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TESTS OF CONSERVATION LAWS
Updated June 2006 by L. Wolfenstein and T.G. Trippe.

In keeping with the current interest in tests of conservation laws, we
collect together a Table of experimental limits on all weak and electromag-
netic decays, mass differences, and moments, and on a few reactions, whose
observation 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,” 7.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 CPT 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 €. Assuming
CPT invariance, ¢, the phase of € should be very close to 44°. (See the
review “C'P Violation in K7, decay” in this edition.) In contrast, if the entire
source of CP violation in K9 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]

2(myo —myo) ] (64— + 5600 — Psw)

sin ggw

mMm—o — Mo
K K )

where ¢gw = (43.51 £+ 0.05)°, the superweak angle. Using our best values
of the CP-violation parameters, we get \(m?o — mpo)/myo| < 10718
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at CL=95%. Limits can also be placed on specific C'PT-violating decay
amplitudes. Given the small value of (1 — |ngo/n+—|), the value of ¢pgg — o4 —
provides a measure of C'PT violation in Kg — 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.
The original evidence for CP violation came from the measurement of
ni—| = |AKY) — nt77)/A(KS — ntr™)| = (2.236 £ 0.007) x 1072, This
could be explained in terms of K O—FO mixing, which also leads to the
asymmetry [['(K? — 77eTv) —T(K? — e )] /[sum] = (0.332 £ 0.006)%.
Evidence for C'P violation in the kaon decay amplitude comes from the
measurement of (1 — |noo/n+_|)/3 = Re(e'/e) = (1.66 + 0.26) x 1073. In
the Standard Model much larger CP-violating effects are expected. The
first of these, which is associated with B-B mixing, is the parameter
sin(2) now measured quite accurately to be 0.725 + 0.037. A number of
other CP-violating observables are being measured in B decays; direct
evidence for CP violation in the B decay amplitude comes from the
asymmetry [F(EO — K 77) = T(BY - K*77)]/[sum] = —0.113 £ 0.020.
Direct tests of T violation are much more difficult; a measurement by
CPLEAR of the difference between the oscillation probabilities of K9 to
K9 and K° to K is related to T violation [3]. Other searches for C'P
or 1" violation involve effects that are expected to be unobservable in the
Standard Model. The most sensitive are probably the searches for an electric
dipole moment of the neutron, measured to be < 6 x 10726 ¢ c¢m, and the
electron (0.07 £0.07) x 10720 e cm. A nonzero value requires both P and T

violation.

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak theory are
consistent with the absolute conservation of three separate lepton numbers:

electron number L., muon number L,, and tau number L;, except for
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the effect of neutrino mixing associated with neutrino masses. Searches for

violations are of the following types:

a) AL = 2 for one type of charged lepton. The best limit comes from
the search for neutrinoless double beta decay (Z,4) — (Z +2,A)+e +e™.
The best laboratory limit is ¢; /5 > 1.9 x 1025 yr (CL=90%) for "®Ge.

b) Conversion of one charged-lepton type to another. For purely
leptonic processes, the best limits are on y — ey and u — 3e, measured
as I'(p — ey)/T(p —all) < 1.2 x 1071 and T'(p — 3e)/T(p — all) <
1.0 x 107!2. For semileptonic processes, the best limit comes from the
coherent conversion process in a muonic atom, p~+ (Z,A) — e~ + (Z, A),
measured as I'(u~Ti — e~ Ti)/T(p~Ti — all) < 4x107'2. Of special interest
is the case in which the hadronic flavor also changes, as in K; — ey and
K+ — nte pt, measured as I'(Kj — ep)/T (K, — all) < 4.7 x 107! and
KT — ate pt)/T(KT — all) < 1.3 x 107!, Limits on the conversion
of 7 into e or u are found in 7 decay and are much less stringent than
those for . — e conversion, e.g., I'(T — u7y) /(7 — all) < 6.8 x 1078 and
(1 — ey)/T(r —all) < 1.1 x 1077,

c) Conversion of one type of charged lepton into another
type of charged antilepton. The case most studied is p~ + (Z,A) —
et +(Z —2,A), the strongest limit being I'(u~Ti — e™Ca)/T'(u~Ti —
all) < 3.6 x 10711,

d) Neutrino oscillations. If neutrinos have mass, then it is expected
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, if the only source of lepton-number
violation is the mixing of low-mass neutrinos then processes such as yu — ey
are expected to have extremely small unobservable probabilities. For small
neutrino masses, the lepton-number violation would be observed first in
neutrino oscillations, which have been the subject of extensive experimental
searches. Strong evidence for neutrino mixing has come from atmospheric

and solar neutrinos. The SNO experiment has detected the total flux of
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neutrinos from the sun measured via neutral current interactions and found
it greater than the flux of v,. This confirms previous indications of a deficit
of v, and can be explained by oscillations with A(m?) = (8.0703) x 107 eV2.
Evidence for such oscillations for reactor 7 has been found by the KAMLAND
detector. In addition, underground detectors observing neutrinos produced
by cosmic rays in the atmosphere have found a factor of 2 deficiency of
upward going v, compared to downward. This provides compelling evidence
for v, disappearance, for which the most probable explanation is v, — v

oscillations with nearly maximal mixing and A(m?) of the order 0.0019-
0.0030 eVZ.

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,c,b,t) into a quark of another flavor is forbidden. In the Standard
Model, the weak interactions violate these conservation laws in a man-
ner 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 strangeness-changing semileptonic de-
cay of strange particles, the strangeness change equals the change in
charge of the hadrons. Tests come from limits on decay rates such as
DXt — netv)/T(ET —all) < 5 x 107% and from a detailed analysis
of K; — mer, which yields the parameter z, measured to be (Reux,
Imx) = (—0.002 £ 0.006, 0.0012 £ 0.0021). 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 K0 — K" mixing, which is directly measured by m(Ky) — m(Kg) =
(3.483 & 0.006) x 10712 MeV. There is now evidence for BY — B mixing

(AB = 2), with the corresponding mass difference between the eigenstates

HTTP://PDG.LBL.GOV Page 4 Created: 7/5/2006 13:33



Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.Ibl.gov)

