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| LEPTONS

8]

e MASS (atomic mass units u)

The primary determination of an electron's mass comes from measuring
the ratio of the mass to that of a nucleus, so that the result is obtained in
u (atomic mass units). The conversion factor to MeV is more uncertain
than the mass of the electron in u; indeed, the recent improvements in
the mass determination are not evident when the result is given in MeV.
In this datablock we give the result in u, and the following datablock in
MeV.

VALUE (10~ u) DOCUMENT ID TECN  COMMENT

548.57990945+ 0.00000024 MOHR 04 RVUE 2002 CODATA value I
e o o We do not use the following data for averages, fits, limits, etc. o o o

548.5799092 +0.0000004 1 BEIER 02 CNTR Penning trap

548.5799110 +0.0000012 MOHR 99 RVUE 1998 CODATA value
548.5799111 +0.0000012 2 FARNHAM 95 CNTR Penning trap

548.579903 +0.000013 COHEN 87 RVUE 1986 CODATA value

1BEIER 02 compares Larmor frequency of the electron bound in a 125+ jon with the
cyclotron frequency of a single trapped 12¢5+ jon.

2 FARNHAM 95 compares cyclotron frequency of trapped electrons with that of a single
trapped 126+ jon,

e MASS

2002 CODATA gives the conversion factor from u (atomic mass units, see
the above datablock) as 931.494 043 (80). Earlier values use the then-
current conversion factor. The conversion error dominates the masses
given below.

VALUE (MeV) DOCUMENT 1D TECN _ COMMENT
0.510998918--0.000000044 MOHR 04 RVUE 2002 CODATA value I
e o o We do not use the following data for averages, fits, limits, etc. o o o

0.510998901 4-0.000000020 3.4 BEIER 02 CNTR Penning trap

0.510998902 4 0.000000021 MOHR 99 RVUE 1998 CODATA value
0.510998903 4-0.000000020 3.5 FARNHAM 95 CNTR Penning trap

0.510998895 = 0.000000024 3 COHEN 87 RVUE 1986 CODATA value
0.5110034 +0.0000014 COHEN 73 RVUE 1973 CODATA value

3Converted to MeV using the 1998 CODATA value of the conversion constant,
931.494013 + 0.0000037 MeV /u.

4BEIER 02 compares Larmor frequency of the electron bound in a 12C5F ion with the
cyclotron frequency of a single trapped 125+ jon,

5 FARNHAM 95 compares cyclotron frequency of trapped electrons with that of a single
trapped 126+ jon.

(m¢+ - me:) / Maverage
A test of CPT invariance.

VALUE L% DOCUMENT ID. TECN _ COMMENT

<8x10~2 90 6 FEE 93 CNTR Positronium spec-
troscopy

e o o We do not use the following data for averages, fits, limits, etc. o o o

<4x1078 90 CHU 84 CNTR Positronium spec-

troscopy

6 FEE 93 value is obtained under the assumption that the positronium Rydberg constant
is exactly half the hydrogen one.

|qe+ + qu/e

A test of CPT invariance. See also similar tests involving the proton.

VALUE DOCUMENT ID TECN  COMMENT
<4 x10-8 7 HUGHES 92 RVUE
e o o We do not use the following data for averages, fits, limits, etc. o o o
<2 x 10718 8SCHAEFER 95 THEO Vacuum polarization
<1x10718 9 MUELLER 92 THEO Vacuum polarization
THUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-
tios.
8 SCHAEFER 95 removes model dependency of MUELLER 92.

9 MUELLER 92 argues that an inequality of the charge magnitudes would, through higher-
order vacuum polarization, contribute to the net charge of atoms.

e MAGNETIC MOMENT ANOMALY

He/ps — 1= (8-2)/2
The CODATA value assumes the g/2 values for e and e~ are equal, as required by CPT.
VALUE (units 10=6)

DOCUMENT ID TECN CHG  COMMENT

1159.6521859 +-0.0000038 MOHR 04 RVUE 2002 CODATA value I
e o o We do not use the following data for averages, fits, limits, etc. o o o

1159.6521869 £0.0000041 MOHR 99 RVUE 1998 CODATA value
1159.652193 +0.000010 COHEN 87 RVUE 1986 CODATA value

1159.6521884 £0.0000043
1159.6521879 +£0.0000043

VANDYCK 87 MRS —
VANDYCK 87 MRS +

Single electron
Single positron

(g¢+ - Eg—) / Baverage

A test of CPT invariance.

VALUE (units 10~12) % DOCUMENT ID TECN _ COMMENT
— 05% 21 10 VANDYCK 87 MRS  Penning trap
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
< 12 95 11 VASSERMAN 87 CNTR Assumes m,, = m
22 +64 SCHWINBERG 81 MRS  Penning trap
10VANDYCK 87 measured (§—/84)—1 and we converted it.
11VASSERMAN 87 measured (84 — 8-)/(g—2). We muitiplied by (g—2)/g = 1.2 x
1073,

-

e ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10’26 ecm) CL% DOCUMENT ID TECN COMMENT
0.069+ 0.074 REGAN 02 MRS  205T| beams

e o o We do not use the following data for averages, fits, limits, etc. o o o
018 + 012 +0.10 12coMMINS 94 MRS 2057 beams

- 027 + 083 12 ABDULLAH 90 MRS  205T| beams

— 14 £ 24 CHO 89 NMR TIF molecules

— 15 + 55 +15 MURTHY 89 Cesium, no B field
— 50 £110 LAMOREAUX 87 NMR 199Hg

190  +340 90 SANDARS 75 MRS  Thallium

70 +220 90 PLAYER 70 MRS  Xenon
< 300 90 WEISSKOPF 68 MRS  Cesium

12 ABDULLAH 90, COMMINS 94, and REGAN 02 use the relativistic enhancement of a
valence electron’s electric dipole moment in a high-Z atom.

e~ MEAN LIFE / BRANCHING FRACTION

A test of charge conservation. See the “Note on Testing Charge Conserva-
tion and the Pauli Exclusion Principle” following this section in our 1992
edition (Physical Review D45, 1 June, Part I (1992), p. VI.10).

Most of these experiments are one of three kinds: Attempts to observe
(a) the 255.5 keV gamma ray produced in €~ — w7, (b) the (K) shell
xray produced when an electron decays without additional energy deposit,
eg., e~ — VeTgV, (“disappearance” experiments), and (c) nuclear de-
excitation gamma rays after the electron disappears from an atomic shell
and the nucleus is left in an excited state. The last can include both weak
boson and photon mediating processes. \We use the best e~ — vy limit
for the Summary Tables.

Note that we use the mean life rather than the half life, which is often
reported.

e — e+ and astrophysical limits

VALUE (yr) L% DOCUMENT 1D TECN  COMMENT

>46 x1026 9o BACK 02 BORX e~ — vy

e ¢ o We do not use the following data for averages, fits, limits, etc. » o o
>34 x10%° 68 BELLI 008 DAMA e~ — 17, liquid Xe

>37 x102° 68 AHARONOV 958 CNTR e~ — wry

>2.35 x 1025 68 BALYSH 93 CNTR e~ — v, /5Ge detector

>1.5 x 1025 68 AVIGNONE 86 CNTR e~ — vy

>1 x 1039 13 orRITO 85 ASTR Astrophysical argument

>3 x 1023 68 BELLOTTI 838 CNTR e~ — vy

13 ORITO 85 assumes that electromagnetic forces extend out to large enough distances and
that the age of our galaxy is 1010 years.

Disappearance and nuclear-de-excitation experiments

VALUE (yr) CL% DOCUMENT ID TECN COMMENT

>6.4 x 1024 68 14 gELLI 998 DAMA De-excitation of 129xe

e o o We do not use the following data for averages, fits, limits, etc. o o o

>4.2 % 1024 68 BELLI 99 DAMA lodine L-shell disappear-
ance

>2.4 x 1023 90 15 BELLI 990 DAMA De-excitation of 1271 (in
Nal)

>4.3 x 1023 68 AHARONOV 958 CNTR Ge K-shell disappearance

>2.7 x 1023 68 REUSSER 91 CNTR Ge K-shell disappearance

2 x 1022 68 BELLOTTI ~ 838 CNTR Ge K-shell disappearance
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e,

14 BELLI 998 limit on charge nonconserving e~ capture involving excitation of the 236.1 I3 MEAN LIFE 7
keV nuclear state of 129Xe; the 90% CL limit is 3.7 x 1024 yr. Less stringent limits for . 6 X
other states are also given. Measurements with an error > 0.001 x 10~° s have been omitted.
15 BELLI 99D limit on charge nonconserving e~ capture involving excitation of the 57.6
keV nuclear state of 1271, Less stringent limits for the other states and for the state of VALUE (10 6 s) DOCUMENT ID TECN _ CHG
23Na are also given. 2.19703 +0.00004 OUR AVERAGE
2.197078+0.000073 BARDIN 84 CNTR +
e REFERENCES 2.197025+0.000155 BARDIN 84 CNTR —
2.19695 =+0.00006 GIOVANETTI 84 CNTR +
MOHR 04 RMP (to be publ) P.J. Mohr, B.N. Taylor (NIST) 219711 +0.00008 BALANDIN 74 CNTR +
physics.nist.gov/constants 2.1973  +0.0003 DUCLOS 73 CNTR
BACK 02 PL B525 29 H.O. Back et al. (BOREXINO/SASSO Collab.) . . +
BEIER 02 PRL 88 011603 T. Beier et al.
REGAN 02 PRL 88 071805 B.C. Regan et al.
BELLI 00B PR D61 117301 P. Belli et al. (DAMA Collab.) 7,4+/7,— MEAN LIFE RATIO
BELLI 99 PL B460 236 P. Belli et al. (DAMA Collab.) LA
BELLI 998 PL B465 315 P. Belli et al. (DAMA Collab.) invari
BELLI 99D PR C60 065501 P. Belli et al. (DAMA Collab.) A test of CPT invariance.
MOHR 99 JPCRD 28 1713 P.J. Mohr, B.N. Taylor (NIST)
Also 00 RMP 72 351 P.J. Mohr, B.N. Taylor (NIST)
AHARONOV ~ 95B PR D52 3785 Y. Aharonov et al. (SCUC, PNL, ZARA+) VALUL DOCUMENT 1D TECN  COMMENT
Also 95  PL B353 168 Y. Aharonov et al. (SCUC, PNL, ZARA+) 1.000024 +:0.000078 BARDIN 84 CNTR
FARNHAM 95  PRL 75 3598 D.L. Farnham, R.S. van Dyck, P.B. Schwinberg (WASH) i its. limi
SCHAEFER 3 PR A5 838 A Schacfer. | Reihardt (FRAN) e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
nggﬂ“s :g gﬁ BAngEZ;;?g /EDB C\metns/ﬂ ! KIAE, MPIH, SASSO 10008 £0.0010 BAILEY 79 CNTR Storage ring
FEE 5 PR A 190 Vs P et o (KAE, MPIH, ) 1.000  +0.001 MEYER 63 CNTR Mean life pT/ u—
HUGHES 92 PRL 69 578 R.J. Hughes, B.l. Deutch (LANL, AARH)
MUELLER 92 PRL 69 3432 B. Muller, M.H. Thoma (DUKE)
2 PR D45, 1 June, Part Il K. Hikasa et al. (KEK, LBL, BOST+) (Ty+ — 7,-) / Taverage
REUSSER 91  PL B255 143 D. Reusser et al. (NEUC, CIT, PSI) L] L]
ABDULLAH 90  PRL 65 2347 K. Abdullah et al. (LBL, UCB) PR " .
PRL 63 2559 D. Cho, K. Sangster, E.A. Hinds (YALE) A test of CPT invariance. Calculated from the mean-life ratio, above.
MURTHY 89  PRL 63 965 S.A. Murthy et al. (AMHT!
COHEN 87 RMP 59 1121 E.R. Cohen, B.N. Taylor (RISC, NBS)
LAMOREAUX 87  PRL 59 2275 S.K. Lamoreaux et al. (WASH VALE DOCUMENTID
VANDYCK 87  PRL 59 26 R.S. van Dyck, P.B. Schwinberg, H.G. Dehmelt (WASH) (2+8) x 10—5 OUR EVALUATION
VASSERMAN 87  PL B198 302 I.B. Vasserman et al. (NOVO)
Also 87B PL B187 172 I.B. Vasserman et al. (NOVO)
AVIGNONE 86 PR D34 97 F.T. Avignone et al. (PNL, SCUC)
ORITO 85  PRL 54 2457 S. Orito, M. Yoshimura (TOKY, KEK) »/p MAGNETIC MOMENT RATIO
CHU 84 PRL 52 1689 S. Chu, A.P. Mills, J.L. Hall (BELL, NBS, COLO) . o . X
BELLOTTI 83B PL 124B 435 E. Bellotti et al. ILA) This ratio is used to obtain a precise value of the muon mass and to
gin\[/)VX;ZERG % EQLA‘YI {167739 E-E-HSngi'ébe'gvDRMS g/‘a" [;y_ckv H.G. Dehme(‘i)xéwésmig reduce experimental muon Larmor frequency measurements to the muon
.G.H. Sandars, D.M. Sternheimer , . .
COHEN 73 JPCRD 2 664 ER. Cohen, B.N. Taylor (RISC. NBS) magnetlc.moment anomaly: Measurem.ents v.wth an error > .0.(.)0001.have
PLAYER 70  JPB 3 1620 M.A. Player, P.G.H. Sandars (OXF) been omitted. By covention, the minus sign on this ratio is omitted.
WEISSKOPF 68  PRL 21 1645 M.C. Weisskopf et al. (BRAN) CODATA values were fitted using their selection of data, plus other data
from multiparameter fits.
J = 1
=2 VALUE DOCUMENT ID TECN  CHG COMMENT
3.183345118::0.000000089 MOHR 04 RVUE 2002 CODATA value |
. . e o o We do not use the following data for averages, fits, limits, etc. o o o
A MASS (atomic mass units u) 3.18334513 +0.00000039 LI 99 CNTR +  HFS in muonium
The primary determination of a muon’s mass comes from measuring the 3.18334539 +0.00000010 MOHR 99 RVUE 1998 CODATA value
ratio of the mass to that of a nucleus, so that the result is obtained in 3.18334547 =+0.00000047 COHEN 87 RVUE 1986 CODATA value
u (atomic mass units). The conversion factor to MeV is more uncertain 3.1833441  £0.0000017 KLEMPT 82 CNTR +  Precession strob
than the mass of the muon in u. In this datablock we give the result in u, 3.1833461  +0.0000011 MARIAM 82 CNTR +  HFS splitting
and in the following datablock in MeV. 3.1833448 +0.0000029 CAMANI 78 CNTR + See KLEMPT 82
3.1833403  £0.0000044 CASPERSON 77 CNTR + HFS splitting
3.1833402  +£0.0000072 COHEN 73 RVUE 1973 CODATA value
VALUE (u) DOCUMENT ID TECN  COMMENT 3.1833467 £0.0000082 CROWE 72 CNTR + Precession phase
0.1134289264 =+ 0.0000000030 MOHR 04 RVUE 2002 CODATA value |
e o o \We do not use the following data for averages, fits, limits, etc. o o o pu MAGNETIC MOMENT ANOMALY
0.1134289168+0.0000000034 1 MOHR 99 RVUE 1998 CODATA value

The parity-violating decay of muons in a storage ring is observed. The
difference frequency w, between the muon spin precision and the orbital
angular frequency (e/m),c)(B) is measured, as is the free proton NMR
frequency Wpr thus determining the ratio R:wa/wp. Given the magnetic
moment ratio A:uu/up (from hyperfine structure in muonium), (g—2)/2
= R/(A-R).

0.113428913 40.000000017 2 COHEN 87 RVUE 1986 CODATA value

1 MOHR 99 make use of other 1998 CODATA entries below.
2COHEN 87 make use of other 1986 CODATA entries below.

» MASS

2002 CODATA gives the conversion factor from u (atomic mass units, see
the above datablock) as 931.494 043 (80). Earlier values use the then-
current conversion factor. The conversion error dominates the masses

The new precision results from the Brookhaven MUG2 Collaboration
have inspired reevaluation of the theoretical value. Most of the prob-
lem concerns the hadronic contributions. Examples of the present un-

given below. certainty in this changing field are two theoretical values presented by
A. Nyffeler in his theory review at a March 2003 Moriond Conference:
VALUE (MeV) DOCUMENT ID TECN  CHG COMMENT 1;,3?16_7'4 x75 (haf)l _i4.(z (fhght’bi“gh[ Scm;nt’;g) i((é.’?/lso(%ED J;
using experimental inpu rom e’ e aroun e p -2), an
105.6583692--0.0000094 ~ MOHR 04 RVUE 2002 CODATA value | 11659192.6 = 5.9 = 4.0 = 0.35 from precision 7 decay studies (ALEPH).
e o o We do not use the following data for averages, fits, limits, etc. o o o
105.6583568 4+ 0.0000052 MOHR 99 RVUE 1998 CODATA value
105.658353 0.000016 3 COHEN 87 RVUE 1986 CODATA value b/ (eh/2my)-1 = (g,—2)/2
105.658386 +0.000044 4 MARIAM 82 CNTR + VALUE (units 10-10) DOCUMENT 1D TECN  CHG  COMMENT
105.65836 +0.00026 5 CROWE 72 CNTR 11659203 + 7 OUR AVERAGE
105.65865 +0.00044 6 CRANE 71 CNTR 11659204+ 745 BENNETT 02 MUG2 +  Storage ring |
3Converted to MeV using the 1998 CODATA value of the conversion constant, 11659202+ 1416 BROWN 01 MUG2 +  Storage ring
931.494013 + 0.0000037 MeV/u. 11659191+ 59 BROWN 00 MUG2 +
4 MARIAM 82 give mu/me = 206.768259(62). e e e We do not use the following data for averages, fits, limits, etc. o o o
5 CROWE 72 give m, /m, = 206.7682(5). 11659100+ 110 7 BAILEY 79 CNTR +  Storage ring
7
6 CRANE 71 give m,/m¢, — 206.76678(85). 11659360 120 TAlLEY 79 CNTR —  Storage ring
[ 11659230+ 85 BAILEY 79 CNTR =+ Storage ring

11620000+ 5000 CHARPAK 62 CNTR +

7BAILEY 79 values recalculated by HUGHES 99 using the COHEN 87 p/p magnetic
moment. The improved MOHR 99 value does not change the result.
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1

(g,.+ - 5‘,—) / Baverage
A test of CPT invariance.
VALUE (units 10~8) DOCUMENT ID
—2.6+1.6 BAILEY 79

p# ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10~19 ecm) DOCUMENT ID

3.7+34 8 BAILEY 78 CNTR £  Storage ring
e o o We do not use the following data for averages, fits, limits, etc. o o o

8.6+4.5 BAILEY 78 CNTR + Storage rings
0.8+4.3 BAILEY 78 CNTR — Storage rings

8 This is the combination of the two BAILEY 78 results given below.

MUON-ELECTRON CHARGE RATIO ANOMALY q“+/q,_ +1

VALUE DOCUMENT ID TECN  CHG COMMENT
(1L1£2.1) x 1079 9 MEYER 00 CNTR + 1525 muonium
interval
9 MEYER 00 measure the 1s—2s muonium interval, and then interpret the result in terms
of muon-electron charge ratio qlﬁ /‘le,.

p~ DECAY MODES

ut modes are charge conjugates of the modes below.

Mode Fraction (; /) Confidence level
M e Veyy ~ 100%
I € Vel [a] (1.4+0.4) %
l3 e Deyete [B] (3.4+0.4) x 1072

Lepton Family number (LF) violating modes

Fy e veyy LF [c] < 1.2 % 90%
s e vy LF <12 x 1011 90%
e e ete” LF <10 x 10712 90%
r; e 2y LF <12 x 10711 90%

[a] This only includes events with the -y energy > 10 MeV. Since the e~ 7 v,

and e~ wer,y modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[b] See the Particle Listings below for the energy limits used in this mea-
surement.

[c] A test of additive vs. multiplicative lepton family number conservation.

pu~ BRANCHING RATIOS

r(efﬁe Vu‘Y)/rtotal ra/r
VALUE EVTS DOCUMENT ID TECN  COMMENT
0.014 +0.004 CRITTENDEN 61 CNTR v KE > 10 MeV
e o o We do not use the following data for averages, fits, limits, etc. o o o
862 BOGART 67 CNTR 7 KE > 14.5 MeV
0.003340.0013 CRITTENDEN 61 CNTR 4 KE > 20 MeV
27 ASHKIN 59 CNTR
F(e~Tevyete™) Tiotal rs/r
VALUE (units 10~5) EVTS DOCUMENT ID TECN  CHG COMMENT
3.410.2+0.3 7443 10 BERTL 85 SPEC +  SINDRUM
e o o We do not use the following data for averages, fits, limits, etc. o o o
22415 7 I CRITTENDEN 61 HLBC + E(eTe )>10
MeV

2 1 '2GUREVICH 60 EMUL

15£1.0 3 DLEe 59 HBC

10BERTL 85 has transverse momentum cut pr > 17 MeV/c. Systematic error was
increased by us.

11 CRITTENDEN 61 count only those decays where total energy of either (e+, e~ ) com-
bination is >10 MeV.

12 GUREVICH 60 interpret their event as either virtual or real photon conversion. et and
e~ energies not measured.

131 the three LEE 59 events, the sum of energies E(et) + E(e™) + E(e™) was 51 MeV,
55 MeV, and 33 MeV.

+
+

TECN  CHG COMMENT

r (e‘ Ve F“) /rmﬂ I'4/r
Forbidden by the additive conservation law for lepton family number. A multiplicative
law predicts this branching ratio to be 1/2. For a review see NEMETHY 81.

VALUE CL% DOCUMENT 1D TECN CHG  COMMENT
< 0.012 90 14 FREEDMAN 93 CNTR + v oscillation
search

e o o We do not use the following data for averages, fits, limits, etc. o o o

< 0018 90 KRAKAUER 918 CALO +
< 005 90  I5BERGSMA 83 CALO Te - u T
< 009 90 JONKER 80 CALO See BERGSMA 83
~0.001+0.061 WILLIS 80 CNTR +
013 £0.15 BLIETSCHAU 78 HLBC +  Avg. of 4 values
< 025 90 EICHTEN 73 HLBC +

14 FEREEDMAN 93 limit on Vg observation is here interpreted as a limit on lepton family
number violation.

15BERGSMA 83 gives a limit on the inverse muon decay cross-section ratio ‘r(ﬁu e~ —

wo Ve)/v(uu.87 — " vg), which is essentially equivalent to I'(e™ ueﬁu)/rtom for
small values like that quoted.

(e~ 7)/Teotal s/
Forbidden by lepton family number conservation.

VALUE (units 10~11) cL% DOCUMENT 1D TECN  CHG COMMENT

< 12 90 BROOKS 99 SPEC + LAMPF

e o o We do not use the following data for averages, fits, limits, etc. » o o

< 1.2 90 AHMED 02 SPEC + MEGA I

< 49 90 BOLTON 88 CBOX + LAMPF

<100 90 AZUELOS 83 CNTR + TRIUMF

< 17 90 KINNISON 82 SPEC + LAMPF

<100 90 SCHAAF 80 ELEC + SIN

F(e~ete™)/Teotal Te/T
Forbidden by lepton family number conservation.

VALUE (units 10-12) cL% DOCUMENT ID TECN  CHG COMMENT

< 10 90 16 BELLGARDT 88 SPEC +  SINDRUM

e o o We do not use the following data for averages, fits, limits, etc. o o o

< 36 90 BARANOV 91 SPEC + ARES

< 35 90 BOLTON 88 CBOX + LAMPF

< 24 90 16 BERTL 85 SPEC +  SINDRUM

<160 90 16 BgRTL 84 SPEC +  SINDRUM

<130 90 16 BOLTON 84 CNTR LAMPF

16 These experiments assume a constant matrix element.

I (e 29) /Ttotal F7/T
Forbidden by lepton family number conservation.

VALUE (units 10~ 11) L% DOCUMENT ID TECN  CHG COMMENT

< 172 90 BOLTON 88 CBOX + LAMPF

e o o We do not use the following data for averages, fits, limits, etc. o o o

< 840 90 17 AzUELOS 83 CNTR +  TRIUMF
<5000 90 18 BOwWMAN 78 CNTR DEPOMMIER 77
data

17 AZUELOS 83 uses the phase space distribution of BOWMAN 78.
18 BOWMAN 78 assumes an interaction Lagrangian local on the scale of the inverse p
mass.

LIMIT ON p~ — e~ CONVERSION

Forbidden by lepton family number conservation.

o(p= 325 - €7325) [ o(u=32S — y,32P%)

VALUE CL% DOCUMENT ID TECN COMMENT
<7x10711 90 BADERT.. 80 STRC SIN
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
<4 x 10710 90 BADERT... 77 STRC SIN

o(p~Cu— e Cu)/o(pCu— capture)

VALUE cL% DOCUMENT ID TECN
e o o We do not use the following data for averages, fits, limits, etc. » o o
<1.6x 1078 90 BRYMAN 72 SPEC

o(p~Ti— e Ti) /o(p~ Ti — capture)

VALUE CLY% DOCUMENT _ID TECN COMMENT
<4.3 x 10-12 90 19 poHMEN 93 SPEC SINDRUM II
e o o We do not use the following data for averages, fits, limits, etc. o o o
<4.6 x 10712 90 AHMAD 88 TPC TRIUMF
<16 x 10711 90 BRYMAN 85 TPC TRIUMF

19 DOHMEN 93 assumes p~ — e conversion leaves the nucleus in its ground state, a
process enhanced by coherence and expected to dominate.

o(p~Pb — e~ Pb) / o(u~ Pb — capture)

VALUE CL% DOCUMENT ID TECN COMMENT
<4.6 x10~11 90 HONECKER 96 SPEC SINDRUM II
e o o We do not use the following data for averages, fits, limits, etc. o o o
<4.9 x 10710 90 AHMAD 88 TPC TRIUMF




410
Lepton Particle Listings
1

LIMIT ON g~ — e+ CONVERSION

Forbidden by total lepton number conservation.

o(u= 325 — et325i*) / g(u—325 — v“”P‘)

VALUE CLY% DOCUMENT ID TECN. COMMENT

<9 x10-10 90 BADERT... 80 STRC SIN

e o o We do not use the following data for averages, fits, limits, etc. o o o

<1.5x 1079 90 BADERT... 78 STRC SIN

o(p~ 127l - e+127Sh*) / o(u~ 1271 - anything)

VALUE CL% DOCUMENT _ID. TECN. COMMENT
<3x10710 90 20 ABELA 80 CNTR Radiochemical tech.

20 ABELA 80 is upper limit for p— et conversion leading to particle-stable states of 127gp,
Limit for total conversion rate is higher by a factor less than 4 (G. Backenstoss, private
communication).

o(p—Cu— etCo) /o(pCu— v, Ni)

VALUE CL% DOCUMENT ID TECN
e o o We do not use the following data for averages, fits, limits, etc. o o o
<26x 1078 90 BRYMAN 72 SPEC
<22x 1077 90 CONFORTO 62 OSPK

o(p~Ti— etCa) [ o(p~Ti — capture)

VALUE CL% _EVTS DOCUMENT ID TECN  CHG COMMENT
<36x10711 o 1 2L22KAULARD 98 SPEC SINDRUM 11
e o o We do not use the following data for averages, fits, limits, etc. o o o

<1.7x 10712 90 1 2223 KAULARD 98 SPEC SINDRUM 11
<43x10712 g0 23DOHMEN 93 SPEC SINDRUM 11
<89x 10711 90 21 pOHMEN 93 SPEC SINDRUM 11

<17x 10710 90 24 AHMAD 88 TPC TRIUMF

21 This limit assumes a giant resonance excitation of the daughter Ca nucleus (mean energy
and width both 20 MeV).

22 KAULARD 98 obtained these same limits using the unified classical analysis of FELD-
MAN 98.

23 This limit assumes the daughter Ca nucleus is left in the ground state. However, the
probability of this is unknown.

24 Assuming a giant-resonance-excitation model.

LIMIT ON MUONIUM — ANTIMUONIUM CONVERSION
Forbidden by lepton family number conservation.
Rg = G / Gr
The effective Lagrangian for the ut e~ — u~ e conversion is assumed to be
£=2"12 G [y (1 - 75) wel [Bu7n (1= 75) bel + hec.

The experimental result is then an upper limit on GC/GF, where Gp is the Fermi
coupling constant.

VALUE CL% _EVTS DOCUMENT ID TECN  CHG COMMENT

< 0.0030 90 1 25WILLMANN 99 SPEC + 7T at26 GeV/c
e o o We do not use the following data for averages, fits, limits, etc. o o o

< 014 90 1 26GORDEEV 97 SPEC +  JINR phasotron

< 0.018 90 0 27T ABELA 96 SPEC +  u'T at24 Mev

<69 90 NI 93 CBOX LAMPF

< 0.16 90 MATTHIAS 91 SPEC LAMPF

< 029 90 HUBER 908 CNTR TRIUMF

<20 95 BEER 86 CNTR TRIUMF

<42 95 MARSHALL 82 CNTR

Z5WILLMANN 99 quote both probability Py, 7 < 8.3 x 10711 at 90%CL in a 0.1 T field
and Rg= G /G-

26 GORDEEV 97 quote limits on both =Gy ys/GF and the probability Wy, < 4.7 x
10~7 (90%CL).

27 i -9 _
ABELA 96 quote both probability PMW < 8x10~7 at 90% CL and Rg = G¢/Gf-

MUON DECAY PARAMETERS

Revised September 2001 by W. Fetscher and H.-J. Gerber (ETH
Ziirich).

Introduction: All measurements in direct muon decay,
pu~ — e~ +2 neutrals, and its inverse, v, +€~ — u~ +neutral,
are successfully described by the “V-A interaction”, which
is a particular case of a local, derivative-free, lepton-number-
conserving, four fermion interaction [1]. As shown below, within
this framework, the Standard Model assumptions, such as the
V-A form and the nature of the neutrals (v, and 7.), and hence
the doublet assignments (ve ™)z and (v, p~ )z, have been
determined from experiments [2,3]. All considerations on muon

decay are valid for the leptonic tau decays 7 — £+ v + v, with
the replacements my, — m,, me — my.

Parameters: The differential decay probability to obtain
an e* with (reduced) energy between z and x + dz, emitted in
the direction Z3 at an angle between ¥ and ¥ + d¥ with respect
to the muon polarization vector P, and with its spin parallel
to the arbitrary direction E , neglecting radiative corrections, is
given by

d’r m, S
dzx dcos? :ﬁ Wﬁ” G &
x (Fig(z) & P, cos?d Fag(z))
x[1+¢- Pe(x,ﬂ)} . (1)
Here, We,, = max(E.) = (m2 +m2)/2m, is the maximum e*
energy, © = Eo/We, is the reduced energy, zop = me/We, =
9.67 x 1073, and P, = |P,| is the degree of muon polarization.
Z is the direction in which a perfect polarization-sensitive
electron detector is most sensitive. The isotropic part of the
spectrum, Fig(z), the anisotropic part Fag(z) and the electron
polarization, P¢(z,?), may be parametrized by the Michel
parameters [1,4] p, 1, £, 6, etc. These are bilinear combinations
of the coupling constants gg#, which occur in the matrix element
(given below).

If the masses of the neutrinos as well as zg are neglected,
the energy and angular distribution of the electron in the rest
frame of a muon (u*) measured by a polarization insensitive
detector, is given by

d’r
dx dcosd

iPﬂ~£-c0sﬂ[17m+%§(4x73)]}. (2)

z? - {3(1 —z)+ ?(430 —-3)+3nzy(l—2a)/z

Here, ¥ is the angle between the electron momentum and the
muon spin, and z = 2E,/m,,. For the Standard Model coupling,
we obtain p = €6 = 3/4, £ =1, 7 = 0 and the differential decay
rate is

d2F G%m5

T dood = ng [3— 22+ P,cosd(2z — 1)] 2 . (3)

The coefficient in front of the square bracket is the total decay
rate.

If only the neutrino masses are neglected, and if the e*
polarization is detected, then the functions in Eq. (1) become

Fis(z) = 2(1 —2) +% p(4a? — 3z — z3) + 1 - zo(1 — )
Fas(w) = 3¢ \/a? — a}
x {17m+%6(4x73+ (1/1790%71))]

Pe(l‘,’ﬂ):PTl~/w\1+PT2~/I\2+PL~/I\3 . (4)
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Here &), &y, and Z3 are orthogonal unit vectors defined as

follows:
Z3 is along the e momentum p,
T3 x P . .
# =&y istransverse to p, and perpendicular
|22 x Pyl

to the “decay plane”
Ty X T3 = T; is transverse to the p, and in the
“decay plane.”

The components of P, then are given by

Pr,(x,9) = P,sin® - Fr,(x)/ (Fis(x) £ P, cosd - Fag(z))
Py, (z,9) = P,sind - Fp,(z)/ (Fis(z) £ Py cos? - Fag(z))
Py(z,0) = (iFIP(m) + P, cos?

x FAP(I)> / (Fis(z) + P, cosd - Fas(x))

where

Fr,(2) = & {-2[¢"+ 1200~ )] (1 - 2)ao
“3n(a? - o) + n"(~3a + 4o — o)}

Fr,(z) = 34/2? 750%{3%,(1 — ) +2%’ 1 790%}
Fp(e) = &y/2? - zg{gg’ (—2m +2+44/1- zg)
466 - 3) [z —a+,/1 750(2])}
3
4

Fap(z) = % {{"(21‘2 —z— 1) +4(p - 3) (42® — 3z — 2})
+2n"(1 — z)zo} . (5)

For the experimental values of the parameters p, &, &', £”, 6,
n, ', a/A, B/A, a'/A, B'/A, which are not all independent,
see the Data Listings below. Experiments in the past have also
been analyzed using the parameters a, b, ¢, a', V', ', a/A, B/A,
o'/A, B'/A (and n = (a — 28)/2A), as defined by Kinoshita
and Sirlin [5]. They serve as a model-independent summary of
all possible measurements on the decay electron (see Listings

below). The relations between the two sets of parameters are

p—3 = 3(—a+2)/A,
n= (Q*QB)/A,
1'= (3a+26)/A,
58 _ 9. (a' —2c)/A
44 1-[a+3d +4(b+b)+6c—14c]/A°
18— g ery) +2Ac—C))/A
p 1-(a—2c)/A ’
1-¢ = [(a+a)+4(b+b)+6(c+c)]/A,

1-¢" = (—2a+20c)/A ,

A =a + 4b + 6c. (6)

The differential decay probability to obtain a left-handed
ve with (reduced) energy between y and y + dy, neglecting
radiative corrections as well as the masses of the electron and
of the neutrinos, is given by [6]

ar  mj G%

TG e s b} 0

Vc

Here, y = 2 E,,/m,. Q7 and wj, are parameters. wy, is the
neutrino analog of the spectral shape parameter p of Michel.
Since in the Standard Model, Q% =1, wy, = 0, the measure-
ment of dI'/dy has allowed a null-test of the Standard Model
(see Listings below).

Matrixz element: All results in direct muon decay (energy
spectra of the electron and of the neutrinos, polarizations, and
angular distributions) and in inverse muon decay (the reaction
cross section) at energies well below myyc? may be parametrized
in terms of amplitudes g2, and the Fermi coupling constant G,

using the matrix element

Y 00 ol ). @)

eui=R,L

We use the notation of Fetscher et al. [2], who in turn use the
sign conventions and definitions of Scheck [7]. Here, v = S, V,T
indicates a scalar, vector, or tensor interaction; and ¢, 4 = R, L
indicate a right- or left-handed chirality of the electron or muon.
The chiralities n and m of the v, and 7, are then determined
by the values of 7,¢, and p. The particles are represented by
fields of definite chirality [8].

As shown by Langacker and London [9], explicit lepton-num-
ber nonconservation still leads to a matrix element equivalent to
Eq. (8). They conclude that it is not possible, even in principle,
to test lepton-number conservation in (leptonic) muon decay if
the final neutrinos are massless and are not observed.

The ten complex amplitudes g2, (95p and g7, are identi-
cally zero) and G constitute 19 independent (real) parameters
to be determined by experiment. The Standard Model interac-
tion corresponds to one single amplitude gZL being unity and
all the others being zero.

The (direct) muon decay experiments are compatible with
an arbitrary mix of the scalar and vector amplitudes g7, and
QXL —in the extreme even with purely scalar gfL =2, QXL =0.
The decision in favour of the Standard Model comes from the
quantitative observation of inverse muon decay, which would be
forbidden for pure g7, [2].

Experimental determination of V—-A: In order to de-
termine the amplitudes ggu uniquely from experiment, the
following set of equations, where the left-hand sides represent
experimental results, has to be solved.

a=16(lghz|” + [9Fr*) + lo7r + 69%c|> + l9Zr + 691 l”
o' =16(|g5* — 19 rl®) + lons + 69%L17 — |5 g + 697 R[>
o = 8Re { gl (9fk + 69T 7) + 9L (oL + 69F1) |
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_1 -
o = 8Im {g‘L/R(g}S;i + 6!]11;7:) - QKL(QEE + Gggﬁ)} and Qrr+QLr = 5(1+£/3—16 £6/9). Table 1 gives the current
v oo Voo s o . experimental limits on the magnitudes of the gZ,’s.
b=4(lgrrl" +l9LLl”) + l9rrl" + l9zL Limits on the “charge retention” coordinates, as used in the
o = 4(|ghrl® —19YL ) + ool — g2l older literature (e.g., Ref. 16), are given by Burkard et al. [17].
B = —4Re { !IER!IEE n HELHJS{T‘{ } Table 1. Coupling constants ggu. Ninety-percent confidence
level experimental limits. The limits on |g7,| and |g},| are
3 = 4Im {9%5{952 - g[‘ngf{k} from Ref. 14, and the others are from Ref. 15. The experimental
L s S s o uncertainty on the muon polarization in pion decay is included.
c=3 {\QRL —29pL" + 92k — 29LR] } Note that, by definition, |g5,| <2, |g¥,| < 1 and |g7,| < 1/v/3.
r_ 11,8 T |2 s T 2
€73 {‘QRL = 20rel” ~ 192R ~ 291r] } \95g| < 0.066 lgkgl < 0.033 l9kRl =0
and s v T
12 . .
Qp =1- {H!]ER\Z + 192’ + l9krl® + lokel® + 3|9%R|2} 19 < 0-125 lgzgl < 0.060 lgzg| < 0.036
4 . 24 vy s . lggr| < 0.424 lg¥r| < 0.110 g%, | < 0.122
wp =3 {lgiel” + Ugiel® + |97 + 205, 1%} . g8,| < 0.550 lg¥,| > 0.960 9T, l=0
Y lopcl® + l9RRl? + 49 ? + 4lgfRl? + 12l9F 1%}
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pn DECAY PARAMETERS

p PARAMETER

(V—A) theory predicts p = 0.75.
VALUE _EVTS DOCUMENT ID TECN  CHG COMMENT
0.7518+0.0026 DERENZO 69 RVUE
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
0.762 +0.008 170k 28 FRYBERGER 68 ASPK + 25-53 MeV et
0.760 +0.009 280k 28 SHERWOOD 67 ASPK + 25-53 MeV et
0.750340.0026 800k 28 PEOPLES 66 ASPK + 20-53 MeV et

2877 constrained = 0. These values incorporated into a two parameter fit to p and 5 by

DERENZO 69.

n PARAMETER
(V—A) theory predicts 7 = 0.

VALUE _EVTS DOCUMENT ID TECN  CHG COMMENT

—0.007+0.013 OUR AVERAGE

—0.007+0.013 5.3M 29 BURKARD 858 FIT + 9-53 MeV et

—0.12 £0.21 6346 DERENZO 69 HBC + 1.6*3’.8 MeV
€
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e o o We do not use the following data for averages, fits, limits, etc. o o o

—0.012+0.015+0.003  53M 30BURKARD 858 CNTR +  9-53 MeV et
0.011+0.0814£0.026  5.3M BURKARD 858 CNTR +  9-53 MeV et
—0.7 +05 170k 31 FRYBERGER 68 ASPK +  25-53 MeV et
—0.7 +06 280k 31 SHERWOOD 67 ASPK +  25-53 MeV e™
0.05 +£0.5 800k SLPEOPLES 66 ASPK +  20-53 MeV et
—20 +0.9 9213 32pLANO 60 HBC +  Whole spec-

trum

29Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858.

304 = of = 0 assumed.

31 p constrained = 0.75.

32Two parameter fit to p and n; PLANO 60 discounts value for 7.

6 PARAMETER

(V—A) theory predicts § = 0.75.
VALUE EVTS DOCUMENT ID JECN  CHG COMMENT
0.7486 :0.0026 0.0028 33 BALKE 88 SPEC +  Surface ut's

e o o We do not use the following data for averages, fits, limits, etc. o o o
34 VOSSLER 69

0.752 £0.009 490k FRYBERGER 68 ASPK + 25-53 MeV et
0.782 +0.031 KRUGER 61
0.78 +0.05 8354 PLANO 60 HBC + Whole spec-

trum
33 BALKE 88 uses p = 0.752 + 0.003.

34VOSSLER 69 has measured the asymmetry below 10 MeV. See comments about radiative
corrections in VOSSLER 69.

(¢ PARAMETER)x (1 LONGITUDINAL POLARIZATION)|
(V—A) theory predicts ¢ = 1, longitudinal polarization = 1.

VALUE EVTS DOCUMENT ID TECN CHG  COMMENT
1.0027+0.0079 +0.0030 BELTRAMI 87 CNTR SIN, = decay in
flight

e o o We do not use the following data for averages, fits, limits, etc. o o o
1.001340.003040.0053 35 |MAZATO 92 SPEC + KT — uty,

0.975 +0.015 AKHMANOV 68 EMUL 140 kG

0.975 £0.030 66k GUREVICH 64 EMUL See AKHMA-
NOV 68

0.903 +0.027 30 ALI-ZADE 61 EMUL +  27kG

093 +0.06 8354 PLANO 60 HBC + 8.8kG

0.97 +0.05 9k BARDON 59 CNTR Bromoform
target

35The corresponding 90% confidence limit from IMAZATO 92 is [¢P, | > 0.990. This

measurement is of K+ decay, not xt decay, so we do not include it in an average, nor
do we yet set up a separate data block for K results.
36 Depolarization by medium not known sufficiently well.

£ x (1 LONGITUDINAL POLARIZATION) x &/ p

VALUE cL% DOCUMENT ID TECN  CHG COMMENT
>0.99682 90  37j0DIDIO 86 SPEC +  TRIUMF
e o o We do not use the following data for averages, fits, limits, etc. o o o
>0.9966 90 38 STOKER 85 SPEC +  u-spin rotation
>0.9959 90 CARR 83 SPEC + 11 kG
37 JODIDIO 86 includes data from CARR 83 and STOKER 85. The value here is from the
erratum.

38STOKER 85 find (¢P,6/p) >0.9955 and >0.9966, where the first limit is from new u
spin-rotation data and the second is from combination with CARR 83 data. In V—A
theory, (6/p) = 1.0.

¢ = LONGITUDINAL POLARIZATION OF et
(V—A) theory predicts the longitudinal polarization = +1 for ei, respectively. We
have flipped the sign for e~ so our programs can average.

VALUE _EVTS DOCUMENT ID TECN CHG  COMMENT

1.00 +0.04 OUR AVERAGE

0.998+0.045 M BURKARD 85 CNTR +  Bhabha + annihil
0.89 +0.28 29k SCHWARTZ 67 OSPK —  Moller scattering
0.94 +0.38 BLOOM 64 CNTR + Brems. transmiss.
1.04 +0.18 DUCLOS 64 CNTR + Bhabha scattering
1.05 +0.30 BUHLER 63 CNTR +  Annihilation

¢ PARAMETER

VALUE _EVTS DOCUMENT ID TECN CHG  COMMENT
0.65+0.36 326k 39BURKARD 85 CNTR +  Bhabha + annihil

39 BURKARD 85 measure (¢//-¢¢')/¢ and ¢ and set ¢ = 1.

TRANSVERSE et POLARIZATION IN PLANE OF p SPIN, et MOMEN-

TUM

VALUE EVTS DOCUMENT ID TECN = CHG COMMENT

e o o We do not use the following data for averages, fits, limits, etc. o o o
0.016+0.021£0.01 5.3M BURKARD 858 CNTR + Annihil 9-53 MeV

TRANSVERSE et POLARIZATION NORMAL TO PLANE OF u SPIN, et
MOMENTUM

Zero if T invariance holds.
VALUE EVTS DOCUMENT ID TECN  CHG COMMENT

0.007+0.022+0.007 5.3M BURKARD 858 CNTR + Annihil 9-53 MeV

alA

VALUE (units 10-3) _EVTS DOCUMENT ID TECN  CHG COMMENT
04+ 43 40BURKARD 858 FIT

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

15 +50 +14 5.3M BURKARD 858 CNTR + 9-53 MeV et

40Giobal fit to all measured parameters. Correlation coefficients are given in
BURKARD 858B.

o [/A

Zero if T invariance holds.
VALUE (units 10~3 EVTS DOCUMENT ID TECN CHG  COMMENT
— 0.2+ 43 41 BURKARD 858 FIT

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
—47 +50 +14 53M  42BURKARD 858 CNTR +  9-53 MeV eT

41Giobal fit to all measured parameters. Correlation coefficients are given in
BURKARD 858.
42BURKARD 858 measure et polarizations Pp, and Pr, versus et energy.

B/A

VALUE (units 10~3) EVTS DOCUMENT ID TECN  CHG COMMENT
3.9+ 6.2 43 BURKARD 858 FIT

e o o We do not use the following data for averages, fits, limits, etc. » o o

2 £17 *6 5.3M BURKARD 858 CNTR + 9-53 MeV et

43Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858B.

p/A
Zero if T invariance holds.
VALUE (units 10~3) EVTS DOCUMENT ID TECN  CHG COMMENT
15+ 63 44 BURKARD 858 FIT
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
17 +17 +6 53M  45BURKARD 858 CNTR +  9-53 MeV et

44Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858B.
45 BURKARD 858 measure et polarizations Py, and Pr, versus et energy.

a/A
/ This comes from an alternative parameterization to that used in the Summary Table
(see the “Note on Muon Decay Parameters” above).
VALUE (units 10_3) a%. DOCUMENT ID TECN
e o o We do not use the following data for averages, fits, limits, etc. o o o
<15.9 E 46 BURKARD 858 FIT

46 Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858B.

7/A

This comes from an alternative parameterization to that used in the Summary Table
(see the “Note on Muon Decay Parameters” above).

VALUE (units 10_3) DOCUMENT ID TECN
e o o We do not use the following data for averages, fits, limits, etc. o o o
5.3+4.1 47T BURKARD 858 FIT

47Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858B.

(V'+b)/A
This comes from an alternative parameterization to that used in the Summary Table
(see the “Note on Muon Decay Parameters” above).

VALUE (units 10~3) L% DOCUMENT ID TECN

e o o We do not use the following data for averages, fits, limits, etc. o o o

<1.04 90 48 BURKARD 858 FIT

48Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 858B.

c/A
This comes from an alternative parameterization to that used in the Summary Table
(see the “Note on Muon Decay Parameters” above).

VALUE (units 10~3) L% DOCUMENT ID TECN

e o o We do not use the following data for averages, fits, limits, etc. o o o

<6.4 90 49 BURKARD 858 FIT

49Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 858B.

c'/A
This comes from an alternative parameterization to that used in the Summary Table
(see the “Note on Muon Decay Parameters” above).

VALUE (units 10-3) DOCUMENT ID TECN
e o o We do not use the following data for averages, fits, limits, etc. o o o
3.5+2.0 50 BURKARD 858 FIT

50 Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858B.
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7 PARAMETER CRITTENDEN 61 PR 121 1823 R.R. Crittenden, W.D. Walker, J. Ballam (WISC+)
(V—A) theory predicts 7 = 0. 7 affects spectrum of radiative muon decay. KRUGER 61 UCRL 9322 unpub. H. Kruger i (LRL)
VALUE DOCUMENT 1D TECN cHG coMMENT GUREVICH 60 JETP 10225 © LI Gureiich, B.A. Nikolsky, LV. Surkova (ITEP)
0.02 +0.08 OUR AVERAGE PLANO 60 PR 119 1400 R.J. Plano (coLu)
ASHKIN 59 NC 14 1266 J. Ashkin et al. (CERN)
—0.014:£0.09 EICHENBER... 84 ELEC +  pfree BARDON 50 PRL 2 56 M. Bardon, D. Berley, LM, Lederman (coLu)
+0.09 +0.14 BOGART 67 CNTR + LEE 59 PRL 355 J. Lee, N.P. Samios (coLu)
e o o We do not use the following data for averages, fits, limits, etc. o o o
—0.035+0.098 EICHENBER... 84 ELEC + p=0.75 assumed J = 1
-2
# REFERENCES T discovery paper was PERL 75. ete — rtr  crosssection
MOHR 04 RMP (t0 be publ) P.1. Mohr, BN Taylor (uisT) threshgld beha\{lor and magnitude are consistent W|t_h p_omtllk_e spin-
physics.nist.gov/constants 1/2 Dirac particle. BRANDELIK 78 ruled out pointlike spin-0 or
AHMED 02 PR D5 112002 M. Anmed et al (MEGA Calab) spin-1 particle. FELDMAN 78 ruled out J = 3/2. KIRKBY 79 also
BENNETT 02 PRL 89 101804 G.W. Bennett et al. (Muon(g-2) Collab.) .
BROWN 01 PRL 86 2227 H.N. Brown et al. (Muon(g-2) Collab.) ruled out J=integer, J = 3/2.
BROWN 00 PR D62 09110IR H.N. Brown et al. (BNL/G-2 Collab.)
MEYER 00 PRL 84 1136 V. Meyer et al.
BROOKS 99 PRL 83 1521 M.L. Brooks et al. (MEGA/LAMPF Collab.) 7 MASS
HUGHES 99 RMP 71 5133 V.W. Hughes, T. Kinoshita
LU 99 PRL 82 711 W. Liu ef al (LAMPF Collab.)
MOHR 99 JPCRD 28 1713 P.J. Mohr, B.N. Taylor (NIST) VALUE(Mev)  EVTS DOCUMENT ID TECN  COMMENT
Also 00 RMP 72 351 P.J. Mohr, B.N. Taylor (NIST) 1+0.29
WILLMANN 99  PRL 82 49 L. Willmann et al. 1116'9970'26 OUR AVERAGE
FELDMAN 98 PR D57 3873 G.J. Feldman, R.D. Cousins =
KAULARD 98 PL B422 334 J. Kaulard et al. (SINDRUM I1' Collab.) 1775.1 £1.6 +1.0 13.3k 1 ABBIENDI 00A OPAL 1990-1995 LEP runs
GOy T AN 0 et YAF g0 131, Codeey et 2k (PNPD 17782 +0.8 +1.2 ANASTASSOV 97 CLEO EEE,= 10.6 GeV
ABELA 96 PRL 77 1950 R. Abela et al. (PSI, ZURI, HEIDH, TBIL+) 40.1840.25 2 ce
HONECKER 96  PRL 76 200 W. Honecker et al. (SINDRUM 11 Collab.) 1776.96 " 551 T g17 65 BAI 9% BES  Egm= 3.54-3.57 GeV
DOHMEN 93 PL B317 631 C. Dohmen et al. (PSI SINDRUM-II Collab.)
FREEDMAN 93 PR D47 811 S.J. Freedman et al. (LAMPF E645 Collab.) 1776.3 £2.4 +1.4 11k 3 ALBRECHT  92M ARG EES= 9.4-10.6 GeV
NI 93 PR Dag 1976 B. Ni et al. (LAMPF Crystal-Box Collab.) 43 4 ce
IMAZATO 92 PRL 69 877 J. Imazato et al. (KEK, INUS, TOKY+) 1783 T3 692 BACINO 788 DLCO  Egy= 3.1-7.4 GeV
BARANOV 91  SINP 53 802 V.A. Baranov et al. (JINR) . L
Translated from YAF 53 1302. e o o We do not use the following data for averages, fits, limits, etc. o o o
KRAKAUER ~ 91B PL B263 534 D.A. Krakauer et al. (UMD, UCI, LANL)
MATTHIAS 91  PRL 66 2716 B.E. Matthias et al. (YALE, HEIDP, WILL+) 1777.8 +0.7 £1.7 35k 5 BALEST 93 CLEO Repl. by ANAS-
Also 91B PRL 67 932 eratum  B.E. Matthias et al. (YALE, HEIDP, WILL+) 04 TASSOV 97
HUBER 90B PR D41 2709 T.M. Huber et al. (WYOM, VICT, ARIZ+) +0. 6
AHMAD 88 PR D38 2102 S. Ahmad et al. (TRIU, VICT, VPI, BRCO+) 1776.9 Ty'g +0.2 14 BAI 92 BES  Repl. by BAI 96
Also 87  PRL 59 970 S. Ahmad et al. (TRIU, VPL, VICT, BRCO+) 1 . . + 0
BALKE 8 PR D37 587 B. Balke et al. (LBL. UCB, COLO, NWES+) ABBIENDI 00A fit 7 pseudomass spectrum in 7 — 7= < 27" v, and
BELLGARDT 88 NP B299 1 U. Bellgardt et al. (SINDRUM Collab.) + ot = 0 —
BOLTON 88 PR D38 2077 R.D. Bolton et al. (LANL, STAN, CHIC+) 7o mEaTaT 1ty decays. Result assumes m"r’O'
Also 86  PRL 56 2461 R.D. Boiton et al (LANL, STAN, CHIC+) 2BAI 96 fit o(eT e~ — 77 77) at different energies near threshold.
Also 8 PRL 57 3241 D. Grosnick et al. (CHIC, LANL, STAN+) 3 X Se 4
BELTRAMI 87 PL B194 326 |. Beltrami et al. (ETH, SIN, MANZ) ALBRECHT 92M fit 7 pseudomass spectrum in 7= — 27~ m " v, decays. Result
COHEN 87 RMP 59 1121 E.R. Cohen, B.N. Taylor (RISC, NBS) assumes m,, =0.
BEER 86  PRL 57 671 G.A. Beer et al. (VICT, TRIU, WYOM) 4 ™ + ) .
JoDIDIO 86 PR D34 1967 A. Jodidio et al. (LBL, NWES, TRIU) BACINO 78B value comes from e= X T threshold. Published mass 1782 MeV increased
Also 88 PR D37 237 erratum  A. Jodidio et al (LBL, NWES, TRIU) by 1 MeV using the high precision %(25) mass measurement of ZHOLENTZ 80 to
BERTL 85 NP B260 1 W. Bertl et al. (SINDRUM Collab.) eliminate the absolute SPEAR energy calibration uncertainty.
BRYMAN 85 PRL 55 465 D.A. Bryman et al. (TRIU, CNRC, BRCO+) 5 N i N N )
BURKARD 85 PL 150B 242 H. Burkhardt et al. (ETH, SIN, MANZ) BALEST 93 fit spectra of minimum kinematically allowed 7 mass in events of the type
BURKARD  85B PL 160B 343 H. Burkhardt et al. (ETH, SIN, MANZ) etem = vt o (atnrOu )z~ mxly ) n<2, m<2,1<ntm<3 If
Also 81B PR D24 2004 F. Corriveau et al. (ETH. SIN, MANZ) , 7 T - - -
Also 838 PL 129B 260 F. Corriveau et al. (ETH, SIN, MANZ) m,,_ 70, result increases by (my, /1100 MeV).
STOKER 85  PRL 54 1887 D.P. Stoker et al. (LBL, NWES, TRIU) 6 ) . oy )
BARDIN 84 PL 137B 135 G. Bardin et al. (SACL, CERN, BGNA, FIRZ) BAI 92 fit o(e™ e™ — 77 77) near threshold using ey events.
BERTL 84 PL 140B 299 W. Bertl et al. (SINDRUM Collab.)
BOLTON 84  PRL 53 1415 R.D. Bolton et al. (LANL, CHIC, STAN+) ( )/
EICHENBER... 84 NP A412 523 W. Eichenberger, R. Engfer, A. van der Schaff m_ —m__)/m
GIOVANETTI 8 PR D29 343 K.L. Giovanetti et al. (WILL) T+ T average
AZUELOS 83  PRL 51 164 G. Azuelos et al. (MONT, TRIU, BRCO) A test of CPT invariance.
Also 77 PRL 39 1113 P. Depommier et al. (MONT, BRCO, TRIU+)
BERGSMA 83  PL 122B 465 F. Bergsma et al. (CHARM Collab.)
CARR 83 PRL 51 627 J. Carr et al. (LBL, NWES, TRIU) VALUE wu DOCUMENT ID TECN  COMMENT
KINNISON 82 PR D25 2846 W.W. Kinnison et al. (EFI, STAN, LANL) a3 o e —
Also 79 PRL 42 556 J.D. Bowman et al. (LASL, EFI, STAN) <3.0 x 10~ 90 ABBIENDI 00A OPAL 1990-1995 LEP runs
KLEMPT 8 PR D25 652 E. Klempt et al. (MANZ, ETH)
MARIAM 8  PRL 49 993 F.G. Mariam et al. (YALE, HEIDH, BERN)
MARSHALL ~ 82 PR D25 1174 G.M. Marshall et al. (BRCO) T MEAN LIFE
NEMETHY 81  CNPP 10 147 P. Nemethy, V.W. Hughes LBL, YALE)
ABELA 80 PL 95B 318 R. Abela et al. (BASL, KARLK, KARLE)
BADERT.. ~ 80 LNC 28 401 A. Badertscher et al. (BERN) VALUE (10715 ) EVTS DOCUMENT 1D TECN  COMMENT
Also 82 NP A377 406 A. Badertscher et al. (BERN E—
JONKER 8 PL 93B 203 M. Jonker et al. (CHARM Collab.) 290.6& 1.1 OUR AVERAGE
SCHAAF 80 NP A340 249 A. van der Schaaf et al. (ZURI, ETH+) 2932+ 2.0+ 1.5 ACCIARRI 00B L3 1991-1995 LEP runs
Also 77 PL 72B 183 H.P. Povel et al. (ZURI, ETH, SIN) .
WILLIS 80 PRL 44 522 S.E. Wills et al, (YALE, LBL, LASL+) 2001+ 1.5% 1.1 BARATE 97R ALEP 19891994 LEP runs
Also 80B PRL 45 1370 SE. Willis et al. (YALE, LBL, LASL+) 29144+ 3.0 ABREU 968 DLPH 1991-1993 LEP runs
g:ggr\:r 7; gf %15503 11 iMB 33”9yh ; (CERN, DARE, (’\gégﬁg 289.2+ 1.7+ 1.2 ALEXANDER 96E OPAL 1990-1994 LEP runs
T 79B 37 . Badertscher et al. ee _
BAILEY 78 JPG 4 345 JM. Bailey (DARE, BERN, SHEF, MANZ, RMCS+) 289.0+ 2.8+ 4.0 57.4k BALEST 9 CLEO E¢m=10.6 GeV
Also 79 NP B150 1 JM. Bailey (CERN, DARE, MANZ) e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
BLIETSCHAU 78 NP BI33 205 J. Blietschau et al. (Gargamelle Collab.)
BOWMAN 78  PRL 41 442 J.D. Bowman et al. (LASL,( IAS, CMU+% 291.2+ 2.0+ 1.2 BARATE 971 ALEP Repl. by BARATE 97R
CAMANI 78 PL 77B 326 M. Camani et al. ETH, MANZ
BADERT.. 77 PRL 39 1385 A. Badertscher et al. (BERN) 2901+ 4.0 34k ACCIARRI 96K L3 Repl. by ACCIARRI 008
CASPERSON 77 PRL 38 956 D.E. Casperson et al. (BERN, HEIDH, LASL+) 297 £ 9 £ 5 1671 ABE 95y SLD  1992-1993 SLC runs
DEPOMMIER 77  PRL 39 1113 P. Depommier et al. (MONT, BRCO, TRIU+) 4 14 41 BATTLE > CLEO E€€— 10.6 GeV
BALANDIN 74  JETP 40 811 M.P. Balandin et al. (JINR) 304 & 7 0o 92 CLEO Egm=106 Ge
Translated from ZETF 67 1631. 301 + 29 3780 KLEINWORT 89 JADE Egﬁ]: 35-46 GeV
COHEN 73 JPCRD 2 664 ER. Cohen, B.N. Taylor (RISC, NBS) o
DUCLOS 73 PL 47B 491 J. Duclos, A. Magnon, J. Picard SACL 288 + 16 =17 807 AMIDEI 88 MRK2 Egm=29 GeV
EICHTEN 73 PL 46B 281 T. Eichten et al. (Gargamelle Collab.) ee
BRYMAN 72 PRL 28 1469 DA, Bryman et al VPI 306 + 20 +14 695 BRAUNSCH... 88C TASS E¢h= 36 GeV
CROWE 72 PR D5 2145 K.M. Crowe et al. (LBL, WASH) 299 + 15 +10 1311 ABACHI 87C HRS  EE§ = 29 GeV
CRANE 71 PRL 27 474 T. Crane et al (YALE) ee
DERENZO 69 PR 181 1854 S.E. Derenzo (EFI) 295 + 14 =11 5696 ALBRECHT  87P ARG  E¢y= 9.3-10.6 GeV
VOSSLER 69 NC 63A 423 C. Vossler (EF1) ee _
AKHMANOV 68 SINP 6 230 V.V. Akhmanov et al. (KIAE) 309 £17 £ 7 3788 BAND 878 MAC  E¢iy= 29 GeV
Translated from YAF 6 316. 326 + 14 +£18 8470 BEBEK 87¢ CLEO Ean: 10.5 GeV
FRYBERGER 68 PR 166 1379 D. Fryberger (EF1)
BOGART 67 PR 156 1405 E. Bogart et al. (cOLU) 460 £190 102 FELDMAN 82 MRK2 EE§— 29 GeV
SCHWARTZ 67 PR 162 1306 D.M. Schwartz (EF1)
SHERWOOD 67 PR 156 1475 B.A. Sherwood (EF1)
PEOPLES 66 Nevis 147 unpub. J. Peoples (coLu)
BLOOM 64 PL8BY S. Bloom et al. (CERN)
DUCLOS 64 PL9 62 J. Duclos et al. (CERN)
GUREVICH 64 PL 11 185 LI Gurevich et al. (KIAE)
BUHLER 63 PL7 368 A. Buhler-Brogiin et al. (CERN)
MEYER 63 PR 132 2693 S.L. Meyer et al. (coLu)
CHARPAK 62 PL 116 G. Charpak et al. CERN)
CONFORTO 62 NC 26 261 G. Conforto et al. (INFN, ROMA, CERN)
AL-ZADE 61 JETP 13 313 S.A. Ali-Zade, LI Gurevich, B.A. Nikolsky

Translated from ZETF 40 452.
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7 MAGNETIC MOMENT ANOMALY o o o We do not use the following data for averages, fits, limits, etc. » o
20 —
The g2 dependence is expected to be small providing no thresholds are <3.0 20 ACCIARRI 98c L3 1991-1995 LEP runs
nearby. <0.56 95 ACKERSTAFF 97L OPAL 1991-1995 LEP runs
<0.78 95 21 AKERS 95F OPAL Repl. by ACKER-
/2 1= 2)/2 o1 STAFF 97L
pr/(eh/2m;)-1 = (g —2)/ <15 95 BUSKULIC ~ 95C ALEP Repl. by HEISTER 03F
For a theoretical calculation [(g;—2)/2 = 11773(3) x 10~ 7], see SAMUEL 918. <17.0 95 2L ACTON 92F OPAL Z — 7177 at LEP
VALE _ au DOCUMENT D TECN  COMMENT <37 95 2L BUSKULIC ~ 92) ALEP Repl. by BUSKULIC 95¢

> —0.052 and < 0.058 (CL = 95%) OUR LIMIT

> —0.052 and < 0.058 95 ACCIARRI 98E L3 1991-1995 LEP runs

e o o We do not use the following data for averages, fits, limits, etc. o o o

> —0.007 and < 0.005 95 7 GONZALEZ-S..00 RVUE ete™ — 77~ and
W Ty,

8 ACKERSTAFF 98N OPAL 1990-1995 LEP runs

9ESCRIBANO 97 RVUE Z — rtr— at LEP

> —0.068 and < 0.065 95
> —0.004 and < 0.006 95

<0.01 95 10 ESCRIBANO 93 RVUE Z — 717~ at LEP
<0.12 90 GRIFOLS 91 RVUE Z — 777 at LEP
<0.023 95 11SILVERMAN 83 RVUE ete™ — rtr—at

PETRA

7 GONZALEZ-SPRINBERG 00 use data on tau lepton production at LEP1, SLC, and
LEP2, and data from colliders and LEP2 to determine limits. Assume imaginary compo-
nent is zero.

ACKERSTAFF 98N use Z — 71 7~ 7 events. The limit applies to an average of the
form factor for off-shell 7’s having p2 ranging from m12_ to (szmr)z.
9 ESCRIBANO 97 use preliminary experimental results.
10 ESCRIBANO 93 limit derived from r(Z — 7t 77), and is on the absolute value of the
magnetic moment anomaly.

11 5ILVERMAN 83 limit is derived from et e— — 7+ 7= total cross-section measurements
for g2 up to (37 GeV)Q.

7 ELECTRIC DIPOLE MOMENT (d,)
A nonzero value is forbidden by both T invariance and P invariance.

The q2 dependence is expected to be small providing no thresholds are

nearby.
Re(d;)
VALUE (10716 ecm cL% DOCUMENT ID TECN  COMMENT
—0.22t0 0.45 95 12 nam 03 BELL EE=10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. e o o

< 46 95 13 ALBRECHT 00 ARG EE§,= 10.4 GeV
>—31and < 3.1 95 ACCIARRI 98 L3 1991-1995 LEP
> —3.8and < 3.6 95 14 ACKERSTAFF 98N OPAL  1990-1995 LEP
< 011 o5 1516 ESCRIBANO 97 RVUE Z - r+r— at
< 05 95 17 ESCRIBANO 93 RVUE z:EP#r* at
<7 %0 GRIFOLS 91 RVUE Z iEPrm at

< 16 90 DELAGUILA 90 RVUE e+LeE*P~

Ttr
EEG,= 35 GeV

12|NAMI 03 use et e~ — 717 events.

13 ALBRECHT 00 use ete — 717 events. Limit is on the absolute value of Re(d.).

14 ACKERSTAFF 98N use Z — 771 7~ 7 events. The limit applies to an average of the

form factor for off-shell s having p2 ranging from m12_ to (Mz—mr)z.

15 ESCRIBANO 97 derive the relationship |d,.| = cot 6y ‘dgv‘ using effective Lagrangian
methods, and use a conference result ‘d"r/v‘ < 5.8x 10~18 ecm at 95% CL (L. Silvestris,
ICHEP96) to obtain this result.

16 ESCRIBANO 97 use preliminary experimental results.

17 ESCRIBANO 93 limit derived from I(Z — =+ 77), and is on the absolute value of the
electric dipole moment.

Im(dy)
VALUE (1016 ecm) cL% DOCUMENT ID TECN  COMMENT
—0.25 to 0.008 95 18 |nAMI 03 BELL ES§=10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o
< 18 95 19 ALBRECHT 00 ARG EE§= 10.4 GeV

18|NAMI 03 use et e~ — 777 events.
19 ALBRECHT 00 use et e~ — 7+ 7 events. Limit is on the absolute value of Im(d,).

7 WEAK DIPOLE MOMENT (d¥)
A nonzero value is forbidden by CP invariance.

The q2 dependence is expected to be small providing no thresholds are

nearby.
w
Re(dY)
VALUE (10~17 ecm) cL% DOCUMENT ID TECN  COMMENT
<0.50 95 20 HEISTER 03F ALEP 1990-1995 LEP runs

20 | imit is on the absolute value of the real part of the weak dipole moment.
21 | imit is on the absolute value of the real part of the weak dipole moment, and applies

2
for g« = m%.
w
Im(dY)
VALUE (10’17 ecm) CLY% DOCUMENT ID TECN COMMENT
<11 95 22 HEISTER 03F ALEP 1990-1995 LEP runs |

e ¢ o We do not use the following data for averages, fits, limits, etc. » o o

<1.5 95 ACKERSTAFF 97L OPAL 1991-1995 LEP runs
<45 95 23 AKERS 95F OPAL Repl. by ACKER-
STAFF 97L
22 HEISTER 03F limit is on the absolute value of the imaginary part of the weak dipole |
moment.

23 Limit is on the absolute value of the imaginary part of the weak dipole moment, and
applies for q2 = mZZ.

T WEAK ANOMALOUS MAGNETIC DIPOLE MOMENT (a})

Electroweak radiative corrections are expected to contribute at the 10-6
level. See BERNABEU 95.

The q2 dependence is expected to be small providing no thresholds are

nearby.
w
Re(a})
VALUE _a% DOCUMENT ID TECN  COMMENT
<11x10-3 95 24 HEISTER 03F ALEP 1990-1995 LEP runs |

e o o We do not use the following data for averages, fits, limits, etc. o o o

> —0.0024 and < 0.0025 95 25 GONZALEZ-S..00 RVUE ete™ — rtr—
and W — Tv,_

<45x1073 90  24ACCIARRI  98c L3 1991-1995 LEP runs
24| imit is on the absolute value of the real part of the weak anomalous magnetic dipole
moment.

