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10 Summary Tables of Particle Properties

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Review of Particle Physics
S. Navas et al. (Particle Data Group),
Phys. Rev. D 110, 030001 (2024)
Available at https://pdg.1bl.gov

©2024 (CC BY 4.0)
(Approximate closing date for data: January 15, 2024)

GAUGE AND HIGGS BOSONS

7 (photon) 10PCYy = 0,11 ™)

Mass m < 1 x 10718 eV

Charge g < 1x107% e (mixed charge)
Charge g < 1x 10735 e (single charge)
Mean life 7 = Stable

g (gluon) 14Py =0(17)

Mass m = 0 [d]
SU(3) color octet

graviton J=2

Mass m < 1.76 x 102 eV

[w] J=1

Charge = £1e

Mass m = 80.3692 £ 0.0133 GeV [2]
W /Z mass ratio = 0.88136 + 0.00015
mz — my = 10.818 = 0.013 GeV
Myys — my,— = —0.029 + 0.028 GeV
Full width T = 2.085 + 0.042 GeV
(N_+) =15.70 + 0.35

(Nyr) =220+ 0.19

(Np) =0.92 +0.14

(Nehargea) = 19.39 + 0.08

W™ modes are charge conjugates of the modes below.

P
w DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
(ty [c]  (10.86+ 0.09) % -
ety (10.71+ 0.16) % 40185
utv (10.63+ 0.15) % 40185
tu (11.38% 0.21) % 40165
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hadrons (67.41+ 0.27) % -
aty <7 x 1076 95% 40184
Di~y < 6 x 1074 95% 40160
cX (333 + 26 )% -

< 13

cs Gr T3 o)% -
invisible [d (14 £29)% -
atata~ < 101 x 1076 95% 40184
J = 1

Charge = 0

Mass m = 91.1880 + 0.0020 GeV l€]

Full width I = 2.4955 + 0.0023 GeV

(et e~) = 83.984 + 0.086 MeV [c]

[ (invisible) = 499.2 + 1.5 MeV []

[ (hadrons) = 1744.4 &+ 2.0 MeV

M(utp=)/T(ete) = 1.0001 + 0.0024

F(rt77)/r(ete”) = 1.0020 £ 0.0032 I8
Average charged multiplicity

(Ncharged) = 20.76 £ 0.16 (S = 2.1)

Couplings to quarks and leptons
g}, = —0.03783 £ 0.00041
gl = 0.266 + 0.034

gy =-038755

gl = —0.50123 £ 0.00026

g4 = 051975053

gl = —0.527 0%

g¥t = 0.5008 + 0.0008

g¥e = 0.53 + 0.09

g’r = 0.502 + 0.017

Asymmetry parameters [/]
Ae = 0.1515 + 0.0019
Ay = 0.142 + 0.015
A, = 0.143 + 0.004
As = 0.90 = 0.09
Ac = 0.670 + 0.027
Ap = 0.923 + 0.020

Charge asymmetry (%) at Z pole
ALD — 171+ 0.10
ALY — 417
AL —98+11
AlLD — 7,07+ 0.35
ALE) 9,92+ 0.16

Scale factor/ p
Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

ete ( 3.3632+0.0042) % 45594
utp~ ( 3.36620.0066) % 45594
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7t
ot
et e
invisible
hadrons
(uT+ct)/2
(dd+s5+bb)/3
cc
bb
bbbb
888
71'0’7
v
0y
~
7'(958)y
o]
el
71'071'
Y
rEwWF
pEWF
J/1(18)X
J/(18)y
$(25)X
¥(25)vy
J/(15)J/4(15)
Xcl(lP)X
Xc2(1P)X
T(1S) X +T(2S) X
+73S) X
T(1S)X
T(1S)y
T(25)X
T(2S)y
T(35)X
T(3S)v
7(1,2,35) 7(1,2,35)
D%~
(D°/D° X
DEX
D*(2010)* X
Ds1(2536)% X
D, ;(2573)*X
Bt X
BIX
ATX
b-baryon X
anomalous v+ hadrons
ete v
whpy
Ty
ey
qaqyy

=

£

0

[e]
1l

<

ANNNANNANNNNANNANA

==
VANVAY

<

<
<

<

ANNNANNNNANNNA

Ul

(K]
(k]

(K]

1<
1<
1<
1<
[n <
[n <

( 3.36960.0083) %
( 3.3658+0.0023) %

(455
(20.000
(69.911
(11.6
(156
(12.03
(15.12
(36
11
2.01
5.1
4.0
3.9
4.2
7
1.46
1.52
2.2
7
8.3

(351

12
( 1.60
2.4
2.2
(29
3.2
(1.0

44
11
1.39
1.3
9.4
2.4
15
2.2

(207

(122

(11.4

(36

(58

( 6.08

(159

( 154

(138
3.2
5.2
5.6
73
6.8
55

+0.17

) x 1076

+0.055 ) %
+0.056 ) %

+0.6
+0.4
+0.21
+0.05
+1.3

+0.23
—0.25

+0.29

+0.7

+0.5

+2.0
+1.7
+1.3
+0.8
+2.2
+0.13
+0.13
+0.33
+0.22

) %

) %

) %

)%

) x 10~4
%
x 1073
x 1073
x10~6
x 1076
x 1075
x10~7
x 1075
x 1073
x10~6
x 1073
x 1073

) x 1073
x 10—6

) x 103
x 1076
X 1076

) x 103
x 1073

yx 104

x 1075
x 10—6
x10~4
x 1076
x 1075
x10~6
x10~6
x 1073

) %

) %

) %

) x 103

yx 1073

) %

) %

) %

) %
x 103
x10~4
x 10—4
x10~4
x 10—6
x 10~6

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%

s=1.1

CL=95%

CL=95%
CL=95%

CL=90%

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
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vUyy [n] < 31 x1076  CL=95% 45594
et uF LF Il < 262 x1077  CL=95% 45594
et rF LF U] < 50 x107®  CL=95% 45577
pErF LF Il < 65 x107®  CL=95% 45577
pe L,B < 18 x107®  CL=95% 45589
pu L,B < 18 x107®  CL=95% 45589

See Particle Listings for 4 decay modes that have been seen / not seen.

J=0

was H°

Mass m = 125.20 + 0.11 GeV (S = 1.4)
Full width T = 3.7ﬂ32 MeV  (assumes equal
on-shell and off-shell effective couplings)

H Signal Strengths in Different Channels

Combined Final States = 1.03 + 0.04

W Ww* =1.00 + 0.08

Z7Z* =1.02 +0.08

44 = 1.10 % 0.06

CT Final State < 14, CL = 95%

bb =0.99 + 0.12

putp= =121+035

777 =0.91 £ 0.09

Zy=22407

~*~ Final State = 1.5 £ 0.5

Fermion coupling (xg) = 0.94 + 0.05

Gauge boson coupling (k) = 1.023 &+ 0.026

ttH Production = 1.10 + 0.18

HH Production Cross Section in pp Collisions < 2.4, CL = 95%
t H production = 6 + 4

H Production Cross Section in pp Collisions at /s = 13 TeV =

56.8 + 3.4 pb
p
H DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ww* (25.7 £2.5 )% -
zZ* ( 2.804+0.30) % -
7y ( 2.50+0.20) x 103 62600
bb (53 +8 )% -
ete” < 30 x 1074 95% 62600
utu~ (26 1.3 )x107% 62600
Tt (60 F38)% 62575
Zy (34 +1.1)x1073 29392
Z p(770) < 121 % 95% 29384
Z $(1020) < 36 x 1073 95% 29378
ZJ/ < 1.9 x 1073 95% 29267
Z(2S) < 66 x1073 95% 29214
J/py < 20 x 104 95% 62561
J/b [ < 38 x 104 95% 62523
P(2S)y < 1.05 x 1073 95% 62546
(2S)J /v < 21 x 1073 95% 62507
»(2S) 1 (2S) < 3.0 x 1073 95% 62491
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T(1S)y
T(1S) 7(1S)
T@2S)y
T(3S)y
T(nS) T(mS)
p(770)y
w(782)~
K*(892)~
$(1020)y

ep

er

nT

invisible
~invisible

< 25 x10~4 95%
< 17 x 1073 95%
< 42 x 104 95%
< 34 x10~4 95%
< 35 x10~4 95%
< 1.04 x 1073 95%
< 55 x 104 95%
< 22 x 104 95%
< 5 x10~4 95%
LF < 44 x 1075 95%
LF < 20 x 1073 95%
LF < 15 x 1073 95%
<107 % 95%
< 29 % 95%

62242
61881
62199
62172

62597
62597
62597
62596
62600
62587
62587

Neutral Higgs Bosons, Searches for

Mass limits for heavy neutral Higgs bosons (H3, A°) in the MSSM

m

3 3333
vV VV VYV

>

1121 GeV, CL = 95%
1475 GeV, CL = 95%
1677 GeV, CL = 95%
1826 GeV, CL = 95%
1950 GeV, CL = 95%
2062 GeV, CL = 95%

(tang = 10)
(tans = 20)
(tang = 30)
(tang = 40)
(tang = 50)
(tans = 60)

Charged Higgs Bosons (H* and H**),
Searches for

Mass limits for m,,. < m(top) in the MSSM
m > 155 GeV, CL = 95%
Mass limits for m,, > m(top) in the MSSM

m

33333
vV V.V VYV

>

181 GeV, CL = 95%
249 GeV, CL = 95%
390 GeV, CL = 95%
894 GeV, CL = 95%
1017 GeV, CL = 95%
1103 GeV, CL = 95%

(tang = 10)
(tang = 20)
(tang = 30)
(tans = 40)
(tang = 50)
(tan = 60)

New Heavy Bosons
(W', Z', leptoquarks, etc.),
Searches for

Additional W Bosons

W'’ with standard couplings
Mass m > 6000 GeV, CL = 95% (pp direct search)
Wg (Right-handed W Boson)

Mass m > 715 GeV, CL = 90%  (electroweak fit)
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Additional Z Bosons
Z/SM with standard couplings

Mass m > 5150 GeV, CL = 95% (pp direct search)

ZLR of SU(Z)LXSU(Z)RXU(l) (With 8L = gR)

Mass m > 630 GeV, CL = 95% (pp direct search)
Mass m > 1162 GeV, CL = 95% (electroweak fit)

Z, of SO(10) — SU(5)xU(1), (with g, =e/cosfyy)

Mass m > 4800 GeV, CL = 95% (pp direct search)

Z,, of Eg — SO(10)xU(1), (with g,=e/coshyy)

Mass m > 4560 GeV, CL = 95% (pp direct search)
Z, of Es — SU(3)xSU(2)xU(1)xU(1), (with g,=e/cosfy)
Mass m > 3.900 x 103 GeV, CL = 95%  (pp direct search)

Scalar Leptoquarks

m > 1800 GeV, CL = 95% (1st gen., pair prod., B(e q)=1)
m > 1755 GeV, CL = 95% (1st gen., single prod., B(eq)=1)
m > 1700 GeV, CL = 95% (2nd gen., pair prod., B(nq)=1)
m > 660 GeV, CL = 95% (2nd gen., single prod., B(nq)=1)
m > 1460 GeV, CL = 95% (3rd gen., pair prod., B(r b)=1)
m > 1280 GeV, CL = 95% (3rd gen., single prod., B(7 b)=1)

(See the Particle Listings in the Full Review of Particle Physics for

assumptions on leptoquark quantum numbers and branching frac-

tions.)
Diquarks

Mass m > 7200 GeV, CL = 95%  (Eg diquark)
Axigluon

Mass m > 6600 GeV, CL = 95%

Axions (A%) and Other
Very Light Bosons, Searches for

See the review on " Axions and other similar particles.”

The best limit for the half-life of neutrinoless double beta decay with

Majoron emission is > 7.2 x 1024 years (CL = 90%).
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NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N is the
number of measurements used in calculating the quantity.
A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] Theoretical value. A mass as large as a few MeV may not be precluded.

[b] This value does not include the AALTONEN 22 measurement by CDF.
See the W mass section in the listings for details.

[c] ¢ indicates each type of lepton (e, 41, and 7), not sum over them.

[d] This represents the width for the decay of the W boson into a charged
particle with momentum below detectability, p< 200 MeV.

[e] The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. It lies approximately 34 MeV above the real part of the posi-
tion of the pole (in the energy-squared plane) in the Z-boson propagator.

[f] This partial width takes into account Z decays into v7 and any other
possible undetected modes.

[g] This ratio has not been corrected for the 7 mass.

[h] Here A = 2gng/(g2V+gi).

[i] Here ¢ indicates e or p.

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

[K] This value is updated using the product of (i) the Z —  bb
fraction from this listing and (ii) the b-hadron fraction in an
unbiased sample of weakly decaying b-hadrons produced in Z-
decays provided by the Heavy Flavor Averaging Group (HFLAV,
http://www.slac.stanford.edu/xorg/hflav/osc/PDG2009/#FRACZ).

[1] See the Z Particle Listings in the Full Review of Particle Physics for the
~ energy range used in this measurement.

[n] For m,, = (60 & 5) GeV.
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LEPTONS

o

Mass m = (548.579909065 + 0.000000016) x 107%y
Mass m = 0.51099895000 + 0.00000000015 MeV
[m, —m, |/m< 8x107% CL=90%
|G+ + o-|/e < 4x1078
Magnetic moment anomaly
(g-2)/2 = (1159.65218062 % 0.00000012) x 106
(8e+ — 8e-) /| Baverage = (—0.5 £ 2.1) x 10712
Electric dipole moment d < 0.041 x 10728 ecm, CL = 90%
Mean life 7 > 6.6 x 1028 yr, CL = 90% L]

Mass m = 0.1134289259 + 0.0000000025 u
Mass m = 105.6583755 + 0.0000023 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 107%s
Tﬂ+/7'“, = 1.00002 + 0.00008
cr = 658.6384 m

Magnetic moment anomaly (g—2)/2 = (11659205.9 + 2.2) x 1010

(g#+ - glp) / Baverage = (—0.11 £ 0.12) x 108
Electric dipole moment |d| < 1.8 x 10719 ecm, CL = 95%

Decay parameters (7]
p = 0.74979 + 0.00026
n = 0.057 + 0.034
6 = 0.75047 + 0.00034
&P, = 1.0009 -390 [e]
¢P,6/p = 1.0018* 80806 1]
& =1.00 + 0.04
& =0.98 £ 0.04
/A =(0+4)x1073
o/ /A = (10 + 20) x 1073
B/A = (4 £6)x 103
B/A=(2+7)x1073

7= 0.02+ 0.08
;ﬁ' modes are charge conjugates of the modes below.

p
p~— DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
e Vevy ~100% 53

e Tevyy [d] (6.0+05) x10~8 53

e Tey ete” le] (3.4+0.4) x 1075 53
Lepton Family number (LF) violating modes

e e, LF [fl <12 % 90% 53

ey LF <42 x 10713 90% 53

e"ete LF <1.0 x 1012 90% 53

e 2y LF <72 x 10711 90% 53
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J=13

Mass m = 1776.93 + 0.09 MeV
(m_4 — m__)/Mayerage < 2.8x 1074, CL = 90%
Mean life 7 = (290.3 + 0.5) x 107 1% 5

cr = 87.03 um
Magnetic moment anomaly = —0.057 to 0.024, CL = 95%
Re(d,) = —0.185 t0 0.061 x 10716 ecm, CL = 95%
Im(d,) = —0.103 to 0.0230 x 10716 ecm, CL = 95%

Weak dipole moment

Re(d¥) < 0.50 x 10717 ecm, CL = 95%
Im(d¥) < 1.1 x 10717 ecm, CL = 95%

Weak anomalous magnetic dipole moment

Re(a’) < 1.1x 1073, CL = 95%

Im(e¥) < 2.7 x 1073, CL = 95%

7+ — 75 K%y, (RATE DIFFERENCE) / (RATE SUM) =
(—0.36 + 0.25)%

Decay parameters

See the 7 Particle Listings in the Full Review of Particle Physics for a
note concerning 7-decay parameters.

ple or i) = 0.745 + 0.008
p(e) = 0.747 £ 0.010

p(p) = 0.763 £+ 0.020

&(e or p) = 0.985 + 0.030
£(e) = 0.994 + 0.040

&(p) = 1.030 + 0.059

n(e or p) = 0.013 + 0.020
n(p) = 0.094 £ 0.073

(6€)(e or ) = 0.746 £ 0.021
(6¢)(e) = 0.734 £ 0.028
(6€)(1) = 0.778 £ 0.037
&(m) = 0.993 + 0.022

&(p) = 0.994 + 0.008

£(21) = 1.001 £ 0.027

£(all hadronic modes) = 0.995 + 0.007
€(u) =02+1.0

Mi(n) = —1.3 £ 1.7
(r)(eoru) =0.5+0.4
(&r)(e) = —04 £ 1.2
(&k)(p) = 0.8 £ 0.6

71 modes are charge conjugates of the modes below. “hE" stands for 7t or
K=. “¢” stands for e or u. “Neutrals™ stands for +’s and/or 0.

Scale factor/ p
7~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Modes with one charged particle
particle™ > 0 neutrals > 0K0u._ (85.24 + 0.06 )% -
(“1-prong”)
particle™ > 0 neutrals > 0K%v, (84.58 + 0.06 )% -
WU, [g] (17.39 + 0.04 )% 885
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W Ty le] (367 + 0.08)x103 885
e Tev, [g] (17.82 + 0.04 )% 888
e Tevrry le] (183 + 0.05)% 888
h= > 0KY v, (12.03 + 0.05 )% 883
h~ v, (11.51 + 0.05 )% 883
T, [g] (1082 + 0.05 )% 883
K~ v, [g] (696 + 0.10 )x 1073 820
h™ > 1 neutralsv, (37.00 + 0.09 )% -
h= > 170, (ex.K?) (36.50 + 0.09 )% -
h=7%, (25.93 + 0.09 )% 878
7 mu, [g] (2549 + 0.09 )% 878
7~ w0 non-p(770) v, (30 =+ 32 )x1073 878
K70, [g] (433 + 015 )x10~3 814
h= >27%, (10.81 £ 0.09 ) % -
h=2n0u, (948 + 010 )% 862
h= 20 (ex.KO) (932 + 010 )% 862
7210, (ex.KO) lg] (926 + 010 )% 862
7~ 27%, (ex.K?), <9 x 1073 CL=95% 862

scalar
7= 27%, (ex.K?), <7 x 1073 CL=95% 862

vector
K= 2790, (ex.KO) [e] (65 +22 )xi0~4 79
h= > 370w, (1.34 + 007 )% -
h= > 3700, (ex. KO) (1.25 + 0.07 )% -
h=37%. (1.18 + 0.07 )% 836
7~ 3101, (ex.KO) lg] (1.04 £ 007 )% 836
K300 (ex.K% 1) [g] (48 + 21 )x10~4 766
h~4n0v, (ex.KO) (16 + 04 )x1073 800
h= 4% (ex.KO,n) [e] (11 % 04 )x1073 800
a1(1260) v, — T YU, (40 + 15 )x1074 -
K= >071% >0K® >0y v, ( 1.552+ 0.029) % 820
K= >1 (7% or K9 or v) v, (859 + 028 )x 1073 -

Modes with K0's

(partlcles) vy (943 + 028 )x 1073 -
h= K%, (9.87 + 0.14 ) x 1073 812
= KO, le] (838 + 014 )x10-3 812
7~ KO (non-K*(892) ") v, (54 + 21 )x1074 812
K=Ky, [g] ( 1.486+ 0.034) x 10~3 737
K= KY > 070, (2.99 + 007 ) x 1073 737
h~KO7x0y, (532 + 013 )x1073 794
K%, lg] (382 + 013 )x1073 794
Kp~ v, (22 + 05 )x1073 612
K=KOn0u_ [g] (150 + 0.07 )x 103 685

7 KO > 1x0u, (408 + 025 ) x 103 -
7" KO0 7%, (ex.K?) [g] (26 + 23 )x10~4 763
K= KO7070,, < 16 x 1074 CL=95% 619
7~ KOKOw, (155 + 024 ) x 1073 682

— 100 10 _

KLK2v, l[g] (235 + 0.06)x107% 682

T KeK) v, l[g] (1.08 + 024 )x 1073 682
T /iLKLVT (235 + 0.06 )x104 682
7 KOKO70, (36 + 12 )x1074 614
7~ KYKS 70w, l[g] (1.82 + 021 )x10-5 614
K*_ KO0y — (1.08 + 021 ) x 1075 -

— k0 K0 0
T KgKgm v,
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f,(1285) 7~ v, —
7 K9 K%w vy
f1(1420)7r v —
“KIKL7Ow,
7~ K9 K(Zﬂ' v,
KOKOTI' v,
K- K° KO
K~ KgngouT

KOh* h=h~ > 0 neutrals v,
KOhth=h= v,

h-

h~
h~
T
™
m

T

=

h~

]

le]

(68 + 15 )x1076
(24 + 08 )x106

(32 +12 )x1074
(1.82 + 021 )x107°
< 63 x10~7
< 40 x10~7
< 17 x 1073
(25 +20 )x1074

Modes with three charged particles
h=h= bt >0 neutrals > 0K9 v,

h=ht >0 neutrals v,
(ex. KOS — atza7)
(“3-pron”)

Vr
h= ht v (ex.K9)
h= ht v, (ex. KO w)
T Uy
“ 7t 1 vy (ex.K9)
—rtr v, (ex.K?),
non-axial vector
ata v (ex.KOw)
h=ht > 1 neutrals v,
h=h* >17r vy (ex. K9)

h=ht
h~ h+7r v (ex.K9)
h~

h~
h~
h=h=ht
a~atrm0u,
aata= 70u, (ex.KO)
- at e w0, (ex. KOw)
h=h=ht > 2700 (ex. KO)
h=h=ht2n0u_
h=h~ ht 2700, (ex.K®)
h=h= ht2n0u_ (ex.K%w,n)
h=h=ht 3700,
2~ 1t 370w, (ex.KO)
2t 370 vy (ex.KO, 1,
(1285))
20~ 7t 370, (ex.K9, 1,
w, f1(1285))

K~ hth~ >0 neutrals v,

K= htn~ v (ex.K?)

K= hta= 7%, (ex.KO)

K~ 7t 7~ >0 neutrals v,
K= ata™ > 010, (ex.K?)

77T+

K T Uy

K= nt v (ex.K?)