(mpo —mpo) = (0.776 % 0.008)Tgo = (3.337 & 0.033) x 1010 MeV, and
for BY-B, mixing, with (mgo -mpo ) > 199T 50 or > 9 x 1077 MeV
(CL=95%). For D° — D’ mixing mpo —mpo <5 x 1071 MeV. All results

are consistent with the second-order calculations 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(Ky — all) = (6.8740.11) x 10~ puts limits on such interactions;
the nonzero value for this rate is attributed to a combination of the
weak and electromagnetic interactions. The best test should come from
K* — mtvw, which occurs in the Standard Model only as a second-order
weak process with a branching fraction of (0.4 to 1.2) x 10719, Recent results,
including observation of two events, yields I'(K™ — ntvv)/T(KT — all)
= (1.52:8) x10719[4]. Limits for charm-changing or bottom-changing neutral
currents are much less stringent: I'(D? — p ™) /(DY — all) < 1.3 x 107°
and T'(BY — pup™)/T(B° — all) < 3.9 x 1078, One cannot isolate flavor-
changing neutral current (FCNC) effects in non leptonic decays. For example,
the FCNC transition s — d + (7 + u) is equivalent to the charged-current
transition s — u + (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

r(x® — 37)/Tiotal

r (WO 7070 7) /Ttotal

n C-nonconserving decay parameters
T 70 left-right asymmetry parameter

T 7r0 sextant asymmetry parameter

0

™
quadrant asymmetry parameter

™

+
atrn

"’77_7 left-right asymmetry parameter

_|_

7~y parameter 8 (D-wave)
Mn— 7"07)/rtotal

w070 Y)/Ttotal
m0m0709) /M iotal
3’Y)/rtotal

et e )/Tiotal
70t 1) Teotal
M(w(782) — 779)/Tiotal
M(w(782) — 379)/Tiotal
F(/(958) — n0eT e™)/Tiotal
F(n'(958) — ne™ e™)/Tiotal
F(n’(958) - 37)/rtota|
M(n/(958) — pt i 70)/Migal
F(n/(958) - N+ 1= 1) /Tiotal

MNn —
MNn —
MNn —
MNn —
MNn —

<3.1x1078, CL = 90%
<6 x 1072, CL = 90%

(0.09 4 0.17) x 102
(0.18 + 0.16) x 102
(—0.17 + 0.17) x 10~2
(0.9 + 0.4) x 10~2
—0.02 + 0.07 (S = 1.3)
<9 x 1072, CL = 90%
<5x 1074, CL = 90%
<6 x 1072, CL = 90%
<4 x 1072, CL = 90%
<4 %1072, CL = 90%
<5x 1076, CL = 90%
<1x 1073, CL = 90%
<3 x 104, CL = 90%
<1.4x 1073, CL = 90%
<2.4 %1073, CL = 90%
<1.0 x 10~4, CL = 90%
<6.0 x 1072, CL = 90%
<1.5x 1072, CL = 90%

PARITY (P) INVARIANCE

e electric dipole moment

w electric dipole moment
Re(d.)

Fn — 7l'—~_7‘"_)/rtota|
Fn— 0 71"())/I_total

rn— 471'())/rtotal
r(n'(958) — L 7 )/Ttotal
r(n/(958) — 70 WO)/rtota|
F(ne(1S) — 71'+7"_)/rtotal
F(nc(1S) — 71'07"0)/rtotal
F(nc(1S) — KT K™)/Ttotal
M(nc(15) — KSK)/Motal
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(0.07 + 0.07) x 10720 ecm
(3.7 +3.4) x 10719 ecm
—0.22 t0 0.45 x 10716 ecm, CL = 95%
<1.3x 1072, CL = 90%
<43 x 1074, CL = 90%
<6.9 x 107, CL = 90%
<2 x 1072, CL = 90%
<9x 1074, CL = 90%
<8.7x 1074, CL = 90%
<5.6 x 10~4, CL = 90%
<7.6 x 10~4, CL = 90%
<42 x 1074, CL = 90%
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p electric dipole moment <0.54 x 10723 ecm
n electric dipole moment <0.63 x 10725 ecm, CL = 90%
A electric dipole moment <1.5x 1016 ecm, CL = 95%

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.

u decay parameters

transverse eT polarization normal to plane of I (—2+8)x 10-3
spin, et momentum

ol /A (0 + 4) x 10~3

B'/A (1+5) %1073
Ppin KT — x0ut vy (1.7 +25)x 1073
Prin KT — utv,~ (—0.6 + 1.9) x 1072
Im(&) in KT — 70 pwt vy decay (from transverse —0.006 4+ 0.008

pol.)
asymmetry A in Kk0-K0 mixing (6.6 £ 1.6) x 10—3
Im(&) in K23 decay (from transverse p pol.) —0.007 £+ 0.026
AT(KYKE T 77)in D 0.02 + 0.07
Ar(KTK=at77)in DO, DO 0.01 + 0.07
AT(KYKkErta—)in DE —0.04 £+ 0.07
n — pe_Ue decay parameters

¢ Ay phase of g4 relative to g\, [b] (180.06 + 0.07)°

triple correlation coefficient D (—4 £6)x 10~4
triple correlation coefficient D for ¥~ — ne™ 7, 0.11 £ 0.10
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CP INVARIANCE

Re(d%) <0.50 x 10717 ecm, CL = 95%
Im(d") <1.1x 10717 ecm, CL = 95%
M — 77 77)/Tiotal <1.3x 1079, CL = 90%
r(n — 70n0)/Miotal <43 x 1074, CL = 90%
F(n — 470)/Tiotal <6.9x 10—/, CL = 90%
F(n'(958) — 7t 77)/Total <2 x 1072, CL = 90%
F(/(958) — m0n0)/Tiotal <9 x 1074, CL = 90%
KT = 7Tata rate difference/average (0.08 + 0.12)%
KE - 77070 rate difference/average (0.0 £ 0.6)%
KE — 7F 704 rate difference/average (0.9 +3.3)%
Kt — atrta™ (g —g.)/(ef +g_) (1.5 + 2.9) x 10~4
Kkt . £,0,.0 (gy — &)/ (gL +&_) (0.02 + 0.19)%
h _
A(wa) = FE%MM;:E?W; ~0.02 £ 0.12
TR TR

As =[T(KY = 77 etw,)-T(KE — 7Te™7,)] (2 +10) x 1073

/ SUM
Im(ny_g) = Im(A(KE — 7+ 7= 70, CP-violating) —0.002 + 0.009

/A(K(Z — 7T+7T_7T0))
Im(nggg) = IM(A(KKY — 707970)/A(k9 — (—0.1 +1.6) x 1072

70 7r071'0))
nooo| = |AKKE — 370)/A(K9 — 370)] <0.018, CL = 90%
CP asymmetry A in K% — ata"ete™ (-1+4)%
r(k% — 370)/Tgtal <1.2x 1077, CL = 90%
linear coefficient j for K? — gta—x0 0.0012 + 0.0008
quadratic coefficient f for K(Z — gta—x0 0.004 + 0.006
’6/—%—7’/6 for K(L) — 7r+7r_'y <0.3, CL = 90%
MK — 79T 1) /Tiotal [c] <3.8x 10710, CL = 90%
MK — 79t e™)/Miotal [c] <2.8x 10710, CL = 90%
MK — 70um)/Tigtal [d] <5.9x 1077, CL = 90%
Acp(KYx%) in DF —0.016 + 0.017
Acp(KE k) in DF 0.07 + 0.06
Acp(KT K~ %) in DE 0.007 + 0.008
Acp(KE K*0) in DE 0.005 + 0.017
Acp(¢rE) in DE —0.001 + 0.015
Acp(rta=zE)in DE —0.02 + 0.04
Acp(KYKErt77)in D —0.04 + 0.07
Acp(KT K~™)in DY, DO 0.014 =+ 0.010
Acp(KYKkY)in DO, DO —0.23 4+ 0.19
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ACP(ﬂ'+7T_) in DO, DO
Acp(r070) in DO, DO
ACP(7T+7T_ 7r0) in DO, DY
Acp(K% ) in DO, DO
Acp(K%x0)in DO, DO
Acp(KExF) in DO, DO
Acp(KF nE70) in DO, DO
Acp(KEaFx0)in DO, DO
Acp(KYxtx~)in DO, DO
Acp(KExFxtx—)in DO, DO
Acp(KT K= atx~)in DO, DO
Acp(BT — J/p(1S)KT)
Acp(BYT — J/yp(18)nT)

