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TESTS OF CONSERVATION LAWS
Revised by L. Wolfenstein and T.G. Trippe, May 1998.

In keeping with the current interest in tests of conservation laws, we col-
lect together a Table of experimental limits on all weak and electromagnetic
decays, mass differences, and moments, and on a few reactions, whose ob-
servation would violate conservation laws. The Table is given only in the
full Review of Particle Physics, not in the Particle Physics Booklet. For the
benefit of Booklet readers, we include the best limits from the Table in the
following text. Limits in this text are for CL=90% unless otherwise specified.
The Table is in two parts: “Discrete Space-Time Symmetries,” i.e., C, P,
T, CP, and CPT; and “Number Conservation Laws,” i.e., lepton, baryon,
hadronic flavor, and charge conservation. The references for these data can
be found in the the Particle Listings in the Review. A discussion of these
tests follows.

CPT INVARIANCE

General principles of relativistic field theory require invariance under the
combined transformation C'PT. The simplest tests of C'PT invariance are
the equality of the masses and lifetimes of a particle and its antiparticle. The
best test comes from the limit on the mass difference between K° and K
Any such difference contributes to the C P-violating parameter e. Assuming
CPT invariance, ¢, the phase of € should be very close to 44°. (See the
“Note on C'P Violation in Kg Decay” in the Particle Listings.) In contrast,

if the entire source of C'P violation in K° decays were a K" — K’ mass
difference, ¢ would be 44° + 90°.

Assuming that there is no other source of C'PT' violation than this mass
difference, it is possible to deduce that [1]
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where ¢g = 43.5° with an uncertainty of less than 0.1°. Using our best values
of the C' P-violation parameters, we get |(m?o —mgo)/mpo| < 10718, Limits
can also be placed on specific C'PT-violating decay amplitudes. Given the
small value of (1 — |ngo/n+—|), the value of ¢gg — ¢4 provides a measure of
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CPT violation in K — 27 decay. Results from CERN [1] and Fermilab [2]
indicate no C' PT-violating effect.

CP AND T INVARIANCE

Given C'PT invariance, C'P violation and T' violation are equivalent. So far
the only evidence for C'P or T violation comes from the measurements of
N4+—, Moo, and the semileptonic decay charge asymmetry for Ky, e.g., |n4—|
= |A(KY — 7777)JA(KY — ntr7)| = (2.28540.019) x 1073 and [['(K? —
m7etv) — D(KY — 7te™)]/[sum] = (0.333 & 0.014)%. Other searches for
CP or T violation divide into (a) those that involve weak interactions or
parity violation, and (b) those that involve processes otherwise allowed by
the strong or electromagnetic interactions. In class (a) the most sensitive are
probably the searches for an electric dipole moment of the neutron, measured
to be < 1.0 x 10725 ¢ cm, and the electron (—0.18 £ 0.16) x 10726 e cm. A
nonzero value requires both P and T violation. Class (b) includes the search
for C' violation in 7n decay, believed to be an electromagnetic process, e.g.,
as measured by I'(n — p*p~7°)/I'(n — all) < 5 x 107, and searches for T
violation in a number of nuclear and electromagnetic reactions.

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak theory are con-
sistent with the absolute conservation of three separate lepton numbers: elec-
tron number L., muon number L, and tau number L,. Searches for viola-
tions are of the following types:

a) AL =2 for one type of lepton. The best limit comes from the search
for neutrinoless double beta decay (Z, A) — (Z +2,A)+ e~ +e~. The best
laboratory limit is ¢1 5 > 1.1 x 10% yr (CL=90%) for "Ge.

b) Conversion of one lepton type to another. For purely leptonic
processes, the best limits are on 4 — ey and y — 3e, measured as
I'(p— ey)/T(p —all) < 5x 1071 and I'(u — 3e)/T'(u — all) < 1.0 x 10712,
For semileptonic processes, the best limit comes from the coherent con-
version process in a muonic atom, u~+ (Z,A) — e~ + (£, A), measured
as D(u~Ti — e Ti)/T(p~Ti — all) < 4 x 1072, Of special interest is
the case in which the hadronic flavor also changes, as in Kj — eu and
Kt — afe ut, measured as I'(K;, — eu)/I'(K; — all) < 3.3 x 1071
and T(KT — 7te ™) /T(KT — all) < 2.1 x 1071%. Limits on the conver-
sion of 7 into e or y are found in 7 decay and are much less stringent than
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those for  — e conversion, e.g., I'(T — uy)/T(1 — all) < 3.0 x 1079 and
(7 — ey)/T(T — all) < 2.7 x 1079,

c) Conversion of one type of lepton into another type of antilepton.
The case most studied is u~ + (Z, A) — et + (Z — 2, A), the strongest limit
being I'(u~Ti — e™Ca)/T' (1~ Ti — all) < 9 x 10711,