K- nta v, (ex.K%w)
K=pv, - K nta v,
K-rtr=n0u,

K- ata nlu, (ex.K?)
K= ata~70u, (ex.K%n)
K- ata~ n0u, (ex.K%w)

[&]

]

]

lg]

(1520 + 0.06 ) %
(1455 + 0.06 ) %

0.05 ) %
0.05 ) %
0.05 ) %
0.05 ) %
0.05 ) %
< 24 %

[t=]

-

w
bR H

0.05 )%
0.05 )%
0.05 )%
0.05 )%
0.05 )%
007 )%
0.05 )%
0.05 ) %
0.07 )%
031 ) x 1073
031 ) x 1073
0.31 ) x 1073
4 )x1074
0.30 ) x 1074
0.30 ) x 1074
04 )x1074

N
~
£
B H H R R R H R R R R R R R H W

2.7 )x1075

=
ES
H

0.14 ) x10~3
0.07 ) x10~3
12 )x107%
0.14 ) x 1073
0.13 ) x 1073
0.07 ) x 1073
0.07 ) x 1073
0.07 ) x 10~3
05 )x1073
012 ) x 1073
12 )x10~%
12 )x1074
0.9 )x1074

N
8
b H R H R R H R H R R

CL=90%
CL=90%
CL=95%

CL=95%

614
614
466
337
760
760

861
861

861
861
861
861
861
861

861

834
834
834
834
834
834

797
797
797
749
749

794
794
763
794
794
794
794
794

763
763
763
763
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K=rtrn n0u (ex. KOw,n) [g] (39 & 14 )x10~4 763
K=nt K= >0 neut. v, <9 x10~4 CL=95% 685
K~ KTz~ >0 neut. v, ( 1.496+ 0.033) x 10~3 685
K Ktn v, [g] ( 1.435+ 0.027) x 10~3 685
K-Ktr=a0u_ [e] (61 + 18 )x10-5 618
K KTK~ v, (22 +£08 )x107> S=54 472
K= KtK~ v, (ex. ¢) < 25 x 1076 CL=90% -
K= KtK= 0, < 48 x 1076 CL=90% 346
a7~ Kt7™ >0neut. v, < 25 x 1073 CL=95% 794
e~ e et v, (28 + 15 )x1075 888
pmem ety v, < 32 x107% CL=90% 885
rp utu, < 114 x107% CL=90% 870
Modes with five charged particles
3h=2ht >0 neutrals v, (99 + 04 )x104 794
(ex. K% — 7 at)
(“5-prong”)
3h2ht v, (ex.KO) (829 + 031 )x10% 794
321t v, (ex.KO, w) (827 + 031 )x10~4 794
327t v, (ex.KO, w, lg] (7.75 + 030 ) x 10—4 -
£,(1285))
K= 2n 2rt v, (ex.KO) lg] (6 12 )x10~7 716
KT3n—rntu, < 5.0 x 1076 CL=90% 716
KtK=2r=ntu, < 45 x 1077 CL=90% 528
3h~2ht 70u, (ex.KO) (1.65 + 011 ) x 1074 746
3~ 2rt 70u, (ex.KO) (164 + 011 )x 104 746
327t 70u, (ex. KO, 1, (111 & 010 ) x 10~4 -
£(1285))
3r 27t 70, (ex.K®, n, w, [g] (38 =+ 09 )x1075 -
£,(1285))
K= 2n 2rt 701, (ex.KO) [e] (11 + 06 )x10-6 657
Kt3n—ataluy, < 8 x10=7 CL=90% 657
3h~2ht 270, < 34 x 1076 CL=90% 687
Miscellaneous other allowed modes
(57) " v, (78 + 05 )x103 800
4h=3ht > 0 neutrals v, < 30 x 1077 CL=90% 682
(“7-prong”)
4h=3ht v, < 43 x 1077 CL=90% 682
4h=3ht70u, < 25 x 107 CL=90% 612
X (S=—1)v; (292 + 0.04 )% -
K*(892)~ > 0 neutrals > (142 £ 018 )% S=1.4 665
0K% v,
K*(892)" v, (120 £ 0.07 )% S=138 665
K*(892)" v, — 7 Ku, (7.82 + 026 )x 1073 -
K*(892)° K~ > 0 neutrals v, (32 + 14 )x1073 542
K*(892)° K~ v, (21 + 04 )x1073 542
K*(892)° 7~ > 0 neutrals v, (38 + 17 )x1073 656
K*(892)° v, (22 +05 )x1073 656
(K*(892)7)" vy — 7 Kon0u, (1.0 + 04 )x1073 -
K1(1270)" v, (47 + 11 )x103 447
K1(1400)~ v, (17 +26 )x1073  s=17 335
K*(1410)~ v, (15 © 14 )x10-3 326
K§(1430)~ vy <5 x 1074 CL=95% 317
K3(1430)~ v, <3 x 1073 CL=95% 315
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nTovr

nmwo 70 Vr

nmw- 7r07roy7.

nK” v,

nK*(892)" v,

nK= 10w,

nK~n%(non-K*(892)) v,

7]707r’ vV

nkofr’ﬁoyT

K=K,

nat a7~ >0 neutrals v,
nr—atr v, (ex.K9)

nr~nt n v, (ex.K9,£(1285))

na1(1260)" v, — na— 0
T vy
nnmw- 0 Vr
K~ vy
7' (958) 7~ v,
7 (958) 7~ 0w,
7' (958) K~ v,
o vr
oK,
f(1285) 1~ v,
f(1285) 71~ v, —

nmwo ata~ vy

f(1285) 1~ v, — 31 27t w,

m(1300) " v, — (pm) " vy —
(3m) " vr
m(1300)~ v, —
((r7)s—wave ™) vy —
Bm)" v,
h~™w > 0 neutrals v,
h~wuv,
T WUy
K wr,
h~wnlu,
h~w2n0u,
7 w20 vy
h™2wv,
2h~ htwy,
2~ 71t wry (ex.KO)

Lepton Family number (LF), Lepton number (L),

Vr

lg]
lg]

]

]

]
[&]
[&]

]

]

ANNANNNANNNANNA

+

Wb W W R R

B
+

x 1075

0.07 ) x 1073

0.4

) x 104

0.08 ) x 104
0.15 ) x 1074

1.2

1.5

) x 1075
x 1073
) x 1075
x 1075
x10~6
x 1073

0.13 ) x10™4

1.6

0.6
1.6
0.5

) x 107>
x 1074
x 10—6
x 1074
x 10—6
x 10—6
x 1075
x 106

) x 1075

) x 1073

) x 104

0.07 ) x 1074

0.4

) x 1073
x10~4

x10~4

0.08 )%
0.06 )%
0.06 )%

0.9
0.4
0.5
1.6

)y x 1074
yx 1073
) x 10~4
) x 107°

x10~7

0.22 ) x 1074

0.6

) x 1075

or Baryon number (B) violating modes

CL=95%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=95%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.9
S=1.3

CL=90%

CL=90%

CL=90%

L means lepton number violation (e.g. 7~ — et a7 ). Following
common usage, LF means lepton family violation and not lepton number
violation (e.g. 7~ — e~ w7 ). B means baryon number violation.

e
e Y
oy

e 0

nom
— K0
eiKg
v Kg

LF
LF
LF
LF
LF
LF
LF
LF

AN NANANNNNA

3.3
25
4.2
5.8
8.0
1.1
2.6
23

x10~8
x 104
x 108
x 104
x 1078
x10~7
x10~8
x 1078

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

797
778
746
720
511
665

661
590
430
744
744

637
559
382
620
591
495
585
445
408

708
708
708
610
684
644
644
250
641
641

888
888
885
885
883
880
819
815
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e n LF < 92 x 1078 CL=90% 804
un LF < 65 x 1078 CL=90% 800
e p° LF < 22 x 1078 CL=90% 719
w=p0 LF < 17 x 1078 CL=90% 715
e w LF < 24 x 1078 CL=90% 716
uow LF < 39 x 1078 CL=90% 711
e~ K*(892)° LF < 19 x 1078 CL=90% 665
u K*(892)0 LF < 29 x 1078 CL=90% 659
e~ K*(892)° LF < 17 x 1078 CL=90% 665
u K*(892)° LF < 43 x 1078 CL=90% 659
e~ 1/(958) LF < 16 x 107 CL=90% 630
w1’ (958) LF < 13 x 1077 CL=90% 625
e~ 1p(980) — e~wtwT  LF < 32 x 1078 CL=90% -
wH(980) » pmatwT  LF < 34 x 1078  CL=90% -
e ¢ LF < 20 x 1078 CL=90% 596
) LF < 23 x 1078 CL=90% 590
e ete LF < 27 x 1078  CL=90% 888
e~ ptu~ LF < 27 x 1078 CL=90% 882
et~ LF < 17 x 1078 CL=90% 882
petes LF < 18 x 1078 CL=90% 885
ute e~ LF < 15 x 1078 CL=90% 885
wopt T LF < 21 x 1078 CL=90% 873
e rtaT LF < 23 x 1078 CL=90% 877
etr ™ L < 20 x 1078 CL=90% 877
pu—ataT LF < 21 x 1078 CL=90% 866
pta—m~ L < 39 x 1078 CL=90% 866
e rt K~ LF < 37 x 1078 CL=90% 813
e~ KT LF < 31 x 1078 CL=90% 813
etr= K= L < 32 x 1078 CL=90% 813
e” KIKY LF < 71 x 108 CL=90% 736
e~ KTK™ LF < 3.4 x 1078 CL=90% 739
et K=K~ L < 33 x 1078 CL=90% 739
pmrt K= LF < 86 x 1078  CL=90% 800
o K LF < 45 x 1078  CL=90% 800
uta= K= L < 48 x 1078 CL=90% 800
KL KS LF < 80 x 108 CL=90% 696
Kt K= LF < 44 x 1078  CL=90% 699
pwt K=K~ L < 47 x 1078 CL=90% 699
e~ 7070 LF < 65 x 1076 CL=90% 878
= m0x0 LF < 14 x 1075 CL=90% 867
e nn LF < 35 x 1075 CL=90% 699
wonn LF < 6.0 x107° CL=90% 653
e~ 70y LF < 24 x 1075 CL=90% 798
u=m0n LF < 22 x 1075 CL=90% 784
pe e~ L,B < 3.0 x 1078 CL=90% 641
pete~ L,B < 3.0 x 1078 CL=90% 641
petu~ LB < 20 x 1078  CL=90% 635
pe ut L,B < 1.8 x 1078 CL=90% 635
pu LB < 40 x 1078 CL=90% 618
putu~ LB < 18 x 1078 CL=90% 618
Py LB < 35 x107® CL=90% 641
pr® LB < 15 x 1075 CL=90% 632
p2n? LB < 33 x 1075 CL=90% 604
pn LB < 89 x107® CL=90% 475
prln LB < 271 x 1075 CL=90% 360
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A~ L,B < 12 x 1078 CL=90%
An— LB < 14 x 1077 CL=90%
e~ light boson LF <9 x 1074 CL=95%
1~ light boson LF < 6 x 1074 CL=95%

See Particle Listings for 1 decay modes that have been seen / not seen.

525
525

Heavy Charged Lepton Searches

LE — charged lepton

Mass m > 100.8 GeV, CL = 95% ["l  Decay to v W.

LE — stable charged heavy lepton

Mass m > 102.6 GeV, CL = 95%

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.

Mass m < 0.8 eV, CL = 90% (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)
Mean life/mass, 7/m > 7 x 10° s/eV  (solar)

Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)

Magnetic moment < 0.064 x 10710 g, CL = 90%  (solar +

radiochemical)

Number of Neutrino Types

Number N = 2.996 + 0.007 (Standard Model fits to LEP-SLC

data)

Number N =2.92 £ 0.05 (S =1.2) (Direct measurement of

invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Masses, Mixing, and Oscillations.”

sin?(f1,) = 0.307 + 0.013

Am3; = (7.53 £ 0.18) x 1075 eV?

sin?(fp3) = 0.5537 0918 (S =1.1) (Inverted order)
sin®(fp3) = 0.55870-03%  (Normal order)

Am2, = (—2.529 + 0.029) x 1073 eV (Inverted order)
Am3, = (2.455 + 0.028) x 1073 eV2  (Normal order)
sin?(f13) = (2.19 £ 0.07) x 1072 (S = 1.2)

0, CP violating phase = 1.19 £ 0.22 7 rad (S =1.2)
(Am3, — Am3,) < 1.1x107%eV? CL =99.7%
(Am3, — Am3,) = (—0.12 £ 0.25) x 1073 eV?
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NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been

enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N is the
number of measurements used in calculating the quantity.

A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] This is the best limit for the mode e™ — v~.

[b] See the review on “Muon Decay Parameters” for definitions and details.

[c] P, is the longitudinal polarization of the muon from pion decay. For
V—A coupling, P, =1 and p = ¢ = 3/4.

[d] This only includes events with energy of e > 45 MeV and energy of

7 > 40 MeV. Since the ™ Te v, and e~ T v,y modes cannot be clearly
separated, we regard the latter mode as a subset of the former.

[e] See the relevant Particle Listings in the Full Review of Particle Physics
for the energy limits used in this measurement.

[f] A test of additive vs. multiplicative lepton family number conservation.
[g] Basis mode for the 7.
[h] L* mass limit depends on decay assumptions; see the Full Listings.
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QUARKS

The u-, d-, and s-quark masses are the MS masses at the scale w=
2 GeV. The c- and b-quark masses are the MS masses renormalized
at the MS mass, i.e. m = m(u = ™). The t-quark mass is extracted
from event kinematics (see the review “The Top Quark™).

[«] 1Py =33H)

my = 2.16 £ 0.07 MeV, CL=90%  Charge=3e [, =+3
my/mg = 0.462 % 0.020, CL = 90%

[4] IUP) = 3(3)

mg = 4.70 £+ 0.07 MeV, CL = 90% Charge = 7% e I, = 7%
mg/myg = 17-22
m= (my+my)/2 = 3.49 + 0.07 MeV, CL = 90%

[5] 1Py =03

ms = 93.5 + 0.8 MeV, CL = 90% Charge = —% e Strangeness = —1
ms [ ((my + mg)/2) = 27.337518, CL = 90%

1UP) = 0(3*)

m¢ = 1.2730 £ 0.0046 GeV, CL = 90%  Charge = 2 ¢ Charm = +1
mp—m¢ = 3.45 £+ 0.05 GeV

[6] 1UP) = 03 %)

mp = 4.183 £ 0.007 GeV, CL = 90%  Charge = —1 e Bottom = -1

[t] 1Py = 0(3F)

Charge = % e Top = +1

Mass (direct measurements) m = 172.5740.29 GeV [#2] (S = 1.5)
Mass (from cross-section measurements) m = 162.5f%é GeV L4l
Mass (Pole from cross-section measurements) m = 172.4 &+ 0.7 GeV
my — my = —0.15 £ 0.20 GeV (S = 1.1)

Full width T = 1.427 312 Gev (S = 1.4)

r(Wb)/T(Wq(qg =b,s, d)) =0.957 £ 0.034 (S=15)

t-quark EW Couplings
Fo = 0.693 £ 0.013
F_ =0.315+ 0.010

F, = —0.005 + 0.007
Fyia < 029, CL = 95%
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t DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
Wq(q=b,s, d) _
Wb -
eveb (11.1040.30) % -

wvy b (11.4040.20) % -

TV, b (10.7 £05 )% -
qqb (66.5 +£1.4 )% -
vq(g=u,c) [c] < 45 x 107> 95% -

AT =1 weak neutral current (71) modes

Zq(gq=u,c) T1 [d < 1.2 x 1074 95% -
Hu T1 < 1.9 x 1074 95% -
Hc T1 < 43 x 104 95% -
(Y99 (g=d.s.b; ¢=u,c) T1 < 16 x 1073 95% -

Lepton Family number (LF) violating modes

et uFc
]

LF < 89
LF < 7

x 1077
x 1078

b’ (4t Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95%

Mass m > 1390 GeV, CL = 95%
Mass m > 1350 GeV, CL = 95%
Mass m > 1570 GeV, CL = 95%
Mass m > 46.0 GeV, CL = 95%

(pP. quasi-stable b')

(B(Y — Zb)=1)
(B(Y —» Wt)=1)
(B(Y' — Hb) =1)

(et e, all decays)

t' (4*" Generation) Quark, Searches for

1280 GeV, CL = 95%
1295 GeV, CL = 95%
1310 GeV, CL = 95%
1350 GeV, CL = 95%

m(t'(2/3)) >
m(t'(2/3)) >
m(t'(2/3)) >
m(t'(2/3)) >
(t',0)

(B(t' — Zt)=1)

(B(t' — Wb)=1)
(singlet t')

(t' in a weak isospin doublet

m(t'(5/3)) > 1.460 x 103 GeV, CL = 95%  (t/(5/3) — tWT)
Free Quark Searches
All searches since 1977 have had negative results.

NOTES

[a] A discussion of the definition of the top quark mass in these measure-
ments can be found in the review “The Top Quark.”

[b] Based on published top mass measurements using data from Tevatron
Run-1and Run-Il and LHC at /s = 7 TeV. Including the most recent un-

published results from Tevatron Run-II, the

Tevatron Electroweak Work-

ing Group reports a top mass of 173.2 + 0.9 GeV. See the note “The
Top Quark’ in the Quark Particle Listings of this Review.

[c] This limit is for T(t — ~q)/T(t — Wb).
[d] This limit is for [(t — Zgq)/T(t — Wb)
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LIGHT UNFLAVORED MESONS
(S=C=B=0)

For I =1 (m, b, p, a): ud, (vT—dd)/V?2, dT;
for i =0, ', h W, w, ¢ f, ) c(vT+ dd) + &(s5)

n 16(P)=17(07)

Mass m = 139.57039 + 0.00018 MeV (S = 1.8)
Mean life 7 = (2.6033 £ 0.0005) x 10785 (S=1.2)
cr = 7.8045 m
7t o £y form factors [2]
Fy = 0.0254 £+ 0.0017
Fa = 0.0119 + 0.0001
Fy, slope parameter a = 0.10 £ 0.06
R=0.059+0:0%
7~ modes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the section on
Searches for Axions and Other Very Light Bosons.

P
=+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
o, [b]  (99.98770-0.00004) % 30

wry,y [c] (200 +£025 )x10~4 30
etv, [b] (1.230 £0.004 )x10—4 70
et vey [c] (739 +£005 )x10~7 70
etver (1.036 +£0.006 )x 108 4
etveete (3 +05 )x1079 70
pwry, v < 9 x 1076 90% 30
etverw < 16 x 1077 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
utoe L [d < 15 x 1073 90% 30
utve LF  [d] < 80 x 1073 90% 30
p-etety LF < 16 x 1076 90% 30
0 16UPG =170~ )
Mass m = 134.9768 + 0.0005 MeV (S = 1.1)
m_. — m_g = 4.5936 % 0.0005 MeV
Mean life 7 = (8.43 + 0.13) x 107175 (S =1.2)
cr = 25.3 nm
For decay limits to particles which are not established, see the appropriate
Search sections (A0 (axion) and Other Light Boson (XO) Searches, etc.).
Scale factor/ p
70 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
2y (98.823+0.034) % S=15 67
ete ( 1.174+0.035) % S=1.5 67

~ positronium (1.82 £0.29 ) x 1079 67
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etete e~ (1334 £0.16 ) x 1075 67
ete™ (646 +£0.33 )x 1078 67
4y <2 x1078  CL=90% 67
invisible < 4.4 x1079  CL=90% -
VeTe < 17 x 1076 CL=90% 67
V.7, < 16 x1076  CL=90% 67
2y 7 < 21 x 1076 CL=90% 67
YT < 19 x1077  CL=90% 67

Charge conjugation (C) or Lepton Family number (LF) violating modes

3y c < 31 x 1078  CL=90% 67
ute LF < 338 x 10710 cL=90% 26
u—et LF < 32 x 10710 cL=90% 26
pte ™ + pet LF < 36 x 10710 cL=90% 26

IG(JPC):0+(0*+)
Mass m = 547.862 + 0.017 MeV
Full width I' = 1.31 + 0.05 keV
C-nonconserving decay parameters
rta— a0  left-right asymmetry = (0.09+912) x 10—2
atr~ 70  sextant asymmetry = (0. 12"’0 1?) x 1072
7t 7~ 70  quadrant asymmetry = (—0.09 +0.09) x 1072
7t7™y  left-right asymmetry = (0.9 4 0.4) x 1072
atr=y B (D-wave) = —0.02 4 0.07 (S =1.3)
CP-nonconserving decay parameters
7+ x~ et e decay-plane asymmetry Ay = (—0.6 + 3.1) x 1072
Other decay parameters

707070  Dalitz plot @ = —0.0296 & 0.0016 (S = 1.7)
Parameter A in n — ¢+ ¢~ ~ decay = 0.716 + 0.011 GeV/c?

Scale factor/ p
n DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Neutral modes
neutral modes (71.9640.30) % S=1.3 -
2y (39.360.18) % s=1.1 274
370 (32.57+0.21) % s=1.2 179
702y (2.55+0.22) x 1074 257
2792 < 12 x1073  CL=90% 238
4y < 28 x10~4 CL=90% 274
invisible < 1.0 x 1074 CL=90% -
Charged modes
charged modes (28.0440.30) % S=1.3 -
ata— 70 (23.02£0.25) % $=1.2 174
atr ( 4.2840.07) % S=1.1 236
ete vy (69 +£04 )x10-3 S=1.2 274
wtu=y (31 04 )x10~4 253
ete~ <7 x 107 CL=90% 274
wtu~ (58 £0.8 )x106 253
2et2e™ ( 2.4040.22) x 1075 274
ata~ete (v) (2.68+0.11) x 10~4 235
ete putp~ < 16 x 1074 CL=90% 253

2ut2u~ (5.0 £13 )x1079 161
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ptp=ato™ < 36 x10~4 CL=90% 113
a7t e Ue+ cc. < 17 x107%  CL=90% 256
atr 2y < 21 x 1073 236
ata—mly < 6 x 1074 CL=90% 174
wOutu=y < 3 x1076  CL=90% 210
Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or
Lepton Family number (LF) violating modes
0 c le] < 9 x1075  CL=90% 257
ata~ p.cp < 44 x 1076 CL=90% 236
270 p,cP < 35 x107%  CL=90% 238
270~ c <5 x1074  CL=90% 238
370~ c < 6 x1075  CL=90% 179
3y c < 16 x 1075 CL=90% 274
470 P.CP < 6.9 x10=7  CL=90% 40
nlete~ c [f1< 8 X107  CL=90% 257
wOptp c 1< 5 x1076  CL=90% 210
pre™ + p-et LF < 6 x1076  CL=90% 264
f5(500) 16(JPC) =0+ )

also known as o; was fy(600), f(400-1200)

See the review on " Scalar Mesons below 1 GeV.”
Mass (T-Matrix Pole \/s) = (400-550)—4(200-350) MeV
Mass (Breit-Wigner) = 400 to 800 MeV
Full width (Breit-Wigner) = 100 to 800 MeV

p(770) 16PC =1t ")

See the review on " Spectroscopy of Light Meson Resonances.”
T-Matrix Pole /s = (761-765) — i (71-74) MeV
p° mass (Breit-Wigner) = 775.26 + 0.23 MeV [&]
0 full width (Breit-Wigner) = 147.4 + 0.8 MeV 18] (S = 2.0)

Scale factor/ p

p(770) DECAY MODES Fraction (I;/T) Confidence level (MeVjc)
T ~ 100 % 363
p(T70)* decays
aty ( 45 +05 ) x 10~4 5=22 375
aty < 6 x 103 CL=84% 152
atata— a0 < 20 x 1073 CL=84% 254
p(770)° decays
7ty (9.9 +£1.6 yx 1073 362
0 ( 47 +08 ) x 10—4 S=17 376
ny ( 3.00+0.21 yx 1074 194
w070~ ( 45 +0.8 ) x 1075 363
wtp~ [h ( 455+0.28 ) x 1075 373
ete™ (M ( 472+0.05 ) x 1073 388
at a0 ( 1.017354+034) x 1074 323
st nta~ ( 1.8 £0.9 ) x 10~5 251
ot~ 7070 ( 1.6 +0.8 ) x 10~5 257

nlet e~ < 12 x 10~5 CL=90% 376




Meson Summary Table 31
w(782) 16UPCY =0—(1— )
Mass m = 782.66 + 0.13 MeV (S = 2.0)
Full width ' = 8.68 + 0.13 MeV
Scale factor/ p
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ata 70 (89.2 £0.7 ) % 327
70y (8.35+0.27) % 5=22 380
T~ ( 1.53+0.12) % S=1.2 366
neutrals (excludingz®+~) (7 *8 yx103 5=1.1 -
Ny (45 £0.4 )x10~4 s=1.1 200
nlete™ (7.7 £06 )x10~4 380
O utp (1.34+0.18) x 10~4 S=15 349
ete~ ( 7.3840.22) x 1075 s=1.9 391
ata 7070 < 2 x1074  CL=90% 262
ata < 36 x 1073 CL=95% 366
ata-ata~ <1 x 1073 CL=90% 256
w070 (6.7 £1.1 )x 105 367
0y < 33 x1075  CL=90% 162
wtp~ (74 £1.8)x1075 377
3y < 1.9 x 1074 CL=95% 391
Charge conjugation (C) violating modes
n70 < 21 x10~4 CL=90% 162
270 < 22 x10~4  CL=90% 367
370 < 23 x10~4  CL=90% 330
invisible < 7 x 1075 CL=90% -
7(958) 16(UPC =0t (0~ )
Mass m = 957.78 + 0.06 MeV
Full width ' = 0.188 + 0.006 MeV
P
' (958) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
atan (425 405 )% 232
p%~ (including non-resonant (295 +04 )% 165
7t )
7070y (224 +05 )% 239
wy (252 +£0.07 )% 159
wete~ (20 +04 )x10~4 159
vy (2.307+0.033) % 479
370 (250 £0.17 ) x 10~3 430
wtp=y (1.13 +£0.28 ) x 1074 467
atrpt (19 +04 )x1075 401
ot x0 (3.61 +£0.17 ) x 10~3 428
(rt 7~ m0) S-wave (38 +05 )x1073 428
aFpE (74 +23 )x107% 106
2(71' ) (83 409 )x1075 372
+ 77270 (1.8 +04 )x10~4 376
2nt ) n utrals <1 % 95% -
2rt 7)) < 18 x 1073 90% 298
2(nt ) 2m0 <1 % 95% 197
3(nta) < 31 x 1075 90% 189
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KEnF < 4 x 105 90% 334
atr—ete” (242 £0.10 ) x 1073 458
mte ve+ cC. < 21 x10~4 90% 469
~vete™ (491 £027 )x10~4 479
w0y (3.20 +£0.24 ) x 10~3 469
70+ (non resonant) (6.2 +09 )x1074 -
nyy < 1.33 x 1074 90% 322
470 < 494 x 1075 90% 380
ete~ < 56 x 1079 90% 479
eteete™ (45 +11 )x107° 479
invisible < 6 x 1074 90% -
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
ata~ P,cCP < 18 x 1075 90% 458
7070 P,cP < 4 x 104 90% 459
nlet e~ c [f] < 1.4 %1073 90% 469
70 p0 c < 4 % 90% 111
nete~ c [fl < 24 x 1073 90% 322
3y c < 1.0 x10~4 90% 479
wtp~ 70 C [fl < 6.0 x 1075 90% 445
whu—n c fl]< 15 x 1075 90% 273
eun LF < 47 x 1074 90% 473
5(980) 16(UPCY =0t (0t )
See the review on "Scalar Mesons below 1 GeV.”
T-matrix pole v/5 = (980-1010) — i (20-35) MeV []
Mass (Breit-Wigner) = 990 & 20 MeV [l
Full width (Breit-Wigner) = 10 to 100 MeV [l
a0(980) 16UPCY = 1=+ +)
See the review on "Scalar Mesons below 1 GeV.”
T-matrix pole 4/5 = (970-1020) — i (30-70) MeV []
Mass m = 980 + 20 MeV [
Full width I = 50 to 100 MeV [
#(1020) 16UPCYy =0—(1— )
Mass m = 1019.461 + 0.016 MeV
Full width T = 4.249 £ 0.013 MeV (S = 1.1)