Acp(BT — J/pK*(892)T)
Acp(BT — ¢(2S)K™)
Acp(BT — 4(25)K*(892))
ACP(B+ — Xc1K™)
Acp(BT — xc1 K*(892)T)
Acp(BT — DOxt)
Acp(BT — Dop(y1)7")
Acp(BT — Dop(—1)7")
Acp(BT — DOKT)
Acp(BT — [K=7nT]pK™T)

Acp(BT — [K™nt]5K*(892)T)
Acp(BT — [K=nt]pnT)
Acp(BT — [rTa=x01p k™)
Acp(BT — Dep(y1)K™)
Acp(BT — Dcp(_1)K™)
Acp(Bt — D*0xt)

ACP(B+ (DEP(+1))O7T+)
ACP(B+ - (DEP(_I))OT‘A_)
Acp(BT — DOKT)

Acp(BT

!

|

|

!

!

K1)
K1)

!

DEp(+1)
Acp(BT — Dip(_y
Acp(BT — DCP(+1)K*(892)+)
Acp(BT — DCP(_l)K*(892)+)
Acp(BY — K%xT)
Acp(BT — KTa0)
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0.013 £ 0.012

0.00 £+ 0.05

+0.10
0.01_ g9

—0.03 + 0.09
0.001 + 0.013
0.05 + 0.04

—0.03 + 0.09

0.00 &+ 0.05

+0.026
—0.009 _ 5’961

—0.02 £ 0.04
—0.08 + 0.07
—0.024 £+ 0.014
0.09 + 0.08
0.048 £ 0.033
—0.025 £+ 0.024
—0.08 £ 0.21
0.00 &+ 0.08
—05+£05
—0.008 £ 0.008
0.035 £ 0.024

0.017 £ 0.026

0.07 = 0.04

+0.8
09 56

—0.2+£0.6

+0.30
0.30__ 5’56

—0.02 £ 0.16
0.22 + 0.14 (S = 1.4)

—0.09 + 0.10

—0.014 £+ 0.015
—0.02 £ 0.05

—0.09 + 0.05

—0.09 + 0.09
—0.15 + 0.16

0.13 £ 0.31

—0.08 + 0.21
~03+04
—0.02 + 0.07 (S = 1.9)
0.04 + 0.04
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Acp(BT — K1)
Acp(BT — nKT)
Acp(BT — nK*(892)T)
Acp(BT — wkT)
Acp(BT — K*0xt)
Acp(BT — KTr—zT)
Acp(BT — f(980)K™T)
Acp(BT — pOKT)
Acp(BT — K§(1430)0x7)
Acp(BT — K*(892)1x0)
Acp(BY — pOK*(892)T)
Acp(BT — KOKT)
Acp(BT — K+ KLKQ)
Acp(BT — KTK™KT)
Acp(BT — ¢KT)
Acp(BT — ¢K*(892)T)
Acp(BT — nKty)
ACP(B+ — 7T+7T0)
ACP(B+ — ata ot
ACP(B+ — p07r+)
Acp(BT — £5(1270)«™T)
ACP(B+ — p+7r0)
Acp(BT — ot oY)
Acp(BT — wa™)
Acp(BT — wph)
Acp(BT — nn)
ACP(B+ — 'z t)
Acp(BT — npT)
Acp(BT — pprt)

Acp(BT — ppKT)

Re(e go)/(1+]e go|?)

AT/cp

Acp(BY — D*(2010)t D7)
Acp(BY — K*(892)0¢)
Acp (B — KTz7)
Acp(B? — K3x0)
Acp(BY — nK*(892)0)
Acp(BY — pTK™)
ACP(BO — Kta— 7r0) non-resonant
Acp(BY — K*(892)Tn™)
Acp(BY — pta7)
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0.020 + 0.025
—0.25 £ 0.14
0.13 +0.14
—0.02 £ 0.13
0.07 = 0.10

—0.01 £ 0.04

+0.14
009 911

0.32 + 0.16
—0.06 + 0.04

0.04 + 0.29

0.20 + 0.31

0.15 + 0.33

—0.04 + 0.11

0.02 + 0.08

0.01 + 0.07

0.05 + 0.11

—0.16 + 0.1

—0.02 + 0.07

—0.01 + 0.08

—0.07 + 0.13

0.00 + 0.25

0.15 + 0.12

—0.09 + 0.16

0.10 + 0.22 (S = 1.9)
0.05 + 0.26

—0.05 + 0.10

0.14 + 0.16

0.02 + 0.18

—0.16 + 0.22

—0.05 + 0.11
(—1.3+29)x 1073
0.005 + 0.018

0.03 £+ 0.07
0.01 £ 0.07
—0.113 4+ 0.020
0.16 + 0.29
0.02 £ 0.11
0.26 = 0.15
0.07 £0.11
—0.05 £ 0.14
—0.15 + 0.08
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Acp(BY — p=n)

Acp(BY — K*(1430)7)

Cp(2010)- D+ (B9 — D*(2010)~ D)
Sp(2010)- D+ (B9 — D*(2010)~ DT)
Cp=(2010)+ D- (B9 — D*(2010)* D7)
Sp*(2010)+ D (B9 — D*(2010)* D7)
Cpwi pr- (B — D*¥D*7)

Spet pe (BY — D*TD*7)

¢, (B9 — D*tp*7)

s, (BY — Dt p*7)

c_ (BO N D*+D*_)

s_ (B9 - p*tp*)

Cp+p- (B9 — DTD7)

Sp+p- (B — DT D7)

Crpasyn0 (BY — J/w(18)x0)
SJ/¢(15)7TO (BO - J/w(ls)ﬂ'o)
Cng (B — wkQ)

Sng (BO — wK%)

0 / 0
Cn/(958) K (BY — n'(958) KS)

0 / 0
577’(958) K (BY — n'(958) KS)

0 0
Cfo(980)K2 (B0 — 5(980) k)

0 0
st(QSO)K% (BO — 5(980)KkQ)

CKSKSKS(BO — KSKSKS)
SksKsKg(BY = KsKsKs)
0 + — K0

S KO (B — KktKk=KY)

K+ K
BY — ¢kQ)

SKgWO (B0 — k2x0)
CK%WOV(BO — K%7x0y)
SKgWOV(BO — K%x04)

0 * 0
CK*(892)07 (BY — K*(892)"~)
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—0.53 £+ 0.30
—0.08 £ 0.15
0.20 + 0.18

—0.53 £ 0.32
—0.17 £ 0.23
—0.54 + 0.27
0.27 £ 0.17

(S=12)
(S=13)