25 GONZALEZ-SPRINBERG 00 use data on tau lepton production at LEP1, SLC, and
LEP2, and data from colliders and LEP2 to determine limits. Assume imaginary compo-

nent is zero.
w
Im(a})
VALUE L% DOCUMENT ID TECN  COMMENT
<27 x 10_3 95 26 HEISTER 03F ALEP 1990-1995 LEP runs I
e o o We do not use the following data for averages, fits, limits, etc. » o o
<9.9x1073 90 26 ACCIARRI 98¢ L3 1991-1995 LEP runs

26 imit is on the absolute value of the imaginary part of the weak anomalous magnetic
dipole moment.

7~ DECAY MODES

71 modes are charge conjugates of the modes below. “hE" stands for
7t or KE. “¢" stands for e or p- “Neutrals” stands for 4’s and/or 0.

Scale factor/

Mode Fraction (;/T) Confidence level

Modes with one charged particle
[, particle™ >0 neutrals > 0K%u, (85.35+0.07) % S=1.1
(“1-prong”)

I,  particle™ > 0 neutrals > OKEVT (84.724£0.07) % S=1.1
I3 Wy, [a] (17:36:0.06) %

T4 W Ty [B] (36 +04)x1073

Is e Tevy [a] (17.84:0.06) %

Te e Tev,y [B] (1.75+0.18) %

ry h~ > 0KY v, (12.30£0.11) % S=1.4
g h~v, (11.75+0.11) %

Iy T VU [a] (11.06+0.11) % S=1.4
T1o K™ v, [a] ( 6.86+0.23) x 103

M1 h™ > 1 neutralsv, (36.92+0.14) %

M2 h= 7%, (25.87+0.13) % s=1.1
M3 7~ n0u, [a] (25.42+0.14) % s=1.1
a4 7~ 7%non-p(770) v, (3.0 £3.2 ) x1073

s K= n0u, [a] ( 4.50+0.30) x 10~3

6 h= > 27%, (10.77£0.15) % s=1.1
M7 h= 270, (9.39:+0.14) % s=1.1
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T
g h= 2%, (ex.K9) (19.23+0.14) % s=1.1 Tg3 K= pv, — (1.6 £0.6 ) x1073
o 7 210, (ex.K?) [a] (9.17+0.14)% s=1.1 K- ntn~ v,
0 7270, (ex.K9), <9 x1073  CL=95% Tg4 K*vri L wguT . ( 1.1840.25) x 10*2
scalar g5 K= rt ™ 7, (ex.K?) (65 +£2.4 ) x 10~
21 7210w, (ex.K9), < 7 %x10-3  CL=95% Tg6 K- ntn n0u, (ex.KOm) [a] (59 2.4 )x10~4
vector r K~7t K~ >0 neut. v <9 x107%  CL=95%
— (1] 0 _4 87 = T °
M2 K 2 vr(ex.K?)  fa (58 x23 ) x 10 [P K= K+x~ >0neut. v, (1.9740.18) x 1073 s=1.1
M3 h™ > 3nur (1.37:£011) % s=11 Tso K-K*tn v, [ ( 1.55+0.07) x 1073
M4 h=3m vr 0 (1.21£0.10) % Too K=Kt 1%, [a] (42 £1.6 ) x 104 s=1.1
M5 w3 v, (ex.KT) ] (1.08+0.10)% To1 K=Kt K= >0 neut. v, < 21 x10 3 CL=95%
e K=31%, (ex. K% m) [a] (38 F22)x104 oo K~KtK~ v, < 37 %1075 CL=90%
T h 470, (ex.KO) (16 06 )x10-3 To3 n KIW* >0 neut. v, < 25 x 10*2 CL=95%
_ lgy € e e Vev, (28 £15)x10™
Mg h~4n° vy (ex.KO.m) la (10 £58)x1073 Fgg pe e*viu: < 36 x10-5  CL=90%
Ty K~ >0a0 >0Kk% >0y v, (1.56:£0.04) % . .
[ K= >1 (7% or K9 or v) v, ( 8.740.35) x 10~3 Modes with five charged particles
X0 Fgg 3h~2hT >0 neutrals v, ( 1.00+0.06) x 10~3
Modes with K0's (ex. K¢ — 7= x%)
31 K% (particles)” v, (92 +04 )x1073 s=1.1 (“5,pr05ng")
M3 h= K‘Lu6 (11.05+0.04) % s=1.1 Fo7  3h™2hT v (ex.KO) la (82 %06 )x10~4
I3 ™~ K0u, la] (89 +0.4)x1073 s=1.1 Tog 3h 20T 70u, (ex.KO) la] (1.81£0.27) x 10~4
34 7~ K% (non-K*(892) ) v, < 17 x1073  CL=95% 99 3h~2ht 2700, < 11 x107%  CL=90%
I35 K= KOu, la] ( 1.54:0.16) x 10~3 .
M6 K*i(“ > 0r00, ( 3.09+0.24) x 10-3 r B Miscellaneous other allowed modes o
37 h=K2zOu, (5.2 +0.4 ) x 103 r1°0 (5;771) h’j: | (80 £0.7)x o .
Mg i KOx0u, [ (37 £0.4)x10-3 101 4 3 > Onneutra s v < 24 % 10 CL=90%
[ Kp~ v, (22 £05 ) x 103 . Xi(stprol”g ) ,
Ta0 K~ K°Ou, [a] ( 1.55£0.20) x 10~3 102 & (S=—1)vr ( 2'91i°'°8)f S=1.1
M W,Kg > 110, (32 £10 )x 103 Moz K (89%) > 0 neutrals > ( 1.42:£0.18) % S=1.4
4o 7~ KOr070y, (2.6 +2.4 )x 1074 O*KL”T B
T3 K= KOO0y, < 16 «10—4 CL=95% T104 *K (8902) vr ( 1.29+0.05) % s
Taa 7~ KK, ( 1.59+0.29) x 103 S=1.1 Fos K (8*92) }g ? 0 neutrals v, (32 +1.4 ) x 10*3
Tas ™ K$KQ v, la (24 £0.5)x10—% 106 7*K (8902) 7K vy (21 £04)x 10:3
la6 T K§K) v, la] ( 1.10+0.28) x 10-3 s=1.1 F107 KV(§92) T2 0 neutrals v, (38 £1.7 ) x -
a7 r KOKOx0y, (3.1 +23)x10~4 r108 o éggQ) T Vr (22 £05 ) x o
T 7~ KE KL, < 20 x10~4  CL=95% 109 ( (7?()]7% vr (1.0 £04) x10
— K0 k0.0 —4 T Komvy
Las . KsKim v (3.1 £12)x 1073 Mo Ki(1270)" v, (47 £1.1 ) x 103
59 K“hT™h™h™ >0 neutrals v, < 17 % 10 CL=95% M1 Ki(1400)~ v (17 +26 ) x 103 S=1.7
Is1 KOhth=h=w, (23 £20)x1074 M K*(1410) T 14 5
112 iz (15 T35 )x 107
o Modes with thzee charged particles s K5(1430) v, <5 «10-4 CL—95%
lsy  h=h™h™ >0 neutrals > 0K} v, (15.1940.07) % S=1.1 e K3(1430)" v <3 <103 CL_95%
Is3 h=h=h* >0 neutrals v (14.5740.07) % s=11 2 o - b
(ex. KO 1) T l115 a9(980)~ > 0 neutrals v,
. Kg— m'w r — —4 _ oro,
. " 116 N7 Vp < 1.4 x 10 CL=95%
_ (73'5’:0”5 ) M7 nr—70v, lal ( 1.74=0.24) x 103
54 h=h=h"v, (10.0140.09) % S=1.2 r - 4
r b bt KO o B 118 1T TOT Vg (15 £05)x10
55 vy (ex.K?) (9.65+0.09) % S=1.2 - 4
r h=h™ ht v, (ex. KO w) (19.60+0.09) % s=1.2 Mo nK - vr ol (27 206 )10
56 IR : : — M0 nK*(892)~ v, (29 409 )x1074
57 T T vy ( 9.47£0.10) % S=1.2 r K= 70 4
T, 0 121 K- 7 vy (1.8 £0.9)x10
sg w7 vy (ex.KP) (19.16£0.10) % S=1.2 r KO - 4
T o 122 NKn~ v, (22 407 )x10
s w7 a v (ex.K), < 24 % CL=95% 3 natx 7~ >0 neutrals v, <3 x1073  CL=90%
non-axial vector r R T 23 205 ) x 104
6o aat v (ex. KO w) la] (9.12£0.10) % S=1.2 r124 7( 1(2 Tovr 0 (2. 5 )% 4 5
Fer  h™h™hT >1 neutrals v, ( 5.19+£0.10) % s=13 r125 121(1260) vy — nm vy < 39 x1om c":%f‘
Fe>  h™h™h™ >1 neutrals v, ( 4.92£0.09) % s=13 126 NNy < X1 CL=95%
(ex. K°5 = atao) F127 nln;rssw vr < 20 X 1075 CL:95:A.
Te3 h=h=ht a0y, ( 4.530.09) % 5=1.3 r128 U/Egssgﬂ “ < ;3 Xig,5 Et::g;
Tea h™h™ ht 70, (ex.K?) ( 4.35£0.09) % s=13 r129 Eee)T T < oo b 10— CL:90°/0
les h=h~ bt x0u, (ex. KO, w) ( 2.62:£0.09) % 5—1.2 r130 z;:: < 20 x o CL:BO"/O
To6 rrtr 7 Ou, ( 4.37£0.09) % s-13 131 T <o o 0%
+ — 0 0 o B M3 A(1285)7 v, (58 +£23)x10
le7 Tt T w vy (ex.KY) ( 4.25+0.09) % $=1.3 r £ (1285) 7~ v, — 13 204) x 10-4
Tes ot e 7m0 (ex KOw)  [a] ( 251£0.09) % s=1.2 13311 - :*;:1./ (13 £04)x
- 0 T
Feo h,pi IiT F34 m(1300)~ vy — (p7)" vy — < 1.0 x10~4 CL=90%
70 h=p h+ v, G~
7 h=p~ h™ v, -7 —4 —ogY
72 h=h=ht2n0u, (55 £04 )x 103 M35 ﬂ(1(3(07?7)r) vr = . <19 x10 CL=s0%
73 h=h= ht 270 u, (ex.KO) (5.4 £04 )x 1073 (370,5,;‘”3“ T
~ b= ht2x0 0 -3 v
M7 h=h~ h+27r0 vr(@Kowm) ] (11404 x o 36 h~w > 0 neutrals v, (2.38+0.08) %
75 h=h=h™31%v, la] (23 408 )x10 S=1.5 _ o
r K- hth= >0 neutral _3 B Mi37 h~wr, [a] ( 1.94£0.07) %
76 >0 neutrals v, (6.9 404 )x10 s=13 _“ 5
r K htr v (ex.KO) _3 B M3g h~wnv, [a] (4.4 £05)x10
77 - (ex. (48 £04)x10 s=1.5 0 4
=0 0 3 Mi39 h~w2r’ v, (1.4 £05)x10
Iz K~ ht o= n%v, (ex.K?) (1.0740.22) x 10 r o e ( 1.20+0.22) x 10~
T79 K= at 7~ >0 neutrals v, (5.0 0.4 ) x 1073 5=1.3 140 T o
g0 K= ata™ > 0n%, (ex.K?) (3.9 +£04 )x1073 s=1.3
g1 K- rtn v, (3.8 +0.4 )x 1073 S=1.6
o K= nt 7~ v, (ex.K) [a] (33 +04)x1073 s=1.6
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T

Lepton Family number (LF), Lepton number (L), CONSTRAINED FIT INFORMATION

or Baryon number (B) violating modes An overall fit to 65 branching ratios uses 128 measurements and

L means lepton number violation (e.g. 7= — etx—x~). Following one constraint to determine 31 parameters. The overall fit has a
common usage, LF means lepton family violation and not lepton number X2 = 62.5 for 98 degrees of freedom.
violation (e.g. 7~ — e~ x T x ). B means baryon number violation.
Fia1 ey IF < 271 « 10—6 CL=90% The following off-c.iiagonal array elemen.ts are the co.rrelation. coefficients
Mo 07y IF < 11 %106 CL-90% <6xi6xj>/(6xi-6xj.), in per?ent, from the fit to the bran?hlng. fractions, x; =
M43 efﬂz IF < 37 % 10-6 CL—90% ozi/l'mm. The fit constrains the x; whose labels appear in this array to sum to
M4s p 7 LF < 40 x1076  CL=90% )
Mas e~ K% LF < 91 x1077  CL=90% X5 3
Mas n~ K LF < 95 x10=7  CL=90% X 5 _s
P” e LF < 82 x 1072 CLi‘)D:/n 0 0 0 —20
148 BTN LF < 96 x 10 CL=90%
T4 €7 p LF < 20 x1076  CL=90% a3 -13o-13 -2 !
M50 p=p LF < 63 %1076 cL=90% X5 0 0 o3 -2
M1 e~ K*(892)° LF < 51 %1076 CL=90% x19 -13 14 -2 0 36 4
152 p~ K*(892)° LF < 15 x1076  cL=90% X2 0 0 1 -2 5 -21 -16
53 e~ K*(892)° LF < 14 x1076  CL=90% X5 -8 -8 —15 0 -18 5 —24 3
M54 p~ K*(892)° LF < 15 x 1076 CL=90% Xog 0 0 1 -2 5 —19 3 —13 22
Flss e ¢ LF < 69 XIO’Z CL=90% Xo8 -4 -4 -7 0 -10 0 -12 0 -7 0
- LF 7.0 x 10 CL=90"
I'izs Z* f*' e~ LF i 2.9 x 106 CL:QO‘Z 3 o2 e ¢ Lo Lo !
Mg e ptp— LF < 18 x1076  cL=90% %35 0 o - A 2 -2 8 2 -8
s €T p p~ LF < 15 x1076  CL=90% 38 -2 -2 2 o -5 35 2 2
Meo pete” LF < 17 %1076  CL=90% X40 -1 -1 0 -1 2 16 -1 -1 10
Me1 ute e LF < 15 x1076  CL=90% Xa5 0 0 -2 0 0 0 0 0 0 0
Ter pptp~ LF < 19 x1076  CL=90% Xa6 -2 2 =2 0 —4 1 -4 1 -2 1
M3 e nta™ LF < 22 x1076  CL=90% X60 -1 -1 =2 0 —4 0o -3 0o -2 0
164 e*-;r?r* L < 19 X 10*2 CL=90% 68 1 -1 -3 0 -3 0 -4 0 -2 0
r - - LF 2 10~ L=90Y
Mee it LD e am oo 00000000
M7 e 7t K™ LF < 64 %1076 CL=90% X 0 0 0 0 0 0 0 0 0 0
Meg e 7 K+t LF < 38 x1076  CL=90% 82 0 0 0 0 0 0 0 0 0 0
Meo etn™ K™ L < 21 x1076  CL=90% *86 0 0 0 0 0 0 0 0 0 0
M7 e” KKY LF < 22 x1076  CL=90% g9 o0 0o 0 o0 o 0o 0 0
M7 e KTK™ LF < 6.0 x1076  CcL=90% X90 0 0 0 0 0 0 0 0 0 0
M7 eT K™K~ L < 38 x10 ©  CcL=90% X7 0 0 -1 0 -1 0 -1 0 0 0
M73 p~ 7t K= LF < 75 x1076  CL=90% Xog 0 0 0 0 0 0 0 0 0 0
Fy74 p~ 7 K+ LF < 14 x10 © CL=90% X117 -1 1 1 0 -2 0 -2 0 -1 0
Fns #f’&; ’;(; L < 70 X107 Lo Xi1s o 0o 0o 0o 0o -3 0 -2 -2 -2
< 34 x 10~ =90%
ri;s Z* K§r KS* LF < 15 %1075  CL=90% 37 oz ¢ 3 0 0 ! 0
Mg kK K L < 60 x10-6  cL=90% %38 1 1 02 0 2 01 0
79 e~ m0n0 IF < 65 «10-6 CL=90% X3 X5 X9 X130 X113 X5  X19 X2 X5 X6
Mgo p w00 LF < 14 %1075 CL=90%
Mg € nn LF < 35 %1075 CL=90% 33 -1
Figo @~ 1M LF < 60 x1075  CL=90% X35 0 -5
g3 e 707 LF < 24 x1075  CL=90% X3g -1 -7 0
g4 p 707 LF < 22 x1075  CL=90% x40 0 -2 -—15 -19
Tgs PY LB < 35 x1076  CL=90% Xa5 0o -2 -1 =2 0
lgs P7° LB < 15 x1075  CL=90% X6 1 -12 -4 —10 -3 -3
g7 p2r° LB < 33 x 10*2 CL=90% Yo 1 7 3 3 2 0 0
lgs P71 LB < 89 x 10~ CL=90%
lge P07 LB < 27 x1075  CL=90% o8 - N 2 s 0 0 47
g0 e~ light boson LF < 27 %1073 CL=95% 74 2 ! 0 1 0 0 o 8
91 p~ light boson LF <5 x1073  CL=95% X5 0 0 0 0 0 0 o -3 -3 0
Xg2 0 -1 0 0 0 0 0 -31 -1 0
[a] Basis mode for the 7. Xg6 0 0 0 0 0 0 0 2 —14 0
[b] See the Particle Listings below for the energy limits used in this mea- Xg9 0 0 0 0 0 0 o -3 -1 0
surement. Xoq 0 0 0 0 0 0 0 —6 -1 -1
Xo7 0 0 0 0 0 0 0 -1 -1 0
Xog 0 0 0 0 0 0 0 0 0 0
X117 —-14 0 0 0 0 0 0 -1 -1 -4
X119 0 0 -1 0 -2 0 0 0 0 0
X137 -1 1 1 -3 -1 0 0 -23 —29 -3
X138 -1 1 0 1 0 0 0 -9 10 —44

X8 X33 X35 X33 Xq0  X45  Xae  X60 X6  X74
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T
Xgo 0 Table 1: Basis modes for the 2004 fit to 7 branching
X6 0 -14 fraction data.

Xg9 0 -1 1 — =

X00 0 6 —47 -1 e Velr K~K%%,

Xo7 0 0 0 0 0 W Ty "ty (ex. KO w)
o8 o o0 0o 0 0 -1 Ty -t 10, (ex. KO w)

X117 0 0 0 0 0 0 0 % S 0

X119 0 0 -6 0 0 0 0 0 T ’(;r . K n*rr VB (ex. K )0

X137 -1 -2 2 0 2 0 0 0 0 7 2nv; (ex. KY) K- rtn %, (ex. K% n)

X138 -1 -1 0 0 -1 0 0 0 0 -4 7310, (ex. K0) K- Ktr v,

X75s  Xg2 X6 Xg9 X0  Xo7  Xog X117 X119 X137
7 BRANCHING FRACTIONS
Revised April 2004 by K.G. Hayes (Hillsdale College).

The constrained fit to T branching fractions: The Lep-
ton Summary Table and the List of 7-Decay Modes contain
branching fractions for 109 conventional T-decay modes and up-
per limits on the branching fractions for 27 other conventional
7-decay modes. Of the 109 modes with branching fractions,
79 are derived from a constrained fit to 7 branching fraction
data. The goal of the constrained fit is to make optimal use
of the experimental data to determine 7 branching fractions.
For example, the branching fractions for the decay modes

+ +a-70u, are determined

T = wm rn'n vy and TT — T W
mostly from experimental measurements of the branching frac-
tions for 7= — h~h~h*v, and 7= — h~h~ht70y, and re-
cent measurements of exclusive branching fractions for 3-prong

modes containing charged kaons and 0 or 1 70’s.

Branching fractions from the constrained fit are derived
from a set of basis modes. The basis modes form an exclusive
set whose branching fractions are constrained to sum exactly
to one. The set of selected basis modes expands as branching
fraction measurements for new 7-decay modes are published.
The number of basis modes has expanded from 12 in the
year 1994 fit to 31 in the 2002 and 2004 fits. The 31 basis
modes selected for the 2004 fit are listed in Table 1. See the
1996 edition of this Review [1] for a complete description of
our notation for naming 7-decay modes and the selection of
the basis modes. For each edition since the 1996 edition, the
changes in the selected basis modes from the previous edition
are described in the 7 Branching Fractions Review.

In selecting the basis modes, assumptions and choices must
be made. For example, we assume the decays 7~ — 7~ K7~ >
0%, and 7= — 7t K~ K~ > 077 have negligible branch-
ing fractions. This is consistent with standard model predic-
tions for 7 decay, although the experimental limits for these
branching fractions are not very stringent. The 95% confidence
level upper limits for these branching fractions in the cur-
rent Listings are B(r~ — 7~ K*n~ > 07%;) < 0.25% and
B(r~ — 7TK~K~ > 07%;,) < 0.09%, values not so different
from measured branching fractions for allowed 3-prong modes
containing charged kaons. Although our usual goal is to impose
as few theoretical constraints as possible so that the world
averages and fit results can be used to test the theoretical con-

straints (i.e., we do not make use of the theoretical constraint

h=4r%, (ex. K% n) K-K+n~ nlu,

K~ v, h~=h~h*210, (ex. KO, w,7)
K~ 7%, h~h~h*370%,

K27%; (ex. K9) 3h=2htv, (ex. K9)
K=31%; (ex. K%n) 3h 2kt 70y, (ex. KO)

W_FOI/‘,— h~wy,
r‘?owou,- h~wrly,
WiKgngI/‘,— 777r77r01/7
W’K%K%VT nK v,
K~ K%,

from lepton universality on the ratio of the 7-leptonic branch-
ing fractions B(r~ — p wuvr)/ B(1T — e Tery) = 0.9726),
the experimental challenge to identify charged prongs in 3-
prong 7 decays is sufficiently difficult that experimenters have
been forced to make these assumptions when measuring the
branching fractions of the allowed decays.

There are several recently measured modes with small but
well-measured (> 2.5 sigma from zero) branching fractions [2]
which cannot be expressed in terms of the selected basis modes
and are therefore left out of the fit:

B(r~ - " K3K?7%,) = (3.1+£1.2) x 1074
B(r~ — h~wr%%,) = (1.4+£0.5)x 10™*
B(r~ — 2h hTwy,) = (1.20+0.22) x 107*

plus the n — yy and n — 7+

7~ 7 components of the branching
fractions

B(r~ = npr ntny,) = (2.340.5) x 1074,

B(r~ —» npr 7%7%;) = (1.5£0.5) x 107%,

B(r — K r ;) =(22+0.7)x10°*.

The sum of these excluded branching fractions is (0.08 +
0.01)%. This is near our goal of 0.1% for the internal consistency
of the 7 Listings for this edition, and thus for simplicity we do
not include these small branching fraction decay modes in the
basis set.

Begininng with the 2002 edition, the fit algorithm has been
improved to allow for correlations between branching fraction
measurements used in the fit. In this edition, correlations be-
tween measurements contained in Refs. [3,4,5,6] have been
included. In the 7 Listings, the correlation coefficients are listed
in the footnote for each measurement. Sometimes experimental
papers contain correlation coefficients between measurements
using only statistical errors without including systematic errors.
We usually cannot make use of these correlation coefficients.



See key on page 323

419

Lepton Particle Listings

The constrained fit has a x2 of 62.5 for 99 degrees of

freedom. Only one of the year 2004 basis mode branching

fractions shifted by more than 1 sigma from its 2002 value:
B(r~ — K- ntn v (ex. KY)) changed from (0.28 £ 0.05)% to
(0.33 £ 0.04)%.

Overconsistency of Leptonic Branching Fraction Mea-

surements: To minimize the effects of older experiments which

often have larger systematic errors and sometimes make assump-

tions that have later been shown to be invalid, we exclude old

measurements in decay modes which contain at least several

newer data of much higher precision. As a rule, we exclude

those experiments with large errors which together would con-

tribute no more than 5% of the weight in the average. This

procedure leaves six measurements for B, = B(7~ — e Tev;)

and five measurements for B, = B(7~ — p~7,v;). For both B,

and By, the six measurements are considerably more consistent

with each other than should be expected from the quoted errors

on the individual measurements. The x? from the calculation

of the average of the selected measurements is 0.49 for B, and
0.09 for B,.
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I (particle~ > 0 neutrals > 0K®w;.(“1-prong”)) /Ttotal

7~ BRANCHING RATIOS

Fy/T
/T =(M3+T5+Tg+T 10+ 13+ 15+ 19+ 22+ 25+ 26 +T2g+T33+ 35+ 38+
T40+2r 45+T46+0.708T 117-+0.715 119 +0.09T 1 37+0.09T 138 ) /T

The charged particle here can be e, g, or hadron. In many analyses, the sum of the
topological branching fractions (1, 3, and 5 prongs) is constrained to be unity. Since
the 5-prong fraction is very small, the measured 1-prong and 3-prong fractions are
highly correlated and cannot be treated as independent quantities in our overall fit.
We arbitrarily choose to use the 3-prong fraction in our fit, and leave the 1-prong
fraction out. We do, however, use these 1-prong measurements in our average below.
The measurements used only for the average are marked “avg,” whereas “f&a” marks
a result used for the fit and the average.

VALUE (%) _ _EVTS DOCUMENT ID COMMENT
85.35 £0.07 OUR FIT Error includes scale factor of 1.1.

85.26 +0.13 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram
below.

TECN

85.316:0.093£0.049 avg 78k 27 ABREU 0IMDLPH 1992-1995 LEP
runs

85.27420.105£0.073 avg 28ACHARD  01DL3  1992-1995 LEP
runs

B4.48 +027 +£0.23  avg ACTON 921 OPAL 1990-1991 LEP
runs

85.45 7062 1065 f&a DECAMP 92¢ ALEP  1989-1990 LEP

-0.73
runs

27 The correlation coefficients between this measurement and the ABREU 01M measure-
ments of B(r — 3-prong) and B(r — 5-prong) are —0.98 and —0.08 respectively.

28 The correlation coefficients between this measurement and the ACHARD 01D measure-
ments of B(7 — “3-prong™) and B(t — “5-prong”) are —0.978 and — 0.082 respectively.

T
WEIGHTED AVERAGE
85.26+0.13 (Error scaled by 1.6)
Values above of weighted average, error,
and scale factor are based upon the data in
his ideogram only. They are not neces-
arily the same as our ‘best’ values,
btained from a least-squares constrained fit
tilizing measurements of other (related)
uantities as additional information.
2
X
=g ABREU 0IMDLPH 0.3
i ACHARD 01D L3 0.0
—t ACTON 92H OPAL 4.8
DECAMP 92C ALEP _ 0.0
52
(Confidence Level = 0.160)
1 1 1 |
83.5 84 84.5 85 85.5 86 86.5
I'(partic\e’ > 0 neutrals > ok? v, (“l—prong"))/rma|
I (particle~ > 0 neutrals > 0K v, ) /Tiotal r/r

T2/l =(M3+T5+T9+M 10413+ 15+ 19+ 22+T 25+ 26+ 25 40.65697 33+
0.6569T 35 +0.6569T 35 +0.6569T 40 +1.0985T 45 +0.3139T 45 +0.708T 11 7+
0.715F 1 19+0.09T 1374009 13g)/T

VALUE (% EVTS

DOCUMENT 1D

84.72+0.07 OUR FIT  Error includes scale factor of 1.1.

85.1 +0.4 OUR AVERAGE
85.6 +0.6 +0.3 avg 3300
849 +0.4 +0.3 avg

84.7 £0.8 +£0.6 avg

e e o We do not use the following data for averages, fits,

86.4 £03 £0.3
87.1 £1.0 £0.7
872 £05 £0.8
ga7 11 *1§ 169
86.1 £0.5 +£0.9
878 £1.3 £3.9
867 £0.3 £0.6

29 ADEVA 91F
BEHREND 898
30 AIHARA 878
ABACHI 898
31 BURCHAT 87
SCHMIDKE 86
32 ALTHOFF 85
BARTEL 85F
33 BERGER 85

FERNANDEZ 85

TECN COMMENT

L3 EE§ = 88.3-94.3 GeV
CELL EE§,= 14-47 GeV
TPC  EE§ = 29 GeV

limits, etc. o o o

HRS  EES = 29 Gev
MRK2 EE§ =29 GeV
MRK2 EE§ = 29 GeV

TASS

JADE
PLUT
MAC

EEG = 34.5 GeV
EES = 34.6 GeV
EEG = 34.6 GeV
EEG= 29 GeV

29 Not independent of ADEVA 91F T'(h™ h™ h > 0 neutrals > 0KJ v,.) /Fyqpa value.
30Not independent of AIHARA 878 T (11~ 7, ) /Trotal (€™ Zevr) /Trotals and /Tiotal

values.

31 Not independent of SCHMIDKE 86 value (also not independent of BURCHAT 87 value
for [(h~h~ n+ > 0 neutrals > 0K v, ) /Tyopy.
2 . —_ —_
32Not independent of ALTHOFF 85 (u™ 7, v.)/Tiotals T(€™ Pevy) /Miotals /Ttotalr
and F(h~h~ ht >0 neutrals > OK(E"T)/rtotal values.
33 Not independent of (1-prong + 07r0) and (1-prong + > 17r0) values.

r(F_ Fy ”-r) /rtotal

rs/r

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”

marks results used for the fit

and the average.

To minimize the effect of experiments with large systematic errors, we exclude exper-
iments which together would contribute 5% of the weight in the average.

VALUE (%) .
17.36 +0.06 OURFIT
17.33 +0.06 OUR AVERAGE
17.34 £0.09 +0.06 f&a 31.4k

EVTS

17.342+0.1104+0.067 f&a 21.5k
17.325+0.095+0.077 f&a 27.7k

17.37 £0.08 +0.18 avg
17.31 +0.11 +0.05 f&a 20.7k

e o o We do not use the following data for averages, fits, limits, etc.
95T DLPH

17.02 £0.19 +0.24 6586
17.36 £0.27 7941
17.6 +04 +0.4 2148
174 +03 +05

17.35 £0.41 +0.37 f&a

17.7 +£08 +0.4 568
174 £1.0 2197
17.7 £1.2 0.7

DOCUMENT ID

ABBIENDI
34 ACCIARRI
ABREU

35 ANASTASSOV 97 CLEO
96C ALEP

BUSKULIC

ABREU
AKERS
ADRIANI

36 ALBRECHT
DECAMP

BEHREND
ADEVA
AIHARA

TECN  COMMENT

03 OPAL 1990-1995 LEP

runs
01F L3 1991-1995 LEP

99X DLPH

951 OPAL

93m L3

93G ARG

92¢ ALEP

90 CEl

88 MRKJ
878 TPC

runs
1991-1995 LEP

runs
EE5,=10.6 GeV

1991-1993 LEP
runs
e

Repl.. by
ABREU 99x
Repl. by ABBI-
ENDI 03
Repl. by ACCIA-
RRI 01F
EEG,= 9.4-10.6
GeV
1989-1990 LEP

runs
LL  EE5= 35 GeV

EE8,— 14-16 GeV
EEG= 29 GeV
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183 +0.9 +0.8 BURCHAT 87 MRK2 EE§ = 29 GeV F(e—Fev,.'y)/th| Fe/T
186 +£0.8 =07 558 37 BARTEL 86D JADE EE§,= 34.6 GeV VALUE (%) DOCUMENT 1D TECN  COMMENT
48 ee _

129 417 07 ALTHOFF 85 TASS EEf= 34.5 Gev 1.75+0.06+0.17 BERGFELD 00 CLEO EES= 10.6 GeV
18.0 +0.9 405 473 37 ASH 858 MAC Eé“’m: 29 GeV 48 BERGFELD Oo*impose requirements on detected ~'s corresponding to a 7-rest-frame
180 £1.0 +06 38 BALTRUSAIT..85 MRK3 EEE = 3.7 GeV energy cutoff £y > 10 MeV.
194 +16 +1.7 153 BERGER 85 PLUT EES = 34.6 GeV _ -
176 +26 +2.1 47 BEHREND  83c CELL Egem— 34 GeV F(w~Zuvr) [T (e Devs) F3/Ts

B 8 . C cm= € Standard Model prediction including mass effects is 0.9726.
17.8 +2.0 1.8 BERGER 81B PLUT EE§ = 9-32 GeV

34 The correlation coefficient between this measurement and the ACCIARRI 01F measure-
ment of B(7~ — e~ Pgw, ) is 0.08.

35 The correlation coefficients between this measurement and the ANASTASSOV 97 mea-
surements of B(evgv,), B(MFMVT)/B(EVEVT), B(h™v,), and B(h™ v, )/B(evov,)
are 0.50, 0.58, 0.50, and 0.08 respectively.

36 Not independent of ALBRECHT 92D F(u*ﬂuu.r)/l'(e*ﬂeuT) and ALBRECHT 93¢

(W™ Py vp) % T(€7 Tevy) /T2y, values.
37 Modified using B(e~ wov,)/B(“1 prong”) and B(“1 prong”) ,— 0.855.
38 Error correlated with BALTRUSAITIS 85 evw value.

(6~ Y vr7) Miotal Ta/T
VALUE (%) EVTS DOCUMENT 1D TECN COMMENT
0.361+0.016-:0.035 39 BERGFELD 00 CLEO E&,=10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.30 +0.04 +0.05 116 40 ALEXANDER 965 OPAL 1991-1994 LEP runs
0.23 £0.10 10 4wy 90 MRK2 EES= 29 GeV

39 BERGFELD 00 impose requirements on detected v’s corresponding to a 7-rest-frame
energy cutoff E’*Y > 10 MeV. For E’*Y > 20 MeV, they quote (3.04 +0.14 +0.30) x 10~3.

40 ALEXANDER 965 impose requirements on detected y’s corresponding to a 7-rest-frame
energy cutoff E7 >20 MeV.

41wu 90 reports T(n~ 7,0, 7)/T (W~ Pyv,) = 0.013 % 0.006, which is converted to
N7 7y v 7)/Ttotal Using M(p™ vy vy 7)/Ttotal = 17-35%. Requirements on detected
4's correspond to a 7 rest frame energy cutoff E,’ > 37 MeV.

r(e:7¢ ”r)/rtotal s/l
To minimize the effect of experiments with large systematic errors, we exclude exper-
iments which together would contribute 5% of the weight in the average.

VALUE (%) EVTS
17.84 +0.06 OUR FIT

17.81 +0.06 OUR AVERAGE
17.806+0.104 +0.076 24,7k 42 ACCIARRI 01F L3 1991-1995 LEP runs

DOCUMENT ID TECN COMMENT

17.81 £0.09 £0.06  33.1k ABBIENDI  99H OPAL 1991-1995 LEP runs
17.87740.1094£0.110  23.3k ABREU 99x DLPH 1991-1995 LEP runs
17.76 +0.06 +0.17 43 ANASTASSOV 97 CLEO EEE,= 10.6 GeV

17.79 £0.12 £0.06  20.6k BUSKULIC ~ 96C ALEP 1991-1993 LEP runs
18.09 +0.45 +0.45 DECAMP 92 ALEP  1989-1990 LEP runs

e o o We do not use the following data for averages, fits, limits, etc. e o o
17.78 +0.10 +£0.09 25.3k ALEXANDER 96D OPAL Repl. by ABBI-

ENDI 99H
17.51 £0.23 £0.31 5059 ABREU 95T DLPH Repl.. by ABREU 99x
179 +04 +0.4 2892 ADRIANI 93m L3 Repl. by ACCIA-

RRI 01F
175 £03 +05 44 ALBRECHT =~ 936 ARG EE§ = 9.4-10.6 GeV

17.97 £0.14 +0.23 3970 AKERIB 92 CLEO Repl. by ANAS-
TASSOV 97

19.1 £0.4 06 2960 45 AMMAR 92 CLEO EE§= 10.5-10.9 GeV

17.0 +05 +0.6 1.7k ABACHI 90 HRS  EE§= 29 GeV

18.4 +0.8 +0.4 644 BEHREND 90 CELL EE§= 35 GeV

163 £03 32 JANSSEN 89 CBAL EE§,= 9.4-10.6 GeV

18.4 +12 £1.0 AIHARA 878 TPC  ES§ = 29 GeV

191 +0.8 +1.1 BURCHAT 87 MRK2 EE§ = 29 GeV

168 £0.7 +0.9 515 45 BARTEL 86D JADE EE§,= 34.6 GeV

04 +30 T13 ALTHOFF 85 TASS EE,= 34.5 GeV

178 £09 406 390 45 AsH 858 MAC  EEE,— 29 GeV

18.2 +0.7 +0.5 46 BALTRUSAIT..85 MRK3 EES = 3.77 GeV

13.0 £1.9 +29 BERGER 85 PLUT EE§,— 34.6 GeV

18.3 +£24 +1.9 60 BEHREND  83c CELL EE§ = 34 GeV

16.0 +1.3 459 47 BACINO 788 DLCO EE§,= 3.1-7.4 GeV

42 The correlation coefficient between this measurement and the ACCIARRI O1F measure-
ment of B(r7 — p~ 7, v,) is 0.08.

43 The correlation coefficients between this measurement and the ANASTASSOV 97 mea-
surements of B(uﬁu vp), B(uiu v;)/B(eVev,), B(h~v,), and B(h~ v, )/B(eTov,)
are 0.50, —0.42, 0.48, and —0.39 respectively.

44 Not independent of ALBRECHT 92D I(u~ 7, v,)/I (e~ 7gvy) and ALBRECHT 93¢
(W™ 7y vy) x (€7 Pewy) /T2, values.

45 Modified using B(e~ 7 v,)/B(“1 prong") and B("“1 prong”) ,= 0.855.

46 Error correlated with BALTRUSAITIS 85 T (1~ 7, v,) /Tiotal-

47 BACINO 788 value comes from fit to events with e and one other nonelectron charged
prong.

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE _ DOCUMENT ID TECN  COMMENT
0.974 £0.004 OURFIT
0.978 +0.011 OUR AVERAGE
0.9777+£0.0063+0.0087 f&a 49 ANASTASSOV 97 CLEO EE§ = 10.6 GeV
0.997 +0.035 +£0.040  f&a ALBRECHT 92D ARG EE§ = 9.4-10.6 GeV

49 The correlation coefficients between this measurement and the ANASTASSOV 97 mea-
surements of B(u7,v,), B(eTev,), B(h™ v.), and B(h™ v,)/B(eTev,) are 0.58,
—0.42, 0.07, and 0.45 respectively.

r(h* > OK?_ v.,.)/rmm rz/T
r7/r:(r9+r10+%r33+%r35+r45)/r

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.
VALUE (% _ EVTS DOCUMENT ID TECN  COMMENT
12.300.11 OUR FIT  Error includes scale factor of 1.4.
12.44+0.14 OUR AVERAGE
12.44+0.11+0.11 f&a 15k 50 gyskuLIC 96 ALEP 1991-1993 LEP run
12.47+0.26 £0.43 f&a 2967 51 ACCIARRI 95 L3 1992 LEP run

124 +07 0.7  f&a 283 52 ABREU 92N DLPH 1990 LEP run
12.9840.4440.33  f&a 53 DECAMP 92¢ ALEP  1989-1990 LEP runs
121 +0.7 +05  f&a 309 ALEXANDER 91D OPAL 1990 LEP run
11.3 +£05 +0.8 avg 798 S4FORD 87 MAC EE§ =29 GeV

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
11.7 £0.6 +0.8 55 ALBRECHT =~ 920 ARG EES,= 9.4-10.6 GeV

12.3 £0.9 +05 1338 BEHREND 90 CELL E&§,= 35 GeV
111 +11 +14 56 BURCHAT 87 MRK2 EES,= 29 GeV
12.3 £0.6 +1.1 328 5T BARTEL 86D JADE EES = 34.6 GeV
13.0 £2.0 +4.0 BERGER 85 PLUT EE5= 34.6 GeV
11.2 +£1.7 +1.2 3¢ S8BEHREND  83c CELL EE§,= 34 GeV

50 BUSKULIC 96 quote 11.78 + 0.11 £ 0.13 We add 0.66 to undo their correction for
unseen K(z and modify the systematic error accordingly.

51 ACCIARRI 95 with 0.65% added to remove their correction for 7= K(z backgrounds.

52 ABREU 92N with 0.5% added to remove their correction for K*(892)~ backgrounds.

53 DECAMP 92¢ quote B(h~ > 0K > 0 (K% - ntx7) v) = 13324044 £ 033,
We subtract 0.35 to correct for their inclusion of the K% decays.

54FORD 87 result for B(n~ v;) with 0.67% added to remove their K~ correction and
adjusted for 1992 B(“1 prong”).

55Not independent of ALBRECHT 920 I(u™ 7, v,)/T (e Tevp)y T yvy) x
r(e~vev,),and F(h~ >0 K(z v,)/T (e~ Vg, ) values.

56 BURCHAT 87 with 1.1% added to remove their correction for K~ and K*(892)~ back-
grounds.

5TBARTEL 86D result for B(x™ v;) with 0.59% added to remove their K™ correction and
adjusted for 1992 B(*“1 prong”).

58 BEHREND 83c quote B(7~v.) = 9.9 + 1.7 + 1.3 after subtracting 1.3 + 0.5 to correct
for B(K™ v;).

I (h~ve) /Trotal M/l = (Fo+10)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (% _ DOCUMENT 1D TECN COMMENT
11.75:0.11 OUR FIT  Error includes scale factor of 1.4.

11.65:£0.21 OUR AVERAGE Error includes scale factor of 1.9.

11.98+0.13+0.16 f&a ACKERSTAFF 98M OPAL  1991-1995 LEP runs
11.5240.05+0.12 f&a 59 ANASTASSOV 97 CLEO EES,= 10.6 GeV

59 The correlation coefficients between this measurement and the ANASTASSOV 97 mea-
surements of B(;ru v,), B(evgv,), B(;mu v,)/B(evgv,), and B(h~ v, )/B(evgv, )
are 0.50, 0.48, 0.07, and 0.63 respectively.

(b v)/T(e Tevr) Tg/T's =(F9+T10)/Ts
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.
VALUE . DOCUMENT ID TECN  COMMENT
0.659 +£0.007 OUR FIT Error includes scale factor of 1.4.
0.6484:0.0041+£0.0060 avg  ©0 ANASTASSOV 97 CLEO EE§,= 10.6 GeV
60 The correlation coefficients between this measurement and the ANASTASSOV 97 mea-
surements of B(uﬁuvr), B(evgvy), B(uVuVT)/B(eﬁeuT), and B(h~ v,) are 0.08,
—0.39, 0.45, and 0.63 respectively.
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T

I(~ vr) /Teotal 70
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

11.06+0.11 OUR FIT  Error includes scale factor of 1.4,

11.07+0.18 OUR AVERAGE

11.064£0.1140.14  avg 61 BUSKULIC 96 ALEP LEP 1991-1993 data

11.7 £0.4 +18  f&a 1138 BLOCKER 82D MRK2 EE§ = 3.5-6.7 GeV

61 Not independent of BUSKULIC 96 B(h~ v,.) and B(K~ v, values.

(K~ vr)/Tiotal Mo/T
VALUE (% _EVTS DOCUMENT ID TECN COMMENT
0.686::0.023 OUR FIT

0.685:£0.023 OUR AVERAGE

0.658:0.0270.029 62 ABBIENDI  01J OPAL 1990-1995 LEP runs

0.696+0.025+0.014 2032 BARATE 99Kk ALEP 1991-1995 LEP runs
0.85 +0.18 27 ABREU 94K DLPH LEP 1992 Z data
0.66 +0.07 £0.09 99 BATTLE 94 CLEO ESF}] ~ 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o
0.72 +0.04 £0.04 728 BUSKULIC 96 ALEP Repl. b

BARATE 99k
0.59 +0.18 16 MILLS 84 DLCO EER =29 Gev
1.3 +05 15 BLOCKER 828 MRK2 Eg%: 3.9-6.7 GeV

62The correlation coefficient between this measurement and the ABBIENDI 01 B(r7™ —
K= >0r0 >0Kk0 >0y v,)is 0.60.

(b~ > 1neutralsv;) /Teotal /T
F11/T=(F13+T15+T19+M20+T 25+ 26+ 2g+0.157M3340.157 35 40.157M 3+
0.157T 49 +0.0985[ 45 +0.708T 1 740.7157 119 +0.09T1 37+0.09T13g) /T

VALUE (%) DOCUMENT ID TECN  COMMENT

36.92+0.14 OUR FIT Error includes scale factor of 1.1.

e o o We do not use the following data for averages, fits, limits, etc. o o o

36.14+0.33+£0.58 63 AKERS 948 OPAL 1991-1992 LEP runs
384 +1.2 +£1.0 64 BURCHAT 87 MRK2 EE§= 29 GeV
42.7 +£2.0 +2.9 BERGER 85 PLUT EE§ = 34.6 GeV

63 Not independent of ACKERSTAFF 98m B(h~ x0»,) and B(h~ > 2701, values.
64 BURCHAT 87 quote for B(r > 1 neutraly,) = 0.378 + 0.012 = 0.010. We add 0.006
to account for contribution from (K*~ v, ) which they fixed at BR = 0.013.

I (h~7%v) [Trotal T12/T = (M13+115)/T
VALUE (%) EVTS DOCUMENT ID TECN  COMMENT

25.87+0.13 OUR FIT Error includes scale factor of 1.1.

25.76+0.15 OUR AVERAGE
25.89+0.17+0.29

ACKERSTAFF 98v OPAL  1991-1995 LEP runs

25.76+0.15+0.13 31k BUSKULIC 96 ALEP LEP 1991-1993 data

25.05+0.35+0.50 6613 ACCIARRI 95 L3 1992 LEP run

25.87+0.12:40.42 51k 65 ARTUSO 94 CLEO EE§,— 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

25.98+0.36+0.52 66 AKERS 94E OPAL Repl. by ACKER-
STAFF 98M

229 +0.8 +1.3 283 67 ABREU 92N DLPH  EE§ = 88.2-94.2 GeV

23.1 +0.4 +0.9 1249 8 ALBRECHT = 92q ARG EE§= 10 GeV

25.02+0.64+0.88 1849 DECAMP 92¢ ALEP  1989-1990 LEP runs

22.0 £0.8 +1.9 779 ANTREASYAN 91 CBAL EE§ = 9.4-10.6 GeV

226 £1.5 +0.7 1101 BEHREND 90 CELL E&§,= 35 GeV

231 +£1.9 +1.6 BEHREND 84 CELL E&S= 14,22 GeV

65 ARTUSO 94 reports the combined result from three independent methods, one of which
(23% ofther™ — h— 0 v, ) is normalized to the inclusive one-prong branching fraction,
taken as 0.854 £ 0.004. Renormalization to the present value causes negligible change.

66 AKERS 94E quote (26.25 =+ 0.36 = 0.52) x 10™2; we subtract 0.27% from their number
to correct for 7= — h™ K(i vy

67 ABREU 92N with 0.5% added to remove their correction for K*(892)~ backgrounds.

68 ALBRECHT 92q with 0.5% added to remove their correction for 7~ — K*(892) v,
background.

I(x=xv;) /Tiotal M3/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

25.42:+0.14 OUR FIT  Error includes scale factor of 1.1.

25.31+0.18 OUR AVERAGE

25.30+0.1540.13 avg

69 BUSKULIC ~ 96 ALEP LEP 1991-1993

data
25.36+0.44 avg 70 ARTUSO 94 CLEO EEE,— 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o

215 £0.4 £1.9 4400 7L72 ALBRECHT  88L ARG  EE&G= 10 GeV

23.0 £1.3 £1.7 582 ADLER 878 MRK3 EE§,= 3.77 GeV
25.8 £1.7 £25 73 BURCHAT 87 MRK2 EE§ = 29 GeV
22.3 +£0.6 +1.4 629  72YELTON 86 MRK2 EE§ =29 GeV

69 Not independent of BUSKULIC 96 B(h~ x0v,) and B(K~ x0u,) values.

70 Not independent of ARTUSO 94 B(h~ 70v,) and BATTLE 94 B(K~ 70r,) values.

71 The authors divide by (F3+T5 + g+ Tyg)/I = 0.467 to obtain this result.

72 Experiment had no hadron identification. Kaon corrections were made, but insufficient
information is given to permit their removal.

73BURCHAT 87 value is not independent of YELTON 86 value. Nonresonant decays

included.
I (w— x° non-p(770) v) /Total T14/T
VALUE (%) DOCUMENT ID TECN COMMENT
0.3 +0.1 +0.3 T4BEHREND 84 CELL EE&,= 14,22 GeV

74 BEHREND 84 assume a flat nonresonant mass distribution down to the p(770) mass,
using events with mass above 1300 to set the level.

r(K—2%v;) /Trotal Ts/T
VALUE (% EVTS DOCUMENT ID TECN COMMENT

0.450£0.030 OUR FIT

0.449:£0.034 OUR AVERAGE

0.44440.026+0.024 923 BARATE 99K ALEP  1991-1995 LEP runs
0.51 +0.10 +0.07 37 BATTLE 94 CLEO EE§ ~ 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.52 +0.04 £0.05 395 BUSKULIC 96 ALEP Repl. by BARATE 99K
r(h~ > 22%;) [Teotal F16/T

T16/T = (F19+T 20+ 25+ 96 +T g +0.157T 33+0.157T 35+0.157T 35+0.157T 4+
0.0985 45+0.3197117+0.322T119) /T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

10.77+0.15 OUR FIT  Error includes scale factor of 1.1.

10.0 £0.4 OUR AVERAGE

9.91+0.314+0.27 f&a ACKERSTAFF 98m OPAL 1991-1995 LEP runs

12.0 +1.4 +25 f&a 75 BURCHAT 87 MRK2 EES,= 29 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

9.89+0.34:£0.55 76 AKERS 94€ OPAL Repl. by ACKER-
STAFF 98M

14.0 £12 +0.6 938 TTBEMREND 90 CELL EE,= 35 GeV

139 +20 19 78 AIHARA 86E TPC  EE8,= 29 GeV

75 Error correlated with BURCHAT 87 I'(p™ v)/T (total) value.

76 AKERS 94€ not independent of AKERS 94€ B(h~ > 1x0x,) and B(h~70v,) mea-
surements.
77 No independent of BEHREND 90 I'(h™ 2a0v,_ (exp. K0)) and r(h~ >3x0s,).

78 AIHARA 86E (TPC) quote B(2r0x~v;) + 1.6B(370 7 v,) + L1B(x0 nr~ v,).

I (h~22%v,) [Tiotal Ta7/T
r17/r = (r19+r22+0.157r33+0.157r35)/r

VALUE (%) EVTS DOCUMENT ID TECN  COMMENT

9.39+0.14 OUR FIT  Error includes scale factor of 1.1.

9.48+0.13+0.10 12k 79 BUSKULIC 96 ALEP LEP 1991-1993 data

79BUSKULIC 96 quote 9.29 + 0.13 % 0.10. We add 0.19 to undo their correction for
= = hm KOy

r(h~ 27 v (ex.K)) /Tiotal Mg/
18/l =(T19+722)/T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. f&a marks
results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

9.231+0.14 OUR FIT  Error includes scale factor of 1.1.

9.08+0.34 OUR AVERAGE

8.88+0.37+0.42 f&a 1060 ACCIARRI 95 L3 1992 LEP run
8.96+0.16+0.44 avg 80 PROCARIO 93 CLEO EEE, ~ 10.6 GeV
10.3840.66+0.82 f&a 809 81 DECAMP 92¢ ALEP  1989-1990 LEP runs
e o o We do not use the following data for averages, fits, limits, etc. o o o

5.7 +05 T17 133 82 ANTREASYANO1 CBAL EES,= 9.4-10.6 GeV
10.0 +15 +1.1 333 83BEHREND 90 CELL EE§= 35 GeV

8.7 +0.4 +1.1 815 84 BAND 87 MAC EE§=29 GeV

6.2 +0.6 +1.2 85 GAN 87 MRK2 EEG =29 GeV

6.0 £3.0 £1.8 BEHREND 84 CELL Egﬁ.lz 14,22 GeV

80PROCARIO 93 entry is obtained from B(h~2x0v,)/B(h~ x0v,) using ARTUSO 94
result for B(h— =0 vp).

81 \We subtract 0.0015 to account for 7~ — K*(892)~ v, contribution.

82 ANTREASYAN 91 subtract 0.001 to account for the 7= — K*(892) ™ v, contribution.

83 BEHREND 90 subtract 0.002 to account for the 7~ — K*(892)~ v, contribution.

84BAND 87 assume B(w~ 3x0v,) = 0.01 and B(zx~ x0nu,) = 0.005.

85GAN 87 analysis use photon multiplicity distribution.
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T
I (b= 22% v, (ex.KO)) /T (h~ 7°w;) Me/M2 M (w370 v, (ex.K®)) /T otal F2s/T
F18/T12=(T19+T22)/(M13+T15) VALUE (%) DOCUMENT ID
VALUE DOCUMENT 1D TECN  COMMENT 1.08::0.10 OUR FIT
0.357+0.006 OUR FIT Error includes scale factor of 1.1. —a. 0 0
r(K v (ex.K' T T2/l
0.3424£0.006+0.016 86 PROCARIO 93 CLEO EES ~ 10.6 GeV (k= 3%y, (ex.K®,m)) [Tiotal 26/
VALUE (%) EVTS DOCUMENT 1D TECN  COMMENT
86 PROCARIO 93 quote 0.345 & 0.006 = 0.016 after correction for 2 kaon backgrounds +0.022
assuming B(K*~ v, )=1.42 + 0.18% and B(h~ K0x0v,_)=0.48 + 0.48%. We multiply 0.038T 5 655 OUR FIT
by 0.990 = 0.010 to remove these corrections to B(h™ x0 vr). 0.037£0.021+0.011 22 BARATE 99k ALEP 1991-1995 LEP runs
0 o e o o We do not use the following data for averages, fits, limits, etc. o o o
M(n~ 2n%v, (ex.K®)) [Teotal T1o/T 0.05 +0.13 95 BUSKULIC ~ 94E ALEP Repl. by BARATE 99K

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) _ DOCUMENT 1D TECN COMMENT
9.17+0.14 OUR FIT  Error includes scale factor of 1.1.
9.21:40.13+0.11 avg  87BUSKULIC 96 ALEP LEP 1991-1993 data
87 Not independent of BUSKULIC 96 B(h™ 20v, (ex. K9)) and B(K~2x%v,_ (ex. K9))
values.
I (7~ 2x%v, (ex.K®), scalar) /T (7~ 2x% v, (ex.K?)) 20/T19
VALUE CL% DOCUMENT ID TECN COMMENT
<0.094 95 88 BROWDER 00 CLEO 4.7 fb~1 EEE =106
GeV

88 Model-independent limit from structure function analysis on contribution to B(r —
x~ 270 v, (ex. KO)) from scalars.

I (7~ 27%v, (ex.K?), vector) /T (x~ 2701, (ex.K9)) F21/T19

VALUE CL% DOCUMENT 1D TECN COMMENT

<0.073 95 89 BROWDER 00 CLEO 4.7 b~ 1 EE,=10.6
GeV

89 Model-independent limit from structure function analysis on contribution to B(r~ —
7~ 2x0 vy (ex. Ko)) from vectors.

(K~ 21%v, (ex.K©)) /Tiotal 22/
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

0.058+0.023 OUR FIT

0.058+0.024 OUR AVERAGE

0.056+0.020£0.015 131 BARATE 99K ALEP 1991-1995 LEP runs
0.09 £0.10 +0.03 3 0BATTLE 94 CLEO EES ~ 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.08 +0.02 £0.02 59 BUSKULIC 96 ALEP Repl. by BARATE 99k

90 BATTLE 94 quote 0.14 +0.10+0.03 or < 0.3% at 90% CL. We subtract (0.05+£0.02)%
to account for 7~ — K~ (KO - a0 7r0)u7_ background.

r(h~ > 37%,) /Teotal T23/T
T3/ = (To5+1 26+ 2g+0.157T 3 +0.157T 40+0.09851 45+0.319T 117+
0.322I’119)/I'

VALUE (%) EVTS DOCUMENT ID TECN  COMMENT

1.37+0.11 OUR FIT  Error includes scale factor of 1.1.

1.531+0.40+0.46 186 DECAMP 92C ALEP 1989-1990 LEP runs

e o o We do not use the following data for averages, fits, limits, etc. o o o

3.2 +£1.0 £1.0 BEHREND 90 CELL Egren: 35 GeV
I(h=3x°vr) /Tiotal T24/T

T4 /T = (F25+T26+0.157T 35+0.1571 4+0.322 1 19) /T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"
marks results used for the fit and the average.
VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT
1.21+0.10 OUR FIT
1.22+0.10 OUR AVERAGE
1.24+0.0940.11 f&a 23k 91BUSKULIC 96 ALEP LEP 1991-1993 data
1.704+0.2440.38 f&a 293 ACCIARRI 95 L3 1992 LEP run
1.15+0.08+0.13 avg 92PROCARIO 93 CLEO EE§, ~ 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o

00 ti4 +11 93 GAN

87 MRK2 EE§=29 GeV

91BUSKULIC 96 quote B(h™ 3n0u_ (ex. K0)) = 1.17 £ 0.09 + 0.11. We add 0.07 to

remove their correction for K0 backgrounds.

92PROCARIO 93 entry is obtained from B(h™ 3701, )/B(h~ x0v ) using ARTUSO 94
result for B(h™ 0 vr)-

93 Highly correlated with GAN 87 T(pw~ 0, )/Fora value.  Authors quote
B(r£370u,) + 0.67B(xEnx0u,) = 0.047 £ 0.010 + 0.011.

r(h=3x%;,) /T (h~7%v,) 24/T12
T24/T12 = (T25+T26+0-157M 35 +0.157T 49+0.322r 119)/(T13+T15)
VALUE DOCUMENT 1D TECN COMMENT

0.047+£0.004 OUR FIT  Error includes scale factor of 1.1.
0.044+0.003+0.005 94 PROCARIO 93 CLEO EE§ ~ 10.6 GeV
94 PROCARIO 93 quote 0.041 £ 0.003 + 0.005 after correction for 2 kaon backgrounds

assuming B(K*~ v, )=1.42 £ 0.18% and B(h~ K070u, )=0.48 + 0.48%. We add
0.003 + 0.003 and multiply the sum by 0.990 & 0.010 to remove these corrections.

95BUSKULIC 94t quote B(K™ > 0x0 > 0kOu,) — [B(K™v;) + B(K~x0u,) +
B(K~ KOu.) + B(K=x0x0u_) + B(K=x0K0u_)] = 0.05 + 0.13% accounting for
common systematic errors in BUSKULIC 94E and BUSKULIC 94F measurements of these
modes. We assume B(K™ > 2K0 v,) and B(K™ > 470 v, ) are negligible.

I (h~ 47 vy (ex.K°)) /Teoral 27/
T27/T = (T2g+0.319T117)/T

VALUE (% _EVTS

0.160.06 OUR FIT

0.16:£0.06 OUR AVERAGE

0.160.04:0.09 232 96 BUSKULIC 96 ALEP LEP 1991-1993 data

0.16+0.0540.05 97 PROCARIO 93 CLEO EE&, ~ 10.6 GeV

DOCUMENT ID TECN COMMENT

96 BUSKULIC 96 quote result for 7~ — h~ > 4z0v,_. We assume B(h— > 570u,.) is
negligible.

97 PROCARIO 93 quotes B(h~ 479 v,) /B(h~ 70 »,.) =0.006 £ 0.002+ 0.002. We multiply
by the ARTUSO 94 result for B(h~ x%v,) to obtain B(h~ 4x%»,). PROCARIO 93
assume B(h— > 5 0 v,) is small and do not correct for it.

I (h~ 4x0v, (ex.K%1)) /Trotal T2/l
VALUE (%) DOCUMENT ID

0.10+3:9€ our FIT

r(K= > 0a° > 0K® >0y »,)/Trotal T29/T
I'29/F = (I'w+I'15+F22+F26+I'35+I'40+0.715I'119)/I'

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

1.56 +0.04 OURFIT

1.53 +0.04 OUR AVERAGE

1.528+0.039+0.040 f&a

98 ABBIENDI ~ 01J OPAL 1990-1995 LEP runs

1.52040.040+0.041 avg 4006 99 BARATE 99K ALEP 19911995 LEP runs
1.54 +0.24 f&a ABREU 94K DLPH LEP 1992 Z data
1.70 +£0.12 +0.19 f&a 202 100 BATTLE 94 CLEO EE§ ~ 10.6 GeV
1.6 £04 £02 f&a 35 AIHARA 878 TPC  EE5,= 29 GeV
1.71 £0.29 f&a 53 MILLS 84 DLCO EEf =29 GeV
e o o We do not use the following data for averages, fits, limits, etc. » o o
1.70 4+0.05 +0.06 1610 101 BUSKULIC ~ 96 ALEP Repl. by
BARATE 99K

98 The correlation coefficient between this measurement and the ABBIENDI 01 B(r™ —

K™ v,) is 0.60.

99Not independent of BARATE 99k B(K~v,), B(K™ x0v,), B(K™ 270, (ex. K9)),
B(K™ 3n0u, (ex. K9)), B(K~KOu,), and B(K~ K0«0v,) values.

100 BATTLE 94 quote 1.60 + 0.12 4 0.19. We add 0.10 + 0.02 to correct for their rejection
of KOS — a7~ decays.

101 Not independent of BUSKULIC 96 B(K~ ), B(K~x%v.), B(K2x0u,),
B(K~ K%v,), and B(K~ K90u_) values.

r(K= 21 (x%or K%0ry) v,)/Tiotal T30/T
|'30/r = (I’15+r22+F26+F35+I'40+0.715|'119)/I’

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.
VALUE (% __ _EvVTs DOCUMENT ID TECN  COMMENT
0.874+0.035 OUR FIT
0.86 +£0.05 OUR AVERAGE
0.869+0.031+0.034  avg

102 ABBIENDI ~ 01s OPAL 1990-1995 LEP
0.69 +0.25 avg 103 ABREU 94K DLPH LEI;LT;W Z data
12 05 02 fma 9 AIHARA 878 TPC  EEE,= 29 GeV
102 ot independent of ABBIENDI 01) B(r~ — K~ w;) and B(r~ — K~ > 020 >

0k?O > 0y v,) values.
103 Not independent of ABREU 94k B(K~v;) and B(K™ > 0 neutralsv,.) measurements.

I (K (particles)~ v;) /Tyotal 31/T
F31/7 = (3ra3+3T35+ M 3a+ 5T 40+ a5+ 46)/T
VALUE (% EVTS DOCUMENT 1D TECN COMMENT

0.92 +£0.04 OUR FIT Error includes scale factor of 1.1.
0.97 +0.07 OUR AVERAGE

0.97040.058 £0.062 929 BARATE
0.97 +0.09 £0.06 141 AKERS

98E ALEP 1991-1995 LEP runs
94G OPAL EEE,= 88-94 GeV
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T

r(h~K%v;)/Teotal T32/T = (T33+T35)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

1.05 £0.04 OUR FIT Error includes scale factor of 1.1.

0.90 +£0.07 OUR AVERAGE

1.01 +£0.11 +£0.07 avg 555 104 BARATE 98E ALEP 1991-1995 LEP runs

0.855+0.036 £0.073 f&a 1242 COAN 96 CLEO Egﬁ1 ~ 10.6 GeV

104 Not independent of BARATE 988 B(r~ — 7~ KCw, ) and B(r~ — K~ KOu,_) values.

M(x= K°vr) [Trotal la3/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"
marks results used for the fit and the average.

VALUE (%) _ _EVTS DOCUMENT ID TECN _ COMMENT

0.89 +£0.04 OUR FIT Error includes scale factor of 1.1.

0.88 £0.05 OUR AVERAGE Error includes scale factor of 1.2.

0.933+0.068+0.049 f&a 377 ABBIENDI  00c OPAL 1991-1995 LEP
runs

0.928+0.045+0.034 f&a 937 105BARATE 99K ALEP 1991-1995 LEP
runs

0.855+0.11740.066 avg 509 106 BARATE 98 ALEP 1991-1995 LEP
runs

0.704+0.041+0.072 avg 107 coan 96 CLEO EE§ ~ 10.6 GeV

095 +0.15 +£0.06 f&a 108 ACCIARRI  95F L3 1991-1993 LEP
runs

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.79 +0.10 +0.09 98 109 BUSKULIC 96 ALEP Repl. by
BARATE 99K

105 BARATE 99k measure KO’s by detecting K[Z’s in their hadron calorimeter.

106 BARATE 98E reconstruct KO's using Kg — T x~ decays. Not independent of
BARATE 98E B(K0 particles v, value.

107 ot independent of COAN 96 B(h~ KOv,) and B(K~ KO»,) measurements.

108 ACCIARRI 95F do not identify 7~ /K~ and assume B(K~ K%v,) = (0.29 % 0.12)%.

109 BUSKULIC 96 measure KO's by detecting K9's in their hadron calorimeter.

I (=~ K° (non-K*(892) ") v, ) /Total T34/T
VALUE (% CL% DOCUMENT ID TECN COMMENT

<0.17 95 ACCIARRI 95F L3 1991-1993 LEP runs
(K~ K%v;) [Tiotal T35/l
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

0.154+0.016 OUR FIT
0.158:0.017 OUR AVERAGE

0.162+0.02140.011 150 110 BARATE 99K ALEP 1991-1995 LEP runs
0.158+0.04240.017 46 111 BARATE 98E ALEP  1991-1995 LEP runs
0.151+0.02140.022 111 COAN 96 CLEO EE§ ~ 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.26 +£0.09 +0.02 13 112BUSKULIC 96 ALEP Repl. by BARATE 99k

110 BARATE 99k measure K0’s by detecting K[Z’s in their hadron calorimeter.
111 BARATE 98E reconstruct K0’ using KOS — w7~ decays.
112 gyskuLIC 96 measure KOs by detecting KE’S in their hadron calorimeter.

r(K=K°® > 02%0,) /Teotal T36/T = (F35+T40)/T

VALUE (%) EVTS DOCUMENT ID TECN  COMMENT
0.309+0.024 OUR FIT
0.330+0.0550.039 124 ABBIENDI 00C OPAL 1991-1995 LEP runs

M (b~ K x0,) Tioral F37/T = (F3a+40)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

0.52 +0.04 OURFIT

0.50 £0.06 OUR AVERAGE Error includes scale factor of 1.2.

0.446+0.052+0.046 avg 157 113 BARATE 98E ALEP 1991-1995 LEP runs

0.562+0.050+£0.048 f&a 264 COAN 96 CLEO Egﬁ1 ~ 10.6 GeV

113 Not independent of BARATE 98E B(r~ — =~ K0x07) and B(r— — K~ K0x0u,)
values.

r(w:?’w“ u,)/rm. F3g/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"
marks results used for the fit and the average.

VALUE (% ___ _EVTS DOCUMENT ID TECN COMMENT

0.37 +0.04 OURFIT

0.36 +0.04 OUR AVERAGE

0.347+0.053+0.037 f&a 299 114 BARATE 99k ALEP 1991-1995 LEP
runs

0.294+0.073+£0.037 f&a 142 115BARATE 98E ALEP 1991-1995 LEP
runs

0.417:+0.058:0.044 avg 116 coan 96 CLEO EE§ ~ 10.6 GeV

041 +0.12 +0.03 f&a 117 ACCIARRI  95F L3 1991-1993 LEP
runs

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.32 +0.11 +0.05 23 118BYSKULIC 96 ALEP Repl.

by
BARATE 99k

114 BARATE 99k measure KO's by detecting K9's in their hadron calorimeter.

115 BARATE 98E reconstruct KO's using Kg — xtr~ decays.

116 Not independent of COAN 96 B(h™ K070 v;) and B(K™ KO 70 v, ) measurements.
117 ACCIARRI 95F do not identify =~ /K~ and assume B(K~ K0x0»,_) = (0.05 = 0.05)%.
118 BYSKULIC 96 measure KO’s by detecting K§'s in their hadron calorimeter.

I (K6~ vr) [Teotal F39/T

VALUE (%) DOCUMENT 1D TECN  COMMENT

0.22 +0.05 OUR AVERAGE

0.250-£0.057+0.044 119 BARATE 99K ALEP  1991-1995 LEP runs

0.188-£0.054+0.038 120 BARATE 98E ALEP 1991-1995 LEP runs

119 BARATE 99k measure KO's by detecting K(z’s in hadron calorimeter. They determine
the KOp~ fraction in v~ — 7~ KOx0u_ decays to be (0.72 + 0.12 + 0.10) and
multiply their B(n*?o x0 v,) measurement by this fraction to obtain the quoted result.