Scale factor/ p
¢(1020) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
KTK~ (49.1 +05 )% s=13 127
K9 kY (33.9 +04 )% S=1.2 110
pm+ ata— 70 (154 +04 )% 5=1.2 -
ny ( 1.301:£0.024) % s=1.2 363
0 (1.32 £0.05 ) x 1073 501
e — 510

ete™ ( 2.979+0.033) x 10—4 S=1.2 510
wtu~ (285 £0.22 ) x10~4 s=1.2 499
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nete~ (1.08 £0.04 ) x 10~4 363
ata~ (73 +£13 )x107° 490
wn® (47 +05 )x1075 171
wy < 5 % CL=84% 209
Py < 12 X107  CL=90% 215
taTy (41 +13 )x107° 490
15(980)~ (322 £0.19 ) x 104 S=1.1 29
70n0n (1.12 +£0.06 ) x 10~4 492
atr—ata— (39 *28 yx10°6 410
atatr— o= a0 < 46 x1076  CL=90% 342
nlet e~ (133 F507) x10-5 501
w00y (727 £0.30 ) x 1075 S=15 346
a0(980)y (76 +06 )x107° 39
KOKOy < 19 x 1078 CL=90% 110
7'(958)y (6.21 £0.20 ) x 1075 60
nmo oy < 2 x107%  CL=90% 293
whp=y (14 +£05 )x107° 499
PYY < 12 x107%  CL=90% 215
nrta~ < 18 x1075  CL=90% 288
nut < 9.4 x1076  CL=90% 321
nU — nete~ <1 x1076  CL=90% -
invisible < 17 x107%  CL=90% -
Lepton Family number (LF) violating modes
et uF LF < 2 x 1076 CcL=90% 504
hy(1170) 1I6UPG =0t -
Mass m = 1166 + 6 MeV
Full width ' = 375 + 35 MeV
by (1235) 16UPC) =1+ + )

Mass m = 1229.5 + 3.2 MeV (S = 1.6)

Full width T = 142 £ 9 MeV (S = 1.2)

p
by (1235) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
nty (1.6+0.4) x 10~3 607
rtatr 0 <50 % 84% 535
(KK)* 70 < 8 % 90% 248
KK nt < 6 % 90% 235
KS Kk nt < 2 % 90% 235
om < 15 % 84% 147

See Particle Listings for 3 decay modes that have been seen / not seen.

a1(1260) U/

T-Matrix Pole /s = (12097 13)—i(288113) MeV

/G(JPC) — 1*(1++)

Mass (Breit-Wigner) = 1230 + 40 MeV [
Full width (Breit-Wigner) = 250 to 600 MeV U]
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£(1270)

IG(JPC) — 0+(2++)

T-Matrix Pole /5 = (1260-1283) — i (90-110) MeV

Mass (Breit-Wigner) = 1275.4 + 0.8 MeV

(S = 1.1)

Full width (Breit-Wigner) = 186.6 725 MevV (S = 1.5)

Scale factor/ p
f5(1270) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
e (843 T28 )9 5=1.2 623
at = 2n0 (77 t12)% 5=1.2 563
KK (46 £0.4)% S=2.7 404
onton~ (28 +£04)% S=1.2 559
nn (4.0 08 )x1073 S=2.1 326
470 (3.0 £1.0 )x 103 565
vy ( 1.4240.24) x 1075 S=1.4 638
nww < 8 x 1073 CL=95% 478
KOK— 7% + cc. < 34 x 1073 CL=95% 293
ete~ < 6 x10710  cL=90% 638

f(1285) 1GUPCY = ot + )
Mass m = 1281.8 + 0.5 MeV (S =1.7)
Full width T = 23.0 + 1.1 MeV (S = 1.6)

Scale factor/ p
f;(1285) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
4r (32.7+ 1.8) % S=1.2 568

w00t (21.8+ 1.2) % s=1.2 566
27t om~ (10.9+ 0.6) % S=1.2 563
POrta— (10.9+ 0.6) % s=1.2 336
470 <7 x 104 CL=90% 568
nata— (35 +15 )% 479
nmw (52.24+ 1.9) % s=1.2 482
ap(980) 7 [ignoring ag(980) — (38 +4 )% 238
KK
nrw [excluding ag(980) 7] (14 £4)% 482
KKr (9.0 0.4)% S=1.1 308
atr=x0 ( 3.0+ 0.9)x 1073 603
pEat < 31 x 1073 CL=95% 390
7 p° (6.1+ 1.0)% S=17 406
oy (7.4+ 26) x 1074 235
ete™ < 9.4 x 1079 CL=90% 641

See Particle Listings for 2 decay modes that have been seen / not seen.

n(1295)

IG(JPC) — 0+(0—+)

See the review on " Spectroscopy of Light Meson Resonances.”

Mass m = 1294 + 4 MeV

(S =16)

Full width I' = 55 + 5 MeV
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7(1300) 6P =170~ )

Mass m = 1300 £ 100 MeV [1]
Full width I = 200 to 600 MeV []

a3,(1320) 16UPCY =12+ +)

T-Matrix Pole /s = (1305-1321)—i(52-58) MeV
Mass (Breit-Wigner) = 1318.2 + 0.6 MeV (S =1.2)
Full width ' = 107 + 5 MeV

Scale factor/ p

a5(1320) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
37 (70.1 £2.7 )% S=1.2 624
nm (145 £1.2 )% 535
wnw (106 +32)% s=13 366
KK (49 £038 )% 437
7'(958) 7 (55 +09 )x103 288
nty (2.91+0.27) x 10~3 652
vy (9.4 +07)x1076 659
ete~ <5 x 1079 CL=90% 659
(1370) 16(JPCy = ot (0t +)

See the review on " Spectroscopy of Light Meson Resonances.”
T-Matrix Pole /s = (1250-1440) —i (60-300) MeV
Mass (Breit-Wigner) = 1200 to 1500 MeV
Full width (Breit-Wigner) = 200 to 500 MeV

n(1405) 1GUPCY =0t~ )

See the review on " Spectroscopy of Light Meson Resonances.” See
also 1(1475).

Mass m = 1408.77 25 MeV (S = 2.2)

Full width ' = 50.3 &+ 2.5 MeV (S = 1.6)

p
n(1405) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

pp <58 % 99.85% T
See Particle Listings for 9 decay modes that have been seen / not seen.

hy(1415) 16UPC =01+ )

Mass m = 140973 MeV (S = 1.9)
Full width I = 78 + 11 MeV
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f(1420) 1G(UPCY = ot ++)

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1428.47 13 MeV (S = 1.8)
Full width ' = 56.7 & 3.3 MeV (S = 1.3)

w(1420) [4 16(UPCYy =0—(1— )

Mass m = 1410 + 60 MeV [l
Full width I = 290 + 190 MeV [1]

a0(1450) 1I6UPCy =1=(0+ ™)

See the review on " Spectroscopy of Light Meson Resonances.”
T-Matrix Pole /s = (1290-1500) — ¢ (30-140) MeV
Mass (Breit-Wigner) = 1439 & 34 MeV (S = 1.8)
Full width (Breit-Wigner) = 258 + 14 MeV

Branching fractions are given relative to the one DEFINED AS 1.

ap(1450) DECAY MODES Fraction (I';/T) p (MeVc)
™ 0.09340.020 607
71 (958) 0.03340.017 384
KK 0.082+0.028 523
wrT DEFINED AS 1 458

See Particle Listings for 2 decay modes that have been seen / not seen.

p(1450) 16(JPC)y =11~ )

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1465 + 25 MeV [
Full width T = 400 % 60 MeV [

n(1475) 1G(UPCY = ot (0~ )

See the review on " Spectroscopy of Light Meson Resonances.” See also

n(1405).
Mass m = 1476 £ 4 MeV (S = 1.4)
Full width T = 96 + 9 MeV (S = 1.7)

f5(1500) 16(PC) =0t + )

See the review on " Spectroscopy of Light Meson Resonances.”
T-Matrix Pole /s = (1430-1530) — i (40-90) MeV
Mass (Breit-Wigner) = 1522 + 25 MeV
Full width (Breit-Wigner) = 108 + 33 MeV
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P
fo(1500) DECAY MODES Fraction (I';/T) Scale factor  (MeVjc)
T (34.5+2.2) % 12 749
4w (48.9+3.3) % 12 700
nn (6.0+£0.9) % 1.1 528
01’ (958) (2.240.8) % 1.4 107
KK (8.5+1.0)% 1.1 579
See Particle Listings for 9 decay modes that have been seen / not seen.
*(1525) 16(UPCY = ot + )
Mass m = 1517.3 + 2.4 MeV (S = 2.8)
Full width T = 72+ Mev
f}(1525) DECAY MODES Fraction (I';/T) p (MeVjc)
KK (88.8 £22 )% 576
nn (10.3 £22 )% 525
T (82 +15)x103 747
vy ( 1.1240.15) x 1076 759
£,(1565) 16(UPCYy = ot 2+ )

See the review on " Spectroscopy of Light Meson Resonances.”

T-Matrix Pole /5 = (1495-1560) — i (40-110) MeV
Mass (Breit-Wigner) = 1571 + 13 MeV
Full width (Breit-Wigner) = 132 + 23 MeV (S = 1.1)

m1(1600)

IG(JPC) =17(1 —+)

See the review on " Spectroscopy of Light Meson Resonances.”

Mass (T-Matrix Pole /s) = (1480-1680) — i (150-300) MeV
Mass (Breit-Wigner, n7 mode) = 1354 &+ 25 MeV (S = 1.8)
Mass (Breit-Wigner, non-n7 mode) = 1645149 MeV (S = 1.3)
Full width (Breit-Wigner, nm mode) = 330 £+ 35 MeV

Full width (Breit-Wigner, non-nm mode) = 370120 MeV

a;(1640)

/G(JPC) — 1—(1++)

Mass m = 1655 £ 16 MeV (S = 1.2)
Full width I = 250 = 40 MeV (S = 1.8)

12(1645)

/G(JPC) — 0+(2*+)

Mass m = 1617 + 5 MeV
Full width ' = 181 4+ 11 MeV
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w(1650) 1 1GUPGY =01~ )

Mass m = 1670 + 30 MeV [l
Full width T = 315 + 35 MeV [1]

w3(1670) 16UPGY = 0= )

Mass m = 1667 + 4 MeV
Full width T = 168 + 10 MeV

m5(1670) 16UPC =172 =)

Mass m = 1670.6f%:g MeV (S =1.3)
Full width T = 25878 MeV (S = 1.2)

P
m(1670) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
3 (95.8+1.4) % 808

£(1270) 7 (56.3+£3.2) % 327
pT (31 +4 )% 647
om (10 +4 )% -
7 (77) s-wave (87+3.4)% -
rEatas (53 +4 )% 806
K K*(892)+ c.c. (4.2+1.4)% 453
wp (27+1.1) % 302
ntny (7.0£1.2) x 1074 829
vy < 2.8 x10~7 90% 835
nm < 5 % 739
a2t on— < 5 % 735
p(1450) 7 < 36 x 1073 97.7% 145
by(1235)7 < 19 x 1073 97.7% 364
See Particle Listings for 2 decay modes that have been seen / not seen.
#(1680) 1I6PC =01~ )
Mass m = 1680 + 20 MeV [
Full width I = 150 + 50 MeV [
p3(1690) 16UPC =1+3 )
Mass m = 1688.8 + 2.1 MeV
Full width ' = 161 + 10 MeV (S = 1.5)

p
p3(1690) DECAY MODES Fraction (I';/T) Scale factor  (MeVjc)
4n (711 + 19 )% 790

atat g a0 (67 +22 )% 787
wm (16 +6 )% 655
T (236 £ 1.3 )% 834
KKm (38 +£12)% 629
KK (1.58+ 0.26) % 1.2 685

See Particle Listings for 5 decay modes that have been seen / not seen.
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p(1700) 16UPC =11~ ")

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1720 & 20 MeV [T (5% and 7+ 7~ modes)
Full width T = 250 & 100 MeV [T (% and 7+ 7~ modes)

a3,(1700) 16UPC =1+ )

T-Matrix Pole /s = (1630-1780) — i (60-250) MeV
Mass m = 1706 + 14 MeV (S = 1.2)
Full width T = 380780 Mev (S = 3.9)

a5(1700) DECAY MODES Fraction (I';/T) p (MeV/c)
nm (2.5+£0.6) % 758
Y (7.9+1.7) x 10~7 853
KK (1.3+0.8) % 695

See Particle Listings for 5 decay modes that have been seen / not seen.

f(1710) 1GUPCY = ot ++)

See the review on " Spectroscopy of Light Meson Resonances.”
T-matrix pole v/s = (1680-1820) — i (50-180) MeV
Mass (Breit-Wigner) = 173378 MeV (S = 1.5)
Full width (Breit-Wigner) = 150712 MeV (S = 1.3)

7(1800) 1GUPGY =100 )

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 18107, MeV (S = 2.2)
Full width I = 21577 MeV

¢3(1850) 16UPC =0=(377)

Mass m = 1854 £ 7 MeV
Full width T = 87728 Mev (S = 1.2)

72(1870) 16UPC =0t 1)

Mass m = 1842 + 8 MeV
Full width ' = 225 + 14 MeV

m(1880) 1I6UPC =1—2— 1)

Mass m = 1874728 MeV (S = 1.6)
Full width T = 23733 Mev (S = 1.2)
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£,(1950) 16(UPCy = o2+ +)

T-Matrix Pole /5 = (1830-2020) — i (110-220) MeV
Mass (Breit-Wigner) = 1936 &+ 12 MeV (S = 1.3)
Full width (Breit-Wigner) = 464 + 24 MeV

a4(1970) 16PC =1~ @t )

Mass m = 1967 £ 16 MeV (S = 2.1)
Full width T = 324712 MeV

£(2010) 16(JPCy = ot2t )

Mass m = 2010750 Mev
Full width ' = 200 £+ 60 MeV

1(2020) 1G(UPCy = ot (0 + )

T-Matrix Pole /5 = (1870-2080) — i (120-240) MeV
Mass (Breit-Wigner) = 19821’5% MeV
Full width (Breit-Wigner) = 440 + 50 MeV

£,(2050) 16(JPC) = ot + )

Mass m = 2018 £+ 11 MeV (S = 2.1)
Full width ' = 237 + 18 MeV (S = 1.9)

f4(2050) DECAY MODES Fraction (I';/T) p (MeVjc)
T (17.0+1.5) % 1000
KK (68138 x 1073 880
nn (2.1+0.8) x 1073 848
470 < 12 % 964

See Particle Listings for 3 decay modes that have been seen / not seen.

#(2170) 16JPCy =01~ )

Mass m = 2164 £+ 6 MeV
Full width T = 106 723 MeV (S = 2.0)

(2300) 16UPCY = o2+ +)

Mass m = 2297 + 28 MeV
Full width ' = 150 + 40 MeV

(2340) 1G(UPCY = o2+ )

Mass m = 234672t Mev
Full width I = 331727 MeV
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STRANGE MESONS
(S=+1,C=B=0)

Kt = u3, KO = d5, KO =ds, K~ =Ts, similarly for K*'s

1uP) = 1(07)

Mass m = 493.677 = 0.015 MeV [ (S = 2.8)
Mean life 7 = (1.2380 & 0.0020) x 1078 s (S = 1.8)
cr=3711m

CPT violation parameters (A = rate difference/sum)
AKE = u v,) = (—0.27 £ 0.21)%

AKE = 7E70) = (0.4 £ 0.6)% L]

CP violation parameters (A = rate difference/sum)
AKT - i e+ “) = (—2241.6)x 1072
AKE - +tp7) =0.010 + 0.023
AK* — ﬂi ﬂo’y) (0.0 +£1.2)x1073
AKE = aErtr™) = (0.04 + 0.06)%
AKE = 7t 7070) = (—0.02 £ 0.28)%

T violation parameters
Kt = nOutv, Pp=(-17+25)x1073
Kt — pfu,y  Pp=(-06+19)x1072
K+ — a0utv, Im(€) = —0.006 = 0.008

Slope parameter g [/!
(See Particle Listings for quadratic coefficients and alternative
parametrization related to w7 scattering)

K* o afata— g= —0.21134 £ 0.00017

&+ — &)/ (g +&)=(-15+£22)x107*
KE* o 7572070 g = 0.626 + 0.007

(g+ — &)/ (g+ + &) =(18£18)x107*
K% decay form factors [2:9]
Assuming u-e universality
A (K KT3) = AL (Kl;) = (2.959 + 0.025) x 1072
Mo(Kf5) = (1.76 £ 0.25) x 1072 (S = 2.7)
Not assuming p-e universality
At (K%)= (2.956 £ 0.025) x 1072
A+(K+ ) =(3.09 £ 0.25) x 1072 (S = 1.5)

AO(K/B) = (173 +£0.27) x 1072 (S = 2.6)

Ke3 form factor quadratic fit
N (KE) linear coeff. = (2.59 + 0.04) x 102
N, (K%) quadratic coeff. = (0.186 =+ 0.021) x 102
', (LINEAR KE FORM FACTOR FROM QUADRATIC FIT) =
(24 +4)x 1073
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", (QUADRATIC K%, FORM FACTOR) = (1.8 + 1.5) x 10~3

My, (VECTOR POLE MASS FOR Kei3 DECAY) = 890.3 £ 2.8 MeV
My, (VECTOR POLE MASS FOR K;E DECAY) = 878 + 12 MeV

Ms (SCALAR POLE MASS FOR K;% DECAY) = 1210 + 50 MeV

A (DISPERSIVE VECTOR FORM FACTOR IN KeiS DECAY) =

(2.460 + 0.017) x 1072

A, (DISPERSIVE VECTOR FORM FACTOR IN K:f3 DECAY) =

(25.4 £ 0.9) x 1073

In(C) (DISPERSIVE SCALAR FORM FACTOR in K, decays ) =

(182 + 16) x 1073

Kb |fs/fi]| = (-0.0810:38) x 1072
K& o |fr/fi] = (-1.2113) x 1072

Kis |fs/fi| = (02 £0.6) x 1072
K:{3 |fr/fi| = (0.1 £ 0.7) x 1072

Kt = etwvey |Fa+ Fy|=0133£0008 (S=13)

Kt — uru,y |Fa+ Fy|=0.165+0.013
KT = eTvey |Fa— Fy| < 049, CL=90%
Kt — ptv,y |Fa — Fy| = —0.153 +0.033
Charge radius
(r) = 0.560 & 0.031 fm
Forward-backward asymmetry
+ _ r(cos(GK )>0)7r(cos(9K L)<0)
AFB(KTA'/UL) - r(cos(GKZ)>0)+r(cos(HK;)<0)
90%

K™ modes are charge conjugates of the modes below.

=11)

< 09x1072 CL=

Scale factor/  p
K+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Leptonic and semileptonic modes
etue ( 1.582+0.007) x 10~2 247
o, ( 6356 +0.11 )% S=12 236
et ve ( 5.07 £0.04 )% s=21 228
Called K.
™®uty, ( 3.352:+0.034) % S=1.9 215
+
Called Ku3'
w0n0et v, ( 255 £0.04 ) x 1075 s=11 206
rta et v, ( 4.24740.024) x 1072 203
rtaTuty, ( 14 £09 )x1072 151
w0 n0n0ety, < 35 x1076  CcL=90% 135
Hadronic modes
atzl ( 20.67 +£0.08 )% S=1.2 205
at 7070 ( 1.760+0.023) % S=1.1 133
atrtr= ( 5.583+0.024) % 125
Leptonic and semileptonic modes with photons
W,y [rs] ( 62 +08 )x1073 236
wFv,v(SDY) [at] ( 1.33 £0.22 )x 1072 -
w1y, (SDTINT) [at] < 27 x107°  CL=90% -
wFv,7(SD™ + SDTINT) [at] < 26 x107%  CL=90% -
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etvey ( 1.03 £0.14 ) x 1075 247
et ey [ns] ( 269840.033) x 10~4 228
70et vevy (SD) [at] < 53 x1075  CL=90% 228
o utv,y [rs] ( 1.25 +£0.25 )x 1075 215
70 °e+u 5 < 5 x1076  CL=90% 206
Hadronic modes with photons or £ pairs
7t 70y (INT) (- 42 +09 )x1076 -
7t 70~ (DE) [ru] ( 60 404 )x1076 205
atrlete ( 424 +£0.14 )x 1076 205
T r0n0y sl (76 F§3 )x10-6 133
atrtr=y [rs] ( 71 +05 )x10© 125
7ty [l ( 1.01 £0.06 )x106 227
7t 3y [rf< 10 x1074  CL=90% 227
ntete vy ( 119 £0.13 )x 1078 227
Leptonic modes with £Z pairs
et vy < 6 x107°  CL=90% 247
wry, v < 10 x1076  CL=90% 236
et T ete ( 248 +£0.20 )x 1078 247
o, e+ ( 7.06 +£0.31 )x 10~8 236
etveptu~ ( 1.7 +05 )x1078 223
pru < 41 x10~7  CL=90% 185
Lepton family number (LF), Lepton number (L), AS = AQ (5Q)
violating modes, or AS = 1 weak neutral current (S1) modes
rtrte 7 5Q < 13 x1078  CL=90% 203
atatu= v 5Q < 30 x1076  CL=95% 151
ntete s1 ( 3.00 £0.09 ) x10~7 207
tutu s1 (917 £0.14 )x 1078 S=1.8 172
ntete ete < 14 x1078  cL=90% 227
atuw s1 ( 114 339 )x10710 207
ataluw s1 < 43 x1075  CL=90% 205
pvetet LF < 8l x10711 cL=90% 236
wtve LF  [d< 4 x1073  CL=90% 236
+put LF < 13 x10711  cL=90% 214
atu~et LF < 66 x 10711 CcL=90% 214
aptet L < 42 x10711  CL=90% 214
netet L < 53 x10711  cL=90% 227
ottt L < 42 x10711  cL=90% 172
anletet L < 85 x10710  cL=90% 205
ut T, L [d < 33 x1073  CL=90% 236
et L < 3 x1073  CL=90% 228
nty vl < 23 x1079  CL=90% 227
K° 1Py = 3007

50% Ks, 50% K|
Mass m = 497.611 + 0.013 MeV (S = 1.2)
Myo — My+ = 3.934 +0.020 MeV (S = 1.6)

Mean square charge radius
() = —0.077 £ 0.010 fm?
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T-violation parameters in K9-K? mixing 4]

Asymmetry At in K%-K° mixing = (6.6 + 1.6) x 103
CP-violation parameters

Re(e) = (1.596 + 0.013) x 1073

CPT-violation parameters (7]
Red = (254 2.3) x 1074
Imd = (—1.5+ 1.6) x 107>
Re(y), K.3 parameter = (0.4 + 2.5) x 103
Re(x_), Kes parameter = (—2.9 4 2.0) x 1073
[myo — Mol / Maverage < 6x 10719, CL = 90% x]
(rKO - rRO)/maverage =(8+8)x 10718

Tests of AS = AQ
Re(xy), Kez parameter = (—0.9 + 3.0) x 1073

K% 1(4P) = L(07)

Mean life 7 = (0.8954 + 0.0004) x 10710 s
CPT

Mean life 7 = (0.89564 4 0.00033) x 10~10 s
cr = 2.6844 cm  Assuming CPT

(S =11)

CP-violation parameters [/]

Im(n4_o) = —0.002 + 0.009
Im(ngoo) = —0.001 & 0.016

Assuming

Not assuming CPT

[7000] = |A(KS — 370)/A(K? — 37%)| < 0.0088, CL = 90%

CP asymmetry Ain 77~ ete™ = (0.4 4+ 0.8)%

Scale factor/ p
Kos DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
Hadronic modes
7070 (30.69:0.05) % 209
at e (69.2040.05) % 206
ata n0 (35 Tog)x1077 133
Modes with photons or £¢ pairs
atr =y [5z] ( 1.7940.05) x 10—3 206
atr—ete” ( 4.79+0.15) x 105 206
w0y [2] (49 £1.8)x108 230
vy (2.63+0.17) x 1076 s=3.1 249
wtp=ptp= < 51 x 10712 CL=90% 119
Semileptonic modes
nteFu, [aa] ( 7.1440.06) x 10~4 229
CP violating (CP) and AS = 1 weak neutral current (S1) modes
3n0 cp < 26 x1078  CL=90% 139
A s1 < 21 x10710  cL=90% 225
ete™ s1 <9 x 1079 CL=90% 249
nlete~ s1 [ (30 F15)x10-9 230
T s1 (29 *15)x1079 177
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1Py = 3(07)

Mg, — Mg

L S
= (0.5293 + 0.0009) x 1010 s=1 (S =1.3) Assuming CPT
= (3.484 + 0.006) x 10712 MeV  Assuming CPT
= (0.5289 + 0.0010) x 101° s=1  Not assuming CPT
Mean life 7 = (5.116 + 0.021) x 1078 s (S = 1.1)
cr = 1534 m
Slope parameters [}

(See Particle Listings for other linear and quadratic coefficients)
K9 —» 77— a0 g=0.678 £ 0.008 (S=15)
K — 7tx~ a0 h=0.076 £ 0.006
KY — mtn=a% k=0.0099 & 0.0015
KY = 707070 h=(06+12)x1073
K, decay form factors 9]

Linear parametrization assuming p-e universality
A (KDg) = Ap(K3;) = (282 £ 0.04) x 1072 (S = 1.1)
Mo(K%3) = (1.38 £ 0.18) x 1072 (S = 2.2)
Quadratic parametrization assuming u-e universality
N (K93) = N (K3;) = (240 £0.12) x 1072 (S =1.2)
X' (KDg) = N1 (KQ3) = (0.20 £ 0.05) x 1072 (S = 1.2)
Mo(K%3) = (1.16 £ 0.09) x 1072 (S = 1.2)
Pole parametrization assuming u-e universality
MY, (K93) = M§, (K3;) = 878 £ 6 MeV (S = 1.1)
M (K03) = 1252 & 90 MeV (S = 2.6)
Dispersive parametrization assuming p-e universality
Ay = (251 4 0.06) x 1072 (S = 1.5)
In(C) = (1.75 £ 0.18) x 10~ (S = 2.0)
K& |fs/fr| = (1.5713) x 1072
K% |fr/fi| = (572) x 1072
Koy |fr/fy| = (12+£12)x 1072
KL= 0H 07y, Kp = 700 oy = —0.205 +
0.022 (S =1.8)
K — t07y, KY - e 00 aprp = —1.69 £
0.08 (S=17)
K, — 7ta—ete™: aj/ap = —0.737 £ 0.014 GeV?
K, — w02y ay = —0.434+0.06 (S=1.5)
CP-violation parameters [V]

A; = (0.332 £ 0.006)%
00| = (2.220 £ 0.011) x 1073 (S = 1.8)

[n4—| = (2232 £0.011) x 1073 (S = 1.8)
| = (2.228 £ 0.011) x 1073 (S = 1.8)
7700 /74— | = 0.9950 % 0.0007 [P2] (S = 1.6)
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Re(€’/e) = (1.66 + 0.23) x 1073 [P8] (S = 1.6)
Assuming CPT
by =(43.51 £ 0.05)° (S=12)
Goo = (43.52 + 0.05)° (S =1.2)
pe=dsw = (43.52 £ 0.04)° (S =1.2)
Im(¢'/€) = —(¢o0 — é4_)/3 = (—0.002 + 0.005)° (S = 1.7)
Not assuming CPT
by = (4344 05)° (S=12)
doo = (43.7+£06)° (S=1.2)
$e = (435 +05)° (S =13)
CPasymmetry Ain K9 - ntr~ete™ = (13.7 £ 1.5)%
Bcp from K§ — ete~ete™ = —0.19 £ 0.07
vcp from K — ete~ete™ =0.01£0.11 (S =1.6)
jfor K — 7+ 7~ 7% = 0.0012 & 0.0008
ffor K9 — a7~ 7% = 0.004 £ 0.006
[74—+] = (2.35 £ 0.07) x 1073
by = (44 £4)°
€ |/e < 03, CL=90%
lgg1| for K§ — xta=v < 0.21, CL = 90%
T-violation parameters
Im(¢) in KDz = —0.007 £ 0.026
CPT invariance tests
doo — b4 = (0.34 + 0.32)°
Re(3my— + Lmoo)—2L = (—3 +35) x 1076
AS = -AQin K9, decay
Re x = —0.002 + 0.006

Im x = 0.0012 £+ 0.0021
Scale factor/ p

K‘,’_ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic modes

ateFu, [aa] (40.55 +0.11 ) % S=1.7 229
Called KY;.

mtuFuy, laa] (27.04 £0.07 )% S=1.1 216
Called K23.