—02+04(S=12)

0.06 £ 0.17
—0.75 £ 0.25
—-02+10
—-18+18
0.1+04
—0.3£0.6
0.13 £ 0.24

—04+04(S=11)

—-03£05

0.8 £0.7

—0.04 £+ 0.20

(S = 2.5)

0.43 £ 0.17 (S = 1.5)

0.39 4 0.28
05+ 0.4
—0.41 £ 0.21
~03708 (s
0.09 + 0.10
—0.45 £ 0.13
—0.04 £ 0.17
0.35 4 0.21
0.08 + 0.14

0.34 + 0.28

= 2.4)

—0.3+0.4 (S =15)

+0.6
—03732 (S

—0.40 £0.23

— 13)

Created: 7/5/2006 13:33



Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.Ibl.gov)

0 * 0
SK*(892)07 (BY — K™*(892)"~)

Crr (B0 — ata7)
S (BO N ﬂ.-i-ﬂ.—)

C 0.0(B% — 799)

Cor (BO = pT77)

Spn (B — pT77)

ACpﬂ. (BO — pTa7)

AS, . (B0 — pt7rm)

Cpp (B — ptp7)

Spp (B = pTp7)

A (BO — J/y k*(892)0)

(Sy +5_)/2(BY — D*~ )
(S_ —54)/2(BY — D*~ )
(Sy +5_)/2 (8% — D~ at)
(S_ —5,)/2(BO— p=rt)
Acp(B — K*(892)7)

Acp(B — sv)

Acp(b — Xt ™)

r(ne(18) — 71'_'_7"_)/rtotal
F(nc(1S) — 71'07"0)/rtotal
F(nc(1S) = KTK™)/Tiotal
F(nc(1S) — KOS KOS)/rtotaI

[a_(A) + ay ()] / [a_(A) — ay ()]

[o(Z7)a (M) =a(Z")ar(A)]
[a(Z7)a- (N +a(ZF)ar ()]

[(27 — AKT)+a(@T — AKH)])2
[2(AT) + a(A2)] / [a(AT) = a(AD)] in AT —

/\7r+, Zc_ — An—

[2(AT) + a(A2)] / [a(AT) = a(AD)] in AT —

/\e"'l/e, ZC_ — ﬂe_ﬁe

HTTP://PDG.LBL.GOV
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—0.39 £ 0.33

—0.36 + 0.23 (S = 2.3)
—0.49 + 0.18 (S = 1.5)
—03+04

0.30 + 0.13

—0.04 £ 0.23 (S = 1.3)
0.33 £ 0.13

—0.07 £ 0.22 (S = 1.3)
—0.02 £ 0.17

—0.22 + 0.22

<0.25, CL = 95%
—0.028 + 0.017 (S = 1.3)
—0.001 + 0.018

—0.043 + 0.030

—0.01 + 0.04

—0.010 + 0.028

0.00 + 0.04

—0.22 £ 0.26

<8.7 x 1074, CL = 90%
<5.6 x 10~4, CL = 90%
<7.6 x 1074, CL = 90%
<42 x 1074, CL = 90%
0.012 =+ 0.021

(0+7)x10~4

0.00 £+ 0.04
—0.07 £ 0.31

0.00 + 0.04
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CP VIOLATION OBSERVED

Re(e)
charge asymmetry in K23 decays
A| = weighted average of A; (1) and A (e)
AL(n) = [M(x= wFvy) = Tt u=,)]/sum
A(e) = [[(r~eTv,) — T(rT e 7,)]/sum
parameters for K(Z — 27 decay
Inoo| = |A(KY — 2x0) /
AKE — 270)|
ny—| = |AKY - xtx7) / AKE —
7r+7r_)‘
el = @Jn4—| + [nool)/3
00 /14|
Re(€/e) = (1—|ngo/ny_|)/3
Assuming CPT
¢+_, phase of Ny_
®00- Phase of ngg
¢ = (264 _ + ¢00)/3
Not assuming CPT
¢+_, phase of Ny_
®00o. Phase of ngg
be = (2¢+_ + ¢00)/3
CP asymmetry A in K(Z — atrete™
Bcp from K(Z — eTe ete
Ycp from K? — eTe ete™
parameters for K(Z — w177 v decay
npo] = [AKO — o, CP
vioIating)/A(Kg — 7r+7r_fy)‘
¢+_7 = phase of Ni—ny
r(K(Z - 71'_‘_7"_)/rtota|
r(K(Z - 71'07‘"0)/rtotal
Acp (BO — KkKt77)
Parameters for B0 — J/ K%
sin(23)

HTTP://PDG.LBL.GOV Page 13

(1.664 + 0.010) x 103

(0.332 + 0.006)%
(0.304 + 0.025)%

(0.334 + 0.007)%
(2.225 + 0.007) x 103

(2.236 + 0.007) x 10~3

(2.232 + 0.007) x 103
0.9950 = 0.0008 (S = 1.6)
(1.66 + 0.26) x 1073 (S = 1.6)

(43.52 + 0.05)° (S = 1.2)
(43.50 4 0.06)° (S = 1.2)
(43.51 + 0.05)° (S = 1.1)

(43.4 £ 0.7)° (S = 1.3)
(43.7 £ 0.8)° (S = 1.2)
(43.5 £ 0.7)° (S = 1.3)
(13.7 + 1.5)%

—0.19 + 0.07

0.01 4 0.11 (S = 1.6)

(2.35 + 0.07) x 103

(44 + 4)°

(1.976 + 0.008) x 103

(8.69 + 0.04) x 10~% (S = 1.1)

—0.113 £+ 0.020

0.725 £+ 0.037
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(mw+ - mW,) / Maverage
(me+ - me,) / Maverage
|dg+ + ag-1/e

(8.+ — 8o-) / Baverage
(TH+ — T'uf

(glﬁ - gu*) / 8average

)/ Taverage

(m_4 = m__)/ Maverage

(To+ = Tx=)/ Taverage
(mK+ - me) / Maverage
(TKJr - TKf) / Taverage
KT — ,uiu rate difference/average

1
KT = 7570 rate difference/average

§in KO — KO mixing
real part of §
imaginary part of §

Re(y), Ko3 parameter

Re(x_), K3 parameter

’mKO - m70| / Maverage
(rKO - r70)/r’7average
phase difference ¢gg — ¢4 _
2 1 S
Re(574— + 3700)— %

CPT INVARIANCE

[f]

(g]

ACPT(K:Fﬂ':t) inDY — K~ 7zt D0 — Kta—

|mp—mp|/mp
(7 -2) 7
lap + apl/e

(#p + Hp) / Pp
(mp = mz)/ my
(mp — mz) / m,
(ThA — TZ)/T/\

(Tsr =75 ) /T4
(hyy + b5 )/ byt
(mze = m=y) /m=-
(7'5, — T§+) / T=—

(h= +pu=)/ |p=|
(mQ, — m§+) / me_
(TQ, — T§+)/TQ,

HTTP://PDG.LBL.GOV

[h]

[h]