120 BARATE 98E reconstruct KOs using K& — 7~ decays. They determine the KO p~
fraction in 7~ — 7~ KO0y, decays to be (0.64 = 0.09 = 0.10) and multiply their
B(n™ KO0 v,.) measurement by this fraction to obtain the quoted result.

r(K=K%7%%,) /Teotal T40/T
VALUE (% _EVTS DOCUMENT ID TECN COMMENT

0.155+0.020 OUR FIT

0.144+0.023 OUR AVERAGE

0.14340.025+0.015 78 121 BARATE 99k ALEP  1991-1995 LEP runs
0.15240.076 +0.021 15 122 BARATE 98E ALEP 1991-1995 LEP runs
0.1450.036+0.020 32 COAN 9 CLEO EE§ ~ 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. » o o

0.10 +0.05 +0.03 5 123BUSKULIC 96 ALEP Repl. by BARATE 99K

121 BARATE 99k measure KOs by detecting K?'S in their hadron calorimeter.
122 BARATE 98E reconstruct KO's using Kg — xtx~ decays.
123 BysKULIC 96 measure KO’s by detecting K‘Z's in their hadron calorimeter.

r(x=K° > 12%,) /Teotal T41/T = (T3g+T42)/T

VALUE (% EVTS DOCUMENT ID TECN COMMENT
0.324+0.074£0.066 148 ABBIENDI  00c OPAL 1991-1995 LEP runs
r(1r_7°1r°1r° v.,.)/l'mm Ta2/T
VALUE (units 10=3 CL% _EVTS DOCUMENT ID TECN COMMENT
0.26+0.24 124 BARATE 99R ALEP 1991-1995 LEP
runs
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
<0.66 95 17 125 BARATE 99k ALEP 1991-1995 LEP
runs
0.58+0.33+0.14 5 126 BARATE 98E ALEP 1991-1995 LEP
runs

124 BARATE 99R combine the BARATE 98E and BARATE 99K measurements to obtain this

value.
125 BARATE 99k measure K0's by detecting K‘Z'S in their hadron calorimeter.
126 BARATE 98E reconstruct K0's using Ko5 — 7wt r~ decays.

r(K=K97%7%,) [Teotal a3/l
VALUE CLY% DOCUMENT ID TECN COMMENT

<0.16 x 10=3 95 127 BARATE 99R ALEP 1991-1995 LEP runs

e o o We do not use the following data for averages, fits, limits, etc. o o o

<0.18 x 1073 95 128 BARATE 99K ALEP 1991-1995 LEP runs

<039 x 1073 95 129 BARATE 98E ALEP 1991-1995 LEP runs

127 BARATE 99r combine the BARATE 98E and BARATE 99K bounds to obtain this value.
128 BARATE 99k measure K0's by detecting K(Z's in hadron calorimeter.

129 BARATE 98E reconstruct K0’s by using Kf’5 — at ™ decays.

I (=~ KOK%v,) [Tiotal Taa/T = (245+T46)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (% ___ _EVTs DOCUMENT ID TECN COMMENT

0.159+0.029 OUR FIT Error includes scale factor of 1.1.

0.153+£0.030+£0.016 avg 74 130 BARATE 98E ALEP 1991-1995 LEP
runs

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

0.31 +0.12 +0.04 131 ACCIARRI 95F L3 1991-1993 LEP
runs

130 BARATE 98€ obtain this value by adding twice their B(r~ K& kQ»,.) value to their
B(r~ kL KQv,) value.
131 ACCIARRI 95F assume B(r~ K% K2 v)=B(x~ K% K0 ») = 1/2B(x~ K K{ ).

= KO KO,
r(x KsKsu,.)/rmm Tas/T
Bose-Einstein correlations might make the mixing fraction different than 1/4.
VALUE (% EVTS DOCUMENT ID TECN  COMMENT

0.024+0.005 OUR FIT

0.024+0.005 OUR AVERAGE
0.02640.010+0.005 6 BARATE
0.023+0.005+0.003 42 COAN

98E ALEP 1991-1995 LEP runs
9% CLEO EE§ ~ 10.6 GeV
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T
(7~ K3 Kvr) [Trotal Tas/T
VALUE (% EVTS DOCUMENT ID TECN  COMMENT

0.110+0.028 OUR FIT  Error includes scale factor of 1.1.

0.101:+0.023+0.013 68 BARATE 98E ALEP 1991-1995 LEP runs
r(w: K“Wrou,.)/rmﬂ Taz/T
VALUE DOCUMENT ID TECN  COMMENT

(0.31+0.23) x 10—3 132 BARATE 99R ALEP 1991-1995 LEP runs
132BARATE  99R  combine BARATE 98t  I(r~ K3 k2n0u )/rygry  and

NG Kg K(Z =0 v;)/Total Measurements to obtain this value.

r(w: K“SKg')rou.,.)/rmm Tag/T
VALUE (%) CL%. DOCUMENT ID TECN  COMMENT

<0.020 95 BARATE 98E ALEP 1991-1995 LEP runs
(=~ K3K37%v,) [Tiotal Tao/T
VALUE (%) EVTS DOCUMENT 1D TECN  COMMENT
0.031+0.011:£0.005 11 BARATE 98E ALEP 1991-1995 LEP runs
r(K®h+ h—h~ > Oneutrals v,) /Teoral Iso/T
VALUE (% CL% . DOCUMENT ID TECN  COMMENT

<0.17 95 TSCHIRHART 88 HRS  EE§ = 29 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

<0.27 90 BELTRAMI 85 HRS EE§=29 Gev
r(KOht b= h~vy) [Teotal s, /T
VALUE (% _EVTS DOCUMENT ID TECN _ COMMENT
0.023+0.019:0.007 6 133 BARATE 98E ALEP 1991-1995 LEP runs

133 BARATE 98E reconstruct K0’s using KDS — xtx~ decays.

r(h~h~h* > Oneutrals > 0K v, ) /Tioral Is2/T
I5p/T = (0.34317'33+0.3431T 35+0.34311 3+0.3431T 4 +0.4307T 45+0.6861 46 +
Te0+Teg+T74+T75+ g2+ g6 +g9+Tg0+0.285'117+0.285119+0.9101 137+
0.9101r3g)/T

VALUE (%) EVTS DOCUMENT ID TECN  COMMENT
15.19+ 0.07 OUR FIT  Error includes scale factor of 1.1.
14.8 £ 0.4 OUR AVERAGE

144 + 06 £0.3 ADEVA 91F L3 EES = 88.3-94.3 GeV
15.0 + 0.4 £0.3 BEHREND 898 CELL EES= 14-47 GeV
15.1 + 0.8 £0.6 AIHARA 87B TPC  EE§ = 29 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

135 £ 0.3 £03 ABACHI 898 HRS  EE§,= 29 GeV
128 + 1.0 £0.7 134 BURCHAT 87 MRK2 EES,= 29 GeV
121 + 05 +1.2 RUCKSTUHL 86 DLCO EE§,= 29 GeV
128 + 0.5 +0.8 1420 SCHMIDKE 86 MRK2 EE§ =29 GeV
153 + 11 T13 367 ALTHOFF 85 TASS EEE =345 GeV
13.6 £ 05 +0.8 BARTEL 85F JADE EE§ = 34.6 GeV
12.2 + 1.3 £3.9 135 BERGER 85 PLUT EES= 34.6 GeV
13.3 £ 0.3 £0.6 FERNANDEZ 85 MAC EE= 29 GeV

24 + 6 35 BRANDELIK 80 TASS EE§= 30 Gev
2 +5 692 136 BACINO 788 DLCO EE§,= 3.1-7.4 GeV
35 411 136 BRANDELIK 78 DASP Assumes V—A decay
18 + 65 33 136 jaAROS 78 MRK1 EE§, > 6 GeV

134 BURCHAT 87 value is not independent of SCHMIDKE 86 value.
135 Not independent of BERGER 85 (1™ 7,,v,)/Tyotal [(€” Zev,) /Tyotal T(h™ > 1

neutralsv,) /Tiorq), and F(h™ > OK(B v..)/Ttotal» and therefore not used in the fit.

136 | ow energy experiments are not in average or fit because the systematic errors in back-
ground subtraction are judged to be large.

r(h~h~h* > Oneutrals v, (ex. K3 — ntx~)(“3-prong”)) /Teotal  T's3/T
T'53/T=(Teo+6+T 74+ 75+Tg2+Tg6+Tg9+M90+0.2857'117+0.285T 19+
0.9101137+0.9101T 1 3g) /T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"
marks results used for the fit and the average.

VALUE (%) _ _EVTS DOCUMENT ID TECN  COMMENT

14.57 +0.07 OUR FIT Error includes scale factor of 1.1.

14.59 +0.08 OUR AVERAGE Error includes scale factor of 1.1.

14.56940.093+0.048 f&a 23k 137 ABREU 01M DLPH 1992-1995 LEP
runs

14.556+0.105+0.076 f&a 138 ACHARD 01p L3 1992-1995 LEP
runs

14.96 +0.09 +£0.22 f&a 10.4k AKERS 95v OPAL 1991-1994 LEP
runs

14.22 £0.10 £0.37 avg 139 BALEST 95¢ CLEO EE§, ~ 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

15.26 +0.26 +0.22 ACTON 92H OPAL Repl. by AK-

ERS 95Y
140 ALBRECHT =~ 920 ARG EE§= 9.4-10.6
GeV

92C ALEP 1989-1990 LEP
runs

13.3 +03 +£08

+0.40
14.35 T g £0.24 DECAMP

137 The correlation coefficients between this measurement and the ABREU 01M measure-
ments of B(r — 1-prong) and B(r — 5-prong) are —0.98 and — 0.08 respectively.
138 The correlation coefficients between this measurement and the ACHARD 01D measure-

ments of B(r — “1-prong”) and B(r — “5-prong”) are —0.978 and — 0.19 respectively.
139 Not independent of BALEST 95¢ B(h~ h™ htw_) and B(h~ h~ hT 70u_) values, and
BORTOLETTO 93 B(h~ h~ ht 2200 )/B(h— h— ht > 0 neutrals v,.) value.
140 ;. ; ; : - — 2
ThIIS ALBRECHT 92D value is not independent of their I'(x uMu.r)I'(e Vg u.,.)/rtotal
value.

r (h_ h—ht V.,.) [Ttotal T'sq/T
T4 /T = (0.34317 33-+0.34317 35+ T +Tgo+go-+0.0221 37) /T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN  COMMENT

10.01£0.09 OUR FIT  Error includes scale factor of 1.2.

9.8 £0.6 OUR AVERAGE Error includes scale factor of 4.4. See the ideogram below.

7.6 +0.1 +0.5 avg 7.5k 141 ALBRECHT  96E ARG EES= 9.4-10.6
GeV
9.9240.1040.09  f&a 11.2k 142BUSKULIC 96 ALEP LEP 1991-1993
9.49+0.36+0.63  f&a DECAMP 92 ALEP 19859990 LEP
e o o We do not use the following data for averages, fits, limits, etc. o .ru.ns
8.7 £0.7 +0.3 694 143BEHREND 90 CELL EE§= 35 GeV
7.0 £03 +0.7 1566 144 BAND 87 MAC EE§ =29 Gev
6.7 £0.8 +0.9 145 BURCHAT 87 MRK2 EE§,= 29 GeV
6.4 +0.4 +0.9 146 RUCKSTUHL 86 DLCO EE§= 29 GeV
7.8 £0.5 +0.8 890 SCHMIDKE 86 MRK2 EE= 29 GeV
8.4 +0.4 +0.7 1255 146 FERNANDEZ 85 MAC EE§,= 29 GeV
9.7 £2.0 +1.3 BEHREND 84 CELL EE§= 14,22 GeV

141 ALBRECHT 96E not independent of ALBRECHT 93¢ M'(h~ h™ htw _(ex. KO) x

icle— 0 2
[(particle™ > 0 neutrals > 0K} "T)/rtatal value.

142 BUSKULIC 96 quote B(h~ h~ ht v (ex. K0)) = 9.50 = 0.10 + 0.11. We add 0.42 to
remove their KO correction and reduce the systematic error accordingly.

143 BEHREND 90 subtract 0.3% to account for the 7~ — K*(892)~ v, contribution to
measured events.

144BAND 87 subtract for charged kaon modes; not independent of FERNANDEZ 85 value.

145 BURCHAT 87 value is not independent of SCHMIDKE 86 value.

146 vaiye obtained by multiplying paper's R = B(h~ h— ht v, )/B(3-prong) by B(3-prong)
= 0.143 and subtracting 0.3% for K*(892) background.

WEIGHTED AVERAGE
9.8+0.6 (Error scaled by 4.4)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

2
X
ALBRECHT 96E ARG 18.0
BUSKULIC 96 ALEP 14
DECAMP 92C ALEP _ 0.1
19.5
(Confidence Level 0.001)
|

6 7 8 9 10 1 12 13
F(h™h™h v, [Teota (%)

I'(Il’ h—htv, (Q(.Ko)) [Total s /T
Ts5/F = (Fgo+Tg+gg-+0.0221137)/F

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.
VALUE (%) __ EvIS DOCUMENT ID TECN  COMMENT
9.65:0.09 OUR FIT Error includes scale factor of 1.2.
9.57+0.11 OUR AVERAGE
9.504£0.10+0.11 avg 112k 147BUSKULIC 96 ALEP LEP 1991-1993 data
9.8740.10+0.24  avg 148 AKERS 95y OPAL 1991-1994 LEP runs
9.51+0.07+0.20 f&a 37.7k BALEST 95c CLEO EE§, ~ 10.6 GeV

147 Not independent of BUSKULIC 96 B(h™ h™ ht v_) value.
148 Not independent of AKERS 95v B(h™ h™ ht > 0 neutralsw, (ex. K — nF 7)) and
B(h™ h~ htw (ex. K9))/B(h™ h™ ht > 0 neutralsy, (ex. KOS — «t77)) values.
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T

r(h~ b~ b+ v, (ex.K®)) /T (h~ h~ b+ > O neutrals vy (ex. K% — a+x™)

(“3-prong™)) I's5/Ts3
T'55/T53 = (Te0+T 82489 +0.0221M137)/(Te0+T 68+ 74+ 75+ g2+ g6 +Mgo+
I'90-+0.285T 1 17+0.285T 119-+0.9101T 1 37+0.9101 35)

VALUE DOCUMENT ID TECN COMMENT

0.662+0.006 OUR FIT Error includes scale factor of 1.3.

0.660-:0.004-:0.014 AKERS 95v OPAL 1991-1994 LEP runs

T (h~ b~ b vy (ex.KOw)) [Tiotal Ise/T = (Feo+Tg2+Tg9)/T
VALUE (%) DOCUMENT ID
9.60:£0.09 OUR FIT  Error includes scale factor of 1.2.

Tz~ 2t 7~ v.) [Teotal Is7/ =(0.3431I'33+Tg0+0.0221137) /T
VALUE (%) DOCUMENT ID
9.47+0.10 OUR FIT  Error includes scale factor of 1.2.

I(x~ ata~ vr (ex.K9) /Teotal I'sg/T = (Te0+0.0221M137)/T

VALUE (%) EVTS DOCUMENT 1D TECN COMMENT
9.16+0.10 OUR FIT  Error includes scale factor of 1.2.
9.13+0.050.46 43k 149 BRIERE 03 CLE3 ES§=10.6 GeV

14947% correlated with BRIERE 03 7~ — K~z 7™ v, and 71% correlated with 7~ —
K= Ktz— v, because of a common 5% normalization error.

I (7~ a+ 7~ vy (ex.K®), non-axial vector) /T (x~ x+ 7~ v, (ex.K9))
T'sa/T'ss = I's9/(Mgo+0.0221T137)
VALUE L% DOCUMENT ID TECN  COMMENT
<0.261 95 150 ACKERSTAFF 97r OPAL 1992-1994 LEP runs
150 Model-independent limit from structure function analysis on contribution to B(r~ —
7~ a7 v, (ex. KO)) from non-axial vectors.

r(w: ata v, (s(.Kn,w))/l'mm Feo/T
VALUE (%) DOCUMENT ID

9.12:40.10 OUR FIT  Error includes scale factor of 1.2.

F(h~h~ h* > L1neutrals v;) [Trotal Ter/T

Tg1/T = (034317 3g+0.3431T 4+0.4307T 45 +0.68611 46+ g+ 74+ 75+ Tgg+
I'90+0.285r117+0.285r119+0.888r 1 37+0.9101138) /T

VALUE (%) __ _EVTs DOCUMENT 1D
5.19+0.10 OUR FIT  Error includes scale factor of 1.3.

e o o We do not use the following data for averages, fits, limits, etc. o o o

TECN COMMENT

5.6 +0.7 +0.3 352 I151BEHREND 90 CELL EE§,= 35 GeV
4.2 £05 +0.9 203 152 ALBRECHT 87L ARG  EES,= 10 GeV
6.1 +0.8 +0.9 153 BURCHAT ~ 87 MRK2 EEE =29 GeV
7.6 £0.4 +09 154,155 RUCKSTUHL 86 DLCO EE§,= 29 GeV
4.7 £05 +038 530 156 SCHMIDKE 86 MRK2 EES,— 29 GeV
5.6 +0.4 +0.7 155 FERNANDEZ 85 MAC EE§,= 29 GeV
6.2 £2.3 +1.7 BEHREND 84 CELL EE§ = 1422
GeV
151 BEHREND 90 value is not independent of BEHREND 90 B(3hw, > 1 neutrals) +
B(5-prong).
152 ALBRECHT 87L measure the product of branching ra-

tios B(31ri7rou.r) B((evorpvormorKorp)v,) = 0.029 and use the PDG 86 values
for the second branching ratio which sum to 0.69 & 0.03 to get the quoted value.

153 BURCHAT 87 value is not independent of SCHMIDKE 86 value.

154 Contributions from kaons and from >1x0 are subtracted. Not independent of (3-prong
+ 01(0) and (3-prong + > 01r0) values.

155 value obtained using paper’s R = B(h—h~ nt v,)/B(3-prong) and current B(3-prong)

= 0.143.
156 Not independent of SCHMIDKE 86 h~ h~ htw_ and h~ h™ ht( > 0x0)w values.
r(h~h= bt > 1neutrals v, (ex. K% — 7+ 7)) /Total le2/T
l62/T = (Teg+T74+T75+Tgs+Tgn+0.285117-+0.285r 1 19-+0.888r 1 37+
0.9101T13g)/T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"
marks results used for the fit and the average.

VALUE (% ___ _Evis DOCUMENT ID TECN COMMENT
4.9240.09 OUR FIT Error includes scale factor of 1.3.

5.07+0.24 OUR AVERAGE

5.09:+0.10£0.23 avg 157 AKERS 95y OPAL 1991-1994 LEP runs
49540294065  f&a 570 DECAMP 92c ALEP 1989-1990 LEP runs

157 Not independent of AKERS 95y B(h—h—ht >0 neutralsv,. (ex. KO5 — xtx))
and B(h~ h~ ht > 0 neutralsy, (ex. K0))/B(h~ h~ ht > 0 neutralsv, (ex. K —
xt 7)) values.

r(h=h~ ht a0 vr) [Teotal

r63/r = (0.3431r38 +0.3431I" g9 +T g+ gg+90+0.231N119+0.888IN 137+
0.0221T13g)/T

Te3/T

VALUE (%) EVTS DOCUMENT ID TECN COMMENT
4.53+0.09 OUR FIT Error includes scale factor of 1.3.
4.45:40.09+0.07 6.1k 158 BUSKULIC ~ 96 ALEP LEP 1991-1993 data

158 BUSKULIC 96 quote B(h— h~ ht z0u,_ (ex. KO)) = 4.30 + 0.09 + 0.09. We add 0.15
to remove their KO correction and reduce the systematic error accordingly.

I (h~h~ h* 7% v, (ex.K®)) /Teotal
I'64/F = (r68+r86+r90+0.231r119+0.338r137+0.0221r13a)/r

Tea/T

VALUE (% EVTS DOCUMENT ID TECN COMMENT
4.351+0.09 OUR FIT Error includes scale factor of 1.3.
4.23+0.06+0.22 7.2k BALEST 95C CLEO EE§ ~ 10.6 GeV

r (h_ h=ht a0 vy (ex. KO, w)) [Tiotar Tes/I = (Teg+Tg6+00+0.231119) /T
VALUE (%) DOCUMENT ID
2.62+0.09 OUR FIT  Error includes scale factor of 1.2.

rrata— x0 ;) [Teotal
T'e6/I = (0.34311 35+ g+0.888137+0.02211138) /T

VALUE (% DOCUMENT ID
4.37+0.09 OUR FIT  Error includes scale factor of 1.3.

(x= 7t 7~ 7%, (ex.K%)) /Teota  T67/T = (T65+0.888M137+0.0221138)/T

VALUE (%) DOCUMENT ID TECN COMMENT
4.25+0.09 OUR FIT Error includes scale factor of 1.3.
4.19+0.10+021 159 EDWARDS  00a CLEO 4.7fb ! EE§=10.6 Gev

159 EDWARDS 00 quote (4.19 = 0.10) x 10—2 with a 5% systematic error.

M(r= ata~ 7%, (ex. KO \w)) /Trotal Tes/l
VALUE (%) DOCUMENT ID

2.51+0.09 OUR FIT  Error includes scale factor of 1.2,

r(h:p'lrn Vr)/r(h: h= h+1r°u.,.) rsg/rsg

VALUE EVTS DOCUMENT ID TECN  COMMENT
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

0.30+£0.04+0.02 393 ALBRECHT 91D ARG E(e;ﬁ‘: 9.4-10.6 GeV

T70/Te3

r(h=pthv,) /T (h~h~ htau,)
VALUE EVTS DOCUMENT ID TECN  COMMENT
e ¢ o We do not use the following data for averages, fits, limits, etc. » o o

0.10+£0.034+0.04 142 ALBRECHT 91D ARG Egﬁ]: 9.4-10.6 GeV

71/Te3

r(h=p~ htv,) /T (h~h~ htaOu,)
VALUE EVTS DOCUMENT ID TECN  COMMENT
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

0.26+0.05+0.01 370 ALBRECHT 91D ARG EE§ = 9.4-10.6 GeV

r(h=h=ht22%0,) [Tyoal F72/T
T'72/T = (0.4307T 45+T74+0.236T 117+0.888T13g) /T

VALUE (%) DOCUMENT ID

0.55:£0.04 OUR FIT

(b= h~ h*22%v, (ex.K®)) /Tiotal F73/T

F73/T =(F74+0.2367117+0.888l13g)/T

VALUE (%) EVTS DOCUMENT 1D TECN _ COMMENT
0.54::0.04 OUR FIT
0.500.07+0.07 1.8k BUSKULIC 96 ALEP LEP 1991-1993 data

(b= h~ bt 270p, (ex.K®)) /T (h~ h— h* > Oneutrals > 0KQv,) Tq3/Ts2
T73/T5 = (T74-+0.236T 117-+0.888T 1 35)/(0.34317 33+0.3431 35 +0.3431 35+
0.3431T 4 +0.4307T 45+0.6861 46+ T 60+ T 65+ 774 T 75+T g2+ 56+ g0+ 90+
0.285r 17-+0.2857 119 +0.9101T1 37+0.9101 1 35)

VALUE EVTS
0.0355+0.0028 OUR FIT
0.034 +0.002 +0.003 668

DOCUMENT ID TECN COMMENT

BORTOLETTO093 CLEO EE§, ~10.6 GeV

I (h= b= bt 2200, (ex.Kw,m)) /Miotal T74/7
VALUE (%) DOCUMENT ID

0.11+0.04 OUR FIT

r(h: h—ht 31!’0 Vr)/rmm l'15/r

VALUE (% ___ _EVTs DOCUMENT ID
0.023 +0.008 OUR FIT Error includes scale factor of 1.5.
0.023 +0.005 OUR AVERAGE

TECN  COMMENT

0.022 +0.003 +0.004 139 ANASTASSOV 01 CLEO EE§ = 10.6 GeV

0.1 +0.04 +0.05 440 160 BUSKULIC ~ 96 ALEP LEP 1991-1993
data

e ¢ o We do not use the following data for averages, fits, limits, etc. » o o

0.0285+0.0056 +0.0051 57 ANDERSON 97 CLEO Repl. by ANAS-
TA:

SSOV 01
160 BYSKULIC 96 state their measurement is for B(h—h~ht > 370 v, ). We assume that
B(h~h~ht > ax0u,) is very small.

F(K~h*h~ > 0neutrals v;) /Total
76/ = (0.3431T35+0.34311 49+ g2+ g6+ 89+M90+0.285I119) /T

VALUE (%) cL% DOCUMENT ID TECN _ COMMENT
0.69::0.04 OUR FIT  Error includes scale factor of 1.3.
<0.6 90 AIHARA 84c TPC  EES = 29 GeV
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r(K~ h* 7~ v, (ex.K©)) [Teotal
VALUE (%) DOCUMENT ID
0.48:0.04 OUR FIT  Error includes scale factor of 1.5.

r(K=htz" v, (ex.K°)) [Tx=ata v, (ex.K°))
T'77/Tse = (Te2+Tg9)/(F60+0.0221T137)

T77/T = (Te2+Tg9)/T

VALUE (%) EVTS DOCUMENT ID TECN  COMMENT
5.2 £04 OURFIT Error includes scale factor of 1.6.
5.4410.21+0.53 7.9k RICHICHI 99 CLEO EE§= 10.6 GeV

r(K htax— v, (exK°)) [Total
VALUE (%) DOCUMENT ID
0.107+0.022 OUR FIT

F78/T = (Fge+l90+0.231T119)/T

r(K=hta—x%v, (ex.K)) /T (x~ at 7~ 700y (ex.KO)
I'78/Te67 = (Tg6+T00+0.231T119)/(T'gs+0.8881137+0.0221T 138)

VALUE (%) EVTS DOCUMENT ID TECN _ COMMENT
25 +0.5 OURFIT
2.611+0.451+0.42 719 RICHICHI 99 CLEO E&§=10.6 Gev

F(K=a*x~ > 0neutrals v,) /Tiotal
I79/T = (0.3431F 35+0.3431 g+ gp+g+0.285M 110) /T

VALUE (%) EVTS DOCUMENT ID TECN COMMENT
0.50::0.04 OUR FIT Error includes scale factor of 1.3.

+0.15 161 _
0.587 13 £0.12 20 161 BAUER 94 TPC  EE§ =29 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0224038 10,05 9 162\ies

161 \we multiply 0.58% by 0.20, the relative systematic error quoted by BAUER 94, to obtain
the systematic error.

162 Error correlated with MILLS 85 (K K mv) value. We multiply 0.22% by 0.23, the relative
systematic error quoted by MILLS 85, to obtain obtain the systematic error.

r(K=x*x~ > 0x%, (ex.K%))/Teota  Teo/T = (Fe2+T86+0.231 119)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (% . DOCUMENT ID TECN  COMMENT

0.39 +0.04 OUR FIT Error includes scale factor of 1.3.

0.30 £0.05 OUR AVERAGE

0.343+0.073+£0.031 f&a ABBIENDI 00D OPAL  1990-1995 LEP runs

0.275+0.064 avg 163 BARATE 98 ALEP 1991-1995 LEP runs

163 Not independent of BARATE 98 I(r~ — K~ ata1u,)/Tiory and [z~ —
K= a7 700,)/Tiorar values.

85 DLCO EE5= 29 GeV

(K= 7+t 7~ v;) /Teotal
VALUE (%) DOCUMENT ID
0.38::0.04 OUR FIT  Error includes scale factor of 1.6.

g1/l =(0.3431I35+1g2)/T

r(K=at 7 vy (ex.K9)) [Teotal lg2/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) _ EVTS DOCUMENT ID TECN _ COMMENT

0.33 £0.04 OUR FIT Error includes scale factor of 1.6.

0.32 +0.04 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

0.384+0.014+0.038 f&a 3.5k 164 BRIERE 03 CLE3 EE§=10.6 GeV

0.360+0.082+0.048 avg ABBIENDI 00D OPAL 1990-1995 LEP runs

0.346+0.023+0.056 avg 158 165 RICHICHI 99 CLEO EE§=10.6 GeV

0.214+0.037+0.029 f&a BARATE 98 ALEP 1991-1995 LEP runs
16447% correlated with BRIERE 03 7~ — 7~ x " 7~ v, and 34% correlated with 7~ — |
K~ K+ 7~ v, because of a common 5% normalization error. |

165 Not independent of RICHICHI 99
M —  Konta o (exkO)re™ —  amrtamu (exk0), r(rm
K=Kta~v)/F(r= — a atz v (exk®)) and BALEST 95 M(r~ —
h= h~ ht v, (ex.K0))/Tiopal values.

WEIGHTED AVERAGE
0.32+0.04 (Error scaled by 1.6)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

2
X
BRIERE 03 CLE3 24
ABBIENDI 00D OPAL 0.2
RICHICHI 99 CLEO 02
BARATE 98 ALEP _ 53
7.9

(Confidence Level = 0.047)
|

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

F(K™ 7 7 vy (k) Fioral (%)

F(K= vy = K—at 7~ 1) [T (K~ 7t 7 v (ex.KD)) Te3/Ts2
VALUE DOCUMENT ID TECN COMMENT
0.48:0.14::0.10 166 ASNER 008 CLEO EE§,= 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.39+0.14 167 BARATE 99R ALEP  1991-1995 LEP runs

166 ASNER 008 assume 7~ — K~ nta— vy (ex. KO) decays proceed only through K p and
K* = intermediate states. They assume the resonance structure of 7 — K atx vy
(ex. Ko) decays is dominated by K;(1270)~ and Kj(1400)~ resonances, and assume
B(K1(1270) — K*(892)w) = (16 + 5)%, B(K1(1270) — Kp) = (42 + 6)%, and
B(K; (1400) — Kp) = 0.

167 BARATE 99R assume 7~ — K~z Tz~ v, (ex. KO) decays proceed only through K p
and K*7 intermediate states. The quoted error is statistical only.

r(K-a*t 7~ 7%,) [Tiotal T4 /T = (0.3431T 49+Tgg+0.231119) /T

VALUE (units 10=%) DOCUMENT ID
11.8+2.5 OUR FIT

r(K~ =+t 7~ 7%, (ex.K°)) /Teotal les/T = (Fg+0.231 110)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (units 10~4 _ a% DOCUMENT ID TECN COMMENT
6.5+2.4 OUR FIT
7.0+2.5 OUR AVERAGE
7.542.6+1.8 avg 168 RICHICHI 99 CLEO EE§,=10.6 GeV
6.1+3.9+1.8 f&a BARATE 98 ALEP 1991-1995 LEP runs

e o o We do not use the following data for averages, fits, limits, etc. o o o

<17 95 ABBIENDI 00D OPAL 1990-1995 LEP runs

168 ot independent of RICHICHI 99
rr= — K hta u (exKO)/r(r= - a ata= v (exk9), M= —
K~ KTa~v)/T(r= — a «ta v (ex.k0)) and BALEST 95¢ [(r~ —
h= b~ ht v (ex.K9))/Tyoral values.

rK-atn= Oy, (9(.K°,1;)) [Total Fge/T
Test of lepton family number conservation.

VALUE (units 10~4) DOCUMENT ID

5.9+2.4 OUR FIT

I'(K—1r+ K~ > 0neut. ll.,.)/rmm Fgz/T
VALUE (%) CL% DOCUMENT ID TECN COMMENT
<0.09 95 BAUER 94 TPC Egﬁn: 29 GeV

r(K: K+x~ > 0neut. ll.,.)/rmm Fgs/T = (Fgo+lo0)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (% _ EVTS DOCUMENT ID TECN  COMMENT

0.197+0.018 OUR FIT  Error includes scale factor of 1.1.

0.203+0.031 OUR AVERAGE

0.159-0.0530.020 &a ABBIENDI 00D OPAL 1990-1995 LEP
runs

0.238£0.042 avg 169 BARATE 98 ALEP 1991-1995 LEP
runs

015 £092 +o03 f&a 4 170BAUER 94 TPC  EE,= 29 GeV

169 Not independent of BARATE 98 I(r~ — K~ KT @~ w.)/Tiora and T(r~ —
K=Kt a=a0u,)/Tiora) values.

170 we multiply 0.15% by 0.20, the relative systematic error quoted by BAUER 94, to obtain
the systematic error.



See key on page 323

427
Lepton Particle Listings

T

r(K~K+a~vy) [Meotal Tgo/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (% ___ _EVTs DOCUMENT ID TECN COMMENT

0.155::0.007 OUR FIT

0.154::0.009 OUR AVERAGE

0.1550.006 +0.009 f&a 932 171 BRIERE 03 CLE3 EE§=10.6 GeV

0.0870.056 +0.040 avg ABBIENDI 00D OPAL 19901995 LEP
runs

0.145+0.013+0.028 avg 2.3k 1T2RICHICHI 99 CLEO EE§=10.6 GeV

0.163::0.021£0.017 f&a BARATE 98 ALEP 1991-1995 LEP
runs

0.22 317 +o0.05 fga 9 1B3wmiLs 85 DLCO EEE= 29 GeV

17171% correlated with BRIERE 03 1~ — 7~ t ™ v, and 34% correlated with 7 —
K~ 7~ v, because of a common 5% normalization error.

172Not independent of RICHICHI 99 F(r~ — K- Ktz~w)/ T(r~ —
7~ a1~ v (ex.k0)) and BALEST 95¢ T(r— — h~h~ htu_(ex.K0))/Tiora val-

ues.
173 Error correlated with MILLS 85 (KxmxOv) value. We multiply 0.22% by 0.23, the
relative systematic error quoted by MILLS 85, to obtain obtain the systematic error.

r(K_ Ktn— v.,.) /r (‘n'_ ata— Vr (ex.K°)) r39/r5a = r”/(r50+0.0221 T37)

VALUE (%) EVTS DOCUMENT ID TECN  COMMENT
1.69:£0.08 OUR FIT  Error includes scale factor of 1.1.
1.60+0.15+0.30 2.3k RICHICHI 99 CLEO Egﬁ.lz 10.6 GeV

r(K=K+x=x%;) /Tiotal Too/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (units 10-%) L% EVTs DOCUMENT ID
4.2+1.6 OUR FIT Error includes scale factor of 1.1.
4.41+1.8 OUR AVERAGE Error includes scale factor of 1.1.
33+1.8+0.7 avg 158 174 RICHICHI 99 CLEO EE,=10.6

TECN COMMENT

GeV
98 ALEP 1991-1995
LEP runs

7.5+29+15 f&a BARATE

e o o We do not use the following data for averages, fits, limits, etc. e o o

<27 95 ABBIENDI 000 OPAL 1990-1995
LEP runs

174 ot independent of RICHICHI 99
M(r= — K~ Kta~u.)/I(r~ — « =t x v, (ex.k0)) and BALEST 95C [(r~ —
h—h—ht vy (eX-KO))/rtotal values.

r(K-K*ta=a%,) /T (x~ ot 7~ 2%v, (ex.K?)
T90/T67 =90/ (T6g+0.888I137+0.0221T135)

VALUE (%) EVTS DOCUMENT ID TECN COMMENT
1.0 +£0.4 OURFIT Error includes scale factor of 1.1.
0.79+0.440.16 158 175 RICHICHI 99 CLEO EE,=10.6 GeV

175 RICHICHI 99 also quote a 95%CL upper limit of 0.0157 for this measurement.

F(K~ Kt K~ > 0neut. vy)/Tiotal Foy/T
VALUE (%) CL% DOCUMENT 1D TECN COMMENT

<021 95 BAUER 94 TPC EES=29 GeV
r(K:K+K:VT)/|—Ma| rgz/r
VALUE CLY% DOCUMENT ID TECN. COMMENT

<3.7x 1075 90 BRIERE 03 CLE3 EE5,=106 GeV

<1.9x 1074 9% BARATE 98 ALEP 1991-1995 LEP runs
r(‘lr_ K+x~ > 0neut. ll.,.) /Ttotal Fo3/T
VALUE (% CL% DOCUMENT ID TECN COMMENT

<025 95 BAUER 94 TPC  EE&,=29 GeV
I(e~e™etveuy)/iotal Toa/T
VALUE (units 1075) EVTS DOCUMENT ID TECN COMMENT

28+1.4:+0.4 5 ALAM 96 CLEO EES=10.6 GeV
M(u~e™ et v,uur) Mot Tgs/T
VALUE (units 1075) CLY% DOCUMENT ID TECN COMMENT

<36 9% ALAM 96 CLEO EES=10.6 GeV
r(3h~2h* > 0 neutrals v, (ex. K — 7~ x%)(“5-prong")) /Teotar  T's6/T

Data marked “avg” are highly correlated with data appearing elsewhere in the
Listings, and are therefore used for the average given below but not in the overall
fits. “f&a” marks results used for the fit and the average. lgg/I = (lg7+Tgg)/T

VALUE (%) _ _EVTS DOCUMENT ID
0.100£0.006 OUR FIT
0.111:£0.008 OUR AVERAGE Error includes scale factor of 1.1.

0.115+0.013+0.006 f&a 112 176 ABREU 01M DLPH 1992-1995 LEP

TECN COMMENT

runs
0.170£0.0224+0.026  f&a 177 ACHARD 01D L3 1992-1995 LEP

runs
0.11940.013+0.008 avg 119 178 ACKERSTAFF 99 OPAL 1991-1995 LEP

runs
0.097+0.005£0.011  f&a 419 GIBAUT 948 CLEO Egem: 10.6 GeV
0.10240.029 f&a 13 BYLSMA 87 HRS  EE§ =29 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o

0.26 +0.06 +0.05 ACTON 924 OPAL EE§ = 88.2-94.2
GeV

0.0 £3:05 +0.03 DECAMP  92C ALEP 1989-1990 LEP

’ runs

0.16 +0.13 +0.04 BEHREND 898 CELL EE§ = 14-47 GeV

0.3 £01 £0.2 BARTEL 85F JADE EE§ = 34.6 GeV

0.13 £0.04 10 BELTRAMI 85 HRS  Repl. by
BYLSMA 87

0.16 +£0.08 +0.04 4 BURCHAT 85 MRK2 EES = 29 GeV

1.0 £0.4 10 BEHREND 82 CELL Repl. by

BEHREND 898
176 The correlation coefficients between this measurement and the ABREU 01M measure-
ments of B(r — 1-prong) and B(r — 3-prong) are —0.08 and — 0.08 respectively.
177 The correlation coefficients between this measurement and the ACHARD 01D measure-
ments of B(r — “1-prong”) and B(r — “3-prong”) are —0.082 and — 0.19 respectively.
178 Not independent of ACKERSTAFF 99 B(r~ — 3h~ 2htw_(ex. K0)) and B(r~ —
3n 2nta0u, (ex. KO)) measurements.
I (3h~ 2kt v, (ex.K9)) [Tiotal Foz/T
VALUE (%) _EVTS
0.0820.006 OUR FIT
0.076+0.007 OUR AVERAGE

DOCUMENT ID TECN  COMMENT

0.091+0.014 +0.006 97 ACKERSTAFF 998 OPAL 1991-1995 LEP runs
0.080+0.011+0.013 58 BUSKULIC 96 ALEP LEP 1991-1993 data
0.077+0.005+0.009 295 GIBAUT 948 CLEO EE§,= 10.6 GeV
0.064£0.023£0.01 12 ALBRECHT 888 ARG  EE§,— 10 GeV
0.05140.020 7 BYLSMA 87 HRS  EES= 29 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.0670.030 5 17T9BELTRAMI 85 HRS Repl. by BYLSMA 87
179 The error quoted s statistical only.

I (3h~ 20+ 7%, (ex.K©)) /Teotal Tog/T
VALUE (%) EVTS DOCUMENT ID TECN  COMMENT

0.0181::0.0027 OUR FIT
0.0172:40.0027 OUR AVERAGE

0.017 +0.002 +0.002 231 ANASTASSOV 01 CLEO Egﬁl: 10.6 GeV

0.027 +0.018 £0.009 23 ACKERSTAFF 99 OPAL 1991-1995 LEP runs

0.018 +0.007 £0.012 18 BUSKULIC 96 ALEP LEP 1991-1993 data

e o o We do not use the following data for averages, fits, limits, etc. » o o

0.019 +0.004 +0.004 31 GIBAUT 948 CLEO Repl. by ANAS-
TASSOV 01

0.051 +0.022 6 BYLSMA 87 HRS Egren: 29 GeV

0.067 =£0.030 5 180 BELTRAMI 85 HRS Repl. by BYLSMA 87

180 The error quoted is statistical only.

r(3h~2h*22%,) [Teoral Too/T
VALUE (% CL% DOCUMENT ID TECN COMMENT

<0.011 90 GIBAUT 948 CLEO Egem: 10.6 GeV
r((57)~vr) /Tiotal T100/T

T100/T =(T2g+T45+T74+M97+0.553r117+40.888135)/T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (% . DOCUMENT ID TECN COMMENT
0.80:£0.07 OUR FIT
0.61+0.06+0.08 avg 181 GIBAUT 948 CLEO EE§,= 10.6 GeV

181 Not independent of GIBAUT 948 B(3h~ 2h»,), PROCARIO 93 B(h~ 4x%,), and

BORTOLETTO 93 B(2h~ ht 270 v, )/B(“3prong”) measurements. Result is corrected
for n contributions.

I(ah—3h* > 0neutrals v, (“7-prong™)) /Teotar Fo1/T

VALUE CL% DOCUMENT _ID TECN  COMMENT
<2.4x10~6 90 EDWARDS 978 CLEO EE§,= 10.6 GeV

e o e We do not use the following data for averages, fits, limits, etc. o o o

<1.8x 1073 95 ACKERSTAFF 97) OPAL 1990-1995 LEP runs
<2.9x 1074 90 BYLSMA 87 HRS EE§ =29 Gev
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T

(X~ (S==1)vr)/Trotal
T102/T = (M10+T 15+ 22+T26+T33+1'38+Ts2+Mg6+M119)/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a”
marks results used for the fit and the average.

VALUE (%) . DOCUMENT ID TECN  COMMENT
2.91+0.08 OUR FIT  Error includes scale factor of 1.1.
2.87+0.12 avg 182 BARATE 99r ALEP 1991-1995 LEP runs

182 BARATE 99r perform a combined analysis of all ALEPH LEP 1 data on 7 branching
fraction measurements for decay modes having total strangeness equal to —1.

(K*(892)~ > Oneutrals > 0K v,) /Tyotal T103/T

VALUE (%) EVTS DOCUMENT D TECN  COMMENT

1.4240.18 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

119401513 104 ALBRECHT ~ 95H ARG EE§,= 9.4-10.6 GeV

1.94+0.2740.15 74 183 AKERS 94G OPAL EE§,— 88-94 GeV
1.43+0.1140.13 475 184 GOLDBERG 90 CLEO EE§=9.4-10.9 GeV

183 AKERS 94 reject events in which a KO5 accompanies the K*(892) ~. We do not correct
for them.
184 GOLDBERG 90 estimates that 10% of observed K*(892) are accompanied by a 0.

WEIGHTED AVERAGE
1.42+0.18 (Error scaled by 1.4)

I (K*(892)° K~ v;) /Total T106/T
VALUE (% EVTS DOCUMENT ID TECN COMMENT

0.21 +0.04 OUR AVERAGE

0.2130.048 193 BARATE 98 ALEP 1991-1995 LEP runs
0.20 £0.05 +0.04 47 ALBRECHT  95H ARG EEE,= 9.4-10.6 GeV

193 BARATE 98 measure the K (00 — ntx ) fractionin 7 — K atx v, de
cays to be (35 & 11)% and derive this result from their measurement of (v~ —
K- atrx™ v, )/Ttotal @ssuming the intermediate states are all K~ pand K~ K*(892)0.

r(K*(892)%7~ > 0 neutrals v,) /Tyotal T107/7
VALUE(%) _ EVIS DOCUMENT 1D TECN  COMMENT.
0.38+0.11+0.13 105 GOLDBERG 90 CLEO EE&,=9.4-10.9 GeV

0, —
I (K*(892)°x~ ;) [Tiotal T108/T
w}_ EVTS DOCUMENT ID TECN  COMMENT
0.22 +£0.05 OUR AVERAGE
0.20940.058 194 BARATE 98 ALEP 1991-1995 LEP runs
0.25 £0.10 +0.05 27 ALBRECHT  95H ARG~ EEE = 9.4-10.6 GeV

194 BARATE 98 measure the K~ K*(892)0 fraction in 7= — K~ Kt~ v, de
cays to be (87 & 13)% and derive this result from their measurement of I'(r~ —

K™ KT n~ ) Tiotal-

r((K*(892)x)~ v, = 7~ K°7°0,) [Tiotal T109/T
VALUE (%) DOCUMENT ID TECN COMMENT

0.10 £0.04 OUR AVERAGE

0.097+0.044 +0.036 195 BARATE 99k ALEP 1991-1995 LEP runs
0.1060.0370.032 196 BARATE 98E ALEP 1991-1995 LEP runs

195 BARATE 99k measure KO's by detecting K(z’s in their hadron calorimeter. They de-
termine the KO p— fraction in 7~ — «~ KO0y, decays to be (0.72 + 0.12 + 0.10)

and multiply their B(n—*?owouT) measurement by one minus this fraction to obtain
the quoted result.
196 BARATE 98E reconstruct KOs using Kg N decays. They determine the KO 2

fraction in 77 — 7(—70.”0,,1_ decays to be (0.64 + 0.09 + 0.10) and multiply their

XZ B(mr ™ K070 v,) measurement by one minus this fraction to obtain the quoted result.
ALBRECHT =~ 95H ARG 1.3 _
AKERS 94G OPAL 28 M(K1(1270)~ v) /Frotal l10/7
—— GOLDBERG 90 CLEO 0.0 VALUE (% EVTS DOCUMENT _ID TECN. COMMENT
4.2 0.47+0.11 OUR AVERAGE
(Confidence Level = 0.124) 0.48£0.11 BARATE 99R ALEP 1991-1995 LEP runs
| | | ] | J
+0.41 197 ee _
0s p 15 A o5 3 35 0411735 +0.10 5 BAUER 94 TPC  EE§,=29 GeV
197 ; 0 i i ;
* _ 0 We multiply 0.41% by 0.25, the relative systematic error quoted by BAUER 94, to obtain
r(K (892)~ > 0 neutrals > OKLUT)/rmtal T1o3/T the Systemmatic error.
r(K*(892)~ vr)/Trotal T104/T I (K1(1400) v) /Teotal M /T
VALUE (%) _ EvIs DOCUMENT 1D TECN  COMMENT VALUE (%) EVTS DOCUMENT 1D TECN  COMMENT
1.29 +0.05 OUR AVERAGE 0.17+0.26 OUR AVERAGE Error includes scale factor of 1.7.
1.326+0.063 BARATE 99R ALEP 1991-1995 LEP runs 0.05+0.17 BARATE 99R ALEP 1991-1995 LEP runs
111 £0.12 185 coan 96 CLEO EEH ~ 10.6 GeV 0767040 0.20 11 198 BAUER 94 TPC EE§=129 Gev
1.42 £0.22 £0.09 186 ACCIARRI  95F L3 1991-1993 LEP runs 198
+0.11 187 ee We multiply 0.76% by 0.25, the relative systematic error quoted by BAUER 94, to obtain
123 £021 T3 54 ALBRECHT  88L ARG  EE£§= 10 GeV the systematic error.
19 403 +04 44 188 TSCHIRHART 88 HRS  EE§,= 29 GeV
15 £04 +04 15 189 AIHARA 87c TPC  EEE,= 29 GeV [T (Ka(1270) vr) +T (K2 (1400) w1 /Teota (Fa0+Mn)/T
- y
13 403 =403 31 YELTON 86 MRK2 Egﬁq— 29 Gev VALUE (% EVTS DOCUMENT ID TECN COMMENT
e o o We do not use the following data for averages, fits, limits, etc. ® o o 1.111'3:;;5:0.29 16 199 BAUER 94 TPC Egem: 29 GeV

1.39 £0.09 £0.10 190 ByskULIC 96 ALEP Repl. by BARATE 99R
1.45 +0.13 +0.11 273 191 BUSKULIC ~ 94F ALEP Repl. by BUSKULIC 96
1.7 407 11 DORFAN 81 MRK2 EE§ = 4.2-6.7 GeV

185 ot independent of COAN 96 B(x~ K0»,) and BATTLE 94 B(K~ 70v,) measure-
ments. K final states are consistent with and assumed to originate from K*(892)~
production.

186 This result is obtained from their B(r— d v, ) assuming all those decays originate in
K*(892)~ decays.

187 The authors divide by I'» /I = 0.865 to obtain this result.

188 Not independent of TSCHIRHART 88 r(r— -
h= KO >0 neutrals > OKE v, )/T(total).

189 Decay n— identified in this experiment, is assumed in the others.

190 Not independent of BUSKULIC 96 B(n— KOVT) and B(K— 0 v,) measurements.

191 BUSKULIC 94F obtain this result from BUSKULIC 94F B(KO 7~ »,.) and BUSKULIC 94
B(K™ 1r0u.,_) assuming all of those decays originate in K*(892) decays.

r(K' (892)~ v,)/l'(—;r: x0 ll.,.) F104/T13
VALUE DOCUMENT ID TECN COMMENT
0.075+0.027 192 ABREU 94k DLPH LEP 1992 Z data

192 ABREU 94K quote B(r~ — K*(892) v, )B(K*(892)~ — K~ a0)/B(r— — p~v,)
= 0.025 £ 0.009. We divide by B(K*(892) ™ — K~ x0) = 0.333 to obtain this result.

r(K*(892)° K~ > O neutrals v;) /Tyotal Tos/T
VALUE (% EVTS DOCUMENT ID TECN COMMENT

0.324+0.08+0.12 119 GOLDBERG 90 CLEO EE§ = 9.4-10.9 GeV

199 \e multiply 1.17% by 0.25, the relative systematic error quoted by BAUER 94, to obtain
the systematic error. Not independent of BAUER 94 B(Kj(1270) ™ v, ) and BAUER 94
B(K7(1400) ™ »,.) measurements.

I (K1(1270) v,) /[T (K1(1270)~ vz) + I (K1(1400)~ »,)] T110/(T120+T111)
VALUE DOCUMENT ID TECN COMMENT

0.69+0.15 OUR AVERAGE

0.7140.160.11 200 ABBIENDI 00D OPAL 1990-1995 LEP runs
0.66+0.19+0.13 201 ASNER 008 CLEO EE§,= 10.6 GeV

200 ABBIENDI 00D assume the resonance structure of 7= — K’vr*‘zr’u7 decays is
dominated by the K(1270)~ and Kj(1400)~ resonances.

201 ASNER 008 assume the resonance structure of 7~ — K~z x— v, (ex. K9) decays
is dominated by K;(1270)~ and Ky (1400)~ resonances.

I (K*(1410)" v;) /Total M2/T
VALUE (units 1073) DOCUMENT _ID TECN COMMENT

1514 BARATE 99r ALEP 1991-1995 LEP runs
I(K5(1430)~ v;) /Total T3/l
VALUE (units 1073) CL% DOCUMENT ID TECN COMMENT

<05 95 BARATE 99R ALEP 1991-1995 LEP runs
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T
F(K;(1430)_ v,.)/l'mﬂ F114/T r(r,r+ a~x~ > 0 neutrals v-,-)/FMa| 23/T
VALUE (%) CL% _EVTS DOCUMENT ID TECN  COMMENT VALUE (%) % DOCUMENT 1D TECN  COMMENT

<03 95 TSCHIRHART 88 HRS  EE§ = 29 GeV <0.3 90 ABACHI 878 HRS  EEE,= 29 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o "

<0.33 95 202 ACCIARRI 95F L3 1991-1993 LEP runs (7~ 7t 7~ vr) /Trotal T124/T
<0.9 95 0 DORFAN 81 MRK2 EE§ = 4.2-6.7 GeV VALUE (units 10=4) EVTS DOCUMENT ID TECN _ COMMENT

202 ACCIARRI 95F quote B(r~ — K*(1430)~ — =~ KOv_) < 0.11%. We divide by
B(K*(1430)~ — x— K0) = 0.33 to obtain the limit shown.

I'(a(980)~ > 0 neutrals v,) /Tyotar x B(0(980) = KCK~) F1s/T x B
VALUE (units 10’4) CLY% DOCUMENT ID TECN COMMENT

<28 90 GOLDBERG 90 CLEO EE§ = 9.4-10.9 GeV
F(mr_ v,.)/rmm Mie/T
VALUE (units 10=%) CL% _EVTS DOCUMENT ID TECN _ COMMENT

< 14 95 0 BARTELT 96 CLEO EE§ ~ 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

< 6.2 95 BUSKULIC ~ 97C ALEP 1991-1994 LEP
runs

< 34 95 ARTUSO 92 CLEO EE§ ~ 10.6 GeV

< 90 95 ALBRECHT ~ 88M ARG  EES, ~ 10 Gev

<140 90 BEHREND 88 CELL EE§= 14-46.8
GeV

<180 95 BARINGER 87 CLEO EE§= 10.5 GeV

<250 90 0 COFFMAN 87 MRK3 EE§ = 3.77 GeV

510 +100+120 65 DERRICK 87 HRS EE&H= 29 GeV

<100 95 GAN 878 MRK2 EE§,= 29 GeV

I (na~ 7% vr) /Teotal Mz/T

VALUE (% CL% _EVTS DOCUMENT 1D TECN COMMENT

0.174:+0.024 OUR FIT
0.173:£0.024 OUR AVERAGE

0.18 £0.04 £0.02 BUSKULIC 97C ALEP 1991-1994 LEP
runs
0.17 £0.02 £0.02 125 ARTUSO 92 CLEO EE§, ~ 10.6

GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o

<1.10 95 ALBRECHT  88MARG EE§, ~ 10
GeV

<2.10 95 BARINGER 87 CLEO EES,= 10.5 GeV

420 F070 +1.60 203 Gan 87 MRK2 EE&= 29 GeV

203 Highly correlated with GAN 87 I'(x~ 3701, ) /I (total) value.

r(na~ 7°7%v,) /Teotal Mg/l
VALUE (units 10=% CL% EVTS DOCUMENT 1D TECN COMMENT
1.5+05 30 204 ANASTASSOV 01 CLEO EE§,= 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

1.440.640.3 15 205 BERGFELD 97 CLEO Repl. by ANAS-
TASSOV 01

< 43 95 ARTUSO 92 CLEO EE§ ~ 10.6 GeV
<120 95 ALBRECHT  88M ARG  EE§ ~ 10 GeV

204 \eighted average of BERGFELD 97 and ANASTASSOV 01 value of (1.5 = 0.6 & 0.3) x
104 obtained using 7n's reconstructed from n — atr— 0 decays.
205 BERGFELD 97 reconstruct r's using 7 — -y decays.

I (7K~ ;) /Trotal

VALUE (wnits 107%) CL% _EVTS
2,7+0.6 OUR FIT
2.7+0.6 OUR AVERAGE

29+13107 BUSKULIC

2.6+0.5+05 85 BARTELT 96 CLEO Egﬁ] ~ 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o

T119/T

DOCUMENT ID TECN COMMENT

97C ALEP  1991-1994 LEP runs

<47 95 ARTUSO 92 CLEO EE§ ~ 10.6 GeV
I(nK*(892) vr) /Trotal T120/T
VALUE (units 10’4) EVTS DOCUMENT ID TECN COMMENT
2.90+0.80+0.42 25 BISHAI 99 CLEO EE§=10.6 GeV

T (nK~7%v;) /Teotal 121/T
VALUE (units 10’4) EVTS DOCUMENT ID TECN COMMENT
1.77+0.56+0.71 36 BISHAI 99 CLEO EE§=10.6 GeV
F(nK°x~ ;) /Teotal M122/T
VALUE (units 10’4) EVTS DOCUMENT ID TECN COMMENT
2.2040.70+0.22 15 206 giSHAI 99 CLEO EE§=10.6 GeV

206 \\e multiply the BISHAI 99 measurement B(r~ — T,KOSW* vy) = (110 + 0.35 +
0.11) x 10~% by 2 to obtain the listed value.

2.3+0.5 170 207 ANASTASSOV 01 CLEO

EES = 10.6 GeV

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

34+08+06 89 208 BERGFELD 97 CLEO

Repl. by ANAS-
TASSOV 01

207Weighted average of BERGFELD 97 and ANASTASSOV 01 measurements using 7's

reconstructed fromn — 7+tx 70 and n — 370 decays.

208 BERGFELD 97 reconstruct 5’s using 7 — v and n — 370 decays.

- -0
I (n21(1260)~ vy — 77~ pPur) [Trotal T125/T
VALUE CL% DOCUMENT ID TECN  COMMENT
<39x10~4 90 BERGFELD 97 CLEO EE§= 10.6 GeV
I (nn7~ vr) [Trotal T126/T
VALUE (units 10~4 CL% DOCUMENT 1D TECN COMMENT
<11 95 ARTUSO 92 CLEO EE§, ~ 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o
<83 95 ALBRECHT  88MARG EE§, ~ 10 GeV
F(ﬂrpr_ 0 u,)/rm. M27/T
VALUE (units 10~4 CL% DOCUMENT ID TECN  COMMENT
<20 95 ARTUSO 92 CLEO EE§ ~ 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. » o o
<90 95 ALBRECHT  88M ARG EES, ~ 10 GeV
I (7' (958) 7~ vr) /Trotal T2g/T
VALUE CL% DOCUMENT ID TECN COMMENT
<7.4x 1075 90 BERGFELD 97 CLEO EE§=10.6 GeV
I (' (958)x~ 2% v) /Total T120/T
VALUE CL% DOCUMENT 1D TECN COMMENT
<8.0 x 10~5 90 BERGFELD 97 CLEO EES= 10.6 GeV
I (¢7~vr)/Teotal F130/T
VALUE CL% DOCUMENT ID TECN COMMENT
<20x 1074 90 209 AVERY 97 CLEO EE§ = 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o

<35x 1074 90 ALBRECHT  95H ARG

EE8 = 9.4-10.6 GeV

209 AVERY 97 limit varies from (1.2-2.0) x 10—4 depending on decay model assumptions.

r (6K vr)/Tiotal Ma1/T
VALUE CL% DOCUMENT ID TECN COMMENT
<6.7x 1075 90 210 AVERY 97 CLEO EE8= 10.6 GeV

210 AVERY 97 limit varies from (5.4-6.7) x 10~5 depending on decay model assumptions.

I (f1(1285) 7~ vr) /Teotal T132/T
VALUE (units 10~4 EVTS DOCUMENT ID TECN COMMENT

s8tld+1s 54 BERGFELD 97 CLEO EES,= 10.6 GeV
r(f(1285) 7~ vy = gr~ata u,) [T(nm~ 7t 7~ v,) F133/T124
VALUE DOCUMENT ID TECN  COMMENT

0.55+0.14 BERGFELD 97 CLEO EE§=10.6 GeVv

I (x(1300) vy — (pm)~ vy — (37) v7) [Trotal T134/T
VALUE CL% DOCUMENT ID TECN  COMMENT

<1.0x 1074 90 ASNER 00 CLEO EE&,=10.6 GeV

I ((1300)~ vy — ((77)s_wave 7)~¥r = (37) " vr) /Ttotal Tas/T
VALUE CL% DOCUMENT ID TECN COMMENT

<1.9x10~4 90 ASNER 00 CLEO EEE,=10.6 GeV
I(h~w > 0neutrals v;) /Total T36/T

36/ =(T137+7138)/T

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"”

marks results used for the fit and the average.

COMMENT

VALUE (%) __ _EVTS DOCUMENT ID TECN
2.380.08 OUR FIT
1.65+0.3 £0.2 avg 1513 ALBRECHT  88M ARG

EES, ~ 10 GeV
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T
M(h~ wvr) [Frotal Ma7/T M (™ 7)/Teotal M2/T
Data marked “avg” are highly correlated with data appearing elsewhere in the Listings, Test of lepton family number conservation.
and are therefore used for the average given below but not in the overall fits. “f&a” VALUE L% DOCUMENT ID TECN  COMMENT
marks results used for the fit and the average. <11 x10~6 90 AHMED 00 CLEO EEE—10.6 GeV
9
%ﬁm — IS DOCUMENT 1D TECN  COMMENT e o o We do not use the following data for averages, fits, limits, etc. o o o
1.92-4:0.07 OUR AVERAGE < 3.0 x10°° 90 EDWARDS 97 CLEO
1.9120.0740.06 f&a 5803 BUSKULIC ~ 97c ALEP 1991-1994 LEP <62 x1075 90 ABREU 95u DLPH 19901993 LEP runs
o1 ebuns < 042x1075 90 BEAN 93 CLEO EE§=10.6 GeV
1.9540.0740.11 avg 2223 BALEST 95¢ CLEO Egg ~ 10.6 GeV <34 x10-5 90 ALBRECHT 92k ARG ESE,= 10 GeV
1.60+0.274+0.41 f&a 139 BARINGER 87 CLEO Egm=10.5 GeV <55  x 105 90 HAYES 82 MRK2 EE%: 3.8-6.8 GeV
211 Not independent of BALEST 95¢ B(r™ — h~wv,)/B(r~ — h~h~ bt z0u ) value.
— 0
0 r(e 7" )/rtotal T1a3/T
r(h—w,)/r(h— b htxOu, (ex.K )) M137/Tea Test of lepton family number conservation.
T137/T64 =T137/(Teg+Tge+T90+0.2311119+0.888I137+0.0221T3g) VALUE . CL% DOCUMENT 1D TECN  COMMENT
— ee _
VALUE furs DOCUMENT 1D TECN  COMMENT < 37x10 90 BONVICINI 97 CLEO EES,— 10.6 GeV

0.446+0.015 OUR FIT
0.453+0.019 OUR AVERAGE

0.431+0.033 2350 212 BUSKULIC 96 ALEP LEP 1991-1993 data
0.4640.016+0.017 2223 213 BALEST 95¢ CLEO EES, ~ 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.37 +0.05 +0.02 458 214 ALBRECHT 91D ARG EE§= 9.4-10.6 GeV

212BUSKULIC 96 quote the fraction of 7 — h~h~ hTx0u_(ex. KO) decays which
originate in a h~w final state = 0.383 + 0.029. We divide this by the w(782) —
xtx x0 branching fraction (0.888).

213BALEST 95C quote the fraction of 7~ — h~h~ht a0y (ex. KO) decays which

e o o We do not use the following data for averages, fits, limits, etc. » o o

<17 x1075 90 ALBRECHT 92Kk ARG EE§ = 10 GeV
<14 x107° 9 KEH 88 CBAL EES = 10 GeV
<210 %1075 90 HAYES 82 MRK2 EES = 3.8-6.8 GeV
— 0
T (= 7°) /Total T1a4/T
Test of lepton family number conservation.
VALUE CLY% DOCUMENT ID TECN COMMENT
< 4.0x10-6 90 BONVICINI 97 CLEO EE§ = 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

—5 ee
originate in a h—w final state equals 0.412 + 0.014 + 0.015. We divide this by the < 4.4x10 . 90 ALBRECHT 92k ARG EEf= 10 GeV
w(782) — 7~ 70 branching fraction (0.888). <82 %107 90 HAYES 82 MRK2 EEH = 38-6.8 GeV
214 ALBRECHT 91D quote the fraction of 7= — h™ h™ a0y, decays which originate in
T r(e- K)/r las/T
an™ w final state equals 0.33 = 0.04 & 0.02. We divide this by the w(782) — T~ 0 s)/Total . 145/
branching fraction (0.888). Test of lepton family number conservation.
VALUE CL% DOCUMENT ID TECN COMMENT
r(h~ wn®v;) [Tiotal T3g/T <9.1 x 10~7 90 CHEN 02c CLEO EE,= 10.6 GeV
VALUE (%) EVTS DOCUMENT ID TECN  COMMENT e o o We do not use the following data for averages, fits, limits, etc. o o o
0.44+0.05 OUR FIT 3 ee
<13 x 10 90 HAYES 82 MRK2 EEE,= 3.8-6.8 GeV
0.43+0.060.05 7283 BUSKULIC ~ 97C ALEP 1991-1994 LEP runs cm
— K0
- w2x0 I (s~ KE)/Tiotal T46/T
r(h w2 ”"')/rtml rm/r Test of lepton family number conservation.
VALUE (units 10=4) EVTS DOCUMENT ID TECN  COMMENT VALUE L% DOCUMENT ID TECN  COMMENT
14 +04 +03 53 ANASTASSOV 01 CLEO EE§,= 10.6 GeV <9.5x 10~7 90 CHEN 02c CLEO EE§,= 10.6 GeV
o o o We do not use the following data for averages, fits, limits, etc. o o o e o o We do not use the following data for averages, fits, limits, etc. o o o
1.8910-74 1940 19 ANDERSON 97 CLEO Repl. by ANAS- <1.0 x 1073 ElY HAYES 82 MRK2 EEf = 3.8-6.8 GeV
~0.67
TASSOV 01
I s 0 I (e~ 1) /Tiotal Ta7/T
r(h wx u,.)/r(h h~h* > 0neutrals > OKL"T) l3g/Ts2 Test of lepton family number conservation.
5163886/1';_52 :rr138 ﬁ(0-34|_31r33|_+0-3|‘_‘31r3|§+0-|3_431r|§8+063;‘831rr40+06423g7:45+ VALUE L% DOCUMENT ID TECN  COMMENT
. .285| .285|
46tT60+Teg 741175+ g2+Tge+Tg9+ 90+ 117+ 119+ < 82x10~6 90 BONVICINI 97 CLEO EE§,= 10.6 GeV

0.9101137+0.9101T 1 3g)

Data marked “avg” are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. “f&a"
marks results used for the fit and the average.
VALUE _ EVTS DOCUMENT ID TECN  COMMENT
0.0286+0.0031 OUR FIT
0.028 +0.003 £0.003 avg 430 215 BORTOLETT093 CLEO EE, ~ 10.6
GeV
215Not independent of BORTOLETTO 93 I(r~ —  h~wnlu)/M(r7 —
h=h~ht2x0u_ (ex.k?)) value.

(b~ wx®,) /T (h~ h~ h* 220, (ex.K©)) T38/T73
138/T73 =T138/(F74+0.2367 117+0.88813g)

VALUE DOCUMENT ID. TECN COMMENT_

0.810.08 OUR FIT

0.81+0.06+0.06 BORTOLETTO093 CLEO EES, ~ 10.6 GeV

(20 bt wyy) [Meotal T140/T

VALUE (units 10’4) EVTS DOCUMENT ID TECN COMMENT

1.2 +0.2 +0.1 110 ANASTASSOV 01 CLEO E&f,= 10.6 GeV

M(e=7)/Teotal Ta/T
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID TECN COMMENT

<27x10°6 90 EDWARDS 97 CLEO

e o o We do not use the following data for averages, fits, limits, etc. o o o

<11x1074 90 ABREU 95U DLPH 1990-1993 LEP runs

<1.2x 1074 90 ALBRECHT 92k ARG EE§ = 10 GeV

<2.0x 1074 90 KEH 88 CBAL EE§ =10 GeV

<6.4x 1074 90 HAYES 82 MRK2 EE§ = 3.8-6.8 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

< 63x107° 90 ALBRECHT 92k ARG EE§,= 10 GeV

<24 x 1073 90 KEH 88 CBAL EES,=10 GeV

I (6~ 1) /Tiotal T1a8/T
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID TECN COMMENT

<9.6 x10~6 %0 BONVICINI 97 CLEO EES= 10.6 GeV

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

<73x10 5 90 ALBRECHT 92K ARG ESF}I: 10 GeV

T(e™ 2°)/Teotal T1a0/T
Test of lepton family number conservation.

VALUE cL% DOCUMENT ID TECN  COMMENT

<20 x 106 90 BLISS 98 CLEO Eg,%: 10.6 GeV

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

< 0.42x1075 90 216 BARTELT 94 CLEO Repl. by BLISS 98

< 1.9 x107° 90 ALBRECHT = 92k ARG EE§ = 10 GeV

<37 x107° 90 HAYES 82 MRK2 EE§ = 3.8-6.8 GeV

216 BARTELT 94 assume phase space decays.

-0

I (5~ 2% /Teotal T150/T
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID TECN COMMENT

<63 x1076 90 BLISS 98 CLEO EEG=10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

< 057 x1075 90 217 BARTELT 94 CLEO Repl. by BLISS 98

<29 x107° 90 ALBRECHT 92k ARG  EE§ = 10 GeV

<44 x107° 90 HAYES 82 MRK2 Eg%: 3.8-6.8 GeV

217 BARTELT 94 assume phase space decays.
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T
(e~ K*(892)°) /Ttoral Ms1/T M(w~ e e)/Tiotal Te0/T

Test of lepton family number conservation. Test of lepton family number conservation.
VALUE a% DOCUMENT ID TECN  COMMENT VALUE % DOCUMENT ID TECN  COMMENT
<5.1 x106 90 BLISS 98 CLEO EE§=10.6 GeV <17 x1076 90 BLISS 98 CLEO EEG=10.6 GeV
o o o We do not use the following data for averages, fits, limits, etc. o o e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.63 x 105 90 218 BARTELT 94 CLEO Repl. by BLISS 98 < 0.34x1075 90  225BARTELT 94 CLEO Repl. by BLISS 98
<38 x107° 920 ALBRECHT 92k ARG E£8,= 10 GeV <14 x107° 90 ALBRECHT =~ 92K ARG EEf= 10 GeV

-5 ee _ .
218 BARTELT 94 assume phase space decays. < 27 x10 90 BOWCOCK 90 CLEO Egk=10.4-10.9
<44 x1075 90 HAYES 82 MRK2 Eg,%: 3.8-6.8 GeV
— K* 0

r(l‘- K (892) )/rtotal I—152/r 225 BARTELT 94 assume phase space decays.