d) Relation to neutrino mass. If neutrinos have mass, then it is ex-
pected even in the standard electroweak theory that the lepton numbers are
not separately conserved, as a consequence of lepton mixing analogous to
Cabibbo quark mixing. However, in this case lepton-number-violating pro-
cesses such as u — ey are expected to have extremely small probability. For
small neutrino masses, the lepton-number violation would be observed first
in neutrino oscillations, which have been the subject of extensive experimen-
tal searches. For example, searches for 7, disappearance, which we label as
Te /> U, give measured limits A(m?) < 9 x 1074 eV? for sin?(20) = 1, and
sin?(20) < 0.02 for large A(m?), where 6 is the neutrino mixing angle. Pos-
sible evidence for mixing has come from two sources. The deficit in the solar
neutrino flux compared with solar model calculations could be explained by
oscillations with A(m?) < 1075 eV? causing the disappearance of v,. In ad-
dition underground detectors observing neutrinos produced by cosmic rays
in the atmosphere have measured a v, /v, ratio much less than expected and
also a deficiency of upward going v,, compared to downward. This could be

explained by oscillations leading to the disappearance of v, with A(m?) of
the order 1072-1073 eV?2.

CONSERVATION OF HADRONIC FLAVORS

In strong and electromagnetic interactions, hadronic flavor is conserved, i.e.
the conversion of a quark of one flavor (d, u, s, ¢, b, t) into a quark of another
flavor is forbidden. In the Standard Model, the weak interactions violate these
conservation laws in a manner described by the Cabibbo-Kobayashi-Maskawa
mixing (see the section “Cabibbo-Kobayashi-Maskawa Mixing Matrix”). The
way in which these conservation laws are violated is tested as follows:

a) AS=AQ rule. In the semileptonic decay of strange particles, the
strangeness change equals the change in charge of the hadrons. Tests come
from limits on decay rates such as ['(X+ — netv)/T(XT — all) < 5 x 1076,
and from a detailed analysis of K; — mwer, which yields the parameter =,
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measured to be (Rez, Imx) = (0.0064+0.018, —0.003+0.026). Corresponding
rules are AC' = AQ and AB = AQ.

b) Change of flavor by two units. In the Standard Model this occurs
only in second-order weak interactions. The classic example is AS = 2 via

K° — K mixing, which is directly measured by m(Kg) —m(Kp) = (3.489 +
0.009) x 10712 MeV. There is now evidence for B® B’ mixing (AB = 2), with
the corresponding mass difference between the eigenstates (m BY — Mpo ) =

(0.72340.032)T' go = (3.05+£0.12) x 10710 MeV, and for Bg@g mixing, with
(mBoH—mBoL) > 14" o or > 6 x 1079 MeV (CL=95%). No evidence exists

for DY — D’ mixing, which is expected to be much smaller in the Standard
Model.

c) Flavor-changing neutral currents. In the Standard Model the
neutral-current interactions do not change flavor. The low rate I'(K; —
ptp=)/T(K;, — all) = (7.2 &£ 0.5) x 107 puts limits on such interac-
tions; the nonzero value for this rate is attributed to a combination of the
weak and electromagnetic interactions. The best test should come from
K+ — wtuw, which occurs in the Standard Model only as a second-order
weak process with a branching fraction of (1 to 8)x1071Y. Observation of
one event has been reported [4], yielding 'K+ — 7nvp)/T(KT — all)
= (4.2J_rg:g) x 10710, Limits for charm-changing or bottom-changing neutral
currents are much less stringent: I'(DY — ptp=)/I'(D° — all) < 4 x 1076
and I'(BY — putp™)/T(BY — all) < 7 x 1077. One cannot isolate flavor-
changing neutral current (FCNC) effects in non leptonic decays. For exam-
ple, the FCNC transition s — d+ (u+u) is equivalent to the charged-current
transition s — u + (@ + d). Tests for FCNC are therefore limited to hadron
decays into lepton pairs. Such decays are expected only in second-order in
the electroweak coupling in the Standard Model.
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TESTS OF DISCRETE SPACE-TIME SYMMETRIES

CHARGE CONJUGATION (C) INVARIANCE

M0 — 37)/Total
n C-nonconserving decay parameters

ata— 70 left-right asymmetry parameter
0

0

7T wY sextant asymmetry parameter
quadrant asymmetry parameter

T w7 ~ left-right asymmetry parameter

+
7T+ T
+
ata— ~ parameter 3 (D-wave)
r(77 - 37)/rtota|
rn — 0 e+e—)/rtotal
0'“+ 1)/ Tiotal
MNw(782) — nwo)/rtota|
M(w(782) — 370)/Tiotal
M0/ (958) — 70ete™)/Tioral
F(n’(958) - 77"3'_~—"3'_)/rtotal
(1 (958) — 37)/Tiotal
M0/ (958) — ut u™ 70)/Tigral
F(n’(958) - N+ I 77)/rtotal

Mn — =«

<3.1x 1078, CL = 90%

(0.09 £ 0.17) x 102
(0.18 + 0.16) x 102
(—0.17 + 0.17) x 10~ 2
(0.9 & 0.4) x 10~2

0.05 & 0.06 (S = 1.5)
<5 x 104, CL = 95%
<4 %1072, CL = 90%
<5x 1076, CL = 90%
<1x 1073, CL = 90%
<3 x 1074, CL = 90%
<1.3x 1072, CL = 90%
<1.1x 1072, CL = 90%
<1.0x 10~4, CL = 90%
<6.0x 1072, CL = 90%
<1.5% 1072, CL = 90%