Page 14

—0.002 + 0.007
<8x 1079, CL = 90%
<4x10°8

(—0.5 +2.1) x 10~12
(2+8)x107°

(—2.6 +1.6) x 108
(2+5)x 104
(6+7)x10"4

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

(0.8 + 1.2)%

(2.9 +2.7) x 10~4
(0.2 4+ 2.0) x 107
(0.4 + 2.5) x 10~3
(—0.8 +25)x 1073
<10~18 CL = 90%

(8 +8)x 1018

(0.2 +0.4)°
(—3+35)x10°°
0.008 + 0.008

<1.0 x 1078, CL = 90%
(-9 +9)x1011

<1.0 x 1078, CL = 90%
(—2.6 +2.9) x 1073

(9 +5) x 107°
(—0.1+1.1)x 1072 (S = 1.6)
—0.001 4 0.009

(—0.6 +1.2) x 1073
0.014 + 0.015

(1.1 +2.7) x 10~4

0.02 + 0.18

40.01 + 0.05
(—1+8)x107°
—0.002 + 0.040
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TESTS OF NUMBER CONSERVATION LAWS

LEPTON FAMILY NUMBER

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

-
M(Z — e uF)/Motal [l <1.7x1070, CL = 95%
M(Z — eF7F)/Tioal [l <9.8x 1070, CL = 95%
[Z — pErF) /Mol [ <1.2x 1072, CL = 95%
limit on 4= — e~ conversion
o(u=325 = e 325) <7x107 1 CL = 90%
o(u=325 — v, 32p¥)
o~ Ti— e~ Ti)/ <43 x 10712 cL = 90%
o(p~ Ti — capture)
o(u~Pb— e Pb)/ <4.6 x 10711, CL = 90%
o(p~ Pb — capture)
limit on muonium — antimuonium conversion Rg = <0.0030, CL = 90%
Gc / G
Mp™ — e ve7,)/Miotal [[] <1.2x 1072, CL = 90%
M~ — e 7)/Tiotal <1.2x 1071, CL = 90%
M~ — e et e )/Tiotal <1.0 x 10712, CL = 90%
M~ — e 27)/Tiotal <7.2x 10711, CL = 90%
M~ — e~ 7)/Total <1.1x 1077, CL = 90%
M~ — 17/ Ttotal <6.8 x 1078, CL = 90%
M~ — e 79)/Tiotal <1.9x 1077, CL = 90%
M~ — = 79)/Tiotal <4.1x 1077, CL = 90%
M= — e KL)/Miotal <9.1x 1077, CL = 90%
rr= — = KQ)/Miotal <9.5x 1077, CL = 90%
M~ — e 0)/Tiotal <2.4 x 1077, CL = 90%
M~ — 17 1)/Tiotal <1.5x 1077, CL = 90%
M= — e p9)/Total <2.0 x 107°, CL = 90%
F(r= = 1= P9/ Total <6.3x 107°, CL = 90%
M~ — e~ K*(892)0)/Total <5.1x 1075, CL = 90%
M~ — = K*(892)0)/Miotal <7.5x 1079, CL = 90%
M~ — e~ K*(892)9)/Total <7.4x107°, CL = 90%
M~ — p~ K*(892)9)/Total <7.5x107°, CL = 90%
M~ — e 1/(958))/Tiotal <1.0 x 1075, CL = 90%
M~ — 1w~ 1'(958))/Tiotal <4.7x 1077, CL = 90%
M~ — e ¢)/Tiotal <6.9 x 1070, CL = 90%
M~ — 1~ )/Total <7.0 x 107°, CL = 90%
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MNr— — e~ et e )/Tiotal
r(T_ - e_,u+ B )/rtotal
r(T_ - e+/1'_ I )/rtotal
MNr— — u— et e )/Tiotal
MNr— — ,u+ e~ e )/Tiotal
F(r™ — w7 w7 )/ Tiotal
MNr— — e_7r+7r_)/|'tota|
MNr— — u— 7T+7r_)/rtota|
MNr— — et K_)/rtota|
M(r~ — e 7 KT)/Tiotal
— — 10 4,0
rNr— — e KSKS)/rtotal
M~ — e~ KTK™)/Tiotal
rr~ — n™ L K™)/Ttotal
Mr= — pu=n— K+)/rtota|
— — 10 1,0
MNr—= — u KSKS)/I'tota|
M7~ — u= KT K™)/Tiotal
MNr— — e_ﬂ'oﬂ'o)/rtota|
MNr— — u— 71'071'0)/|_t0m|
M~ — e nn)/Tiotal
Fm™ — »= 11)/Tiotal
MNr— — e_ﬂ'on)/rtota|
F(r= — 1= 70n)/Tiotal

(7~ — e light boson) /Iy
(7~ — p~ light boson) /T4
LEPTON FAMILY NUMBER VIOLATION IN NEUTRINOS
Solar Neutrinos
2
Am21
Atmospheric Neutrinos
2
Am32
r(ﬂ—i_ - /‘+ ve)/Ttotal
r(7r+ — u etet v)/Tiotal
F(9 - ute™)/Miotal
r(ﬂo - p e_|_)/rtotal
r(ﬂ-o - N+ e + u e+)/rtota|
r(’? - /’L+ e + .u’_ e—i_)/rtotal
F(n'(958) — eu)/Tiotal
F(K"’ — u vet e+)/rtota|
I'(K"' - /ﬁ_’/e)/rtotal
r(K+ — 7r+u+ e )/Tiotal
F(K+ — I e—~_)/rtota|
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[K]

[/l

[/l

<2.0x 1077, CL = 90%
<2.0x 1077, CL = 90%
<13 x 1077, CL = 90%
<1.9x 107, CL = 90%
<1.1x10~7, CL = 90%
<1.9x 1077, CL = 90%
<12 x 1077, CL = 90%
<2.9x 107, CL = 90%
<3.2x 10~ 7, CL = 90%
<1.7x 1077, CL = 90%
<22 %1070, cL = 90%
<1.4x 10~ 7, CL = 90%
<2.6 x 107, CL = 90%
<32x1077, CL = 90%
<3.4x107°, CcL = 90%
<25x 1077, CL = 90%
<6.5 x 1076, CL = 90%
<1.4 x 1072, CL = 90%
<35 x 1079, CL = 90%
<6.0 x 1072, CL = 90%
<2.4x 1072, CL = 90%
<2.2x 1072, CL = 90%
<2.7x1073, CL = 95%
<5x 1073, CL = 95%

+0.03
0.86 " 504

(8.0793) x 1075 &v2

>0.92
1.9 to 3.0 x 1073 eV2
<8.0x 1073, CL = 90%
<1.6 x 1076, CL = 90%
<3.8x10710 cL = 90%
<3.4x1079, CL = 90%
<1.72 x 1078, CL = 90%
<6 x 1076, CL = 90%
<4.7 x 104, CL = 90%
<2.0 x 1078, CL = 90%
<4 x 1073, CL = 90%
<13x 10711 cL = 90%
<52 x 10710 cL = 90%
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M(k) — e u¥)/Megpal