Test of lepton family number conservation.
VALUE L% DOCUMENT ID TECN  COMMENT r (“+ e e—) [Ttotal Te1/T
<75 % 106 90 BLISS 98 CLEO ngn: 10.6 GeV Test of lepton family number conservation.
e o o We do not use the following data for averages, fits, limits, etc. » o ® VALUE c L% DOCUMENT ID TECN CZ’;”MENT
<0.94 x 1075 90  219BARTELT 94 CLEO Repl. by BLISS 98 <15 v’\‘llz ¢ use th f9|? e d tBLf'SS f9t8 ‘,CLEO tEC’": 106 Gev
<45 x 10,5 90 ALBRECHT 92K ARG E(e:ren: 10 GeV LU e i;o use e 1ol OWIngZZZ a for averages, Tits, lIMits, etc. o o o
219 g ARTELT 9 h d <0.34 x 10 90 BARTELT 94 CLEO Repl. by BLISS 98

4 assume phase space decays. <14 x1073 90 ALBRECHT 92K ARG~ EE&,= 10 GeV

r(e=7t(392)0)/rmul Ts3/T <16 x 107> 90 BOWCOCK 90 CLEO EE§=10.4-109

Test of lepton family number conservation. 226 BARTELT 94 assume phase space decays.
VALUE cL% DOCUMENT ID TECN  COMMENT
<7.4x10~6 90 BLISS 98 CLEO EES,= 10.6 GeV M=t u7) /Teotal ) Fe2/T
e o o We do not use the following data for averages, fits, limits, etc. o o o Test of lepton family nuamber conservation.

e 220 VALUE % DOCUMENT ID TECN  COMMENT
<1.1x10 90 BARTELT 94 CLEO Repl. by BLISS 98 <19 x 10-6 90 BLISS 98 CLEO EE,%: 10.6 GeV
220 BARTELT 94 assume phase space decays. o o o We do not use the following data for averages, fits, limits, etc. » o o

— -5 227
— 0.43 x 10 90 BARTELT 94 CLEO Repl. by BLISS 98
r(" K'(892)°)/Fm,| r154/r p 1.9 10-5 90 ALBRECHT 92Kk ARG Eez = )1’0 GeV
Test of lepton family number conservation. <19 x cm= €
VALUE CL% DOCUMENT ID TECN  COMMENT <17 x107° 90 BOWCOCK 90 CLEO EE§ =10.4-109
<75 x10-6 920 BLISS 98 CLEO EE§=10.6 GeV <49 x 1075 90 HAYES 82 MRK2 EE§ = 3.8-6.8 GeV
e o e We do not use the following data for averages, fits, limits, etc. o o o 227 BARTELT 94 assume phase space decays.
<0.87 x 107° 90 221 BARTELT 94 CLEO Repl. by BLISS 98 _ _
21 e M(e~a*7) /Tiotal M3/
BARTELT 94 assume phase space decays. Test of iepton family number conservation.
[(e- &) /F r r VALUE L% DOCUMENT ID TECN  COMMENT
(e 9)/Mhotal . ) 155/ <22 x10-6 90 BLISS 98 CLEO EE§,=10.6 GeV
Test of lepton family number conservation. . N .
VALUE ay DOCUMENT ID TECN  COMMENT e o e We do not use the following data for averages, fits, limits, etc. o o o
<6.9 x 106 %0 BLISS 98 CLEO EES,= 10.6 GeV <0.44 x 1073 90  228BARTELT 94 CLEO Repl. by BLISS 98
<27 x10 3 90 ALBRECHT = 92k ARG~ EE§ = 10 GeV
T(u—@)/T F1s6/T <6.0 %1073 90 BOWCOCK 90 CLEO EE§ = 10.4-10.9
H» total 156, cm
Test of lepton family number conservation. 228 BARTELT 94 assume phase space decays.
VALUE cL% DOCUMENT ID TECN  COMMENT
<7.0x10~6 90 BLISS 98 CLEO EE&=10.6 GeV r(eta=n~)/Tiotal T16a/T
Test of lepton number conservation.
r(e: et e:) /Trotal l1s7/T VALUE % DOCUMENT ID TECN = COMMENT
Test of lepton family number conservation. <19 x10~6 90 BLISS 98 CLEO EE§ = 10.6 GeV
VALUE CL% DOCUMENT ID TECN  COMMENT e o o We do not use the following data for averages, fits, limits, etc. o o o
<29 x10°6 20 BLISS 98 CLEO EEf=10.6 GeV <0.44 x 1075 90  229BARTELT 94 CLEO Repl. by BLISS 98
e o o We do not use the following data for averages, fits, limits, etc. o o o <18 x107° 90 ALBRECHT = 92k ARG EE§ = 10 GeV
< 033x107° 90  222BARTELT 94 CLEO Repl. by BLISS 98 <17 x1073 90 BOWCOCK 90 CLEO EE,=10.4-10.9
-5 ee _
<13 x10 90 ALBRECHT 92k ARG E£5= 10 GeV 229 BARTELT 94 assume phase space decays.
<27 x107° 90 BOWCOCK 90 CLEO EE§= 10.4-10.9 o
<40 x107° 90 HAYES 82 MRK2 EE§ = 3.8-6.8 GeV (=7t 7) /Troal ) T1es/T
Test of lepton family number conservation.
222 BARTELT 94 assume phase space decays. VALUE L% DOCUMENT ID TECN  COMMENT
—6 ee _
-+, = <82 x10 90 BLISS 98 CLEO Egm= 10.6 GeV
r(e BB )/rtotal . ) rlSB/r e o o We do not use the following data for averages, fits, limits, etc. o o o
Test of lepton family number conservation.
VALUE s DOCUMENT ID TECN  COMMENT <0.74 x 10*2 90 230 BARTELT 94 CLEO Repl. by BLISS 98
— ee
<18 x10-6 90 BLISS 98 CLEO EEE— 106 GeV <36 x 1075 90 ALBRECHT 92k ARG Eg,en, 10 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o <39 x10 90 BOWCOCK 90 CLEO E¢m=10.4-10.9
< 036 x 1075 90 223 BARTELT 94 CLEO Repl. by BLISS 98 230 BARTELT 94 assume phase space decays.
-5 ee _
1.9 10 90 ALBRECHT 92k ARG  Egy,= 10 GeV L
DR cm ¢ F(pta 7~)/Teotal Te6/T
<27 x10 20 BOWCOCK 90 CLEO Egm= 10.4-10.9 Test of lepton number conservation.
<33 x10 ° 90 HAYES 82 MRK2 EE§ = 3.8-6.8 GeV VALUE % DOCUMENT 1D TECN  COMMENT
—6 ee _
223 BARTELT 94 assume phase space decays. <34 x10 % BLISS 98 CLEO Egm= 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. » o o
F(e* s ") /Miotal ) T1s9/T <0.69 x 10~5 90  231BARTELT 94 CLEO Repl. by BLISS 98
Test of lepton family number conservation. <63 x 105 90 ALBRECHT 92K ARG EE%: 10 GeV
VALUE CLY% DOCUMENT ID TECN COMMENT _5 ee
ry PrEp— <39 x10 90 BOWCOCK 90 CLEO EE§ = 10.4-10.9
<15 x10 90 BLISS 98 CLEO Egm= 10.6 GeV 231
e o o We do not use the following data for averages, fits, limits, etc. e o o BARTELT 94 assume phase space decays.
<0.35x 1075 90  224BARTELT 94 CLEO Repl. by BLISS 98 F(e= 7t K~)/Tiotal Me7/T
<18 x1075 90 ALBRECHT 92K ARG ch-‘ﬁ]: 10 GeV Test of lepton family number conservation.
<16 x1075 90 BOWCOCK 90 CLEO E&,= 10.4-10.9 VaLUE _ d% DOCUMENTID ____ TECN  COMMENT
224 BARTELT 94 h d <6.4 x10~6 90 BLISS 98 CLEO ESF}I: 10.6 GeV
assume phase space decays. e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.77 x 107 90 232 BARTELT 94 CLEO Repl. by BLISS 98
<29 x1075 90 ALBRECHT 92Kk ARG Egr%: 10 GeV
<58 x10 90 BOWCOCK 90 CLEO EE§,=10.4-10.9

232 BARTELT 94 assume phase space decays.
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- —.0.0
M(e” 7~ K*)Tiotal les/T M~ 7% /Teotal lg0/T
Test of lepton family number conservation. Test of lepton family number conservation.
VALUE % DOCUMENT ID TECN  COMMENT VALUE cL% DOCUMENT ID TECN  COMMENT
<38 x106 90 BLISS 98 CLEO EE§ = 10.6 GeV <14 x 10~6 90 BONVICINI 97 CLEO EE§= 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.46 x 1075 90 233 BARTELT 94 CLEO Repl. by BLISS 98 F(e ;’e'slt)ﬁfrrg;tagn family number conservation Te1/T
—5 ee _ = iy nu 'vatl .
<58 x10 %0 BOWCOCK 90 CLEO  E¢m= 10.4-10.9 VALUE L% DOCUMENT ID TECN  COMMENT
Z33BARTELT 94 assume phase space decays. <35 x 106 90 BONVICINI 97 CLEO EE— 10.6 GeV
o p—
M K™) Mol ; Mo/ I (5~ 77) /Total Te2/T
\/ALUETeSt of lepton numbeéﬁ/onservatug;.CUMENT o TECN  COMMENT Test of lepton family number conservation.
P S— = P E———————. VALUE L% DOCUMENT 1D TECN  COMMENT
<21 x10 % BLISS %8 CLEO Egp= 106 GeV <60 x 10—6 90 BONVICINI 97 CLEO EES,= 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.45 x 1075 90  234BARTELT 94 CLEO Repl. by BLISS 98 I (e~ 7%n) /Teotal g3/l
<20 x107° 90 ALBRECHT 92k ARG EE§,= 10 GeV Test of lepton family number conservation.
<49 x1075 90 BOWCOCK 90 CLEO EE§= 10.4-10.9 VALUE % DOCUMENTID ___ TECN ~ COMMENT
234 <24 x 106 90 BONVICINI 97 CLEO EE§=10.6 GeV
BARTELT 94 assume phase space decays.
— 0
M(e~ KIKE)/Trotal T170/T M= 7"n)/Trotat . M184/T
Test of lepton family number conservation. Test of lepton family rlumber conservation.
VALUE % DOCUMENT ID TECN  COMMENT YALUE : % DOCUMENT D TECN ~ COMMENT
— ee _
<22 x10—6 9% CHEN 02¢ CLEO  EE4,= 10.6 GeV <22x10 90 BONVICINI 97 CLEO EE§= 10.6 GeV
I(e~ K+ K™)/Teotal /T I (P7)/Teotal . Tes/T
Test of lepton family number conservation. Test of lepton numberaand baryon number conservation.
VALUE % DOCUMENT ID TECN  COMMENT VALUE c % DOCUMENT 1D TECN ~ COMMENT
— ee
<6.0 x 10—6 9% BLISS 98 CLEO EE%= 10.6 GeV <35x10 90 GODANG 99 CLEO EEf=10.6 GeV
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
r(e* K~ K~)/Teotal F72/T <29 x 1075 90 ALBRECHT 92 ARG EE§,= 10 GeV
Test of lepton number conservation.
VALUE cL% DOCUMENT ID TECN  COMMENT r(ﬁﬂ.l:l) /Ttotal T6/T
<3.8x 106 90 BLISS 98 CLEO EEf=10.6 GeV Test of lepton number and baryon number conservation.
VALUE cL% DOCUMENT ID TECN  COMMENT
I(p= 7+ K=)/Tiotal 73/l <15 x 106 9 GODANG 99 CLEO EEE = 10.6 GeV
Test of lepton family number conservation. e o o We do not use the following data for averages, fits, limits, etc. » o o
VALUE % DOCUMENT ID TECN  COMMENT 5 ce
<15 x 10—6 90 BLISS 98 CLEO Egren: 10.6 GeV <66 x 10 90 ALBRECHT 92K ARG Egm= 10 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o r(521r°)/|—m | Fm/r
a
< 087x10 5 90 235 BARTELT 94 CLEO Repl. by BLISS 98 Test of lepton number and baryon number conservation.
<11 %1070 90 ALBRECHT 92k ARG EE§ = 10 GeV VALUE % DOCUMENT ID TECN  COMMENT
< 7.7 x107° 90 BOWCOCK 90 CLEO EE§= 10.4-10.9 <33 x 106 90 GODANG 99 CLEO EE=10.6 GeV
235 BARTELT 94 assume phase space decays
' I (Pn)/Trotal l1es/l
r(“— T K+)/rtotal rl.u/r Test of lepton number and baryon number conservation.
Test of lepton family number conservation. VALUE L% DOCUMENT 1D TECN ~ COMMENT
VALUE a% DOCUMENT ID TECN  COMMENT < 89x10-6 90 GODANG 99 CLEO EE§ = 10.6 GeV
<7.4x 106 90 BLISS 98 CLEO EE5,=10.6 GeV e o o We do not use the following data for averages, fits, limits, etc. o o o
e o o We do not use the following data for averages, fits, limits, etc. » o o <130 x 1075 90 ALBRECHT 92k ARG EE§ = 10 GeV
<1.5x 107 90 236 BARTELT 94 CLEO Repl. by BLISS 98 0
<7.7% 1075 9% BOWCOCK 90 CLEO EE&= 10.4-10.9 I (pn°n) /Total T1s9/T
236 Test of lepton number and baryon number conservation.
BARTELT 94 assume phase space decays. VALUE Ly DOCUMENT ID TECN  COMMENT
F(u"‘zr: K:)/rtotal T175/T <27 x 10~6 90 GODANG 99 CLEO EE§ = 10.6 GeV
Test of lepton number conservation. - _
VALUE L% DOCUMENT ID TECN  COMMENT r (9 light b°5°")/ r (9 Ve ”-r) TF190/T5
<70 x 106 90 BLISS 98 CLEO Eceﬁ]: 10.6 GeV Test of lepton family number conservation.
We d " the following data f fits, limits, et VALUE L% DOCUMENT ID TECN  COMMENT
e do not use the following data for averages, fits, limits, etc.
T o TEA MO A verages. 1 °ee <0.015 95 238 ALBRECHT 956 ARG  EES,= 9.4-10.6 GeV
<2.0x10 5 90 BARTELT 94 CLEO Repl. by BLISS 98 e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
<5.8x 10~ 90 ALBRECHT 92k ARG EE§ = 10 GeV 239 ce
<4.0% 105 90 BOWCOCK 90 CLEO Egem: 10.4-10.9 <0.018 95 a0 ALBRECHT  90E ARG  Egm= 9.4-10.6 GeV
<0.040 95 BALTRUSAIT..85 MRK3 E(e;ﬁ]: 3.77 GeV
237
BARTELT 94 assume phase space decays. 238 ALBRECHT | holds for b n GeV. The I
956G limit holds for bosons with mass < 0.4 GeV. The limit rises to 0.036
r(“* Kg Kg)/rtotal T176/T 239 for a mass of 1.0 (?e\_/, then. falls to 0_.006 at the upper mass limit of 1.6 GeV. )
VALUE au DOCUMENT 1D TECN  COMMENT g%l;oleEOCan']I'as‘iOE gr()nét’\zg\;;\les for spinless boson with mass < 100 MeV, and rises to
<3.4x10~6 20 CHEN 02c CLEO EE§= 10.6 GeV 240 BALTRUSAITIS 85 limit applies for spinless boson with mass < 100 MeV.

M= K*K™) Tiora
Test of lepton family number conservation.
VALUE L% DOCUMENT ID

<15 x 10—6 90 BLISS

M K~ K) /Fiota
Test of lepton number conservation.
VALUE CLY% DOCUMENT ID

<6.0 x 10-6 90 BLISS

TECN

TECN.

r(e: 0 w“)/rm..
Test of lepton family number conservation.
VALUE CL% DOCUMENT ID

<6.5x10~6 90 BONVICINI

TECN

COMMENT

T177/T

I (s~ light boson) /T (e~ e vy)

Test of lepton family number conservation.

98 CLEO EE§,=10.6 GeV

COMMENT_

98 CLEO Egﬁ.lz 10.6 GeV

COMMENT

97 CLEO Egem: 10.6 GeV

T178/T

T179/T

VALUE a%. DOCUMENT ID TECN
<0.026 95 241 ALBRECHT  95G ARG
e o o We do not use the following data for averages, fits, limits,
<0.033 95 242 ALBRECHT  90E ARG
<0.125 95 243 BALTRUSAIT..85 MRK3

101/Ts

COMMENT

EEG = 9.4-10.6 GeV
etc. o o o

EEG = 9.4-10.6 GeV
EEG= 3.77 GeV

241 ALBRECHT 956 limit holds for bosons with mass < 1.3 GeV. The limit rises to 0.034
for a mass of 1.4 GeV, then falls to 0.003 at the upper mass limit of 1.6 GeV.
242 AL BRECHT 90E limit applies for spinless boson with mass < 100 MeV, and rises to

0.071 for mass = 500 MeV.

243 BALTRUSAITIS 85 limit applies for spinless boson with mass < 100 MeV.
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7-DECAY PARAMETERS
7-LEPTON DECAY PARAMETERS

Written April 2002 by A. Stahl (DESY).

The purpose of the measurements of the decay parameters
(4.e., Michel parameters) of the 7 is to determine the structure

(spin and chirality) of the current mediating its decays.

Leptonic Decays: The Michel parameters are extracted from
the energy spectrum of the charged daughter lepton £ = e, u in
the decays 7 — flvpv,. Ignoring radiative corrections, neglect-
ing terms of order (mg/m,)? and (mT/\/E)Q, and setting the

neutrino masses to zero, the spectrum in the laboratory frame

reads
dl'  G%, m?
de 192 73

{fo (@) + 01 @) + 12 o (0) — PrlEon &) + 6 (:v)]} ()

with
fo(z) =2—-622 4423

_ ! 232 3 _ 2 2,8 3
fl(z)——5+4:1: -5 7 g1(z)=—-+4z -6z +§z

fo(@) =12(1 — z)? gQ(z):gf%ﬁzleer"f%z:i.

The integrated decay width is given by
G?, md my
F=—t T (1+4np —) . 2
1927r3<+nm7) @

The situation is similar to muon decays u — evev,. The gener-

alized matrix element with the couplings ggu and their relations
to the Michel parameters p, 1, £, and § have been described in
the “Note on Muon Decay Parameters”. The Standard Model
expectations are 3/4, 0, 1, and 3/4, respectively. For more
details, see Ref. 1.

Hadronic Decays: In the case of hadronic decays 7 — hv;,
with h = 7, p, or a1, the ansatz is restricted to purely vectorial

currents. The matrix element is

G, -
ﬂ’LA:ZMgA<%(VT>\W%(r)> Jh (3)

with the hadronic current J[j. The neutrino chirality w is
uniquely determined from A. The spectrum depends only on a
single parameter &,

= f @+ 6P (@ (@
with f and g being channel-dependent functions of the ob-
servables Z (see Ref. 2). The parameter &, is related to the
couplings through

&= ‘!]Ll2 - ‘91{‘2 . (5)

&, is the negative of the chirality of the 7 neutrino in these
decays. In the Standard Model, &, = 1. Also included are
measurements of the neutrino helicity which coincide with &,

if the neutrino is massless (ASNER 00, ACKERSTAFF 97R,
AKERS 95P, ALBRECHT 93C, and ALBRECHT 90I).

Combination of Measurements: The individual measure-
ments are combined, taking into account the correlations be-
tween the parameters. There is one fit, assuming universality
between the two leptonic decays, and between all hadronic
decays and a second fit without these assumptions. These are
the values labeled 'OUR FIT’ in the tables. The measurements
show good agreement with the Standard Model. The x? values
with respect to the Standard model predictions are 24.1 for 41
degrees of freedom and 26.8 for 56 degrees of freedom, respec-
tively. The correlations are reduced through this combination
to less than 20%, with the exception of p and n which are
correlated by +23%, for the fit with universality and by +70%

for 7 — v,

Model-independent Analysis: From the Michel parameters,
limits can be derived on the couplings gF, without further
module assumptions. In the Standard model g}; = 1 (leptonic
decays), and g; = 1 (hadronic decays) and all other couplings
vanish. First, the partial decay widths have to be compared
to the Standard Model predictions to derive limits on the
normalization of the couplings A, = GEI/G% with Fermi’s
constant Gp:

A, = 1.0012 £ 0.0053 ,
A, = 0.981+0.018

Ay =1.018 +0.012 . (6)

Then limits on the couplings (95% CL) can be extracted (see
Ref. 3 and Ref. 4). Without the assumption of universality, the

limits given in Table 1 are derived.

Model-dependent Interpretation: More stringent limits can
be derived assuming specific models. For example, in the frame-
work of a two Higgs doublet model, the measurements corre-
spond to a limit of mpg+ > 1.9 GeV x tan 3 on the mass of the
charged Higgs boson, or a limit of 253 GeV on the mass of the
second W boson in left-right symmetric models for arbitrary
mixing (both 95% CL). See Ref. 4 and Ref. 5.

Footnotes and References
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Physics.

2. M. Davier, L. Duflot, F. Le-Diberder, and A. Rougé Phys.
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3. OPAL Collab., K. Ackerstaff et al., Eur. Phys. J. C8, 3
(1999).

4. A. Stahl, Nucl. Phys. (Proc. Supp.) B76, 173 (1999).

5. M.-T. Dova et al., Phys. Rev. D58, 015005 (1998);
T. Hebbeker and W. Lohmann, Z. Phys. C74, 399 (1997);
A. Pich and J.P. Silva, Phys. Rev. D52, 4006 (1995).
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Table 1: Coupling constants gZ,. 95% confi-
dence level experimental limits. The limits in-
clude the quoted values of Ae, Ay, and A and
assume A, = A, = 1.

T — €eVelr
\9Rrl <070 gzpl <017  |gzzl =0
lg7e] <0.99 |glp| <013 |gfy| < 0.082
ool <201 |gi,| <052 |gk;| <051
952l <201 gfz] < 1.005  gfz|=0
T — UVyVr
‘ggR‘ <0.72 |gXR| <0.18 |9£R| =0
l9Zrl <0.95 gl <0.12  |gf.] < 0.079
ool <201 gkl <052 |gk| <051
gl <201 gl <1.005 |gf|=0
T — TVr
lg¥| <015 |gY|>0.992
T — pVUr
lgy| <010 |g¥|>0.995
T — aiVr
lgy| <016  |g¥| > 0.987

p7 (e or p) PARAMETER

(V—A) theory predicts p = 0.75.
VALUE EVTS DOCUMENT ID TECN COMMENT

0.745+0.008 OUR FIT
0.749+0.008 OUR AVERAGE

0.742+0.014+0.006 81k HEISTER 01E ALEP  1991-1995 LEP runs
0.775+0.023+0.020 36k ABREU 00L DLPH 1992-1995 runs

0.781+0.028+0.018 46k ACKERSTAFF 990 OPAL  1990-1995 LEP runs
0.762+0.035 54k ACCIARRI  98R L3 1991-1995 LEP runs
0.731£0.031 244 ALBRECHT =~ 98 ARG  EES,= 9.5-10.6 GeV
0.72 £0.09 +0.03 245 ABE 970 SLD  1993-1995 SLC runs

0.747+0.010£0.006 55k ALEXANDER 97F CLEO ESF}]: 10.6 GeV
0.79 +0.10 £0.10 3732 FORD 878 MAC Eceﬁ-,: 29 GeV
0.71 +0.09 £0.03 1426 BEHRENDS 85 CLEO et e~ near T(4S)
e o o We do not use the following data for averages, fits, limits, etc. o o o
0.735+0.013+0.008 31k AMMAR 978 CLEO Repl. by ALEXAN-

DER 97F
0.7944+0.039+0.031 18k ACCIARRI 96H L3 Repl. by ACCIARRI 98rR

0.732+0.034+0.020 82k 246 ALBRECHT 95 ARG EES = 9.5-10.6 GeV
0.738+0.038 247 ALBRECHT ~ 95 ARG Repl. by ALBRECHT 98
0.751+0.03940.022 BUSKULIC ~ 95D ALEP Repl. by HEISTER 01E
0.742+0.035+0.020 8000 ALBRECHT  90E ARG EE8,= 9.4-10.6 GeV

244 Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 98, AL-
BRECHT 95C, ALBRECHT 93G, and ALBRECHT 94E. ALBRECHT 98 use tau pair
events of the type 7~ 71T — (£~ 751/7.)(‘”Jr woﬁ,,.), and their charged conjugates.

245 ABE 970 assume nT = 0 in their fit. Letting n” vary in the fit gives a p” value of
0.69 £ 0.13 £ 0.05.

246 value is from a simultaneous fit for the pT and T decay parameters to the lepton energy
spectrum. Not independent of ALBRECHT 90E p7 (e or p) value which assumes 7 =0.
Result is strongly correlated with ALBRECHT 95¢C.

247 Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 95¢, AL-
BRECHT 936G, and ALBRECHT 94E.

p7(€) PARAMETER
(V—A) theory predicts p = 0.75.

VALUE _EVTS DOCUMENT ID TECN  COMMENT
0.747+0.010 OUR FIT

0.7440.010 OUR AVERAGE

0.747+0.019+£0.014 44k HEISTER 01E ALEP 1991-1995 LEP runs

0.744+0.036£0.037 17k ABREU 00L DLPH 1992-1995 runs

0.779+0.047£0.029 25k ACKERSTAFF 990 OPAL  1990-1995 LEP runs
0.68 +0.04 +0.07 248 ALBRECHT 98 ARG  EE§,= 9.5-10.6 GeV
0.71 +0.14 £0.05 ABE 970 SLD  1993-1995 SLC runs

0.74740.012+0.004 34k ALEXANDER 97F CLEO EE&,= 10.6 GeV
0.735£0.036+0.020 47k 249 ALBRECHT 95 ARG EE&H= 9.5-10.6 GeV
0.79 +0.08 +0.06 3230 250 ALBRECHT 936 ARG EE§,= 9.4-10.6 GeV

0.64 £0.06 +£0.07 2753 JANSSEN 89 CBAL EE§= 9.4-10.6 GeV
062 £0.17 +0.14 1823 FORD 878 MAC  EE§= 29 GeV

0.60 £0.13 699 BEHRENDS 85 CLEO ete™ near T(4S)

0.72 +£0.10 +0.11 594 BACINO 798 DLCO EE§,= 3.5-7.4 GeV

e o o We do not use the following data for averages, fits, limits, etc. » o o

0.73240.014£0.009 19k AMMAR 978 CLEO Repl. by ALEXAN-
DER 97F

0.79340.050+0.025 BUSKULIC 95D ALEP  Repl. by HEISTER 01E

0.74740.045+0.028 5106 ALBRECHT  90E ARG  Repl. by ALBRECHT 95

248 ALBRECHT 98 use tau pair events of the type 7~ v — (£~ W”T)(“+ woi.,_), and
their charged conjugates.

249 ALBRECHT 95 use tau pair events of the type 77 oo
(bt h=nt (x0)w,) and their charged conjugates.

250 AL BRECHT 936 use tau pair events of the type 7~ 7 — (n— e (eJr VeV, ) and
their charged conjugates.

o™ (1) PARAMETER
(V—A) theory predicts p = 0.75.

(£~ wpvy)

VALUE EVTS DOCUMENT ID TECN  COMMENT
0.763+0.020 OUR FIT

0.770+0.022 OUR AVERAGE

0.77640.045+0.019 46k HEISTER 01E ALEP 1991-1995 LEP runs

0.999+£0.098+0.045 22k ABREU 00L DLPH 1992-1995 runs
0.7774£0.044£0.016 27k ACKERSTAFF 99D OPAL 1990-1995 LEP runs
0.69 £0.06 +0.06 251 ALBRECHT 98 ARG  EE§,= 9.5-10.6 GeV
054 £0.28 +0.14 ABE 970 SLD  1993-1995 SLC runs
0.750+0.017+0.045 22k ALEXANDER 97F CLEO EE§ = 10.6 GeV

0.76 +0.07 +0.08 3230 ALBRECHT 936G ARG EE§,= 9.4-10.6 GeV
0.73440.055+£0.027 3041 ALBRECHT 90 ARG  EE§,= 9.4-10.6 GeV
0.89 +0.14 +0.08 1909 FORD 878 MAC  EE§,= 29 GeV

0.81 +0.13 727 BEHRENDS 85 CLEO et e~ near T(4S)

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.74740.048£0.044 13k AMMAR 978 CLEO Repl. by ALEXAN-
DER 97F
0.69340.057£0.028 BUSKULIC 95D ALEP  Repl. by HEISTER 01E

251 ALBRECHT 98 use tau pair events of the type 7~ — (£~ 7w, )(xt x07,), and
their charged conjugates.

€7 (e or u) PARAMETER
(V—A) theory predicts £ = 1.

VALUE EVTS DOCUMENT ID TECN COMMENT
0.985:+0.030 OUR FIT

0.981:+0.031 OUR AVERAGE

0.986+0.068 +0.031 81k HEISTER 01E ALEP 1991-1995 LEP runs
0.929+0.070+0.030 36k ABREU 00L DLPH 1992-1995 runs
0.98 +£0.22 +0.10 46k ACKERSTAFF 99D OPAL 1990-1995 LEP runs
0.70 +0.16 54k ACCIARRI  98R L3 1991-1995 LEP runs
1.03 +0.11 252 A\LBRECHT 98 ARG  EE§,= 9.5-10.6 GeV
1.05 +£0.35 +0.04 253 ABE 970 SLD  1993-1995 SLC runs

1.007£0.040+0.015 55k ALEXANDER 97F CLEO Egﬁ]: 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. » o o

0.94 +0.21 £0.07 18k ACCIARRI 96H L3 Repl. by ACCIARRI 98R

0.97 +0.14 254 ALBRECHT ~ 95¢ ARG Repl. by ALBRECHT 98

1.18 £0.15 +0.16 BUSKULIC 95D ALEP Repl. by HEISTER 01E

0.90 +£0.15 +0.10 3230 255 ALBRECHT 936 ARG  E&§= 9.4-10.6 GeV

252 Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 98, AL-
BRECHT 95¢c, ALBRECHT 93G, and ALBRECHT 94E. ALBRECHT 98 use tau pair
events of the type 7~ 7 — (£~ 17 1/7_](7rJr woﬁ.r), and their charged conjugates.

253 ABE 970 assume n7 = 0 in their fit. Letting n7 vary in the fit gives a £7 value of
1.02 + 0.36 & 0.05.

254 Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 95¢, AL-
BRECHT 936G, and ALBRECHT 94E. ALBRECHT 95C uses events of the type 7 T+
(£~ 7w, ) (Wt h~ht o) and their charged conjugates.

255 ALBRECHT 936 measurement determines [¢7| for the case €7(e) = £7(u), but the
authors point out that other LEP experiments determine the sign to be positive.

£€7(e) PARAMETER
(V—A) theory predicts £ = 1.

VALUE EVTS DOCUMENT ID TECN COMMENT
0.994:0.040 OUR FIT

1.00 £0.04 OUR AVERAGE

1.01140.094+0.038 44k HEISTER 01E ALEP 1991-1995 LEP runs
1.01 £0.12 +0.05 17k ABREU 00L DLPH 1992-1995 runs
113 4039 +0.14 25k ACKERSTAFF 990 OPAL 1990-1995 LEP runs
1.11 £0.20 +0.08 256 ALBRECHT 98 ARG  EE§,— 9.5-10.6 GeV
116 +£0.52 +0.06 ABE 970 SLD  1993-1995 SLC runs

0.9794-0.048£0.016 34k ALEXANDER 97F CLEO Egﬁ]: 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. » o o
1.03 £0.23 +0.09 BUSKULIC 95D ALEP Repl. by HEISTER 01E

256 ALBRECHT 98 use tau pair events of the type 7~ 71 — (e VZVT)(W+ woi.,_), and
their charged conjugates.
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T

€7 (u) PARAMETER
(V—A) theory predicts £ = 1.

(€)™ (e) PARAMETER
(V—A) theory predicts (6¢) = 0.75.

VALUE EVTS DOCUMENT ID TECN COMMENT VALUE EVTS DOCUMENT ID TECN COMMENT
1.030+0.059 OUR FIT 0.7340.028 OUR FIT

1.06 £0.06 OUR AVERAGE 0.731+0.029 OUR AVERAGE

1.03040.12040.050 46k HEISTER 01E ALEP 1991-1995 LEP runs 0.778+0.066+0.024 44k HEISTER 01E ALEP 1991-1995 LEP runs
1.16 +0.19 +0.06 22k ABREU 00L DLPH 1992-1995 runs 0.85 +0.12 +0.04 17k ABREU 00L DLPH 1992-1995 runs

0.79 +0.41 £0.09 27k ACKERSTAFF 990 OPAL 1990-1995 LEP runs
1.26 +£0.27 +0.14 257 ALBRECHT 98 ARG  ES§,= 9.5-10.6 GeV
0.75 +0.50 +0.14 ABE 970 SLD  1993-1995 SLC runs
1.054 40.06940.047 22k ALEXANDER 97F CLEO EE§= 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

1.23 +0.22 £0.10 BUSKULIC 95D ALEP  Repl. by HEISTER 01E

257 ALBRECHT 98 use tau pair events of the type 7— 71 — [ ﬂzu.,_)(vrJr noﬂr), and
their charged conjugates.

7" (e or p) PARAMETER
(V—A) theory predicts 5 = 0.

VALUE EVTS DOCUMENT ID TECN COMMENT_
0.013:10.020 OUR FIT
0.015:0.021 OUR AVERAGE
0.012+0.0264-0.004 81k HEISTER 01E ALEP 1991-1995 LEP runs
—0.005+0.036 +0.037 ABREU 00L DLPH 1992-1995 runs
0.027 +£0.05540.005 46k ACKERSTAFF 990 OPAL 1990-1995 LEP runs
0.27 +0.14 54k ACCIARRI 98R L3 1991-1995 LEP runs
—0.13 £0.47 £0.15 ABE 970 SLD 1993-1995 SLC runs
—0.015+0.061+0.062 31k AMMAR 978 CLEO EE§,= 10.6 GeV
0.03 +£0.18 +0.12 8.2k ALBRECHT 95 ARG ngh: 9.5-10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o
0.25 +0.17 +0.11 18k ACCIARRI 96H L3 Repl. by ACCIA-
RRI 98R
—0.04 +0.15 £0.11 BUSKULIC 95D ALEP Repl. by HEIS-
TER 01E

7" (s) PARAMETER
(V—A) theory predicts n = 0.
VALUE EVTS
0.094+0.073 OUR FIT
0.17 +0.15 OUR AVERAGE Error includes scale factor of 1.2.
0.160+£0.150+0.060 46k HEISTER 01E ALEP 1991-1995 LEP runs
0.72 +0.32 +0.15 ABREU 00L DLPH 1992-1995 runs
—0.59 +0.82 +0.45 258 ABE 970 SLD  1993-1995 SLC runs
0.010+0.14940.171 13k 259 AMMAR 978 CLEO EES,= 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o
0.010£0.065£0.001 27k 260 ACKERSTAFF 990 OPAL 1990-1995 LEP runs
—0.24 +0.23 £0.18 BUSKULIC 95D ALEP  Repl. by HEISTER 01E
258 Highly correlated (corr. = 0.92) with ABE 970 p” () measurement.
259 Highly correlated (corr. .949) with AMMAR 978 p7 () value.
260 ACKERSTAFF 99D result is dominated by a constraint on 57 from the OPAL measure-
ments of the 7 lifetime and B(r— — p~ 7y v,.) assuming lepton universality for the
total coupling strength.

(6€)" (e or ) PARAMETER
(V—A) theory predicts (6¢) = 0.75.

DOCUMENT ID TECN COMMENT

VALUE EVTS DOCUMENT ID TECN COMMENT
0.746£0.021 OUR FIT

0.744:+£0.022 OUR AVERAGE

0.776+0.045+0.024 81k HEISTER 01€ ALEP 1991-1995 LEP runs
0.779+0.070+0.028 36k ABREU 00L DLPH 1992-1995 runs
0.65 +0.14 +0.07 46k ACKERSTAFF 990 OPAL 1990-1995 LEP runs
0.70 +0.11 54k ACCIARRI  98R L3 1991-1995 LEP runs
0.63 +0.09 261 ALBRECHT 98 ARG  EE§= 9.5-10.6 GeV
0.88 +£0.27 +0.04 262 ABE 970 SLD  1993-1995 SLC runs

0.745+0.026 £0.009 55k ALEXANDER 97F CLEO ng-‘n: 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. o o o

0.81 +0.14 +0.06 18k ACCIARRI  96H L3 Repl. by ACCIARRI 98R
0.65 +0.12 263 ALBRECHT  95C ARG  Repl. by ALBRECHT 98
0.88 +0.11 +0.07 BUSKULIC 95D ALEP Repl. by HEISTER 01E

261 Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 98, AL-
BRECHT 95¢, ALBRECHT 93G, and ALBRECHT 94e. ALBRECHT 98 use tau pair
events of the type 7~ 7 — (£~ 7w, )(x+ x0%,), and their charged conjugates.

262 ABE 970 assume nT = 0 in their fit. Letting 77 vary in the fit gives a (p€)7 value of
0.87 £ 0.27 £ 0.04.

263 Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 95¢C, AL-
BRECHT 936, and ALBRECHT 94t. ALBRECHT 95¢C uses events of the type 7— o+
(£ vyv,) (hth— h+ﬁT) and their charged conjugates.

0.72 £0.31 +0.14 25k ACKERSTAFF 99D OPAL  1990-1995 LEP runs
0.56 +£0.14 +0.06 264 ALBRECHT 98 ARG  EE§,= 9.5-10.6 GeV
0.85 £0.43 +0.08 ABE 970 SLD  1993-1995 SLC runs
0.720:£0.032£0.010 34k ALEXANDER 97F CLEO EE,= 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

111 £0.17 +0.07 BUSKULIC 95D ALEP Repl. by HEISTER 01E

264 ALBRECHT 98 use tau pair events of the type 77T — (€ PZuT)(fr WOF,,.),
their charged conjugates.

(66)" (u) PARAMETER
(V—A) theory predicts (6¢) = 0.75.

and

VALUE EVTS DOCUMENT ID TECN  COMMENT
0.778=0.037 OUR FIT

0.79 +£0.04 OUR AVERAGE

0.786 £0.06640.028 46k HEISTER 01E ALEP 1991-1995 LEP runs
0.86 +£0.13 +0.04 22k ABREU 00L DLPH 1992-1995 runs

0.63 +£0.23 £0.05 27k ACKERSTAFF 990 OPAL 1990-1995 LEP runs
0.73 +0.18 +0.10 265 ALBRECHT 98 ARG  EE§,= 9.5-10.6 GeV
0.82 +0.32 +0.07 ABE 970 SLD  1993-1995 SLC runs
0.786 +0.041+0.032 22k ALEXANDER 97F CLEO EE§ = 10.6 GeV
e o o We do not use the following data for averages, fits, limits, etc. » o o
0.71 £0.14 £0.06 BUSKULIC 95D ALEP Repl. by HEISTER 01E
265 ALBRECHT 98 use tau pair events of the type 7~ — (e W”‘r)("’+ woﬁ.r), and

their charged conjugates.
€7 (x) PARAMETER

(V—A) theory predicts £7(m) = 1.

VALUE EVTS DOCUMENT ID TECN = COMMENT
0.9930.022 OUR FIT

0.994£0.023 OUR AVERAGE

0.994+0.020+0.014 27k HEISTER 01E ALEP 1991-1995 LEP runs
0.81 £0.17 £0.02 ABE 970 SLD 1993-1995 SLC runs
1.03 £0.06 +0.04 2.0k COAN 97 CLEO EE§ = 10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. » o o
0.98740.057£0.027 BUSKULIC 95D ALEP  Repl. by HEISTER 01E

0.95 +£0.11 +0.05 266 BUSKULIC ~ 94D ALEP  1990+1991 LEP run
266 yperseded by BUSKULIC 95D.

€7(p) PARAMETER
(V—A) theory predicts £7 (p) = 1.

VALUE EVTS DOCUMENT ID TECN  COMMENT
0.994+0.008 OUR FIT

0.994+0.009 OUR AVERAGE

0.98740.012£0.011 59k HEISTER 01E ALEP 1991-1995 LEP runs

0.99 +0.12 £0.04 ABE 970 SLD 1993-1995 SLC runs

0.995+0.010£0.003 66k ALEXANDER 97F CLEO Egem: 10.6 GeV

1.0224+0.02840.030 1.7k 267 ALBRECHT 948 ARG  EE§ = 9.4-10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

1.045+0.058+0.032 BUSKULIC 95D ALEP Repl. by HEISTER 01E

1.03 £0.11 +0.05 268 BUSKULIC 94D ALEP  1990+1991 LEP run

267 ALBRECHT 94E measure the square of this quantity and use the sign determined by
ALBRECHT 901 to obtain the quoted result.

268 5y perseded by BUSKULIC 95D.

€7(2) PARAMETER

(V—A) theory predicts £7(a;) = 1.
VALUE EVTS DOCUMENT ID TECN COMMENT
1.001+0.027 OUR FIT
1.002+0.028 OUR AVERAGE
1.00040.016+0.024 35k 269 HEISTER

01E ALEP 1991-1995 LEP runs

1.02 £0.13 £0.03  17.2k ASNER 00 CLEO EES,=10.6 GeV

1.29 +£0.26 +0.11 7.4k 270 ACKERSTAFF 97R OPAL 1992-1994 LEP runs
0.15 _

0.85 f0.17 +0.05 ALBRECHT  95¢ ARG EE§ = 9.5-10.6 GeV

125 £0.23 F0-18 7.5k ALBRECHT 93¢ ARG EE5,= 9.4-10.6 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

+0.46 +0.14 271
1.08 T5u7 Toios 2.6k AKERS

STA
0.937+0.116£0.064 BUSKULIC 95D ALEP  Repl. by HEISTER 01E

269 HEISTER 01E quote 1.000 + 0.016 = 0.013 = 0.020 where the errors are statistical,
systematic, and an uncertainty due to the final state model. We combine the systematic
error and model uncertainty.

270 ACKERSTAFF 97R obtain this result with a model independent fit to the hadronic struc-
ture functions. Fitting with the model of Kuhn and Santamaria (ZPHY C48, 445 (1990))
gives 0.87 + 0.16 + 0.04, and with the model of of Isgur et al. (PR D39,1357 (1989))
they obtain 1.20 & 0.21 + 0.14.

271 AKERS 95p obtain this result with a model independent fit to the hadronic structure
functions. Fitting with the model of Kuhn and Santamaria (ZPHY C48, 445 (1990))
gives 0.87 =+ 0. 27+8'gg, and with the model of of Isgur etal. (PR D39,1357 (1989))

0.13
0.14*

95p OPAL Repl. by ACKER—

they obtain 1.10 £ 0. 31+
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T
€7 (all hadronic modes) PARAMETER COAN 97 PR D55 7291 T.E. Coan et al. (CLEO Coliab.)
T EDWARDS 97 PR D55 R3919 K.W. Edwards et al. CLEO Collab.
(V—A) theory predicts 7 = EDWARDS ~ 97B PR D36 R5297 K.W. Edwards et al. gCLEO Couab.g
VALUE  EVTS DOCUMENTID  TECN COMMENT ESCRIBANO 97  PL B395 369 R. Escribano, E. Masso (BARC, PARIT)
0.995+0.007 OUR FIT ABREU 96B PL B365 448 P. Abreu et al. (DELPHI Collab.)
ACCIARRI 96H PL B377 313 M. Acciarri et al. (L3 Collab.)
0.997::0.007 OUR AVERAGE 272 ACCIARRI 96K PL B389 187 M. Acciarri et al. (L3 Collab.)
0.99240.007 £0.008 102k HEISTER 01E ALEP 1991-1995 LEP runs ALAM 96  PRL 76 2637 M.S. Alam et al. (CLEO Collab.)
0.997+0.027+0.011 39k 273 ABREU 00L DLPH 1992-1995 runs ALBRECHT ~ 96E PRPL 276 223 H. Albrecht et al. (ARGUS Collab.)
ALEXANDER 96D PL B369 163 G. Alexander et al. OPAL Collab.
1.02 +0.13 £0.03 17.2k 274 ASNER 00 CLEO EEf=10.6 GeV ALEXANDER 96E PL B374 341 G. Alexander et al. EOPAL Couab.g
1.032+0.031 37k 275 ACCIARRI 98R L3 1991-1995 LEP runs ALEXANDER 965 PL B388 437 G. Alexander et al. (OPAL Collab.)
BAI 9 PR D53 20 J.Z. Bai et al. BES Collab.
0.93 +0.10 +0.04 ABE 970 SLD  1993-1995 SLC runs BALEST 9  PL B383 402 R. Balest et al. (éLEO Couab.g
1.29 +0.26 £0.11 7.4k 276 ACKERSTAFF 97R OPAL 1992-1994 LEP runs BARTELT 96  PRL 76 4119 J.E. Bartelt et al. (CLEO Collab.)
277 ee _ BUSKULIC 96  ZPHY C70 579 D. Buskulic et al. (ALEPH Collab.)
0.995:0.010+0.003 66k ALEXANDER 97F CLEO  Ecm= 10.6 GeV BUSKULIC ~ 96C ZPHY C70 561 D. Buskulic et al. (ALEPH Collab.)
1.03 +0.06 =+0.04 2.0k 278 COAN 97 CLEO EE&=10.6 GeV COAN 96 PR D53 6037 T.E. Coan et al (CLEO Coliab.)
279 ce ABE 95Y PR D52 4828 K. Abe et al. (SLD Collab.)
1.017+0.039 ALBRECHT  95C ARG  Egm= 9.5-10.6 GeV ABREU 95T PL B357 715 P. Abreu et al. (DELPHI Collab.)
4015 280 ce ABREU 95U PL B359 411 P. Abreu et al. (DELPHI Collab.)
1.25 +0.23 T 54a 7.5k ALBRECHT  93C ARG  Egy= 9.4-10.6 GeV ACCIARRI 95  PL B345 93 M. Acciarri et al. (L3 Collab.)
) N ACCIARRI 95F PL B352 487 M. Acciarri et al. (L3 Collab.)
e o o We do not use the following data for averages, fits, limits, etc. o o o AKERS 95F  ZPHY C66 31 R. Akers et al. (OPAL Collab.)
281 AKERS 951 ZPHY C66 543 R. Akers et al. OPAL Collab.
0.970ig.gz3ig.[ﬁl 14k ACCIARRI  96H L3 Repl. by ACCIARRI 98R AKERS Gy ooy oo o R pers et al fom Couab_;
+0.46 +0. 282 AKERS 95Y ZPHY C68 555 R. Akers et al. OPAL Collab.
1.08 Zo41 Z0.25 2.6k AKERS 95p OPAL RE’QTL’%E\CKER ALBRECHT 95  PL B341 441 H. Albrecht et al. (A(RGUS Couab.g
2 ALBRECHT ~ 95C PL B349 576 H. Albrecht et al. ARGUS Collab.
1.006+0.032+0.019 83 BUSKULIC 950 ALEP  Repl. by HEISTER 01E ALBRECHT ~ 95G ZPHY C68 25 H. Albrecht et al. EARGUS CoHab.g
1.022+0.028+0.030 1.7k 284 ALBRECHT =~ 948 ARG  EES,= 9.4-10.6 GeV ALBRECHT ~ 95H ZPHY C68 215 H. Albrecht et al. (ARGUS Collab.)
BALEST 95C PRL 75 3809 R. Balest et al. CLEO Collab.
0.99 +0.07 +0.04 285 BUSKULIC 94D ALEP  1990+1991 LEP run SERNABEU 95 NP B3t 474 ) Bernabes of al. ( )
272 HEISTER 01E quote 0.992 + 0.007 = 0.006 = 0.005 where the errors are statistical, BUSKULIC  g5C L pweaTt D puskulc e 2 (ALEPH g"}}ag)
systematic, and an uncerltainty due to the final state model. We combine the systematic Also 95P PL B363 265 erratum D, Bﬁ:k:\:E zt 2/: EALEPH cg\\:b;
error and model uncertainty. They use 7 — v, 7 — Kv,, 7 — pv,, and 7 — ABREU 94K PL B334 435 P. Abreu et al. (DELPHI Collab.)
ay v, decays. AKERS 94E  PL B328 207 R. Akers et al. (OPAL Collab.)
_ _ AKERS 94G PL B339 278 R. Akers et al. OPAL Collab.
213 ABREU 001 use 7~ — h~ > 0n0v, decays. ALBRECHT ~ 94E PL B337 383 H. Albrecht et al. (A(RGUS Couabg
274 ASNER 00 use 7~ — 7~ 270w, decays. ARTUSO 94 PRL 72 3762 M. Artuso et al. gELsg Eo\\abg
BARTELT 94 PRL 73 1890 J.E. Bartelt et al. LEO Collab.
275 ACCIARRI 98R use T — Ty, T = Kvp,and 7 — py, decays. BATTLE 94 PRL 73 1079 M. Battle et al. (CLEO Collab.)
a7y ACKERSTAFF ST use 7 — ay vy decays. BUSKULIC 4D bl B321 160 0 Bustic et 3 (TP Rep Cotab)
. Buskulic et al. ollal
277 ALEXANDER 97F use 7 — pu,. decays. BUSKULIC ~ 94E PL B332 209 D. Buskulic et al. (ALEPH Collab.)
278 COAN 97 use h h™ energy correlations. BUSKULIC ~ 94F PL B332 219 D. Buskulic et al. (ALEPH Collab.)
279 Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 95C, AL- A Z;a E,E:;L”B?i g' ﬁ'db,?::l ee!ra;‘, (CLFS EEH:E;
BRECHT 93G, and ALBRECHT 94E. ALBRECHT ~ 93C ZPHY C58 61 H. Albrecht et al. (ARGUS Collab.)
280 yses 7 — a; v, decays. Replaced by ALBRECHT 95¢. ALBRECHT ~ 93G PL B316 608 H. Albrecht et al. (ARGUS Collab.)
281 BALEST 93 PR D47 R3671 R. Balest et al. CLEO Collab.
8L ACCIARRI 96H use 7 — 7wy, 7 — Kvp, and 7 — pu, decays. BEAN 93 PRL 70 138 A. Bean et al. ECLEO CoHab;
282 AKERS 95P use 1 — ay v, decays. BORTOLETTO 93 PRL 71 1791 D. Bortoletto et al. (CLEO Collab.)
283 BUSKULIC 9 4 ESCRIBANO 93 PL B301 419 R. Escribano, E. Masso (BARC)
5D use 7 — mvp, T — prp,and T — 3y, decays. PROCARIO 93  PRL 70 1207 M. Procario et al. (CLEO Coliab.)
284 ALBRECHT 94E measure the square of this quantity and use the sign determined by ﬁg$gﬁ Zgg gEHE;gsisio?s E‘PAh/;eut et -?t/- ] (D(%;:ﬂ gouagg
i .P. Acton et al. ollal
2tg§ggn¥ ;)é]é to obtain the quoted result. Uses 7 — a; v, decays. Replaced by Q&EQ‘NB 02H gkLBZSS 37 E‘l;' ﬁﬁ“’”b ot a/} ngé(l)‘ g"HaE;
N 92 69 3610 .S. Akerib et al. olla
BUSKULIC 94D use 7 — wv_ and 7 — pv, decays. Superseded by BUSKULIC 95D. Also 938 PRL 71 3395 (erratum) D.S. Akerib et al (CLEO Collab.)
ALBRECHT 92D ZPHY C53 367 H. Albrecht et al. (ARGUS Collab.)
ALBRECHT ~ 92K ZPHY Cs5 179 H. Albrecht et al. ARGUS Collab.
7 REFERENCES ALBRECHT ~ 92M PL B292 221 H. Albrecht et al. EARGUS CoHab;
ALBRECHT ~ 92Q ZPHY C56 339 H. Albrecht et al. (ARGUS Collab.)
ABBIENDI 03  PL BSS51 35 G. Abbiendi et al. (OPAL Collab.) AMMAR 92 PR D45 3976 R. Ammar et al. (CLEO Collab.)
BRIERE 03  PRL 90 181802 R. A. Briere et al. (CLEO Collab.) ARTUSO 92 PRL 69 3278 M. Artuso et al. (CLEO Collab.)
HEISTER 03F EPJ C30 291 A. Heister et al. (ALEPH Collab.) BAI 92 PRL 69 3021 J.Z. Bai et al. (BES Collab.)
INAMI 03 PL B551 16 K. Inami et al. (BELLE Collab.) BATTLE 92 PL B291 488 M. Battle et al. (CLEO Collab.)
CHEN 02C PR D66 071101R S. Chen et al. (CLEO Collab.) BUSKULIC 92 PL B297 459 D. Buskulic et al. (ALEPH Collab.)
ABBIENDI 01 EPJ C19 653 G. Abbiendi et al. (OPAL Collab.) DECAMP 92C  ZPHY C54 211 D. Decamp et al. (ALEPH Collab.)
ABREU 0IM EPJ C20 617 P. Abreu et al. (DELPHI Collab.) ADEVA 91F PL B265 451 B. Adeva et al. (L3 Collab.)
ACCIARRI 01F PL B507 47 M. Acciarri et al. (L3 Collab.) ALBRECHT 91D PL B260 259 H. Albrecht et al. (ARGUS Collab.)
ACHARD 01D PL B519 189 P. Achard et al. (L3 Coliab.) ALEXANDER 91D PL B266 201 G. Alexander et al. (OPAL Collab.)
ANASTASSOV 01  PRL 86 4467 A. Anastassov et al. (CLEO Collab.) ANTREASYAN 91  PL B259 216 D. Antreasyan et al. (Crystal Ball Collab.)
HEISTER O01E EPJ C22 217 A. Heister et al. (ALEPH Collab.) GRIFOLS 91  PL B255 611 JA. Grifols, A. Mendez (BARC)
ABBIENDI  O00A PL B492 23 G. Abbiendi et al. (OPAL Collab.) SAMUEL 91B PRL 67 668 M.A. Samuel, G.W. Li, R. Mendel (OKSU, WONT)
ABBIENDI  00C EPJ CI3 213 G. Abbiendi et al. (OPAL Coliab.) Also 92B PRL 69 995 M.A. Samuel, G.W. Li, R. Mendel (OKSU, WONT)
ABBIENDI 00D EPJ CI3 197 G. Abbiendi et al. OPAL Collab.) Erratum. _
ABREU 0oL EPJ Cli6 229 P. Abreu et al. (DELPHI Collab.) ABACHI 90 PR D41 1414 S. Abachi et al. (HRS Collab.)
ACCIARRI 00B PL B479 67 M. Acdiarri et al. (L3 Collab)) ALBRECHT ~ 90E PL B246 278 H. Albrecht et al. (ARGUS Collab.)
AHMED 00 PR D61 071101R S, Ahmed et al, (CLEO Collab.) ALBRECHT 90 PL B250 164 H. Albrecht et al. (ARGUS Collab.)
ALBRECHT 00 PL B4g5 37 H. Albrecht et al. (ARGUS Collab.) BEHREND 90  ZPHY C46 537 H.J. Behrend et al. (CELLO Collab.)
ASNER 00 PR D61 012002 D.M. Asner et al. (CLEO Collab.) BOWCOCK 90 PR D41 805 T.J.V. Bowcock et al. (CLEO Collab.)
ASNER 00B PR D62 072006 D.M. Asner et al. (CLEO Collab.) DELAGUILA 90  PL B252 116 F. del Aguila, M. Sher (BARC, WILL)
BERGFELD 00 PRL 84 830 T. Bergfeld et al. (CLEO Collab.) GOLDBERG 90  PL B251 223 M. Goldberg et al (CLEO Collab.)
BROWDER 00 PR D61 052004 T.E. Browder et al. (CLEO Collab.) wu 9 PR D41 2339 D.Y. Wu et al. (Mark Il Collab.)
EDWARDS ~ 00A PR D61 072003 K.W. Edwards et al. (CLEO Collab.) ABACHI 898 PR D40 902 S. Abachi et al. (HRS Collab.)
GONZALEZ-S...00 NP B582 3 G.A. Gonzalez-Sprinberg et al. BEHREND 898 PL B222 163 H.J. Behrend et al (CELLO Collab.)
ABBIENDI  99H PL B447 134 G. Abbiendi et al. OPAL Collab.) JANSSEN 89 PL B228 273 H. Janssen et al (Crystal Ball Collab.)
ABREU 99X EPJ C10 201 P. Abreu et al, (DELPHI Collab.) KLEINWORT 89  ZPHY C42 7 C. Kieinwort et al. (JADE Collab.)
ACKERSTAFF 99D EPJ C8 3 K. Ackerstaff et al. (OPAL Collab.) ADEVA 88 PR D38 2665 B. Adeva et al. (Mark-J Collab.)
ACKERSTAFF 99E EPJ C8 183 K. Ackerstaff et al. (OPAL Collab.) ALBRECHT ~ 88B PL B202 149 H. Albrecht et al. (ARGUS Collab.)
BARATE 99K EPJ C10 1 R, Barate et al. (ALEPH Collab.) ALBRECHT ~ 88L ZPHY C41 1 H. Albrecht et al. (ARGUS Collab.)
BARATE 99R EPJ C11 599 R Barate ef al (ALEPH Collab.) ALBRECHT ~ 83M ZPHY C4l 405 H. Albrecht et al. (ARGUS Collab.)
BISHAI 99 PRL 82 281 M. Bishai et al. (CLEO Collab.) AMIDEI 8 PR D37 1750 D. Amidei et al. (Mark Il Collab.)
GODANG 99 PR D59 091303 R. Godang et al. (CLEO Collab.) BEHREND 88  PL B200 226 H.J. Behrend et al. (CELLO Collab.)
RICHICHI 99 PR D60 112002 S.J. Richichi et al. (CLEO Collab.) BRAUNSCH... 88C  ZPHY (39 331 W. Braunschweig et al (TASSO Collab.)
ACCIARRI 98C PL B426 207 M. Acciarri et al. (L3 Collab.) KEH 88 PL B212 123 S. Keh et al (Crystal Ball Collab.)
ACCIARRI 98E PL B434 169 M. Adarri et al. (L3 Collab,) TSCHIRHART 88  PL B205 407 R. Tschirhart et al. (HRS Collab.)
ACCIARRI 98R PL B438 405 M. Acciarri et al. (L3 Collab.) ABACHI 878 PL B197 291 S. Abachi et al. (HRS Collab.)
ACKERSTAFF 98M EPJ C4 193 K. Ackerstaff et al. (OPAL Collab.) ABACHI 87C PRL 59 2519 S. Abachi et al. (HRS Collab.)
ACKERSTAFF 98N PL B431 188 K. Ackerstaff et al. (OPAL Collab.) ADLER 878 PRL 59 1527 J. Adler et al. (Mark 111 Collab.)
ALBRECHT 98  PL B431 179 H. Albrecht et al. (ARGUS Collab.) AIHARA 878 PR D35 1553 H. Aihara et al (TPC Collab.)
BARATE 98  EPJ C1 65 R. Barate et al. (ALEPH Collab.) AIHARA 87C PRL 59 751 H. Aihara et al. (TPC Collab.)
BARATE 98E EPJ C4 29 R, Barate et al, (ALEPH Coliab.) ALBRECHT ~ 87L PL B185 223 H. Albrecht et al. (ARGUS Collab.)
BLISS 98 PR D57 5903 DW. Bliss et al, (CLEO Coliab.) ALBRECHT ~ 87P PL B199 580 H. Albrecht et al. (ARGUS Collab.)
970 PRL 78 4691 K. Abe et al, (SLD Coliab.) BAND 87  PL B198 297 H.R. Band et al. (MAC Collab.)
ACKERSTAFF 97J PL B404 213 K. Ackerstaff et al. (OPAL Collab.) BAND 878 PRL 59 415 H.R. Band et al. (MAC Collab.)
ACKERSTAFF 97L ZPHY C74 403 K. Ackerstaff et al. (OPAL Collab.) BARINGER 87 ~ PRL 59 1993 P. Baringer et al. (CLEO Collab.)
ACKERSTAFF 97R ZPHY C75 593 K. Ackerstaff et al. (OPAL Collab.) BEBEK 87C PR D36 690 C. Bebek et al. (CLEO Collab.)
ALEXANDER  97F PR D56 5320 J.P. Alexander et al. (CLEO Collab.) BURCHAT 87 PR D35 27 P.R. Burchat et al. (Mark Il Collab.)
AMMAR 97B  PRL 78 4686 R. Ammar et al. (CLEO Collab.) BYLSMA 87 PR D35 2269 B.G. Bylsma et al. (HRS Collab.)
ANASTASSOV 97 PR D55 2559 A. Anastassov et al. (CLEO Collab.) COFFMAN 87 PR D36 2185 D.M. Coffman et al. (Mark 111 Collab.)
Also 98B PR D58 119903 (erratum§\. Anastassov et al. (CLEO Collab.) DERRICK 87 PL B189 260 M. Derrick et al. (HRS Collab.)
ANDERSON ~ 97  PRL 79 3814 S. Anderson et al. (CLEO Collab.) FORD 87 PR D35 408 W.T. Ford et al. (MAC Collab.)
AVERY 97 PR D55 R1119 P. Avery et al. (CLEO Collab.) FORD 878 PR D36 1971 W.T. Ford et al. (MAC Collab.)
BARATE 971 ZPHY C74 387 R. Barate et al. (ALEPH Collab.) GAN 87  PRL 59 411 K.K. Gan et al. (Mark 11 Collab.)
BARATE 97R PL B414 362 R. Barate et al. (ALEPH Collab.) GAN 87B PL B197 561 K.K. Gan et al. (Mark Il Collab.)
BERGFELD 97  PRL 79 2406 T. Bergfeld et al. (CLEO Collab.) AIHARA 86E PRL 57 1836 H. Aihara et al (TPC Collab.)
BONVICINI 97  PRL 79 1221 G. Bonvicini et al. (CLEO Collab.) BARTEL 86D PL B182 216 W. Bartel et al. (JADE Collab.)
BUSKULIC ~ 97C ZPHY C74 263 D. Buskulic et al. (ALEPH Collab.) PDG 8  PL 1708 M. Aguilar-Benitez et al. (CERN, CIT+)
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RUCKSTUHL 86  PRL 56 2132 W. Ruckstuhl et al. (DELCO Collab.)
SCHMIDKE ~ 86  PRL 57 527 W.B. Schmidke et al. (Mark 11 Collab.)
YELTON 86  PRL 56 812 JM. Yelton et al. (Mark 11 Collab.)
ALTHOFF 85  ZPHY (26 521 M. Althoff et al. (TASSO Collab.)
ASH 85B PRL 55 2118 W.W. Ash et al. (MAC Collab.)
BALTRUSAIT...85  PRL 55 1842 R.M. Baltrusaitis et al. (Mark 1l Collab.)
BARTEL 85F PL 161B 188 W. Bartel et al. (JADE Collab.)
BEHRENDS 85 PR D32 2468 S. Behrends et al. (CLEO Collab.)
BELTRAMI 85  PRL 54 1775 I. Beltrami et al. (HRS Collab.)

BERGER 85  ZPHY (281 C. Berger et al. (PLUTO Collab.)

BURCHAT 85  PRL 54 2489 P.R. Burchat et al. (Mark 1 Collab.)

FERNANDEZ 85  PRL 54 1624 E. Fernandez et al. (MAC Collab.)

MILLS 85  PRL 54 624 G.B. Mills et al. (DELCO Collab.)

AIHARA 84C PR D30 2436 H. Aihara et al. (TPC Collab.)

BEHREND 84  ZPHY (23 103 H.J. Behrend et al. (CELLO Collab.)

MILLS 84  PRL 52 1944 G.B. Mills et al. (DELCO Collab.)

BEHREND 83C PL 127B 270 H.J. Behrend et al. (CELLO Collab.)

SILVERMAN 83 PR D27 1196 D.J. Silverman, G.L. Shaw (ucn

BEHREND 82  PL 114B 282 H.J. Behrend et al (CELLO Collab.)

BLOCKER 82B PRL 48 1586 C.A. Blocker et al. (Mark 11 Collab.)

BLOCKER 82D PL 109B 119 C.A. Blocker et al. (Mark 11 Collab.) J

FELDMAN 82 PRL 48 66 G.J. Feldman et al. (Mark 1l Collab.)

HAYES 82 PR D25 2869 K.G. Hayes et al. (Mark Il Collab.)

BERGER 81B PL 99B 489 C. Berger et al. (PLUTO Collab.)

DORFAN 81  PRL 46 215 J.M. Dorfan et al. (Mark 11 Collab.)

BRANDELIK 80  PL 92B 199 R. Brandelik et al. (TASSO Collab.)

ZHOLENTZ 80 PL 96B 214 A.A. Zholents et al. (NOVO)
Also 81 SINP 34 814 A.A. Zholents et al. (NOVO)

Translated from YAF 34 1471,

BACINO 798 PRL 42 749 W.J. Bacino et al. (DELCO Collab.)

KIRKBY 79 SLAC-PUB-2419 J. Kirkby (SLAC) J
Batavia Lepton Photon Conference.

BACINO 78B PRL 41 13 W.J. Bacino et al. (DELCO Collab.) J
Also 78 Tokyo Conf. 249 J. Kirz (STON)
Also 80  PL 96B 214 A.A. Zholents et al. NOVO)

BRANDELIK 78  PL 73B 109 R. Brandelik et al. (DASP Collab.) J

FELDMAN 78 Tokyo Conf. 777 G.J. Feldman (SLAC) J

JAROS 78 PRL 40 1120 J. Jaros et al. (SLAC, LBL, NWES, HAWA)

PERL 75  PRL 35 1489 M.L. Perl et al. (LBL, SLAC)

— OTHER RELATED PAPERS —

RAHAL-CAL.. 98 IJMP A13 695 G. Rahal-Callot (ETH)

GENTILE 96 PRPL 274 287 S. Gentile, M. Pohl (ROMAI, ETH)

WEINSTEIN 93 ARNPS 43 457 A.J. Weinstein, R. Stroynowski (T, sMu)

PERL 92 RPP 55 653 M.L. Perl (SLAC)

PICH 90  MPL A5 1995 A. Pich (VALE)

BARISH 88 PRPL 157 1 B.C. Barish, R. Stroynowski ()

GAN 88 IIMP A3 531 K.K. Gan, M.L. Perl (SLAC)

HAYES 88 PR D38 3351 K.G. Hayes, M.L. Perl (SLAC)

PERL 80  ARNPS 30 299 M.L. Perl (SLAC)

Heavy Charged Lepton Searches

Charged Heavy Lepton MASS LIMITS
Sequential Charged Heavy Lepton (L*) MASS LIMITS

These experiments assumed that a fourth generation £ decayed to a fourth generation
vy (or LY) where v; was stable, or that L+ decays to a light v, via mixing.

See the “Quark and Lepton Compositeness, Searches for” Listings for limits on radia-
tively decaying excited leptons, i.e. £¥ — £v. See the “WIMPs and other Particle
Searches” section for heavy charged particle search limits in which the charged particle
could be a lepton.

VALUE (GeV) L% DOCUMENT ID TECN  COMMENT
>100.8 95 ACHARD 01B L3 Decay to v W
>101.9 95 ACHARD 01B L3 my — mLO > 15 GeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

> 815 95 ACKERSTAFF 98C OPAL Assumed m, s — m o > 8.4
GeV

> 80.2 95 ACKERSTAFF 98C OPAL m, >m, . and 1t oow

<48or >61 95 LACCIARRI 966 L3

> 63.9 95 ALEXANDER 96p OPAL Decay to massless v's

> 63.5 95 BUSKULIC 965 ALEP m; —m o >7 GeV

> 65 95 BUSKULIC 96s ALEP Decay to massless v's

none 10-225 2 AHMED 94 CNTR H1 Collab. at HERA

none 12.6-29.6 95 KIM 91B AMY  Massless v assumed

> 443 95 AKRAWY 906 OPAL

none 0.5-10 95 3RILES 90 MRK2 For (ng-mLc)> 0.25-0.4GeV

> 8 4 STOKER 89 MRK2 For (m , — m,g)= 0.4 GeV

> 12 4 STOKER 89 MRK2 For m =0.9 GeV

none 18.4-27.6 95 5 ABE 88 VNS

> 255 95 6 ADACHI 888 TOPZ

none 1.5-22.0 95 BEHREND  88c CELL

> 41 90 7 ALBAJAR 878 UAL

> 225 95 8 ADEVA 85 MRKJ

> 18.0 95 9 BARTEL 83 JADE

none 4-14.5 95 10 BERGER 818 PLUT

> 155 95 11 BRANDELIK 81 TASS

> 13. 12 AziMOV 80

> 16. 95 13 BARBER 808 CNTR

> 0.490 14 ROTHE 69 RVUE

1 ACCIARRI 96G assumes LEP result that the associated neutral heavy lepton mass > 40

GeV.

2The AHMED 94 limits are from a search for neutral and charged sequential heavy leptons
at HERA via the decay channels L= — ey, L= — v W~, L= — eZ;and L0 — v,
10 e~ W, L= - vZ, where the W decays to £y, or to jets, and Z decays to
£+ e~ or jets.

3RILES 90 limits were the result of a special analysis of the data in the case where the mass
difference m,_ — mp; was allowed to be quite small, where L0 denotes the neutrino
into which the sequential charged lepton decays. With a slightly reduced m, 4 range,
the mass difference extends to about 4 GeV.
STOKER 89 (Mark Il at PEP) gives bounds on charged heavy lepton (L*) mass for

the generalized case in which the corresponding neutral heavy lepton (LO) in the SU(2)
doublet is not of negligible mass.