(7 patom)v (1.05 +£0.11 ) x 10~7 188

OrfeFy [aa] (520 £0.11 ) x 10~5 207

rteFrete [aa] (1.26 £0.04 ) x 10~5 229

Hadronic modes, including Charge conjugationx Parity Violating (CPV) modes

370 (19.52 +0.12 ) % S=1.6 139

ata 70 (12.54 +0.05 ) % 133

atr~ CPV [cc] ( 1.967+0.010) x 10~3 S=15 206

7070 cPv (8.64 £0.06 )x 104 S=18 209

Semileptonic modes with photons
ateFTuay [s,2a,dd] ( 3.79 +0.06 ) x 1073 229

mtuFu,y (565 £023 ) x 104 216
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Hadronic modes with photons or £ pairs
w070 < 243 x 107 CL=90% 209
atr ey [s,dd] ( 4.15 +£0.15 ) x 1075 S=2.8 206
7t 7~ ~(DE) (284 £0.11 )x 105 S=2.0 206
702y [dd] ( 1.27340.033) x 10—6 230
mO~ete (1.62 £0.17 ) x 10~8 230
Other modes with photons or £Z pairs
2y (5.47 +£0.04 ) x 104 S=1.1 249
3y < 74 x 1078 CL=90% 249
ete v (9.4 +04 )x107° S=2.0 249
utumy (359 £0.11 )x 107 S=1.3 225
;ﬁ';t_ ;ﬁ'u‘ < 23 x 1072 CL=90% 119
ete vy [dd] ( 5.95 +0.33 )x 10~ 249
whp=yy [dd] (10 3% )x10-8 225
Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes
wtp~ s1 (684 +£0.11 )x 109 225
ete~ s1 (9 T8 yxio 12 249
ataete S1 [dd] (3.1 £0.19 )x 10~/ 206
w0n0ete s1 < 66 x 1079 CL=90% 209
wOn0pt = s1 < 92 x 1011 CL=90% 57
utp~ete s1 (269 £0.27 )x 1079 225
eteete™ s1 (356 +£0.21 )x10~8 249
aOut CP,SI [ee] < 3.8 x10710  crL=90% 177
nlete~ CP,S1 [ee] < 2.8 x 10~10 CL=90% 230
vy CP,S1 [ff] < 3.0 x 1079 CL=90% 230
0x0v s1 < 81 x 10~7 CL=90% 209
et T LF  [aa) < 47 x 10~12 CL=90% 238
eted FuF LF  [aa) < 412 x 10~ 11 CL=90% 225
70t eF LF  [aa] < 76 x 10~ 11 CL=90% 217
w070 yEeF LF < 17 x 10~10 CL=90% 159
Lorentz invariance violating modes
70y < 17 x 10~7 CL=90% 230
Py_1
K3(700) 1(47) = 300%)
also known as r; was K{(800)
See the review on "Scalar Mesons below 1 GeV.”
Mass (T-Matrix Pole /s) = (630-730) — ¢ (260-340) MeV
Mass (Breit-Wigner) = 845 £+ 17 MeV
Full width (Breit-Wigner) = 468 + 30 MeV
K}(700) DECAY MODES Fraction (I';/T) p (MeVjc)
Km 100 % 256




48 Meson Summary Table

K*(892) 10P) =307)

Mass (T-Matrix Pole \/s) = (890 + 14) — i (26 &+ 6) MeV
K*(892)* hadroproduced mass m = 891.67 + 0.26 MeV
K*(892)* in 7 decays mass m = 895.5 + 0.8 MeV
K*(892)° mass m = 895.55 + 0.20 MeV (S = 1.7)
K*(892)% hadroproduced full width I = 51.4 + 0.8 MeV
K*(892) in 7 decays full width I = 46.2 + 1.3 MeV
K*(892)0 full width I = 47.3 + 0.5 MeV (S = 2.0)

p
K*(892) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kn ~ 100 % 289
KOy ( 2.4640.21) x 1073 307
KE~ ( 9.8 £09 )x10~4 309
Knrm < 7 x 10~4 95% 223
K1(1270) 1Py =1ah)
Mass m = 1253 £ 7 MeV (S = 2.2)
Full width I = 90 + 20 MeV [
P
K;(1270) DECAY MODES Fraction (I';/T) Scale factor (MeVjc)
Kp (38 £13 )% 2.2 f
K§(1430) 7 (28 +4 )% i
K*(892) 7 (21 +£10 )% 2.2 286
Kw (11.0+ 2.0) % t
K f5(1370) (3.0+ 20)% f
See Particle Listings for 1 decay modes that have been seen / not seen.
K1 (1400) 1Py =3ah)
Mass m = 1403 + 7 MeV
Full width I = 174 + 13 MeV (S = 1.6)
Ky (1400) DECAY MODES Fraction (I';/T) p (MeVc)
K*(892)w (94 £6 )% 402
Kp (3.0£3.0) % 293
K 15(1370) (2.0£2.0) % t
Kw (1.0+1.0) % 284
See Particle Listings for 3 decay modes that have been seen / not seen.
K*(1410) 1Py =107)
T-matrix pole v/s = (1368 = 38)— i (1067 28) MeV
Mass m = 1414 £ 15 MeV (S = 1.3)
Full width ' = 232 + 21 MeV (S = 1.1)
p
K*(1410) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
K*(892) 1 > 40 % 95% 410
Kr (6.6+£1.3)% 612
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Kp < 7 % 95% 305
YK < 23 x 10~4 90% 619
See Particle Listings for 1 decay modes that have been seen / not seen.

K3(1430) 1Py = 301

T-matrix pole /s = (1431 % 6) — i (110 & 19) MeV
Mass m = 1425 + 50 MeV [l
Full width T = 270 + 80 MeV [1]

KE(1430) DECAY MODES Fraction (T';/T) p (MeVjc)
K (93 £10 )% 619
Kn (o6* 2%

See Particle Listings for 1 decay modes that have been seen / not seen.

K3%(1430) 10Fy =3

T-matrix pole v/s = (1424 & 4)— i (66 + 2) MeV
K3(1430)* mass m = 1427.3 £ 1.5 MeV (S = 1.3)
K3(1430)° mass m = 1432.4 + 1.3 MeV

K3%(1430)* full width T = 100.0 2.2 MeV (S = 1.1)
K3(1430)0 full width I =109 £ 5 MeV (S = 1.9)

Scale factor/ p
K;(1430) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K (49.94+1.2) % 620
K*(892) 7 (24.7£1.5) % 420
K*(892) (13.4+2.2) % 373
Kp (8.7+0.8) % S=1.2 320
Kw (2.940.8) % 313
Kty (24+05) x 1073 S=1.1 628
Kn (15F35)x 1073 S=13 488
Kwm < 72 x 1074 CL=95% 106
KOy <9 x 104 CL=90% 627
K(1460) 1UP) = 107)
K1(1650) 1Py = a)
Mass m = 1650 + 50 MeV
Full width ' = 150 £ 50 MeV
K*(1680) 1Py = 307)

Mass m = 1718 + 18 MeV
Full width ' = 320 + 110 MeV (S = 4.2)
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K*(1680) DECAY MODES Fraction (I';/T) p (MeVjc)
K (38.7£2.5) % 782
Kp Grat3h % 571
K*(892) 7 (29.9+22) % 618
Kn ( 1‘41—0:8) % 683

See Particle Listings for 1 decay modes that have been seen / not seen.

Ko(1770) lee] 1Py = 127)

Mass m = 1773 + 8 MeV
Full width ' = 186 + 14 MeV

K(1770) DECAY MODES Fraction (T';/T) p (MeVjc)

Knm 794
See Particle Listings for 6 decay modes that have been seen / not seen.

K3(1780) 10F) =367

T-matrix pole v/s = (1754 + 13)— i (119 & 14) MeV
Mass m = 1779 £ 8 MeV (S = 1.2)
Full width ' = 161 + 17 MeV (S = 1.1)

p
K;(ITGO) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kp BT £9 )% 616
K*(892)w (20 5 )% 657
Kn (18A8j: .0) % 815
Kn (30 +£13 )% 721
K3(1430)m <16 % 95% 292
K»(1820) le8] 1Py = 1)
Mass m = 1819 + 12 MeV
Full width T = 264 + 34 MeV
K3(1950) 1Py = 30%)
Mass m = 1957 + 14 MeV
Full width ' = 170 + 50 MeV (S = 2.2)
K6(1950) DECAY MODES Fraction (I';/T) p (MeV/c)
K-zt (52+14) % 911
K3(1980) 10P) = 32"

Mass m = 1990780 Mev (S = 2.8)
Full width T = 348733 Mev (S = 1.3)
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+(2045) 1UP) = 1at)

Mass m = 204878 MeV (S = 1.1)
Full width T = 19937 MeV

K:(2045) DECAY MODES Fraction (I';/T) p (MeV/c)
K (9.9+£1.2) % 960
K*(892) (9 £5 )% 804
K*(892)rmm (7 £5 )% 770
pKm (5.7+3.2) % 744
wKm (5.0+3.0) % 740
oKT (2.8+1.4) % 597
$K*(892) (1.4£0.7) % 368
Dt =cd, D% = cu, D°® = ¢u, D~ =¢d, similarly for D*'s

14FP) = 3007)
Mass m = 1869.66 + 0.05 MeV

Mean life 7 = (1033 + 5) x 1071 s
cr = 309.8 um

c-quark decays

[(c — ¢tanything)/T(c — anything) = 0.096 + 0.004 ("]
M(c — D*(2010)*anything)/I(c — anything) = 0.255 + 0.017

CP-violation decay-rate asymmetries
Acp(ntv) = (8 +8)%
Acp(KYeFv) = (-0.6 £ 1.6)%
Acp(K%mt) = (—0.41 £ 0.09)%
Acp(KYK%) in D — KIK* = (4.2 £ 3.4) x 1072
Acp(KT2r%) = (-0.18 £ 0.16)%
Acp(KFrtatal) = (-03 £ 0.7)%
Acp(KS7nt7%) = (—0.1 £ 0.7)%
Acp(K¢mtn) in D¥ — K%afn=(-0.9+3.1)x1072
Acp(Kdrtrta™) = (0.0 £ 1.2)%

Acp(KEata=a0)in D* — KEata= 70 = —0.04 +0.06

Acp(rt70) = (04 £1.3)% (S=1.7)

Acp(rtn) = (0.3 + 0.5)%

Acp(ata®n) in DF - 7570y = (—6 £ 7) x 1072
Acp(mEnn)in DT = 7¥gn = (8 £ 9) x 1072
Acp(m®1/(958)) = (0.41 £ 0.23)% (S = 1.2)
Acp(K®/KOK®) = (0.11 + 0.17)%

Acp(KYKE) = (-0.01 + 0.07)%

ACP(KéKiTrO) in D¥ — KYK*7r0 = (1 +4) x 1072
Acp(KYKEa0) in DF — KYK*r0 = (=1 +4) x1072
Acp(KTK—7%) = (0.37 £ 0.29)%

Acp(KTK*0) = (-0.3 + 0.4)%
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Acp(pn®) = (0.01 £ 0.09)% (S = 1.8)
Acp(KEK3(1430)°) = (8T {)%

Acp(KE K3(1430)%) = (43730)%

Acp(K* K3(700) = (-12719)%

Acp(a9(1450)07%) = (—19714)%

Acp(4(1680)7F) = (—9 + 26)%

Acp(nT2r0) in D - 75270 = (5.6 + 2.7)%
Acp(rtr—n%) = (0.5 £2.0)%

Acp(rEaFa0) in DE = 27t aF 720 = (0.3 £ 2.0)%
Acp(2rtaT27%) in D — 27t 7T 270 = (-4 £ 4)%
Acp(rtr=aEn)in DX = ata—atn = (3 +£5)x 1072
Acp(KAKErtr™) = (-4 £ )%

Acp(KE7%) = (=3 + 5)%

Acp(KEn)in DE - KEp=(—6+11)x 1072

X2 tests of CP-violation (CPV)
Local CPV in D* = 7tr—at =78.1%
Local CPV in D - KTK—n¥ =31%
Local CPV in D* — KtK—K* =31.6%
CP violating asymmetries of P-odd (T-odd) moments
Ar(KYK*atr) = (-3+£8) x1073 [ (S=11)
Arpiot(K* K= K%7%) in D - KY K= K%zt = (=33 £27)%

D+ form factors
£(0)|Ves| in KOFwp = 0.719 £ 0.011 (S = 1.6)
n=ay/ain KOty =-213+0.14
r=ay/agin KOty = -34+12 (S=15)
£1(0)| Vig| in 70 ¢+ vy = 0.1407 £ 0.0025
n=ay/ain 70y, = —2.00 £ 0.13
rp=ayjagin 0ty =—4+5
£1(0)|Veg| in DY — netuy (€=eorv)=(8.4+04)x1072
n=ay/a in Dt — netye=-534+27 (S=1.9)

r, = V(0)/A1(0) in DT — wetve =124 £0.11

= A2(0)/A1(0) in D+ — we+1/e =1.06 = 0.16

r, = V(0)/A1(0) in DT,D% — petre =1.64+0.10 (S=12)
ry = Ay(0)/A1(0) in DFT,0% = pet e = 0.84 + 0.06

ry = V(0)/A1(0) in K*(892)% ¢+ v, = 1.49 4 0.05 (S = 2.1)

r = Ax(0)/A1(0) in K*(892)° ¢+ 1, = 0.802 + 0.021

r3 = A3(0)/A1(0) in K*(892)°¢* vy = 0.0 + 0.4

My /T in K*(892)%¢% v, = 1.13 + 0.08

M /T_in K*(892)%¢F v, = 0.22 £ 0.06 (S =1.6)
Most decay modes (other than the semileptonic modes) that involve a neutral
K meson are now given as K% modes, not as KO modes. Nearly always it is

a K% that is measured, and interference between Cabibbo-allowed and dou-
bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(K%) =
r(KO).
Scale factor/ p
Dt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Inclusive modes
et semileptonic (16.07 + 0.30 ) % -

T anything (176 + 32 )% -
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K~ anything (25.7 £ 14 )% -
K% anything (331 + 04 )% -
K™ anything (59 +08 )% -
K*(892)~ anything (6 +5 )% -
K*(892)0 anything (23 +5 )% -
K*(892)% anything < 6.6 % CL=90% -
7 anything (63 £07 )% -
7' anything (1.04 + 018 )% -
¢ anything (1.12 + 0.04 )% -
a7t 7~ anything (15.25 + 0.20 ) % -
Leptonic and semileptonic modes
et e < 88 x 1076 CL=90% 935
vetue < 3.0 x 1075 CL=90% 935
utu (374 + 017 )x 104 932
tu, (120 + 027 )x 1073 %0
Kletu, (872 + 0.09 )% 869
KOutu, (876 + 019 )% 865
K-ntetu, (4.02 + 018 )% $=3.2 864
K*(892)% et ve, K*(892)° — (377 £ 017 )% 722
K- nt
(K=7%) [0.8-1.01Gev €T Ve (339 + 0.09)% 864
(K= 7)) s_wave €T Ve (228 + 011 )x103 -
K*(1410)0 et ve, < 6 x 1073 CL=90% -
K*(1410)° — K~ nat
K3(1430)% et e, <5 x 1074 CL=90% -
K3(1430)0 — K—xt
K=t et ve nonresonant < 7 x 1073 CL=90% 864
K*(892)0 et v (540 + 010 )% s=1.1 722
K=rtutu, (3.65 + 0.34 )% 851
K*(892)% ut v, (352 + 010 )% 717
K*(892)0 - K-t
K=zt ut v, nonresonant (19 +£05 )x1073 851
K*(892)° ut v, (527 + 015 )% 717
K=mtnluty, < 15 x 1073 CL=90% 825
K1(1270)% et ve, K9 — (1.06 + 015 ) x 103 -
o K= gt 0
K5(1430)° v, < 23 x 1074 CL=90% 380
K*(1680)° it v, < 15 x 1073 CL=90% 105
et v, (372 £ 017 )x 1073 $=2.0 930
™®uty, (350 + 0.15 ) x 10~3 927
netve (111 + 007 )x1073 855
nutu, (1.04 £ 011 )x103 851
" atetu, (249 + 011 )x1073  s=12 924
f5(500)° et vg, £(500)° (64 + 06 )x10~4 -
T
et (190 + 010 )x10-3  s=1.2 774
Pty (24 + 04 )x1073 770
wet v (169 £ 011 )x10~3 771
wptu, (177 £ 021 )x 1073 767
7' (958) et ve (20 + 04 )x107% 690
a(980)% et e, a(980)° — 70 (17 £ 38 )x10-4 -
by (1235)% et v, b9 — wa? < 175 x 1074 CL=90% -
petve < 13 x 1075 CL=90% 657



54 Meson Summary Table

DOet Ve

K%ﬂ'+
K(Zﬂ'+
K= 2rt

< 1.0

x10~4 CL=90%

Hadronic modes with a K or KKK

(K; ) s _wave ™t
K3(1430)0 7,

K;(1430)° — K= nt

K*(892)%7+,
K*(892)° — K—xt
K3(1430)0 7,

K3(1430)° — K= n™

K*(1680)% 7,

K*(1680)° — K~ =t

K~ (27T+)I:2
K°57r+7r0
K05p+

K% p(1450)*, pt — at#0

K*(892)°n,
K*(892)° — K%l

K3(1430)07F, K0 — K%n0
K5(1680)07F, K30 — Kx0

®Ort, ®0 — K057rO

K% nt 70 nonresonant

K% 7t 7%nonresonant and

”rt

(Kg TFO)waave L

KOS rtw
KOS nty
K7t 1/(958)
K= 2xtx0
KOS ont =
KOS at2n0
K% a;(1260)F,
p(770)+ 70
K% aq(1260)F,
fo (500)7T+,
K1(1400)0 7,

+
31—>

af —
fy — 70x0

70
Ki —

K*(892)0x0, K*0 —

KOSTI'O

K*(892)%p%, K0 —» K%r0
K*(892)° 7+ 70 non-resonant,

KO — K%r0
K% p* w¥non-resonant

K= 2rty
K°57r+7ro7]
K= 3ntn—

K*(892)%27xF 7

K*(892)0 —

K—nt

1|

[kk]

[kk]

(kK]

1l

[
[

1|

(1.562+
146 +

+
752 +
+

~
g
L+ H

N
P
s
H oo+

(27 +

+ 7
(10 ‘10

w
I+ W+

H
8
Wb W W R R R+

N WO
> =
O

~m s
N
HoH W W

0.031) %
0.05 ) %
0.16 ) %
017 )%
0.06 ) %

0.12 )%

07 )x1074

11 )x10~4

0.26 ) %
0.20 ) %

0.60
035 )%

%‘21 ) x 103

032 ) x 1073

09 )x1073
yx 104

5 —

3 )x1073

4 yx1073

0.21

040 ) %

0.27
0.33 ) %

05 )x1073
0.05 )%
0.21 ) x 1073
018 )%
0.09 )%
0.09)%
16 )x1073

06 )x1073

04 )x1073

0.9 )x1073
07 )x1073

05 )x10~3
012 ) x 1073
0.25 ) x 1073
05 )x1073
04 )x1073

S=1.1

863
863
846
846
382

714

371

58

845

677

714

845

845

606
722
481
817
814
817

657
657
772
645
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K*(892)0 p0 7, (23 + 04 )x1073 239
K*(892)0 - K~ 7t
K*(892) a4 (1260)F ] (93 +19 )x1073 1
K= p0ort (1.72 + 028 ) x 1073 524
K~ 37+ 7~ nonresonant (40 +29 )x104 772
K%2nt 7= 70 (153 + 0.08 )% 773
K% nt 370 (55 + 05 )x1073 776
K~ 2t 270 (495 + 032 )x103 776
K*2k% (254 + 013 ) x 103 545
KtK=KYnt (24 + 05 )x10~4 436
Pionic modes
at a0 (1.2474 0.033) x 10~3 925
onta— (1327 + 009 )x1073 909
aras (84 + 08 )x1074 767
7t (7T 7T7) s_wave (201 % 0.06 )x103 909
ort, o — 7t~ (138 + 010 )x 1073 -
f(980)nt, fy — 7t~ (157 + 032 )x1074 669
fH(1370) 7, fo — 77~ (8 +4 )x107° -
wrt, w— 7t~ (34 +05 )x107° -
fL(1270) 7, H — 7T A~ (458 + 028 ) x 1074 485
p(1450)07F, 0 — xta— (1.8 + 05 )x1074 338
p(1700)° 7+, 0 — ata— (1.9 + 05 )x10~4 -
fy(1500)7t, fy — wta~ (11 + 04 )x1074 -
f(1710)7t, fy — 7ta~ < 5 x107° CL=95% -
fH(1790)nt, fo — 7ta~ <7 x 1075 CL=95% -
(7t 7H) s _wave ™ < 12 x 1074 CL=95% 909
27t 7~ nonresonant < 11 x10~4 CL=95% 909
at 270 (461 + 015 )x 1073 910
2t 70 ( 1.165+ 0.030) % 883
7t 370 (417 + 026 ) x 1073 885
nt 470 (1.9 + 04 )x1073 851
2rt 7~ 270 (1.07 + 0.05 )% 848
3rt o~ (1.66 + 016 )x10~3  S=11 845
27t 7~ 3x0 (342 + 035 )x 1073 803
3rt2r 70 (234 + 027 ) x 1073 799
nat (377 £ 0.09 )x 1073 848
nrt a0 (205 £ 035 )x1073  S=22 831
n2nt ™ (341 + 020 )x1073 798
nrt2r0 (320 + 033 ) x 1073 801
nrt3x0 (29 + 05 )x103 759
n2nt 70 (3.88 + 0.34 ) x 1073 755
nnut (296 + 026 )x 103 700
wat (28 +06 )x104 764
wrt a0 (39 + 09 )x1073 742
7'(958) 7t (497 + 019 )x10~3 681
7 (958) 7t 70 (1.6 + 05 )x1073 654
Hadronic modes with a KK pair
K°5 Kt (13.04 + 0.09 )x1073 S=2.2 793
KYK* (321 + 016 ) x 1073 793
KK+ a0 (5.07 + 030 )x103 744
K*(892)* K%, K*+ — K+q0 (289 % 030 )x 1073 612
K*(892)0K+, K0 — K%x0 (52 + 14 )x1074 613
KO K+ 70 (5.24 + 031 ) x 103 744
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KtK— ot Uil ( 9.68
K+ K*(892)°, (2.49
K*(892)° —» K~ r+t
KT K}3(1430)%, K3(1430)° — (1.82
K-zt
KT K3(1430)°, K3 — K~ (16
KT K§(700), K§ — K™ ot (6.8
a0(1450)% 7+, & — KT K- (45
#(1680) 7T, ¢ — KTK~ (49
ot o — KHK— (2.69
omt ( 5.70
KtK= gt 0 ( 6.62
K%K nt (270
KOSKOSTF+71’0 (1.34
K% K*n (18
KT KYnt o™ (1.89
KOS K+ 7070 (58
KK=2nt (227
KtK—2rtn— (23
A few poorly measured branching fractions:
ont 0 (23
ppt < 15
K* K=t n0non-¢ (15