F(K(Z - eiei;ﬂ:;f':)/l'tota|
r(k9 — 70 uE eF) /T ioral
r(D+ - gt eiu:F)/rtota|
r(Dt — KTe* uF)/Motal
(D0 — 1= e)/Tiopal

F(D0 — woei;ﬂ:)/l—totm
r(DO - neilﬁ)/rtom

F(D0 = gta— ei;ﬁ)/rtom
r(D% — p0e® uT)/Tiotal
F(D0 — wei;ﬁ)/rtom

r(09% — K=Kt et uF)/Motal
r(DO - ¢e:|:.U:F)/rtota|

r(D0 — KOe® 1) /Tital
r(p0 — K= xte®uF)/Motal
r(p0 — K*(892)0 e uF)/Myotal
r(Dj — gt eiu:F)/rtota|
KT & uF) Miotal

r(Ds+ -

BT — 7T et u™)/Tiotal
BT — 7t e puT)/Tiotal
BT — Ktelu™)/Miotal
BT — KTe um)/Tiotal
r(Bt — K*(892)* e* uF)/Miotal
F(BO - eifﬂ:)/rtotal

r(BY — KOe*uF)/Myotal

r(B% — K*(892)0 et uF)/Tyal
r(BY — e*7F)/Miotal

(8% — p&7F) Mgl

M(B — et uTs)/Motal

rB — We:t/ﬂ:)/rtotal

F(B - Pei ,u:F)/Ftota|

MB — KetuF)/Miotal
M(B — K*(892)et uF)/Moral
(82 — e uF)/Migtal
I'(ei 7'$)/rtotal

r(/‘i 7'$)/rtotal

F(J/w(1S) — e uT)/Miotal
F(J/w(1S) = eF7F)/Tigal
F(J/$(18) = pE7F)/Miotal

HTTP://PDG.LBL.GOV
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[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]
[7]

[7]

[7]
[7]
[7]

<47 x 10712 CL = 90%
<4.12 x 10711, cL = 90%
<6.2 x 1079, CL = 90%
<3.4x107°, CL = 90%
<6.8 x 1072, CL = 90%
<8.1x 10~ 7, CL = 90%
<8.6 x 1072, CL = 90%
<1.0 x 104, CL = 90%
<1.5x 1072, CL = 90%
<4.9 x 1072, CL = 90%
<1.2x 1074, CL = 90%
<1.8x 1074, CL = 90%
<3.4x107°, CL = 90%
<1.0 x 10~4, CL = 90%
<5.53 x 1074, CL = 90%
<8.3x 1072, CL = 90%
<6.1 x 1074, CL = 90%
<6.3x 1074, CL = 90%
<6.4 x 103, CL = 90%
<6.4 x 1073, CL = 90%
<8x 10~ 7, CL = 90%
<6.4 x 103, CL = 90%
<7.9x 1076, CL = 90%
<1.7x10~7, CL = 90%
<4.0 x 1075, CL = 90%
<3.4x 1076, CL = 90%
<1.1 x 104, CL = 90%
<3.8x 1072, CL = 90%
<2.2x107°, CL = 90%
<1.6 x 1076, CL = 90%
<3.2x 1076, CL = 90%
<1.6 x 1076, CL = 90%
<6.2 x 1076, CL = 90%
<6.1 x 1075, CL = 90%
<8.3x 1076, CL = 90%
<2.0x 1076, CL = 90%
<1.1x 1075, CL = 90%
<8.3x 1075, CL = 90%
<2.0x 1076, CL = 90%
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TOTAL LEPTON NUMBER

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

[(Z — pe)/Tiotal <1.8x 1070, CL = 95%
N(Z = pu)/Tiotal <1.8x 1070, CL = 95%
limit on = — eT conversion
o(u 325 = et 32si%) <9 x 10710, cL = 90%
o(u™ 32g _, Vu32P*)
o= 1271 — et 127gp*) <3x10710, CL = 90%
o(p™ 127 _, anything)
o(u~Ti— et Ca)/ <3.6 x 10711, cL = 90%
o(p~ Ti — capture)
M~ — eTn 77 )/Tiotal <2.7x 1077, CL = 90%
M~ — ptr™ 7 )/Tiotal <7 %1078, CL = 90%
M~ — et 7™ K7)/Tiotal <1.8x 1077, CL = 90%
M~ — et K= K™)/Tiotal <1.5x 1077, CL = 90%
M~ — wt 7™ K7)/Teotal <2.2x 1077, CL = 90%
M~ — P K™ K7)/Teotal <4.8x 1077, CL = 90%
M~ = P7)/Ttotal <3.5x107°, CL = 90%
F(r= — p79)/Tiotal <1.5x 1072, CL = 90%
M~ — p279)/Tiotal <3.3x 1072, CL = 90%
M~ = p1)/Tiotal <8.9 x 1076, CL = 90%
M= — p790)/Tiotal <2.7x 1079, CL = 90%
M~ — A77)/Tiotal <7.2x 1078, CL = 90%
Mt~ — An7)/Teotal <1.4x 1077, CL = 90%
t,( 10Ge — 70Se + 27 ) >1.9 x 10%° yr, CL = 90%
Mt — 1t 7.)/Miotal [l <15x1073, CL = 90%
Mkt — 7= ptet)/Miotal <5.0 x 10710, CL = 90%
MKt = 7 etel)/Motal <6.4 x 10710, cL = 90%
MKt — 7= 5 1) /Meotal [l <3.0x1079, CL = 90%
MKY — 152)/Teotal [ <3.3x1073, CL = 90%
Mkt — 70eT7,)/Motal <3x 1073, CL = 90%
(Dt — 7~ et et)/Motal <3.6 x 1079, CL = 90%
(ot — 7= wt ut)/Miotal <4.8 x 107, CL = 90%
(ot — 7= et ut)/Miotal <5.0 x 1072, CL = 90%
(Dt — p~ut ™) /Tiotal <5.6 x 1074, CL = 90%
(bt — K= etel)/Miotal <4.5 x 107°, CL = 90%
(ot — K= utut)/Miotal <1.3x 1072, CL = 90%
(Dt — K= et ut)/Miotal <1.3x 1074, CL = 90%
(Dt — K*(892)~ ut uT)/Tiotal <8.5x 10~4, CL = 90%
(D0 — 7= n—etet + cc)/Tiotal <1.12x 1074, CL = 90%
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T Tt c.c.)/Tiotal
K n~etet+ c.c.)/Tiotal
K- n ptpt+ c.c.)/Tiotal
K™K eTet+ c.c.)/Tiotal
K=K~ ptpt 4 cc)/Tiotal
r et ut+ c.c.)/Tiotal
K n~etput+ c.c.)/Tiotal
K™K etput+ c.c.)/Tiotal
m et e—~_)/I_tota|
ot /ﬁ_)/rtotal
et :“+)/rtota|
et e+)/rtotal