5 ABE 88 search for LT and L= — hadrons looking for acoplanar jets. The bound is
valid for m,, < 10 GeV.

6 ADACHI 888 search for hadronic decays giving acoplanar events with large missing energy.
Eem® = 52 GeV.
7 Assumes associated neutrino is approximately massless.

8 ADEVA 85 analyze one-isolated-muon data and sensitive to 7 <10 nanosec. Assume
B(lepton) = 0.30. Ecp, = 40-47 GeV.
9BARTEL 83 limit is from PETRA et e~ experiment with average Ecm = 34.2 GeV.

10 BERGER 818 is DESY DORIS and PETRA experiment. Looking for et e~ — LT L.

11 BRANDELIK 81 is DESY-PETRA experiment. Looking for et e~ — LT L.

12 AZIMOV 80 estimated probabilities for M + N type events in eT e~ — L+ L~ deducing
semi-hadronic decay multi es of L from et e~ annihilation data at Ecy, = (2/3)my .
Obtained above limit comparing these with e e~ data (BRANDELIK 80).

13 BARBER 808 looked for ¥ e~ — LL~, L — v} X with MARK-J at DESY-PETRA.

14ROTHE 69 examines previous data on p pair production and = and K decays.

Stable Charged Heavy Lepton (L*) MASS LIMITS

VALUE (GeV, CL% DOCUMENT ID TECN

>102.6 95 ACHARD 01B L3

e ¢ o We do not use the following data for averages, fits, limits, etc. » o o
> 28.2 95 15 ADACHI 90c TOPZ

none 18.5-42.8 95 AKRAWY 900 OPAL

> 26.5 95 DECAMP 90F ALEP

none mu736.3 95 SODERSTROM90 MRK2

15 ADACHI 90¢ put lower limits on the mass of stable charged particles with electric charge
Q satisfying 2/3 < Q/e < 4/3 and with spin 0 or 1/2. We list here the special case for
a stable charged heavy lepton.

Charged Long-Lived Heavy Lepton MASS LIMITS

VALUE (GeV, CL% _EVTS DOCUMENT ID TECN CHG  COMMENT

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

>102.0 95 ABBIENDI  03L OPAL pair produced in |
oo
et e

> 0.1 0 16ANSORGE 738 HBC —  Long-lived

none 0.55-4.5 17 BUSHNIN 73 CNTR —  Long-lived

none 0.2-0.92 18 BARNA 68 CNTR —  Long-lived

none 0.97-1.03 18 BARNA 68 CNTR —  Long-lived

16 ANSORGE 738 looks for electron pair production and electron-like Bremsstrahlung.

17 BUSHNIN 73 is SERPUKHOV 70 GeV p experiment. Masses assume mean life above
7x 10710 and 3 x 1078 respectively. Calculated from cross section (see “Charged
Quasi-Stable Lepton Production Differential Cross Section” below) and 30 GeV muon
pair production data.

18 BARNA 68 is SLAC photoproduction experiment.

Doubly-Charged Heavy Lepton MASS LIMITS

VALUE (GeV) L% DOCUMENT ID TECN  CHG
e o o We do not use the following data for averages, fits, limits, etc. » o o
none 1-9 GeV 90 19 CLARK 81 SPEC ++

19CLARK 81 is FNAL experiment with 209 GeV muons. Bounds apply to up which
couples with full weak strength to muon. See also section on “Doubly-Charged Lepton
Production Cross Section.”

Doubly-Charged Lepton Production Cross Section
(uN Scattering)

VALUE (cm?) EVTS DOCUMENT ID TECN  CHG
e o o We do not use the following data for averages, fits, limits, etc. » o o
<6.x 10738 0 20CLARK 81 SPEC ++

20 C|ARK 81 is FNAL experiment with 209 GeV muon. Looked for ;ﬁ' nucleon — E%X,
M% — ptu— Yy and ptn— ,ﬂ;*x, MF+ — 2utw,. Above limits are for o xBR
taken from their mass-dependence plot figure 2.

Yu
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REFERENCES FOR Heavy Charged Lepton Searches

ABBIENDI 03L PL B572 8 G. Abbiendi et al. (OPAL Collab.)
ACHARD 01B PL B517 75 P. Achard et al. (L3 Collab.)
ACKERSTAFF 98C EPJ C1 45 K. Ackerstaff et al. (OPAL Collab.)
ACCIARRI 96G PL B377 304 M. Acciarri et al. (L3 Collab.)
ALEXANDER 96P PL B385 433 G. Alexander et al. (OPAL Collab.)
BUSKULIC 96S PL B384 439 D. Buskulic et al- (ALEPH Collab.)
AHMED 94  PL B340 205 T. Ahmed et al. (H1 Collab.)
KIM 91B IJMP A6 2583 G.N. Kim et al. (AMY Collab.)
ADACHI 90C PL B244 352 I. Adachi et al. (TOPAZ Collab.)
AKRAWY 90G PL B240 250 M.Z. Akrawy et al. (OPAL Collab.)
AKRAWY 900 PL B252 290 M.Z. Akrawy et al. (OPAL Collab.)
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PERL SLAC-PUB-2752 M.L. Perl (SLAC)

Physics in CoHlsnon Conference.

Neutrinos

OMITTED FROM SUMMARY TABLE
ELECTRON, MUON, AND TAU NEUTRINO LIST-
INGS

Revised July 2003 by P. Vogel (Caltech) and
A. Piepke (University of Alabama).

The following Listings concern measurements of the proper-
ties of neutrinos produced in association with e*, u*, and 7+
Nearly all of the measurements, all of which so far are upper
limits, actually concern superpositions of the mass eigenstates
v;, which are in turn related to the weak eigenstates vy, via the

neutrino mixing matrix
o) = > Usilui) (1)
i

In the analogous case of quark mixing via the CKM matrix,
the smallness of the off-diagonal terms (small mixing angles)
permits a “dominant eigenstate” approximation. Previous edi-
tions of this Review have assumed that the dominant eigenstate
paradigm applies to neutrinos as well. However, the present
results of neutrino oscillation searches suggest that the mixing
matrix contains two large mixing angles. We can therefore no
longer associate any particular state |v;) with any particular
lepton label e, u, or 7. Nevertheless, neutrinos are produced
in weak decays with a definite lepton flavor, and are typically
detected by the charged current weak interaction again associ-
ated with a specific lepton flavor. The listings that follow are
separated into the three associated charged lepton categories.

Measured quantities (mass-squared, magnetic moments,
mean lifetimes, etc.) all depend upon the mixing parame-
ters |Up|?, but to some extent also on experimental conditions
(energy resolution). Most of these observables, in particular
mass-squared, cannot distinguish between Dirac and Majorana
neutrinos and are unaffected by C'P phases.

Direct neutrino mass measurements are usually based on the
analysis of the kinematics of charged particles (leptons, pions)
emitted together with neutrinos (flavor states) in various weak
decays. The most sensitive neutrino mass measurement to date,
involving electron type neutrinos, is based on fitting the shape
of the beta spectrum. The quantity mZ(eff) i [UeiPm?
determined or constrained, where the sum is over all mass
eigenvalues m,, that are too close together to be resolved

experlmentally If the energy resolution is better than Amz ;=
m?,l, — m,,j7 the corresponding heavier m,, and mixing parameter
could be determined by fitting the resulting spectral anomaly
(step or kink).

A limit on m2( )

implies an wpper limit on the mini-

mum value m?,mi“ of m,Z,L_, independent of the mixing param-
2(eff
2 < m,,Ee ).

Vmin —

eters Ug: m However, if and when the study

of neutrino oscillations provides us with the values of all
neutrino mass-squared differences Am?j and the mixing pa-
rameters |Up;|?, then the individual neutrino mass squares
m2 = m2(eﬂ) 3 U2 Am can be determined. If only the

vj
\Am .| are known, a limit on ml(,c ) from beta decay may be
used to define an upper limit on the mazimum value m,,,,,, of

2(eff
My, m?/nmx s=m (e ) + Ez<] ‘Amz]|

The analysis of the low energy beta decay of tritium yields
the most stringent limit on m,(,iﬁ) to date (where m(EH) =

2(eff)) 2(e

Ve e

yet not understood event excess near the spectrum endpoint,

Unphysical negative m,, ) fits, caused by an as
are sometimes encountered. In Ref. 1 two analyses which either
exclude the spectral anomaly by choice of the analysis energy
window or by using one of four data sets yield an acceptable
m,%geff) fit and a m(e ) limit of 2.8 eV. Ref. 2 reports a m( ) limit
of 2.5 eV by introducing an a priori chosen parameterization of
the anomalous near-endpoint events into the spectral analysis.

In analogous way, by measuring the muon momentum in
the pion decay 7" — p* + v, one constrains the quantity
m,z,ff ) _ = 3 |Uil*m?,, where the sum is again over all m,,
that cannot be resolved experimentally. Obviously, the true
m,%ff ) cannot be larger than the mazimum value of m?,i.
As pointed out above, this maximum could be restricted by
the tritium beta decay, provided all neutrino mass-squared
differences \Am?j\ are known. The most sensitive measurement
is m,(ffﬂ) < 170 keV  [3], more than four orders of magnitude
less stringent than the tritium experiments. e
the shape of the spectrum of decay products of the 7 lepton.

Again, the true m,Q,(EH) cannot exceed the mazimum m?
Z(eff) 2(eff)

Similar remarks can be made about m,, ’ constrained by

~ value,

i

which could be constrained by both m,, and m,, values

or limits, provided the corresponding \Am | are known The

(EH) 18.2 MeV  [4], is yet another
(e

two orders of magnitude less sensitive than the m,,“) limit.

most stringent limit on my,

The different sensitivities of the current experiments regarding

i S and. e

are relevant, however, only if the
oscillation searches, reported below, can be regarded as an

reliable source of all \Amgj| values.
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The spread of arrival times of the neutrinos from SN1987A,
coupled with the measured neutrino energies, provides a time-
of-flight limit on a quantity similar to m,(,iﬁ) This statement,
clothed in various degrees of sophistication, has been the basis
for a very large number of papers. The resulting limits, how-
ever, are no longer competitive with the limits from the tritium
beta decay.

Another constraint has been obtained recently from the
analysis of the cosmic microwave background anisotropy ( [5]),
combined with the galaxy redshift surveys and other data.
The constrained quantity is the sum of the neutrino masses,
zi m,, < 0.7 V. Discussion concerning the model dependence

of this limit is continuing.
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J=13

The following results are obtained using neutrinos associated with
et or e”. See Note on “Electron, muon, and tau neutrino listings.”

7 MASS
Those limits given below for 7 mass that come from the kinematics of
3Hﬁ’ﬂ decay are the square roots of limits for mi(efr). These are

3
obtained from the measurements reported in the Listings for “z Mass
Squared,” below.

VALUE (eV) CL% DOCUMENT ID TECN COMMENT
< 3 OUR EVALUATION
< 5.7 95 11 0RrREDO 02 ASTR SN1987A
<25 95 2 LOBASHEV 99 SPEC 3H j decay
<28 95 3 WEINHEIMER 99 SPEC 3H g decay
e o o We do not use the following data for averages, fits, limits, etc. o o o
< 435 95 4 BELESEV 95 SPEC 3H g decay
<12.4 95 5 CHING 95 SPEC 3HpS decay
<92 95 6 HIDDEMANN 95 SPEC 3H g decay
15 32 HIDDEMANN 95 SPEC 3H 8 decay
<19.6 95 KERNAN 95 ASTR SN 1987A
< 7.0 95 7 STOEFFL 95 SPEC 3H 8 decay
<72 95 8 WEINHEIMER 93 SPEC 3H g decay
<117 95 9 HOLZSCHUH 928 SPEC 3H 3 decay
<13.1 95 10 KAWAKAMI 91 SPEC 3H 8 decay
<93 95 11 ROBERTSON 91 SPEC 3H 8 decay
<14 95 AVIGNONE 90 ASTR SN 1987A
<16 SPERGEL 88 ASTR SN 1987A
17 to 40 12 goRIS 87 SPEC 3HpB decay

11 OREDO 02 updates LOREDO 89.

2 LOBASHEV 99 report a new measurement which continues the work reported in BELE-
SEV 95. This limit depends on phenomenological fit parameters used to derive their best
fit to m‘%, making unambiguous interpretation difficult. See the footnote under “7 Mass
Squared.”

3WEINHEIMER 99 presents two analyses which exclude the spectral anomaly and result
in an acceptable m2. We report the most conservative limit, but the other (< 27eV)
is nearly the same. See the footnote under “z Mass Squared.”

4BELESEV 95 (Moscow) use an integral electrostatic spectrometer with adiabatic mag-
netic collimation and a gaseous tritium sources. A fit to a normal Kurie plot above
18300-18350 eV (to avoid a low-energy anomaly) plus a monochromatic line 7-15 eV
below the endpoint yields m2 = —4.1 % 10.9 eV, leading to this Bayesian limit.

5CHING 95 quotes results previously given by SUN 93; no experimental details are given.
A possible explanation for consistently negative values of "’;2/ is given.

6 HIDDEMANN 95 (Munich) experiment uses atomic tritium embedded in a metal-dioxide
lattice. Bayesian limit calculated from the weighted mean m'21 = 221 + 4244 eV2 from
the two runs listed below.

7STOEFFL 95 (LLNL) result is the Bayesian limit obtained from the m‘2/ errors given
below but with m?j set equal to 0. The anomalous endpoint accumulation leads to a
value of m'% which is negative by more than 5 standard deviations.

8 WEINHEIMER 93 (Mainz) is a measurement of the endpoint of the tritium 8 spectrum
using an electrostatic spectrometer with a magnetic guiding field. The source is molecular
tritium frozen onto an aluminum substrate.

9HOLZSCHUH 928 (Zurich) result is obtained from the measurement m12/ = —24+48+61
(1o errors), in ev2, using the PDG prescription for conversion to a limit in m,,.

10 KAWAKAMI 91 (Tokyo) experiment uses tritium-labeled arachidic acid. This result is the
Bayesian limit obtained from the m?[ limit with the errors combined in quadrature. This
was also done in ROBERTSON 91, although the authors report a different procedure.

11ROBERTSON 91 (LANL) experiment uses gaseous molecular tritium. The result is in
strong disagreement with the earlier claims by the ITEP group [LUBIMOV 80, BORIS 87
(+ BORIS 88 erratum)] that m,, lies between 17 and 40 eV. However, the probability of
a positive m2 is only 3% if statistical and systematic error are combined in quadrature.

125ee also comment in BORIS 878 and erratum in BORIS 88.

7 MASS SQUARED

Given troubling systematics which result in improbably negative estima-
tors of mlzl(eﬁ) in many experiments, we use only WEINHEIMER 99 and

e
LOBASHEV 99 for our average, as discussed above in the Note on the
“Electron, muon, and tau neutrino listings.”

VALUE (e\/2) CL% DOCUMENT ID TECN COMMENT

— 25+ 3.3 OUR AVERAGE

19+ 3.4+ 22 13| 0BASHEV 99 SPEC 3H g decay
— 37+ 53+ 21 14 WEINHEIMER 99 SPEC 3H g decay
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

-2 + a8 15 BELESEV 95 SPEC 3H 3 decay
129 +6010 16 HIDDEMANN 95 SPEC 3H 3 decay
313 +5994 16 HIDDEMANN 95 SPEC 3H g decay

~130 4+ 20 +15 95 17 STOEFFL 95 SPEC 3H g decay
31 + 75 448 18 sun 93 SPEC 3Hp decay

~ 39 + 34 %15 19 WEINHEIMER 93 SPEC 3H g decay

— 24 + 48 L6l 20 HOLZSCHUH 928 SPEC 3H 8 decay

— 65 + 85 465 21 KAWAKAMI 91 SPEC 3H 3 decay

—147 + 68 441 22 ROBERTSON 91 SPEC 3H 3 decay

13 OBASHEV 99 report a new measurement which continues the work reported in BELE-
SEV 95. The data were corrected for electron trapping effects in the source, eliminating
the dependence of the fitted neutrino mass on the fit interval. The analysis assuming
a pure beta spectrum yields significantly negative fitted m12/ ~ —(20-10) eV2, This
problem is attributed to a discrete spectral anomaly of about 6 x 1011 intensity with
a time-dependent energy of 5-15 eV below the endpoint. The data analysis accounts
for this anomaly by introducing two extra phenomenological fit parameters resulting in
a best fit of m2= 1.9 & 3.4 & 2.2eV2 which is used to derive a neutrino mass limit.
However, the introduction of phenomenological fit parameters which are correlated with
the derived m,% limit makes unambiguous interpretation of this result difficult.

14 \WEINHEIMER 99 is a continuation of the work reported in WEINHEIMER 93 . Using
a lower temperature of the frozen tritium source eliminated the dewetting of the T,
film, which introduced a dependence of the fitted neutrino mass on the fit interval in
the earlier work. An indication for a spectral anomaly reported in LOBASHEV 99 has
been seen, but its time dependence does not agree with LOBASHEV 99. Two analyses,
which exclude the spectral anomaly either by choice of the analysis interval or by using a
particular data set which does not exhibit the anomaly, result in acceptable mlzj fits and
are used to derive the neutrino mass limit published by the authors. We list the most
conservative of the two.

15BELESEV 95 (Moscow) use an integral electrostatic spectrometer with adiabatic mag-
netic collimation and a gaseous tritium sources. This value comes from a fit to a normal
Kurie plot above 1830018350 eV (to avoid a low-energy anomaly), including the effects
of an apparent peak 7-15 eV below the endpoint.

16 HIDDEMANN 95 (Munich) experiment uses atomic tritium embedded in a metal-dioxide
lattice. They quote measurements from two data sets.

17 STOEFFL 95 (LLNL) uses a gaseous source of molecular tritium. An anomalous pileup
of events at the endpoint leads to the negative value for m'2,. The authors acknowledge

that “the negative value for the best fit of mg has no physical meaning” and discuss
possible explanations for this effect.
SUN 93 uses a tritiated hydrocarbon source. See also CHING 95.

19 WEINHEIMER 93 (Mainz) is a measurement of the endpoint of the tritium 8 spectrum
using an electrostatic spectrometer with a magnetic guiding field. The source is molecular
tritium frozen onto an aluminum substrate.

20 HOLZSCHUH 928 (Zurich) source is a monolayer of tritiated hydrocarbon.

21 KAWAKAMI 91 (Tokyo) experiment uses tritium-labeled arachidic acid.

22ROBERTSON 91 (LANL) experiment uses gaseous molecular tritium. The result is in
strong disagreement with the earlier claims by the ITEP group [LUBIMOV 80, BORIS 87
(+ BORIS 88 erratum)] that m,, lies between 17 and 40 eV. However, the probability of

a positive m'2, is only 3% if statistical and systematic error are combined in quadrature.
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Ve
v MASS 33 RAFFELT 85 limit is from solar x- and ~-ray fluxes. Limit depends on v flux from pp,
. ) now established from GALLEX and SAGE to be > 0.5 of expectation.
These are measurement of m,, (in contrast to my, given above). The 34REINES 74 looked for v of nonzero mass decaying to a neutral of lesser mass + 7.
masses can be different for a Dirac neutrino in the absence of CPT in- Used liquid scintillator detector near fission reactor. Finds lab lifetime 6 x 107 s or more.
variance. The possible distinction between v and ¥ properties is usually Above value of (mean life)/ mass assumes average effective neutrino energy of 0.2 MeV.
ignored elsewhere in these Listings. To obtain the limit 6 x 107 s REINES 74 assumed that the full  reactor flux could be
responsible for yielding decays with photon energies in the interval 0.1 MeV — 0.5 MeV.
VALUE (eV’ CL% DOCUMENT ID TECN  COMMENT is represents some overestimate so their lower limit is an over-estimate of the lal
Thi P! i heir | limit i i f the lab
< 460 68 YASUMI 94 CNTR 163Ho decay 35Ilfetlme.(VOGEL.84_). If so, OBERAUER.87 may be comparable or better.
< 25 95 SPRINGER 87 CNTR 153H0 decay The ratio of the lifetime over the mass derived by BANDYOPADHYAY 03 is for v5. They

obtained this result using the following solar-neutrino data: total rates measured in CI
and Ga experiments, the Super-Kamiokande’s zenith-angle spectra, and SNO's day and
< 45x10% 90 CLARK 74 ASPK  Kg3 decay night spectra. They assumed that vy is the lowest mass, stable or nearly stable neutrino
<4100 67 BECK 68 CNTR 22Na decay state and v, decays through nonradiative Majoron emission process, vp — 77 + J, or
through nonradiative process with all the final state particles being sterile. The best fit
is obtained in the region of the LMA solution.

e o o We do not use the following data for averages, fits, limits, etc. o o o

v CHARGE 36 DERBIN 028 (also BACK 038) obtained this bound from the results of background

measurements with Counting Test Facility (the prototype of the Borexino detector). The

VALUE (units: electron charge) DOCUMENT ID TECN  COMMENT laboratory gamma spectrum is given as dN,Y/d cosf= (1/2) (1 + acosf) with a=0 for
e o o We do not use the following data for averages, fits, limits, etc. ® o o a Majorana neutrino, and « varying to —1 to 1 for a Dirac neutrino. The listed bound
<2x 1014 23 RAFFELT 99 ASTR Red giant luminosity i;efocratslgeocfase oflazo. The most conservative bound 1.5 x 103 seV— ! is obtained for

—14 24 . a=—1.

<6107 o5 AFFELT 99 ASTR  Solar cooling 37 The ratio of the lifetime over the mass derived by JOSHIPURA 028 is for 1. They
<2x10 13 BARBIELLINI 87 ASTR SN 1987A obtained this result from the total rates measured in all solar neutrino experiments.
<1x10™ BERNSTEIN 63 ASTR Solar energy losses They assumed that vy is the lowest mass, stable or nearly stable neutrino state and v,
23 This RAFFELT 99 limit applies to all neutrino flavors which are light enough (<5 keV) decays through nonradiative process like Majoron emission decay, v, — "11 + J where

to be emitted from globular-cluster red giants.
24 This RAFFELT 99 limit is derived from the helioseismological limit on a new energy-loss
channel of the Sun, and applies to all neutrino flavors which are light enough (<1 keV)

"11 state is sterile. The exact limit depends on the specific solution of the solar neutrino
problem. The quoted limit is for the LMA solution.

to be emitted from the sun. 38 BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological
25 precise BARBIELLINI 87 limit depends on assumptions about the intergalactic or galactic 39 limits are also obtam’ed_. . o,
magnetic fields and about the direct distance and time through the field. Nonobservation of 4’s in coincidence with v’s from SN 1987A.
40 KRAKAUER 91 quotes the limit r/m,, > (0.3a2 + 9.8a + 15.9)s/eV, where a is
v MEAN LIFE a parameter describing the asymmetry in the neutrino decay defined as dN,y/dcoso =
(1/2)(1 + acosf) a=0 for a Majorana neutrino, but can vary from —1 to 1 for a Dirac
Measures [E \Uzj\z I'j} —1, where the sum is over mass eigenstates which neutrino. The bound given by the authors is the most conservative (which applies for
cannot be resolved experimentally. In most cases the limit pertains to any a=—1).
decaying neutrino. See footnotes for qualifications and exceptions. 41 CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency
(about 1/4), and pertains to radiative decay of any neutrino to a lighter or sterile neutrino.
VALUE (9) au DOCUMENT I TECN  COMMENT 42 Model-dependent theoretical analysis of SN 1987A neutrinos.
o o o We do not use the following data for averages, fits, limits, etc. o o o 43 OBERAUER 87 bounds are from comparison of observed and expected rate of reactor
T e neutrinos.
26 BILLER 98 ASTR m,= 0.05-1 eV 44 STECKER 80 limit based on UV background; result given is 7 > 4 x 1022 s at m,, = 20
27 cowslk 89 ASTR m,, = 1-50 MeV ev.
28 RAFFELT 89 RVUE ¥ (Dirac, Majorana)
29 RAFFELT 898 ASTR |v-¢ /¢ (v = v VELOCITY)
>278 90 30L0sEccOo 878 IMB
> 1.1x10%5 31 4ENRY 81 ASTR m,= 16-20 eV Expected to be zero for massless neutrino, but tests also whether photons
~ 1022-1023 32 KIMBLE 81 ASTR m,=10-100 eV and neutrinos have the same limiting velocity in vacuum.
26 BILLER 98 use the observed TeV 7-ray spectra to set limits on the mean life of any N
radiatively decaying neutrino between 0.05 and 1 eV. Curve shows 7,, /B, > 0.15x 1021g VALUE (units 1077)  _EVTS 5 DOCUMENT 1D TECN ~ COMMENT
at 0.05eV, > 1.2 x 1021 s at 0.17eV, > 3 x 102 s at 1eV, where B_, is the branching <1 17 STODOLSKY 88 ASTR SN1987A
ratio to photons. g <0.2 LONGO 87 ASTR SN 1987A
27 COWSIK 89 use observations of supernova SN 1987A to set the limit for the lifetime of 45STODOLSKY 88 result based on <10 hr between ¥ detection in IMB and KAMI detectors
a neutrino with 1 < m < 50 MeV decaying through vy — veetober > 4 x 1015 and beginning of light signal. Inclusion of the problematic 5 neutrino events from Mont
exp(—m/5 MeV)s. Blanc (four hours later) does not change the result.
28 RAFFELT 89 uses KYULDJIEV 84 to obtain 7m3 > 3 x 1018 s ev3 (based on ve™ 46 LONGO 87 argues that uncertainty between light and neutrino transit times is £3hr,
cross sections). The bound is not valid if electric and magnetic transition moments are ignoring Mont Blanc events.
equal for Dirac neutrinos.
29RAFFELT 898 analyze stellar evolution and exclude the region 3 x 1012 < rm3 » MAGNETIC MOMENT
< 3x1021seV3.
30 LOSECCO 878 assumes observed rate of 2.1 SNU (solar neutrino units) comes from sun Must vanish for a purely chiral massless Dirac neutrino. A massive Dirac
while 7.0 & 3.0 is theory. or Majorana neutrino can have a transition magnetic moment connect-
3; HENRY 81 uses UV flux from clusters of galaxies to find limit for radiative decay. ing one mass eigenstate to another one. The experimental limits below
32KIMBLE 81 uses extreme UV flux limits. usually cannot distinguish between the true (diagonal, in mass) magnetic
moment and a transition magnetic moment. The value of the magnetic
v (MEAN LIFE) / MASS moment for the standard SU(2)xU(1) electroweak theory extended to in-

clude massive neutrinos (see FUJIKAWA 80) is p,, — 3eG,:m,,/(81r2ﬁ)

2. ms|—1 i i
Measures [E\UEJ\ rj m]] , Where the sum is over mass eigenstates — (320 x 10719)'",,#3 where m,, is in eV and ug — eh/2m, is the

which cannot be resolved experimentally. For many of the ASTR papers Bohr magneton. Given the upper bound m,, < 3 eV, it follows that for
(RAFFELT 85 excepted), the limit applies to any v in the indicated mass the extended standard electroweak theory, u;, < 1x 1018 g Current
range. experiments are not yet challenging this limit. There is considerable con-
troversy over the validity of many of the claimed upper limits on the mag-
VALUE (s/eV) CL% DOCUMENT ID TJECN ~ COMMENT netic moment from the astrophysical data. For example, VOLOSHIN 90
> 7 x ll:l9 33 RAFFELT 85 ASTR states that “in connection with the astrophysical limits on u,,, ... there
> 300 920 34 REINES 74 CNTR 7 is by now a general consensus that contrary to the initial claims (BAR-
o o o We do not use the following data for averages, fits, limits, etc. o o o BIERI 88, LATTIMER 88, GOLDMAN 88, NOTZOLD 88), essentially
- 87x10-5 99 35 BANDYOPA... 03 FIT nonradiative decay no better ti]an quoted \imit_s (from previous constraints) can be derived
> 4200 90 36 DERBIN 028 CNTR Solar pp and Be v from detection of the neutrino flux from the supernova SN1987A." See
S~ 28x10°5 99 37 JOSHIPURA 028 FIT  nonradiative decay VOLOSHIN 88 and VOLOSHIN 88c.
> 28x1015 38,39 BLUDMAN 92 ASTR m, < 50 eV
> 6.4 90 40 KRAKAUER 91 CNTR v at LAMPF VALUE (10-10 41 % DOCUMENT ID TECN  COMMENT
> 63x1015 39,41 cHupp 89 ASTR m,, <20 eV <10 9 47 DARAKTCH... 03 Reactor 7,
> L7x1015 39 koLB 89 ASTR m, < 20eV e o o We do not use the following data for averages, fits, limits, etc. » o o
> 83x10M :g VONFEILIT... 88 ASTR < 55 90  48BACK 038 CNTR Solar pp and Be v
> 2 66 OBERAUER &7 VR (Dirac) <13 90 49y 038 CNTR Reactor 7,
> 38 68 OBERAUER 87 7 (Majorana)
> 59 68 43 OBERAUER 87 v, (Dirac)
> 30 68 KETOV 86 CNTR 7 (Dirac)
> 20 68 KETOV 86 CNTR v (Majorana)
> 2 x10% 44STECKER 80 ASTR m,= 10-100 eV
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ve REFERENCES

<2 90 50 GRIMUS 02 FIT  solar + reactor (Majo- |

1 rana v) BACK 03B PL B563 35 H.O. Back et al. (Borexino Collab.)
< 0.01-0.04 51 AYALA 99 ASTR v, — vg in SN1987A BANDYOQPA... 03  PL B555 33 A. Bandyopadhyay, S. Choubey, S. Goswami (SAHA+)
52 BERNABEU 03  hep-ph/0303202 J. Bernabeu, J. Papavassiliou, J. Vidal

<15 90 53 BEACOM 99 SKAM v spectrum shape DARAKTCH... 03  PL B564 190 Z. Daraktchieva et al. (MUNU Collab.)

< 0.03 RAFFELT 99 ASTR Red giant luminosity FUJIKAWA 03 hep-ph/0303188 K. Fujikawa, R. Shrock

< og RAFFELT 99 ASTR Solar cooling BERABEU 02 bR 89 101005 0 Bermaben, ). Papavason, 1 Viaa |

55 S . Bernabeu, J. Papavassiliou, J. Vida
< 0.62 ELMFORS 97 COSM Depolarization in early Also 028 PRL 89 229902 (erratum)). Bernabeu. J. Papavassiliou, J. Vidal
6 universe plasma DERBIN 02B JETPL 76 409 A.V. Derbin, 0.Ju. Smirnov
<19 95 56 DERBIN 93 CNTR Reactor ve — ve GRIMUS » Lgnggzegdaf_;gm ZETFP 7\6N4863._ .
57 _ _ . Grimus et al.

< 24 20 58 VIDYAKIN 92 CNTR Reactor ve — ve JOSHIPURA  02B PR D66 113008 A.S. Joshipura, E. Masso, S. Mohanty

<10.8 90 KRAKAUER 90 CNTR LAMPF ve — ve LOREDO 02 PR D65 063002 T.J. Loredo, D.Q. Lamb

< 002 co RAFFELT 90 ASTR Red giant luminosity BERVABEU 00 bR Dz 113012 3 e ot ol (Lanp et

<01 60 RAFFELT 898 ASTR  Cooling helium stars AYALA 99 PR D59 111901 A. Ayala, J.C. D’Olivo, M. Torres

61 FUKUGITA 88 COSM Primordial magn. fields BEACOM 99 PRL 83 5222 J.F. Beacom, P. Vogel
60 ; LOBASHEV 99  PL B460 227 V.M. Lobashev et al.
= 3 0 RAFFELT 888 ASTR  He burning stars RAFFELT 99 PRPL 320 319 G.G. Raffelt
< 0.11 FUKUGITA 87 ASTR Cooling helium stars WEINHEIMER 99 PL B460 219 Ch. Weinheimer et al.
<0.1-02 MORGAN 81 COSM *He abundance BIMFORS 57 b mads 3. 2 Eimtors ¢ o (WHIPPLE Colab)
< 0.85 BEG 78 ASTR Stellar plasmons BELESEV 95  PL B350 263 Al Belesev et al. (INRM, KIAE)
< 0.6 62 SUTHERLAND 76 ASTR Red giants + degenerate CHING 95  1IMP A10 2841 CR. Ching et al. (CST, BEUT, CIAE)
dwarfs HIDDEMANN 95 JPG 21 639 K.H. Hiddemann, H. Daniel, O. Schwentker (MUNT)
<1 BERNSTEIN 63 ASTR  Solar cooling STOEFFL o5 PR 75 3037 W stort 3 Decnan {iin)
. Stoeffl, D.J. Decman

<14 COWAN 57 CNTR Reactor v YASUMI 94 PL B334 229 S. Yasumi et al. (KEK, TSUK, KYOT+)

47 - 7o i ine- ALLEN 93 PR D47 11 R.C. Allen et al. (UCI, LANL, ANL+)
Searlchlfor non-standard Vo ebscatterl;\_gr;(():m&onent at Bugelybnuclear rlgac_tor. Full kme; I DERBIN 93 JETPL 57 768 AV, Derbin et ol (PNPI)
matical event reconstruction by use of . Most stringent laboratory limit on magnetic Translated from ZETFP 57 755.

4g moment. SUN 93 CINP 15 261 H.C. Sun et al. (CIAE, CST, BEUT)
BACK 03B obtained this bound from the results of background measurements with WEINHEIMER 93 PL B300 210 C. Weinheimer et al. (MANZ)
Counting Test Facility (the prototype of the Borexino detector). Standard Solar Model BLUDMAN 92 PR D45 4720 S.A. Bludman . . (CFPA)
flux was assumed. This u,, can be different from the reactor ,, in certain oscillation ;%ﬁ?}fgw Z;B Et Eggg 32 }E\'MH%SOC\:‘;% 'j' PFS"?;Z""J\S" ';(au‘s"t‘l'ng (wse L\éZBl'Jri‘%

g Scenarios (see BEACOM 99). VIDYAKIN 92 JETPL 55 206 G.S. Vidyakin et al. (KIAE)
L1 03B used Ge detector in active shield near nuclear reactor to test for nonstandard 7,-e | Translated from ZETFP 55 212.
scattering ALLEN 91 PR D43 RI R.C. Allen et al. (UCI, LANL, UMD)

p L . . . KAWAKAMI 91 PL B256 105 H. Kawakami et al. INUS, TOHOK, TINT+
50GR’_IMUS 02 0bt5§|n stringent bounds_ onlall Majorana neutrino transition moments from I KRAKAUER 91 PR D44 R6 DA, Krakauer et al. ( (LAMPF E225 Cu”ab_g
a simultaneous fit of LMA-MSW oscillation parameters and transition moments to global ROBERTSON 91  PRL 67 957 R.G.H. Robertson et al. (LASL, LLL)
solar neutrino data + reactor data. Using only solar neutrino data, a 90% CL bound of | AVIGNONE 90 PR D41 682 F.T. Avignone, J.I. Collar SCUC)
631010, i abtained. KSR 0 pLESR DA ol (e 25 Co)
R o .G. Raffel

51 AYALA 99 improves the limit of BARBIERI 88. VOLOSHIN 90  NPBPS 19 433 M. Voloshin (ITEP)

52BEACOM 99 obtain the limit using the shape, but not the absolute magnitude which CHUg:ut'i"O 908950"@;%"6962 505 L W v 4 C. Reoi (UNH, MPIM)
. AT ° " . L. Chupp, W.T. Vestrand, C. Reppin 5
is affected by o_scnlatlons, of Fhe solar neutrino spectrum _0bta|ne_d by S_upgrkamloka_nde CowsIK 8 PL B218 o1 R Cowsik, D.N. Schramm, P. Hofich  (WUSL, TATA®)
(825 days). This y,, can be different from the reactor p,, in certain oscillation scenarios. GRIFOLS 89B PR D40 3819 JA. Grifols, E. Masso (BARC)

S3RAFFELT 99 is an update of RAFFELT 90. This limit applies to all neutrino flavors KOLB 89  PRL 62 509 E.W. Kolb, M.S. Turner (CHIC, FNAL)
which are light enough (< 5keV) to be emitted from globular-cluster red giants. This LOREDO 89 ANYAS 571 601 T.J. Loredo, D.Q. Lamb (CHIC)
limit pertains equally to electric dipole moments and magnetic transition moments, and SQEEEE SZB ;EJD;;& 250166 g-%;};ﬁ;e‘tl) Dearborn. J. Silk (P(Eg“é ULCL‘R

5,1t applies to both Dirac and Majorana neutrinos. o BARBIERI 83 PRL 61 27 R. Barbieri, R.N. Mohapatra (PISA, UMD)
RAFFELT 99 is essentially an update of BERNSTEIN 63, but is derived from the he- BORIS 88  PRL 61 245 erratum S.D. Boris et al. (ITEP, ASCI)
lioseismological limit on a new energy-loss channel of the Sun. This limit applies to all FUKUGITA 88  PRL 60 879 M. Fukugita et al. (KYOTU, MPIM, UCB)
neutrino flavors which are light enough (<1 keV) to be emitted from the Sun. This limit EETLTD‘“’G/E’; 88 Egt 52 ;739 I N?OIEM-" et al. ) - N(Tgm)
pertains equally to electric dipole and magnetic transition moments, and it applies to Ao SSB oRL 21 2233 erratum j‘M' L::g:e" 4 gggggz:z:: ngN' BNL;

55 both Dirac and Majorana neutrinos. NOTZOLD 83 PR D38 1658 D. Notzold (MPIM)
ELMFORS 97 calculate the rate of depolarization in a plasma for neutrinos with a mag- RAFFELT 88B PR D37 549 G.G. Raffelt, D.S.P. Dearborn (UCB, LLL)
netic moment and use the constraints from a big-bang nucleosynthesis on additional SPERGEL 88  PL B200 366 D.N. Spergel, J.N. Bahcall (IAS)
degrees of freedom STODOLSKY 83  PL B201 353 L. Stodolsky (MPIM)

56 t . VOLOSHIN 88 PL B209 360 M.B. Voloshin (ITEP)
DERBIN 93 determine the cross section for 0.6-2.0 MeV electron energy as (1.28 + Also 888 JETPL 47 501 M.B. Voloshin (ITEP)
0.63) X oyeak- However, the (reactor on — reactor off)/(reactor off) is only ~ 1/100. Translated from ZETFP 47 421. .

STVIDYAKIN 92 limit is from a e, elastic scattering experiment. No experimental details zgh?ém# ggc éELTEQLOg%ggo y'%énv‘;‘;fﬂm L. Oberater (ASI'J’EQ
are given except for the cross section from which this limit is derived. Signal/noise was BARBIELLINI 87  NAT 329 21 G. Barbiellini, G. Cocconi (CERN)
1/10. The limit uses Si"ZGW = 0.23 as input. BORIS 87  PRL 58 2019 S.D. Boris et al. (ITEP, ASCI)

58 KRAKAUER 90 experiment fully reported in ALLEN 93. poRa™ Sy fRLE1 248 ematum - S.D. Bors et al e )

59 RAFFELT 90 limit applies for a diagonal magnetic moment of a Dirac neutrino, or for a Translated from ZETFP 45 267. .
transition magnetic moment of a Majorana neutrino. In the latter case, the same analysis [gﬁggm‘ g; Eg gg: gg;z m-JF“LWE“Hv S. Yazaki (KYOTU, TN?‘E:J
gives < 1.4 x 10712, Limit at 95%CL obtained from §M. LOSECCO  87B PR D35 2073 M. LoSeceo et (MB Cuuab.g

60 Significant dependence on details of stellar models. OBERAUER 87  PL B198 113 L.F. Oberauer, F. von Feilitzsch, R.L. Mossbauer

61 FUKUGITA 88 find magnetic dipole moments of any two neutrino species are bounded SPRINGER 87 PR A35 679 P.T. Springer et al. (LLNL)

16 110—9 K ) e KETOV 86 JETPL 44 146 S.N. Ketov et al. (KIAE)
by p < 10 [10 G/BO] where By is the present-day intergalactic field strength. Translated from ZETFP 44 114,
62\e obtain above limit from SUTHERLAND 76 using their limit f < 1/3. RAFFELT 85 PR D31 3002 G.G. Raffelt (MPIN)
KYULDJIEV 84 NP B243 387 AV. Kyuldjiev (SOFI)
VOGEL 84 PR D30 1505 P. Vogel
NONSTANDARD CONTRIBUTIONS TO NEUTRIN ATTERIN HENRY 81 PRL 47 618 R.C. Henry, P.D. Feldman (JHU)
ONS co UTIONS TO NEU 0S¢ G KIMBLE 81  PRL 46 80 R. Kimble, S. Bowyer, P. Jakobsen (ucB)
We report limits on the so-called neutrino charge radius squared. While yﬁ?ﬁ:\,‘% gé gkf‘ﬁegég? f(AFL:\J{::;%vaa" R. Shrock ((Ss'lyoszg
the straight-forward definition of a neutrino charge radius has been proven LUBIMOV 80 PL 94B 266 V.A. wai"',ov et al. (ITEP)
to be gauge-dependent and, hence, unphysical (LEE 77¢), there have been Also 80  SINP 32 154 V.S. Kozik et al. (ITEP)
recent attempts to define a physically observable neutrino charge radi Jiansiated from YAF 32 301,
ecent attempts to define a physically observable neutrino charge radius Also 81 JETP 54 616 V.A. Lyubimov et al. (ITEP)
(BERNABEU 00, BERNABEU 02). The issue is still controversial (FU- stec Translated from ZETF 81 1158.S (NASA)
: f TECKER 80  PRL 45 1460 F.W. Stecker NASA
JIKAWA 03, BERNABEU 03). A more general interpretation of the exper- BEG 78 PR DI7 1395 M.A.B. Beg, W.J. Marciano, M. Ruderman  (ROCK+)
imental results is that they are limits on certain nonstandard contributions LEE 77C PR D16 1444 B.W. Lee, R.E. Shrock (STON)
to neutrino scattering. SUTHERLAND 76 PR DI3 2700 P. Sutherland et al. (PENN, COLU, NYU)
CLAR 74 PR D9 533 AR. Clark et al. (LBL)
REINES 74 PRL 32 180 F. Reines, H.W. Sobel, H.S. Gurr (ucty
VALUE (10=32 cm?) L% DOCUMENT ID TECN  COMMENT Also 78 Private Comm. V.E. Barnes (PURD)
63 - BECK 68  ZPHY 216 229 E. Beck, H. Daniel (MPIH)
—2.97to 4.14 90 AUERBACH 01 LSND wvge — vpe BERNSTEIN 63 PR 132 1227 J. Bernstein, M. Ruderman, G. Feinberg (NYU+)
e o o We do not use the following data for averages, fits, limits, etc. o o o COWAN 57 PR 107 528 C.L. Cowan, F. Reines (LANL)
0.9 +£2.7 ALLEN 93 CNTR LAMPF ve — ve

< 23 95 MOURAO 92 ASTR HOME/KAM2 v rates

< 73 90 64 VIDYAKIN 92 CNTR Reactor ve — we
1.1 +23 ALLEN 91 CNTR Repl. by ALLEN 93

65 GRIFOLS 898 ASTR SN 1987A

63 AUERBACH 01 measure v € elastic scattering with LSND detector. The cross section
agrees with the Standard Model expectation, including the charge and neutral current
interference. The 90% CL applies to the range shown.

64 VIDYAKIN 92 limit is from a e elastic scattering experiment. No experimental details
are given except for the cross section from which this limit is derived. Signal/noise was
1/10. The limit uses sin20W = 0.23 as input.

65 GRIFOLS 898 sets a limit of (r2) < 0.2 x 10732 cm? for right-handed neutrinos.
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Yy
J = % 6 KRAKAUER 91 quotes the limit ‘r/m,,1 > (0.75,32 + 21.65a + 26.3)s/eV, where a
is a parameter describing the asymmetry in the neutrino decay defined as dN,Y/dcasﬂ
The following results are obtained using neutrinos associated with = (1/2)(1 + acosf) The parameter a=0 for a Majorana neutrino, but can vary from

—1 to 1 for a Dirac neutrino. The bound given by the authors is the most conservative
(which applies for a= — 1).
7BILLER 98 use the observed TeV 7-ray spectra to set limits on the mean life of a
v MASS radiatively decaying neutrino between 0.05 and 1 eV. Curve shows TV/B,Y >0.15x1021 s

at 0.05eV, > 12 x 102! s at 0.17¢eV, > 3 x 102 s at 1V, where B, is the branching

;ﬁ' or u~ . See Note on “Electron, muon, and tau neutrino listings.”

In the context of some models, it is possible that this weighted sum over

mass eigenstates is the same as for the neutrinos produced in T decay. 8 ratio to photons. " - . . )
BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological

In some of the ASTR and COSM papers listed below, the authors did not limits are also obtained.

distinguish between weak and mass eigenstates. Nonobservation of 4’s in coincidence with »’s from SN 1987A. Results should be divided
by the v — X branching ratio.

OUR EVALUATION is based on OUR AVERAGE for the 7 mass and the 10pODELSON 92 range is for wrong-helicity keV mass Dirac v's from the core of neutron

ASSAMAGAN 96 value for the muon momentum for the =+ decay at rest. star in SN 1987A decaying to v’s that would have interacted in KAM2 or IMB detectors.

The limit is calculated using the unified classical analysis of FELDMAN 98 11 CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency

for a Gaussian distribution near a physical boundary. WARNING: since (about 1/4), and pertains to radiative decay of any neutrino to a lighter or sterile neutrino.

12 podel-dependent theoretical analysis of SN 1987A neutrinos.
13 Limit applies to v, also.

corresponding limits are extraordinarily sensitive to small changes in the 14 These experiments look for vk = vy or Ty = .

pion mass, the decay muon momentum, and their errors. For example, the
limits obtained using the JECKELMANN 94, LENZ 98, and the weighted
averages are 0.15, 0.29, and 0.19 MeV, respectively.

2(eff) . . B
m, eff) is calculated from the differences of large numbers, it and the
L

15 HENRY 81 uses UV flux from clusters of galaxies to find 7 > 1.1 x 1025 s for radiative
decay.

16 KIMBLE 81 uses extreme UV flux limits to find 7 > 1022-1023 s,

17 REPHAELI 81 consider the effect of radiative neutrino decay on neutral H in early universe

VALUE (MeV) CL% DOCUMENT ID TECN  COMMENT based on M31 HI. They conclude 7 > 1024 s,
<0.19 (CL = 90%) OUR EVALUATION 18 DERUJULA 80 finds 7 > 3 x 1023 s based on CDM neutrino decay contribution to UV
1 2 background.
1 ASSAMAGAN PE = .01 .02
<0.17 % . SS G 9? S_ -C my 0-016 £ 0.023 19 STECKER 80 limit based on UV background; result given is 7 > 4 x 1022 s at m, =20
e o o We do not use the following data for averages, fits, limits, etc. o o o eV.
<0.15 2poLGov 95 COSM Nucleosynthesis
<0.48 3ENQVIST 93 COSM Nucleosynthesis v CHARGE
<03 4 FULLER 91 COSM Nucleosynthesis
<0.42 4 1AM 91 COSM Nucleosynthesis VALUE (units: electron charge: DOCUMENT ID TECN  COMMENT
<0.50 90 5 ANDERHUB 82 SPEC m?/: —0.14 + 0.20 e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.65 90 CLARK 74 ASPK K3 decay <2x 10714 20 RAFFELT 99 ASTR Red giant luminosity
<6x 10714 21 RAFFELT 99 ASTR Solar cooling

1 ASSAMAGAN 96 measurement of Pu from 7t — u*u at rest combined with JECK-

20 T P . . . .
ELMANN 94 Solution B pion mass yields mlzl — _0.016 + 0.023 with corresponding This RAFFELT 99 limit applies to all neutrinos which are light enough (<5 kEV) to be

emitted from globular-cluster red giants.

Bayesian limit listed above. If Solution A is used, m|2/ — —0.143 + 0.024 MeV2. Re- 21 This RAFFELT 99 limit is derived from the helioseismological limit on a new energy-loss
places ASSAMAGAN 94. channel of the Sun, and applies to all neutrinos which are light enough (<1 keV) to be
2DOLGOV 95 removes earlier assumptions (DOLGOV 93) about thermal equilibrium below emitted from the sun.
TQCD for wrong-helicity Dirac neutrinos (ENQVIST 93, FULLER 91) to set more strin-
gent limits. |v -9 /¢ (v = v VELOCITY)
3ENQVIST 93 bases limit on the fact that thermalized wrong-helicity Dirac neutrinos X
would speed up expansion of early universe, thus reducing the primordial abundance. Expected to be zero for massless neutrino, but also tests whether photons
FULLER 91 exploits the same mechanism but in the older calculation obtains a larger and neutrinos have the same limiting velocity in vacuum.
production rate for these states, and hence a lower limit. Neutrino lifetime assumed to
exceed nucleosynthesis time, ~ 1s.
4 Assumes neutrino lifetime >1s. For Dirac neutrinos only. See also ENQVIST 93. VALUE (units 10=%) 1% EVTS DOCUMENT ID TECN _ CHG  COMMENT
5 ANDERHUB 82 kinematics is insensitive to the pion mass. e o o We do not use the following data for averages, fits, limits, etc. » o »
<0.4 95 9800 KALBFLEISCH 79 SPEC
my — my <2.0 99 77 ALSPECTOR 76 SPEC 0  >5GeV v
Test of CPT for a Dirac neutrino. (Not a very strong test.) <4.0 99 2% ALSPECTOR 76 SPEC 0 <5 Gev v

VALUE (MeV) CLY% DOCUMENT ID TECN COMMENT v MAGNETIC MOMENT

e o o We do not use the following data for averages, fits, limits, etc. o o o

Must vanish for a purely chiral massless Dirac neutrino. A massive Dirac
<0.45 90 CLARK 74 ASPK Kﬂ3 decay

or Majorana neutrino can have a transition magnetic moment connect-
ing one mass eigenstate to another one. The experimental limits below
v (MEAN LlFE) / MASS usually cannot d|st|njgl.ush betwee.n the true (diagonal, in mass) magnet!c

moment and a transition magnetic moment. The value of the magnetic
moment for the standard SU(2)xU(1) electroweak theory extended to in-

Measures [Z ‘UZJ‘Q r; mj] —1, where the sum is over mass eigenstates

J } ) < 2
which cannot be resolved experimentally. Most of these limits apply to Clude massive '112““'"05 (see FUJIKAWA 80) is p,, = 3¢Gpm,,/(87°/2)
any v within the indicated mass range. = (32 x107")m,upg where m,, is in eV and pg = eh/2mg is the
Bohr magneton. Given the upper bound m,, < 0.19 MeV, it follows that
VALUE (sfeV) CL% EVTS DOCUMENT ID TECN  COMMENT for the extended standard electroweak theory, g, < 6 x 10-14 1g-
>15.4 Ll © KRAKAUER 91 CNTR v, 7, at LAMPF o
e o o We do not use the following data for averages, fits, limits, etc. o o o VALUE (10 #p) L% DOCUMENT ID TECN ~ COMMENT
< 68 90 22 AUERBACH 01 LSND wv,e scatt.
7BILLER 98 ASTR m,= 0.05-1 eV e
= 0. } S
S 28 x 1015 8,9 BLUDMAN 9 ASTR m, < 50 oV e ¢ o We do not use the followmgzgata for averages, fits, limits, etc. o o o )
none 10—12 _ 5« 104 10 pODELSON 92 ASTR m,,~1-300 keV/ < 2 90 GRIMUS 02 FIT solar:mti :Ie)actor (Majo-
15 9,11
> 63 x10 7 ", CHupp 89 ASTR m,, <20 eV < 0.03 24RAFFELT 99 ASTR Red giant luminosity
> L1 a0 113 ROLB 89 ASTR m, <20eV < 4 25RAFFELT 99 ASTR Solar cooling
>33 x10 » > VONFEILIT... 88 ASTR < 0.62 26 ELMFORS 97 COSM Depolarization in early
> 011 Ll o 4 FRANK 81 CNTR vw LAMPF universe plasma
15 HENRY 81 ASTR m,=16-20 eV < 30 %0 VILAIN 958 CHM2 v e — v, e
v w (7
13 KIMBLE 81 ASTR m,=10-100 eV <100 95 27DORENBOS.. 91 CHRM v,e — v,e
1g REPHAELI 81 ASTR m,,— 30-150 eV < 85 90 AHRENS 90 CNTR v,e— vye
2 19 DERUJULA 80 ASTR m,= 10-100 eV < 74 %0 28 KRAKAUER 90 CNTR LAMPF (v, 7,)e
>2  x10 STECKER 80 ASTR m,=10-100 eV east.
> 1.0 x1072 90 0 MBLIETSCHAU 78 HLBC v, CERN GGM < 0.02 29 RAFFELT 90 ASTR Red giant luminosity
> 1.7 x1072 90 0 4 BLIETSCHAU 78 HLBC w,, CERN GGM < 01 30 RAFFELT 898 ASTR  Cooling helium stars
w
S 22 x10-3 90 o 14 BARNES 77 DBC v, ANL 12-ft < 011 30>§; FUKUGITA 87 ASTR Cooling helium stars
3 x10-3 %0 0 BELLOTTI 76 HLBC v, CERN GGM < 0.0006 S2NUSSINOV 67 ASTR  Cosmic EM backgrounds
> 1.3 x1072 90 1 MBELLOTTI 76 HLBC 7, CERN GGM < 085 33 BB 78 ASTR  Stellar plasmons
< 81 KIM 74 RVUE 7,e— 7 e
< 1 34 BERNSTEIN 63 ASTR Solar cooling
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22 AUERBACH 01 limit is based on the LSND vg and vy electron scattering measurements.
The limit is slightly more stringent than KRAKAUER 90.

23 GRIMUS 02 obtain stringent bounds on all Majorana neutrino transition moments from
a simultaneous fit of LMA-MSW oscillation parameters and transition moments to global
solar neutrino data + reactor data. Using only solar neutrino data, a 90% CL bound of
6.3 x 10710, is obtained.

24 RAFFELT 99 is an update of RAFFELT 90. This limit applies to all neutrino flavors
which are light enough (< 5keV) to be emitted from globular-cluster red giants. This
limit pertains equally to electric dipole moments and magnetic transition moments, and
it applies to both Dirac and Majorana neutrinos.

25 RAFFELT 99 is essentially an update of BERNSTEIN 63, but is derived from the he-
lioseismological limit on a new energy-loss channel of the Sun. This limit applies to all
neutrino flavors which are light enough (<1 keV) to be emitted from the Sun. This limit
pertains equally to electric dipole and magnetic transition moments, and it applies to
both Dirac and Majorana neutrinos.

26 ELMFORS 97 calculate the rate of depolarization in a plasma for neutrinos with a mag-
netic moment and use the constraints from a big-bang nucleosynthesis on additional
degrees of freedom.

27T DORENBOSCH 91 corrects an incorrect statement in DORENBOSCH 89 that the v
magnetic moment is < 1 x 10~ at the 95%CL. DORENBOSCH 89 measures both
vye and ve elastic scattering and assume p(v) = p(v).

28 KRAKAUER 90 experiment fully reported in ALLEN 93.

29 RAFFELT 90 limit applies for a diagonal magnetic moment of a Dirac neutrino, or for a
transition magnetic moment of a Majorana neutrino. In the latter case, the same analysis
gives < 1.4 x 10~ 12, Limit at 95%CL obtained from §M.

30 Significant dependence on details of stellar properties.

311 m,, < 10 kev.

32For m,, = 8-200 eV. NUSSINOV 87 examines transition magnetic moments for vy =
ve and obtain < 3 x 10715 for m,, > 16eVand < 6x 10714 for m, > 4 ev.

33KIM 74 is a theoretical analysis of 7y reaction data.

34t m, <1keV.

NONSTANDARD CONTRIBUTIONS TO NEUTRINO SCATTERING

We report limits on the so-called neutrino charge radius squared. While
the straight-forward definition of a neutrino charge radius has been proven
to be gauge-dependent and, hence, unphysical (LEE 77C), there have been
recent attempts to define a physically observable neutrino charge radius
(BERNABEU 00, BERNABEU 02). The issue is still controversial (FU-
JIKAWA 03, BERNABEU 03). A more general interpretation of the exper-
imental results is that they are limits on certain nonstandard contributions
to neutrino scattering.

VALUE (1032 cm?) cL% DOCUMENT ID TECN  COMMENT

e o o We do not use the following data for averages, fits, limits, etc. e o o
<0.68, > —0.53 90 35 HIRSCH 03 ve scat.
<06 90 VILAIN 958 CHM2 e elastic scat.
—1.141.0 36 AHRENS 90 CNTR wve elastic scat.
—03+15 36 DORENBOS... 89 CHRM we elastic scat.

35Based on analysis of CCFR 98 results. Limit is on (r2,) + (r%). The CHARM Il and
E734 at BNL results are reanalyzed, and weaker bounds on the charge radius squared
than previously published are obtained. The NuTeV result is discussed; when tentatively
interpreted as vy charge radius it implies (r%.) + <r%4> = (4.20 + 1.64) x 10 =33 cm2,

36 Result is obtained from reanalysis given in ALLEN 91, followed by our reduction to obtain
1o errors.
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J=1

The following results are obtained using neutrinos associated with
7+ or ™. See Note on “Electron, muon, and tau neutrino listings.”

The v, was directly observed by the DONUT Collaboration (KO-
DAMA 01). Existence indirectly established from 7 decay data
combined with v reaction data. See for example FELDMAN 81.
ALBRECHT 92Q rules out J = 3/2 by establishing that the p™ is
not in a pure Hp=—1 helicity state in 7~ — p~ v,

v MASS

In the context of some models, it is possible that this weighted sum over
mass eigenstates is the same as for the neutrinos produced in p decay.

In some of the ASTR and COSM papers listed below, the authors did not
distinguish between weak and mass eigenstates.

VALUE (MeV CL% _EVTS DOCUMENT ID TECN  COMMENT
< 182 95 L BARATE 98F ALEP 1991-1995 LEP runs
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
< 28 95 2ATHANAS 00 CLEO EES,= 10.6 GeV
< 27.6 95 3 ACKERSTAFF 98T OPAL 1990-1995 LEP runs
< 30 95 473 4 AMMAR 98 CLEO EEG, = 10.6 GeV
< 60 95 5 ANASTASSOV 97 CLEO EE§= 10.6 GeV
< 0.37 or >22 6 FIELDS 97 COSM Nucleosynthesis
< 68 95 7 SWAIN 97 THEO my, 7, T partial widths
< 29.9 95 8 ALEXANDER 96M OPAL  1990-1994 LEP runs
<149 9 BOTTINO 96 THEO m, u, 7 leptonic decays
<1or >25 10 HANNESTAD 96c COSM  Nucleosynthesis
<n 95 11 soBIE 96 THEO m, 7., B(r~ —

e Tav,)
< 24 95 25  12BUSKULIC ~ 95H ALEP 1991-1993 LEP runs
< 019 13 poLGov 95 COSM Nucleosynthesis

< 3 145161 95 ASTR SN 1987A

< 0.4 or > 30 15 DODELSON 94 COSM Nucleosynthesis

< 0.10r > 50 16 KAWASAKI 94 COSM Nucleosynthesis
155-225 17 pERES 94 THEO m,K,u,r weak decays
< 326 95 113 1BCINABRO 93 CLEO EES, ~ 10.6 GeV
< 03o0r>35 19 poLGov 93 COSM Nucleosynthesis

< 0.74 20 ENQVIST 93 COSM Nucleosynthesis
<31 95 19 2LALBRECHT 92MARG  EE§,= 9.4-10.6 GeV
< 03 22 FyLLER 91 COSM Nucleosynthesis

< 050r>25 23 koLB 91 COSM Nucleosynthesis

< 0.42 221 AM 91 COSM Nucleosynthesis

1BARATE 98F result based on kinematics of 2939 7= — 21r’7r+u1. and 52 77 —
3r 2nt (wo)u.,_ decays. If possible 2.5% excited a; decay is included in 3-prong sample
analysis, limit increases to 19.2 MeV.

2 ATHANAS 00 bound comes from analysis of 7~ — =~z x~ 20y, decays.

3 ACKERSTAFF 98T use 7 — 5rT v, decays to obtain a limit of 43.2 MeV (95%CL).
They combine this with ALEXANDER 96M value using 7 — 3nt v, decays to obtain

quoted limit.

4 AMMAR 98 limit comes from analysis of 7~ — 37~ 2t vy and 7~ — 2r~ a 2704,

decay modes.

5 ANASTASSOV 97 derive limit by comparing their m,. measurement (which depends on

m,, ) to BAI 96 m_ threshold measurement.
T
6 FIELDS 97 limit for a Dirac neutrino. For a Majorana neutrino the mass region < 0.93
or >31 MeV is excluded. These bounds assume N,, <4 from nucleosynthesis; a wider
excluded region occurs with a smaller N, upper limit.
7 SWAIN 97 derive their limit from the Standard Model relationships between the tau mass,
lifetime, branching fractions for 7~ — e~ Vv, 77 — p= VyVp T = m Vg, and
T~ — K7 v, and the muon mass and lifetime by assuming lepton universality and using
world average values. Limit is reduced to 48 MeV when the CLEO 7 mass measurement
(BALEST 93) is included; see CLEO’s more recent m,, limit (ANASTASSOV 97).
T

Consideration of mixing with a fourth generation heavy neutrino yields 5in20L < 0.016
(95%CL).

8 ALEXANDER 96M bound comes from analyses of 7~ — 3z~ 27T
h~h~htu,_ decays.

vy and 77—
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9BOTTINO 96 assumes three generations of neutrinos with mixing, finds consistency with
massless neutrinos with no mixing based on 1995 data for masses, lifetimes, and leptonic
partial widths.

10 HANNESTAD 96C limit is on the mass of a Majorana neutrino. This bound assumes
N,, < 4 from nucleosynthesis. A wider excluded region occurs with a smaller N,, up-
per limit. This paper is the corrected version of HANNESTAD 96; see the erratum:
HANNESTAD 96B.

1150BIE 96 derive their limit from the Standard Model relationship between the tau mass,
lifetime, and leptonic branching fraction, and the muon mass and lifetime, by assuming
lepton universality and using world average values.

12BUSKULIC 95H bound comes from a two-dimensional fit of the visible energy and in-
variant mass distribution of 7 — 57r(7r0 )v, decays. Replaced by BARATE 98F.

13 DOLGOV 95 removes earlier assumptions (DOLGOV 93) about thermal equilibrium below
TQcp for wrong-helicity Dirac neutrinos (ENQVIST 93, FULLER 91) to set more strin-
gent limits, DOLGOV 96 argues that a possible window near 20 MeV is excluded.

1451GL 95 exclude massive Dirac or Majorana neutrinos with lifetimes between 10~3 and
108 seconds if the decay products are predominantly v or e e~

15DODELSON 94 calculate constraints on v, mass and lifetime from nucleosynthesis for
4 generic decay modes. Limits depend strongly on decay mode. Quoted limit is valid for
all decay modes of Majorana neutrinos with lifetime greater than about 300 s. For Dirac
neutrinos limits change to < 0.3 or > 33.

16 KAWASAKI 94 excluded region is for Majorana neutrino with lifetime >1000s. Other
limits are given as a function of v_ lifetime for decays of the type v, — Vu¢ where ¢
is a Nambu-Goldstone boson.

17PERES 94 used PDG 92 values for parameters to obtain a value consistent with mixing.
Reexamination by BOTTINO 96 which included radiative corrections and 1995 PDG
parameters resulted in two allowed regions, m3 < 70 MeV and 140 MeV m3 < 149
MeV.

18 CINABRO 93 bound comes from analysis of 7= — 37— 2t vy, and 77 —
2wt 27r01/T decay modes.

19DOLGOV 93 assumes neutrino lifetime >100s. For Majorana neutrinos, the low mass
limit is 0.5 MeV. KAWANO 92 points out that these bounds can be overcome for a Dirac
neutrino if it possesses a magnetic moment. See also DOLGOV 96.

20ENQVIST 93 bases limit on the fact that thermalized wrong-helicity Dirac neutrinos
would speed up expansion of early universe, thus reducing the primordial abundance.
FULLER 91 exploits the same mechanism but in the older calculation obtains a larger
production rate for these states, and hence a lower limit. Neutrino lifetime assumed to
exceed nucleosynthesis time, ~ 1s.

21 ALBRECHT 92m reports measurement of a slightly lower 7 mass, which has the effect
of reducing the v, mass reported in ALBRECHT 88B. Bound is from analysis of 7~ —
3~ 2xt v, mode.

22 Assumes neutrino lifetime >1s. For Dirac neutrinos. See also ENQVIST 93.

23 KOLB 91 exclusion region is for Dirac neutrino with lifetime >1 s; other limits are given.

v (MEAN LIFE) / MASS

Measures |3 ‘Ulj‘z I'j mj —1, where the sum is over mass eigenstates
which cannot be resolved experimentally. Most of these limits apply to

any v within the indicated mass range.

VALUE (s/eV) DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o

24 poLGov 99 COSM
25 BILLER 98 ASTR m,= 0.05-1 eV
>1 x 1014 26 516L 95 ASTR m,, > few MeV
>2.8 x 1013 2728BLUDMAN 92 ASTR m,, < 50 eV
< 10712 0or > 5x 104 29DODELSON 92 ASTR m,=1-300 keV
30 GRANEK 91 COSM Decaying L0
3L\WALKER 90 ASTR m,=0.03 -~ 2 MeV
>6.3 x 1015 28,32 cHupP 89 ASTR m, < 20eV
>1.7 x 1019 28 koLB 89 ASTR my, < 20 eV
33TERASAWA 88 COSM m,= 30-70 MeV
34 KAWASAKI 86 COSM m,, >10 MeV
35 LINDLEY 85 COSM m,, > 10 MeV
36 BINETRUY 84 COSM m, ~ 1 MeV
37 SARKAR 84 COSM m,= 10-100 MeV
38 HENRY 81 ASTR m,=16-20 eV
39 KIMBLE 81 ASTR m,= 10-100 eV
40 REPHAELI 81 ASTR my,= 30-150 eV
4l DERUJULA 80 ASTR m,= 10-100 eV
>2 x 108 42STECKER 80 ASTR m,= 10-100 eV
43 picus 78 COSM my,= 0.5-30 MeV
<3 x10711 44 FALK 78 ASTR m,, <10 MeV
45 cowsik 77 ASTR

24pOLGOV 99 places limits in the (Majorana) r-associated » mass-lifetime plane based on
nucleosynthesis. Results would be considerably modified if neutrino oscillations exist.

25BILLER 98 use the observed TeV ~-ray spectra to set limits on the mean life of a
radiatively decaying neutrino between 0.05 and 1 eV. Curve shows TV/B,Y >015x1021 s

at 0.05eV, > 12 x 1021 s at 0.17eV, > 3 x 102 s at 1 eV, where B, is the branching
ratio to photons.

265IGL 95 exclude 1s <7< 108's for MeV-mass 7 neutrinos from SN 1987A decaying
radiatively, and eliminates the lower limit using other published results.

27 BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological
limits are also obtained.

28 Nonobservation of ~'s in coincidence with v’s from SN 1987A. Results should be divided
by the v — X branching ratio.

29 DODELSON 92 range is for wrong-helicity keV mass Dirac v’s from the core of neutron
star in SN 1987A decaying to »'s that would have interacted in KAM2 or IMB detectors.

30 GRANEK 91 considers heavy neutrino decays to yv; and 3v;, where mVL <100 keV.
Lifetime is calculated as a function of heavy neutrino mass, branching ratio into yv,,
and my, .

31WALKER 90 uses SN 1987A v flux limits after 289 days to find (m/r) > 1.1x1015eVs.

32 CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency
(about 1/4), and pertains to radiative decay of any neutrino to a lighter or sterile neutrino.

33 TERASAWA 88 finds only 102 < 7 < 10 allowed for 30-70 MeV v's from primordial
nucleosynthesis.

34 KAWASAKI 86 concludes that light elements in primordial nucleosynthesis would be
destroyed by radiative decay of neutrinos with 10 MeV<m,, <1 GeV unless 7 5 10%s.

35LINDLEY 85 considers destruction of cosmologically-produced light elements, and finds
T <2x103s for 10 MeV <m,, <100 MeV. See also LINDLEY 79.

36BINETRUY 84 finds v < 108 s for neutrinos in a radiation-dominated universe.

37 SARKAR 84 finds < 20sat m,=10 MeV, with higher limits for other my,, and claims
that all masses between 1 MeV and 50 MeV are ruled out.

38 HENRY 81 uses UV flux from clusters of galaxies to find 7 > 1.1 x 1025 s for radiative
decay.

39 KIMBLE 81 uses extreme UV flux limits to find 7 > 1022-1023 .

40 REPHAELI 81 consider v decay v effect on neutral H in early universe; based on M31
HI concludes 7 > 10%4s.

1DERUJULA 80 finds 7 > 3 x 1023 s based on CDM neutrino decay contribution to UV
background.

42 STECKER 80 limit based on UV background; result given is 7 > 4 x 10225 at m = 20

eV.

43DICUS 78 considers effect of v decay photons on light-element production, and finds
lifetime must be less than “hours.” See also DICUS 77.
FALK 78 finds lifetime constraints based on supernova energetics.