+

I+ 1+ |

I+
O HA RN DWW OF

o Lo o Huo Wi

HoH R B H H H I+

+

0.18 ) x 1073

0.08
0.13

) x 10-3

0.35 ) x 1073

)y x10~4
yx 104
)y x 104

) x 1073

301 ) x 1073

0.14 ) x 1073
032 )x 1073
0.13 ) x 1073
0.21 ) x10~3

0.5

) x 104

0.13 ) x 1073

1.3

)y x 104

0.13 ) x 1073

1.2

1.0

0.7

— 0.6

)y x 104

) %
% CL=90%
) %

Doubly Cabibbo-suppressed modes

021 )x104  S=1.4
0.16 ) x 1074  s=1.1
0.20 ) x 1074

Kt 0

Kty

KT 1/(958)

K+t 270

K*(892)* 70

Ktatr—
Kt pO

K*nz0

K*(892)"n
K*(892)% 7+, K*(892)° —

+ —

KTm
K+ £,(980), £,(980) — w+ 7~
K3(1430)° 7t K3(1430)° —
Ktn—
Ktata— 0
K+t 7~ n%nonresonant
Ktw
2Kt K~
#(1020)° K+
K+ ¢(1020), ¢ — KT K~
K+ (K+ Ki) S—wave

AC =1 weak neutral current (C1) modes, or Lepton Family number (LF) ,

2.08

+

+
+
+
+
+
+
+
+
+

HoH

+
+
+
+

+
+

0.4
1.4

) x 104
) x 104

0.09 ) x 1074

0.5
0.5

1.8
1.5

0.4

2.6
2.7

) x 104
) x 104
) x 10~4
) x 104

) x 1073
) x 107°

0.09 ) x 10~3
0.07 ) x 1073

2.5
21

) x 1075

0.11 ) x 1075

0.6

x107% CL=90%
) x 10—6

0.12 ) x107°

or Lepton number (L), or Baryon number (B) violating modes

atete c1

< 11

x 1070 CL=90%

744
613

647
647
682
741
679
516
678
683
678
601

619
260

682

864
776
571
847
714
846
679
726
586

714

817
817

675
550

550

930
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atrlete < 14 x10~5  CL=90% 925
Tte, ¢ — ete” loo] (17 T L& )yx10-6 -
atpt c1 < 67 x 1078 CL=90% 918
ate, ¢ — ptu” [oo] (18 + 08 )x107© -
ptutu~ c1 < 56 x 1074 CL=90% 757
Ktete™ [pp] < 85 x10~7 CL=90% 870
Ktnlete < 15 x 1075 CL=90% 864
Kintete™ < 26 x 1075 CL=90% -
KIKTete™ < 11 x 1075 CL=90% 792
Ktutpu~ [pp] < 5.4 x 1078 CL=90% 856
atetu~ LF < 21 x10~7 CL=90% 927
ate ut LF < 22 x 1077 CL=90% 927
Ktetu~ LF < 15 x 1078 CL=90% 866
Kte put LF < 1.0 x 107 CL=90% 866
7~ 2et L < 53 x10~7 CL=90% 930
r2ut L < 14 x 1078  CL=90% 918
et ut L < 13 x 107 CL=90% 927
p~2ut L < 5.6 x 1074 CL=90% 757
K= 2et L <9 x10~7 CL=90% 870
K%n2et < 33 x 1076 CL=90% 863
K~ n02et < 85 x 1076 CL=90% 864
K—2u™* L < 1.0 x107° CL=90% 856
K—etput L < 1.9 x 1076 CL=90% 866
K*(892)~ 2u™ L < 85 x 1074 CL=90% 703
Aet LB < 11 x 1076 CL=90% 602
Aet LB < 65 x 1077 CL=90% 602
30t LB < 17 x 1076 CL=90% 554
0t LB < 13 x 1076 CL=90% 554
net < 143 x107% CL=90% 699
net < 291 x107% CL=90% 699

See Particle Listings for 2 decay modes that have been seen / not seen.

DO

cr = 123.01 um

1) = 3007)
Mass m = 1864.84 + 0.05 MeV

Mpe — Mpo = 4.822 % 0.015 MeV
Mean life 7 = (410.3 + 1.0) x 10715 s

Mixing and related parameters

|mpo — mpo| = (0.997 + 0.116) x 1010 i 571
1 2

(Mo = Tpo)/T = 2y = (1.394 + 0.056) x 1072
1 2

la/p| = 0.995 & 0.016

Ar = (0.089 4 0.113) x 1073

Korm _ +0.04
¢ns"T =0.027 505

KT 7~ relative strong phase: cos ¢ = 0.990 + 0.025

K=+ 70 coherence factor Ry o = 0.792 & 0.033
K~ 7+ 0 average relative strong phase 6K 77 = (198 + 10)°

0.10

K~ n~2rt coherence factor Rx3, = 0.5270 00

K~ m~2nt average relative strong phase §K37 =

(149%28)° (S =

1.4)
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DO — K= 7m~21F, Riay (v cosdX3™ — x sing#37) = (-3.0 +
0.7) x 1073 Tev~!

K% K+ m~ coherence factor R =0.70 £ 0.08

KYKn
K% KT 7~ average relative strong phase gKSKm (0 + 16)°
K* K coherence factor R, ;o = 0.94 4 0.12

K* K average relative strong phase 0K K = (—17 + 18)°

CP-even fractions (labeled by the D° decay)
CP-even fraction in D® — K37+ 7~ 70 decays = (23.6 + 0.9)%
CP-even fraction in D® — 7t~ 70 decays = (97.3 + 1.7)%
CP-even fraction in DO — 7t a7t 7~ decays = (74.6 +
16)% (S=1.2)

CP-even fraction in D — 7t 7~ 270 decays = 0.68 + 0.08
CP-even fraction in D — 271 27~ 70 decays = 0.44 + 0.10
CP-even fraction in D® — 7+ 7~ 370 decays = 0.5275:34
CP-even fraction in D° — 27127~ 279 decays = 0.79 & 0.26
CP-even fraction in D® — K+ K~ 0 decays = (73 + 6)%
CP-even fraction in D® — KT K~ at 7~ decays = (74.1 + 3.0)%

CP-violation decay-rate asymmetries (labeled by the D? decay)
Acp(KTK™) = (4+5)x107*
Acp(2KY) = (-1.9+1.1)% (S=1.1)
Acp(rta™) = (0.13 + 0.14)%
Acp(m070) = (0.0 + 0.6)%
Acp(py) = (6 + 15) x 1072
Acp(97) = (=9 £7)x 1072
Acp(K*(892)%4) = (—0.3 + 2.0) x 1072
Acp(ntn=79) = (0.4 £ 0.4)%
Acp(nmtr=)in D, D% — prta~ = (0.9 £ 1.3) x 1072
Acp(p(770)T 7~ = 7t 70) = (1.2 = 0.9)% [9d]
Acp(p(770)070 = 7+ 70) = (=3.1 & 3.0)% [9d]
Acp(p(770)~ 7t = 7t 70) = (1.0 £ 1.7)% [9d]
Acp(p(1450)T 7= — ata=70) = (0 + 70)% [99]
Acp(p(1450)0 70 — 7+ 7= 70) = (=20 + 40)% 99l
Acp(p(1450)~ 7+ = ata=70) = (6 + 9)% [9d]
Acp(p(1700)F 7= = 7t a—a0) = (=5 + 14)% lodl
Acp(p(1700)° 70 — 7t a—70) = (13 £ 9)% [9d]
Acp(p(1700)~ 7T — ata—70) = (8 + 11)% [9d]
Acp(£(980)70 — 77~ x0) = (0 + 35)% 99l
Acp(f(1370)70 = 77~ 70) = (25 & 18)% 94
Acp(f(1500)7° — 7t 7~ 70) = (0 + 18)% [9d]
Acp(f(1710)70 = 77~ 70) = (0 & 24)% lad]
Acp(h(1270)7° — 7t a~70) = (-4 + 6)% [9d]
Acp(c(400)70 — atx—70) = (6 + 8)% 99
Acp(nonresonant 7+ 7~ 70) = (=13 + 23)% [94]
Acp(rtn=279) in DO, DO - nt7r— 270 = (=25 + 2.0)%
Acp(a1(1260)t 7~ — 27T 277) = (5 £ 6)%
Acp(a1(1260)~ 7t — 27t 277) = (14 £ 18)%
Acp(n(1300)t 7~ — 27t 277) = (-2 4+ 15)%
Acp(m(1300)~ 7T — 27T 277) = (-6 + 30)%
Acp(a1(1640)t 7= — 27T 277) = (9 + 26)%
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Acp(mo(1670)T 7~ — 27t 27n7) = (7 + 18)%

ACP(Uf0(1370) — 27'l'+271'7) = (—15 + 19)%

Acp(op(T70)0 = 27t277) = (3 £ 27)%

Acp(2p(770)0 — 27t 2717) = (-6 £ 6)%

Acp(26(1270) — 277 277) = (—28 + 24)%

Acp(rta=a%n)in DO, DO — 77707 = (—6 £ 6) x 1072

Acp(KTK=70) = (-1.0 £ 1.7)%

Acp(K*(892)t K~ — KT K= 70) = (0.9 + 1.3)% 99

Acp(K*(1410)F K~ = KT K= 70) = (—21 & 24)% lad]

ACP((K+7TO)S—wav5 K™ — Kt Kiﬂo) = (7£15)% Laa]

Acp(9(1020)70 — KT K~ 79) = (1.1 + 2.2)% 9]

Acp(f(980)7°0 — Kt K~ 70) = (—3 + 19)% [9d]

Acp(ag(980)°70 — KT K79 = (=5 + 16)% 99

Acp(f5(1525)70 — K+ K~ %) = (0 = 160)% [99]

Acp(K*(892)~ Kt — KT K= 70) = (=5 + 4)% l9d]

Acp(K*(1410)~ K+ = KT K= 70) = (—17 & 29)% lad]

Acp(K™70) s _wave Kt — KT K= 70) = (=10 =+ 40)% 99]

Acp(KTK=5)in D%, D% — KtK—5n=(-14+35)x1072

Acp(6(1020)n — KT K~n)in DO, D° — ¢(1020)n = (—2+4)x
1072

Acp(K%79) = (—0.20 + 0.17)%

Acp(Ken) = (0.5 + 0.5)%

Acp(Kin) = (1.0 £ 0.7)%

Acp(K%0) = (-3+ 9%

ACP(K_TF-'—) = (02 + 0.5)%

Acp(KTn7) = (-09 £ 1.4)%

Acp(Depir1y) = K¥7%) = (131 + 1.0)%

Acp(K~ 779 = (0.1 £ 0.5)%

Acp(KT 7~ 79) = (0 + 5)%

Acp(K§mtn™) = (-0.1 £ 08)%

Acp(KTnEn)in DO, D0 — KFatpn=(-1.9 +1.6) x 1072

Acp(K$xOn) in DO, D® — K70y = (-39 +33)x 1072

Acp(KFn£7099) in DO, D — KFat a0y = (-84 5)x 1072

Acp(K*(892)~nt — Kirtr™) = (0.4 £ 0.5)%

Acp(K*(892) ™ — Krntn™)=(1+6)%

Acp(KPp? = K%nt7r) = (0.1 +05)%

Acp(Kow —» Kirtn™)=(-13+7)%

Acp(K1(980) — K%ntr™) = (—0.4 +2.7)%

Acp(KP£(1270) - K§ntn™) = (4 +5)%

Acp(K°£(1370) - KSnta™) = (-1 +9)%

Acp(K°p2(1450) — Kirta—) = (-4 +10)%

Acp(K0f(600) — Kintn™)=(-3+5)%

Acp(K*(1410)" 7T —» KQ7t77) = (-2 +9)%

Acp(K§(1430)" 7t — Kentr™) = (4 £ 4)%

Acp(K§(1430) 7~ — KinTa™) = (12 +15)%

Acp(K5(1430)" 7t — Kirtn ) =(3+6)%

Acp(K3(1430)F 7~ — KQnta~) = (—10 £ 32)%

Acp(K—ntata™) = (024 0.5%

Acp(Ktn—ata™) = (-2 + 4%

Acp(KTK=7nt77) = (13 £ 1.7)%

Acp(2K%7t77) in DO, DO — 2K%at 7~ = (-254+1.4)x1072
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Acp(Ki(1270)T K~ — KT K~ atn™) = (23 £1.7)%
Acp(Ki(1270)F K= — K¥0at K™) = (-1 +10)%
Acp(Ki(1270) KT — K07~ K*) = (-10 + 32)%
Acp(Ki(1270)" KT — KT K= atn™) = (1.7 £ 3.5)%
Acp(Ki(1270)t K™ — pOKTK™) = (-7 £ 17)%
Acp(K3(1270)" K+ — K~ K*) = (10 £ 13)%
Acp(K1(1400)Y K~ — KT K= 7ta7) = (4.4 £ 21)%
Acp(K*(1410)T K~ — KO0zt K=) = (=20 + 17)%

Acp(K*(1410)~ Kt = K0n=K*) = (-1 + 14)%

Acp(K*(1680)T K~ — KT K= 7nta7) = (=17 £ 29)%

Acp(K*OK*0)in D9, DO — K*OK*0 = (—5 + 14)%

Acp(K*OK*0 Swave) = (-3.9 +2.2)%

Acp(#p°) in D, D — 0% = (1 +9)%

Acp(op® Swave) = (-3 +5)%

Acp(pp® D-wave) = (=37 + 19)%

Acp(@(mt 17 )5 _wave) = (6 £ 6)%

Acp(K*(892)° (K™ ) s _wave) = (—10 + 40)%

Acp(Kt K~ 7 7~ non-resonant) = (8 + 20)%

ACP((K77T+)P—wave (K+W7)5—wave) = (3 + 11)%

Acp(KTK=ptp=)inD°, D° » KYK—ptpu= =(-2+6)%

Acp(rTa=utp™)in DY, DO — atr—putp = (29 £21)%
CP-violation asymmetry difference

AAcp = Acp(KTK™) — Agp(rtn™) = (—0.154 + 0.029)%

X2 tests of CP-violation (CPV) p-values
Local CPV in D9, DY — ntx— 70 = 10.6%
Local CPV in D%, D° — #ta~nt7~ = (0.6 + 0.2)%
Local CPV in D%, D° — K%7t7~ = 96%
Local CPV in D%, D° — Kt K—n0 = 16.6%
Local CPVin D9, D% — KT K- ntn~ =9.1%
T-violation decay-rate asymmetry
Ar(KtK=7tn™) = (29 + 2.2) x 1073 [
Atviol(2KSat77) in DO, DO — 2K%nt 7™ = (—1.9+£1.4)x1072
Atyiol(KY7t 7= a0) in D°, D® —» Knt7a= 70 = (*031’{2) X
10-3
CPT-violation decay-rate asymmetry
Acpr(KF %) = 0.008 + 0.008
Form factors
ry = V(0)/A1(0)in D — K*(892)~ ¢+ v, = 1.46 + 0.07
r» = Ay(0)/A;(0) in DO — K*(892)~ (T v, = 0.68 + 0.06
£(0)in D — K~ ¢t v, = 0.736 + 0.004
£ (0)|Vis| in D® — K~ ¢, = 0.7166 + 0.0030
rn=ay/agin DY — K~ ¢tvy, = —2.40+0.16
rn=ay/aginD® - Kty =5+4
£.(0) in D — 7 £tu, = 0.637 + 0.009
£1(0)| Veg| in DO — 7= ¢+1, = 0.1436 £ 0.0026 (S = 1.5)
n=ay/ain D’ = 7 ¢ty,=—-197+0.28 (S=1.4)
a1/agin D® —» 774ty =—-02+22 (S=17)

rn
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Most decay modes (other than the semileptonic modes) that involve a neutral

K meson are now given as K% modes, not as KO modes. Nearly always it is

a K% that is measured, and interference between Cabibbo-allowed and dou-

bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(KOS) =

r(K9).
Scale factor/ p
DO DECAY MODES Fraction (T';/T) Confidence level(MeV/c)
Topological modes
0-prongs [l 15 +£6 )% -
2-prongs (11 6 )% -
4-prongs [ss] (146 =+ 05 )% -
6-prongs tt] (65 + 1.3 )x1074 -
Inclusive modes
etanything [us] ( 6.49 + 0.11 )% -
T anything (68 + 06 )% -
K~ anything (547 £ 28 )% S=1.3 -
K% anything (2075 + 023 )% -
K™ anything (34 +04 )% -
K*(892)~ anything 1’ £9 )% -
K*(892)0 anything (9 +4 )% -
K*(892)* anything < 36 % CL=90% -
K*(892)%anything (28 +13 )% -
7 anything (95 +£09 )% -
1’ anything (248 + 027 )% -
¢ anything (1.08 £ 0.04 )% -
7t nt 7~ anything (17.60 + 0.25 )% -
invisibles < 94 x1075  CL=90% -
Semileptonic modes
K= et v, ( 3.549+ 0.026) % S=1.2 867
K= ptw, (341 + 0.04 )% 864
K*(892)~ et v, (215 + 016 )% 719
K*(892)~ utu, (1.89 + 024 )% 714
Km0t (16 ©33 )% 861
Kor~etu, (144 + 004 )% 860
(KO7™) s_wave €t ve (79 + 17 )x10~4 860
K- atr~etu, (28 * 14 yx104 843
K1(1270)~ et v, (101 + 018 )x 103 511
K=ata~pty, < 13 x 1073 CL=90% 821
(K*(892)m)~ v, < 15 x 1073 CL=90% 692
et v, (291 + 0.04 )x 1073 927
= pty, (267 £ 012 )x 1073 S=13 924
awlet v, (145 + 0.07 )x 1073 922
p et v, (150 + 012 )x 1073 S=1.9 771
puty, (135 + 013 )x 1073 767
a(980) " et ve, a= — nm (133 T 03¢ )x104 -
b1(1235)" et ve, b — wr™ < 112 x 1074 CL=90% -
Hadronic modes with one K

K—nt ( 3.947+ 0.030) % S=1.2 861
Km0 ( 1240+ 0.022) % 860
K970 (9.76 £ 032 )x 1073 860
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Kosw, w— wtr™
KOS (7T+ 7r7)57u)¢we

K2£(980), fo = 7t~
K2 (1370), fy — xtx

K2 5(1270), £ — at 7~
K*(892)~ nt, K*~ —
KOSTF
K§(1430)~ 7t K5~ —
KOSTI'_
K3(1430)" xF, K3~ —
KOSTF
K*(1680)~ 7+, K*~ —
K057r_
K*(892)t n~, K*t —
Kosﬂ'+
K330yt 7, Kit —
Kosﬂ'"'
K3(1430)F 7, K3t —
K%ﬂ+
K% at 7~ nonresonant
K~ ntn0
K= pt

K~ p(1700)", pt — 7t 40
K*(892)~ 7 t, K*(892)~ —
-0

pa— W pa—

K*(892)°7°%, K*(892)° —
K—nt o

K§(1430)~ 7, K™ —
K= x0

K§(1430)°70, Ki® — K= 7t

K*(1680)~ 7+, K*~ —
K~ n0

K~ 7+ 70 nonresonant

K0527r0

K(ZTI'OTI'O

K% (271—0)5*11)(1’(76

K*(892)07%, K*0 - K%x0
K*(1430)%70, K*0 — K70
K*(1680)070, K*0 — K70

K% £(1270), £, — 2m0
2K%, oneKOS — 270
K2370

S

Ll

(vl

(113

[w] < 14

[w] < 34

L

0.16
0.35
0.04
0.18

0.6
0.8

0.6
0.8

0.40
0.23

0.9
13

I+ B H I+ W R K

|+

1

I+

0
6
0.14
0.17

I+

0.40
0.32

+ 1.9
— 1.0

+ 35

+ 0.60
— 0.34

6.0
1.6

0.6
0.7
1.8

0.40
0.20

I+ B H W+

0.25

H

I+
o o
~N oo

0.60
0.20

+

+ 1.1
+ 0.06
+
+

+ 1.1
+ 1.1
+ 0.4

) x 1073
) x 103
) %

) %

) x 103
yx 1074
) x 1073
) x 1073
) x 1073
) x 1075

) %

)yx 1073
) x 10~4
)y x 1074

)y x 104
x 1072

x 1075

) x10~4
)%
) %
) x 1073
)%
) %

yx 1073

) x 103
) x 1073

) %

yx 1073
) %

) x 10-3
) x 1073
) x 1073
) x 1073
) x 104
) x 104
)y x 1073

CL=95%

CL=95%

$=2.2

S=2.2

772
565
670
842

674

670
842

549

262

711

378

367

46

711

842

844
675

711

711

378

379
46
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K= 2rtn— [l (822 £ 014 )% 813
K= 7t pOtotal (687 + 031 )% 609
K= 7t p03-body (61 + 16 )x1073 609
K*(892)° 0, K*0 — (1.01 & 0.05)% 416
K—nt
K*(892)0 o0 transverse, (12 & 04 )% 417
KO 5 K—nt
K~ a1(1260), af — (432 £ 032)% 327
POt
Ki(1270)" = F, KT — (39 +£04 )x1073 -
K~ =t total
Ki(1270)"xF, KT — (66 + 23 )x1074 484
K*(892)°7—, K0 —
K—nt
K~ 27+ 7~ nonresonant (1.81 + 007 )% 813
K%nt 7= a0 Dx] (52 + 06 )% 813
K%n n— ata= 70 (1.17 + 0.03 ) x 103 772
Kiw, w— ata= a0 (99 + 06 )x1073 670
K~ 7t 270 (886 + 023)% 815
K= at3x0 (95 + 04 )x103 774
K%ntn=2n0 (1.27 + 0.06 )% 773
K~ 2rt 7= 0 _ (43 +04 )% m
K*(892)% 7t 7= 70, K*0 — (13 + 06 )% 643
__ Kot _
K*(892)%w, K0 — K—rt, (65 + 30 )x1073 410
w— ata— w0
K- 7rtw (339 + 010)% 605
K*(892)%w (11 + 05 )% 410
K%nlw (85 + 06 )x1073 605
Km0 (1.01 + 0.05)% 721
K%a(980), ag — n7° (120 + 028 )% -
K*(892)%n, K*0 —» K%70 (29 + 07 )x1073 -
K=ty (1.88 £ 0.05)% s=1.4 721
K*(892)%y, K0 — K-t (89 T 08 yxi10-3 -
a(980)* K™, af — nnt (74 T 99 y)x10-3 -
K3(1980) "7, K3~ — K™n (22 T 18 )yx104 -
K- atz0y (449 + 027 )x 1073 656
Kintr—n (2.80 + 0.21 ) x 103 651
K270y (1.76 + 0.26 ) x 1073 656
K% 2nt2r~ (2.66 + 0.30 ) x 10~3 768
K%p07t =, noK*(892)~ (11 + 07 )x1073 -
K*(892)~ 2ntm—, (5 +7 )x1074 642
K*(892)" — K%w*, no
0
P
K*(892)~ pOnt, K*(892)~ — 16 + 06 )x1073 230
P
K%ﬂ7
k%27t 27~ nonresonant < 12 x 1073 CL=90% 768
K= 3nt2r— (22 +06 )x1074 713
Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes. These
nine modes below are all corrected for unseen decays of the resonances.
K%n (5.09 + 0.13 ) x 1073 772
Kiw (111 + 0.06 )% 670
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5277’(958) (949 + 032 )x 103 565
K*(892)0 7t 7= 70 (19 £ 09 )% 643
K*(892)%7 (141 + 012 )% 583
K~ nt1/(958) (643 + 034 )x 1073 479
KOSJ’(‘)SS)WO (252 + 027 ) x 1073 479
K*(892)%1/(958) < 10 x1073  CL=90% 119
o Hadronic modes with three K's
KYKT K= (442 + 032 )x1073 544
S
K%a9(980)0, aJ — K+K— (29 + 04 )x1073 -
K= ap(980)*, af — K+KY (59 + 18 )x104 -
K+ap(980)~, a; — K~ K% < 11 x 1074 CL=95% -
K £(980), fo » KTK~ < 9 x107%  CL=95% -
K2¢, ¢ — KTK- (2.03 + 015 ) x 1073 520
k%o (414 + 023 )x 1073 521
K £(1370), fo - KTK~ (17 +11 )x1074 -
3KY (75 + 07 )x10~4 S=1.4 539
KT2K=nt - (225 + 032 )x 1074 434
Kt K= K*(892)°, K*0 — (45 + 1.8 )x107° T
K-zt
K-nte, ¢ - KTK™ (40 + 17 )x107° 422
$K*(892)°, ¢ — KtK—, (1.08 + 021 )x10—4 t
KO o K7t
K+ 2K~ mt nonresonant (34 +£15 )x107° 434
2K KEnF (59 + 13 )x1074 427
Pionic modes
ntn ( 1454+ 0.024) x 103 S=1.4 922
270 (826 + 0.25 )x10~4 923
atrx0 (149 + 0.07 )% $=2.3 907
ptm~ (1.01 £ 0.05)% 764
070 (3.86 + 0.24 ) x 1073 764
p-mt (515 + 0.26 ) x 1073 764
p(1450)+ p+ A (1.6 + 21 )x1075 -
p(1450)° 0, = ata— (45 + 20 )x1075 -
p(1450)"7F, p~ = a0 (27 + 04 )x1074 -
p(1700)t 7, p+ . (61 + 15 )x10~4 -
p(1700)07%, 0 — ptga— (74 + 18 )x1074 -
p(1700)~7F, p= = a0 (48 + 11 )x1074 -
f0(980)7r0, fy = 7tx (37 + 09 )x1075 -
f(500)x0, fy — 7t x (122 + 022 )x 1074 -
f(1370)7°, fy — ntx (55 + 21 )x1075 -
£(1500)7°, fy — wtx (58 + 16 )x1075 -
f(1710)7°, fy — ntx (46 + 16 )x1075 -
£(1270)7°, £, —» 7t x (197 + 021 )x 1074 -
7t 7~ 7%nonresonant (13 + 04 )x1074 907
370 (20 + 05 )x10~4 908
onton— (756 £ 020 )x10~3 880
a1(1260)* 7=, af — (453 + 031 )x 103 -
27t 7~ total
a1 (1260)* 7=, af — (313 + 021 )x 1073 -
T S-wave
a(1260)F 7=, af — (19 % 05 )x1074 -
+
7w D-wave