PARITY (P) INVARIANCE

e electric dipole moment
w electric dipole moment

T electric dipole moment (d..)

rn— nta- )/Ttotal

M1/ (958) — 7" 77)/Fiotal
(7 (958) — 7070)/Miopal
p electric dipole moment

n electric dipole moment

A electric dipole moment
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(0.18 + 0.16) x 10726 ecm

(3.7 £ 3.4) x 10719 ecm

> —3.1and < 3.1 x 1016 ecm, CL =
95%

<9 x 104, CL = 90%

<2 x 1072, CL = 90%

<9 x 104, CL = 90%

(=4 +6) x 10723 ecm

<0.97 x 10725 ecm, CL = 90%

<15x 10710 ecm, CL = 95%
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TIME REVERSAL (T) INVARIANCE

Limits on e, u, 7, p, n, and A electric dipole moments under Parity Invariance above
are also tests of Time Reversal Invariance.

v decay parameters

transverse e T polarization normal to plane of o

spin, e momentum
o /A
g/A

T electric dipole moment (d..)

Im(§) in K'l:i:3 decay (from transverse p pol.)
Im(§) in K23 decay (from transverse p pol.)

n — pe v decay parameters
@Ay, Phase of gy relative to gy,
triple correlation coefficient D

triple correlation coefficient D for ¥— — ne™ v
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(5]

0.007 £ 0.023

(04 4) x 1073

(2 +6) x 1073

> —3.1and < 3.1 x 10716 ecm, CL =
95%

—0.017 + 0.025

—0.007 £ 0.026

(180.07 + 0.18)°
(—0.5 + 1.4) x 1073
0.11 £ 0.10
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CP INVARIANCE

Re(dﬁ/)
|m(d7'f/)
Fn— 7t 77)/Tiotal

F(n'(958) — 71 77)/Tiotal
r('(958) — 7079)/Tyotal
Ki — w:t ata—
Kt + 0.0

— M TCT

Kt - % 71'07 rate difference/average
&+ —&-)/ (g +g_)forKE— x
CP-violation parameters in K% decay
Im(ny_g) = Im(A(K% — 7t 0 cp
violating) / A(K(L) — ata— a0y
r(k9 — 3x0)

rate difference/average

rate difference/average

£ ot

charge asymmetry j for K(Z — gt a— 70

’e;_,y’/e for K(L) — oty

r(K — 70t 1) /Mioral

F(Kg — 7T0e+e_)/rtota|

MK — 700%)/Total

Acp(KT K= 7%) in Dt — Kt K=ot
Acp(KEK*0)in DT — KTK*0and D~ —

K— K*O
ACP(quj:) in DT — ¢t
ACP(W+7T_ ) in DT — ata ot

Acp(KtK™)in D9, D0 — Kt K-
ACP(W+W_) in DO, DO — 7t~
Acp(K%¢)in DO, D0 — K% ¢
Acp(kK%70)in DO, DO — KQ =0
’Re(GBO)’

[a_(A) + a+(z)] / [a_(A) — a+(z)]
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[e]
[d]

C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

<0.56 x 10717 ecm, CL = 95%
<1.5x 10717 ecm, CL = 95%
<9 x 1074, CL = 90%

<2 x 1072, CL = 90%

<9 x 104, CL = 90%

(0.07 + 0.12)%

(0.0 £+ 0.6)%

(0.9 £ 3.3)%

(—0.7 £ 0.5)%

—0.002 £ 0.008
<0.1, CL = 90%

0.0011 + 0.0008
<0.3, CL = 90%

<5.1x 1079, CL = 90%
<43 x 1079, CL = 90%
<5.8 x 1072, CL = 90%

—0.017 £ 0.027
—0.02 £ 0.05

—0.014 £+ 0.033
—0.02 £ 0.04
0.026 £ 0.035
—0.05 £ 0.08
—0.03 £ 0.09

—0.018 £+ 0.030
0.002 £ 0.008
—0.03 £ 0.06
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CP VIOLATION OBSERVED

K(Z branching ratios
charge asymmetry in K23 decays

o(p) =M=~ wt I/'u) — F(71'+ wo U'u)]/sum (0.304 + 0.025)%
5(e) = [M(n~ eTv,) — M(nt e T,)]/sum (0.333 + 0.014)%
parameters for K(Z — 27 decay
ngo| = |A(KQ — 279) / (2.275 + 0.019) x 1073 (S = 1.1)
AKL — 279)]
| =|AKY — 7tx7) / AKKE — (2.285 + 0.019) x 103
T 7))
¢ /e = Re( /e) = (1~|ngg/n4_|)/3 [e] (1.540.8) x 1073 (S = 1.8)
¢4 _, phase of 4 (43.5 + 0.6)°
¢0Q. Phase of g (43.4 + 1.0)°
parameters for K(Z — ata— ~ decay
gyl = [AKK? — 7t 7y, CP (2.35 + 0.07) x 103
vioIating)/A(K% A )|
¢4 = phaseof n, (44 + 4)°
MK — 7t 77)/Miotal (2.067 4 0.035) x 1073 (S = 1.1)
F(K(Z — 7070)/Tiotal (9.36 + 0.20) x 104
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CPT INVARIANCE

