.045
12.4 14.3 13.3 0.444 0.038
14.3 16.5 15.3 0.286 0.027
16.5 19.1 17.7 0.186 0.020
19.1 22.1 20.5 0.142 0.016
22.1 25.7 23.7 0.098 0.011
25.7 35.0 29.7 0.048 0.005
35.0 49.1 41.0 0.020 0.0027
05200
-
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FIG. 14. Transmission function in the geomagnetic field. Pa
~a! shows the helium flux measured in this experiment as a func
of rigidity; panel ~b! shows the fitted transmission function as r
sulting from the ratio of the experimental points and the normaliz
curve given in Fig. 13 for maximum solar modulation.

FIG. 15. Comparison between the proton flux measured in
experiment and other data: Smithet al. @45#, Ryanet al. @46#, Seo
et al. @47#, Webberet al. @48#, Ormeset al. @49#, Mennet al. @50#,
and Boezioet al. @51#.
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are reduced. However, the differences between different
in some cases are of the order of 20–30 %, considera
larger than the estimated errors. It is difficult to establis
priori what systematics affect the different experimen
Therefore, in order to avoid the effect of such systema
errors in the comparison between atmospheric and prim
cosmic ray fluxes, the approach proposed in this paper i
use the same apparatus to measure both the atmosp
muons and their parent primary particle fluxes.

V. CONCLUSIONS

We have reported on simultaneous measurements o
mospheric muons and of primary cosmic rays taken with
same apparatus in a balloon experiment. The muon meas
ments cover the atmospheric depth range between 5
886 g/cm2. Negative muon spectra were measured in
momentum range 0.3–40 GeV/c, while positive muons be-
tween 0.3 and 1.5 GeV/c. The proton and helium measure
ments were carried out at 5.8 g/cm2, in the 3–100 GV rigid-
ity range. Corrections were applied in order to calculate
expected primary fluxes at the top of the atmosphere.
geomagnetic transmission function at mid-latitude has b

FIG. 16. Comparison between the helium flux measured in
experiment and other data: Smithet al. @45#, Ryanet al. @46#, Seo
et al. @47#, Webberet al. @48#, Mennet al. @50#, Boezioet al. @51#,
Masonet al. @52#, Von Rosenvingeet al. @53#, Buckleyet al. @54#,
and Beattyet al. @55#.
n
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determined. The data analysis procedures for primary nu
and muon fluxes were similar. Nevertheless, some dif
ences in the selection criteria for different particles we
used. For this reason we can estimate a normalization un
tainty of 1% between proton and negative muon fluxes, a
of 2% between proton and positive muon fluxes. The av
ability of results of muons and primaries taken with the sa
detector in the same experiment may help decrease the
certainties in the atmospheric neutrino calculations.
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FIG. 17. Comparison of the most recent high-energy meas
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