a(1260)* 7=, af — ont (64 % 07 )x1074 -
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a1 (1260)~ 7+, a; — (23 +£09 )x10~4 -
P07~ S-wave
a1(1260)~ =+, ay — o7~ 60 + 34 )x1075 -
m(1300)T 7 ~, 7(1300)" — 51 + 27 )x1074 -
G'7T+
m(1300)~ 7+, 7(1300)~ — (23 + 22 )x1074 -
am
a1 (1640)* 7=, af — (32 + 16 )x1074 -
POt D-wave
a(1640)* 7=, af — ont (18 + 14 )x1074 -
m(1670) =, 71 — 20 + 09 )x10~4 -
£(1270)%7F, 3 —
ata—
m(1670) 7=, 73 — ot (26 + 10 )x10~4 -
2p0total (1.85 + 013 ) x 1073 518
29, parallel helicities (83 +32 )x107° -
209, perpendicular helicities (48 + 06 )x1074 -
209, longitudinal helicities (1.27 + 010 ) x 1073 -
2p(770)?, S-wave (18 + 13 )x1074 -
2p(770)°, P-wave (53 + 13 )x1074 -
2p(770)°, D-wave (62 + 30 )x104 -
Resonant (7t 77 )nt (151 + 012 )x1073 -
3-body total
ontn~ (62 + 09 )x1074 -
o p(770)0 (50 + 25 )x1074 -
f(980)t 7=, fy — wta~ (1.8 + 05 )x1074 -
H(1270) 7t 7=, £ — (37 +06 )x1074 -
atr~
21,(1270), f, — 7t x~ (16 + 18 )x1074 -
f(1370)0, fy — 7ta~ (16 + 05 )x103 -
ata= 270 ( 1.002+ 0.031) % 882
470 (76 + 11 )x1074 883
n70 byl (63 + 06 )x10~% S=1.1 846
wnd byl (117 + 035 ) x 10~4 761
wn (198 + 018 )x 1073 S=1.1 648
27t 27~ 70 (346 + 021 )x103 844
at 7370 (153 + 021 )x 1073 847
2rt 27~ 270 (48 + 04 )x1073 798
nata— vl (116 £ 0.07 )x 1073 827
wrtn ] (133 + 020 )x1073 738
w00 < 1.10 x 1073 CL=90% 740
n2n? (38 +13 )x10~4 829
ata— 0 (3.23 + 022 )x 103 797
n3n° (236 + 028 ) x 1073 799
n2nton— (60 +12 )x10~4 751
3nt3n— (43 +£12 )x1074 795
7 (958) 70 (92 + 10 )x1074 678
7' (958) 7t m (45 + 17 )x1074 650
2n (211 + 019 )x 1073 S=22 754
2n 0 (73 +22 )xi074 699
onnta~ (85 + 14 )x1074 623
3n < 13 x10~4 CL=90% 421
nn'(958) (101 + 019 )x103 537
Hadronic modes with a KK pair
KtK— (4.08 + 0.06 )x10~3 S=1.6 791
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2KY

K K= at
K*(892)°KY, KO — K—nt
K*(892)* K=, K** —

K%ﬂ'+
K*(141000K2, K*0 —
K=t
K*(1410)0tK—, K*t —
K%Tr+

(K_7T+)waave Kos
(Kgﬂ+)5—wave K™
a0(980) "7 t, ag = KIK-
ap(1450)~x+, ay - KK~
a(1320)" 7+, a, - KK~
p(1450)~ 7, p~ — KIK—
K K+ a™
K*(892)° K%, K*® — Ktna~
K*(892)" Kt, K*~ —

K%ﬂ_
K*(1410)0K2, K*0 —
Ktnt
K*(1410)~ Kt, K*~ —
K057r_

(K+7T7)S—wave Kos
(Kgﬂ7)571um)e K*

ag(980)* 7=, aj — KIk*
ap(1450)t 7=, aj - KYK*
p(1700)* 7=, pt — KIK*

Kt K= 70
K*(892)F K=, K*(892)T —
+ 70

K*(892)~ K+, K*(892)~ —
-0

K—m
(K+7T0)5—waveK7
(K77T0)S—1u(1veK+
£(980)79, fy - KtK-
om0, ¢ - KtK~

2K 70
KtK=n
$(1020)7
K+ K~ nnonresonant
QKg'r]
Kt K= 7070
KtK—atna~
¢(7r+777)5—wave' ¢ —

Kt K~
(¢p0)5—wavev ¢ — KT K~
(qﬁpO)waa'uev ¢ﬁ KtK=
(d’po)watﬂev ¢ — KtK~
(K*(ng)oK*(892)0)S—waver

K* — KkEgF
(K*(892)0K*(892)0)P7wavev

K* —» K*naF

H

MW B H WK KR K

H

BB B H I+ B B H R K H K KRR

B

H

0.05 ) x 104 S=1.1
05 )x1073 S=1.1
1.6 )x107°
0.30 ) x 10~3

1.9 )x1074
1.9 )x1074

29 )x1074
1.0 )x1074
14 )x1074
20 )x107°
5 )x1076
25 )x 1073
0.35 ) x 10~3 S=1.1
0.21 ) x 1074
1.1 )x1074

8 )x107°
20 )x1074

1.9 )x1074
0.6 )x1074
4 )x104
25 )x107°
06 )x107>
0.15 ) x 10~3
0.08 ) x 10—3

04 )x1074

0.18 ) x 1073
05 )x10~4
06 )x1074
04 )x1074
x 1074 CL=90%
1.9 )x107°
0.12 ) x 1074

32 yx10-5

06 )x1074
0.8 )x104
0.11 ) x 1073
5 )x107°

06 )x1074
1.9 )x107°
1.4 )x107°
0.13 ) x 1074

0.08 ) x 1074

789
739
608

743
743

740
514
489
514

508
681
677
614

250
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(K*(892)°K*(892)%) p_wwave- (47 + 04 )x1075 -
K* — KtgF
K*(892)% (K~ 1) s _wave 3- (14 + 06 )x107% -
body, K*0 —» Ktz—
Ki(1270)* K=, K — (14 + 09 )x1074 -
K*O 71.+
Ki(1270)* K=, K — (15 + 05 )x1074 -
K*(1430)%7F, K*0 —
K*n~
Ki(1270)* K=, K — pOK* (22 +06 )x1074 -
Ki(1270)* K=, K — 15 4+ 12 )x1075 -
w(782)K*, w— mFa~
Ki(1270)~ K+, Ky — pOK~ (13 + 04 )x1074 -
Ki(1400)* K=, K — (46 + 04 )x1074 -
K*(892)% 7+, K*0 —
Ktn~
K*(1410)~ K+, K*~ — (70 + 11 )x1075 -
K07
Ki(1680)F K=, K — (89 %32 )x107° -
KOxt, KO Ktga—
K+ K~ 7t 7~ non-resonant (27 +06 )x1074 -
2K 7t o (53 + 09 )x10~4 673
KYK=nt 70 (132 £ 016 )x 1073 677
KIK*Tn= 70 (65 + 07 )x1074 677
KK 2nt 7= < 14 x 1074 CL=90% 595
KtK=nta= a0 (31 +20 )x1073 600
Other K K X modes. They include all decay modes of the ¢, 1, and w.
om0 (1.17 + 0.04 ) x 1073 645
on (1.8 + 05 )x1074 489
pw (65 + 1.0 )x1074 238
Radiative modes
Oy (1.82 + 032 )x 1075 771
w7y < 24 x 1074 CL=90% 768
oy (281 £ 019 )x 107> 654
K*(892)0 (41 + 07 )x1074 719
Doubly Cabibbo suppressed (DC) modes or
AC = 2 forbidden via mixing (C2M) modes
Kt ¢~ 7yvia DO [z2] < 22 x 1075 CL=90% -
K+3r0 K*(892)T e~ 7, via < 6 x107° CL=90% -
D
Ktn~ DC (150 + 0.07 )x 10~ 4 S=3.0 861
K+ 7~ via DCS ( 1.363+ 0.025) x 10~4 -
K+ 7~ via DY < 16 x 1075 CL=95% 861
K%nt7=in DO — DO < 18 x 104 CL=95% -
K*(892)tn~, K*t — DC (113 = 389 ) x10-4 711
K°57r+ ’
K§(1430)*7n~, Kyt —  bpC < 14 x 1075 -
KOSTr+
K3(1430)*n~, K3t —  bC < 34 x 1075 -
K°57r+
Ktn— 70 DC (3.06 + 016 )x 104 S=1.4 844
K+ 7~ 7%via DO (76 T 0% )x1074 -
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Kt 7= 270

Kt xt 27~ via DCS
Ktntor—
K*at2nx—via D°
u~ anything via D°

DC

<

<

3.6 x 104
(249 + 007 )x 1074
(2.65 + 0.06 ) x 104
(79 + 30 )x1076

4 x 1074

AC = 1 weak neutral current (C1) modes,
Lepton Family number (LF) violating modes,

Lepton (L) or Baryon (B) number violating modes

7t a~ ut p (non-res)

POt

wete~

wptp”

K- Ktete~

pete™

K=Kt~

K~ KT ut = (non-res)

out T

KOete

KOty

K- ntete, 675 <
Mee < 875 MeV

K~ ntete, 1.005 <
Mee < 1.035 GeV

K*(892)0 et e~

K-atputpu~

K-atptu=, 675 <

My < 875 MeV

R*(892)0 ™ i~

L e TR

pret

Ot T

netu¥

atr et

pO et uF

wet ,F

K- Ktet uF

pet ¥

KOeE T

K=at et uF

K*(892)0 et T

2r~ 2et

2 2ut

K—n~2et

i

C1
C1
C1
C1
C1

C1
C1
C1
C1
C1

C1
C1
C1
C1
C1
C1

C1

C1

C1
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF

ANNNNANNNANNNANNANNA

ANNNANNANNANNA

[pr] <
[pp] <

[pr] <

[pp] <

[aa] <
[aa] <
[aa] <
[aa] <
[aa] <
[aa] <
[aa] <
[aa] <
[aa] <
[aa] <
[aa] <

8.5 x 107
7.9 x 1078
3.1 x 1079
4 x 1076
1.8 x 104
2.1 x 10~4
3 x 1076
5.3 x10~4
7 x 1076
1.0 x 104
(96 + 12 )x10~7
5.5 x10~7
2.2 x 1072
6 x 1076
8.3 x 104
11 x 1075
5.2 x 1072
(154 + 032 )x10~7
3.3 x 1075
3.1 x 1075
2.4 x 1072
26 x 10~4
(40 + 05 )x107°
5 x10~7
4.7 x 1075
3.59 x 104
(42 + 04 )x1076
2.4 x 1073
8.1 x 104
13 x 1078
8.0 x 107
2.25 x 1076
1.71 x 1076
5.0 x10~7
1.71 x 1076
1.00 x 1076
5.1 x10~7
1.74 x 1076
1.90 x 1076
1.25 x 1076
9.1 x 10~7
1.52 x 1076
5.0 x 10~7

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

815

813
812

932
932
926
928
915
928
852
838
922
771
894

754
768
751
791
654
710

631
866
852

719
829

700
863
929
924
848
911
767
764
754
648
863
848
714
922
894
861
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K—n2ut L < 53 x 10~7 CL=90% 829
2K~ 2eT L < 34 x 107 CL=90% 791
2K 2ut L < 1.0 x 107 CL=90% 710
a-r etput L < 3.06 x 106 CL=90% 911
K- m~etput L < 210 x 1076 CL=90% 848
2K~ etput L < 58 x10~7 CL=90% 754
pe~ LB < 22 x 106 CL=90% 696
pet LB < 12 x 106 CL=90% 696
D*(2007)° 1Py =307)
Mass m = 2006.85 £ 0.05 MeV (S = 1.1)
Mpao — Mpo = 142.014 £ 0.030 MeV (S = 1.5)
Full width ' < 2.1 MeV, CL = 90%
5*(2007)0 modes are charge conjugates of modes below.
D"‘(2007)0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
DO 70 (64.7 £0.9 )% 43
D%~ (35.3 £0.9 )% 137
Doete~ (3.91+0.33) x 10-3 137
whp < 25 x 1078 90% 998
ete~ < 17 x 106 90% 1003
D*(2010)* 1Py =3a7)
Mass m = 2010.26 + 0.05 MeV
Mpea010)+ — Mp+ = 140.603 £ 0.015 MeV
M- (2010)+ — Mpo = 145.4258 + 0.0017 MeV
Full width ' = 83.4 4+ 1.8 keV
D*(2010)~ modes are charge conjugates of the modes below.
D*(2010)* DECAY MODES Fraction (I';/T) p (MeVjc)
DOrt (67.7£0.5) % 39
Dt 70 (30.74+0.5) % 38
Dt~ (1.6+0.4) % 136
1
5(2300) 1P) = 30%)

was D(2400)

Mass m = 2343 £ 10 MeV (S = 1.5)
Full width ' = 229 £+ 16 MeV

Dy (2420) 10P) =30
Mass m = 2422.1 + 0.6 MeV (S =1.7)
Mp, (2420)0 ~ Mpet = 4118+ 0.6 MeV (S=1.7)

Mp, (2420 ~ Mp, (24200 = 4 £ 4 MeV
Full width T = 31.3 + 1.9 MeV (S = 2.8)
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D, (2430)° 1Py =3ah)

Mass m = 2412 + 9 MeV
Full width ' = 314 + 29 MeV

D3(2460) 1UP) = 32%)

Mass m = 2461.1 + 0.8 MeV (S = 6.3)
— mps =591.5+ 0.8 MeV (S = 6.0)

— Mp.y =450.9 £ 0.8 MeV (S = 6.0)
mD;(z%O): - mD§(2460)0 =24 £ 1.7 MeV
Full width ' = 47.3 + 0.8 MeV (S = 1.5)

M px(2460)°
M px(2460)°

D3(2750) 1Py =367)

Mass m = 2763.1 + 3.2 MeV (S = 2.1)
Full width ' = 66 £ 5 MeV

CHARMED, STRANGE MESONS
(C=+1,S==+1)
(including possibly non-qq states)

DY =cs, D, =Ts, similarly for D}’s

1(JP)y = 0(07)
Mass m = 1968.35 + 0.07 MeV
Mps — mp. = 98.69 + 0.05 MeV
s

Mean life 7 = (501.2 +£ 2.2) x 10713 s (S =1.3)
cr = 150.3 um

CP-violating decay-rate asymmetries

Acp(utv) = (-02 £ 25)%

Acp(tv)in Df — rtu, D7 = 777, = (3£ 5%
Acp(KTKL) = (0.09 + 0.26)%

Acp(K*KY)in DF — K*K} = (-1.1+2.7) x 1072
Acp(KTK—7%) = (—0.5 + 0.9)%

Acp(émE) = (—0.38 + 0.27)%

Acp(KEKLT0) = (-2 +6)%

Acp(2Kin%) = (3 £5)%

Acp(KT K= at7%) = (0.0 + 3.0)%
Acp(KEKLrt ™) = (-6 £ 5)%

Acp(KEKFort) = (41 £ 2.8)%

Acp(rtr—nt) = (=07 £ 3.1)%

Acp(rtn) = (0.32 4 0.31)%

Acp(rTn) = (-0.06 £ 0.22)% (S = 1.6)
Acpnmtr®) = (=1 + 4)%
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Acp(n' 7 70) = (0 £ 8)%
Acp(KE®) =2+ 4)% (S =1.2)
Acp(KO/KO7%) = (0.4 + 0.5)%
Acp(KY7%) = (0.20 + 0.18)%
Acp(KEntn™) = (37 +27)%
Acp(K%rt70) in DE — KQrta0 = (3£ 6)%
Acp(KErta=70) in DSi — KErtr= 720 = (7 £5) x 1072
Acp(KEn) = (1.8 £ 1.9)%
Acp(KE1/(958)) = (6 + 19)%

CP violating asymmetries of P-odd ( 7-odd) moments
Local CPV in Df — K+ K~ K* =0.133
AT(KIKFatn—) = (-8 £ 6) x 1073 [7]

D} = ¢+, form factors
rn =0.83+008 (S=1.8)
r, =176 £0.07 (S=1.1)
ry/TT=072+018
£1(0) |Ves| in DF — netve = 0.452 £ 0.010
£1(0) |Ves| in DY — o' eT e = 0.525 £ 0.026
£:(0)| Vea| in DF — KOetve = 0.162 £ 0.019
r, = V(0)/A(0)in DY — K*(892)%et v, =17+ 0.4
r = Ay(0)/A1(0)in Df — K*(892)%¢t v, = 0.77 £0.29
for [Ves| in DF — ptu, = 241.8 + 3.3 Mev
fD; [Ves| in DF — 770, = 246.6 + 2.5 MeV
Unless otherwise noted, the branching fractions for modes with a resonance in

the final state include all the decay modes of the resonance. DS_ modes are
charge conjugates of the modes below.

Scale factor/ p
D;- DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

. ) Inclusive modes
et semileptonic laaa] ( 6.33 +0.15 )% -

7t anything (1193 +1.4 )% -
7~ anything (432 409 )% -
70 anything (123 +7 )% -
K™ anything (187 405 )% -
K™ anything (289 +07 )% -
K% anything (190 +11 )% -
7 anything [bbb] (299 +238 )% -
w anything (61 +14 )% -
n’ anything [cccl (103 +14 )% S=1.1 -
(980) anything, fy — w7~ < 13 % CL=90% -
¢ anything (157 £1.0 )% -
K K~ anything (158 +07 )% -
K% K anything ( 58 +05 )% -
K% K~ anything (19 04 )% -
2KY anything ( 170 £0.32 )% -
2K+ anything < 26 x 1073 CL=90% -
2K~ anything < 6 x 1074 CL=90% -

27+ 7~ 4 anything (328 +07 )% -
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Leptonic and semileptonic modes

et e
ut vy
Ty,
yetve
KtK=etw,
KLK%etve
petve
Ky (1270)% et v
b1(1235)0 et ve, b9 — wr®
out Yu
netve + 17/ (958) et v
net ve
7'(958) et v
nut v,
7/(958) Yu
wetve
KOt u,
K*(892)% et v
f(500) et ve, fy — w00
(980)et ve, fy — 7020
(980 Ty, fo = KTK™
9(980)%e* v, aJ — 709
et ve

<

<

(

8.3 x 1075
535 +£0.12 ) x 1073
536 +£0.10 ) %

1.3 x 104
3.8 x 104
239 +0.16 ) %

41 x 1074
6.4 x 104

224 +0.11 )%
3.03 £0.24 )%
2.26 +0.06 )%
80 +04 )x1073
24 05 )%
11 405 )%
2.0 x 1073
34 £04 )x1073
2.15 +0.28 ) x 1073

7.3 x 1074
79 +15 )x1074
5.45 x 104
1.2 x 104
6.4 x 1073

Hadronic modes with a KK pair

K+ K%

KT K}

KtK?