(mw—i- - mw—) / Maverage
(me—i- - me_) / Maverage
g + a,|/e

(ge+ - ge_) / 8average
(7'”—1- - T,U_) / Taverage
(g,u+ - gu_) / 8average
(mﬂ-+ - mﬂ-—) / Maverage
(7'71.—1- - Tﬂ-—) / T average
(mK+ - mK_) / Maverage
(TK—i- - TK—) / T average

KE = u:t v, rate difference/average
KE — 7570 rate difference/average
’mKO - m70’ / Maverage

phase difference ¢gg — &4 _

CPT-violation parameters in KO decay
real part of A
imaginary part of A
(,&,_&)/,i,
m- |~ m m
5 o average
’qp + qﬁl/e
('“p + '“ﬁ) / ’”’average
(mp — mz) / Maverage
(mp — mz) / mpy
(T — Tﬁ) / T average
(N}:—i- + Nf—)/ "“’average

(mE— - m§+) / Maverage
(7'5— - 7'§—i-) / Taverage
(m_Q— - mﬁ—i-) / Maverage
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[f]
&]

—0.002 + 0.007
<4 %1078, CL = 90%
<4x10°8

(=05 +2.1) x 10712
(2+8)x107°

(—2.6 +£1.6) x 108
(2+5)x10~4
(6+7)x104

(—0.6 +1.8) x 10~4
(0.11 £ 0.09)% (S = 1.2)
(—0.5 + 0.4)%

(0.8 £ 1.2)%
<1018

(0.1 £ 0.8)°

0.018 + 0.020
0.02 + 0.04

(1.5 +1.1) x 1079
<2x107°

(—2.6 +2.9) x 1073
(9 £5)x107°
(—1.0 £ 0.9) x 102
0.04 =+ 0.09

0.014 + 0.015

(1.1 +£2.7) x 10~4
0.02 + 0.18
(0+5)x10~4
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TESTS OF NUMBER CONSERVATION LAWS

LEPTON FAMILY NUMBER

Lepton family number conservation means separate conservation of each of L, LM'
L

.
MZ - e*uF) /Mol [h] <1.7x 1079, CL = 95%
NZ - eF7F)/Miotal [h] <9.8x 1070, CL = 95%
NZ - uE7F)/Miotal [h] <1.2x107°, CL = 95%
limit on u= — e~ conversion
o(p= 325 = e 325) <7 x 10711 cL = 90%
o(u™ 32g _, V'u32p*)
o~ Ti— e Ti)/ <43 x 10712 cL = 90%
o(u™ Ti — capture)
o(u~ Pb— e Pb)/ <4.6 x 10711, CL = 90%
o(u~ Pb — capture)
limit on muonium — antimuonium conversion Rg = <0.018, CL = 90%
Gc / GF
Mp™ = e ve7,)/Total [l <12x1072, CL = 90%
M~ — e 7)/Tiotal <4.9x 10711, cL = 90%
Mu~™ — e et e )/Tiotal <1.0 x 10712, CL = 90%
M~ — e~ 29)/Tiotal <72x 10711, CL = 90%
M~ — e 9)/Ttotal <2.7x 1070, CL = 90%
M~ = 17 7)/Ttotal <3.0x 1079, CL = 90%
rr= — e 70)/TMotal <3.7x 1076, CL = 90%
M= — 1 70) /Mol <4.0 x 1076, CL = 90%
M~ — e K%)/Moral <1.3x 1073, CL = 90%
MrMr— — p— KO)/rtotal <1.0 x 1073, CL = 90%
M~ — e 1)/Tiotal <82x 1070, CL = 90%
M~ — 17 0)/Tiotal <9.6 x 1070, CL = 90%
M= — e p0)/Tiotal <2.0x 106, CL = 90%
Fr= = 1= 09)/Total <6.3 x 1076, CL = 90%
M~ — e K*(892)9)/Total <5.1x 1070, CL = 90%
M~ — = K*(892)9) /ol <75x 1070, CL = 90%
Mr~ — e K*(892)%)/Toral <7.4x 1076 CL = 90%
M~ — = K*(892)9)/Total <75x 1070, CL = 90%
Mt~ — e ¢)/Tiotal <6.9 x 1070, CL = 90%
N~ — 1~ 9)/Tiotal <7.0x 107°, CL = 90%
M~ — e et e™)/Miotal <2.9x 107°, CL = 90%
M~ — e puT 1)/ Tiotal <1.8x 107°, CL = 90%
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M~ — etTp p~ )/Ttotal
M~ — p— et e )/Ttotal
M~ — pte™ e )/Tiotal
MNr= — p— ptpT )/Ttotal
M~ — e 7t 77 ) /Tiotal
Fr— — p~ atr— )/Ttotal
M~ — e 7t K7)/Total
M~ — e~ 71 KT)/Tiotal
rr— — e~ K+ K™)/Tiotal
Fr— — p~ T K™)/Ttotal
Mr~ — p 7w K+)/rtota|
Mr= — u— K+ K_)/rtota|
rr— — e_ﬂ'oﬂ'o)/rtotal
rr— — p— WOWO)/rtota|
M= — e 11)/Tiotal
Fr~ — 1= 19m)/Tiotal
rr— — e_ﬂoﬁ)/rtotal
Mr— — p— 0 m/Total
F(r— — e light boson)/¢otal