T '“_'_)/rtotal
K™ e+:“+)/rtotal
K*(892) ™ pt ) /Tiotal
m et e—i_)/rtotal
ot /ﬁ_)/rtotal
m et /ﬁ_)/rtotal
p-et e—i_)/rtotal
P~ T ) Tiotal
p-et /ﬁ_)/rtotal
K- et e+)/rtotal
K™t :“+)/rtota|
K™ et :“+)/rtotal
K*(892) " eTe™)/Tiotal
K*(892) ™ 1 1) /Tiotal
K*(892) ™ eT ™) /Tiotal
pu= 1)/ Tiotal
=t /ﬁ_)/rtotal

—
K—
K—

Page 19

<2.9x 1072, CL = 90%
<2.06 x 1074, CL = 90%
<3.9x 1074, CL = 90%
<1.52 x 10~4, CL = 90%
<9.4 x 1072, CL = 90%
<7.9x 1072, CL = 90%
<2.18 x 1074, CL = 90%
<5.7x 1072, CL = 90%
<6.9 x 104, CL = 90%
<2.9x 1072, CL = 90%
<7.3x 1074, CL = 90%
<6.3x 1074, CL = 90%
<1.3x 1072, CL = 90%
<6.8 x 10~4, CL = 90%
<1.4x 1073, CL = 90%
<1.6 x 1075, CL = 90%
<1.4x 1075, CL = 90%
<1.3x 1075, CL = 90%
<2.6 x 1076, CL = 90%
<5.0 x 1076, CL = 90%
<3.3x 1076, CL = 90%
<1.0 x 1076, CL = 90%
<1.8x 1076, CL = 90%
<2.0x 1076, CL = 90%
<2.8x 1076, CL = 90%
<8.3x 1076, CL = 90%
<4.4x 1075, CL = 90%
<4 x 1078, CL = 90%
<7.0 x 104, CL = 90%
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M(Z — pe)/Tiotal
Nz — PH)/rtotaI
Nt~ — P7)/Ttotal
rr— — f_”ro)/rtotal

F(r~ — P277)/Tiotal
Nt~ — Pn)/Tiotal
rr— — EWOU)/rtotal
M~ — A7) /Tiotal
MNr— — Zﬂ'_)/rtotal
p mean life

BARYON NUMBER

<1.8x 1076, CL = 95%
<1.8x 1075, CL = 95%
<3.5x 1079, CL = 90%
<1.5x 1072, CL = 90%
<3.3x 1072, CL = 90%
<8.9x 1076, CL = 90%
<2.7x 1072, CL = 90%
<7.2x 1078, CL = 90%
<1.4x10~7, CL = 90%
>1.9 x 1029 years, CL = 90%

A few examples of proton or bound neutron decay follow. For limits on many other nucleon decay channels,

see the Baryon Summary Table.
(N — et )

(N — ptr)
(N — et K)
(N — ptTK)

limit on n7 oscillations (free n)

limit on n7 oscillations (bound n)

e — v, and astrophysical limits

F(n — pre?e)/Tiotal

HTTP://PDG.LBL.GOV

> 158 (n), > 1600 (p) x 1030 years, CL =
90%

> 100 (n), > 473 (p) X 1030 years, CL =
90%

> 17 (n), > 150 (p) x 1039 years, CL =
90%

> 26 (n), > 120 (p) x 1039 years, CL =
90%

>0.86 x 108 s, CL = 90%

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

ELECTRIC CHARGE (Q)

Page 20

[n] >4.6 x 1020 yr, CL = 90%
<8 x 10727, CL = 68%
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AS = AQRULE

Violations allowed in second-order weak interactions.

MKt - 7tat e 7,)/Tiotal <12 x 1078, CL = 90%
MKt — 77t 0= 7,) Miotal <3.0x 107°, CL = 95%
Re(x4.), K3 parameter (—0.8 £3.1) x 103
x=AKO = 770t 0)/AKO = 70t v) = A(AS=—AQ)/A(AS=AQ)
real part of x —0.002 + 0.006
imaginary part of x 0.0012 + 0.0021
Nt — neto)/I(E~ — nt™7D) <0.043
(=t = netvo)/Tiotal <5x 1070, CL = 90%
MEt — nptv,)/Miotal <3.0x 1079, CL = 90%
M= — == et v.)/Miotal <9 x 1074, CL = 90%
M=% — == v,) /Motal <9 x 1074, CL = 90%

AS = 2 FORBIDDEN

Allowed in second-order weak interactions.

M= = pn)/Teotal <8 x 1070, CL = 90%
M0 - pe7,)/Tiotal <1.3x 1073

r=0 - P~ 7))/ Total <13x 1073

M=~ — n7)/Tiotal <1.9 x 1072, CL = 90%
M=~ — ne”7.)/Tiotal <3.2x 1073, CL = 90%
ME" = 007 7,)/Miotal <15 x 1072, CL = 90%
ME" — pr 7 )/ Feotal <4 x10~%4, CL = 90%
M=~ — pr e 7.)/Tiotal <4 x 104, CL = 90%
NE" = pr 1™ 7,)/Tiotal <4x 1074, CL = 90%
MR~ — A77)/Tiotal <2.9 x 1079, CL = 90%

AS = 2 VIA MIXING

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

m o — Mg (0.5292 + 0.0009) x 1010 i, s—1 (5 = 1.2)
L S

mo — M (3.483 + 0.006) x 1012 MeV
L S

HTTP://PDG.LBL.GOV Page 21 Created: 7/5/2006 13:33



Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.Ibl.gov)

AC = 2 VIA MIXING

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

Im o = m ol [o] <7x10107rs™1 CL=095%
1 2

(rD? - ng)/r =2y (1.4 + 1.0) x 10~4

r(D% — Kt e~ vy (via D%))/Tiotal <1.8 x 1074, CL = 90%

r(D0 — Ktork*(892)T e~ v, (via D?))/Myoral <6 x 1072, CL = 90%

r(D% — K+ 7= (via D))/Tioral <1.5x 1072, CL = 95%

r(p% — k%rtr=(in DO — DY))/Fioral <1.8 x 1074, CL = 95%

r(D0 — Ktz=atz~ (via D9))/Myotal <4 x 1074, CL = 90%

r(DO — ™ anything (via D9))/Tyotal <4 x 1074, CL = 90%

AB = 2 VIA MIXING

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

X4 0.188 + 0.003
Amgy = Mgy ~ Mo (0.507 + 0.005) x 1012 p s—1
xg = Bmgo /T go 0.776 + 0.008

AmBg =mgo ~mgo. >14.4x 1012 A s—1 CL = 95%
Xg = AmBg/ng >19.9, CL = 95%

Xs >0.49878, CL = 95%

AS =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

MKt — 7tete™)/Miotal (2.88 £ 0.13) x 1077

MKt — 75t ™) /Miotal (8.1 +1.4) x 1078 (S = 2.7)
MKt — 7t uD)/Mgal (15753) x 10710

Mkt — 7t 70u%)/Mtal <43 x 1075, CL = 90%
r(K% T VI <32x10~7, CL = 90%
rK% — eTe™)/Miotal <1.4x 1077, CL = 90%
r(k% — m0ete™)/Mioal [Pl (3.0713)x 1079