45 COWSIK 77 considers variety of scenarios. For neutrinos produced in the big bang,
present limits on optical photon flux require 7 > 1023 s for m,, ~ 1 eV. See also
COWSIK 79 and GOLDMAN 79.

v MAGNETIC MOMENT

Must vanish for a purely chiral massless Dirac neutrino. A massive Dirac
or Majorana neutrino can have a transition magnetic moment connecting
one mass eigenstate to another one. The experimental limits below usually
cannot distinguish between the true (diagonal, in mass) magnetic moment
and a transition magnetic moment.

The value of the magnetic moment for the standard SU(2)xU(1) elec-
troweak theory extended to include massive neutrinos (see FUJIKAWA 80)
is u, = 3eGpm, /(82v/2) = (3.20 x 10719)m, ug where m,, is in eV
and ug = €h/2mg is the Bohr magneton. Given the upper bound m,, <
18 MeV, it follows that for the extended standard electroweak theory, Hy
< 6x10712 yp.

Most of the astrophysical limits pertain to any neutrino.

VALUE (ug) CLY% DOCUMENT ID TECN COMMENT

<39x10~7 90 46 SCHWIENHO...01 DONU v e~ — v e~
e o e We do not use the following data for averages, fits, limits, etc. o o o

<2 x10710 90 47 GRIMUS 02 FIT

solar + reactor (Majo-
rana v)

<8.0x 1076 90 48 TANIMOTO 00 RVUE ete™ — woy
<3 x10712 49 RAFFELT 99 ASTR Red giant luminosity
<4 x 10710 50 RAFFELT 99 ASTR Solar cooling
<44x10 © 90 ABREU 97) DLPH ete — woyat LEP
<33 %1076 90 51 ACCIARRI 97q L3 ete~ — vwyat LEP
<6.2x 10711 52 ELMFORS 97 COSM Depolarization in early
universe plasma
<27x 1076 95 53 ESCRIBANO 97 RVUE [(Z — wwv)at LEP
<55 x 100 90 GOULD 94 RVUE ete~ — vy at LEP
<5.4x 1077 90 54 COOPER-.. 92 BEBC v e” — v.e~
21078 55 KAWANO 92 ASTR Primodial #He abun-
dance
<5.6x 1070 90 DESHPANDE 91 RVUE ete™ — vy
<2 x10712 56 RAFFELT 90 ASTR Red giant luminosity
<1 x10711 57 RAFFELT 898 ASTR Cooling helium stars
<4, x1076 90 58 GROTCH 88 RVUE ete™ — viy
<1.1x10-11 57,59 FUKUGITA 87 ASTR Cooling helium stars
<6 x 10714 60 NUSSINOV 87 ASTR Cosmic EM backgrounds
<85 x 10711 59 BEG 78 ASTR Stellar plasmons

46 SCHWIENHORST 01 quote an experimental sensitivity of 4.9 x 107,

47 GRIMUS 02 obtain stringent bounds on all Majorana neutrino transition moments from
a simultaneous fit of LMA-MSW oscillation parameters and transition moments to global
solar neutrino data + reactor data. Using only solar neutrino data, a 90% CL bound of
6.3 x 10*10;;3 is obtained.

48 TANIMOTO 00 combined et e~ — vU+y data from VENUS, TOPAZ, and AMY.

49 RAFFELT 99 is an update of RAFFELT 90. This limit applies to all neutrino flavors

which are light enough (< 5keV) to be emitted from globular-cluster red giants. This
limit pertains equally to electric dipole moments and magnetic transition moments, and
it applies to both Dirac and Majorana neutrinos.
RAFFELT 99 is derived from the helioseismological limit on a new energy-loss channel
of the Sun. This limit applies to all neutrino flavors which are light enough (<1 keV)
to be emitted from the Sun. This limit pertains equally to electric dipole and magnetic
transition moments, and it applies to both Dirac and Majorana neutrinos.

51 AgCIARRI 97Q result applies to both direct and transition magnetic moments and for
¢°=0.

52 E| MFORS 97 calculate the rate of depolarization in a plasma for neutrinos with a mag-
netic moment and use the constraints from a big-bang nucleosynthesis on additional
degrees of freedom.
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53 Applies to absolute value of magnetic moment. DODELSON 94 PR D49 5068 S. Dodelson, G. Gyuk, M.S. Turner (FNAL, CHIC+)

54 ¥ - D, i ion — GOULD 94 PL B333 545 T.M. Gould, I.Z. Rothstein (JHU, MICH)

COOPER-SARKAR 92 assume fDS/f.,r = 2 and DS, D5 production cross section = KAWASAKI 91 NP Balo 105 V. Kowosakl ot al (0sU)
2.6 pb to calculate v flux. PERES 94 PR D50 513 O.L.G. Peres, V. Pleitez, R. Zukanovich Funchal

55 KAWANO 92 lower limit is that needed to circumvent 4He production if m,, is between BALEST 93 PR D47 R3671 R. Balest et al. (CLEO Collab.)

CINABRO 93 PRL 70 3700 D. Cinabro et al (CLEO Collab.)

5 and ~ 30 MeV/cz. DOLGOV 93 PRL 71 476 A.D. Dolgov, .Z. Rothstein (MICH)

56 RAFFELT 90 limit valid if m,, < 5 keV. It applies for a diagonal magnetic moment of ENQuiST 93 PLB3OL 376 K. Enavist, . Uibo (ARGUS(Q;JHER
a Dirac neutrino, or for a t.ran.smon magnetic 1m2ome.nt. of a Majorana n.eutnno. In the ALBRECHT ~ 92Q ZPHY C56 339 H. Albrecht et al. (ARGUS Collab.)
latter case, the same analysis gives < 1.4x 10~ *4. Limit at 95%CL obtained from M. BLUDMAN 92 PR D45 4720 S.A. Bludman (CFPA)

57 Gignifi f : COOPER-... 92  PL B280 153 A.M. Cooper-Sarkar et al. (BEBC WA66 Collab.)

o Significant dependelnce on details of stellar properties. DODELSON 92 PRL 68 2572 S. Dodelson, J.A. Frieman, M.S. Turner (FNAL+)
GROTCH 88 combined data from MAC, ASP, CELLO, and Mark J. KAWANO 92 PL B275 487 LH. Kawano et al. (CIT, UCSD, LLL+)

59if m,, <10 keV. PDG 92 PR D45, 1 June, Part Il K. Hikasa et al. (KEK, LBL, BOST+)

60 _ . - . DAVIDSON 91 PR D43 2314 S. Davidson, B.A. Campbell, D. Bailey (ALBE+)
For m,, = 8-200 eV. NUSSINOV 87 examines transition magnetic moments for v, — DESHPANDE 91 PR D43 943 N.G. Deshpande, K.V.L. Sarma (OREG, TATA)
ve and obtain < 3 x 10 15 for m, <16eVand < 6x 10 14 for m, >4eV. FULLER 91 PR D43 3136 G.M. Fuller, RA. Malaney (ucsp)

GRANEK 91 1IMP A6 2387 H. Granek, B.H.J. McKellar (MELB)
KOLB 91  PRL 67 533 E.W. Kolb et al. (FNAL, CHIC)
LAM 91 PR D44 3345 W.P. Lam, K.W. Ng (AST)
v ELECTRIC DIPOLE MOMENT RAFFELT 90  PRL 64 2856 G.G. Raffelt (MPIM)
WALKER 90 PR D41 689 T.P. Walker (HARV)
VALUE (ecm) cL% DOCUMENT ID. TECN  COMMENT CHUPP 89  PRL 62 505 E.L. Chupp, W.T. Vestrand, C. Reppin  (UNH, MPIM)
17 61 -— KOLB 89  PRL 62 509 E.W. Kolb, M.S. Turner (CHIC, FNAL)
<5.2x 10 95 ESCRIBANO 97 RVUE [(Z — wvv) at LEP RAFFELT 89B APJ 336 61 G. Raffelt, D. Dearborn, J. Silk (UCB, LLL)
61 Applies to absolute value of electric dipol ¢ ALBRECHT ~ 88B PL B202 149 H. Albrecht et al. (ARGUS CoHab)
pplies to absolute value of electric dipole moment. GROTCH 88  ZPHY C39 553 H. Grotch, R.W. Robinett (PSU)
TERASAWA 88 NP B302 697 N. Terasawa, M. Kawasaki, K. Sato TOKY)
FUKUGITA 87 PR D36 3817 M. Fukugita, S. Yazaki (KYOTU, TOKY)
v CHARGE NUSSINOV 87 PR D36 2278 S. Nussinov, Y. Rephaeli (TELA)
KAWASAKI 86  PL B178 71 M. Kawasaki, N. Terasawa, K. Sato (TOKY)
- LINDLEY 85 APJ 294 1 D. Lindley (FNAL)
VALUE (units: electron charge DOCUMENT ID__ TECN ~ COMMENT BINETRUY 84 PL 134B 174 P. Binetruy, G. Girardi, P. Salati (LAPP)
e o o We do not use the following data for averages, fits, limits, etc. o o o SARKAR 84  PL 148B 347 S. Sarkar, A.M. Cooper (OXF, CERN)
14 62 FELDMAN 81  SLAC-PUB-2839 G.J. Feldman (SLAC, STAN)

<2 x 107 RAFFELT 99 ASTR Red giant luminosity Santa Cruz APS
—14 63 N HENRY 81  PRL 47 618 R.C. Henry, P.D. Feldman (JH )
<6 x 1074 64 RAFFELT 99 ASTR  Solar cooling KIMBLE 81  PRL 46 80 R. Kimble, S. Bowyer, P. Jakobsen (UCB)
<4 x 10 BABU 94 RVUE BEBC beam dump REPHAELI 81  PL 106B 73 Y. Rephaeli, A.S. Szalay (UCSB, CHIC)
<3x 104 65 DAVIDSON 91 RVUE SLAC electron beam DERUJULA 80  PRL 45 942 A. De Rujula, S.L. Glashow (MIT, HARV)
dump FUJKAWA 80  PRL 45 963 K. Fujikawa, R. Shrock (STON)
STECKER 80  PRL 45 1460 F.W. Stecker (NASA)

62 This RAFFELT 99 limit applies to all neutrino flavors which are light enough (<5 kEV) COWSIK 79 PR D19 2219 R. Cowsik (TATA)
to be emitted from globular-cluster red giants. COLDMAN 7o PR D13 215 T Goldman, G.J. Stephenson (Lasy

. s . U 79 188 15| . Lindle:

63 This RAFFELT 99 limit is der_lved from the helloselsmologlcal I|m|t_ on a new energy-loss BEG 78 PR D17 1395 M_A_'é'_ Byeg, W.J. Marciano, M. Ruderman (R(()CKJJ
channel of the Sun, and applies to all neutrino flavors which are light enough (<1 keV) DICUS 78 PR D17 1529 D.A. Dicus et al. (TEXA, VPI, STAN)
to be emitted from the sun. FALK 78 PL 79B 511 S.W. Falk, D-N. Schramm CHIC)
BABU 94 use COOPER-SARKAR 92 limit on » magnetic moment to derive quoted cowsik 77 PRL 39 784 R. Cowsik ) (MPIM, TATA)
result DICUS 77 PRL 39 168 D.A. Dicus, EW. Kolb, V.L. Teplitz (TEXA, VPI)

. . . LEE PR D16 1444 B.W. Lee, R.E. Shrock TON

65DAVIDSON 91 use data from early SLAC electron beam dump experiment to derive e § e Shrod (STON)

charge limit as a function of neutrino mass. OTHER RELATED PAPERS
NONSTANDARD CONTRIBUTIONS TO NEUTRINO SCATTERING WEINSTEIN 93 ARNPS 43 457 A.J. Weinstein, R. Stroynowski (CIT, SMU)

We report limits on the so-called neutrino charge radius squared. While

the straight-forward definition of a neutrino charge radius has been proven H

to be gauge-dependent and, hence, unphysical (LEE 77¢), there have been N um ber Of NeUtrI no Types

recent attempts to define a physically observable neutrino charge radius H

(BERNABEU 00, BERNABEU 02). The issue is still controversial (FU- and Sum Of NeUtrIno Masses

JIKAWA 03, BERNABEU 03). A more general interpretation of the exper-
imental results is that they are limits on certain nonstandard contributions
to neutrino scattering.

The neutrinos referred to in this section are those of the Standard
SU(2)xU(1) Electroweak Model possibly extended to allow nonzero
neutrino masses. Light neutrinos are those with m < mz/2. The
limits are on the number of neutrino mass eigenstates, including vy,

VALUE (10 32 cm?) % DOCUMENT ID COMMENT vy, and v
e o o We do not use the following data for averages, fits, limits, etc. o o o ’
<9.9 and > —8.2 90 66 HIRSCH 03 anomalous et e~ — v | THE NUMBER OF LIGHT NEUTRINO
) ’ 7 TYPES FROM COLLIDER EXPERIMENTS
66 Results of LEP-2 are interpreted as limits on the axial-vector charge radius squared of
a Majorana v,.. Slightly weaker limits for both vector and axial-vector charge radius Revised August 2001 'by D. Karlen (Carleton University).

squared are obtained for the Dirac case, and somewhat weaker limits are obtained from
the analysis of lower energy data (LEP-1.5 and TRISTAN).

The most precise measurements of the number of light

v, REFERENCES neutrino types, N,, come from studies of Z production in eTe

BERNABEU 03 hep-ph/0303202 J. Bernabeu, J. Papavassiliou, J. Vidal collisions. The invisible partial width, Iy, is determined by
FUJIKAWA 03 hep-ph/0303188 K. Fujikawa, R. Shrock
HIRSCH 03 PR D67 033005 M. Hirsch et al. 1 191 1 1 1
HIRSCH 3 PR Der 033005 N Bermaben & Papavsso, J. Vil subtracting the measured visible partial widths, corresponding
GRIMED 0B PRL B9 229502 (eratum)), Bernabeu, J. Papavassilou, . Vidal to Z decays into quarks and charged leptons, from the total Z
KODAMA 01 PL B504 218 K. Kodama et al. (DONUT Collab.) . . .. . . .
SCHWIENHO... 01 PL B513 23 R. Schwienhorst et al. (DONUT Collab.) width. The invisible width is assumed to be due to N, light
ATHANAS 00 PR D61 052002 M. Athanas et al. (CLEO Collab.) . . . . . . .
BERNABEU 00 PR D62 113012 J. Bernabeu et al. neutrino species each contributing the neutrino partial width
TANIMOTO 00 PL B478 1 N. Tanimoto et al.
DOLGOV 99 NP B548 385 A.D. Dolgov et al. 3
PR R o0 Do T, as given by the Standard Model. In order to reduce the
ACKERSTAFF T EP. 22 K. Acke iff 1. PAL llab. .
AT o e 0 R Aowerstal €l @ ESLEO Eg.;g} model dependence, the Standard Model value for the ratio of
BARATE 98F EPJ C2 395 R. Barate et al. (ALEPH Collab.) . . . .
BILLER 98 PRL 80 2992 S.D. Biller et al. (WHIPPLE Collab.) the neutrino to charged leptonic partial widths, (I',/I'p)sm =
ABREU 97)  ZPHY C74 577 P. Abre_u 5:1 al. (DELPH\ Cal\ab.) ) . )
ACCIARR| ~ 97Q PL B412 201 M. Acciarri et al (L3 Coliab.) 1.991£0.001, is used instead of (I',)gum to determine the number
ANASTASSOV 97 PR D55 2559 A. Anastassov et al. (CLEO Col\ab.)

Also 98B PR D58 119903 (erratum). Anastassov et al. (CLEO Collab.) 3 3 .
ELMFORS 97 NP B503 3 P. Elmfors et al. of light neutrino types:
ESCRIBANO 97  PL B395 369 R. Escribano, E. Masso (BARC, PARIT)
FIELDS 97  ASP 6 169 B.D. Fields, K. Kainulainen, K.A. Olive (NDAM+) F F
SWAIN 97 PR D55 Rl J. Swain, L. Taylor (NEAS) N v L
ALEXANDER 96M ZPHY C72 231 G. Alexander et al. (OPAL Collab.) v — = (1)
BAI 96 PR D53 20 J.Z. Bai et al. (BES Collab.) F[ Fl/ SM
BOTTINO 96 PR D53 6361 A. Bottino et al.
DOLGOV 96 PL B383 193 A.D. Dolgov, S. Pastor, J.W.F. Valle (IFIC, \/ALE) . . .
HANNESTAD 96 PRL 76 2848 S. Hannestad, J. Madsen (AARH) The combined result from the four LEP experiments is N, =
HANNESTAD 96B PRL 77 5148 (ervalum) S. Hannestad, J. Madsen (AARH)
HANNESTAD 96C PR D54 7894 S. Hannestad, J. Madsen (AARH)
SOBIE 96 ZPHY C70 383 R.J. Sobie, R.K. Keeler, I. Lawson (VICT) 2'984 j: 0'008 [1]
BUSKULIC 95H PL B349 585 D. Buskulic et al. (ALEPH Col\ab)
DOLGOV 95 PR D51 4129 A.D. Dolgov, K. Kainulainen, 1.Z. Rothstein  (MICH+) In the past, when only small samples of Z decays had been
SIGL 95 PR D51 1499 G. Sigl, M.S. Turner (FNAL, EFI) .
BABU 9%  PL B32L 140 K.S. Babu, T.M. Gould, I.Z. Rothstein (BART+) recorded by the LEP experiments and by the Mark II at SLC,
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the uncertainty in NV, was reduced by using Standard Model
fits to the measured hadronic cross sections at several center-
of-mass energies near the Z resonance. Since this method is
much more dependent on the Standard Model, the approach
described above is favored.

Before the advent of the SLC and LEP, limits on the
number of neutrino generations were placed by experiments at
lower-energy e*e~ colliders by measuring the cross section of
the process e*e~ — vvy. The ASP, CELLO, MAC, MARK J,
and VENUS experiments observed a total of 3.9 events above
background [2], leading to a 95% CL limit of N, < 4.8.
This process has a much larger cross section at center-of-mass
energies near the Z mass and has been measured at LEP by
the ALEPH, DELPHI, L3, and OPAL experiments [3]. These
experiments have observed several thousand such events, and
the combined result is IV, = 3.00 4 0.08. The same process has
also been measured by the LEP experiments at much higher
center-of-mass energies, between 130 and 208 GeV, in searches
for new physics [4]. Combined, the measured cross section is
0.982 + 0.012 (stat) of that expected for three light neutrino
generations [5].

Experiments at pp colliders also placed limits on NV, by
determining the total Z width from the observed ratio of
W= — ¢*1v to Z — €+£~ events [6]. This involved a calculation
that assumed Standard Model values for the total W width
and the ratio of W and Z leptonic partial widths, and used
an estimate of the ratio of Z to W production cross sections.
Now that the Z width is very precisely known from the LEP
experiments, the approach is now one of those used to determine
the W width.
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Number from et e~ Colliders

Number of Light » Types
Our evaluation uses the invisible and leptonic widths of the Z boson from our combined
fit shown in the Particle Listings for the Z Boson, and the Standard Model value ', /T,
= 1.9908 £ 0.0015.

VALUE DOCUMENT ID TECN

2.994+£0.012 OUR EVALUATION Combined fit to all LEP data.

e o o We do not use the following data for averages, fits, limits, etc. o o o

3.00 +0.05 1iep 92 RVUE
1 simultaneous fits to all measured cross section data from all four LEP experiments.

Number of Light » Types from Direct Measurement of Invisible Z Width
In the following, the invisible Z width is obtained from studies of single-photon events
from the reaction et e~ — ww~y. All are obtained from LEP runs in the Egsm range

88-209 GeV.
VALUE DOCUMENT ID TECN  COMMENT
2.92+0.07 OUR AVERAGE
2.86 + 0.09 HEISTER 03c ALEP /5=189-209 GeV I
2.69+0.134+0.11 ABBIENDI,G 00D OPAL 1998 LEP run
2.84+0.154+0.14 ABREU 00z DLPH 1997-1998 LEP runs
3.01+0.08 ACCIARRI 99R L3 1991-1998 LEP runs
2.89+0.324+0.19 ABREU 97) DLPH 1993-1994 LEP runs
2.68+0.2040.20 BUSKULIC 93L ALEP  1990-1991 LEP runs
e o o We do not use the following data for averages, fits, limits, etc. » o o
3.1 £0.6 +0.1 ADAM 96C DLPH +/s =130, 136 GeV

Limits from Astrophysics and Cosmology

Number of Light » Types
(“light” means < about 1 MeV). See also OLIVE 81. For a review of limits based
on Nucleosynthesis, Supernovae, and also on terrestial experiments, see DENEGRI 90.
Also see “Big-Bang Nucleosynthesis” in this Review.

VALUE DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. » o o
<33 2 BARGER 03¢ COSM
1.4 <N, < 6.8 3 CROTTY 03 COSM
<36 4 CYBURT 03 COSM
1.9 <N, < 7.0 5 HANNESTAD 038 COSM
1.9 <N, < 6.6 3 PIERPAOLI 03 COSM
2<N,, < 4 LISI 99 BBN
< 4.3 OLIVE 99 BBN
4.9 COPI 97 Cosmology

3.6 HATA 978
4.0 OLIVE 97
4.7 CARDALL 968
3.9 FIELDS 96
45 KERNAN 96

High D/H quasar abs.

BBN; high 4He and 7Li
Cosmology, High D/H quasar abs.
Cosmology, BBN; high 4He and TLi
Cosmology, High D/H quasar abs.

ANNANNANANANNNANNNAN
w
o

X OLIVE 95 BBN; > 3 massless v

3.3 WALKER 91 Cosmology
3.4 OLIVE 90 Cosmology

4 YANG 84 Cosmology

4 YANG 79 Cosmology

7 STEIGMAN e Cosmology
PEEBLES 71 Cosmology

<16 6 SHYARTSMAN 69 Cosmology
HOYLE 64 Cosmology

2Limit on the number of neutrino types based on combination of WMAP data and big-
bang nucleosynthesis. The limit from WMAP data alone is 8.3. See also KNELLER 01.
N, > 3 is assumed to compute the limit.

395% confidence level range on the number of neutrino flavors from WMAP data combined
with other CMB measurements, the 2dfGRS data, and HST data.

4Limit on the number of neutrino types based on 4He abundance assuming a baryon
density fixed by the WMAP data. Limit relaxes to 5.2 if D/H is used instead of 4He. |
See also CYBURT 01. N,, > 3 is assumed to compute the limit.

595% confidence level range on the number of neutrino flavors from WMAP data combined
with other CMB measurements, the 2dfGRS data, HST data, and SN1a data.

6 SHVARTSMAN 69 limit inferred from his equations.

Number Coupling with Less Than Full Weak Strength

VALUE DOCUMENT ID TECN

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
<20 7 OLIVE 81c COSM

<20 7TSTEIGMAN 79 COSM

7 Limit varies with strength of coupling. See also WALKER 91.
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Number of Neutrino Types and Sum of Neutrino Masses, Double-3 Decay

Revised April 1998 by K.A. Olive (University of Minnesota).

The limits on low mass (m, < 1 MeV) neutrinos apply to
Myot given by

Mtot = Z(gu/Q)mv )

v
where g, is the number of spin degrees of freedom for v
plus 7: g, =
Majorana neutrinos. Stable neutrinos in this mass range make

4 for neutrinos with Dirac masses; g, = 2 for

a contribution to the total energy density of the Universe which
is given by

Py = Moty = Muot(3/11)ny
where the factor 3/11 is the ratio of (light) neutrinos to photons.
Writing Q, = p,/pc, where p. is the critical energy density of
-3

the Universe, and using n, = 412 cm™", we have

Qh? = myoy /(94 eV) .
Therefore, a limit on Q,h% such as Q,h% < 0.25 gives the limit
Moy < 24 €V .

The limits on high mass (m, > 1 MeV) neutrinos apply

separately to each neutrino type.

Limit on Total » MASS, myg;
(Defined in the above note), of effectively stable neutrinos (i.e., those with mean lives
greater than or equal to the age of the universe). These papers assumed Dirac neutri-
nos. When necessary, we have generalized the results reported so they apply to myq;.
For other limits, see SZALAY 76, VYSOTSKY 77, BERNSTEIN 81, FREESE 84,
SCHRAMM 84, and COWSIK 85.

VALUE (eV)
e o o We do not use the following data for averages, fits, limits, etc. o o o

DOCUMENT ID TECN COMMENT

< 1.0 8 HANNESTAD 038 COSM

< 07 9 SPERGEL 03 COSM WMAP

< 18 10E GAROY 02 ASTR 2dF Galaxy Redshift
Survey

< 09 11y ewis 02 COSM

< 42 12\waNG 02 COSM CMB

< 27 13 FUKUGITA 00 COSM

< 55 14 cROFT 99 ASTR Ly a power spec

<180 SZALAY 74 COSM

<132 COWSIK 72 COSM

<280 MARX 72 COSM

<400 GERSHTEIN 66 COSM

8 Constrains the fractional contribution of neutrinos to the total matter density in the
Universe from WMAP data combined with other CMB measurements, the 2dfGRS data,
HST data, and SN1a data.

9 Constrains the fractional contribution of neutrinos to the total matter density in the
Universe from WMAP data combined with other CMB measurements, the 2dfGRS data,
and Lyman a data. The limit does not noticeably change if the Lyman « data are not
used.

10 ELGAROY 02 constrains the fractional contribution of neutrinos to the total matter
density in the Universe from the power spectrum of fluctuations derived from the 2 Degree
Field Galaxy Redshift Survey. Assumes Qmatter < 0.5 and a spectral index of 1.0. Limit
softens to m,, < 2.2eV for n=1.0 £ 0

L1 LEWIS 02 constrains the total mass of neutrinos from the power spectrum of fluctuations
derived from the CMB, HST Key project, 2dF galaxy redshift survey, supernovae type la,
and BBN.

12\WANG 02 constrains the total mass of neutrinos from the power spectrum of fluctuations
derived from the CMB and other cosmological data sets such as galaxy clustering and
the Lyman « forest.

13 FUKUGITA 00 is a limit on neutrino masses from structure formation. The constraint is
based on the clustering scale og and the COBE normalization and leads to a conservative
limit of 0.9 eV assuming 3 nearly degenerate neutrinos. The quoted limit is on the sum
of the light neutrino masses.

14 CROFT 99 result based on the power spectrum of the Ly o forest. If Qmatter < 0.5,
the limit is improved to m,, < 2.4 (Qmater/0.17-1) V.

Limits on MASSES of Light Stable Right-Handed »
(with necessarily suppressed interaction strengths)

VALUE (eV) DOCUMENT ID TECN
e o o We do not use the following data for averages, fits, limits, etc. o o o

<100-200 15 oLIVE 82 COSM Dirac v
<200-2000 15 oLIVE 82 COSM Majorana v

15 Depending on interaction strength G where Gp <GF.

COMMENT

Limits on MASSES of Heavy Stable Right-Handed v
(with necessarily suppressed interaction strengths)

VALUE (GeV) DOCUMENT ID TECN COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o
> 10 16oLIvVE 82 COSM Gg/Gp <0.1
>100 16 oLIVE 82 COSM Gr/Gp <0.01

16 These results apply to heavy Majorana neutrinos and are summarized by the equation:
m,, >1.2 GeV (Gr/Gg). The bound saturates, and if G is too small no mass range
is allowed.
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Double-3 Decay

OMITTED FROM SUMMARY TABLE
LIMITS FROM NEUTRINOLESS DOUBLE-3 DECAY

Revised September 2003 by P. Vogel (Caltech) and A. Piepke
(University of Alabama).

Neutrinoless double-beta (0v33) decay, if observed, would
signal violation of the total lepton number conservation. The
process can be mediated by an exchange of a light Majorana
neutrino, or by an exchange of other particles. However, the
existence of Ovf@[-decay requires Majorana neutrino mass, no
matter what the actual mechanism is. As long as only a limit
on the lifetime is available, limits on the effective Majorana neu-
trino mass, and on the lepton-number violating right-handed
current can be obtained, independently on the actual mecha-
In the
following we assume that the exchange of light Majorana neu-
trinos (m,,; < O(10 MeV)) contributes dominantly to the decay

rate.

nism. These limits are listed in the next three tables.
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Besides a dependence on the phase space (GO") and the
nuclear matrix element (M%), the observable Ovj33-decay
rate is proportional to the square of the effective Majo-
rana mass ((mgg)), (Tlo/"z)’1 = G - |MY™|% . [(mgg)|?, with
(mgg) = 3, U%m,,. The sum contains, in general, complex
CP phases in UZ,
neutrino flavors there are three physical phases for Majorana

i.e., cancelations may occur. For three

neutrinos and one for Dirac neutrinos. The two additional
Majorana phases affect only total lepton number violating pro-
cesses. Given the general 3 x 3 mixing matrix for Majorana
neutrinos, one can construct other analogous lepton number vi-
olating quantities, >, UpUp;m,,. However, these are currently
much less constrained than (mgg).

Nuclear structure calculations are needed to deduce (mgg)
from the decay rate. While G% can be calculated reliably,
the computation of M% is subject to considerable uncertainty.
If the spread among different ways of evaluating the nuclear
matrix elements is taken as a measure of error, then there is a
factor of ~3 uncertainty in the derived (mgg) values.

The particle physics quantities to be determined are thus
nuclear model-dependent, so the half-life measurements are
listed first. Where possible, we reference the nuclear matrix
elements used in the subsequent analysis. Since rates for the
more conventional 2v(3( decay serve to calibrate the nuclear
theory, results for this process are also given.

Neutrino oscillation experiments yield strong evidence that
at least some neutrinos are massive. However, these findings
shed no light on the mass hierarchy, the absolute neutrino
mass values or the properties of neutrinos under C'P conjuga-
tion (Dirac or Majorana). The atmospheric neutrino anomaly
implies Am2,,, ~ (2 —3) x 1072 ¢V? and a large mixing an-
gle sin? @4, ~ sin?fo3 ~ 0.5. Oscillations of solar v, and
reactor 7, neutrinos lead to the unique ‘LMA solution’ with
Amgal ~ 7 x 107° eV? and sin® 0,y ~ sin® 619 =~ 0.3. The in-
vestigation of reactor 7, at 1 kin baseline indicates that electron
type neutrinos couple only weakly to the third mass eigenstate
with sin? #13 < 0.03. The so called ‘LSND evidence’ for oscil-
lations at short baseline requires Am? ~ 0.2 — 2 eV? and small
mixing.

Based on these results (and neglecting the not yet confirmed
LSND signal): \(mﬂgﬂQ ~ | cos? B0 My + €1 sin? 0,4 ma +
€2 sin? 013 mg|?, with aj,ay denoting CP phases. The ap-
parent smallness of sin’ ;3 thus effectively shields (mgg) from
one of the C'P phases. Given the present knowledge of the
neutrino oscillation parameters, both of the Am? values and
of the mixing angles, one can derive the relation between the
effective Majorana mass and the mass of the lightest neutrino,
as illustrated in Fig. 1. The contribution of possible sterile
neutrinos has been neglected.

If the neutrinoless double-beta decay is observed, it will be
possible to fix a range of absolute values of the masses m,.
However, if direct neutrino mass measurements, e.g. using beta
decay (which is sensitive to m,Q,EEE) =3, |Ueil®m2,), also yield
positive results, we may learn something about the otherwise

1000

0.100

Inverse R

000 b Normal

f

effective mass l<mgg>! (eV)

0001

0.001 0.010 100 1.00C
minimum neutrino mass (eV)

Figure 1: Dependence of the effective Majo-
rana mass (mgg) derived from the rate of neu-
trinoless double-beta decay (l/Tlo/”2 ~ |(mﬁﬁ)|2)
on the absolute mass of the lightest neutrino.
The arrows indicate the three possible neutrino
mass patterns or “hierarchies.” The curves are
based on the ‘LMA solution,’ Amzul =7x107°
eV?, sin?,,; = 0.3, and Am2,, = 2.4 x 1073
eV2, #13 = 0. The cross-hatched region is cov-
ered if one o errors on these oscillation parame-
ters are included.

inaccessible CP phases. To do so we have to assume that
the Majorana mass is responsible for the decay and that
the calculations of M% will be improved. Unlike the direct
neutrino mass measurements, however, a limit on (mgg) does
not allow one to constrain the individual mass values m,, even
when the mass differences Am? are known.

Depending on the pattern of neutrino mass, Ov[33-decay

2
sol?

({mgg) ~ sin® O5o14/Am2,, ~ 5 meV), or by the larger Am?,,,

“inverse hierarchy” in Fig. 1 ((mgg) ~ /Am2,,, ~ 50 meV). In
the so called “degenerate” scenario an overall mass offset exists

may be driven by the small Am? ,, “normal hierarchy” in Fig. 1

and (mgg) is relatively large.

Neutrino oscillation data imply the existence of a lower limit
for the Majorana neutrino mass for some of the mass patterns.
Several new double-beta searches have been proposed to probe
the interesting (mgg) mass range.

If lepton-number violating right-handed current weak in-
teractions exist, the OvB(3 decay rate also depends on the
quantities (n) = n>_; UeiVei and (X) = A, UeiVei, where Vj;
is a matrix analogous to Uj; but describing the mixing with
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the hypothetical right-handed neutrinos and the coupling con-
stants 77 and A characterize the strength of the corresponding
right-right and right-left weak interactions. The (n) and ()
vanish for massless or unmixed neutrinos due to the unitarity
of the generalized mixing matrix containing both the U and
V matrices. The limits on () are of order 1078, while the
limits on (\) are of order 1075, The reader is cautioned that
a number of earlier experiments did not distinguish between 7
and M. In addition, see the section on Majoron searches for

additional limits set by these experiments.

Half-life Measurements and Limits for Double-3 Decay
In all cases of double-beta decay, (Z,A) — (Z+2,A) +2e~ + (0or2)7,. In the
following Listings, only best or comparable limits or lifetimes for each isotope are
reported. For 2v decay, which is well established, only measured half-lives are reported.

t 2(1021 yr) CL% ISOTOPE TRANSITION METHOD DOCUMENT ID

e o o We do not use the following data for averages, fits, limits, etc. o o o

> 210 90 130Te ov Cryog. det. 1 ARNABOLDI 03
> 31 90 1307e ov ot— 2t Cryog. det. 2 ARNABOLDI 03
0.61+0.14F322 90 130Te 2 Cryog. det. 3 ARNABOLDI 03
> 110 90 1287e op Cryog. det. 4 ARNABOLDI 03
(0.029F0-09%) 6cq 2y 116¢cqwo, scint. 5 DANEVICH 03
> 170 90 6cqd oy 116cqwo, scint. 6 DANEVICH 03
> 29 90 16cd o ot 2t 116Cdwo, scint. 7 DANEVICH 03
> 14 90 6cd ov  0t—o0f 116cdwo, scint. 8 DANEVICH 03
> 6 90 16cd 0w ot o] 116cawo, scint. ° DANEVICH 03
>15700 90 76Ge ov Enriched HPGe 10 AALSETH 028
> 58 90 134xe o Liquid Xe Scint. 1 BERNABEI  020)
> 1200 90 136xe op Liquid Xe Scint. 12 BERNABEI 020

+168000 76
15000 168200 Ge Oy

(72409 + 18)E-3 1000 2y Lig. Arioniz. 14 ASHITKOV 01
> 49 90 100Mmo 0w Lig. Arioniz. 15 ASHITKOV 01
> 13 90 160Gd ov GdySiOg:Ce 16 DANEVICH 01
> 13 90 160Gd o  0t— 2t GdySiO5:Ce  17DANEVICH o1
059317 + 0.06 100Mo op-+2v 0F— 0f  Ge coinc. 18 DEBRAECKEL.01
> 55 90 1000 0v,(m,,) ELEGANTV  19EJRI 01
> 42 90 100Mo o,(A) ELEGANTV  19EJRI 01
> 49 90 100Mmo ow,(n) ELEGANTV  19EJIRI 01
>19000 90 76Ge ov Enriched HPGe 20 KLAPDOR-K...01

155+ 0.001 701200 76Ge 20 Enriched HPGe 2! KLAPDORK...01

(9.4 £32)E-3 90 %z ov+2v Geochem 22 WIESER 01
0.04273-933 48ca 2w Ge spectrometer 23 BRUDANIN 00
0.021F 8% + 0,002 %z 2 NEMO-2 24 ARNOLD 99
> 1.0 90 %zr o NEMO-2 24 ARNOLD 99
(83+1.0+£07)E-2 82se 2v NEMO-2 25 ARNOLD 98
> 95 90 82se o NEMO-2 26 ARNOLD 98
> 28 90 82se o ot -2t NEMO-2 27 ARNOLD 98
(167223 10010 2 si(Li) 28 ALSTON-... 97
(6.8270-38 + 0.68)E-3 100Mo 20 TPC 29 DESILVA 97
(6.757 035 + 0.68)E-3 150Nd 20 TPC 30 DESILVA 97
> 12 90 150Nd o TPC 31 DESILVA 97
177+ 0014013 T6Ge 2v Enriched HPGe 32 GUENTHER 97
(3.75 + 0.35 + 0.21)E-2116Cd 20 ot 0T NEMO 2 33 ARNOLD %
0.0437 3924 0014 %8ca 2 TPC 34 BALYSH 9%
0.79 + 0.10 130Te Ovt2v Geochem 35 TAKAOKA 9
0.617018 10Mo ov+2v 0% — 0f v in HPGe 36 BARABASH 95
(9.5 £0.4 £09)E-3  100Mmo 20 NEMO 2 DASSIE 95
> 06 90 100Mo 0w 0+ —o0f NEMO2 DASSIE 95
0.026+:002 16cg 20 0t -0t ELEGANT IV EJIRI 95
0.017 {020 = 0.0035 150Nd 20 ot ot TRC ARTEMEV 93
0.039 + 0.009 %z ovt2v Geochem KAWASHIMA 93
27 4+ 01 130T gyt Geochem BERNATOW... 92
7200 + 400 1281 gyt Geochem 37 BERNATOW... 92
27 68 82se ov ot o0t TPC ELLIOTT 92
0.108F 3-926 82se 2y ot o0t TPC ELLIOTT 92
20406 238y gut2w Radiochem 38 TURKEVICH 91
> 95 76 ‘8ca oy CaF; scint. You 91
0.12 £ 0.01 +0.0468 82Se  Ov+2v Geochem. 391N 88
075+ 0.03 £ 02368 130Te ouvt2v Geochem. 40N 88
1800 + 700 68 128Te outov Geochem. AN 888|
2,60 + 0.28 130T Ovt2v Geochem 42 KIRSTEN 83

Enriched HPGe 13 KLAPDOR-K... 020l

1Supersedes ALESSANDRELLO 00. Array of TeO, crystals in high resolution cryogenic
calorimeter. Some enriched in 130Te, Ground state to ground state decay.
Decay into first excited state of daughter nucleus.

3Two neutrino decay into ground state. Relatively large error mainly due to uncer-
tainties in background determination. Reported value is shorter than the geochemical
measurements of KIRSTEN 83 and BERNATOWICZ 92 but in agreement with LIN 88
and TAKAOKA 96.

4Supersedes ALESSANDRELLO 00. Array of TeO, crystals in high resolution cryogenic
calorimeter. Some enriched in 128 Te. Ground state to ground state decay.

5 Calorimetric measurement of 2v ground state decay of 116¢q using enriched CdWO,
scintillators. Agrees with EJIRI 95 and ARNOLD 96. Supersedes DANEVICH 00.

SLimit on Ov decay of 116¢q using enriched CdWO, scintillators.  Supersedes
DANEVICH 00.

7 Limit on Ov decay of 116Cd into first excited 27 state of daughter nucleus using enriched
CdWO, scintillators. Supersedes DANEVICH 00.

8 Limit on Ov decay of 116d into first excited 01 state of daughter nucleus using enriched
CdWO, scintillators. Supersedes DANEVICH 00.

9Limit on Ov decay of 1164 into second excited 07 state of daughter nucleus using
enriched CdWO, scintillators. Supersedes DANEVICH 00.

10 AALSETH 028 limit is based on 117 mol-yr of data using enriched Ge detectors.
Background reduction by means of pulse shape analysis is applied to part of the data set.
Reported limit is slightly less restrictive than that in KLAPDOR-KLEINGROTHAUS 01
However, it excludes part of the allowed half-life range reported in KLAPDOR-
KLEINGROTHAUS 01B for the same nuclide.

11 BERNABEI 02D report a limit for the 0y, 0+ — 01 decay of 134Xe, present in the
source at 17%, by considering the maximum number of events for this mode compatible
with the fitted smooth background.

12 BERNABEI 020 report a limit for the Ov, 07 — 07 decay of 136 e, by considering the
maximum number of events for this mode compatible with the fitted smooth background.
The quoted sensitivity is 450 x 1021 yr. The Feldman and Cousins method is used to
obtain the quoted limit.

13KLAPDOR-KLEINGROTHAUS 020 is an expanded
version of KLAPDOR-KLEINGROTHAUS 01B. The authors re-evaluate the data col-
lected by the Heidelberg-Moscow experiment (KLAPDOR-KLEINGROTHAUS 01) and
present a more detailed description of their analysis of an excess of counts at the energy
expected for neutrinoless double-beta decay. They interpret this excess, which has a sig-
nificance of 2.2 to 3.1 & depending on the data analysis, as evidence for the observation
of Lepton Number violation and violation of Baryon minus Lepton Number. The analysis
has been criticized by AALSETH 02 and others. The criticisms have been addressed in
KLAPDOR-KLEINGROTHAUS 02. See also KLAPDOR-KLEINGROTHAUS 02B.

14 ASHITKOV 01 result for 2v of 100Mo is in agreement with other determinations of that
halflife.

15 ASHITKOV 01 result for 0v of 100Mo is less stringent than EJIRI 01.

16 DANEVICH 01 place limit on Ov decay of 16064 using Gd,SiOg:Ce crystal scintillators.
The limit is more stringent than KOBAYASHI 95.

17 DANEVICH 01 place limits on Ov decay of 160Gq into excited 27 state of daughter
nucleus using Gd,SiOg:Ce crystal scintillators.

18 DEBRAECKELEER 01 performed an inclusive measurement of the 33 decay into the
second excited state of the daughter nucleus. A novel coincidence technique counting
the de-excitation photons is employed. The result agrees with BARABASH 95.

19EJIRI 01 uses tracking calorimeter and isotopically enriched passive source. Efficiencies
were calculated assuming (m,,), (), or (n) driven decay. This is a continuation of
EJIRI 96 which it supersedes.

20 KLAPDOR-KLEINGROTHAUS 01 is a continuation of the work published in BAUDIS 99.
Isotopically enriched Ge detectors are used in calorimetric measurement. The most strin-
gent bound is derived from the data set in which pulse-shape analysis has been used to
reduce background. Exposure time is 35.5 kg y. Supersedes BAUDIS 99 as most stringent
result.

21 KLAPDOR-KLEINGROTHAUS 01 is a measurement of the B3 2v-decay rate with higher
statistics than GUENTHER 97. The reported value has a worse systematic error than
their previous result.

22 \W|ESER 01 reports an inclusive geochemical measurement of %67, BB half life.
Their result agrees within 2o with ARNOLD 99 but only marginally, within 3¢, with
KAWASHIMA 93.

23 BRUDANIN 00 determine the 2v halflife of #8Ca. Their value is less accurate than
BALYSH 96.

24 ARNOLD 99 measure directly the 2v decay of Zr for the first time, using the NEMO-2
tracking detector and an isotopically enriched source. The lifetime is more accurate than
the geochemical result of KAWASHIMA 93.

25 ARNOLD 98 measure the 2v decay of 82Se by comparing the spectra in an enriched and
natural selenium source using the NEMO-2 tracking detector. The measured half-life is
in agreement, perhaps slightly shorter, than ELLIOTT 92.

26 ARNOLD 98 determine the limit for O decay to the ground state of 82g¢ using the
NEMO-2 tracking detector. The half-life limit is in agreement, but less stringent, than
ELLIOTT 92.

27 ARNOLD 98 determine the limit for Ov decay to the excited 2 state of 82Se using the
NEMO-2 tracking detector.

28 ALSTON-GARNJOST 97 report evidence for 2v decay of 100Mo. This decay has been
also observed by EJIRI 91, DASSIE 95, and DESILVA 97.

29 DESILVA 97 result for 2v decay of 100Mo is in agreement with ALSTON-GARNJOST 97
and DASSIE 95. This measurement has the smallest errors.

30 DESILVA 97 result for 2v decay of 150Nd is in marginal agreement with ARTEMEV 93.
It has smaller errors.

31 DESILVA 97 do not explain whether their efficiency for O» decay of 150Nd was calculated
under the assumption of a (m,,), (), or (n) driven decay.

32GUENTHER 97 half-life for the 2v decay of 76Ge is not in good agreement with the
previous measurements of BALYSH 94, AVIGNONE 91, and MILEY 90.

33 ARNOLD 96 measure the 2v decay of 116Cd. This result is in agreement with EJIRI 95,
but has smaller errors. Supersedes ARNOLD 95.

34BALYSH 96 measure the 2 decay of 48ca, using a passive source of enriched 48Cain
a TPC.

35 TAKAOKA 96 measure the geochemical half-life of 130Te. Their value is in disagreement
with the quoted values of BERNATOWICZ 92 and KIRSTEN 83; but agrees with several
other unquoted determinations, e.g., MANUEL 91.




450
Lepton Particle Listings
Double-3 Decay

36 BARABASH 95 cannot distinguish Ov and 2v, but it is inferred indirectly that the Ov
mode accounts for less than 0.026% of their event sample. They also note that their
result disagrees with the previous experiment by the NEMO group (BLUM 92).

37 BERNATOWICZ 92 finds 128Te/130Te activity ratio from slope of 128xe/132Xe vs
130Xe/132Xe ratios during extraction, and normalizes to lead-dated ages for the 1301

lifetime. The authors state that their results imply that “(a) the double beta decay
of 128Te has been firmly established and its half-life has been determined ... without
any ambiguity due to trapped Xe interferences. .. (b) Theoretical calculations ... under-

estimate the [long half-lives of 1287 130Te] by 1 or 2 orders of magnitude, pointing
to a real suppression in the 2v decay rate of these isotopes. (c) Despite [this], most
BB-models predict a ratio of 2v decay widths ... in fair agreement with observation.”
Further details of the experiment are given in BERNATOWICZ 93. Our listed half-life
has been revised downward from the published value by the authors, on the basis of
reevaluated cosmic-ray 128xe production corrections.

38 TURKEVICH 91 observes activity in old U sample. The authors compare their results
with theoretical calculations. They state “Using the phase-space factors of Boehm and
Vogel (BOEHM 87) leads to matrix element values for the 238U transition in the same
range as deduced for 130 Te and 76Ge. On the other hand, the latest theoretical estimates
(STAUDT 90) give an upper limit that is 10 times lower. This large discrepancy implies
either a defect in the calculations or the presence of a faster path than the standard
two-neutrino mode in this case.” See BOEHM 87 and STAUDT 90.

39 Result agrees with direct determination of ELLIOTT 92.

40 |nclusive half life inferred from mass spectroscopic determination of abundance of 83-
decay product 130Te in mineral kitkaite (NiTeSe). Systematic uncertainty reflects varia-
tions in U-Xe gas-retention-age derived from different uranite samples. Agrees with geo-
chemical determination of TAKAOKA 96 and direct measurement of ARNABOLDI 03.
Inconsistent with results of KIRSTEN 83 and BERNATOWICZ 92.

41 Ratio of inclusive double beta half lives of 128Te and 130Te determined from minerals
melonite (NiTey) and altaite (PbTe) by means of mass spectroscopic measurement of
abundance of 38-decay products. As gas-retention-age could not be determined the
authors use half life of 130Te (LIN 88) to infer the half life of 1287e, No estimate of the
systematic uncertainty of this method is given. The directly determined half life ratio
agrees with BERNATOWICZ 92. However, the inferred 128Te half life disagrees with
KIRSTEN 83 and BERNATOWICZ 92.

42 KIRSTEN 83 reports “26” error. References are given to earlier determinations of the
130Te jifetime.

{(m, ), The Effective Weighted Sum of Majorana Neutrino Masses
Contributing to Neutrinoles Double-3 Decay
(m,) = | U imy; |, where the sum goes from 1 to n and where n = number of
neutrino generatmns, and v; is a Majorana neutrino. Note that Uzej’ not ‘Uej B

occurs in the sum. The possibility of cancellations has been stressed. In the following
Listings, only best or comparable limits or lifetimes for each isotope are reported.

VALUE (eV’ % ISOTOPE TRANSITION METHOD DOCUMENT ID

e o o We do not use the following data for averages, fits, limits, etc. e o o

< 1126 90 1307e Cryog. det. 43 ARNABOLDI 03
<15-1.7 90 16cd oy 116¢cqwo, scint. 44 DANEVICH 03
<0.33-1.35 90 Enriched HPGe 5 AALSETH 02
<2.9 90 136xe ov Liquid Xe Scint. 46 BERNABEI 02

0394037 76Ge 0w Enriched HPGe 47 KLAPDOR-K... 02D

<21-48 90 100\ 0n ELEGANT V 4B EJRI 01
<035 90 76Ge Enriched HPGe 49 KLAPDOR-K...01
<23 90 %7z NEMO-2 50 ARNOLD 99
<1.1-15 1287 Geochem 51 BERNATOW... 92
<5 68 82se TPC 52ELLIOTT 92
<83 76 %8ca v CaF, scint. You 91

43Supersedes ALESSANDRELLO 00. Cryogenic calorimeter search.
reflecting uncertainty in nuclear matrix element calculations.

44 Limit for <m,,) is based on the nuclear matrix elements of STAUDT 90 and ARNOLD 96.
Supersedes DANEVICH 00.

45 AALSETH 028 reported range of limits on (m,,) reflects the spread of theoretical nu-
clear matrix elements. Excludes part of allowed mass range reported in KLAPDOR-
KLEINGROTHAUS 018.

46 BERNABEI 02D limit is based on the matrix elements of SIMKOVIC 02. The range of
neutrino masses based on a variety of matrix elements is 1.1-2.9 eV.

47 KLAPDOR-KLEINGROTHAUS 02D is a detailed description of the analysis of the data
collected by the Heidelberg-Moscow experiment, previously presented in KLAPDOR-
KLEINGROTHAUS 01B. Matrix elements in STAUDT 90 have been used. See
the footnote in the preceding table for further details. See also KLAPDOR-
KLEINGROTHAUS 028.

48 The range of the reported (my) values reflects the spread of the nuclear matrix elements.
On axis value assuming (\)=(n)=0.

49 KLAPDOR-KLEINGROTHAUS 01 uses the calculation by STAUDT 90. Using several
other models in the literature could worsen the limit up to 1.2eV. This is the most
stringent experimental bound on m,,. It supersedes BAUDIS 99B.

50 ARNOLD 99 limit based on the nuclear matrix elements of STAUDT 90.

51 BERNATOWICZ 92 finds these majorana neutrino mass limits assuming that the mea-
sured geochemical decay width is a limit on the O decay width. The range is the range
found using matrix elements from HAXTON 84, TOMODA 87, and SUHONEN 91.
Further details of the experiment are given in BERNATOWICZ 93.

S2ELLIOTT 92 uses the matrix elements of HAXTON 84.

Reported a range

Limits on Lepton-Number Violating (V+A) Current Admixture
For reasons given in the discussion at the beginning of this section, we list only results
from 1989 and later. (\) = )\ZU .j and (n) = nXUgj Vej, where the sum is
over the number of neutrino generatlons This sum vanishes for massless or unmixed
neutrinos. In the following Listings, only best or comparable limits or lifetimes for each
isotope are reported.

ISOTOPE ~ METHOD DOCUMENT ID

Ao ) a% (n)ao &) an

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

<1.6-24 90 <0.9539 130Te  Cryog. det. 53 ARNABOLDI 03
<22 90 <25 90 1l16cq  116cqwo, scint. 4 DANEVICH 03
<324790 <24279 100\o ELEGANTV  SSEJRI 01
<1.1 9 <064 90 70Ge Enriched HPGe 56 GUENTHER = 97
<44 90 <23 90 136xe  TPC 57 VUILLEUMIER 93

<53 1287¢  Geochem 58 BERNATOW... 92

53Supersedes ALESSANDRELLO 00. Cryogenic calorimeter search.
reflecting uncertainty in nuclear matrix element calculations.

54 Limits for () and (n) are based on nuclear matrix elements of STAUDT 90. Supersedes
DANEVICH 00.
The range of the reported (A) and (n) values reflects the spread of the nuclear matrix
elements. On axis value assuming (m,,)=0 and (A)=(n)=0, respectively.

56 GUENTHER 97 limits use the matrix elements of STAUDT 90. Supersedes BALYSH 95
and BALYSH 92,

57 VUILLEUMIER 93 uses the matrix elements of MUTO 89. Based on a half-life limit
2.6 x 107y at 90%CL.

58 BERNATOWICZ 92 takes the measured geochemical decay width as a limit on the Ov
width, and uses the SUHONEN 91 coefficients to obtain the least restrictive limit on 7.
Further details of the experiment are given in BERNATOWICZ 93.

Reported a range

Double-3 Decay REFERENCES

ARNABOLDI 03
DANEVICH 03
AALSETH 02 MPL A17 1475
AALSETH 02B PR D65 092007
BERNABEI! 02D PL B546 23
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M.E. Wieser, J.R. De Laeter

ALESSAND... 00 PL B486 13 A. Alessandrello et al.
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GUENTHER 97 PR D55 54 M. Gunther et al. (Heidelberg-Moscow CuHab)
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EJIRI 95  JPSJ 64 339 H. Ejiri et al. (OSAK, KIEV)
KOBAYASHI 95 NP A586 457 M. Kobayashi, M. Kobayashi (KEK, SAGA)
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ELLIOTT 92 PR C46 1535 S.R. Elliott et al. (uany
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EJIRI 91 PL B258 17 H. Ejiri et al. 0SAK)
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SUHONEN 91 NP A535 509 J. Suhonen, S.B. Khadkikar, A. Faessler JYV+)
TURKEVICH 91 PRL 67 3211 A. Turkevich, T.E. Economou, G.A. Cowan (CHIC+)
1 PL B265 53 K. You et al. (BHEP, CAST+)
MILEY 90 PRL 65 3092 H.S. Miley et al. (SCUC, PNL)
STAUDT 90 EPL 13 31 A. Staudt, K. Muto, H.V. Klapdor-Kleingrothaus
MUTO 89  ZPHY A334 187 K. Muto, E. Bender, H.V. Klapdor (TINT, MPIH)
LIN 88 NP A481 477 W.J. Lin et al.
LIN 88B NP A48l 484 W.J. Lin et al.
BOEHM 87  Massive Neutrinos F. Bohm, P. Vogel (cm
Cambridge Univ. Press, Cambridge
TOMODA 87 PL B199 475 T. Tomoda, A. Faessler (TUBIN)
HAXTON 84 PPNP 12 409 W.C. Haxton, G.J. Stevenson
KIRSTEN 83 PRL 50 474 T. Kirsten, H. Richter, E. Jessberger (MPIH)
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UNDERSTANDING TWO-FLAVOR
OSCILLATION PARAMETERS AND LIMITS

Revised March 2002 by D.E. Groom (LBNL).

As discussed in Boris Kayser’s Review “Neutrino Mass,
Mixing, and Flavor Change,” there are several conditions under
which the two-neutrino mixing approximation is valid. Many
results have been published with this assumption, whether it
is valid or not. In this context, and in the context of vacuum
oscillations, the probability that a neutrino with original flavor
£, for example, oscillates into a flavor £/ over a distance L in

vacuum is given by
P(vy — vp) = sin? 20 sinZ(Am?jL/MLcE)
sin? 26 sin®(1.27Am};(eV?) L(km)/E(GeV))
(1

where we assume that mass eigenstates ¢ and j are involved.

Although this equation is frequently quoted and is used in
Monte Carlo calculations, the function is badly behaved for
arguments larger than about one, where it oscillates more and
more rapidly between sin?20 = P and sin?20 = 0 as the
argument increases. It is difficult to relate this function to the
exclusion curves in the literature.

In areal experiment, E, and sometimes L, have some spread
due to various effects, but in a subset of these experiments there
is a well-defined (L/E) about which the events distribute. It
is instructive to make a toy model in which b = 1.27L/E has
a Gaussian distribution with standard deviation op about a
central value by. The convolution of this Gaussian with P as
given in Eq. (1) is analytic, with the result

(P) = $sin?20[1 — cos(ZbOAm?j) exp(720b2(Am12]-)2)] . (2

The value of (P) is set by the experiment. For example, if 230
interactions of the expected flavor are detected and none of the
wrong flavor are seen, then P = 0.010 at the 90% CL (slightly
subject to one’s way of calculating the CL). Then with fixed

(P) we can find sin® 26 as a function of Am?j. This function is

shown in Fig. 1(a) and (c) for particular parameter choices. The

resulting parameter exclusion region boundary has the following
features:

(1) For large Am?j the fast oscillations are completely washed
out by the resolution, and sin? 20 = 2(P) in this limit;

(2) the maximum excursion of the curve to the left is to
sin? 20 = (P) if the resolution is very good, and somewhat
smaller if it is not. This “bump” to the left occurs at
Am?j = m/2by;

(3) For large sin® 20, Amgj ~ +/(P)/(boVsin? 2); and, conse-
quently,

(a) the nearly straight-line segment at the bottom is de-
scribed by Amgj ~ (P)/byV'sin® 20

(b) the intercept at sin?26 = 1 is at Am?j = /(P)/by =
VP)/127(L/B).

The intercept for large Amgj is a measure of running time

and backgrounds, while the intercept at sin?26 = 1 also de-

pends upon (L/FE). The wiggles depend upon the experimental
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Figure 1: Neutrino oscillation parameter ranges
excluded by three experiments. The dotted line
in (a) is from an older Los Alamos appearance
experiment (DURKIN 88), while the solid line
is obtained from Eq. (2) using the parameters
(P) = 0.0065, Am? = 0.095 eV? at sin®20 =
1, and op/bp = 0.23; (b) is a disappearance
experiment with the flux obtained from the
data in a long detector (DYDAK 84); and
for (c) the Palo Verde reactor experiment result
(BOEHM 01) is shown by the dotted line. In this
experiment the flux at production is known. The
solid line is calculated from Eq. (2) using (P) =
0.084, Am?2 = 0.0011 eV? at sin®20 = 1, and
op/bp = 0.3. The experiments have been chosen
for illustrative purposes, and none represents a
current best limit. See full-color version on color
pages at end of book.

features such as the size of the source, the neutrino energy dis-
tribution, detector resolution (L and E), and analysis details.
Aside from such details, the two intercepts completely describe
the exclusion region: For large Am?j, sin?26 is constant and
equal to 2(P), and for large sin® 20 the slope and intercept are
known. For these reasons, it is (nearly) sufficient to summarize
the results of an experiment by stating the two intercepts, as
is done in our Listings in cases where two-neutrino analyses of
this sort have been published.

While there is no reason for such a naive 3-parameter
function to describe all real experiments, the function actually
does give a remarkably good description of some experimental
results, underscoring the usefulness of the way we report results
in the Listings. In example (a) in Fig. 1, the dotted curve shows
the result obtained in an old Los Alamos appearance experiment
(DURKIN 88). DURKIN 88 reports Am? = 0.11 eV? for max-
imal mixing and sin?20 = 2 x 0.070 for large Am?2. The solid
curve is obtained using Eq. (2), with parameters (P) = 0.0065,
Am? = 0.095 eV? at sin? 20 = 1, and o3/by = 0.23.

If a positive effect is claimed, then the excluded region is
replaced by an allowed band. However, in a real experiment
there is usually other information, such as estimators of L and
E for each event. The likelihood function is formed using this
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event-by-event information. The CL is not uniform along the
allowed band, resulting in “islands” of high confidence.

In a “disappearance” experiment, one looks for the atten-
uation of the initial lepton eigenstate v, beam in transit to a
detector, where the v, flux is measured. (We label such experi-
ments as vy /4 vp.) In the two-neutrino mixing approximation,
the probability that a lepton eigenstate remains unscathed from
the production point to the detector is given by

P(vg— v)) =1~ P(vp — vpr) 3)

where mixing occurs between the vy and vp, with P(vp — vp)

given by Eq. (1) or Eq. (2).

The disappearance of a small fraction of the “right-flavor”
neutrinos in such an experiment can go unobserved because of
statistical fluctuations—if 100 events are expected and 95 events
are observed, nothing is proven.* For this reason, disappearance
experiments usually cannot establish small-probability (small
sin? 20) mixing.

Disappearance experiments fall into several classes:

(1) Those in which attenuation or oscillation of the beam
neutrino flux is measured in the apparatus itself (two
detectors, or a “long” detector). Above some minimum
Amlzj the equilibrium is established upstream, and there
is no change in intensity over the length of the apparatus.
As a result, sensitivity is lost at high Am?j, as can be
seen by the CDHSW curve, Fig. 1(b) (DYDAK 84). Such
experiments have not been competitive for a long time.
However, a new generation of long-baseline experiments will

use this strategy to advantage.

(2

-

Accelerator and reactor experiments in which the beam

neutrino flux is known, from theory or from other measure-

ments. Although such experiments cannot establish very
small sin®2f mixing, they can establish small limits on

Amfj for large sin®20 because L/E can be very large.

Results of the Palo Verde experiment (BOEHM 01) are

shown by the dotted curve (c) in Fig. 1. The solid curve has

been calculated via Eq. (2), with parameters (P) = 0.084,

Am? = 0.0011 eV? at sin’20 = 1 (very nearly the values

reported in BOEHM 01), and o3,/bp = 0.3.

(3) Atmospheric neutrino experiments, in which v, and v, are
detected over a large range of L (the diameter of the earth).
This is a subset of (1) above, and the resulting curves, in
this case showing a positive effect, are similar.

This discussion has so far been limited to “vacuum oscil-
lations,” where the mixing probability is described Eq. (1). In
the solar neutrino case it is likely that interactions between the
neutrinos and solar electrons affect the oscillation probability
(“matter oscillations,” the MSW effect). This effect is described
in the Review “Neutrino Mass, Mixing, and Flavor Change,” by
Boris Kayser. In this situation the formalism discussed above is
not applicable.

* In contrast, if 5 golden “wrong-flavor” events are seen among

100 “right-flavor” events, a great deal is learned.

Eq. (1) depends on the mixing angle only through sin” 26),
giving the false impression that physically distinct possibil-
ities map one-to-one onto the interval [0,1] in sin®26.f The
relationship between mass eigenstates, e.g., vi, v, and weak
eigenstates, e.g., Ve, vy, is given by

()= (0 me) (1) -

By convention, we can take v always heavier than vy, i.e.,
Am}, = m3 —m} > 0, without a loss of generality. The § — 0
limit is relevant when there is no mixing and v, is lighter,
while § — m/2 is needed to describe the possibility where
Ve is heavier with no mixing. Therefore, § needs to be varied
between 0 and /2, which makes sin? 26 fold at 1 back down
to 0.In the case of oscillation in vacuum, 6 and w/2 — 6
happen to give identical oscillation probabilities, even though
they are physically inequivalent. In this case, the use of sin” 260
is misleading, but acceptable from practical point of view. In
presence of matter effects, even the oscillation probabilities
are different, and sin?26 is not an appropriate parameter
in oscillation parameter plots. One common choice is tan?#,
because it can cover the whole range of 0 < 6 < 7/2, while
showing the same probabilities for § «» m/2 — 0 in the absence
of matter effects as a reflection symmetry around tan?f = 1 if
plotted on log scale.f

Neutrino Mixing

INTRODUCTION TO NEUTRINO MIXING LIST-
INGS

Based on the discussion in the previous review “Under-
standing Two-Flavor Oscillation Parameters and Limits” by
Don Groom, most results in the neutrino mixing listings are
presented as Am? limits (or ranges) for sin? 20 = 1, and sin® 20
limits (or ranges) for large Am?. Together, they summarize
most of the information contained in the usual Am? vs sin® 20
plots in the experiments’ papers. The neutrino mixing listings

are divided into four sub-sections:

(A) Accelerator neutrino experiments: shows Am? and
sin? 26 limits for, successively, v, — v, and ¥, — ¥, appearance,
ve 7+ V. disappearance, v, — v, Uy — Ue, v, — vy and
U, — U, appearance, and v, / v, and 7, / 7, disappearance.
They are all limits, except for the positive v, / v, signal from
the K2K collaboration reported in AHN 03.

(B) Reactor D. disappearance experiments: has Am?
and sin® 20 limits for 7, /4 7. disappearance, together with the

ratios of measured to expected rates of events. It also contains

t For example, see G.L. Fogli, E. Lisi, and D. Montanino,
Phys. Rev. D54, 2048 (1996), and A. de Gouvéa, A. Friedland,

and H. Murayama, Phys. Lett. B490, 125 (2000)
 This discussion of the 7/4 < 0 < /2 region was contributed

by H. Murayama.
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the positive signal from the KamLAND collaboration (EGUCHI
03).

(C) Atmospheric neutrino observations: lists the ratio of
measured to expect v, rate, the double ratio of measured v, /v,
rates over expected, and the up/down ratio of measured over
expected for both v, and ve. It also gives Am? and sin®26
limits for v, < v, and 7, < 7, as well as the Kamiokande,
SuperKamiokande and MACRO measurements of both sin? 260
and Am? for vy, > v oscillations, together with limits on v,

oscillations to a sterile neutrino.

(D) Solar v experiments: is organized differently, showing
first the results from radiochemical experiments and moving
then to results of 8B fluxes from elastic scattering, charged
current and neutral current. From these, the solar fluxes for
all three neutrino flavors combined and for only v, and v, are
derived and listed. The day/night asymmetry for 8B is also
listed. Finally, the Kamiokande limit on the “hep” v, flux from
the sun as measured in elastic scattering is given.

(A) Accelerator neutrino experiments

V! nd V,r
A(m?) for sin?(20) = 1
VALUE (EVQ) CL% DOCUMENT ID TECN COMMENT
<077 90 1 ARMBRUSTER98 KARM

e o o We do not use the following data for averages, fits, limits, etc. o o o

< 59 90 2 ASTIER 018 NOMD CERN SPS
<175 90 3ESKUT 01 CHRS CERN SPS
<17 90 NAPLES 99 CCFR FNAL
<44 90 TALEBZADEH 87 HLBC BEBC
<9 90 USHIDA 86C EMUL FNAL

1 ARMBRUSTER 98 use KARMEN detector with vg from muon decay at rest and observe
12C(ue,e’)12Ng5. This is a disappearance experiment which is almost insensitive to
ve = vy oscillation. Results are presented as limits to v, — v, oscillation, although the
(non)oscillation could be to a non-visible flavor. A three-flavor analysis is also presented.

2 ASTIER 018 searches for the appearance of v, with the NOMAD detector at CERN’s
SPS. The limit is based on an oscillation probability < 0.74 x 10~2, whereas the quoted
sensitivity was 1.1 x 10~2. The limit was obtained following the statistical prescriptions
of FELDMAN 98. See also the footnote to ESKUT 01.

3ESKUT 01 searches for the appearance of the v, with the CHORUS detector at CERN’s
SPS. The limit is obtained following the statistical prescriptions in JUNK 99. The limit
would have been 6 eV?2 if the prescriptions in FELDMAN 98 had been followed, as they
were in ASTIER 01B.

sin2(29) for “Large” A(m?)

VALUE CLY% DOCUMENT ID TECN  COMMENT
<0.015 90 4 ASTIER 018 NOMD CERN SPS
e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.052 90 5 ESKUT 01 CHRS CERN SPS
<0.21 90 NAPLES 99 CCFR FNAL
<0.338 90 6 ARMBRUSTER98 KARM

<0.36 90 TALEBZADEH 87 HLBC BEBC

<0.25 90 7 USHIDA 86C EMUL FNAL

4 ASTIER 018 limit is based on an oscillation probability < 0.74 x 10*2, whereas the
quoted sensitivity was 1.1 x 10=2. The limit was obtained following the statistical
prescriptions of FELDMAN 98. See also the footnote to ESKUT 01.

5ESKUT 01 limit obtained following the statistical prescriptions in JUNK 99. The limit
would have been 0.03 if the prescriptions in FELDMAN 98 had been followed, as they
were in ASTIER 01B.

65ee footnote in preceding table (ARMBRUSTER 98) for further details, and see the
paper for a plot showing allowed regions. A three-flavor analysis is also presented here.

7 USHIDA 86 published result is sin?26 < 0.12. The quoted result is corrected for a nu-
merical mistake incurred in calculating the expected number of Ve CC events, normalized
to the total number of neutrino interactions (3886) rather than to the total number of
vy CC events (1870).

Ve — VUyp
sin2(26) for “Large” A(m?)
VALUE CLY% DOCUMENT ID TECN. COMMENT
<0.7 9% 8 FRITZE 80 HYBR BEBC CERN SPS

8 Authors give P(vg — v,) <0.35, equivalent to above limit.

Ve 7> Ve
A(m?) for sin?(26) = 1
VALUE (eVQ) CLY% DOCUMENT ID TECN COMMENT
< 018 % 9 HAMPEL 98 GALX 51Crsource

e o o We do not use the following data for averages, fits, limits, etc. » o o

<40 90 10 gorisov 96 CNTR IHEP-JINR detector
<14.9 % BRUCKER 86 HLBC 15-ft FNAL

<8 90 BAKER 81 HLBC 15-ft FNAL

<56 %0 DEDEN 81 HLBC BEBC CERN SPS
<10 90 ERRIQUEZ 81 HLBC BEBC CERN SPS
<23 OR >8 90 NEMETHY 818 CNTR LAMPF

9IHAMPEL 98 analyzed the GALLEX calibration results with 51¢r neutrino sources and
updates the BAHCALL 95 analysis result. They also gave 95% and 99% CL limits of
< 0.2 and < 0.22, respectively.