M(r— — p~ light boson) /Tt

<1.5x 1076, CL = 90%
<1.7x 1075, CL = 90%
<1.5x 1075, CL = 90%
<1.9x 1075, CL = 90%
<2.2x 1076, CL = 90%
<8.2x 1079, CL = 90%
<6.4x 1076, CL = 90%
<3.8x 1076, CL = 90%
<6.0 x 1076, CL = 90%
<7.5x 1076, CL = 90%
<7.4x 1076, CL = 90%
<1.5% 1072, CL = 90%
<6.5x 1076, CL = 90%
<1.4x 1072, CL = 90%
<3.5%x 1072, CL = 90%
<6.0 x 1072, CL = 90%
<2.4x 1072, CL = 90%
<2.2x 1072, CL = 90%
<2.7x1073, CL = 95%
<5 x 1073, CL = 95%

v oscillations. (For other lepton mixing effects in particle decays, see the Particle Listings.)

Ve 77 Ve
A(m2) for sin2(29) =1
sin2(29) for “Large” A(m2)
Ve = Uy
A(m2) for sin2(29) =1
sin2(29) for “Large” A(m2)

v, — U

e T
sin2(29) for “Large” A(m2)
Vy = Ve

A(m2) for sin2(29) =1

sin2(29) for “Large” A(m2)
UH — Vg

A(m2) for sin2(29) =1

sin2(29) for “Large” A(m2)
I/'U(UH) — va(Te)

A(m2) for sin2(29) =1

sin2(29) for “Large” A(m2)
vy = Vr

A(m2) for sin2(29) =1

sin2(29) for “Large” A(m2)

v, — U,

o T
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<9 x 1074 eV2, CL = 90%
<0.02, CL = 90%

<9 eV2, CL = 90%
<0.25, CL = 90%

<0.7, CL = 90%

<0.09 eV2, CL = 90%
<3.0 x 1073, CL = 90%

<0.14 eV2, CL = 90%
<0.004, CL = 95%

<0.075 eV2, CL = 90%
<1.8 x 1073, CL = 90%

<0.9 eV2, CL = 90%
<0.004, CL = 90%
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A(m2) for sin2(29) =1
sin2(29) for “Large” A(m2)
v, (7,) — v (7))
A(m2) for sin2(29) =1
sin2(29) for “Large” A(m2)
Ve 7 Ve
A(m2) for sin2(29) =1
sin2(29) for “Large” A(m2)
Yu 7 Y
A(m2) for sin2(29) =1
sin2(29) for A(m2) — 100eV?2
T Py
A(m2) for sin2(29) =1
sin2(20) for 190 eV2 < A(m?) < 320 eV2
F(7r+ - N+ ve)/Ttotal
r(71'+ — u etet v)/Tiotal
r(0 — whe™ + e uh)/Mioal
r(77 - /-L+ e + /-L_ e+)/rtota|
F(K+ — u_ue+e+)/rtota|
F(K+ — ut ve)/Ttotal
MKt — ot e )/Tiotal
MKt — 7t~ e+)/rtotal
F(K(Z - ei”$)/rtotal
F(KY — eF e 1T 1) /Miotal
F(D+ — gt e+,u_)/rtota|
F(D+ — gt e_u+)/rtota|
M(DT — KTetu™)/Tiotal
M(DT — KT e uT)/Tiotal
F(DO - ”j: e;)/rtotal
F(DO — 0 eiu$)/rtota|
r(D% — ne® uF)/Miotal
r(p% — p0e® 1F)/Miptal
F(DO — wej:u?)/rtotaﬂ
r(DO - d)e:t.uq:)/rtotal
r(D0 — KOe® uF)/Iyotal
r(D0 — K*(892)%e* 1 F)/oal

ret — =t e+”_)/rtotal
rBT — nte” ”+)/rtotal
BT — KTeTu™)/MNiotal
BT — KTe uh)/MNiotal
rBt — n et ”+)/rtotal
rBet — K- e+”+)/rtotal
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[

U

[h]
[h]

[h]
[h]
[h]
[h]
[h]
[h]
[h]
[h]

C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

<2.2 eV2, CL = 90%
<4.4 x 10~2, CL = 90%

<1.5 eV2, CL = 90%
<8 x 10~3, CL = 90%

<0.17 eV2, CL = 90%
<7 x 1072, CL = 90%

<0.23 or >1500 eV/2
<0.02, CL = 90%

<7 or >1200 eV2

<0.02, CL = 90%

<8.0 x 1073, CL = 90%
<1.6 x 1075, CL = 90%
<1.72 x 1078, CL = 90%
<6 x 1076, CL = 90%
<2.0 x 1078, CL = 90%
<4 x 1073, CL = 90%
<2.1x 10710 cL = 90%
<7 x 1079, CL = 90%
<3.3x 10711 CL = 90%
<6.1x 1079, CL = 90%
<1.1x 1074, CL = 90%
<1.3x 1074, CL = 90%
<1.3x 1074, CL = 90%
<1.2x 1074, CL = 90%
<1.9x 1072, CL = 90%
<8.6 x 1072, CL = 90%
<1.0x 10~4, CL = 90%
<4.9x 1072, CL = 90%
<1.2x 1074, CL = 90%
<3.4x 1072, CL = 90%
<1.0x 10~4, CL = 90%
<1.0x 10~4, CL = 90%
<6.4 x 1073, CL = 90%
<6.4 x 1073, CL = 90%
<6.4 x 1073, CL = 90%
<6.4 x 1073, CL = 90%
<6.4 x 1073, CL = 90%
<6.4 x 1073, CL = 90%
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r(BY — e uF)/Miotal
r(BY — et 7F) /Mol
r(BY — &%) /Miotal