(K — 04 1) /Myogal (297]3) x107°

MK — utu7)/Teotal (6.87 + 0.11) x 1079

F(KY — ete ) /Mgl (979) x 10712
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atr et e )/Tiotal
7070t e )/Tiotal

ptp—et e )/Ttotal

ete et e )/Tiotal
70T 17) Miotal
nlet e )/Total
0 v7)/Ttotal
pete” )/Ttotal
P.U+ 1)/ Tiotal

[q] (3.11 4 0.19) x 10—
<6.6 x 1079, CL = 90%
(2.69 + 0.27) x 10~9
(3.56 + 0.21) x 108
<3.8x 10710, cL = 90%
<2.8x 10710, cL = 90%
<5.9x 1077, CL = 90%
<7x1070
(973) x 1078

AC =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

ntet e )/Total
rtutu )/Ttotal
Pt 17T Tiotal
YY)/ Ttotal

et e )/Total

phu )/Ttotal

net e )/Ttotal
w01t 17) /Miotal
net e )/Tiotal

et 1) Teotal
ata— et e )/Tiotal
pO et e )/Ttotal
rtr et 17 )/ Total
P21t 1) Tiotal
wet e )/Ttotal

wp 1)/ Tiotal

K= KTete™)/Tiotal
get e )/Total

K™ KTt ™) /Total
¢M+ H_)/rtotal

K- ntet e )/Total
K- ntptu )/Ttotal
=70t 1) Mol
Ktet e )/Ttotal
Kt 17) /Tiotal
K*(892) 1 pt £ )/ Teotal

Page 23

<7.4x 1076, CL = 90%
<8.8x 1070, CL = 90%
<5.6 x 1074, CL = 90%
<2.6 x 1072, CL = 90%
<1.2x 1076, cL = 90%
<1.3x 1076, CL = 90%
<45 %1072, CL = 90%
<1.8x10~%4, CL = 90%
<1.1 x 104, CL = 90%
<5.3x 1074, CL = 90%
<3.73 x 1074, CL = 90%
<1.0 x 1074, CL = 90%
<3.0 x 1072, CL = 90%
<2.2x 1072, CL = 90%
<1.8x 10™%4, CL = 90%
<83 x 1074, CL = 90%
<3.15 x 1074, CL = 90%
<5.2 x 1072, CL = 90%
<3.3x 1072, CL = 90%
<3.1x107°, CL = 90%
<3.85 x 1074, CL = 90%
<3.59 x 1074, CL = 90%
<8.1 x 104, CL = 90%
<1.6 x 1073, CL = 90%
<3.6 x 1072, CL = 90%
<1.4x 1073, CL = 90%
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p,u,_'_ /L_)/rtotal

<3.4 x 1074, CL = 90%

AB =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

BT — ntet e )/Ttotal
ret — 7T+/L+M_)/rtota|
(Bt — 7T vD)/Tiotal

I'(B+ — Kt e+e—)/rtota|
F(B+ — Kt H+H_)/rtota|
rBt — K+€+£_)/rtota|
rBet — K+9V)/rtotal

r(Bt — K*(892)* et e™)/Motal
r(B+ — K*(892)" ut ™) /Tiotal
F(B+ _ K*(892)+£+5_)/rtota|
r(BY — v9)/Tiotal

r(B% — ete™)/Motal

r(8% — utu™)/Motal

r(B9 — KOete™)/Miotal

r(B9 — KOut ™) /Miotal

F(BO — KO€+€_)/rtota|

r(B0 — Kk*(892)0ete™)/Motal
r(B9 — K*(892)0p+ 1)/ Tiotal
r(BY — K*(892)0um)/liotal
r(B% — K*(892)0¢t¢7)/Motal
r(BY — invisible) /Tyotal

r(B% — v77)/Miotal

M(B— sete™)/Tital

M(B— sptp7)/Motal

M(B — stT07)/Total

(B — KeTe )/Miotal

B — K*(892) et e )/Ttotal
B — Kut 1)/ Tiotal

rB — K*(892),u+ ,U_)/rtotal
M(B— KETE)/Tiotal

M(B — K*(892)¢167)/Tiotal
F(b — pt u™ anything)/Tyoial
r(BY — v9)/Tiotal

r(Bg — 1T 7))/ Tiotal

HTTP://PDG.LBL.GOV
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<3.9x 1073, CL = 90%
<9.1x 1073, CL = 90%
<1.0 x 1074, CL = 90%
(8.07228)x 1077 (S = 1.4)
3471 x 1077 (s =1.7)
(5.3 4+ 1.1) x 10~/

<5.2x 1075, CL = 90%
<46 x 1076, CL = 90%
<22 %1076, CL = 90%
<22 %1076, CL = 90%
<6.2x 1077, CL = 90%
<6.1 x 1078, CL = 90%
<3.9x 1078, CL = 90%
<5.4x 107, CL = 90%
(20713) x 1077 (5 = 1.6)
<6.8 x 1077, CL = 90%
<24 x 1076, CL = 90%

(12279:38) 106

<1.0 x 1073, CL = 90%
(1.17 + 0.30) x 10~©
<2.2x 1074 CL = 90%
<4.7x107°, CL = 90%
(4.7 +£1.3) x 1070

(43 +1.2) x 1070

(4.5 + 1.0) x 1070
(6.0713) x 1077 (5 = 1.1)
(1.24733%) x 106
(4718 x 1077
(1.1973-33) x 106

(5.4 +0.8) x 10~/

(1.05 + 0.20) x 10~
<3.2x 104, CL = 90%
<1.48 x 10~4, CL = 90%
<15x 1077, CL = 90%
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(B2 — eTe™)/Miotal <5.4 % 10~5, CL = 90%
r(BY — ¢(1020) u™ 1™)/Tiotal <4.7 % 1075, CL = 90%
I'(Bg — ov7)/Tiotal <5.4 x 1073, CL = 90%

AT =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

M(t— Zq(q=u,c))/Tiotal [s] <13.7 x 10~2, CL = 95%

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] Re(¢’/¢) = €’ /€ to a very good approximation provided the phases satisfy
CPT invariance.

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

[g] Derived from measured values of ¢, _, ¢qq, ‘n‘ ‘mKO — myo |, and
L S

o, as described in the introduction to “Tests of Conservation Laws.”
S

[h] These two results are not independent, and both use the more precise
measurement of |q5/m5|/(qp/m)p).

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

Tk

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

[k] The sign of Am§2 is not known at this time. The range quoted is for
the absolute value.

[/] 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 first limit here is from reactor experiments with
free neutrons.

[n] This is the best limit for the mode e~ — v~. The best limit for “electron
disappearance” is 6.4 x 1024 yr.
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[o] This D? - Dg limit is inferred from the D9-D® mixing ratio (KT 7~ (via
D)) / T(K~77T) near the end of the D° Listings.

[p] See the K% Particle Listings for the energy limits used in this measure-
ment.

[q] See the K(Z Particle Listings for the energy limits used in this measure-
ment.

[r] An ¢ indicates an e or a  mode, not a sum over these modes.
[s] This limit is for ['(t — Zq)/T(t — Wb).
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