10 BORISOV 96 exclusion curve extrapolated to obtain this value; however, it does not have
the right curvature in this region.

sin2(20) for “Large” A(m?)

VALUE CLY% DOCUMENT ID TECN COMMENT

<7 x10-2 %0 11ERRIQUEZ 81 HLBC BEBC CERN SPS
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

<0.4 90 12 yamMPEL 98 GALX Slcr source
<0.115 90 13 BoRISOV 96 CNTR A(m?2) = 175 eV2
<0.54 90 BRUCKER 86 HLBC 15-ft FNAL

<06 %0 BAKER 81 HLBC 15-ft FNAL

<03 90 11 pEDEN 81 HLBC BEBC CERN SPS

11 optained from a Gaussian centered in the unphysical region.

12 HAMPEL 98 analyzed the GALLEX calibration results with 51¢r neutrino sources and
updates the BAHCALL 95 analysis result. They also gave 95% and 99% CL limits of
< 0.45 and < 0.56, respectively.

13 BORISOV 96 sets less stringent limits at large A(mz). but exclusion curve does not have
clear asymptotic behavior.

ve = (Ze)L
This is a limit on lepton family-number violation and total lepton-number
violation. (7,); denotes a hypothetical left-handed 7. The bound is
quoted in terms of A (mz), sin(260), and a, where a denotes the fractional
admixture of (V+A) charged current.

alA(m?) for sin2(20) = 1

VALUE (ev2) % DOCUMENT ID TECN_ COMMENT

<0.14 %0 14 FREEDMAN 93 CNTR LAMPF

e o o We do not use the following data for averages, fits, limits, etc. » o o

<7 90 15 COOPER 82 HLBC BEBC CERN SPS

14 FREEDMAN 93 is a search at LAMPF for 7, generated from any of the three neutrino
types Yy ﬁu, and v which come from the beam stop. The 7g’s would be detected by

the reaction 7o p — etn.
15 COOPER 82 states that existing bounds on VA currents require « to be small.
a?sin?(20) for “Large” A(m?)
VALUE % DOCUMENT ID TECN  COMMENT
<0.032 90  I6FREEDMAN 93 CNTR LAMPF
e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.05 90 17 COOPER 82 HLBC BEBC CERN SPS

16 FREEDMAN 93 is a search at LAMPF for Vg generated from any of the three neutrino
types Yy ﬁu, and v, which come from the beam stop. The 7,’s would be detected by

the reaction Zgp — et n.
17 COOPER 82 states that existing bounds on V+A currents require o to be small.

Vy = Ve
A(m?) for sin?2(20) = 1
VALUE@?)  a% DOCUMENT ID  TECN ~ COMMENT
<0.09 90 ANGELINI 86 HLBC BEBC CERN PS
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
<0.4 % ASTIER 03 NOMD CERN SPS
<2.4 90 AVVAKUNOV 02 NTEV NUTEV FNAL
18 AGUILAR 01 LSND wp — v, osc.prob.

0.03t0 0.3 95 19ATHANASSO..98 LSND v, — vg
<23 90 20 LOVERRE 96 CHARM/CDHS
<0.9 90 VILAIN 94c CHM2 CERN SPS
<0.1 %0 BLUMENFELD 89 CNTR
<13 90 AMMOSOV 88 HLBC SKAT at Serpukhov
<0.19 90 BERGSMA 88 CHRM

2L LOVERRE 88 RVUE

<2.4 90 AHRENS 87 CNTR BNL AGS
<1.8 L) BOFILL 87 CNTR FNAL
<22 90 22BRUCKER 86 HLBC 15-ft FNAL
<0.43 %0 AHRENS 85 CNTR BNL AGS E734
<0.20 L) BERGSMA 84 CHRM
<17 90 ARMENISE 81 HLBC GGM CERN PS
<0.6 %0 BAKER 81 HLBC 15-ft FNAL
<17 90 ERRIQUEZ 81 HLBC BEBC CERN PS
<12 95 BLIETSCHAU 78 HLBC GGM CERN PS

<l.2 95 BELLOTTI 76 HLBC GGM CERN PS
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18 AGUILAR 01 is the final analysis of the LSND full data set. Search is made for the

v, — vg oscillations using vy from = decay in flight by observing beam-on electron

i
events from yeC — e~ X. Present analysis results in 8.1 + 12.2 4 1.7 excess events
in the 60<E, < 200 MeV energy range, corresponding to oscillation probability of
0.10 & 0.16 + 0.04%. This is consistent, though less significant, with the previous result
of ATHANASSOPOULOS 98, which it supersedes. The present analysis uses selection
criteria developed for the decay at rest region, and is less effective in removing the
background above 60 MeV than ATHANASSOPOULOS 98.

19 ATHANASSOPOULOS 98 is a search for the vy, — v oscillations using v, from at
decay in flight. The 40 observed beam-on electron events are consistent with v,C —
e~ X; the expected background is 21.9 +2.1. Authors interpret this excess as evidence for
an oscillation signal corresponding to oscillations with probability (0.26 =+ 0.10 + 0.05)%.
Although the significance is only 2.3 ¢, this measurement is an important and consistent
cross check of ATHANASSOPOULOS 96 who reported evidence for FM — ¥, oscillations

from p decay at rest. See also ATHANASSOPOULOS 988.

20 OVERRE 96 uses the charged-current to neutral-current ratio from the combined
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986.

21 OVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of
neutral to charged current ratios.

2215ft bubble chamber at FNAL.

sin2(20) for “Large” A(m?)
VALUE (units 1073) CLY% DOCUMENT 1D TECN COMMENT

< 1la 90 ASTIER 03 NOMD CERN SPS
e o o We do not use the following data for averages, fits, limits, etc. o o o

< 16 90 AVVAKUNOV 02 NTEV NUTEV FNAL

23 AGUILAR 01 LSND wpu — wg 0sC.prob.
0.5 to 30 95 24 ATHANASS0..98 LSND v, — v

< 30 90 25| OVERRE 9 CHARM/CDHS

< 94 90 VILAIN 94c CHM2 CERN SPS

< 56 90 26 yILAIN 94c CHM2 CERN SPS

< 16 90 BLUMENFELD 89 CNTR

< 25 90 AMMOSOV 88 HLBC SKAT at Serpukhov

< 8 90 BERGSMA 88 CHRM A(m?) > 30 eV2
27T |OVERRE 88 RVUE

<10 90 AHRENS 87 CNTR BNL AGS

<15 90 BOFILL 87 CNTR FNAL

<20 90 28 ANGELINI 86 HLBC BEBC CERN PS

20 to 40 29 BERNARDI ~ 868 CNTR A(m2)=5-10

<11 90 30BRUCKER 86 HLBC 15-ft FNAL

< 34 90 AHRENS 85 CNTR BNL AGS E734

<240 90 BERGSMA 84 CHRM

<10 90 ARMENISE 81 HLBC GGM CERN PS

< 6 90 BAKER 81 HLBC 15-ft FNAL

<10 90 ERRIQUEZ 81 HLBC BEBC CERN PS

< 4 95 BLIETSCHAU 78 HLBC GGM CERN PS

<10 95 BELLOTTI 76 HLBC GGM CERN PS

23 AGUILAR 01 is the final analysis of the LSND full data set of the search for the vy =
v oscillations. See footnote in preceding table for further details.

24 ATHANASSOPOULOS 98 report (0.26 % 0.10 =% 0.05)% for the oscillation probability;
the value of sin226 for large Am? is deduced from this probability. See footnote in
preceding table for further details, and see the paper for a plot showing allowed regions.
If effect is due to oscillation, it is most likely to be intermediate sin226 and Am?. See
also ATHANASSOPOULOS 988.

25 OVERRE 96 uses the charged-current to neutral-current ratio from the combined
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986.

26 VILAIN 94c limit derived by combining the vy and vy data assuming CP conservation.

27 LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of
neutral to charged current ratios.

28 ANGELINI 86 limit reaches 13 x 10=3 at A(m2) ~ 2eV2,

29 BERNARDI 868 is a typical fit to the data, assuming mixing between two species. As the
authors state, this result is in conflict with earlier upper bounds on this type of neutrino
oscillations.

3015ft bubble chamber at FNAL.

7,‘ — Vg
A(m?) for sin2(26) =1
VALUE eV2 CL% DOCUMENT 1D TECN COMMENT
<0.055 90 31 ARMBRUSTER02 KAR2 Liquid Sci. calor.

e o o We do not use the following data for averages, fits, limits, etc. o o o

<2.6 90 AVVAKUNOV 02 NTEV NUTEV FNAL
0.03-0.05 32 AGUILAR 01 LSND LAMPF
0.05-0.08 90 33 ATHANASSO...96 LSND LAMPF
0.048-0.090 80 34 ATHANASSO...95

<0.07 90 35 HILL 95

<0.9 90 VILAIN 94c CHM2 CERN SPS
<0.14 90 36 FREEDMAN 93 CNTR LAMPF

<3.1 90 BOFILL 87 CNTR FNAL

<2.4 90 TAYLOR 83 HLBC 15-ft FNAL
<0.91 90 3TNEMETHY 818 CNTR LAMPF

<1 95 BLIETSCHAU 78 HLBC GGM CERN PS

31 ARMBRUSTER 02 is the final analysis of the KARMEN 2 data for 17.7 m distance from
the ISIS stopped pion and muon neutrino source. It is a search for ¥, detected by the
inverse B-decay reaction on protons and 12¢, 15 candidate events are observed, and
15.8 & 0.5 background events are expected, hence no oscillation signal is detected. The
results exclude large regions of the parameter area favored by the LSND experiment.

32 AGUILAR 01 is the final analysis of the LSND full data set. Itis a search for 7, 30 m from
LAMPF beam stop. Neutrinos originate mainly for =% decay at rest. 7, are detected
through 7gp — ethn (20<Ee+ < 60 MeV) in delayed coincidence with np — d~.
AUthors observe 87.9 £ 22.4 & 6.0 total excess events. The observation is attributed
o7, - 7 oscillations with the oscillation probability of 0.264 + 0.067 + 0.045%,
consistent with the previously published result. Taking into account all constraints,
the most favored allowed region of oscillation parameters is a band of A(mz] from
0.2-2.0eV2, Supersedes ATHANASSOPOULOS 95, ATHANASSOPOULOS 96, and
ATHANASSOPOULOS 98.

33 ATHANASSOPOULOS 96 s a search for 7 30m from LAMPF beam stop. Neutrinos
originate mainly from at decay at rest. T, could come from either 7, — ¥, or
Vg — Ug; our entry assumes the first interpretation. They are detected through v, p —
et n (20 Mev <Eg4 <60 MeV) in delayed coincidence with np — dv. Authors
observe 51 + 20 £ 8 total excess events over an estimated background 12.5 &+ 2.9.
ATHANASSOPOULOS 968 is a shorter version of this paper.

34 ATHANASSOPOULOS 95 error corresponds to the 1.6c band in the plot. The ex-
pected background is 2.7 & 0.4 events. Corresponds to an oscillation probability of
(0347520 & 0.07)%. For a different interpretation, see HILL 95. Replaced by
ATHANASSOPOULOS 96.

35HILL 95 is a report by one member of the LSND Collaboration, reporting a different con-
clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95).
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino
oscillation iu — Vg and obtains only upper limits.

36 FREEDMAN 93 is a search at LAMPF for 7 generated from any of the three neutrino
types v, Fﬂ, and v, which come from the beam stop. The 7,’s would be detected by
the reaction 7op — et n. FREEDMAN 93 replaces DURKIN 88.

37n reaction Vop — etn.

sin2(20) for “Large” A(m?)

VALUE CL% DOCUMENT _ID TECN  COMMENT
<0.0011 90 AVVAKUNOV 02 NTEV NUTEV FNAL

e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.0017 90 38 ARMBRUSTER02 KAR2 Liquid Sci. calor.
0.0053 + 0.0013 = 0.009 39 AGUILAR 01 LSND LAMPF

0.0062 +0.0024 + 0.0010 40 ATHANASSO...96 LSND LAMPF

0.003-0.012 80 41 ATHANASSO...95

<0.006 % 42 1L 95

<4.8 90 VILAIN 94c CHM2 CERN SPS
<5.6 90 A vILAIN 94c CHM2 CERN SPS
<0.024 90 44 FREEDMAN 93 CNTR LAMPF

<0.04 L) BOFILL 87 CNTR FNAL

<0.013 90 TAYLOR 83 HLBC 15-ft FNAL
<02 90 45 NEMETHY 818 CNTR LAMPF
<0.004 95 BLIETSCHAU 78 HLBC GGM CERN PS

38 ARMBRUSTER 02 is the final analysis of the KARMEN 2 data. See footnote in the
preceding table for further details, and the paper for the exclusion plot.

39 AGUILAR 01 is the final analysis of the LSND full data set. The deduced oscillation prob-
ability is 0.264 = 0.067 & 0.045%; the value of sin226 for large A(m2) is twice this proba-
bility (although these values are excluded by other constraints). See footnote in preceding
table for further details, and the paper for a plot showing allowed regions. Supersedes
ATHANASSOPOULOS 95, ATHANASSOPOULOS 96, and ATHANASSOPOULOS 98.

40 ATHANASSOPOULOS 96 reports (0.31 £ 0.12 + 0.05)% for the oscillation probability;
the value of sin226 for large A(m?) should be twice this probability. See footnote in
preceding table for further details, and see the paper for a plot showing allowed regions.

41 ATHANASSOPOULOS 95 error corresponds to the 1.6c band in the plot. The ex-
pected background is 2.7 + 0.4 events. Corresponds to an oscillation probability of
(034F029 & 0.07)%. For a different interpretation, see HILL 95. Replaced by
ATHANASSOPOULOS 96.

HILL 95 is a report by one member of the LSND Collaboration, reporting a different con-
clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95).
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino

oscillation ﬁu — Vg and obtains only upper limits.

43 VILAIN 94c limit derived by combining the v, and 7, data assuming CP conservation.

44 FREEDMAN 93 is a search at LAMPF for Vg generated from any of the three neutrino

types Vi Ty and v which come from the beam stop. The 7g’s would be detected by
the reaction 7o p — et n. FREEDMAN 93 replaces DURKIN 88.

45 |n reaction Vep — etn.

Vy (Fp) = ve(Te)

A(m?) for sin2(20) = 1

VALUE (V2 CLY% DOCUMENT ID TECN  COMMENT
<0.075 90 BORODOV... 92 CNTR BNL E776

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
<16 90  46ROMOSAN 97 CCFR FNAL
46 ROMOSAN 97 uses wideband beam with a 0.5 km decay region.
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sin2(26) for “Large” A(m?)

VALUE (units 10=3 CL% DOCUMENT ID TECN COMMENT
<18 90 47TROMOSAN 97 CCFR FNAL

e o o We do not use the following data for averages, fits, limits, etc. o o o

<3.8 90 48 MCFARLAND 95 CCFR FNAL
<3 90 BORODOV... 92 CNTR BNL E776

4TROMOSAN 97 uses wideband beam with a 0.5 km decay region.

48 MCFARLAND 95 state that “This result is the most stringent to date for 250<
A(mz) <450 eV2 and also excludes at 90%CL much of the high A(mz) region favored by
the recent LSND observation.” See ATHANASSOPOULOS 95 and ATHANASSOPOU-
LOS 96.

Yy = vy
A(m?) for sin2(20) =1
VALUE (eVQ) % DOCUMENT ID TECN COMMENT
< 06 90 49 EskuT 01 CHRS CERN SPS
e o o We do not use the following data for averages, fits, limits, etc. o o o
<07 90 50 ASTIER 018 NOMD CERN SPS
< 14 90 51 ALTEGOER ~ 988 NOMD CERN SPS
<15 90 52 syt 98 CHRS CERN SPS
<11 90 53 EsKUT 988 CHRS CERN SPS
<33 90 54| OVERRE 9% CHARM/CDHS
<14 90 MCFARLAND 95 CCFR FNAL
< 45 90 BATUSOV 908 EMUL FNAL
<10.2 90 BOFILL 87 CNTR FNAL
<63 90 BRUCKER 86 HLBC 15-ft FNAL
<09 90 USHIDA 86c EMUL FNAL
< 46 90 ARMENISE 81 HLBC GGM CERN SPS
<3 90 BAKER 81 HLBC 15-ft FNAL
<6 90 ERRIQUEZ 81 HLBC BEBC CERN SPS
<3 90 USHIDA 81 EMUL FNAL

49 ESKUT 01 limit obtained following the statistical prescriptions in JUNK 99. The limit
would have been 0.5 eV if the prescriptions in FELDMAN 98 had been followed, as they
were in ASTIER 01B.

50 ASTIER 018 limit is based on an oscillation probability < 1.63 x 10~%, whereas the
quoted sensitivity was 2.5 x 10~4. The limit was obtained following the statistical
prescriptions of FELDMAN 98. See also the footnote to ESKUT 01.

SLALTEGOER 988 is the NOMAD 1995 data sample result, searching for events with
T — € v Ve, hadron™ v, or m™ ata— decay modes using classical CL approach
of FELDMAN 98.

52 ESKUT 98 search for events with one p~ with indication of akink from 7~ decay in
the nuclear emulsion. No candidates were found in a 31,423 event subsample.

53 ESKUT 98B search for 7~ — n vy or h— [ where h™ is a negatively charged
hadron. The p~ sample is somewhat larger than in ESKUT 98, which this result super-
sedes. Bayesian limit.

54 LOVERRE 96 uses the charged-current to neutral-current ratio from the combined
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986.

sin2(20) for “Large™ A(m?)

VALUE CL% DOCUMENT 1D TECN COMMENT
<0.00033 90 55 ASTIER 018 NOMD CERN SPS

e o o We do not use the following data for averages, fits, limits, etc. o o o
<0.00068 90 56 EskuT 01 CHRS CERN SPS
<0.0042 90 57 ALTEGOER 988 NOMD CERN SPS
<0.0035 90 58 EskuT 98 CHRS CERN SPS
<0.0018 90 59 EsKuUT 988 CHRS CERN SPS
<0.006 %0 60 LOVERRE 96 CHARM/CDHS
<0.0081 90 MCFARLAND 95 CCFR FNAL

<0.06 90 BATUSOV 908 EMUL FNAL

<0.34 90 BOFILL 87 CNTR FNAL

<0.088 90 BRUCKER 86 HLBC 15-ft FNAL
<0.004 90 USHIDA 86c EMUL FNAL

<0.11 90 BALLAGH 84 HLBC 15-ft FNAL
<0.017 90 ARMENISE 81 HLBC GGM CERN SPS
<0.06 90 BAKER 81 HLBC 15-ft FNAL
<0.05 90 ERRIQUEZ 81 HLBC BEBC CERN SPS
<0.013 90 USHIDA 81 EMUL FNAL

55 ASTIER 018 limit is based on an oscillation probability < 1.63 x 10~%, whereas the
quoted sensitivity was 2.5 x 10~4. The limit was obtained following the statistical
prescriptions of FELDMAN 98. See also the footnote to ESKUT 01.

56 ESKUT 01 limit obtained following the statistical prescriptions in JUNK 99. The limit
would have been 0.00040 if the prescriptions in FELDMAN 98 had been followed, as they
were in ASTIER 01B.

57T ALTEGOER 988 is the NOMAD 1995 data sample result, searching for events with
T~ — €T v, Vg, hadron” v, or 7~ a7 decay modes using classical CL approach
of FELDMAN 98.

S8ESKUT 98 search for events with one p~ with indication of akink from 77— decay in
the nuclear emulsion. No candidates were found in a 31,423 event subsample.

S9ESKUT 98B search for 7~ — no vrvy, o h~ ViV, where h™ is a negatively charged

hadron. The p~ sample is somewhat larger than in ESKUT 98, which this result super-
sedes. Bayesian limit.

60 LOVERRE 96 uses the charged-current to neutral-current ratio from the combined
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986.

F,‘ - Uy
A(mP) for sin?(26) = 1
VALUE (EVQ) CL% DOCUMENT ID TECN COMMENT
<22 90 ASRATYAN 81 HLBC FNAL

e ¢ o We do not use the following data for averages, fits, limits, etc. » o o

<14 90 MCFARLAND 95 CCFR FNAL
<65 90 BOFILL 87 CNTR FNAL
<74 90 TAYLOR 83 HLBC 15-ft FNAL
sin2(26) for “Large” A(m?)

VALUE CL% DOCUMENT ID TECN COMMENT
<44 x1072 90 ASRATYAN 81 HLBC FNAL

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

<0.0081 90 MCFARLAND 95 CCFR FNAL
<0.15 90 BOFILL 87 CNTR FNAL
<8.8 x 1072 90 TAYLOR 83 HLBC 15-ft FNAL

Vy (Fy) - v (Vy)
A(m?) for sin2(20) = 1
VALUE (e\/Z) CLY% DOCUMENT ID TECN COMMENT
<15 90 61 GRUWE 93 CHM2 CERN SPS

61 GRUWE 93 is a search using the CHARM 1l detector in the CERN SPS wide-band
neutrino beam for vy = vr and vy~ Vr oscillations signalled by quasi-elastic v and

v, interactions followed by the decay 7 — v, 7. The maximum sensitivity in sin220
(< 6.4 x 1073 at the 90% CL) is reached for A(m?) ~ 50 ev2.

sin2(26) for “Large” A(m?)

VALUE (units 10’3) CLY% DOCUMENT ID TECN COMMENT
<8 90 62 GRUWE 93 CHM2 CERN SPS

62 GRUWE 93 is a search using the CHARM Il detector in the CERN SPS wide-band

neutrino beam for vy = v and Ty = T oscillations signalled by quasi-elastic v, and

7, interactions followed by the decay 7 — v, m. The maximum sensitivity in sin226
(< 6.4 x 1073 at the 90% CL) is reached for A(m?) ~ 50 eV2.

vy vy
A(m?) for sin2(26) = 1
VALUE (ev?) cL% DOCUMENT D TECN _ COMMENT
>0.0015 AND < 0.0039 90 63 AHN 03 K2K  KEK to Super-K |
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o
<0.29 OR >22 90 BERGSMA 88 CHRM
<7 90 BELIKOV 85 CNTR Serpukhov
<8.0 OR >1250 90 STOCKDALE 85 CNTR
<0.29 OR >22 90 BERGSMA 84 CHRM
<0.23 OR >100 90 DYDAK 84 CNTR
<13 OR >1500 90 STOCKDALE 84 CNTR
<8.0 90 BELIKOV 83 CNTR

63 K2K is a 250 km long-baseline disappearance experiment. The result indicates neutrino
oscillations. The measured oscillation parameters are consistent with the ones suggested
by atmospheric neutrino observations.

sin2(26) for A(m?) = 0.003 eV2

VALUE % DOCUMENT ID TECN ~ COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o
> 0.35 90 64 AHN 03 K2K  KEK to Super-K |

64 KoK is a 250 km long-baseline disappearance experiment. The result indicates neutrino
oscillations. The measured oscillation parameters are consistent with the ones suggested
by atmospheric neutrino observations.

sin2(26) for A(m?) = 100eV2
VALUE CLY% DOCUMENT ID TECN COMMENT

<0.02 90 65 STOCKDALE 85 CNTR FNAL
e o o We do not use the following data for averages, fits, limits, etc. » o o

<0.17 90 66 BERGSMA 88 CHRM
<0.07 90 67 BELIKOV 85 CNTR Serpukhov
<0.27 90 66 BERGSMA 84 CHRM CERN PS

<0.1 90 68 pYDAK 84 CNTR CERN PS

<0.02 90 69 STOCKDALE 84 CNTR FNAL

<0.1 90 70 BELIKOV 83 CNTR Serpukhov

65 This bound applies for A(mz) =100 eV2. Less stringent bounds apply for other A(mz):
these are nontrivial for 8 < A(mz) <1250 eV2,

66 This bound applies for A(m?) = 0.7-9. eV2. Less stringent bounds apply for other
A(m?); these are nontrivial for 0.28 < A(m?) <22 eV2,

67 This bound applies for a wide range of A(m2) >7 eV2. For some values of A(mz),
the value is less stringent; the least restrictive, nontrivial bound occurs approximately at
A(m?2) = 300 eV2 where sin2(26) <0.13 at CL = 90%.

68 This bound applies for A(mz) = 1.-10. eV2. Less stringent bounds apply for other
A(m?); these are nontrivial for 0.23 < A(m?) <90 ev2.

69 This bound applies for A(mz) =110 eV2. Less stringent bounds apply for other A(mz);
these are nontrivial for 13 < A(mz) <1500 eV2,

70Bound holds for A(m?2) = 20-1000 eV2,
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Ty Ty
A(m?) for sin?(26) = 1
VALUE (eV?) cL% DOCUMENT ID TECN
<7 OR >1200 OUR LIMIT
<7 OR >1200 90 STOCKDALE 85 CNTR
sin2(20) for 190 eV2 < A(m?) < 320 eV?2
VALUE CL% DOCUMENT ID TECN COMMENT
<0.02 90 T1STOCKDALE 85 CNTR FNAL

71 This bound applies for A(m?) between 190 and 320 or = 530 eV2. Less stringent bounds
apply for other A(mz); these are nontrivial for 7 < A(mz) <1200 eV2.

Vp — (Ze)L

See note above for v — (7o) limit

al(m?) for sin2(20) = 1

VALUE (ev?) L% DOCUMENT ID TECN _ COMMENT

<0.16 90 T2 FREEDMAN 93 CNTR LAMPF

e o o We do not use the following data for averages, fits, limits, etc. o o o

<07 90 73 COOPER 82 HLBC BEBC CERN SPS

72 FREEDMAN 93 is a search at LAMPF for Vg generated from any of the three neutrino
types Yy V“, and v which come from the beam stop. The ¥,’s would be detected

by the reaction vop — et n. The limit on A(mz) is better than the CERN BEBC

experiment, but the limit on sin28 is almost a factor of 100 less sensitive.
73 COOPER 82 states that existing bounds on V+A currents require « to be small.

o?sin?(29) for “Large” A(m?)

VALUE CL% DOCUMENT ID TECN COMMENT
<0.001 90 74 COOPER 82 HLBC BEBC CERN SPS
e o o We do not use the following data for averages, fits, limits, etc. o o o

<0.07 90 75 FREEDMAN 93 CNTR LAMPF

74 COOPER 82 states that existing bounds on V+A currents require o to be small.
75 FREEDMAN 93 is a search at LAMPF for 7, generated from any of the three neutrino
types vy, 7y, and v, which come from the beam stop. The 7g’s would be detected

by the reaction 7op — et n. The limit on A(m?) is better than the CERN BEBC
experiment, but the limit on sin2g

(B) Reactor 7, disappearance experiments

In most cases, the reaction 7, p — et nis observed at different distances
from one or more reactors in a complex.

Events (Observed/Expected) from Reactor 7, Experiments

VALUE DOCUMENT ID TECN COMMENT

e o o We do not use the following data for averages, fits, limits, etc. o o o

0.611+0.085+0.041 76 EGUCHI 03 KLND Japanese react ~ 180
km

1.01 £0.024:£0.053 77 BOEHM 01 Palo Verde react.
0.75-0.89 km

1.04 +0.03 +0.08 78 BOEHM 00c Palo Verde react.

0.75-0.89 km
79 APOLLONIO 99 CHOZ Chooz reactors 1km

80 GREENWOOD 96 Savannah River, 18.2 m

1.01 +0.028+0.027
0.987+0.006 +0.037

0.988+0.0040.05 ACHKAR 95 CNTR Bugey reactor, 15m
0.994+0.010£0.05 ACHKAR 95 CNTR Bugey reactor, 40 m
0.915+0.132+0.05 ACHKAR 95 CNTR Bugey reactor, 95 m
0.98740.014:£0.027 81 pECLAIS 94 CNTR Bugey reactor, 15m

0.985+0.018+0.034
1.05 +0.02 £0.05

KUVSHINN... 91 CNTR Rovno reactor
VUILLEUMIER 82 GOsgen reactor

0.955+0.0350.110 82 kwon 81 vep— etn
0.89 +0.15 82 BOEHM 80 vep — etn
0.38 +0.21 83,84 REINES 80
0.40 +0.22 83,84 REINES 80

76 EGUCHI 03 observe reactor neutrino disappearance at ~ 180 km baseline to various
Japanese nuclear power reactors. See the footnote in the following table for further
details, and the paper for the inclusion/exclusion plot.

7T BOEHM 01 search for neutrino oscillations at 0.75 and 0.89 km distance from the Palo
Verde reactors.

78 BOEHM 00c search for neutrino oscillations at 0.75 and 0.89 km distance from the Palo
Verde reactors.

79 APOLLONIO 99, APOLLONIO 98 search for neutrino oscillations at 1.1 km fixed dis-
tance from Chooz reactors. They use 7op — et n in Gd-loaded scintillator target.
APOLLONIO 99 supersedes APOLLONIO 98. See also APOLLONIO 03 for detailed
description.

80 GREENWOOD 96 search for neutrino oscillations at 18 m and 24 m from the reactor at
Savannah River.

DECLAIS 94 result based on integral measurement of neutrons only. Result is ra-
tio of measured cross section to that expected in standard V-A theory. Replaced by
ACHKAR 95.

82 KWON 81 represents an analysis of a larger set of data from the same experiment as
BOEHM 80.

83 REINES 80 involves comparison of neutral- and charged-current reactions 7o d — npv,
and 7od — nne’t respectively. Combined analysis of reactor T experiments was
performed by SILVERMAN 81.

84 The two REINES 80 values correspond to the calculated 7, fluxes of AVIGNONE 80 and
DAVIS 79 respectively.

Ve 1+ Ve
A(m?) for sin?(26) = 1
VALUE (ev?) %

DOCUMENT ID TECN COMMENT

>8 x10—6 95 85 EGUCHI 03 KLND Japanese react ~ 180 km |
e o o We do not use the following data for averages, fits, limits, etc. » o o

<0.0011 20 86 BOEHM 01 Palo Verde react. 0.75-0.89 km
<0.0011 90 87 BOEHM 00 Palo Verde react. 0.8 km

<0.0007 20 88 APOLLONIO 99 CHOZ Chooz reactors 1 km

<0.01 90 89 ACHKAR 95 CNTR Bugey reactor

<0.0075 90 90 VIDYAKIN 94 Krasnoyarsk reactors

<0.04 20 91 AFONIN 88 CNTR Rovno reactor

<0.014 68 92 VIDYAKIN 87 vep — etn

<0.019 90 93 ZACEK 86 Gosgen reactor

85EGUCHI 03 observe reactor neutrino disappearance at ~ 180 km baseline to various
Japanese nuclear power reactors. This is the lower limit on the mass difference spread,
unlike all other entries in this table. Observation is consistent with neutrino oscillations,
with mass-mixing and mixing-angle parameters in the Large Mixing Angle Solution region
of the solar neutrino problem.

86 BOEHM 01, a continuation of BOEHM 00, is a disappearance search for neutrino oscilla-
tions at 0.75 and 0.89 km distance from the Palo Verde reactors. Result is less restrictive
than APOLLONIO 99.

87TBOEHM 00 is a disappearance search for neutrino oscillations at 0.75 and 0.89 km
distance from Palo Verde reactors. The detection reaction is7,p — etnina segmented
Gd loaded scintillator target. Result is less restrictive than APOLLONIO 99.

88 APOLLONIO 99 search for neutrino oscillations at 1.1km fixed distance from Chooz
reactors. They use Zgp — et n in Gd-loaded scintillator target. APOLLONIO 99
supersedes APOLLONIO 98. This is the most sensitive search in terms of A(mz) for 7o
disappearance. See also APOLLONIO 03 for detailed description.

89 ACHKAR 95 bound is for L=15, 40, and 95 m.

90 VIDYAKIN 94 bound is for L=57.0 m, 57.6 m, and 231.4 m. Supersedes VIDYAKIN 90.

91 AFONIN 86 and AFONIN 87 also give limits on sin2(29) for intermediate values of
A(mz). (See also KETOV 92). Supersedes AFONIN 87, AFONIN 86, AFONIN 85,
AFONIN 83, and BELENKII 83.

92 /IDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors.

This bound is from data for L=37.9 m, 45.9 m, and 64.7 m.

sin2(20) for “Large” A(m?)

VALUE CLY% DOCUMENT ID TECN COMMENT

>0.4 95 94 EGUCHI 03 KLND Japanese react ~ 180 km |
e o o We do not use the following data for averages, fits, limits, etc. o o o

<0.17 20 95 BOEHM 01 Palo Verde react. 0.75-0.89 km
<0.21 90 96 BOEHM 00 Palo Verde react. 0.8 km
<0.10 20 97 APOLLONIO 99 CHOZ Chooz reactors 1 km

<0.24 920 98 GREENWOOD 96

<0.04 20 98 GREENWOOD 96 For A(m?) = 1.0 eV2

<0.02 20 99 ACHKAR 95 CNTR For A(m?) = 0.6 eV2

<0.087 68 100yYRODOV ~ 95 CNTR For A(m?) >2 eV2

<0.15 90  10lvipyakin 94 For A(m2) > 5.0 x 1072 ev2
<02 90 102 aroNIN 88 CNTR mgp— etn

<0.14 68  103VIDYAKIN 87 vep— etn

<0.21 90 104 7ACEK 86 vep— etn

<0.19 90  1057acek 85 Gsgen reactor

<0.16 90 106 GABATHULER 84 vep— etn

94EGUCHI 03 observe reactor neutrino disappearance at ~ 180 km baseline to various
Japanese nuclear power reactors. This is the lower limit on sin226, unlike all other
entries in this table. It is based on the observed rate only; consideration of the spectrum
shape results in somewhat more restrictive limit. Observation is consistent with neutrino
oscillations, with mass-mixing and mixing-angle parameters in the Large Mixing Angle
Solution region of the solar neutrino problem.

95 BOEHM 01 search for neutrino oscillations at 0.75 and 0.89 km distance from the Palo
Verde reactors. Continuation of BOEHM 00.

BOEHM 00 search for neutrino oscillations at 0.75 and 0.89 km distance from Palo Verde
reactors.

97 APOLLONIO 99 search for neutrino oscillations at 1.1km fixed distance from Chooz
reactors. See also APOLLONIO 03 for detailed description.

98 GREENWOOD 96 search for neutrino oscillations at 18 m and 24 m from the reactor
at Savannah River by observing 7, p — €™ nin a Gd loaded scintillator target. Their
region of sensitivity in A(m2) and sin226 is already excluded by ACHKAR 95.

99 ACHKAR 95 bound is from data for L=15, 40, and 95 m distance from the Bugey reactor.
100 The VYRODOV 95 bound is from data for L=15m distance from the Bugey-5 reactor.
101 The VIDYAKIN 94 bound is from data for L=57.0 m, 57.6 m, and 231.4 m from three

reactors in the Krasnoyarsk Reactor complex.

102 geveral different methods of data analysis are used in AFONIN 88. We quote the most
stringent limits. Different upper limits on sin220 apply at intermediate values of A(mz).
Supersedes AFONIN 87, AFONIN 85, and BELENKII 83.

103 vIDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors.

104 This bound is from data for L=37.9 m, 45.9 m, and 64.7 m distance from Gosgen reactor.

1057ACEK 85 gives two sets of bounds depending on what assumptions are used in the
data analysis. The bounds in figure 3(a) of ZACEK 85 are progressively poorer for large
A(mz) whereas those of figure 3(b) approach a constant. We list the latter. Both sets
of bounds use combination of data from 37.9, 45.9, and 64.7m distance from reactor.
ZACEK 85 states “Our experiment excludes this area (the oscillation parameter region
allowed by the Bugey data, CAVAIGNAC 84) almost completely, thus disproving the
indications of neutrino oscillations of CAVAIGNAC 84 with a high degree of confidence.”

106 This bound comes from a combination of the VUILLEUMIER 82 data at distance 37.9m
from Gosgen reactor and new data at 45.9m.
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(C) Atmospheric neutrino observations

Neutrinos and antineutrinos produced in the atmosphere induce p-like and
e-like events in underground detectors. The ratio of the numbers of the
two kinds of events is defined as p/e. It has the advantage that systematic
effects, such as flux uncertainty, tend to cancel, for both experimental and
theoretical values of the ratio. The “ratio of the ratios” of experimental
to theoretical u/e, R(u/€), or that of experimental to theoretical p/total,
R(p/total) with total = p+e, is reported below. If the actual value is
not unity, the value obtained in a given experiment may depend on the
experimental conditions.

R(p/€) = (Measured Ratio u/e) / (Expected Ratio p/e€)

VALUE DOCUMENT 1D TECN COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o
0.64+0.1140.06 107 ALLISON 99 SOU2 Calorimeter
0.61+0.0340.05 108 FykuDA 98 SKAM sub-GeV
0.66::0.06+0.08 109 FykuDA 98E SKAM multi-GeV/

110 FykuDA 968 KAMI Water Cherenkov
1.000.15+0.08 111 paum 95 FREJ Calorimeter
0.603-9¢ +0.05 112 FyKUDA 94 KAMI sub-GeV
0571008 007 113 FykuDA 94 KAMI multi-Gev

~0.07
114 BECKER-SZ... 928 IMB  Water Cherenkov

107 ALLISON 99 result is based on an exposure of 3.9 kton yr, 2.6 times the exposure reported
in ALLISON 97, and replaces that result.

108 FUKUDA 98 result is based on an exposure of 25.5 ktonyr. The analyzed data sam-
ple consists of fully-contained e-like events with 0.1 GeV/c<pe and p-like events with
0.2GeV/c<p,,, both having a visible energy < 1.33 GeV. These criteria match the defi-
nition used by FUKUDA 94.

109 FUKUDA 98E result is based on an exposure of 25.5 kton yr. The analyzed data sample

consists of fully-contained single-ring events with visible energy > 1.33 GeV and partially

contained events. All partially contained events are classified as p-like.

FUKUDA 968 studied neutron background in the atmospheric neutrino sample observed

in the Kamiokande detector. No evidence for the background contamination was found.

111 DAUM 95 results are based on an exposure of 2.0 kton yr which includes the data used
by BERGER 90B. This ratio is for the contained and semicontained events. DAUM 95
also report R(u/e) = 0.99 + 0.13 + 0.08 for the total neutrino induced data sample
which includes upward going stopping muons and horizontal muons in addition to the
contained and semicontained events.

FUKUDA 94 result is based on an exposure of 7.7 kton yr and updates the HIRATA 92
result. The analyzed data sample consists of fully-contained e-like events with 0.1 <
Pe < 1.33 GeV/c and fully-contained p-like events with 0.2 < Py < 1.5 GeV/c.

113 FUKUDA 94 analyzed the data sample consisting of fully contained events with visible
energy > 1.33 GeV and partially contained p-like events.

114 BECKER-SZENDY 928 reports the fraction of nonshowering events (mostly muons from
atmospheric neutrinos) as 0.36 + 0.02 4 0.02, as compared with expected fraction 0.51 +
0.01 + 0.05. After cutting the energy range to the Kamiokande limits, BEIER 92 finds
R(p/€) very close to the Kamiokande value.

R(v,) = (Measured Flux of »,) / (Expected Flux of v,)
VALUE DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o

0.72+0.026+0.13 115 AMBROSIO 01 MCRO upward through-going
0.57+£0.05 +0.15 116 AMBROSIO 00 MCRO upgoing partially contained
0.71+0.05 +0.19 117 AMBROSIO 00 MCRO downgoing partially contained +
upgoing stopping
0.74+0.036+0.046 118 AMBROSIO 98 MCRO Streamer tubes

110

119 cASPER 91 IMB  Water Cherenkov
120 AGLIETTA 89 NUSX
0.95+0.22 121 goLIEV 81 Baksan
0.62+0.17 CROUCH 78 Case Western/UCI

115 AMBROSIO 01 result is based on the upward through-going muon tracks with EM >1
GeV. The data came from three different detector configurations, but the statistics is
largely dominated by the full detector run, from May 1994 to December 2000. The total
live time, normalized to the full detector configuration, is 6.17 years. The first error is
the statistical error, the second is the systematic error, dominated by the theoretical error
in the predicted flux.

116 AMBROSIO 00 result is based on the upgoing partially contained event sample. It came
from 4.1 live years of data taking with the full detector, from April 1994 to February
1999. The average energy of atmospheric muon neutrinos corresponding to this sample
is 4 GeV. The first error is statistical, the second is the systematic error, dominated by
the 25% theoretical error in the rate (20% in the flux and 15% in the cross section, added
in quadrature). Within statistics, the observed deficit is uniform over the zenith angle.

117 AMBROSIO 00 result is based on the combined samples of downgoing partially contained
events and upgoing stopping events. These two subsamples could not be distinguished
due to the lack of timing information. The result came from 4.1 live years of data
taking with the full detector, from April 1994 to February 1999. The average energy
of atmospheric muon neutrinos corresponding to this sample is 4 GeV. The first error is
statistical, the second is the systematic error, dominated by the 25% theoretical error in
the rate (20% in the flux and 15% in the cross section, added in quadrature). Within
statistics, the observed deficit is uniform over the zenith angle.

118 AMBROSIO 98 result is for all nadir angles and updates AHLEN 95 result. The lower
cutoff on the muon energy is 1 GeV. In addition to the statistical and systematic errors,
there is a Monte Carlo flux error (theoretical error) of +£0.13. With a neutrino oscil-
lation hypothesis, the fit either to the flux or zenith distribution independently yields
sin220=1.0 and A(m2) ~ a few times 103 eV2, However, the fit to the observed
zenith distribution gives a maximum probability for X2 of only 5% for the best oscillation
hypothesis.

119 CASPER 91 correlates showering/nonshowering signature of single-ring events with par-
ent atmospheric-neutrino flavor. They find nonshowering (= v, induced) fraction is

"
0.41 £ 0.03 £ 0.02, as compared with expected 0.51 + 0.05 (syst).

120 AGLIETTA 89 finds no evidence for any anomaly in the neutrino flux. They de-
fine p = (measured number of v,’s)/(measured number of V“’S]. They report

p(measured)=p(expected) = 0.96f8:g§.

121 From this data BOLIEV 81 obtain the limit A(m2) < 6 x 10=3 eV2 for maximal
mixing, vy # vy type oscillation.

R(p/total) = (Measured Ratio p/total) / (Expected Ratio u/total)
VALUE DOCUMENT ID TECN  COMMENT
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

11739 o1 122 ¢ ARK 97 IMB  multi-GeV

122 ¢| ARK 97 obtained this result by an analysis of fully contained and partially contained
events in the IMB water-Cherenkov detector with visible energy > 0.95 GeV.

Nup (#)/ Ngown (1)

VALUE DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. » o o

0527007 4 0,01 123 FyKUDA 98E SKAM multi-GeV

0.06
123 FYKUDA 98E result is based on an exposure of 25.5 kton yr. The analyzed data sample
consists of fully-contained single-ring p-like events with visible energy > 1.33 GeV and
partially contained events. All partially contained events are classified as u-like. Upward-
going events are those with —1 <cos (zenith angle) < —0.2 and downward-going events
with those with 0.2 <cos (zenith angle) < 1. FUKUDA 98E result strongly deviates from

an expected value of 0.98 £ 0.03 £ 0.02.

Nyp(€)/Naown(€)
VALUE DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. » o o

0847014 1002 124 pykuDA

—0.12

124 FUKUDA 98E result is based on an exposure of 25.5 ktonyr. The analyzed data sam-
ple consists of fully-contained single-ring e-like events with visible energy > 1.33 GeV.
Upward-going events are those with —1 <cos (zenith angle) < —0.2 and downward-going
events are those with 0.2 <cos (zenith angle) < 1. FUKUDA 98E result is compared to
an expected value of 1.01 £ 0.06 + 0.03.

sin?(26) for given A(m?) (ve < v,)
For a review see BAHCALL 89.

98E SKAM multi-GeV

VALUE CLY% DOCUMENT ID TECN COMMENT

e o o We do not use the following data for averages, fits, limits, etc. » o o

<0.6 90  1250vama 98 KAMI A(m?) > 0.1 ev2

<05 126 cLARK 97 IMB  A(m?) > 0.1 ev2

>0.55 90 127 Fykupa 94 KAMI A(m?) = 0.007-0.08 eV2
<0.47 90 128 BERGER 908 FREJ A(m?) > 1 ev2

<0.14 20 LOSECCO 87 IMB  A(m?)= 0.00011 eV?2

125 0YAMA 98 obtained this result by an analysis of upward-going muons in Kamiokande.
The data sample used is essentially the same as that used by HATAKEYAMA 98.

126 CLARK 97 obtained this result by an analysis of fully contained and partially contained
events in the IMB water-Cherenkov detector with visible energy > 0.95 GeV.

127 FUKUDA 94 obtained this result by a combined analysis of sub- and multi-GeV atmos-
pheric neutrino events in Kamiokande.

128 BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antineutrino oscillations.

A(mP) for sin?(20) =1 (ve & )

VALUE (1075 ev2) cL% DOCUMENT ID TECN

e o o We do not use the following data for averages, fits, limits, etc. » o o
<560 90  1290vAamA 98 KAMI

<980 130 ¢ ARK 97 IMB

700 < A(m2) <7000 90  !31 FUKUDA 94 KAMI

<150 90  132BERGER 908 FREJ

129 0YAMA 98 obtained this result by an analysis of upward-going muons in Kamiokande.
The data sample used is essentially the same as that used by HATAKEYAMA 98.

130 CLARK 97 obtained this result by an analysis of fully contained and partially contained
events in the IMB water-Cherenkov detector with visible energy > 0.95 GeV.

131 FUKUDA 94 obtained this result by a combined analysis of sub- and multi-GeV atmos-
pheric neutrino events in Kamiokande.

132 BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antineutrino oscillations.

sin?(26) for given A(m?) (7 « 7,,)

VALUE(IO’5 eV2) CL% DOCUMENT ID TECN COMMENT

e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

<09 99  1335MIRNOV 94 THEO A(m?) >3 x 1074 ev2
<07 99 1335MIRNOV 94 THEO A(m2) <10~ 11 ev2

133 5|IRNOV 94 analyzed the data from SN 1987A using stellar-collapse models. They also
give less stringent upper limits on sin229 for 10711 < A(mz) < 3x 1077 ev2 and

105 < A(mz) <3x 104 eV2. The same results apply to Up > 7, Yy and v,.
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sin?(26) for given A(m?) (v, < vy)

VALUE CLY% DOCUMENT 1D TECN COMMENT

e o o We do not use the following data for averages, fits, limits, etc. o o o

>0.45 90 134 AMBROSIO 03 MCRO A(m?)= 0.00025-0.009 ev2
>0.77 90 135AMBROSIO 03 MCRO A(m?)= 0.0006-0.007 eV
>0.8 90 136 AMBROSIO 01 MCRO A(m2)= 0.0006-0.015 eV2
>0.82 90 137 AMBROSIO 01 MCRO A(m2)= 0.001-0.006 ev2
>0.25 90 138 AMBROSIO 00 MCRO A(m2) >3 x 1074 ev2
>0.4 90 139 fFykupa 99¢ SKAM A(m?)= 0.001-0.1 eV2
>0.7 90 140 Fykupa 990 SKAM A(m?)= 0.0015-0.015 eV?2
>0.82 90 141 AMBROSIO 98 MCRO A(m?) ~ 0.0025 eV?

>0.82 90  142fFykupa 98C SKAM A(m?2) = 0.0005-0.006 eV2
>0.3 90 143 HATAKEYAMA98 KAMI A(m2)= 0.00055-0.14 eV2
>0.73 90 M HATAKEYAMA98 KAMI A(m2)= 0.004-0.025 eV2
<0.7 145 CLARK 97 IMB  A(m?) > 0.1eV2

>0.65 90 146 Fykupa 94 KAMI A(m?) = 0.005-0.03 ev2
<05 90 147 BECKER-SZ.. 92 IMB  A(m?)=1-2 x 104 ev2
<06 90 148 BERGER 908 FREJ A(m?) > 1 ev2

134 AMBROSIO 03 obtained this result on the basis of the ratio R:N\ow/Nhigh' where Nlow
and Nhigh are the number of upward through-going muon events with reconstructed
neutrino energy <30 GeV and >130 GeV, respectively. The data came from the full
detector run started in 1994. The method of FELDMAN 98 is used to obtain the limits.

135 AMBROSIO 03 obtained this result by using the ratio R and the angular distribution of the
upward through-going muons. Ris given by Nlow/Nhigh' where N, and Nhigh are the
number of events with reconstructed neutrino energy <30 and >130 GeV, respectively.
The angular distribution is reported in AMBROSIO 01. The method of FELDMAN 98
is used to obtain the limits.

136 AMBROSIO 01 result is based on the angular distribution of upward through-going muon
tracks with E“ > 1 GeV. The data came from three different detector configurations, but
the statistics is largely dominated by the full detector run, from May 1994 to December
2000. The total live time, normalized to the full detector configuration, is 6.17 years.
The best fit is obtained outside the physical region. The method of FELDMAN 98 is
used to obtain the limits.

137 AMBROSIO 01 result is based on the angular distribution and normalization of upward
through-going muon tracks with £, > 1 GeV. The best fit is obtained outside the
physical region. The method of FELDMAN 98 is used to obtain the limits. See the
previous footnote.

138 AMBROSIO 00 obtained this result by using the upgoing partially contained event sample
and the combined samples of downgoing partially contained events and upgoing stopping
events. These data came from 4.1 live years of data taking with the full detector,
from April 1994 to February 1999. The average energy of atmospheric muon neutrinos
corresponding to these samples is 4 GeV. The maximum of the XZ probability (97%)
occurs at maximal mixing and A(mz):(lw 20) x 1073 ev2.

139 FUKUDA 99¢ obtained this result from a total of 537 live days of upward through-going
muon data in Super-Kamiokande between April 1996 to January 1998. With a threshold
of Eu > 1.6 GeV, the observed flux of upward through-going muons is (1.74 £ 0.07 +
0.02) x 107183 em=2s 151 The zenith-angle dependence of the flux does not agree
with no-oscillation predictions. For the vy = vp hypothesis, FUKUDA 99C obtained
the best fit at sin220=0.95 and A(m?)=5.9 x 10~3 eV2. FUKUDA 99C also reports
68% and 99% confidence-level allowed regions for the same hypothesis.

140 FUKUDA 99D obtained this result from a simultaneous fitting to zenith angle distri-
butions of upward-stopping and through-going muons. The flux of upward-stopping
muons of minimum energy of 1.6 GeV measured between April 1996 and January 1998 is
(0.39 4 0.04 +0.02) x 10713 cm=2 s~ 1 5r—1. This is compared to the expected flux of
(0.73 4 0.16 (theoretical error)) x 10713 cm=2 s~ 1 =1, The flux of upward through-
going muons is taken from FUKUDA 99c. For the vy = vr hypothesis, FUKUDA 99D
obtained the best fit in the physical region at sin226=1.0 and A(m2):3.9 %1073 eV2.
FUKUDA 99D also reports 68% and 99% confidence-level allowed regions for the same
hypothesis. FUKUDA 99D further reports the result of the oscillation analysis using the
zenith-angle dependence of upward-stopping/through-going flux ratio. The best fit in
the physical region is obtained at sin226—1.0 and A(m2):3.1 x 1073 ev2,

141 AMBROSIO 98 result is only 17% probable at maximum because of relatively low flux
for cosf < 0.8.

142 FyKUDA 98C obtained this result by an analysis of 33.0 kton yr atmospheric-neutrino
data which include the 255 ktonyr data used by FUKUDA 98 (sub-GeV) and
FUKUDA 98E (multi-GeV). Inside the physical region, the best fit was obtained at
sin22=1.0 and A(m?)=2.2x10~3 eV2. In addition, FUKUDA 98 gave the 99% confi-
dence interval, sin?26 > 0.73 and 3x10~% < A(m?) < 8.5x 1073 eV2. FUKUDA 98C
also tested the vy = Ve hypothesis, and concluded that it is not favored.

143 HATAKEYAMA 98 obtained this result from a total of 2456 live days of upward-
going muon data in Kamiokande between December 1985 and May 1995. With a
threshold of EM > 1.6 GeV, the observed flux of upward through-going muon is
(194 + 0.101’8'32) x 10713 em=2s 151, This is compared to the expected
flux of (2.46 &+ 0.54 (theoretical error)) x 10713 em=2s= 15— 1. For the vy =
v, hypothesis, the best fit inside the physical region was obtained at sin226=1.0 and
A(m?)=3.2 x 10~ 3 V2.

144 HATAKEYAMA 98 obtained this result from a combined analysis of Kamiokande’s con-
tained events (FUKUDA 94) and upward-going muon events. The best fit was obtained
at sin226=0.95 and A(m?)=1.3 x 10~2eV2,

145 CLARK 97 obtained this result by an analysis of fully contained and partially contained
events in the IMB water-Cherenkov detector with visible energy > 0.95 GeV.

146 FUKUDA 94 obtained this result by a combined analysis of sub-and multi-GeV atmos-
pheric neutrino events in Kamiokande.

147 BECKER-SZENDY 92 uses upward-going muons to search for atmospheric v, oscilla-
tions. The fraction of muons which stop in the detector is used to search for deviations
in the expected spectrum. No evidence for oscillations is found.

148 BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antineutrino oscillations.

A(m?) for sin?(20) = 1 (v, < v;)

VALUE (1075 ev?) % DOCUMENT ID TECN
e o o We do not use the following data for averages, fits, limits, etc. o o o
25< A(m?) <900 90  149AMBROSIO 03 MCRO
60< A(m?) <700 90 150 AMBROSIO 03 MCRO
60< A(m?) <1500 90 151 AMBROSIO 01 MCRO
100< A(m?) <600 90  152AMBROSIO 01 MCRO
> 35 90 153 AMBROSIO 00 MCRO
100< A(m?) <5000 90 154 FUKUDA 99 SKAM
150< A(m?) <1500 90 155 FUKUDA 99D SKAM
50< A(m?) < 600 9 156 AMBROSIO 98 MCRO
50< A(m?) < 600 9 157 FukubA 98¢ SKAM

55< A(m?) < 5000 90 158 HATAKEYAMA98 KAMI
400< A(m?) <2300 90 159 HATAKEYAMA98 KAMI

<1500 160 | ARK 97 IMB
500 < A(m?) <2500 90 161 FUKUDA 94 KAMI
< 350 90 162 BERGER 908 FREJ

149 AMBROSIO 03 obtained this result on the basis of the ratio R:Nlow/Nhigh’ where N|0W
and Nhigh are the number of upward through-going muon events with reconstructed
neutrino energy <30 GeV and >130 GeV, respectively. The data came from the full
detector run started in 1994. The method of FELDMAN 98 is used to obtain the limits.

150 AMBROSIO 03 obtained this result by using the ratio Rand the angular distribution of the
upward through—gom.g muons. Ris given byl Nlow/Nhigh' where N, and Nhigh arle the
number of events with reconstructed neutrino energy <30 and >130 GeV, respectively.
The angular distribution is reported in AMBROSIO 01. The method of FELDMAN 98
is used to obtain the limits.

151 AMBROSIO 01 result is based on the angular distribution of upward through-going muon
tracks with EM > 1 GeV. The data came from three different detector configurations, but
the statistics is largely dominated by the full detector run, from May 1994 to December
2000. The total live time, normalized to the full detector configuration, is 6.17 years.
The best fit is obtained outside the physical region. The method of FELDMAN 98 is
used to obtain the limits.

152 AMBROSIO 01 result is based on the angular distribution and normalization of upward
through-going muon tracks with £, > 1 GeV. The best fit is obtained outside the
physical region. The method of FELDMAN 98 is used to obtain the limits. See the
previous footnote.

153 AMBROSIO 00 obtained this result by using the upgoing partially contained event sample
and the combined samples of downgoing partially contained events and upgoing stopping
events. These data came from 4.1 live years of data taking with the full detector,
from April 1994 to February 1999. The average energy of atmospheric muon neutrinos
corresponding to these samples is 4 GeV. The maximum of the X2 probability (97%)
occurs at maximal mixing and A(mz):(lw 20) x 1073 ev2.

154 FUKUDA 99¢ obtained this result from a total of 537 live days of upward through-going
muon data in Super-Kamiokande between April 1996 to January 1998. With a threshold
of Ell > 1.6 GeV, the observed flux of upward through-going muon is (1.74 £ 0.07 +
0.02) x 107183 cm=25 11 The zenith-angle dependence of the flux does not agree
with no-oscillation predictions. For the vy = v hypothesis, FUKUDA 99C obtained
the best fit at sin220=0.95 and A(m?2)=5.9 x 10~3 eV2. FUKUDA 99C also reports
68% and 99% confidence-level allowed regions for the same hypothesis.

155 FUKUDA 990 obtained this result from a simultaneous fitting to zenith angle distri-
butions of upward-stopping and through-going muons. The flux of upward-stopping
muons of minimum energy of 1.6 GeV measured between April 1996 and January 1998 is
(0.39 +0.04 +0.02) x 10713 em=2 51 5= 1. This is compared to the expected flux of
(0.73 £ 0.16 (theoretical error)) x 10~ 13 cm=2s=1 sr=1, The flux of upward through-
going muons is taken from FUKUDA 99C. For the vy = vr hypothesis, FUKUDA 99D
obtained the best fit in the physical region at sin226=1.0 and A(mz):3.9 x10=3 eV2,
FUKUDA 99D also reports 68% and 99% confidence-level allowed regions for the same
hypothesis. FUKUDA 99D further reports the result of the oscillation analysis using the
zenith-angle dependence of upward-stopping/through-going flux ratio. The best fit in
the physical region is obtained at sin226=1.0 and A(mz):.’..l x 10~ 3 eV2,

156 AMBROSIO 98 result is only 17% probable at maximum because of relatively low flux
for cosf < —0.8.

157 FUKUDA 98¢ obtained this result by an analysis of 33.0 kton yr atmospheric-neutrino
data which include the 255 ktonyr data used by FUKUDA 98 (sub-GeV) and
FUKUDA 98E (multi-GeV). Inside the physical region, the best fit was obtained at
sin226=1.0 and A(m?2)=2.2x10~3 eV2, In addition, FUKUDA 98C gave the 99% confi-
dence interval, sin226 > 0.73 and 3x 10~4 < A(m?) < 8.5 x 10~3 eV2. FUKUDA 98¢
also tested the vy = Ve hypothesis, and concluded that it is not favored.

158 HATAKEYAMA 98 obtained this result from a total of 2456 live days of upward-
going muon data in Kamiokande between December 1985 and May 1995. With a
threshold of EM > 1.6 GeV, the observed flux of upward through-going muon is
(1.94 + 0.101‘8'82} x 10713 cm=2s 11, This is compared to the expected
flux of (2.46 + 0.54 (theoretical error)) x 10713 cm=25= 151, For the vy =
v, hypothesis, the best fit inside the physical region was obtained at sin226=1.0 and
A(m?)=3.2x 1073 V2,

159 HATAKEYAMA 98 obtained this result from a combined analysis of Kamiokande’s con-
tained events (FUKUDA 94) and upward-going muon events. The best fit was obtained
at sin226=0.95 and A(m?)=1.3 x 10~ 2 eV2.

160 CLARK 97 obtained this result by an analysis of fully contained and partially contained
events in the IMB water-Cherenkov detector with visible energy > 0.95 GeV.

161 FUKUDA 94 obtained this result by a combined analysis of sub-and multi-GeV atmos-
pheric neutrino events in Kamiokande.

162 BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antineutrino oscillations.
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A(m?) for sin?(20) =1 (v, — vs)

vg means v, or any sterile (noninteracting) .

VALUE (1075 ev?) cL% DOCUMENT ID TECN _ COMMENT

e o o We do not use the following data for averages, fits, limits, etc. o o o

<3000 (or <550) 90 163 ovama 89 KAMI Water Cherenkov

< 4.2 or > 54. 90 BIONTA 88 IMB Flux has Yy ﬁl’" Ve,
and 7

163 OYAMA 89 gives a range of limits, depending on assumptions in their analysis. They
argue that the region A(m2) = (100-1000) x 105 ev2 is not ruled out by any data
for large mixing.

Search for v, — vs

VALUE DOCUMENT ID TECN ~ COMMENT

e o o We do not use the following data for averages, fits, limits, etc. o o o
164 AMBROSIO 01 MCRO matter effects

165 FUKUDA 00 SKAM neutral currents + mat-
ter effects

164 AMBROSIO 01 tested the pure 2-flavor vy = Vs hypothesis using matter effects which
change the shape of the zenith-angle distribution of upward through-going muons. With
maximum mixing and A(mz) around 0.0024 eV2, the vy = Vs oscillation is disfavored
with 99% confidence level with respect to the vy = vr hypothesis.

165 FUKUDA 00 tested the pure 2-flavor vy, — vs hypothesis using three complementary
atmospheric-neutrino data samples. With this hypothesis, zenith-angle distributions are
expected to show characteristic behavior due to neutral currents and matter effects.
In the A(mz) and sin2260 region preferred by the Super-Kamiokande data, the vy =
v hypothesis is rejected at the 99% confidence level, while the v, — v, hypothesis
consistently fits all of the data sample.

(D) Solar v Experiments
SOLAR NEUTRINOS

Revised November 2003 by K. Nakamura (KEK, High Energy
Accelerator Research Organization, Japan).

1. Introduction
The Sun is a main-sequence star at a stage of stable hydro-
gen burning. It produces an intense flux of electron neutrinos
as a consequence of nuclear fusion reactions whose combined
effect is
4p — He + 2™ + 2v. (1)

Positrons annihilate with electrons. Therefore, when consider-
ing the solar thermal energy generation, a relevant expression
is

4p+2e~ — *He +2v, +26.73 MeV — E,, , (2)
where FE, represents the energy taken away by neutrinos,
with an average value being (E,) ~ 0.6 MeV. The neutrino-
producing reactions which are at work inside the Sun are
enumerated in the first column in Table 1. The second column
in Table 1 shows abbreviation of these reactions. The energy
spectrum of each reaction is shown in Fig. 1.

Observation of solar neutrinos directly addresses the theory
of stellar structure and evolution, which is the basis of the
standard solar model (SSM). The Sun as a well-defined neu-
trino source also provides extremely important opportunities to
investigate nontrivial neutrino properties such as nonzero mass
and mixing, because of the wide range of matter density and
the great distance from the Sun to the Earth.

A pioneering solar neutrino experiment by Davis and col-
laborators using 37Cl started in the late 1960’s. From the very
beginning of the solar-neutrino observation [1], it was recognized
that the observed flux was significantly smaller than the SSM
prediction, provided nothing happens to the electron neutrinos
after they are created in the solar interior. This deficit has been

called “the solar-neutrino problem.”

In spite of the challenges by the chlorine and gallium radio-
chemical experiments (GALLEX, SAGE, and GNO) and water-
Cherenkov experiments (Kamiokande and Super-Kamiokande),
the solar-neutrino problem had persisted for more than 30 years.
However, there have been remarkable developments in the past
few years and now the solar-neutrino problem has been finally
solved.

In 2001, the initial result from SNO (Sudbury Neutrino
Observatory) (2], a water Cherenkov detector with heavy water,
on the solar-neutrino flux measured via charged-current (CC)
reaction, ved — e~ pp, combined with the Super-Kamiokande’s
high-statistics flux measurement via ve elastic scattering [3],
provided direct evidence for flavor conversion of solar neu-
trinos [2]. Later in 2002, SNO’s measurement of the neutral-
current (NC) rate, vd — vpn, and the updated CC result
further strengthened this conclusion [4].

The most probable explanation which can also solve the
solar-neutrino problem is neutrino oscillation. At this stage, the
LMA (large mixing angle) solution was the most promising.
However, at 3¢ confidence level, LOW (low probability or low
mass) and/or VAC (vacuum) solutions were allowed depending
on the method of analysis (see Sec. 3.6). LMA and LOW
are solutions of neutrino oscillation in matter [5,6] and VAC
is a solution of neutrino oscillation in vacuum. Subsequently,
experiments have excluded vacuum oscillations and there exists
strong evidence that matter effects are required in the solution
to the solar-neutrino problem.

In December 2002, KamLAND (Kamioka Liquid Scintil-
lator Anti-Neutrino Detector), a terrestrial 7, disappearance
experiment using reactor neutrinos, observed clear evidence of
neutrino oscillation with the allowed parameter region over-
lapping with the parameter region of the LMA solution [7].
Assuming CPT invariance, this result directly implies that the
true solution of the solar v, oscillation has been determined to
be LMA. A combined analysis of all the solar-neutrino data and
KamLAND data significantly constrained the allowed parame-
ter region. Inside the LMA region, the allowed region splits into
two bands with higher Am? and lower Am?.

More recently, in September, 2003, SNO reported [8] results
on solar-neutrino fluxes observed with NaCl added in heavy
water: this improved the sensitivity for the detection of the
NC reaction. A global analysis of all the solar neutrino data
combined with the KamLAND data further reduced the allowed
region to the lower Am? band with the best fit point of
Am? =7.1 x 107° eV? and 6 = 32.5 degrees [8].

2. Solar Model Predictions

A standard solar model is based on the standard theory of
stellar evolution. A variety of input information is needed in the
evolutionary calculations. The most elaborate SSM, BP2000 [9],
is presented by Bahcall et al. who define their SSM as the solar
model which is constructed with the best available physics and
input data. Though they used no helioseismological constraints
in defining the SSM, the calculated sound speed as a function
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of the solar radius shows an excellent agreement with the
helioseismologically determined sound speed to a precision of
0.1% rms throughout essentially the entire Sun. This greatly
strengthens the confidence in the solar model. The BP2000
predictions [9] for the flux and contributions to the event rates
in chlorine and gallium solar-neutrino experiments from each
neutrino-producing reaction are listed in Table 1. The solar-
neutrino spectra shown in Fig. 1 also resulted from the BP2000
calculations [9].

Other recent solar-model predictions for solar-neutrino
fluxes were given by Turck-Chieze et al. [10] Their model is
based on the standard theory of stellar evolution where the best
physics available is adopted, but some fundamental inputs such
as the pp reaction rate and the heavy-element abundance in the
Sun are seismically adjusted within the commonly estimated
errors aiming at reducing the residual differences between the
helioseismologically-determined and the model-calculated sound
speeds. Their predictions for the event rates in chlorine and gal-
lium solar-neutrino experiments as well as B solar-neutrino flux
are shown in the last line in Table 2, where the BP2000 predic-
tions [9] are also shown in the same format. As is apparent from
this table, the predictions of the two models are remarkably
consistent.

The SSM predicted 8B solar-neutrino flux is proportional
to the low-energy cross section factor S17(0) for the "Be(p,7)®B
reaction. The BP2000 [9] and Turck-Chieze et al. [10] models
adopted S17(0) = lgfg eV-b. Inspired by the recent precise
measurement of the low-energy cross section for the "Be(p,7)*B
reaction by Junghans et al. [11], Bahcall et al. [12] calculated
the (BP2000 + New 3B) SSM predictions using S17(0) =
(22.3 £ 0.9) eV-b. The results are: a 8B solar-neutrino flux
of 5.93(1.007314) x 105 ¢cm=2 571, a chlorine capture rate of
8.59F13 SNU, and a gallium capture rate of 13079 SNU.

Table 1: Neutrino-producing reactions in the Sun (first col-
umn) and their abbreviations (second column). The neutrino
fluxes and event rates in chlorine and gallium solar-neutrino
experiments predicted by Bahcall, Pinsonneault and Basu [9]
are listed in the third, fourth, and fifth columns respectively.

BP2000 [9]

Reaction Abbr. Flux (em %s ') Cl (SNU*) Ga (SNU*)
pp—det v pp 5.95(1.00730) x 1010 — 69.7
pe~p—dv pep  1.40(1.007J01%) x 108 0.22 2.8
3Hep — *Heetv  hep 9.3 x 103 0.04 0.1
"Bee™ — TLiv+(y) ™Be  4.77(1.00131%) x 100  1.15 34.2
8B — 8Be* etv 8B 5.05(1.007502%) x 105  5.76 12.1
BN - BC ety BN 5.48(1.00792%) x 108 0.09 34
150 - N ety 150 4.80(1.00%3%%) x 108 0.33 5.5
p 170 ety P 5.63(1.001032) x 10° 0.0 0.1

Total 76713 12879

* 1 SNU (Solar Neutrino Unit) = 10736 captures per atom per second.
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Figure 1: The solar neutrino spectrum pre-
dicted by the standard solar model. The neu-
trino fluxes from continuum sources are given
in units of number cm~2s~!MeV~1 at one as-
tronomical unit, and the line fluxes are given
in number cm™2s~!. Spectra for the pp chain,
shown by the solid curves, are courtesy of J.N.
Bahcall (2001). Spectra for the CNO chain are
shown by the dotted curves, and are also cour-
tesy of J.N. Bahcall (1995). See full-color ver-
sion on color pages at end of book.

3. Solar Neutrino Experiments

So far, seven solar-neutrino experiments have published
results. The most recent published results on the average event
rates or flux from these experiments are listed in Table 2 and

compared to the two recent solar-model predictions.