C. Caso et al. (Particle Data

[h]
[h]
[h]

rB — e:t,u:*:s)/rtotd
r(Bg — eI uF)/Miotal

[h]

Group), European Physical Journal C3, 1 (1998)

<5.9x 1076, CL = 90%
<53 x 10~4, CL = 90%
<83 x 1074, CL = 90%
<2.2x 1072, CL = 90%
<4.1x 1072, CL = 90%

TOTAL LEPTON NUMBER

Violation of total lepton number conservation also implies violation of lepton family

number conservation.

limiton = — eT conversion
o(p™ 325 _, e+32Si*) /
o= 325 — 1, 32p%)
o(u™ 127, ., ot 127Sb*)/
o(u™ 127y _, anything)
o(p~ Ti— et Ca)/
o(u™ Ti — capture)

rMr— — n— 7)/rtota|

Nr— — «— WO)/rtota|
MNr— — etr ™ )/ Tiotal
MNr— — ,u+ 7 7 )/Ttotal
MNr— — et n— K™)/Tiotal
M~ — eTK™K™)/Tiotal
rr= — whn— K™)/Tiotal
MNr— — u+ K~ K‘)/Ftota|
F™ — PY)/Ttotal

F(r= — p79)/Tiotal

F(r™ = Pn)/Ttotal
ve — (Vo)L
aA(m2) for sin2(29) =1
a2sin2(29) for “Large” A(m2)
vy = (Te)L
aA(m2) for sin2(29) =1
a2sin2(29) for “Large” A(m2)
rt — ”+Ue)/rtotal

MKt — a=pt e+)/rtotal
F(K+ — T e+e+)/rtota|
F(K+ - H+H+)/rtota|
MKt — ”+Ue)/rtotal
F(kt — 70t ,)/Tiotal
F(D+ — m et e+)/rtota|
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<9x10~10 cL = 90%

<3x10~10 cL = 90%

<8.9x 1011, CL = 90%

<2.8x 1074, CL = 90%
<3.7x 1074, CL = 90%
<1.9x 1075, CL = 90%
<3.4x 1076, CL = 90%
<2.1x 1076, CL = 90%
<3.8x 1076, CL = 90%
<7.0x 1076, CL = 90%
<6.0 x 1076, CL = 90%
<2.9x 104, CL = 90%
<6.6 x 104, CL = 90%

<1.30 x 10—3, CL = 90%

<0.14 eV2, CL = 90%
<0.032, CL = 90%

<0.16 eV2, CL = 90%
<0.001, CL = 90%

<15 x 1073, CL = 90%
<7x 1079, CL = 90%
<1.0 x 1078, CL = 90%
<1.5x 10~4, CL = 90%
<3.3x 1073, CL = 90%
<3 x 1073, CL = 90%
<1.1x10~4, CL = 90%
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<8.7x 1072, CL = 90%
<1.1x10~4, CL = 90%
<5.6 x 104, CL = 90%
<1.2x 1074, CL = 90%

r(D+ - T /-L+ H+)/rtota|
F(D+ — g et ;ﬁ)/rtota,
r(D+ — p /-L+ H+)/rtota|
(DT — K~ etel)/Miotal

!

(ot — K~ ut ) /Miotal <12 x 1074 CL = 90%
r(ot — K= et uh)/Miotal <13 x 1074 CL = 90%
(Dt — K*(892)~ ut ut)/Tiotal <8.5x 10~4, CL = 90%
r(of — == whuh)/Miotal <4.3x 1074, CL = 90%
r(of — K=t ut)/Total <5.9 x 1074, CL = 90%
r(DF — K*(892)~ pt p)/Mioral <1.4x 1073, CL = 90%
r(BT — n etet)/Tiotal <3.9x 1073, CL = 90%
ret — 7= utuh)/Miotal <9.1x 1073, CL = 90%
B+t — K= etel)/Motal <3.9x 1073, CL = 90%
rBt — K= ut ut)/Miotal <9.1x 1073, CL = 90%
M=~ — pu~ 1)/ Tiotal <4 x 1074, CL = 90%

rAL — ==t ) Mioral <7.0 x 1074, CL = 90%

BARYON NUMBER

<2.9x 104, CL = 90%
<6.6 x 10~4, CL = 90%
<1.30 x 10~3, CL = 90%
>1.6 X 1025 years

A few examples of proton or bound neutron decay follow. For limits on many other nucleon decay channels,
see the Baryon Summary Table.