KtK- 7t 1]
ont [ddd,ff]
ont, ¢ > KTK~ [fFf]

Kt K*(892)°
KT K*(892)°, K0 — K-zt
KTK*(892)% K* — K0
f(980) T, f5 - KTK~
f(1370)nt, fy - KT K™
fH(1710)7F, fy = KtK-
a0(980)t 7%, af — KT K2
a(1710)t 70, af —» KTKY
K+ K5(1430)°, Ky — K-t
K+K*(1410)°, K — K%n0

K+ K0
K*(892)t K%, K*+ — K+tq0

2K?§ at
f(980) 7, fh = KIKY <
f(1710)x+, fH - KIKY
K*(892)T K%, K*+ —

K057r+

KOKO 7t
K*(892)T K° [ddd]

Kt K= atz0
opt [ddd]

(

(
(

1.450+0.035) %
1.49 +0.06 ) %
2.95 +0.14 ) %
5.37 £0.10 ) %
45 +04 )%
2.21 +0.06 ) %
127 39 )y
2.58 +0.06 ) %
48 +05 )x1073
111 4019 )%
71 429 )x1074
6.7 +28 )x1074
11 +04 )x1073
35 +06 )x1073
1.76 +0.25 ) x 1073
88 +28 )x1074
1.47 £0.07 )%
2.04 +0.33 ) x 1073
7.1 404 )x1073
1.8 x10~4
3.3 404 )x1073
3.09 +£0.33 ) x 1073

54 +12 )%
5.50 +0.24 )%
5.59 +0.34 )%

CL=90%

CL=90%

CL=90%

S=1.3
CL=90%
CL=90%

CL=90%

S=1.1
CL=90%

CL=90%

CL=90%
CL=90%

S=1.1

S=1.3
CL=90%

850
850
850
805
712
712

685
416

732

198

218

805

802

683

802
683
748
401
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K1(1270)° K+, Kq(1270)° — ( 57 £06 )x1073 -
K1(1270)° K+, K;(1270)° — ( 131 £025 )% -
K*(892) 7
K1(1400)° K+, K1(1400)0 — (20 +04 )% -
K*(892) 7
a0(980)%pT, &) — Kt K~ (19 +04 )x1073 -
f(1420)% 7+, £(1420)° — ( 39 +07 )x1073 -
K*(892)F K*
f(1420)7F, £(1420)° — (40 +14 )x107% -
20(980)079, 29(980)° —
KtK-
n(1475)7t, n(1475) — (70 +28 )x1074 -
a(980)°79, 25(980)° —
KtK—
K% K= 2nt ( 153 £0.08 )% s=15 744
KT K= K%nt ( 129 £0.18 ) x 1074 527
K*(892) K*(892)° [ddd] ( 5.64 +0.35 )% 417
n(1475)KL, n — ( 34 +10 )x107% -
K*(892)07t, K*0 —
K7t
n(1475)7t, n — ( 34 +10 )x10~4 -
K*(892)t K=, K*t —
K057r+
n(1475)7t, n — ( 1.7 +09 )x1073 -
a0(980)~ 7+, ay —
K%K~
f(1285)nt, fi — ( 34 408 )x1074 -
a0(980)~ 7+, ay —
KK~
KT KQnta~ (95 408 )x1073  s=11 744
KtK 2ntn— ( 66 +06 )x1073 673
¢t~ [ddd] ( 121 +0.16 )% 640
o007t o KHK- ( 49 +07 )x1073 181
¢a1(1260)F, ¢ — (74 £12 )x1073 f
KtK=, af — port
@2t non-p, ¢ — ( 14 £05 )x1073 -
Kt K~
KT K= pPntnon-¢ 2.0 x 1074 CL=90% 249
KT K= 27" 7~ nonresonant ( 1.0 +04 )x103 673
2K ort 7 (78 £33 )x1074 669
Hadronic modes without K's
atx0 1.2 x 1074 CL=90% 975
2t~ ( 1.08 +£0.04 )% 959
Paras ( 112 £0.17 ) x10—4 825
7t (7t 717) s_wave lggg] ( 9.12 £0.35 ) x 10~3 959
fL(1270) 7, h — 7T 7~ ( 140 +0.11 ) x 1073 559
L(1525)0 7+, £, — 7ta ( 57 £20 )x1076 -
p(1450)07F, 0 — xta— (1.8 +06 )x1074 a1
p(1700)%7F, 0 — xta— (4 +4 )x1075 -
at2x0 ( 52 05 )x10-3  S=11 961
f(980)7t, fy — 700 (29 +06 )x1073 -
f(1370) 7+, fy — 70x0 ( 13 406 )x1073 -
£ (1270)7t, £ — 700 ( 50 %35 )x1074 -
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27t =70

nat

wrt

wrt, w—= w
3nton—
2t 270

npt

nat 70

n (TI'+ 7T0) P—wave

o

20(980) P07 0F, 24(980) 10 —

nm
UJ7T+ 71'0

onta
a1(1260)*n, af —

p(770)%7t, p0 — gt o~

a1(1260)*n, af —

f(500) 7 t, fy — 7ta~

a0(980) T p(770)°, af —
nat

n(1405) 7+, n(1405) —

a0(980)~ 7, ay — nw

n(1405) 7+, 7(1405) —

a(980)t 7=, aj — nnt

f(1420)7t, f —

a0(980)~ 7+, a; — nm

f(1420) 7+, f —

ag(980)t 7, ao7L — nt

3rton— a0
wonta~
7' (958) 7t
3rt 27~ 270
wnmt
7'(958) p*
7 (958) 7+ w0
7/ (958) 7T 70 nonresonant

[ddd]

[ddd]

[ddd]

[ddd]

[ddd]

[cce,ddd]

[ddd]

[cce,ddd]

1.67 £0.09
1.92 £0.30
39 £05
7.8 *0.8
89 =+038
9.5 £05
51 =+3.1
22 $0.4

2.8 £0.7
3.12 +0.16
1.73 £0.16

25 +09

21 +09

22 +07

22 £0.7

59 £1.8

53 =+1.8

49 £32

1.6 £05
3.94 £0.25
54 £13
58 £1.5
6.08 +0.29
51

Modes with one or three K's

K+ 0

K°57r+

Kty

Ktw

K*1/(958)

Ktatz—
Kt pO
Kt p(1450), p0 — 7ta—
K+ f0(500), fo — ’/T+’/T_
KT £(980), fy — nt7n~
KT £(1370), fy — nta~

K*(892)%7t, K0 - Kta—

K*(1410)07F, K*0 —
Ktr~

K*(1430)07F, K*0 —
Kt~

KT w7~ nonresonant

K°57r+7ro

[ddd]
[ddd]
[ddd]

(

74 £05
1.09 £0.05
1.73 £0.08
9.9 £15
2.64 +0.24
6.20 +0.19
2,17 £0.25
72 *1.7
45 +3.0
28 £1.1
1.2 £06
1.67 £0.26
6 +4

9.3 =£3.1

9.9 £3.2
5.38 £0.32

) % S=1.1
) x 10-3
) x 1073
) x 1073

)%
)%
) x 1073
)%

) %
) %
)%

) x 1073
)y x 1073
yx 1074
) x 104
)y x 104
) x 104

)%
) %
) %

) x 1073
) %
) %
% CL=90%

) x 104
) x 10-3
)y x 1073
) x 104
) x 1073
) x 1073
)y x 1073
yx 1074
) x 104
)y x 1074
) x 1073
) x 1073
) x 104

) x 104

)y x 1074
) x 10—3

935
902
822

899
902
724
885
885

802
855

856
766
743
803
654
465
720
720

900
899
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Kosp(770)+, pt = atal
Kosp(1450)+, pt — 7tal
K*(892)°nt, K0 — K%r0
K*(892)*t a0, K+ - KYzt
K*(1410)° 7%, K0 — K70
K0527r+7r’
Ktata—x0
K*(892)%pF, K0 - Ktr—
K*(892)1 0, K*t - K+z0
Ki(1270)° 7%, KO — K*p~
Ki(1400)°7*, K9 —
K*(sgo)ﬂr*, K*t —

2.7 405 )x1073 -
1.10 +£0.34 ) x 1073 -
45 +13 )x1074 -
25 408 )x1074 -
1.8 +09 )x1074 -
28 +1.0 )x103 870
9.7 +06 )x1073 873
3.9 404 )x1073 -
42 +12 )x1074 -
3.9 +13 )x1074 T
54 +09 )x1074 -

Ktx

K1(1400)%7+, K9 — ( 59 +10 )x1074 -
K*(890)%7%, K*0 —
Kt~

Kta;(1260)°, a; — pta—
Kta1(1260)°, a; — p~ ot

1.8 +11 )x1074 -
1.8 +1.1 )x10~4 -

K+ nt 7~ 70 nonresonant 9.2 +24 )x1074 873
(KT 70) p_wave P° 1.01 £021 )x 103 688
Ktwr® [ddd] < 8.2 x 1073 CL=90% 684
Ktwrta~ [ddd] < 5.4 x 1073 CL=90% 603
Ktwn [ddd] < 7.9 x 1073 CL=90% 366
2Kt K~ ( 215 +£0.20 ) x 1074 628
oK, ¢ > KTK™ ( 88 £20 )x1075 -
Doubly Cabibbo-suppressed modes
2K+t 7™ ( 1.274+0.031) x 10~4 805
Kt K*(892)0, K*0 — Ktg~ ( 60 +34 )x107° -
Baryon-antibaryon mode
pn ( 1.22 +£0.11 )x 1073 295
ppetue < 20 x 1074 CL=90% 296

AC = 1 weak neutral current (C1) modes,
Lepton family number (LF), or
Lepton number (L) violating modes

atete [ppl < 55 x 106 CL=90% 979
ate, ¢ — ete” o] (6 *% )x1076 -
atptu~ ool < 1.8 x10~7 CL=90% 968
Ktete~ c1 < 37 x 1076 CL=90% 922
KTt u~ c1 < 14 x10~7 CL=90% 909
K*(892)* put p~ c1 < 14 x 1073 CL=90% 765
rtetu~ LF < 11 x 1076 CL=90% 976
ate ut LF < 94 x 1077 CL=90% 976
Ktetu~ LF < 19 x10~7 CL=90% 919
Kte put LF < 56 x10~7 CL=90% 919
77 2eT L < 14 x 1076 CL=90% 979
a2ut L < 86 x 1078 CL=90% 968
r-etut L < 63 x 1077 CL=90% 976
K~ 2et L < 17 x 107 CL=90% 922
K= 2ut L < 26 x 1078 CL=90% 909
K=etput L < 26 x 1077 CL=90% 919
K*(892)~ 2p™ L < 14 x 1073 CL=90% 765
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D** 1UPy = 0(17)

Mass m = 2112.2 + 0.4 MeV
mD*i — mDi = 143.8 + 0.4 MeV

Fullwidth T "< 1.9 MeV, CL = 90%

D;‘_ modes are charge conjugates of the modes below.

D+ DECAY MODES Fraction (I';/T) p (MeV/c)
Di~ (93.6 £0.4 )% 139
D r® ( 5.77+0.35) % 48
Dfete~ (67 £1.6 )x 1073 139
et e (21 T2 )x1075 1056
D%y(2317)* 1(JP) = o(0™)
J, P need confirmation.

JP is natural, low mass consistent with 0.

See the review on "Heavy Non-gq Mesons.”
Mass m = 2317.8 + 0.5 MeV
mD§0(2317)i — mDsi = 349.4 £+ 0.5 MeV

Full width ' < 3.8 MeV, CL = 95%

D§0(2317)_ modes are charge conjugates of modes below.
p
D;°(2317)i DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
D} x0 00+ ,9) % 298
D}~y < 5 % 90% 323
D%(2112)*~ < 6 % 90% -
Df~y < 18 % 95% 323
Di(2112)* 70 <1 % 90% -
Dfnta < 4 x 1073 90% 194

See Particle Listings for 1 decay modes that have been seen / not seen.

Ds1(2460)% 1Py =0(1t)

See the review on "Heavy Non-gg Mesons.”
Mass m = 2459.5 + 0.6 MeV (S = 1.1)
mp.e = 347.3 £ 0.7 MeV (S=1.2)
s

Mp. (2460)= ~ mDsi =491.1 £ 0.6 MeV (S =1.1)
Full width ' < 3.5 MeV, CL = 95%

Dg1(2460)~ modes are charge conjugates of the modes below.

Mp. (2460)= ~

Scale factor/ p
D51(2460)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Dt a0 (48 +11 )% 297
D;W (18 + 4 )% 442
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D¥rtr— ( 43+ 13)% S=1.1 363
Dity < 8 % CL=90% 323
D% (2317)F 4 (377 39 % 138
Ds; (2536)% 1Py = 01™)
J, P need confirmation.
Mass m = 2535.11 + 0.06 MeV
Mp. (2536)* ~ mD§(2111) = 422.9 + 0.4 MeV
My (2536)¢ — Mp-(2010)+ = 524.85 % 0.04 MeV
Mp_ (2536 — Mp-(2007)0 = 528:26 & 0.05 MeV (S =1.1)
Full width ' = 0.92 4+ 0.05 MeV
Branching fractions are given relative to the one DEFINED AS 1. Dg;(2536)~
modes are charge conjugates of the modes below.
P
D51(2536)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
D*(2010)* K© 0.85 +0.12 149
(D*(2010)" K9 g_ yave 0.61 +0.09 149
K% D*(2010)* 0.48 +0.07 149
Dtr= K+t 0.02840.005 176
D*(2007)° K+ DEFINED AS 1 167
Dt KO <0.34 90% 381
DKt <0.12 90% 391

See Particle Listings for 2 decay modes that have been seen / not seen.

D%,(2573) 1Py = 02™)
Mass m = 2569.1 + 0.8 MeV (S = 2.4)
mD;2(2573) — Mpo = 704 £ 3.2 MeV
Full width ' = 16.9 & 0.7 MeV

D?,(2700)* 1Py = 0017)

Mass m = 2714 £5 MeV (S = 1.5)
Full width I' = 122 + 10 MeV

D?;(2860)* 1Py =0(37)

Mass m = 2860 + 7 MeV
Full width ' = 53 £+ 10 MeV
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BOTTOM MESONS
(B= +1)

Bt = ub, B® = db, BO = db, B~ =Tb, similarly for B*’s

B-particle organization

Many measurements of B decays involve admixtures of B
hadrons. Previously we arbitrarily included such admixtures in
the BT section, but because of their importance we have cre-
ated two new sections: “B:‘E/B0 Admixture” for 7'(4S) results
and “B*/B%/BY/b-baryon Admixture” for results at higher en-
ergies. Most inclusive decay branching fractions and x; at high
energy are found in the Admixture sections. B9-B? mixing data
are found in the BY section, while BS—EE mixing data and B-B
mixing data for a BY/BY admixture are found in the B? section.
CP-violation data are found in the B+, B?, and B+ BY Admix-
ture sections. b-baryons are found near the end of the Baryon
section.

The organization of the B sections is now as follows, where bul-
lets indicate particle sections and brackets indicate reviews.

o BE
mass, mean life, CP violation, branching fractions
e B
mass, mean life, B9-B® mixing, CP violation,
branching fractions
e B%/B0 Admixtures
CP violation, branching fractions
e B*/B%/BY/b-baryon Admixtures
mean life, production fractions, branching fractions
e B*, By(5721), B3(5747), B,(5970)
mass, width
o B0
mass, mean life, B3-BY mixing, CP violation,
branching fractions
o BY, Bs1(5830)0, B,(5840)°
mass, width
o BE
mass, mean life, branching fractions
. BC(25)i
mass

At the end of Baryon Listings:

o /\p
mass, mean life, branching fractions
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e N5(5912)°, A,(5920)°, Ap(6070)°, A,(6146)°, Ay(6152)°
mass, width
),
mass
o X7, Xp(6097)F, X(6097)"
mass, width
8 %
mass, mean life, branching fractions
e =/(5935)~, =p(5945)°, =,(5955) ", =5(6100)~, =,(6227),
Zp(6227)0, =,(6327)°, =,(6333)°
mass, width
. _Q;
mass, mean life, branching fractions
® 2,(6316)~, 2,(6330)~, 2,(6340)~, 2,(6350)
mass
e b-baryon Admixture
mean life, branching fractions

B:I:

1Py = 3007)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mgs = 5279.41 + 0.07 MeV
Mean life 7 5. = (1.638 £ 0.004) x 10712 5
cr = 491.1 um

CP violation
Acp(BY = J/p(1S)KT) = (1.8 £3.0) x 1073 (S = 1.5)
Acp(Bt — J/p(1S)nt) = (1.8 £1.2) x 1072 (S = 1.3)
Acp(BY — J/ipT) = —0.05 + 0.05
Acp(Bt — J/¢K*(892)F) = —0.048 + 0.033
Acp(BT — ncKT) =0014+007 (S=22)
Acp(BT — ¥(2S)7t) = 0.03 £ 0.06
Acp(Bt — ¢(2S)Kt) =0.012 £ 0.020 (S = 1.5)
Acp(Bt — (25)K*(892)T) = 0.08 + 0.21
Acp(Bt = xc(1P)7t) = 0.07 + 0.18
Acp(BT = xeoKT)=-020+018 (S=15)
Acp(BT — X KT) = —0.009 £ 0.033
Acp(Bt — xc1 K*(892)T) = 0.5 £ 0.5
Acp(Bt — D%¢Fyy) = (—0.14 £ 0.20) x 1072
Acp(Bt — DOnt) = (=34 5)x 1073
Acp(BT = Dgp(r1)mt) = —0.0080 + 0.0024
ACP(B+ — DCP(—I)W+) = 0.017 £ 0.026
Acp([KFrEtrta—]pnt) = 0.070 + 0.020
Acp(BT — [rTatr= a7 ]pK*) = 0.061 + 0.013
Acp(BY — [rFa~ 7T a7 ]pK*(892)") = 0.02 £ 0.11
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Acp(Bt — [KTK=nta~]pK*) = 0.095 + 0.023
Acp(Bt — [KTK~ntz~]pat) = —0.009 & 0.006
Acp(BT — DYK*) = —0.017 + 0.005
Acp([KTrtnta=]pKt) = —0.32 + 0.04

Acp(Bt — [nt 7r+7r*7r*]D7r+) =(—82+32)x1073
ACP(B+ — [K77T+]D K+) = —0.58 £0.21

Acp(Bt — [K=7t70pKT) = —027 £ 027 (S = 2.4)
Acp(BT = [KT7=70pK*) = —0.024 + 0.013
Acp(BT = [KTK—7%]pKT) = 0.07 £ 0.07

Acp(BY — [7t7~ a%]pK*) =0.11 4+ 0.04

Acp(Bt — DYK*(892)1) = —0.007 £ 0.019

Acp(BY = [K™rt]5K*(892)1) = —0.75 £ 0.16
Acp(BT = [K-atr~ nt|5K*(892)") = —0.45 £ 0.25
Acp(BT — [K=7F]pat) = 0.00 & 0.09

Acp(BT = [K— 7T 70 pnt) = 0.08 + 0.09

Acp(BY — [KtK=7%]p7nt) = —0.001 + 0.019
Acp(BY — [ata~a0lpnt ) = 0.001 + 0.010
ACP(B+—> [K_7T+](Dﬂ.) ):—009i027

Acp(BY = [K=nt]pyynt) =—07 £ 06

ACP(B+ — [K77T+](Dﬂ.) K+) =08+04

Acp(BT — [K=7t]pyKT) =04 £ 1.0

Acp(BY — [rtn a0lpK*) = —0.02+ 0.15

Acp(BY = [K2K*n~]pK*) =0.00 £0.09 (S=14)
Acp(BT = [KIK-7t]pK*) =0.00 £ 0.07

Acp(BT = [KIK~=at]pnt) = —0.003 + 0.014
Acp(BT = [K3KTn~]prt) = —0.016 £0.025 (S =1.5)
Acp(BT — [K*(892)" KT]pK*) = 0.08 £ 0.05
Acp(Bt — [K*(892)T K~ ]pK*) = 0.07 £ 0.09
Acp(BtT — [K*(892)t K~]p7T) = 0.007 £ 0.016
Acp(BT — [K*(892)" KT]p7T) = —0.013 + 0.020 (S = 1.9)

Acp(B*Y = Dcp41)K*) = 0132 +0.015 (S = 1.8)

AADS(B+ — DK+) = —0.451 £ 0.026

Aaps(BY — Drt) =0.129 4+ 0.014

Aaps(BT — D*(Dy)KT) = —-06+1.3

Aaps(BT — D*(Dr%)Kt) =0.72+0.29
AADS(B — D*(D’y)ﬂ'+) =0.08 £ 0.13

Aaps(BT — D*(Dr%)7t) = —0.14 + 0.06
Aaps(BY — [K—at]pKtm~nt) = -033+£0.35
Aaps(BT — [K~at]pntr—at) = —0.01 £+ 0.09
ACP(B+ — DCP(*I) K+) = —0.10 &+ 0.07

Acp(BT — [KTKT]pKTa~nT) = —0.04 + 0.06
Acp(BY — [rta " ]pKtn~7t) = —0.05 + 0.10
Acp(Bt — [K—7t]pKta~at) = 0.013 + 0.023
Acp(BT — [KT K~ ]prTa~7T) = —0.019 £ 0.015
Acp(BT — [rta~]prtr—nt) = —0.013 + 0.019
Acp(BY — [K=at]prtr—at) = —0.002 £ 0.011
Acp(Bt — D*07t) = —0.0004 + 0.0021 (S = 1.1)
Acp(BT — D}?P(H 7+) = 0.010 + 0.007

Acp(BT — Dgp( 1) at) = —0.09 &+ 0.05

Acp(BT — D*0 K+) =0.012 +£ 0.010 (S = 1.5)
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Acp(B*
Acp(B*
Acp(B*
Acp(B*
Acp(B*t
Acp(BT
Acp(B*
Acp(B*
Acp(B*
Acp(B*t
Acp(B*t
Acp(B*
Acp(B*
Acp(B*t
Acp(B*
Acp(BT
Acp(BT
Acp(B*t
Acp(B*
Acp(Bt
Acp(BT
Acp(B*
Acp(B*
Acp(B*t
Acp(BT
Acp(B*
Acp(BT
Acp(BT
Acp(B*
Acp(B*
Acp(B*t
Acp(Bt
Acp(B*t
Acp(B*
Acp(B*
Acp(B*t
Acp(Bt
Acp(B*
Acp(B*
Acp(BT
Acp(B*
Acp(B*
Acp(B*
Acp(BT
Acp(B*
Acp(B*
Acp(B*
Acp(B*
Acp(B*t

N A A N N e A A N N N T

D&p(s1y KT) = —0.09 £ 0.05 (S =2.6)
D¢ p(—1yKT) =007 £ 0.10

Dcp(41) K*(892)7) = 0.08 + 0.06
Dep(—1)K*(892)1) = —0.23 + 0.22
Dr¢)=00+04

D} D% = (0.5 £ 0.6)%

DitD%) = (—0.5 + 1.5) x 1072
DFD*0) = (1.1 £1.1) x 1072
D*+tD*0) = (1.3 £ 2.6) x 1072
D**tD% = (3.1 + 1.7) x 1072
D*D*0) = (0.0 + 2.4) x 1072

Dt D) = (2.4 £ 1.1) x 1072

K%nt) = —-0.003 +£0.015 (S=11)
K+x0) = 0.027 + 0.012

7' KT) = 0.004 £ 0.011

7' K*(892)T) = —0.26 + 0.27

7' K5(1430)%) = 0.06 + 0.20

7' K3(1430)*) = 0.15 & 0.13

nK+) = —0.37 +0.08

nK*(892)%) = 0.02 + 0.06
nK}3(1430)T) = 0.05 + 0.13
nK3(1430)T) = —0.45 £ 0.30

wKt) = —0.02 +0.04

wK*t) =029 4+0.35

w(Km)gT) = —0.10 £ 0.09
wK3(1430)7) = 0.14 + 0.15

K*Oxt) = -0.021 + 0.032 (S = 1.5)
K*(892)t7%) = —0.39 £ 021 (S =16)
Kta—at) =0.015+0.006 (S =14)
KT K~ K% nonresonant) = 0.06 & 0.05
£(980)°K*) = —0.08 + 0.09
£(1270)K+) = —0.68 {12

f(1500) K*) = 0.28 + 0.30

f4(1525)° K+) = —0.08 755

PP K*) = 0.160 + 0.021

K97t 79) = 0.07 + 0.06
K5(1430)°7F) = 0.061 = 0.032
Kj5(1430)*70) = 0.26 7518
K3(1430)%7%) = 0.057 522

K+ 70729 = —0.06 + 0.07

K%t) = —0.03+£0.15

K*tat7~) = 0.07 + 0.08

PO K*(892)1) = 0.31 + 0.13

K*(892)* £,(980)) = —0.15 + 0.12

af K% =012+ 0.11

bf K% = -0.03 £ 0.15

K*(892)%pt) = —0.01 £ 0.16

BYKT) = —0.46 £ 0.20

KOK*) =0.04 +0.14
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Acp(B*
Acp(B*T
Acp(B*

K+ete=) = —0.02 4+ 0.08
KTete ) =0.14 £ 0.14
Ktptp~) =0.011 + 0.017

Acp(BT — KLK*)=-021+0.14
Acp(BT = KTK2K2) =0.025 + 0.031
Acp(BtY - KtK—nt) = —0.115 4+ 0.008
Acp(BT — K+ K~ 7% nonresonant) = —0.11 + 0.06
Acp(BY = 7t KT K™, myy . < 1.1 GeV) = —0.17 £ 0.07
Acp(BT — KTK*(892)%) = 0.04 + 0.05
Acp(BT — KTK}3(1430)°) = 0.10 + 0.17
Acp(BT = ¢7t) =0.1405
Acp(BY = 71 (KT K™)s_wave) = —0.66 & 0.04
Acp(Bt - KTK—K*) = —0.036 + 0.004
Acp(Bt — ¢KT) =10.017 £ 0.017 (S =1.8)
Acp(BT — Xo(1550)KT) = —0.04 + 0.07
Acp(BT — K*TKTK™) =0.11 + 0.09
Acp(BT — ¢K*(892)T) = —0.01 + 0.08
Acp(BT = ¢(Km)sT) =0.04 £ 0.16
Acp(BT — ¢K;(1270)1) = 0.15 & 0.20
Acp(BY — ¢K3(1430)7) = —0.23 £ 0.20
Acp(BT — Ktg¢) = —0.08 + 0.07
Acp(BY = K*¥[¢¢], ) = 0.10 + 0.08
Acp(Bt — K*(892)Tv) = 0.014 + 0.018
Acp(BT = Xsv) = 0.028 + 0.019
Acp(BT — nKty)=-0.1240.07
Acp(BT — ¢KT+9)=-013+£011 (S=1.1)
Acp(BY — pty)=—-0.1140.33
Acp(BT — 7779 = —0.01 +£0.04 (S=11)
Acp(Bt = nta—xt) =0.076 £ 0.008 (S = 1.5)
Acp(BY = 7t 7970) = (9 4 7) x 1072
Acp(Bt — p0nt) =0.003 + 0.014
Acp(Bt — £(1270)7F) = 0.40 + 0.06
Acp(Bt — p0(1450)7%) = —0.11 £ 0.05
Acp(Bt — p3(1690)7t) = —0.80 + 0.28
Acp(BT = 1(1370)7t) = 0.72 + 0.22
Acp(BT — wFa~xT nonresonant) = —0.14 323
Acp(Bt — ptn®) =0.03 +0.10
Acp(BT — X7T, X = n%7%) =0.18 £ 0.12
Acp(BT — ptp0) = —0.05 £ 0.05
Acp(Bt — wat) = —0.04 + 0.05
Acp(BT — wpt) = —0.20 £ 0.09
Acp(BT — n7T) = —0.14 £ 0.07 (S =14)
Acp(BT — npt) =011+ 0.11
Acp(BT — n/nt) = 0.06 + 0.16
Acp(Bt — 7/pT) =0.26 £ 0.17
Acp(BT — bBYnt) =0.05+0.16
Acp(BT — pprT) =0.00 + 0.04
Acp(BY — ppK') =0.00£0.04 (S=22)
Acp(Bt — ppK*(892)T) = 0.21 £0.16 (S = 1.4)
Acp(BtY — pAy) =017 £ 0.17
Acp(BY — pAr®) =0.01 +0.17

_)

—

—
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Acp(BY — atptp=) = —-0.1140.12
Acp(BY = K*trte—)=-0.09 + 0.14
Acp(BTY = K*ete) = —0.14 +0.23
ACP(B+ — K*,ﬁ/f) =-0.124+0.24
= (65.9129)°
rB(B+ - D° K+) = (9.94 + 0.26) x 1072
op(B* —» DOK*) = (127.7738)°
rg(B* - DPK**) = 0.101 75038
op(B*Y - DOK**) = (a813))°
rg(B* » D**K*) = 0.10475513
op(Bt = D*K*) = (314.871)°

B~ modes are charge conjugates of the modes below. Modes which do not
identify the charge state of the B are listed in the BX/B% ADMIXTURE sec-
tion.