3.1. Radiochemical Experiments
Radiochemical experiments exploit electron neutrino ab-
sorption on nuclei followed by their decay through orbital
electron capture. Produced Auger electrons are counted.
The Homestake chlorine experiment in USA uses the reac-
tion
37Cl+ v, — 3TAr 4 ¢~ (threshold 814 keV). (3)

Three gallium experiments (GALLEX and GNO at Gran Sasso
in Italy and SAGE at Baksan in Russia) use the reaction

"Ga+ve — MGe + e~ (threshold 233 keV). (4)

The produced 37Ar and ™ Ge atoms are both radioactive, with
half lives (713) of 34.8 days and 11.43 days, respectively. After
an exposure of the detector for two to three times 7y5, the
reaction products are chemically extracted and introduced into
a low-background proportional counter, where they are counted
for a sufficiently long period to determine the exponentially
decaying signal and a constant background.

Solar-model calculations predict that the dominant contri-

bution in the chlorine experiment comes from 8B neutrinos, but
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Table 2: Recent results from the seven solar-neutrino experi-
ments and a comparison with standard solar-model predictions.
Solar model calculations are also presented. The first and the
second errors in the experimental results are the statistical and
systematic errors, respectively.

37C1-%TAr  "'Ga—"'Ge 8B v flux

(SNU) (SNU) (108cm=2s~1)

Homestake

(CLEVELAND 98)[13] 2.56 +0.16 +0.16 — —
GALLEX

(HAMPEL 99)[14] — 775 +6.2743 —
GNO

(ALTMANN 00)[15] — 65.87102+34 —
SAGE

(ABDURASHL. . .02)[16] — 70.8+33+37 -
Kamiokande

(FUKUDA 96)[17] — —  2.80+0.19+0.33"
Super-Kamiokande

(FUKUDA 02)[18] — —
SNO (pure D20)

(AHMAD 02)[4] — —

+0.07
2.35 4+ 0.031 397

1767008 + 0.09¢
+0.24
2.391933 +0.12f
+0.44+0.46
— - 5.09%0°53 0'a3”
SNO (NaCl in D50)
0.08+0.06
(AHMED 03)[8] — _ 1595098 +0-08
+0.31
2.211950 +0.10f
5.21 £ 0.27 + 0.38*

(BAHCALL 01)[9] 7.6713 12873
(TURCK-CHIEZE 01)[10]  7.44 £ 0.96 127.8 £ 8.6

5.05(1.0075-20)
4.95+0.72

* Flux measured via the neutral-current reaction.
 Flux measured via ve elastic scattering.

 Flux measured via the charged-current reaction.

"Be, pep, N, and ®O neutrinos also contribute. At present,
the most abundant pp neutrinos can be detected only in gallium
experiments. Even so, according to the solar-model calcula-
tions, almost half of the capture rate in the gallium experiments
is due to other solar neutrinos.

The Homestake chlorine experiment was the first to attempt
the observation of solar neutrinos. Initial results obtained in
1968 showed no events above background with upper limit
for the solar-neutrino flux of 3 SNU [1]. After introduction
of an improved electronics system which discriminates signal
from background by measuring the rise time of the pulses
from proportional counters, a finite solar-neutrino flux has been
observed since 1970. The solar-neutrino capture rate shown in
Table 2 is a combined result of 108 runs between 1970 and
1994 [13]. It is only about 1/3 of the BP2000 prediction [9].

GALLEX presented the first evidence of pp solar-neutrino
observation in 1992 [19]. Here also, the observed capture rate
is significantly less than the SSM prediction. SAGE initially
reported very low capture rate, 201’%8 + 32 SNU, with a 90%
confidence-level upper limit of 79 SNU [20]. Later, SAGE ob-
served similar capture rate to that of GALLEX [21]. Both

GALLEX and SAGE groups tested the overall detector re-
sponse with intense man-made *1Cr neutrino sources, and ob-
served good agreement between the measured "!Ge production
rate and that predicted from the source activity, demonstrating
the reliability of these experiments. The GALLEX Collabora-
tion formally finished observations in early 1997. Since April,
1998, a newly defined collaboration, GNO (Gallium Neutrino
Observatory) resumed the observations.

3.2 Kamiokande and Super-Kamiokande
Kamiokande and Super-Kamiokande in Japan are real-time

experiments utilizing ve scattering
vp+em —sug+e” (5)

in a large water-Cherenkov detector. It should be noted that
the reaction Eq. (5) is sensitive to all active neutrinos, z = e,
i, and 7. However, the sensitivity to v, and v; is much smaller
than the sensitivity to ve, o(vyre) & 0.160(vee). The solar-
neutrino flux measured via ve scattering is deduced assuming
no neutrino oscillations.

These experiments take advantage of the directional correla-
tion between the incoming neutrino and the recoil electron. This
feature greatly helps the clear separation of the solar-neutrino
signal from the background. Due to the high thresholds (7 MeV
in Kamiokande and 5 MeV at present in Super-Kamiokande)
the experiments observe pure 8B solar neutrinos because hep
neutrinos contribute negligibly according to the SSM.

The Kamiokande-II Collaboration started observing 8B so-
lar neutrinos at the beginning of 1987. Because of the strong
directional correlation of ve scattering, this result gave the first
direct evidence that the Sun emits neutrinos [22] (no direc-
tional information is available in radiochemical solar-neutrino
experiments). The observed solar-neutrino flux was also signifi-
cantly less than the SSM prediction. In addition, Kamiokande-
II obtained the energy spectrum of recoil electrons and the
fluxes separately measured in the daytime and nighttime. The
Kamiokande-II experiment came to an end at the beginning of
1995.

Super-Kamiokande is a 50-kton second-generation solar-
neutrino detector, which is characterized by a significantly larger
counting rate than the first-generation experiments. This exper-
iment started observation in April 1996. The solar-neutrino flux
was measured as a function of zenith angle and recoil-electron
energy [18]. The average solar-neutrino flux was smaller than,
but consistent with, the Kamiokande-II result [17]. The ob-
served day-night asymmetry was Apn = 0_5]:();};},7% =
—0.021 £ 0.0207391%. No indication of spectral distortion was
observed.

In November 2001, Super-Kamiokande suffered from an
accident in which substantial number of photomultiplier tubes
were lost. The detector was rebuilt within a year with about half
of the original number of photomultiplier tubes. The experiment
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with the detector before the accident is now called Super-
Kamiokande-I, and that after the accident is called Super-
Kamiokande-II.

3.3 SNO

In 1999, a new real time solar-neutrino experiment, SNO, in
Canada started observation. This experiment uses 1000 tons of
ultra-pure heavy water (D20) contained in a spherical acrylic
vessel, surrounded by an ultra-pure HoO shield. SNO measures

8B solar neutrinos via the reactions
Ve+d—e +p+p (6)

and
Ve +d— vy +p+mn, (7)

as well as ve scattering, Eq. (5). The CC reaction, Eq. (6),
is sensitive only to electron neutrinos, while the NC reaction,
Eq. (7), is sensitive to all active neutrinos.

The @Q-value of the CC reaction is —1.4 MeV and the
electron energy is strongly correlated with the neutrino energy.
Thus, the CC reaction provides an accurate measure of the
shape of the 8B solar-neutrino spectrum. The contributions
from the CC reaction and ve scattering can be distinguished
by using different cos 6 distributions where g is the angle
of the electron momentum with respect to the direction from
the Sun to the Earth. While the ve scattering events have a
strong forward peak, CC events have an approximate angular
distribution of 1 — 1/3 cosfg.

The threshold of the NC reaction is 2.2 MeV. In the
pure DyO, the signal of the NC reaction is neutron capture
in deuterium, producing a 6.25-MeV ~-ray. In this case, the
capture efficiency is low and the deposited energy is close to
the detection threshold of 5 MeV. In order to enhance both
the capture efficiency and the total y-ray energy (8.6 MeV),
2 tons of NaCl were added to the heavy water in the second
phase of the experiment. In addition, installation of discrete
3He neutron counters is planned for the NC measurement in
the third phase.

In 2001, SNO published the initial results on the measure-
ment of the 8B solar-neutrino flux via CC reaction [2]. The
electron energy spectrum and the cosfg distribution were also
measured. The spectral shape of the electron energy was consis-
tent with the expectations for an undistorted 8B solar-neutrino
spectrum.

SNO also measured the 3B solar-neutrino flux via ve scat-
tering. Though the latter result had poor statistics, it was
consistent with the high-statistics Super-Kamiokande result.
Thus, the SNO group compared their CC result with Super-
Kamiokande's ve scattering result, and obtained evidence of an
active non-ve component in the solar-neutrino flux, as further
described in Sec. 3.5.

Later, in April, 2002, SNO reported the first result on
the 8B solar-neutrino flux measurement via NC reaction [4].
The total flux measured via NC reaction was consistent with
the solar-model predictions (see Table 2). Also, the SNO’s CC

and ve scattering results were updated [4]. These results were
consistent with the earlier results [2].

Further, the day and night energy spectra were measured
and the day-night asymmetry of the v, flux measured with
CC events was presented [23]. Assuming an undistorted 8B

Day — Night
spectrum, the asymmetry was Apn = m =
70.140i0.063f8:8%i. With an additional constraint of no asym-
metry for the total flux of active neutrinos, the asymmetry was
found to be —0.070 + 0.04975-91%.

The SNO Collaboration made a global analysis (see Sect.
3.6) of the SNO’s day and night energy spectra together with
the data from other solar-neutrino experiments. The results
strongly favored the LMA solution, with the LOW solution
allowed at 99.5% confidence level [23]. (In most of the similar
global analyses, the VAC solution was also allowed at 99.9 ~
99.73% confidence level, see Sect. 3.6.) For the LMA solution
(and also for the LOW solution), the maximal mixing was
excluded at > 3o.

Recently, in September, 2003, SNO has released the results
of solar-neutrino flux measurements with dissolved NaCl in the
heavy water. The results from the “salt phase” are described in
Sect. 5.

o L e LA B e e A

SNO
o0 | o8

I}
T T

T

Oy (108 cm=2s71)

Ju
[ARRRRRRRE
’
/
/
’
/
/

0\\\\\\\\\\\\\\\\\\\\\\4\\\\\\\

1 2 3 4 5
0, (106 cm=2s71)

<)
o i1l

Figure 2: Fluxes of ®B solar neutrinos, ¢(ve),
and ¢(vy or r), deduced from the SNO’s
charged-current (CC), v, elastic scattering (ES),
and neutral-current (NC) results for pure D>0O.
The standard solar model prediction [9] is also
shown. The bands represent the lo error. The
contours show the 68%, 95%, and 99% joint
probability for ¢(ve) and (v or 7). This figure
is courtesy of K.T. Lesko (LBNL). See full-color
version on color pages at end of book.

3.4 Comparison of Experimental Results with Solar-
Model Predictions

It is clear from Table 2 that the results from all the solar-
neutrino experiments, except the SNO’s NC result, indicate
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significantly less flux than expected from the BP2000 SSM [9]
and the Turck-Chieze et al. solar model [10].

There has been a consensus that a consistent explana-
tion of all the results of solar-neutrino observations is unlikely
within the framework of astrophysics using the solar-neutrino
spectra given by the standard electroweak model. Many au-
thors made solar model-independent analyses constrained by
the observed solar luminosity [24-28], where they attempted
to fit the measured solar-neutrino capture rates and 8B flux
with normalization-free, undistorted energy spectra. All these
attempts only obtained solutions with very low probabilities.

The data therefore suggest that the solution to the solar-

neutrino problem requires nontrivial neutrino properties.

3.5 Evidence for Solar Neutrino Oscillations

Denoting the B solar-neutrino flux obtained by the SNO’s
CC measurement as ¢g§o(ye) and that obtained by the Super-
Kamiokande ve scattering as ¢§s(vs), dsvo(Ve) = dhn(vs) is
expected for the standard neutrino physics. However, SNO’s
initial data [2] indicated

ER () — 550 (ve) = (0.57 + 0.17) x 106 em™2571. (8)

The significance of the difference was > 30, implying direct ev-
idence for the existence of a non-v, active neutrino flavor com-
ponent in the solar-neutrino flux. A natural and most probable
explanation of neutrino flavor conversion is neutrino oscillation.
Note that both the SNO [2] and Super-Kamiokande [3] flux
results were obtained by assuming the standard ®B neutrino
spectrum shape. This assumption was justified by the measured
energy spectra in both of the experiments.

The SNO’s results for pure D3O, reported in 2002 [4],
provided stronger evidence for neutrino oscillation than Eq. (8).
The fluxes measured with CC, ES and NC events were

oS50 ve) = (1762398 +0.09) x 10°cm 27!, (9)
o880 (vs) = (2397028 +0.12) x 10°cm %71, (10)
$No(va) = (5.0 545 049) x 10°%em™s~1 . (11)

Eq. (11) is a mixing-independent result and therefore tests
solar models. Tt shows very good agreement with the 8B solar-
neutrino flux predicted by the BP2000 SSM [9] and that
predicted by Turck-Chieze et al. model [10]. The fluxes ¢(ve)
and ¢(¥y or 7) deduced from these results were remarkably
consistent as can be seen in Fig. 2. The resultant flux of non-v,
active neutrinos, ¢(vy or ), was

(W or r) = (3.4130:8) % 109em 25 (12)

where the statistical and systematic errors were added in
quadrature. This ¢(v or ) Was 5.3 o above 0.
3.6. Pre-KamLAND Global Analyses of the Solar Neu-
trino Data

A global analysis of the solar-neutrino data essentially uses
all the independent solar-neutrino data that are available when
the analysis is made to determine the globally allowed regions in

terms of two neutrino oscillations either in vacuum or in matter.
A number of pre-SNO global analyses of the solar-neutrino data
yielded various solutions. (For example, see Ref. [29].) With
the SNO’s CC and NC measurements, various global analyses
[30-36] showed that LMA was the most favored solution, but
either or both of the two other solutions, LOW (low probability
or low mass) and VAC (vacuum), were marginally allowed at
99.9 ~ 99.73% confidence level. These global analyses mostly
differ in the statistical treatment of the data.
Typical parameter values [34] corresponding to these solu-

tions are

e LMA: Am? = 5.5 x 107 eV?, tan® 6 = 0.42

o LOW: Am? = 7.3 x 1078 eV?2, tan% 0 = 0.67

e VAC: Am? = 6.5 x 10710 eV?, tan® 6§ = 1.33.
It should be noted that all these solutions have large mixing
angles. SMA (small mixing angle) solution (typical parameter
values [34] are Am? = 5.2 x 1076 ¢V?2 and tan%6 = 1.1 x 1072)
was once favored, but after SNO it was excluded at > 30
[30-36].

4. KamLAND and Combined Oscillation Analysis

KamLAND is a 1-kton ultra-pure liquid scintillator detector
located at the old Kamiokande’s site in Japan. Although the
ultimate goal of KamLAND is observation of “Be solar neutrinos
with much lower energy threshold, the initial phase of the
experiment is a long baseline (Aux-weighted average distance of
~ 180 km) neutrino oscillation experiment using 7.’s emitted
from power reactors. The reaction 7, +p — e™ + n is used
to detect reactor 7,’s and delayed coincidence with 2.2 MeV
v-ray from neutron capture on a proton is used to reduce the
backgrounds.

With the reactor 7.’s energy spectrum (< 8 MeV) and an
analysis threshold of 2.6 MeV, this experiment has a sensi-
tive Am? range down to ~ 10~° eV2, Therefore, if the LMA
solution is the real solution of the solar neutrino problem, Kam-
LAND should observe reactor 7, disappearance, assuming CPT
invariance.

The first KamLAND results [7] with live time of 145 days
were reported in December 2002. The ratio of observed to
expected (assuming no neutrino oscillation) number of events

was
Nobs — Nrc

N NoOsc
with obvious notation. This result shows clear evidence of event

= 0.611 4 0.085 & 0.041. (13)

deficit expected from neutrino oscillation. The 95% confidence
level allowed regions shown in Fig. 3 are obtained from the
oscillation analysis with the observed event rates and positron
spectrum shape. In this figure, the allowed region for the LMA
solution from a global analysis [34] of the solar-neutrino data
is also shown. There are two bands of regions allowed by both
solar and KamLAND data. The LOW and VAC solutions are
excluded by the KamLAND results.

A combined global solar and KamLAND analysis shows
that the LMA is a unique solution to the solar neutrino
problem with > 50 confidence level [37]. The 99% confidence
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Figure 3: Excluded regions of neutrino oscilla-
tion parameters for the rate analysis and allowed
regions for the combined rate and shape analysis
from KamLAND at 95% confidence level. The
95% confidence-level allowed region of the LMA
solution taken from a global analysis by Fogli
et al. [34] is also shown. The star shows the
best fit to the KamLAND data in the physical
region: sin?26 = 1.0 and Am? = 6.9 x 107° eV?2,
All regions look identical under 0 « (7/2 — 0)
except for the LMA region from solar-neutrino
experiments. This figure is courtesy of K. Inoue
(Tohoku University).

level allowed region from combined analyses [37-45] splits into

two subregions. At > 3o these subregions become connected.

5. SNO Salt Phase Results

The SNO Collaboration recently reported the total 8B solar-
neutrino flux measured via NC reaction with NaCl dissolved in
the detector heavy water [8]. The accuracy in the flux measure-
ment has improved compared to the previous measurements
thanks to the enhanced sensitivity to NC reactions (see Ta-
ble 2). These results further constrain the allowed region of
the LMA solution (see Fig. 4). A global analysis of the solar-
neutrino data combined with the KamLAND data has shrunk
the allowed region to the lower Am? band at 99% confidence
level with the best fit point at Am? = 7.17:(1):% x 1075 eV2 and
9 = 32.57%3 degrees [8]. The maximal mixing is now excluded
at > 50 confidence level [8]. Other combined analyses give
consistent results [46-51].

Am?(ev?)
&
_
=

—90% CL

—95% CL
99% CL

—99.73% CL

10, -
107 1107

1
tan20 tan29

Figure 4: Global neutrino oscillation contours
given by the SNO Collaboration assuming that
the 8B neutrino flux is free and the hep neutrino
flux is fixed. (a) Solar global analysis. (b) Solar
global + KamLAND. For details, see Ref. [8].
See full-color version on color pages at end of
book.
6. Future Prospects

Now that the solar-neutrino problem has been essentially
solved, what are the future prospects of the solar-neutrino
experiments?

From the particle-physics point of view, precise determina-
tion of the oscillation parameters and search for non-standard
physics such as a small admixture of a sterile component in
the solar-neutrino flux will be still of interest. To determine
Am? more precisely, further KamLAND exposure to the reac-
tor neutrinos will be most powerful [46,53]. More precise NC
measurements by SNO will contribute in reducing the uncer-
tainty of the mixing angle [51,53]. Measurements of the pp flux
to an accuracy comparable to the quoted accuracy (+1%) of
the SSM calculation will significantly improve the precision of
the mixing angle [46,53].

An important task of the future solar neutrino experiments
is further tests of the SSM by measuring monochromatic "Be
neutrinos and fundamental pp neutrinos. The “Be neutrino flux
will be measured by a new experiment, Borexino, at Gran Sasso
via ve scattering in 300 tons of ultra-pure liquid scintillator
with a detection threshold as low as 250 keV. KamLAND will
also observe "Be neutrinos if the detection threshold can be
lowered to a level similar to that of Borexino.

For the detection of pp neutrinos, various ideas for the
detection scheme have been presented. However, no experiments
have been approved yet, and extensive R&D efforts are still

needed for any of these ideas to prove its feasibility.
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ve Capture Rates from Radiochemical Experiments
1 SNU (Solar Neutrino Unit) = 1036 captures per atom per second.

VALUE (SNU) DOCUMENT ID TECN. COMMENT

708 + 33 437 166 ABDURASHI... 02 SAGE "1Ga — "lGe |
6.8 £192 +34 167 ALTMANN 00 GNO 71Ga — 7lGe
a1 * 87 168 ALTMANN 00 GNO  GNO + GALX combined

775 + 62 T43 169 HAMPEL 99 GALX "1Ga— TlGe
2.56+ 0.16+0.16 170 cLEVELAND 98 HOME 37Cl — 37Ar

166 ABDURASHITOV 02 report a combined analysis of 92 runs of the SAGE solar-neutrino
experiment during the period January 1990 through December 2001, and updates the
ABDURASHITOV 998 result. A total of 406.4 71Ge events were observed. No evidence
was found for temporal variations of the neutrino capture rate over the entire observation
period.

167 ALTMANN 00 report the first result from the GNO solar-neutrino experiment (GNO 1),
which is the successor project of GALLEX. Experimental technique of GNO is essentially
the same as that of GALLEX. The run data cover the period 20 May 1998 through 12
January 2000.

168 Combined result of GALLEX I+11-H11-+IV (HAMPEL 99) and GNO I. The indicated errors
include systematic errors.

169 HAMPEL 99 report the combined result for GALLEX I+I1+I-IV (65 runs in total),
which update the HAMPEL 96 result. The GALLEX IV result (12 runs) is 118.4 +
17.8 & 6.6 SNU. (HAMPEL 99 discuss the consistency of partial results with the mean.)
The GALLEX experimental program has been completed with these runs. The total run
data cover the period 14 May 1991 through 23 January 1997. A total of 300 71Ge events
were observed.

170 ¢ EVELAND 98 is a detailed report of the 37¢ experiment at the Homestake Mine.
The average solar neutrino-induced 37Ar production rate from 108 runs between 1970
and 1994 updates the DAVIS 89 result.

8

¢es (°B)
8B solar-neutrino flux measured via ve elastic scattering. This process is sensitive to
all active neutrino flavors, but with reduced sensitivity to Vi Vr due to the cross-

section difference, o(v ), . €) ~ 0.160(vge). If the 8B solar-neutrino flux involves
)
nonelectron flavor active neutrinos, their contribution to the flux is ~ 0.16 times of

V.

VALUE (10® cm=25—1) DOCUMENT ID TECN  COMMENT
+0.07

2.35_0_05 OUR AVERAGE

23070244012 171 AHMAD 02 SNO  average flux

—0.23

235+0.03% 397 172 fykupA 02 SKAM average flux |

e o o We do not use the following data for averages, fits, limits, etc. o o o

23940347018 173 AHMAD 01 SNO average flux
2.8040.194+0.33 174 FyKUDA 96 KAMI average flux
2.7040.27 174 FyKUDA 9% KAMI day flux

2874021 174 FUKUDA 96 KAMI night flux

171 AHMAD 02 reports the 8B solar-neutrino flux measured via ve elastic scattering above
the kinetic energy threshold of 5 MeV. The data correspond to 306.4 live days with SNO
between November 2, 1999 and May 28, 2001, and updates AHMAD 01 results.

172 FyKUDA 02 results are for 1496 live days with Super-Kamiokande between May 31, 1996
and July 15, 2002, and replace FUKUDA 01 results. The analysis threshold is 5 MeV
except for the first 280 live days (6.5 MeV).

173 AHMAD 01 reports the 8B solar-neutrino flux measured via ve elastic scattering above
the kinetic energy threshold of 6.75 MeV. The data correspond to 241 live days with
SNO between November 2, 1999 and January 15, 2001.

174 FUKUDA 96 results are for a total of 2079 live days with Kamiokande Il and Il from
January 1987 through February 1995, covering the entire solar cycle 22, with threshold
Eg > 9.3 MeV (first 449 days), > 7.5 MeV (middle 794 days), and > 7.0 MeV (last 836
days). These results update the HIRATA 90 result for the average 8B solar-neutrino flux
and HIRATA 91 result for the day-night variation in the 8B solar-neutrino flux. The total
data sample was also analyzed for short-term variations: within experimental errors, no
strong correlation of the solar-neutrino flux with the sunspot numbers was found.

8

écc (°B)
8B solar-neutrino flux measured with charged-current reaction which is sensitive ex-
clusively to vg.

VALUE (105 cm=25—1) DOCUMENT ID TECN  COMMENT

1.7619-08 1 9.09 175 AHMAD

—0.05
e o o We do not use the following data for averages, fits, limits, etc. » o o

175 +0.07 012 + 0.05 176 AHMAD

02 SNO  average flux

01 SNO average flux
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175 AHMAD 02 reports the SNO result of the 8B solar-neutrino flux measured with charged-
current reaction on deuterium, vod — ppe~, above the kinetic energy threshold of
5 MeV. The data correspond to 306.4 live days with SNO between November 2, 1999
and May 28, 2001, and updates AHMAD 01 results.

AHN
AMBROSIO

176 ! 8 . . APOLLONIO
AHMAD 01 reports the first SNO result of the °B solar-neutrino flux measured with the ASTIER
charged-current reaction on deuterium, vod — ppe™, above the kinetic energy thresh- EGUCHI
old of 6.75 MeV. The data correspond to 241 live days with SNO between November 2, ABDURASHI
1999 and January 15, 2001. AHMAD

AHMAD
ARMBRUSTER
dnC (33) AVVAKUNOV
8 . N . I . FUKUDA
B solar neutrino flux measured with neutral-current reaction, which is equally sensitive AGUILAR
to v, vy, and v AHMAD
m AMBROSIO

VALUE (106 cm—25~1) DOCUMENT ID TECN  COMMENT ASTIER

0.44+0.46 ro

50075937028 177 AHMAD 02 SNO average flux ESKUT

FUKUDA

177 AHMAD 02 reports the first SNO result of the 8B solar-neutrino flux measured with 23&%’2‘0
the neutral-current reaction on deuterium, vpd — npvy, above the neutral-current BOEHM
reaction threshold of 2.2 MeV. The data correspond to 306.4 live days with SNO between BOEHM
November 2, 1999 and May 28, 2001. FUKUDA

ABDURASHI..
ALLISON
8 APOLLONIO
¢v‘,+v.,. ( B) Also
Nonelectron-flavor active neutrino component (v, and ».) in the 8B solar-neutrino EHEBBQ
flux. HAMPEL
JUNK
VALUE (106 cm—25—1) DOCUMENT ID TECN  COMMENT NAPLES
1048 178 ) ALTEGOER
3.41i0.4570'45 AHMAD 02 SNO  Derived from SNO ¢ ¢, AMBROSIO
' $Es. and Gy APOLLONIO
e o o We do not use the following data for averages, fits, limits, etc. o o o ARMBRUSTER
g ges, Tits, » elC. ATHANASSO...
3.69+1.13 179 AHMAD 01 Derived from ATHANASSO...
SNO+Superiam, CLEVELAND
water Cherenkov ESKUT

178 AHMAD 02 deduced the nonelectron-flavor active neutrino component (VH and v, ) in the FELDMAN

FUKUDA
8B solar-neutrino flux, by combining the charged-current result, the v e elastic-scattering FUKUDA
result and the neutral-current result. FUKUDA

179 AHMAD 01 deduced the nonelectron-flavor active neutrino component (v, and v._) in HAMPEL

[ T HATAKEYAMA
the 8B solar-neutrino flux, by combining the SNO charged-current result (AHMAD 01) OYAMA
and the Super-Kamiokande v e elastic-scattering result (FUKUDA 01). étk‘;g”
ROMOSAN
Total Flux of Active 8B Solar Neutrinos Rl
Total flux of active neutrinos (vg, v, and v, BORISOV
FUKUDA
6 cm—25—1 FUKUDA
VALUE (10 cm—2%s DOCUMENT ID TECN  COMMENT 00D
HAMPEL
5.09f3'ﬁgfg'ﬁg 180 AHMAD 02 SNO  Direct measurement LOVERRE
- : from ¢NC ACHKAR
5.4440.99 181 AHMAD 01 Derived from AHLEN s0
SNO-+SuperKam, BAHCALL
water Cherenkov DAUM

180 AHMAD 02 determined the total flux of active 8B solar neutrinos by directly measuring HILL
the neutral-current reaction, vpd — npw, which is equally sensitive to vg, v, and v, \"/A\SFES'S'EQND

181 AHMAD 01 deduced the total flux of active 8B solar neutrinos by combining the SNO
charged-current result (AHMAD 01) and the Super-Kamiokande ve elastic-scattering EEEE’E‘Z
result (FUKUDA 01). SMIRNOV

VIDYAKIN

Day-Night Asymmetry (¥B) VILAIN

A= (b ~ bgay) /b FREEDMAN
— (night day average GRUWE
BECKER-SZ...

VALUE DOCUMENT ID TECN  COMMENT BECKER-SZ...

+0.015 182 . BEIER

0.14 :k0.06370'014 AHMAD 028 SNO  Derived from SNO ¢ ¢ Also

3 BORODOV...

0.07 +0.0497 5013 183 AHMAD 028 SNO  Constraint of no ¢y HIRATA

: asymmetry
0.021+0.020" 5-013 184 FyKUDA 02 SKAM Based on ¢ CASPER
KUVSHINN.

182 AHMAD 028 results are based on the charged-current interactions recorded between Bkﬂsjsov
November 2, 1999 and May 28, 2001, with the day and night live times of 128.5 and BERGER
177.9 days, respectively. HIRATA

183 AHMAD 028 results are derived from the charged-current interactions, neutral-current VIDYAKIN
interactions, and v e elastic scattering, with the total flux of active neutrinos constrained AGLIETTA
to have no asymmetry. The data were recorded between November 2, 1999 and May 28, BAHCALL

2001, with the day and night live times of 128.5 and 177.9 days, respectively.

184 FUKUDA 02 results are for 1496 live days with Super-Kamiokande between May 31, 1996
and July 15, 2002, and replace FUKUDA 01 results. The analysis threshold is 5 MeV
except for the first 280 live days (6.5 MeV).

#Es (hep)
hep solar-neutrino flux measured via ve elastic scattering. This process is sensitive
to all active neutrino flavors, but with reduced sensitivity to vy vy due to the cross-
section difference, o (v, ,€) ~ 0.160(vg€). If the hep solar-neutrino flux involves
nonelectron flavor active neutrmos their contribution to the flux is ~ 0.16 times of

Ve.
VALUE (103 cm—2s—1) L% DOCUMENT ID TECN
<40 90 185 FUKUDA 01 SKAM

185 FUKUDA 01 result is obtained from the recoil electron energy window of 18-21 MeV,
and the obtained 90% confidence level upper limit is 4.3 times the BP2000 Standard-
Solar-Model prediction.
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Heavy Neutral Leptons, Searches for

(A) Heavy Neutral Leptons
— Stable Neutral Heavy Lepton MASS LIMITS ——

2BUSKULIC 965 requires the decay length of the heavy lepton to be < 1 cm, limiting the
square of the mixing angle \U[j\z to 10710,

3BUSKULIC 965 limit for mixing with 7. Mass is > 63.6 GeV for mixing with e or p.

4BUSKULIC 965 limit for mixing with 7. Mass is > 55.2 GeV for mixing with e or .

— Astrophysical Limits on Neutrino MASS for m,, >1 GeV ———

VALUE (GeV) cL% DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. » o o

none 60-115 5 FARGION 95 ASTR Dirac

none 9.2-2000 6 GARCIA 95 COSM Nucleosynthesis
none 26-4700 6 BECK 94 COSM Dirac

none 6 — hundreds 7.8 MORI 928 KAM2 Dirac neutrino
none 24 — hundreds 7,8 MORI 928 KAM2 Majorana neutrino
none 10-2400 90 9 REUSSER 91 CNTR HPGe search

none 3-100 90 SATO 91 KAM2 Kamiokande Il

10 EnQVIST 89 COSM

none 12-1400 6 CALDWELL 88 COSM Dirac v

none 4-16 9  &7oLVE 88 COSM Dirac v
none 4-35 90 OLIVE 88 COSM Majorana v
>4.2t0 4.7 SREDNICKI 88 COSM Dirac v
>531t07.4 SREDNICKI 88 COSM Majorana v
none 20-1000 95 6 AHLEN 87 COSM Dirac v
>4.1 GRIEST 87 COSM Dirac v

SFARGION 95 bound is sensitive to assumed » concentration in the Galaxy. See also
KONOPLICH 94.
These results assume that neutrinos make up dark matter in the galactic halo.

7 Limits based on annihilations in the sun and are due to an absence of high energy
neutrinos detected in underground experiments.

8 MORI 928 results assume that neutrinos make up dark matter in the galactic halo. Limits
based on annihilations in earth are also given.

9IREUSSER 91 uses existing 38 detector (see FISHER 89) to search for CDM Dirac
neutrinos.

10ENQVIST 89 argue that there is no cosmological upper bound on heavy neutrinos.

(B) Other Bounds from Nuclear and Particle Decays
Limits on |Ug x|? as Function of m,,

Peak and kink search tests

Limits on |Ug |2 as function of m,,

VALUE CL% DOCUMENT ID TECN COMMENT
<1 x10~7 90 MIBRITTON 928 CNTR 50 MeV < m,, < 130
MeV

e o o We do not use the following data for averages, fits, limits, etc. o o o

No':’eI that LEP resn:ts in ;urggigat\i/on with REUSSER 91 exclude a fourth <5 x10~6 90 DELEENER-... 91 m,,XZZO MeV
it tri it 4 .
stable neutrino with m< ¢ <5 x1077 90 DELEENER-... 91 m,, =40 MeV
x
VALUE (GeV) % DOCUMENT ID TECN _ COMMENT <3 x1077 90 DELEENER-... 91
>45.0 95 ABREU 928 DLPH Dirac <1l x 1[)76 90 DELEENER-... 91
>39.5 95 ABREU 928 DLPH Majorana <1 x10=6 90 DELEENER-... 91 m,, =100 MeV
>44.1 % ALEXANDER 917 OPAL  Dirac <5 x10 7 90 AZUELOS 86 CNTR m, =60 MeV
>37.2 95 ALEXANDER 91F OPAL Majorana N 10-7 AZUELOS CNTR ”X7 Mev
none 3-100 9% SATO 91 KAM2 Kamiokande II <2 x10 20 v 86 my, =80 Me
>42.8 95 1 ADEVA 90s L3 Dirac <3 x1077 90 AZUELOS 86 CNTR m 100 MeV
>34.8 95 1 ADEVA 90s L3 Majorana <1 x107© 90 AZUELOS 86 CNTR
>42.7 95 DECAMP 90F ALEP Dirac <2 % 107 90 AZUELOS 86 CNTR
1AD.E\l/A 90s Ii;nits for th2e heavy nzeutrino apply tiif the mixing with the charged \eptolng <1 x10—4 90 12 BRYMAN 838 CNTR
satisfies |Uy j|° + |Up j|® + U j|* > 6.2x107% at m o =20 GeV and > 5.1x10~ _6
for m ;= 40 GeV. <1.5 x 10 90 BRYMAN 838 CNTR mVX:53 MeV
L <1 x107° 90 BRYMAN 838 CNTR m,, =70 MeV
Heavy Neutral Lepton MASS LIMITS <1 x1074 90 BRYMAN 838 CNTR m,, =130 MeV
x
Limits apply only to heavy lepton type given in comment at right of data <1 x10=4 68 13 sHROCK 81 THEO
Listings. See review above for description of types. <5 x 10-6 68 13 SHROCK 81 THEO
See the “Quark and Lepton Compositeness, Searches for” Listings for <1l x 105 68 14 sHROCK 80 THEO m, =80 MeV
limits on radiatively decaying excited neutral leptons, i.e. v* — v~. <3 x 106 68 14 SHROCK 80 THEO m X7160 MeV
Uy
VALUE (GeV) CcL% DOCUMENT ID TECN _ COMMENT LLBRITTON 928 is from a search for additional peaks in the eT spectrum from 7+ —
>101.3 95 ACHARD 018 L3 Dirac coupling to e et v, decay at TRIUMF. See also BRITTON 92.
>101.5 95 ACHARD 018 L3 Dirac coupling to p 12BRYMAN 838 obtain upper limits from both direct peak search and analysis of B(m —
> 90.3 95 ACHARD 01B L3 Dirac coupling to 7 eu)/B(vf — ;u_/)._ Latter_limits are not listed, except for this entry (i.e. — we list the
> 895 95 ACHARD 018 L3 Majorana coupling to e 13 most stringent limits for given mass).
> 90.7 95 ACHARD 018 L3  Majorana coupling to Analysis of (r+ — etvg)/(x T — pty,) and (KT — etve)/(KT — uty,)
> 80.5 95 ACHARD 018 L3 Majorana coupling to 7 decay ratios.
e o o We do not use the following data for averages, fits, limits, etc. o o o 14 Analysis of (Kt - et V) spectrum.
76.0 95 ABBIENDI 001 OPAL Majorana, coupling to e . .
i< 1ajorana, coupling Kink search in nuclear 8 decay
> 88.0 95 ABBIENDI 001 OPAL Dirac, coupling to e . . . Lo " N
N N High-sensitivity follow-up experiments show that indications for a neutrino with mass
> 76.0 95 ABBIENDI 001 OPAL Majorana, coupling to p N N N . .
. " 17 keV (Simpson, Hime, and others) were not valid. Accordingly, we no longer list
> 88.1 95 ABBIENDI 001 OPAL Dirac, coupling to p
B o " the experiments by these authors and some others which made positive claims of
> 53.8 95 ABBIENDI 001 OPAL Majorana, coupling to 7 N . s . N e .
711 o5 ABBIENDI 00l OPAL Di p 17 keV neutrino emission. Complete listings are given in the 1994 edition (Physical
; o ot ABREU 99‘0 DLPh D!’ac' °°“7_'"gtt° T Review D50 1173 (1994)) and in the 1998 edition (The European Physical Journal
. irac coupling to e 5 . 2
1 (1 . We | I ly th | fc h .
> 795 95 ABREU 990 DLPH Dirac coupling to ﬁETéEng;)T) o6 fe st bel 0“;] only the best limits on |Ugg|* for each m,, . See
> 60.5 95 ABREU 990 DLPH Dirac coupling to 7 ALUE O a comprehensive review.
> 63 95 23 BUSKULIC 965 ALEP  Dirac (units 1073) % my,, (kev) ISOTOPE ~ METHOD DOCUMENT 1D
> 54.3 95 24 BUSKULIC 965 ALEP Majorana — —_—
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e o o We do not use the following data for averages, fits, limits, etc. o o o

< 4-20 90  700-3500 38mK Trap 15 TRINCZEK 03
< 9-116 95  1-0.1 187Re  cryog. 16 GALEAZZI 01
<1 95 10-90 35g Mag spect 17 HOLZSCHUH 00
< 4 95 14-17 241py  Electrostatic spec 18 DRAGOUN 99
<1 95  4-30 63Ni  Mag spect 19 HOLZSCHUH 99
< 10-40 90  370-640 37TAr  EC ion recoll 20 HiNDI 98
<10 9% 1 3H SPEC 21 HIDDEMANN 95
<6 9%5 2 3H SPEC 21 HIDDEMANN 95
<2 9% 3 3H SPEC 21 HIDDEMANN 95
< 07 99 16.3-16.6 3H Prop chamber 22 KALBFLEISCH 93
< 2 95  13-40 355 si(Li) 23 MORTARA 93
< 073 95 17 63Ni  Mag spect OHSHIMA 93
< 1.0 95  10-24 63Ni  Mag spect KAWAKAMI 92
<0.9-25 90  1200-6800 20F  peta spectrum 24 DEUTSCH 90
< 8 9 80 355 Mag spect 25 APALIKOV 85
< 15 90 60 35g Mag spect APALIKOV 85
< 30 90 550 Mag spect MARKEY 85
< 062 9 48 355 si(Li) OHI 85
< 0.90 90 30 355 si(Li) OHI 85
< 4 90 140 64cy  Mag spect 26 SCHRECK... 83
< 8 90 440 64cy  Mag spect 26 SCHRECK... 83
<100 90 0.1-3000 THEO 27 SHROCK 80
< 01 68 80 THEO 28 SHROCK 80

15 TRINCZEK 03 is a search for admixture of heavy neutrino to v, in contrast to v, used
in many other searches. Full kinematic reconstruction of the neutrino momentum by use
of a magneto optical trap.

16 GALEAZZI 01 use an cryogenic microcalorimeter to search for mass 50-1000 eV neutrino
admixtures using the 187Re beta spectrum with 2.4 keV endpoint. They derive limits
for the admixture of heavy neutrinos, ranging from 9 x 10~3 for mass 1 keV to 0.116
for mass 100 eV. This is a significant improvement with respect to HIDDEMANN 95,
especially for masses below ~ 500 MeV, where the limit is about a factor of ~ 2 higher.

17 HOLZSCHUH 00 use an iron-free B spectrometer to measure the 355ﬁ decay spectrum.
An analysis of the spectrum in the energy range 56-173 keV is used to derive limits for
the admixture of heavy neutrinos. This extends the range of neutrino masses explored
in HOLZSCHUH 99.

18 DRAGOUN 99 analyze the Bdecay spectrum of 241Pu in the energy range 0.2-9.2
keV to derive limits for the admixture of heavy neutrinos. It is not competitive with
HOLZSCHUH 99.

19 HOLZSCHUH 99 use an iron-free 3 spectrometer to measure the 3Nig decay spectrum.
An analysis of the spectrum in the energy rage 33-67.8 keV is used to derive limits for
the admixture of heavy neutrinos.

20 HINDI 98 obtain a limit on heavy neutrino admixture from EC decay of 37Ar by measuring
the time-of-flight distribution of the recoiling ions in coincidence with x-rays or Auger
electrons. The authors report upper limit for |Ugy |2 of & 3% for m,, =500 keV, 1% for
m,, =550 keV, 2% for m,, =600 keV, and 4% for m=650 keV. Their reported limits
for m"x < 450 keV are inferior to the limits of SCHRECKENBACH 83.

2Lyn the beta spectrum from tritium 8 decay nonvanishing or mixed mg, state in the mass
region 0.01-4 keV. For m,,X <1keV, their upper limit on ‘Uex‘z becomes less

22 KALBFLEISCH 93 extends the 17 keV neutrino search of BAHRAN 92, using an im-
proved proportional chamber to which a small amount of 3H is added. Systematics are
significantly reduced, allowing for an improved upper limit. The authors give a 99% con-
fidence limit on ‘Uex‘z as a function of my, in the range from 13.5 keV to 17.5 keV.
See also the related papers BAHRAN 93, BAHRAN 938, and BAHRAN 95 on theoretical
aspects of beta spectra and fitting methods for heavy neutrinos.

23 MORTARA 93 limit is from study using a high-resolution solid-state detector with a
superconducting solenoid. The authors note that “The sensitivity to neutrino mass is
verified by measurement with a mixed source of 355 and 14C, which artificially produces
a distortion in the beta spectrum similar to that expected from the massive neutrino.”

24 DEUTSCH 90 search for emission of heavy 7, in super-allowed beta decay of 20F by
spectral analysis of the electrons.

25 This limit was taken from the figure 3 of APALIKOV 85; the text gives a more restrictive
Jimit of 1.7 x 10~3 at CL = 90%.

26 SCHRECKENBACH 83 is a combined measurement of the ﬁ+ and B~ spectrum.

27 SHROCK 80 was a retroactive analysis of data on several superallowed 3 decays to search
for kinks in the Kurie plot.

28 Application of test to search for kinks in 3 decay Kurie plots.

Searches for Decays of Massive v
L 2 .
Limits on [Ug | as function of m,,
VALUE cL% DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o

<15x 1073 95 ACHARD 01 L3 my, =80 GeV
<2 x1072 95 ACHARD 01 L3  m, =175 GeV
<0.3 95 ACHARD 01 L3 m,, =200 GeV
<4 x1073 95 ACCIARRI 99k L3 m,, =80 GeV
<5 x1072 95 ACCIARRI 99k L3 m,, = 175 GeV
<2 %1075 95 29 ABREU 971 DLPH m,, =6 GeV
<3 x107° 95 29 ABREU 97 DLPH mj, =50 GeV
<18x 1073 90 30 HAGNER 95 MWPC my, =15 MeV
<25x 1074 90 30HAGNER 95 MWPC m,, =4 MeV
<42x1073 90 30 HAGNER 95 MWPC my, =9 MeV
<1 x1079 90 3lparanov 93 m,, =100 MeV
<1 %1076 90 3LBARANOV 93 m,, = 200 MeV

<3 x1077 90 31 BARANOV 93 my, = 300 MeV

<2 x1077 90  3laRANOV 93 m,, =400 MeV
x

<62 x 1078 95 ADEVA 90s L3 m,, =20 GeV

<5.1x 10710 95 ADEVA 90s L3 my, =40 GeV

all values ruled out 95 32BURCHAT 90 MRK2 my, < 19.6 GeV

<1 x10710 95 32BURCHAT 90 MRK2 m, =22 GeV
'

<1 x 10711 95 32BURCHAT 90 MRK2 41 GeV

all values ruled out 95 DECAMP 90F ALEP 25.0-42.7 GeV

<1 x10713 95 DECAMP 90F ALEP 42.7-45.7 GeV

<5 x 1073 90 AKERLOF 88 HRS

<2 x1075 Ll AKERLOF 88 HRS

<3 x1076 Ll AKERLOF 88 HRS

<1.2x 1077 90 BERNARDI 88 CNTR

<1 x1078 Ll BERNARDI 88 CNTR

<24 x 1079 9 BERNARDI 88 CNTR

<2.1x 1079 90 BERNARDI 88 CNTR mj, —400 MeV

<2 x10 2 68 33 OBERAUER 87 my, =15 MeV

<8 x1074 68  330BERAUER 87 m,, =4.0 Mev

<8 x 1073 90 BADIER 86 CNTR 400 MeV

<8 x 1075 Ll BADIER 86 CNTR 7 Gev

<8 x 1078 90 BERNARDI 86 CNTR 100 MeV

<4 x1078 9 BERNARDI 86 CNTR m, =200 MeV
x

<6 x 1079 Ll BERNARDI 86 CNTR m, =400 MeV

<3 x107° Ll DORENBOS... 86 CNTR m,, =150 MeV

<1 x1076 % DORENEBOS... 86 CNTR m,, =500 MeV

<1 x107 Ll DORENBOS... 86 CNTR

<7 x1077 90 34 COOPER-... 85 HLBC

<8 x1078 90 34 COOPER-... 85 HLBC

<1 x1072 90 35 BERGSMA 838 CNTR m,, =10 MeV

<1 x1075 El) 35BERGSMA 838 CNTR m,, =110 MeV
x

<6 x 1077 90 35BERGSMA 838 CNTR m,, =410 MeV

<1 x1075 Ll GRONAU 83

<1 x1076 90 GRONAU 83

29 ABREU 971 long-lived v, analysis. Short-lived analysis extends limit to lower masses
with decreasing sensitivity except at 3.5 GeV, where the limit is the same as at 6 GeV.

30 HAGNER 95 obtain limits on heavy neutrino admixture from the decay v, — v, ete~
at a nuclear reactor for the vy mass range 2-9 MeV.

31 BARANOV 93 is a search for neutrino decays into ete~ Vg using a beam dump experi-
ment at the 70 GeV Serpukhov proton synchrotron. The limits are not as good as those
achieved earlier by BERGSMA 83 and BERNARDI 86, BERNARDI 88.

32BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89¢, and
WENDT 87.

33 0BERAUER 87 bounds from search for v —
(anti)neutrinos.

34 COOPER-SARKAR 85 also give limits based on model-dependent assumptions for v
flux. We do not list these. Note that for this bound to be nontrivial, x is not equal
to 3, i.e. vy cannot be the dominant mass eigenstate in v since m,,3 <70 MeV

(ALBRECHT 851). Also, of course, x is not equal to 1 or 2, so a fourth generation would
be required for this bound to be nontrivial.

35BERGSMA 838 also quote limits on ‘Ue3‘2 where the index 3 refers to the mass eigen-
state dominantly coupled to the 7. Those limits were based on assumptions about the
Dg mass and Dg — Tv, branching ratio which are no longer valid. See COOPER-
SARKAR 85.

v'ee decay mode using reactor

Limits on Coupling of p to vy as Function of m,,

Peak search test

Limits on B(w (or K) — pwy).
VALUE CL% _EVTS DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. » o o

36 ASTIER 02 NOMD 7 — uX for my=339 |
MeV
<60 x10710 o5 0o 37paum 00 CNTR 7 — px, for
m,=33.905 MeV
38 FORMAGGIO 00 CNTR 7 — pux, for
m,=33.905 MeV
<0.22 90 39 ASSAMAGAN 98 SILI  m,, = 0.53 MeV
x
<0.029 90 39 ASSAMAGAN 98 SILI my, = 0.75 MeV
<0.016 90 39 ASSAMAGAN 98 SILI  m,, = 1.0 MeV
x
<46x107° 40 BRYMAN 96 CNTR m,, = 30-33.91 MeV
~1x10~16 41 ARMBRUSTER95 KARM m,, = 33.9 MeV
x
<4 x1077 95 42 BILGER 95 LEPS mj =339 MeV
<7 x1078 95 42 BILGER 9 LEPS m, =33.9 MeV
<26 x1078 95 42 paum 958 TOF
<2 x1072 90 DAUM 87
<1 x1073 90 DAUM 87
<6 x1075 90 DAUM 87
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<3 x1072 90 43 MINEHART 84 m,, =2 MeV
<1 x1007% 90 43 MINEHART 84 my, =4 Mev
<3 x107% 90 43 MINEHART 84 m,, =10 GeV
<5 x10 & 90 44 HAYANO 82 m,, =330 MeV
<1 x107% 90 44 HAYANO 82 m,, =70 MeV
<9 x1077 90 44 HAYANO 82 m,, =250 MeV
<1 x1071 90 43 ABELA 81 m,, =4 MeV
<7 x1075 90 43 ABELA 81 m,, =10.5 MeV
<2 x107% 90 43 ABELA 81 1.5 MeV
<2 x1075 90 43 ABELA 81

m,, =16-30 MeV
X

36 ASTIER 02 search for anomalous pion decay into a 33.9 MeV neutral particle. No
evidence was found and the sensitivity to the branching ratio B(m — pX)-B(X —
veTe ) isas low as 3.7 x 1015, depending on the X lifetime.

37 DAUM 00 search for anomalous pion decay into a 33.9 MeV neutral particle that might be
responsible for the time-distribution anomaly observed by the KARMEN Collaboration.

38 FORMAGGIO 00 search for anomalous pion decay into a 33.9 MeV neutral particle QD
that might be responsible for the time-distribution anomaly observed by the KARMEN
Collaboration. In the E815 (NuTeV) experiment at Fermilab no evidence was found,
with sensitivity for the pion branching ratio B(r — ;46?0)-8((?0 — visible) as low as

—13

10 B

39 ASSAMAGAN 98 obtain a limit on heavy neutrino admixture from = decay essentially
at rest, by measuring with good resolution the momentum distribution of the muons.
However, the search uses an ad hoc shape correction. The authors report upper limit for
\UMF of 0.22 for m,, = 0.53 MeV, 0.029 for m,, = 0.75 MeV, and 0.016 for m,, =
1.0 MeV at 90%CL.

40 BRYMAN 96 search for massive unconventional neutrinos of mass my, in 7t decay.

41 ARMBRUSTER 95 study the reactions 12C(ue,e’) 12N and 12C(u,u’) 12¢* induced by
neutrinos from 7 and T decay at the ISIS neutron spallation source at the Rutherford-
Appleton laboratory. An anomaly in the time distribution can be interpreted as the decay
at o ot vy, where v, is a neutral weakly interacting particle with mass 2 33.9 MeV
and spin 1/2. The lower limit to the branching ratio is a function of the lifetime of the
new massive neutral particle, and reaches a minimum of a few x 10~16 for Ty ~5s.

42From experiments of =+ and = decay in flight at PSI, to check the claim of the
KARMEN Collaboration quoted above (ARMBRUSTER 95).

3.+ [.t+ vy peak search experiment.

Mt u+ vy peak search experiment.

Peak search test
Limits on qu‘z as function of m,,

VALUE CL% DOCUMENT ID TECN  COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o

<1-10 x 1074 45 BRYMAN 96 CNTR m,, = 30-33.91 MeV
<2x1075 95 46AsaNO 81 =70 MeV
<3x 1076 95 46 ASANO 81 m,, =210 MeV
<3x 1076 95 46 ASANO 81 m,, =230 MeV
<6x1076 95 47 AsANO 81 m,, =240 MeV
<5x10~7 95 47AsANO 81 m,, =280 MeV
<6 x 1076 95 47 ASANO 81 m,, =300 MeV
<1x1072 95 CALAPRICE 81 m, =7 MeV
<3x 1073 95 “BCALAPRICE 81 m,, =33 MeV
<1x 1074 68 49 SHROCK 81 THEO m, =13 MeV
<3x107° 68 49 SHROCK 81 THEO mj, ~33 MeV
<6x 1073 68 50 sHROCK 81 THEO m, =80 MeV
<5x 1073 68 50 sHROCK 81 THEO m,, =120 MeV

45BRYMAN 96 search for massive unconventional neutrinos of mass my, i T decay.
They interpret the result as an upper limit for the admixture of a heavy sterile or otherwise
46+ /fr vy peak search experiment.

a1 Analysis of experiment on KT — pt VuVxVx decay.
Bt ot v,, peak search experiment.

49 Analysis of magnetic spectrometer experiment, bubble chamber experiment, and emulsion
experiment on 7t — pt v, decay.

50 Analysis of magnetic spectrometer experiment on K — pu, vy decay.

Peak Search in Muon Capture

Limits on \U“X\Z as function of m,,_
VALUE DOCUMENT ID COMMENT
e o o We do not use the following data for averages, fits, limits, etc. o o o
<1x1071 DEUTSCH 83 m,, =45 MeV
<7x1073 DEUTSCH 83 m, =70 MeV
<1x1071 DEUTSCH 83 m,,X785 MeV

Searches for Decays of Massive v

Limits on \qu\z as function of m,,
VALUE L% DOCUMENT ID TECN  COMMENT
e ¢ o We do not use the following data for averages, fits, limits, etc. o o o

<5 x1077 90 SLVAITAITIS 99 CCFR m,, —0.28 GeV
<8 x1078 9  SLVAITAITIS 99 CCFR m,, =037 GeV
<5 x1077 90 SLVAITAITIS 99 CCFR m,, = 0.50 GeV
<6 x1078 90 SLVAITAITIS 99 CCFR m, = 1.50 GeV
<2 x10 5 95 52 ABREU 971 DLPH m,, =6 GeV
<3 x1075 95 52 ABREU 971 DLPH m,, =50 Gev
<3 x1076 90 GALLAS 9 CNTR m, =1GeV
<3 x1075% 90 S3VILAIN 95¢ CHM2 m,, =2 GeV
<62x1078 95 ADEVA 90s L3 m,, =20 GeV
<5.1x 10710 95 ADEVA 90s L3 m,, =40 GeV

X
all values ruled out 95 S4BURCHAT 90 MRK2 m, < 19.6 GeV
<1 x10710 95 S4BURCHAT 90 MRK2 m, =22GeV
<1 x1071 95 S4BURCHAT 90 MRK2 m, =41 GeV
all values ruled out 95 DECAMP  90F ALEP mj, = 25.0-42.7 GeV
<1 x10713 95 DECAMP  90F ALEP mj, — 42.7-45.7 GeV
<5 x1073 90 AKERLOF 88 HRS m, =1.8 GeV
<2 x1075 90 AKERLOF 88 HRS m, =4 GeV

x
<3 x1076 90 AKERLOF 88 HRS m,, =6 GeV

x
<1 x1077 90 BERNARDI 88 CNTR m,,
<3 x1079 90 BERNARDI 83 CNTR m,,
<4 x1074 90 55 MISHRA 87 CNTR m,

X
<4 x1073 90 55 MISHRA 87 CNTR m,
<09 x 1072 90 55 MISHRA 87 CNTR m

x
<0.1 90 55 MISHRA 87 CNTR m
<8 x10 4 90 BADIER 86 CNTR m
<12x1075 90 BADIER 86 CNTR m,,
<3 x1078 90 BERNARDI 86 CNTR m, =200 MeV

x
<6 x 1079 90 BERNARDI 86 CNTR m,, =350 MeV
<1 x1076 90 DORENBOS... 86 CNTR m,, =500 MeV
<1 x1077 90 DORENBOS... 86 CNTR m,, 1600 MeV
<0.8x 1075 9  S0COOPER-.. 85 HLBC m, =0.4 GeV
<1.0x 1077 90 56 COOPER-... 85 HLBC m, =15 GeV

51VAITAITIS 99 search for Lg — pX. See paper for rather complicated limit as function
of my, -

52 ABREU 971 long-lived v, analysis. Short-lived analysis extends limit to lower masses
with decreasing sensitivity except at 3.5 GeV, where the limit is the same as at 6 GeV.

53 VILAIN 95 is a search for the decays of heavy isosinglet neutrinos produced by neutral
current neutrino interactions. Limits were quoted for masses in the range from 0.3 to 24
GeV. The best limit is listed above.

S4BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89c, and
WENDT 87.

55 See also limits on |U3y| from WENDT 87.

56 COOPER-SARKAR 85 also give limits based on model-dependent assumptions for v
flux. We do not list these. Note that for this bound to be nontrivial, x is not equal
to 3, i.e. v, cannot be the dominant mass eigenstate in v since m,,, <70 MeV
(ALBRECHT 851). Also, of course, x is not equal to 1 or 2, so a fourth generation would
be required for this bound to be nontrivial.

Limits on |Uy x|2 as a Function of m,,

VALUE L% DOCUMENT _ID TECN _ COMMENT

e o o We do not use the following data for averages, fits, limits, etc. o o o

<1 x1072 90 57 ORLOFF 02 CHRM m,, =45 MeV |
<14 x1074 90 57 ORLOFF 02 CHRM m,, =180 MeV |
<0.025 90 ASTIER 01

<0.002 90 ASTIER 01

<2 x107° 95 58 ABREU 971 DLPH m,, =6 GeV

<3 x1075 95 S8 ABREU 971 DLPH m,, =50 GeV

<62 x1078 95 ADEVA 90s L3 m, =20 Gev

<51 x 10710 95 ADEVA 90s L3 my, =40 GeV

all values ruled out 95 S9BURCHAT 90 MRK2 m, < 19.6 GeV

<1 x10710 95 S9BURCHAT 90 MRK2 m, =22 GeV

<1 x10711 95 59BURCHAT 90 MRK2 m, =41 GeV

all values ruled out 95 DECAMP 90F ALEP 25.0-42.7 GeV

<1 x10713 95 DECAMP 90F ALEP 42.7-45.7 GeV

<5 x1072 80 AKERLOF 88 HRS 2.5 GeV

<9 x107° 80 AKERLOF 88 HRS 5 GeV

57 ORLOFF 02 use the negative result of a search for neutral particles decaying into two
electrons performed by CHARM to get these limits for a mostly isosinglet heavy neutrino.

58 ABREU 971 long-lived v, analysis. Short-lived analysis extends limit to lower masses
with decreasing sensitivity.

59 BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89c, and
WENDT 87.
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imi DAUM 958 PL B361 179 M. Daum et al. PSI, VIR
Limits on |U,x[? SI, VIRG
Where a — e, 4 from p parameter in i decay. FARGION 95 PR D52 1828 D. Fargion et al. (ROMA, KIAM, MPEI)
L . f/'p noruMuFN Y- S GALLAS 95 PR D52 6 E. Gallas et al. (MSU, FNAL, MIT, FLOR)
VALUE L% TID TECN T GARCIA 95 PR D51 1458 E. Garcia et al. (ZARA, SCUC, PNL)
e o o We do not use the following data for averages, fits, limits, etc. o o o HAGNER 95 PR D52 1343 C. Hagner et al. (MUNT, LAPP, CPPM)
HIDDEMANN 95 JPG 21 639 K.H. Hiddemann, H. Daniel, O. Schwentker (MUNT)
<1x 1072 68 SHROCK 818 THEO m,, =10 GeV VILAIN 95C PL B351 387 P. Vilain et al. (CHARM 11 Collab.)
_3 Also 95  PL B343 453 P. Vilain et al. (CHARM 11 Collab.)
<2x10 68 SHROCK 818 THEO 40 MeV BECK 94 PL B336 141 M. Beck et al. (MPIH, KIAE, SASSO)
2 _ KONOPLICH 94 PAN 57 425 R.V. Konoplich, M.Y. Khiopov (MPEI)
<4 x 10 68 SHROCK 818 THEO m,, =70 MeV PDG 94 PR D50 1173 L. Montanet ef al. (CERN, LBL, BOST+)
BAHRAN 93 PR D47 R754 M. Bahran, G.R. Kalbfleisch (OKLA)
P : BAHRAN 93B PR D47 R759 M. Bahran, G.R. Kalbfleisch (OKLA)
Limits on |U1]XU2]| as Function of my, BARANOV 93 PL B302 336 S.A. Baranov et al. (JINR, SERP, BUDA)
P KALBFLEISCH 93  PL B303 355 G.R. Kalbfleisch, M.Y. Bahran (OKLA)
VALUE L. DOCUMENT 1D IECN ~ COMMENT MORTARA 93  PRL 70 394 J.L. Mortara et al. (ANL, LBL, UCB)
e o o We do not use the following data for averages, fits, limits, etc. o o o OHSHIMA 93 PR D47 4840 T. Ohshima et al. (KEK, TUAT, RIKEN+)
5 60 ABREU 928 PL B274 230 P. Abreu et al. (DELPHI CoHab)
<3 x10 90 BARANOV 93 m 80 MeV BAHRAN 92 PL B291 336 M.Y. Bahran, G.R. Kalbfleisch (OKLA)
_ BRITTON 92 PRL 68 3000 D.I. Britton et al. (TRIU, CARL)
<3 x1076 90 60 BARANOV 93 160 MeV Also 94 PR Dag 28 D.I. Britton et al. (TRIU, CARL)
7 60 _ BRITTON 92B PR D46 R885 D.I. Britton et al. (TRIU, CARL)
<6 x10 90 BARANOV 93 my,;= 240 MeV KAWAKAMI 92 PL B287 45 H. Kawakami et al. (INUS, KEK, SCUC+)
_7 60 ORI 928 PL B289 463 M. Mori et al. (KAM2 Collab.)
<2 %10 90 BARANOV 93 ALEXANDER 91F ZPHY C52 175 G. Alexander et al. (OPAL Coliab.)
_5 DELEENER-.. 91 PR D43 3611 N. de Leener-Rosier et al. (LOUV, ZURI+)
<9 %10 2 BERNARDI 86 CNTR REUSSER 91  PL B255 143 D. Reusser et al. (NEUC, CIT, PSI)
-7 SATO 91 PR Da4 2220 N. Sato et al. (Kamiokande Collab.)
<3610 90 BERNARDI 86 CNTR ADEVA 90S PL B251 321 B. Adeva et al. (L3 Collab.)
—8 BURCHAT 90 PR D41 3542 P.R. Burchat et al. (Mark 11 Collab.)
<3 x10 920 BERNARDI 86 CNTR DECAMP 90F PL B236 511 D. Decamp et al. (ALEPH Collab.)
<6 %109 90 BERNARDI 86 CNTR m. —350 MeV DEUTSCH 90 NP A518 149 J. Deutsch, M. Lebrun, R. Prieels
Yj JUNG 90 PRL 64 1091 C. Jung et al. (Mark 11 Collab.)
<1 x 102 90 BERGSMA 838 CNTR 10 MeV ABRAMS 89C PRL 63 2447 G.S. Abrams et al. (Mark 1l CoHab)
ENQVIST 89 NP B317 647 K. Enquist, K. Kainulainen, J. Maalampi (HELS)
<1 x107° 90 BERGSMA 838 CNTR 140 MeV FISHER 89  PL B218 257 P.H. Fisher et al. (CIT, NEUC, PSI)
AKERLOF 88 PR D37 577 C.W. Akerlof et al. (HRS Coliab.)
<7 %1077 90 BERGSMA 838 CNTR m,, =370 MeV BERNARDI 88  PL B203 332 G. Bernardi et al. (PARIN, CERN, INFN+)
i CALDWELL 88  PRL 61 510 D.O. Caldwell et al. (UCSB, UCB, LBL)
60 BARANOV 93 i rch for neutrin into et e— . m dum r- OLIVE 88  PL B205 553 K.A. Olive, M. Srednicki (MINN, UCSB)
iment toth 930'5; \s/eas N Eh eut |to decay; ! tto €T e v using a beam dump expe SREDNICKI 88 NP B310 693 M. Srednicki, R. Watkins, K.A. Olive  (MINN, UCSB)
iment at the €V Serpukhov proton synchrotron. AHLEN 87  PL B195 603 S.P. Ahlen et al. (BOST, SCUC, HARV+)
DAUM 87 PR D36 2624 M. Daum et al. (SIN, VIRG)
GRIEST 87 NP B283 681 K. Griest, D. Seckel (UCSC, CERN)
REFERENCES FOR Heavy Neutral Leptons, Searches for Also 88 NP B296 1034 erratum K. Griest, D. Seckel (UCSC, CERN)
MISHRA 87  PRL 59 1397 SR. Mishra et al (COLU, CIT, FNAL+)
TRINCZEK 03 PRL 90 012501 M. Trinczek et al. OBERAUER 87  PL B198 113 L.F. Oberauer, F. von Feilitzsch, R.L. Mossbaver
ASTIER 02 PL B527 23 P. Astier et al. (NOMAD Collab.) WENDT 87  PRL 58 1810 C. Wendt et al. (Mark 11 Collab.)
ORLOFF 02 PL BS50 8 J. Orloff et al. AZUELOS 86  PRL 56 2241 G. Azuelos et al (TRIU, CNRC)
ACHARD 01  PL B517 67 P. Achard et al. (L3 Collab.) BADIER 86  ZPHY C31 21 J. Badier et al. (NA3 Collab.)
ACHARD 01B PL B517 75 P. Achard et al. (L3 Coliab.) BERNARDI 86  PL 166B 479 G. Bernardi et al. (CURIN, INFN, CDEF+)
ASTIER 01  PL B506 27 P. Astier et al. (NOMAD Collab.) DORENBOS... 86 PL 166B 473 J. Dorenbosch et al. (CHARM Collab.)
GALEAZZI 01  PRL 86 1978 M. Galeazzi et al. ALBRECHT 85 PL 163B 404 H. Albrecht et al. (ARGUS Collab.)
ABBIENDI 001 EPJ Cl4 73 G. Abbiendi et al. (OPAL Collab.) APALIKOV 85  JETPL 42 289 A M Apahkcv et al. (ITEP)
DAUM 00 PRL 85 1815 M. Daum et al. Translated from ZETFP 42 2
FORMAGGIO 00 PRL 84 4043 JA. Formaggio et al. COOPER-.. 85 PL 160B 207 i Cooper Sarkar et al. (CERN, LOIC +)
HOLZSCHUH 00 PL B482 1 E. Holzschuh et al. MARKEY 85 PR C32 2215 J. Markey, F. Boehm )
ABREU 990 EPJ C8 41 P. Abreu et al. (DELPHI Collab.) OHI 85  PL 160B 322 T. Ohi et al. (TOKY, INUS, KEK)
ACCIARRI 99K PL B461 397 M. Acciarri et al. (L3 Collab.) MINEHART 84  PRL 52 804 R.C. Minehart et al. (VIRG, SIN)
DRAGOUN 99 IPG 25 1830 0. Dragoun et al. BERGSMA 83  PL 122B 465 F. Bergsma et al. (CHARM Collab.)
HOLZSCHUH 99  PL B4S1 247 E. Holzchuh et al. BERGSMA 838 PL 128B 361 F. Bergsma et al. (CHARM Collab.)
VAITAITIS 99 PRL 83 4943 A. Vaitaitis et al. (CCFR Collab.) BRYMAN 838 PRL 50 1546 D.A. Bryman et al. . (TRIU, CNRC)
ASSAMACGAN 98  PL B434 158 K. Assamagan et al. DEUTSCH 83 PR D27 1644 J.P. Deutsch, M. Lebrun, R. Prieels (Louv)
HINDI 98 PR C58 2512 M.M. Hindi et al. GRONAU 83 PR D28 2762 M. Gronau (HAIF)
PDG 98 EPJC31 C. Caso et a. SCHRECK.. 83  PL 129B 265 K. Schreckenbach et al. ISNG, ILLG)
ABREU 971 ZPHY C74 57 P. Abreu et al. (DELPHI Collab.) HAYANO 82 PRL 49 1305 RS. Hayano et al. (TOKY, KEK, TSUK)
Also 97L  ZPHY C75 580 erratum P. Abreu et al. (DELPHI Collab.) ABELA 81 PL 1058 263 R. Abela et al. SIN)
BRYMAN 9% PR D53 558 DA. Bryman, T. Numao (TRIV) ASANO 81  PL 104B 84 Y. Asano et al. (KEK, TOKY, INUS, OSAK)
BUSKULIC ~ 96S PL B384 439 D. Buskulic et al. (ALEPH Collab.) CALAPRICE 81  PL 1068 175 F.P. Calaprice et al (PRIN, IND)
WIETFELDT 96  PRPL 273 149 F.E. Wietfeldt, E.B. Norman LBL) SHROCK 81 PR D24 1232 R.E. Shrock (STON)
ARMBRUSTER 95  PL B34g 19 B. Armbruster et al (KARMEN Collab.) SHROCK 818 PR D24 1275 R.E. Shrock (STON)
BAHRAN 95  PL B354 481 M.Y. Bahran, G.R. Kalbfleisch OKLA) SHROCK 80  PL 96B 159 R.E. Shrock (STON)

BILGER 95 PL B363 41 R. Bilger et al. (TUBIN, KARLE, PSI)