Nt~ — P7)/Ttotal
rr— — 571'())/rtotal
(™ — Pn)/Tiotal
p mean life

(N — et ) > 130 (n), > 550 (p) x 1030 years, CL =
90%

(N — ut ) > 100 (n), > 270 (p) x 1030 years, CL =
90%

(N — et K) > 1.3 (n), > 150 (p) x 1030 years, CL =
90%

(N = pTK) > 1.1 (n), > 120 (p) x 1030 years, CL =
90%

limit on nA oscillations (bound n)

limit on nn oscillations (free n)

e mean life / branching fraction

F(n— preVe)/Tiotal

HTTP://PDG.LBL.GOV

[m] >1.2x 108 s, CL = 90%
>0.86 x 108 s, CL = 90%

ELECTRIC CHARGE (Q)

[n] >4.3 x 1023 yr, CL = 68%
<8 x 10727, CL = 68%
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AS = AQ RULE

Allowed in second-order weak interactions.

Mkt — 7tat e 7.)/Miotal <1.2x 1078, CL = 90%
MKt — 77t 0™ 7,) /Miotal <3.0x 1076, CL = 95%
x=AKY = 77t u)/AKO = 77t v) = A(AS=—AQ)/A(AS=AQ)
real part of x 0.006 + 0.018 (S = 1.3)
imaginary part of x —0.003 + 0.026 (S = 1.2)
NEZt — ntto)/I(Z7 — nt™ D) <0.043
M=t — netvy)/Miotal <5 x 1076, CL = 90%
M= — nutv,)/Miotal <3.0 x 1072, CL = 90%
M=% - == et u)/Miotal <9 x 1074, CL = 90%
M=% — == v,)/Motal <9 x 1074, CL = 90%

AS = 2 FORBIDDEN

Allowed in second-order weak interactions.

M0 — pr )Mol <4x10°3, CL = o0%
r(EO — pe” Ve)/Tiotal <L3x1073

M=% = pu™7,)/Miotal <L3x 1073

F=" — n77)/Tiotal <1.9x 1072, CL = 90%
M~ — ne 7o)/Tiotal <3.2x 1073, CL = 90%
M(E~ — i~ 7,)/Tiomal <15 x 1072, CL = 90%
M= — pr 7 )/ Teotal <4 x 104, CL = 90%
M= — pr e 7o) Teomal <4 x 104, CL = 90%
M= — pr 1™ 7,)/Trotal <4 x 104, CL = 90%
M2~ — Ar=)/Tioeal <1.9 x 104, CL = 90%

AS = 2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

mo — My (0.5301 + 0.0014) x 1010 7 s—1
L S

m o — My (3.489 + 0.009) x 1012 MeV
L S
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AC =2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

’m —m

Dg’
’FD(l) - ng’/rDO mean life difference/average

0
Dl

F(Kt e~y (via D)) /r(K~ et y)

F(K+w_ or KT 7~ nt n~ (via 50))/F(K_ ator

K-atata™)
r(D0 — Kt e~y (via D9))/Tioal

F(DO — Ktnor Kt atn— (via 5()))/rtotal

<24 %1010 1 s—1 CL = 90%
<0.20, CL = 90%

<0.005, CL = 90%

< 0.0085 (or < 0.0037), CL = 90%

<1.7 x 1074, CL = 90%
<1.0 x 1073, CL = 90%

AB =2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

Xd
B B}, B
Xpg at high energy

- mpgo

0
B sL

sH
XS = AmBO/FBO
S S

AmBO =m
S

Xs

0.172 4 0.010
(0.464 + 0.018) x 1012 s~ 1

0.723 £ 0.032

0.118 + 0.006
>9.1x 1012 s~ 1 cL = 95%

>14.0, CL = 95%

>0.4975, CL = 95%

AS =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

F(K+ — 7T+e+e_)/rtota|
MK+ — 71'_hﬁ—”_)/rtotal
F(K+ — w+uv)/rtota|
MK — w17 Meotal
MKS — et e™)/Tptal
F(Kg — 71'Oe+e_)/rtota|
F(KY =t ™) Tiotal
F(K(Z — ptu” 1)/ total
MK — ete™)/Miotal
F(K(Z — e+e_’y)/rtota|

HTTP://PDG.LBL.GOV

(2.74 £ 0.23) x 10~

(5.0 + 1.0) x 1078
(2791) x 1010

<32x 1077, CL = 90%
<1.4x 10~ 7, CL = 90%
<1.1x 1070 CL = 90%
(7.2 £ 05) x 1079 (S = 1.4)
(3.25 + 0.28) x 10—/

<4.1x 10711 cL = 90%
(9.1 +£0.5) x 1070
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[k — ete™v7)/Miotal
F(K(Z — ata— e+e_)/rtota|
F(K(Z — phum e+e—)/rtotal
F(K(Z — ete et e )/Tiotal
MK — 70t 1) /Mioral
F(K(L) — 7roe+e_)/rtota|
F(K(L) — WOVU)/rtota|

F(Z+ — pe+e_)/rtota|

[q] (6.5+1.2)x 10"

[q] <4.6 x10~7, CL = 90%
(29757 x 1079
(4.1 £0.8) x 1078 (S = 1.2)
<5.1x 1079, CL = 90%
<43 %1079, CL = 90%
<5.8x 107, CL = 90%
<7x 1070

AC=1WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

F(D+ — gt e+e_)/rtota|
r(D+ - 7T+ /-L+ wo )/rtotal
r(D+ - p+ﬂ+ :u_)/rtotal
r(D0 — ete™)/Miotal
r(0% — wtu™)/Tiotal
r(00% — Vet e) /Mol
r(p% — 70u% =)/ Miotal
F(D0 — 77e+ e )/Tiotal
r(DO - 77/-L+ I )/rtotal
F(D0 — pO e+e_)/rtota|
r(DO - po.u+ I )/rtotal
F(D0 — weT e )/Tiotal
r(D% — wp® ™)/ Tiotal
r(D0 — gete™)/Miotal
r(DO - ¢H+ I )/rtotal

70
70

F(DO — gt 40 ,u+ £ )/ Tiotal

r(oF — Kt utu™)/Total

[0 — K*(892)" pt 1™)/Miotal

FAL = put ™)/ Tiotal

HTTP://PDG.LBL.GOV
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<6.6 x 1072, CL = 90%
<1.8 x 1072, CL = 90%
<5.6 x 1074, CL = 90%
<1.3x 1072, CL = 90%
<4.1x 1076, CL = 90%
<4.5x 1072, CL = 90%
<1.8 x 104, CL = 90%
<1.1x 104, CL = 90%
<5.3x 1074, CL = 90%
<1.0 x 104, CL = 90%
<2.3x 1074, CL = 90%
<1.8x 104, CL = 90%
<8.3x 104, CL = 90%
<5.2 x 1072, CL = 90%
<4.1x 104, CL = 90%
<8.1x 104, CL = 90%
<5.9 x 10~4, CL = 90%
<1.4x 1073, CL = 90%
<3.4x 104, CL = 90%
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AB =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

rBt — 7tete™)/Motal <3.9x 1073, CL = 90%
FBT — ot ut ™)/ Miotal <9.1x 1073, CL = 90%
(BT — Kktete™)/Mtal <6 x 1072, CL = 90%

BT — Kt utu™)/Tiotal <1.0 x 1072, CL = 90%
(BT — k*892)tete™)/Tiotal <6.9 x 10~4, CL = 90%
(BT — K*(892)" 1t 1)/ Miotal <1.2x 1073, CL = 90%
(8% — v9)/Tiotal <3.9 x 1072, CL = 90%
r(B8Y — ete™)/Miotal <5.9 x 1076, CL = 90%
r(B% — 1t p7)/Tiotal <6.8x 107, CL = 90%
r(8% — KOete™)/Motal <3.0 x 1074, CL = 90%
r(B% — KOu® u=)/otal <3.6 x 1074, CL = 90%
r(B9 — k*(892)0%t e )/Moal <2.9%x 10~4, CL = 90%
r(B% — K*(892)0uT 1) /Miotal <23 %1072, CL = 90%
r(B% — K*(892)007)/Moral <1.0 x 1073, CL = 90%
M(B— ete™s)/Tiotal <5.7 x 1072, CL = 90%
F(B — w1 s)/Miotal <5.8 x 1072, CL = 90%
[(b — pt pu™ anything)/Tiopal <3.2x 1074, CL = 90%
r(8% — 1t u7)/Miotal <2.0x 1070, CL = 90%
r(BY — et e™)/Motal <5.4 x 1072, CL = 90%
r(BY — ¢v7)/Tiotal <5.4 x 1073, CL = 90%
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NOTES

[a] C parity forbids this to occur as a single-photon process.
[b] Time-reversal invariance requires this to be 0° or 180°.
[c] Allowed by higher-order electroweak interactions.

[d] Violates CP in leading order. Test of direct CP violation since the in-
direct CP-violating and CP-conserving contributions are expected to be
suppressed.

[e] € /e is derived from }7700/77+_} measurements using theoretical input on
phases.

[f] Neglecting photon channels. See, e.g., A. Pais and S.B. Treiman, Phys.
Rev. D12, 2744 (1975).

[g] Derived from measured values of ¢, _, ¢q, }77} }mK(L) — mK%}, and
TR as described in the introduction to “Tests of Conservation Laws.”

[h] The value is for the sum of the charge states of particle/antiparticle
states indicated.

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

[/] A(m?) = 100 eV?2.

[k] 190 eV2 < A(m?) < 320 eVZ.

[/] Derived from an analysis of neutrino-oscillation experiments.

[m] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The second limit here is from reactor experiments
with free neutrons.

[n] This is the best “electron disappearance” limit. The best limit for the
mode e~ — vy is > 2.35 x 10%° yr (CL=68%).

[o] The D?—Dg limits are inferred from the DO%-D° mixing ratio
F(Kt ¢~ 7, (via D°)) / T(K~ 1t vy).

[p] The larger limit (from E791) allows interference between the doubly

Cabibbo-suppressed and mixing amplitudes; the smaller limit (from E691)
doesn’t. See the papers for details.

q] See the K9 Particle Listings for the energy limits used in this measure-
L
ment.

HTTP://PDG.LBL.GOV Page 19 Created: 6/12/1998 14:35