The branching fractions listed below assume 50% B98O and 50% Bt B~
production at the 7°(4S). We have attempted to bring older measurements up
to date by rescaling their assumed 7'(4S) production ratio to 50:50 and their
assumed D, Dg, D*, and + branching ratios to current values whenever this
would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All resonant
subchannels have been corrected for resonance branching fractions to the final
state so the sum of the subchannel branching fractions can exceed that of the
final state.

For inclusive branching fractions, e.g., B — DE X, the values usually are
multiplicities, not branching fractions. They can be greater than one.

Scale factor/

p

B+ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)

Semileptonic and leptonic modes

Ty X [hhh] ( 10.99 + 0.28 )
et veXe ( 108 04 )
X, [hhh] ( 1.65 + 0.21 )
Dituy X [hhh] (9.5 0.7 )
DOty [hhh] ( 2.21 % 0.06 )

DOrtu, (77 +25 )

( )
( )
( )
( )
( )

B

10—

°\°°\°x

D*(2007)0 0% 1, [hhh] 553 + 0.22
5*82007)07+ v, 1.88 + 0.20
DHnmety(n > 1) [hhh] ( 1.83 £ 0.25
D= ntity, [hhh] 3.82 £ 0.20
D3(2460)° ¢ vy, D30 — [nnn] 159 + 0.10
_ D 7t _
Dj(2420)%¢* vy, D0 — [an] (9
D~ rt
D*~atity, [hhh] ( 5.42 + 0.28 ) x 1073
D1(2420)9¢% v, DY — [nhn] (284 + 017 ) x 1073
D*~rt
D} (2430)0¢* vy, DY — [nhn] (17 + 06 )x 1073
D*~ 7t
D3(2460)0 ¢+ vy, D3 — [nhn] ( 1.06 + 0.8 ) x 1073
D*~rt
Dorxta=tty, [hhh] ( 1.73 + 0.19 ) x 10~3
D1(2420)°¢* vy, DY — [hhn] ( 1.05 + 0.14 ) x 103
DOrt o~

e\"o\°o\°><

x 1073
x 1073

HoH B H BB H B H B

H
o

) x 1074

2310
1911
2258
1839

2306
2065

2254
2084

2065

2301
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DOt oty

DY) Kkt ety
[);-l(+_€+_yg
[):_-f<+_€+_ué

700y,

nttu,

AR

OJE*_L%

Pty

atr =ty

PPty

pﬁlﬁ— n

ppetve

E:Ve

vy

T+ Vr

gy

et vey

ut vy

ptupto,

Dox
DX
Dt X
D~ X
+
Dfx
DZ X

DOrt
Dep(ynym™®

 Dep(—ym*

DO /J+

DOk+
Depy1y K*

_7r+ 7 mllp K~
DO Kk*(892)*
Dep(—1)K*(892)F

7.0
6.1

[hhh]
[hhh]

3.0

I+ W K

[hhh]
[hhh]
[hhh]
[hhh]
[hhh]
[hhh]
[hhh]
[hhh]

[hhh]

2.9
7.80
3.5
2.4
1.19
1.58
2.3

I+ B H B HHH R

5.8
5.32

8.2

I+
[RFS
wo

< 98
< 86
( 1.09 +
[hhh] < 3.0
< 43
< 34
< 16

Inclusive modes
( 86
79
2.5
9.9

I+ H W H

(
(
(
(

7.9

I+

( 110

I+

( 21

I+

2.8

97
2

®
I+

4
120

H

(
(
(
(

D, D*, or Ds modes
S

( 461

2.03

2.0

1.34

L] (
(
(
( 364
(
(
(

Lii]

1.80
1.96
3.60
Liil < 2.8
[ii] < 20
Liif] 6.3
1.7
4.6
5.3
2.7

Liii]
fiii]

HoH HHHH R

HoH B H R

fiii]

1.7
1.0

1.4
1.2

1.9

0.27

0.4
0.7

0.09
0.11

0.4

2.6
2.3

0.34

0.24

N

0.10
0.19

0.4

0.18
0.15
0.08

0.18
0.24

1.1
0.4
0.9
0.4
0.8

CL=90%
CL=90%

S=1.2
CL=90%
CL=90%
CL=90%
CL=95%

CL=90%
CL=90%

2248

2242

2185
2638
2611
2553
2582
2583
2636

2467
2446
2467
2640
2639
2341
2640
2640
2639
2634
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Dep(41) K*(892)F lil] ( 62 + 07 )x107% -
DY K*(892)* (54 T 18 )x10-6 213
DOKktgtr— ( 52 +21 )x1074 2237
DOkt KO ( 55 & 1.6 )x1074 2189
DOKTK*(892)° (75 + 17 )x1074 2072
DOrt gty ( 55 £20 )x103 S=3.6 2289
D27t 7t 7~ nonresonant (5 +4 )x1073 2289
DOxt p0 ( 42 +£30 )x1073 2208
DY a;(1260)+ (4 +4 )x1073 2123
Dowrt (41 +09 )x1073 2206
D*(2010)~ 7t 7t ( 135 £ 022 )x10°3 2247
D*(2010)~ Kt 7t (82 + 14 )x1075 2206
D1(2420)% 7+, DY — (84 +15 )x1074 2081
D*(2010)~ 7 *
D—rntnt ( 1.07 £ 0.05 )x10~3 2299
D~ Ktnt (77 £05 )x107° 2260
D}(2300)° K+, D0 — (61 +24 )x1076 -
D— 7t
D3(2460)° K+, D30 — ( 232 £ 023 )x105 -
D~ 7t
D;(2760)° K+, D30 — (36 +£12 )x1076 -
D~ rt
Dt KO 2 x 1076 CcL=90% 2278
Dt Ktzn~ ( 56 + 11 )x1076 2260
Dt 1.2 x 1073 CL=90% 2272
D3(2460)° K+, D30 — 6.3 x 1077 CL=90% -
Dt~
Dt K*0 4.9 x 1077 CL=90% 2211
Dt K*0 1.4 x 1076 CL=90% 2211
D*(2007)0 7t ( 517 + 015 )x 1073 2256
E*C‘JP(+1)7T+ [kkk] ( 2.9 % 06 )x103 -
DZQP(—I)W+ [kkk] ( 2.6 & 1.0 )x 1073 -
D*(2007)°wat (45 £12 )x1073 2149
D*(2007)° pt (98 +17 )x1073 2182
D*(2007)° K+ (419 T 33 )x104 227
5*C‘)P(+1) K+ [kkk] ( 2.75 & 0.35 ) x 1074 -
E*COP(_I) K+ [kkk] ( 2.31 + 031 )x 10~4 -
D*(2007)° K+ (45 +12 )x1076 2227
D*(2007)0 K*(892) ( 81 + 14 )x1074 2156
D*(2007)° Kt KO 1.06 x1073  CL=90% 2132
D*(2007)° K+ K*(892)° (15 + 04 )x1073 2009
D*(2007)0 7t 77— (103 + 012 )% 2236
D*(2007)° a2, (1260)* (19 +05 )% 2063
D*(2007)°r~ 7t ot 70 (18 +04 )% 2219
D037t 27— (57 +12 )x1073 2196
D*(2010)* 70 3.6 x 106 2255
D*(2010)* K° 9.0 x 1076 CL=90% 2225
D*(2010) " 7t 7t 20 (15 +07 )% 2235
D*(2010)~ 7t nt ot 7w~ (26 + 04 )x1073 217
D05+ [ ( 56 + 12 )x1073 -
D;(2420)0 7+ (15 +06 )x1073 S=1.3 2081
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D1(2420)° 7+ x B(DY —
DOrta—)
D1(2420)° 7+ x B(DY —
DOzt 7~ (nonresonant))
D1(2430)%7+, DY —
D*(2010)" x*
D(2550)°xt, DO —
D*(2010)~ 7"
D%(2600)°7F, D3® —
D*(2010)~ 7+
D3(2462)% 7+, D0 — D~ xt
D3(2462)%x+, D30 —
750 rm—at o
D3(2462)°nt, D30 —
D7~ 7 (nonresonant)
D3(2462)° 7+, D30 —
D*(2010)~ 7+
D;;(2400)0 7+
x B(Dj(2400)° — D7)
Dy(2421)07+, DY — D*~xt
D3(2462)%x+, D3 — D*~at
D} (24271)°x+, DY —» D*rt
D1(2420)° 7+ xB(DY —
D0 gt )
D3 (2420)° p*
D3(2460)° ™t
D3(2460)° 7 xB(D3? —
DO rt )
D;(2680)° 7+, D}(2680)° —
_ D gt _
D(2740)° 7+, DO —
D*(2010)~ 7"
D3(2750)°xF, D30 —
D*(2010)~ 7"
D3(2760)% 7+, D%(2760)0 7t —
_ D—at _
D3(3000)°7*, D3(3000)% 7+ —
_ D xt
D3(2460)% p*
DD}
D%(2317)TD°, Dif — D x0
Dgp(2317)* DO x
B(Ds(2317)* — Dit)
Dyp(2317)+ D*(2007)° x
B(Dsp(2317)* — D} x0)
D, ;(2457)t D°

D, ;(2457)1 DO x
B(D,;(2457)* — Df )
D, 7(2457)+ DO x
B(Dys(2457)T —
D;’ atro)

2.5

2.2

3.5

7.2

6.8

3.56
2.2

1.6

21

6.4

7.4
1.98
3.5

1.4
1.3
2.2

8.4

3.3

1.10

1.00

2.0

4.7
9.0

8.0
7.6

31

4.6

2.2

+

+

I+

I+

yx 104

=
o0

09 )x1074
06 )x10~4
14 )x1075
13 )x107%

0.24 )x 1074
1.0 )x 1074

x 1074
1.0 )x 1074
14 )x107%

1.0 )x 1074
0.30 ) x 104
09 )x1074

x 1076

x 1073
x 1073
x 1075
21 )x107°
15 )x107%
0.32 ) x 107°
0.22 ) x 1073
14 )x1076

x 1073
09 )x1073

L6 )y 104

x 104
7 )x1074

yx 1073

HE OR
—Ww o

) x 10—4

x 10~4

S=3.8

CL=90%

S=1.5
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

2081

2081

2079

2136

2081

1996
2063
2063

1977
1815

1605
1605

1511
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D, 7(2457)1 DO x 2.7 x 1074 CL=90% -
B(D;s,(2457)* — DY )
D, 7(2457)+ DY x 9.8 x 1074 CL=90% -
B(D,;(2457)" — D{*)
D, 7(2457)* D*(2007)° ( 120 + 030 )% -
D, 7(2457)1 D*(2007)° x (14 T3 )yx1073 -
B(Ds;(2457)* — DY )
DO Dy;(2536) % x (40 +10 )x1074 1447
B(Ds1(2536)F —
D*(2007)° K+ +
D*(2010)* K?)
DO Dy (2536)F x (22 +07 )x1074 1447
B(Ds1(2536)F —
D*(2007)° K )
D*(2007)° Dy (2536) x ( 55 + 1.6 )x1074 1339
B(Ds1(2536)F —
D*(2007)°K+)
DO Dy (2536)F x (23 +11 )x1074 1447
B(Ds1(2536)t — D*t K9)
DO D, ;(2700)F x ( 56 +£18 )x1074 s=17 -
B(D,;(2700)t — DOKT)
D*0Dg;(2536)F, DY — ( 39 +26 )x1074 1339
D*t KO
DO D, ;(2573)*, DI, — DOK* (8 £15 )x10°6 -
D*0Dy;(2573), DY, — DOK* 2 x10~4  CL=90% 1306
D*(2007)° Dy 4(2573), D}, — 5 x 1074 CL=90% 1306
DO K+
DOD%t (76 + 16 )x1073 1734
D*(2007)° D} ( 82 + 17 )x1073 1737
D*(2007)° DE+ (171 + 024 )% 1651
Dg*)+ D0 (27 +12 )% -
D*(2007)° D*(2010)* (81 + 17 )x1074 1713
DO D*(2010)* + D*(2007)°D+ 1.30 % CL=90% 1792
DO D*(2010) ( 39 +05 )x1074 1792
DOpt ( 38 + 04 )x1074 1866
DOpt KO ( 155 + 0.21 )x 103 1571
D+ D*(2007)° (63 + 17 )x1074 1791
D*(2007)° D+ KO (21 +05 )x1073 1475
DO D*(2010)+ KO ( 38 404 )x1073 1476
D*(2007)° D*(2010)t K© (92 +12 )x1073 1362
DOpO K+ ( 145 + 033 )x 103 S=2.6 1577
D*(2007)° DO K+ ( 226 £ 023 )x1073 1481
D D*(2007)° K+ (63 +05 )x1073 1481
D*(2007)° D*(2007)° K+ (112 + 013 )% 1368
D= Dt K+ (22 +07 )x1074 1571
T*,(2870)0DF, T:0, — (12 +05 )x1075 -
DK™t
T%,(2900)0DF, T¥0, — (67 +23 )x1075 -
D- Kt
D~ D K* nonresonant ( 53 +£18 )x105 1571
D~ D*(2010) " K+ (63 + 11 )x1074 1475
D*(2010)~ DT K+ ( 60 +£13 )x1074 1475
D*(2010)~ D*(2010)* K+ ( 132 £ 018 )x1073 1363
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(D+D*)(D+D*)K
D, Df K+

D;’ 70

D;+ 0

D:n

D;+77

D;’ P°

D;+ /)0

D;'w

D;+w

Dy a1(1260)°
Dt a;(1260)°
Df Kt K=

Do

DIt ¢

D}RO

D;+ 70
D}'K*(892)°
D;{— K*O
DitK*(892)°
D; rt Kt

sz rt Kt

D; mt K*(892)*
Dy mt K*(892)*
Dy KK+

Di” Kt K*

(
(
(

ANNNNNNN_NNANNNNANNAN

A

<

(

<

4.05 £ 0.30 )%

1.2
1.6
2.6
1.4
1.7
3.0
4

4

6
1.8
1.3
7.2
4.2
1.2
3

6
4.4
3.5
35
1.80
1.45
5

7
9.7
15

+
+

+

+
+

+

Charmonium modes

ne Kt
ne K*(892)*
neKtatn™
ne KT w(782)
ncKtn
ne KT 70
776(25)K+
nc(2S)Kt, ne — pp
nc(2S)KT, ne — KOSK:FWi
nc(2S)K*\ e — pprtaT
he(LPYK*, he — J/pmT o~
X(3730)°K*, X0 = n.p
X(3730)°Kk*, X0 — 5.0
ne2(ID)K™*, nea = hey
7762(1D)7T+K05, ne2 — hey
¥(3823)K™T, 9o — J/pmta~
¥2(3823) KT, Wy — J/um
¥3(3842) K, b3 — J/ym
xc1(3872) K+
Xc0(3918) K*
Xc0(3915) K+, x¢eg — DT D~

Xc0(3915) K, xco — nen
Xc0(3915)K+v Xco = McT

(
(

NNNNN_ NN NA

1.10
1.2

3.9
5.3
2.2
6.2
4.4
3.5

3.4

1.12
3.4
4.6
5.7
3.7
11
2.8

1.2

6.1
2.3
2.8
8.1
4.7
1.7

+
+

I+ W

04 )x1074
05 )x107°
x 10—4
x 1075
x 1075
x 1074
x 10—4
x 1074
x 10—4
x 1073
x 1073
1.1 )x 1076
x 10~7
x 105
X 1076
x 1076
X 1076
x 1076
x 1074
0.22 ) x 1074
0.24 )x 1074
x 1073
x 1073
21 )x107°
x 1075

0.07 ) x 1073

82 yx10-3

x 10~4
x 104
x 1074
x 1075
1.0 )x1074
0.8 )x1078

23 yx106

0.18 ) x 1076
X 1076
x 102
x 1076
x 105
x 1074
0.6 )x10~7

&7 yx1076

x 107
06 )x104
x 10~4
33 )x 1070
x 1075
x 1075

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

1429
2270
2215
2235
2178
2197
2138
2195
2136
2080
2015
2149
2141
2079
2242
2185
2172
2172
2112
2222
2164
2138
2076
2149
2088

1751
1646

1684
1475
1588
1723
1320

1141
1100
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X(4014)0Kt, X0 — p.p < 39 x 1075 CL=90% -
X(4014)° K+, X0 = pcnd < 12 x1075  CL=90% -
Tez1(3900)0° K+, TO — < a7 x 1075 CL=90% -
’f]cﬂ'+ T
Tee1(3900)0K*, 7O, — < 43 x10=7  CL=90% -
J/vn
Tee(4020)0 K+, 7O — < 16 x 1075 CL=90% -
nc7r+ T
Xc1(3872) K*(892)™ < 6 x1074  CL=90% 940
xc1(3872) KO, X[ — [nnn] < 6.1 x 1076 CL=90% -
J/9p(1S)nt 70
Xc1(3872) KOnt (30 +£12 )x1074 1085
Tee1(4430)F KO, TH, — < 15 x 1075  CL=95% -
J/prt
Tee1(4430)F KO, TH, — < a7 x 1075 CL=95% -
P(2S) 7t
Tee1 (4430)°K+, TO — < 127 x 1076 CL=90% -
J/vn
$(4230)°0 K, ¢0 — J/pmtaT < 156 x 1075 CL=95% -
»(4230) KT, o — J/yn < 39 x 1077 CL=90% -
P(4360)KT, ¢ — J/yn < 124 x1076  CL=90% -
P(4390) KT, ¢ — J/yn < 241 x1076  CL=90% -
Xc0(3915) KT, xco — J/9¥7 < 14 x 1073 CL=90% -
Xc0(3915) KF, xco — < 38 x1075  CL=90% -
xc1(1P)
X(3930)°K*, X0 = J/gny < 25 x 1076 CL=90% -
J/p(1S)KT ( 1.020+ 0.019) x 1073 1684
J/p(1S)KOxt ( 114 + 011 ) x 1073 1651
J/YAS)K Tt a~ (81 +13 )x1074 S=25 1612
J/P(AS)KT K= K+ ( 337 £ 029 )x107° 1252
Xc0(3915) K™, xco — PP < 71 x1078  CL=95% -
J/¥(1S) K*(892)* ( 143 + 008 )x1073 1571
J/p(1S) K(1270)* (18 +05 )x1073 1402
J/9(1S) K(1400)*F < 5 x 1074 CL=90% 1308
J/p(S)nK+ ( 124 + 014 )x 1074 1510
Xel—odd(3872) KT, < 38 x 1076 CL=90% -
Xel—odd = J/¥1
Y(4160) K™, o — J/vn < 87 x 1077 CL=90% -
J/p(AS)n K+ ( 31 +£04 )x1075 1273
J/p(1S)p KT ( 50 £04 )x1075 1227
J/9(1S) K1(1650), Ki — ¢KT (6 T )x16 -
J/¥(1S)K*(1680)F, K* — ( 34 T13 )x106 -
oK+
J/1b(15) K5(1980), Kj — oK™ (15 32 )x106 -
J/¥(1S)K(1830) T, (13 13 )x106 -
K(1830)" — ¢K+
Xc1(4140) KF, xe1 — (10 +4 )x1076 -
J/(18)¢
Xe1(8278) K, xc1 — ( 36 T %g ) x 1076 -
J/(18)¢
Xc0(4500) K, xco = ( 33 T 21 )x106 -

J(1S)¢
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Xco(4700) K+, xco —

J/p(1S8)¢
JJY(AS)wK*

Xc0(3918) Kt xco = J/tpw
J/p(AS) 7t
JpAS)rtatata—x

1/)(25)7r+7r+7r
J/b(18)p*
J/p(AS) ™

P(25) K*(892)*
v2S)Ktrtr
$(25) p(1020) K+
»(37TT0) KT
Y(3770)K+,9 — DODO
$(3770) K+,4 — DT D~
Y(3TT0)K™, ¢ — pp
Y(3TT0) KT, ¢ — J/yn
$(4040) KT
»(4040)K*, o — Dt D~
P(4160) KT
$(4160)KT, o — DODO
»(4160)K*, o — DY D~
P(4415)K*, ¢ — Dt D~
Y(4415) KT, ¢ — J/yn
X0ty Xco = whaT
Xco™ s Xeo = 7070
Xco K+t
Xco KOt
Xco K*(892)*
Xcl(lp)7r+

)

)
Xc1(1P) K°W+

)

7t xe1(1P)

X2, Xe2 = wom
XC2K+
X62K+1 Xc2 = pprt T
Xc2 K*(892)*
XC2K07T+
Xc2K+7r0
X Ktatn
Xc2(3930) K+, xeo — DT D~

~ e~~~ o~ o~~~

3.20

3.0

3.92
1.17
1.9
4.1
7.3
1.2
5.0
1.46
11
1.2
2.5
2.44
6.24
6.7
4.3
4.0
43
15
9.4

4.6
1.6
11
5.1

15
2.0
9.6

1.51

1.45
21
2.2
4.74
3.0
5.8
3.29
3.74
1.1

11
1.9
1.2
1.24
6.2
1.34
1.6

I+

I+

HoH B H I+

HoH B BB R

HOH B R

+

5
4

0.60
0.32

0.9
0.7

0.09
0.13
0.4
0.5

0.12

0.30
0.21
1.4
0.5
0.7
1.1
0.5
3.5

0.5
0.5
2.7

0.6
0.8

0.15
0.13

0.21

0.5
0.22
0.6
0.4
0.35
0.30

0.4

0.25

0.19
0.6

) x 1076

yx 1074

) x 1075
) x 1075
) x 1073
) % 1073
) x 107

x 1076

x 1073

x10~7
) x 1075
x 1073
x 104
x 1075
x 1075
x 10~4
x 10~4
x 10~4
x 1076
x 1074
x 10~4
x 1075
x 10~7

yx10~4
)><1073
x 1074
) x 1075
) x 1074
) x 1074
) x 10~ 4
) x 1074
) x 10—4
x 1072

x10~7
) x 107
x 10~7
x 1074
) x 1074
x 1075
) x 1074
) x 107

S=1.4
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.3

CL=95%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

1388

1103

1728
1635
1304
1612
1717
1415

644

568

871

665
1348
1284
1116
1179

418
1218
1218
1218

1002

1478

1439
1341
1468
1412
1265
1370
1373
1319

1379

1228
1336
1339
1284
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Xc2(3930) 7T, X2 — mta~ < 1 x10~7  CL=90% 1437

he(1P) K+ ( 37 £12 )x105 1401
he(LP)K*, he — pp < 64 x 1078  CL=95% -

K or K* modes

KOxt ( 239 + 0.06 ) x 1075 2614

Ktn0 ( 1.32 + 0.04 )x 1075 2615

n Kt ( 7.04 £ 025 )x1075 2528

7 K*(892)* (48 T 18 )x106 2472

7' K3(1430)" ( 52 +21 )x1076 -

7 K3(1430)* (28 +05 )x1075 2346

nKt (24 + 04 )x1070 S=1.7 2588

nK*(892)* ( 193 + 016 )x 1075 2534

nK§(1430)" (18 + 04 )x107° -

nK3(1430)* (91 £30 )x10° 2414

n(1295) KT x B(n(1295) — (29 38 )x10-6 2455
nmm)

n(1405) K+ x B(n(1405) — < 13 x1070  CL=90% 2425
nw)

n(1405) K+ x B(n(1405) — < 12 x1070  CL=90% 2425
K*K)

n(1475) Kt x B(n(1475) — (138 T 32 )x107° 2406
K*K)

f1(1285) K+ < 20 x1070  CL=90% 2458

f1(1420) K+ x B(f,(1420) — < 29 x1076  CL=90% 2420
nmm)

f(1420) K+ x B(f;(1420) — < 41 x1076  CL=90% 2420
K*

#(1680) KT x B(¢(1680) — < 34 x 1076 CL=90% 2344
K*K)

fy(1500) K+ (37 +£22 )x1076 2393

wKt (65 + 04 )x1076 2558

wK*(892)*t < 74 x1076  CcL=90% 2503

w(Km)t ( 28 +04 )x1075 -

wK(1430)" (24 +05 )x107° -

w K3(1430)* (21 +04 )x1075 2379

20(980) T K% xB(a9(980)t — < 39 x 106 CL=90% -
nmt)

20(980)° K+ xB(ap(980)0 — < 25 x 1076 cL=90% -
n79)

K*(892)0 nt ( 1.0l + 0.08 )x1075 2562

K*(892) 70 ( 68 + 09 )x1076 2563

Ktr=at ( 510 + 029 )x 1075 2609
K+ a~xt nonresonant ( 1637 32 )x1075 2609
w(782) K+ (6 +9 )x10b 2558
KT £,(980) x B(f,(980) — (94 T 19 )x106 2522

+77)
£(1270)° K+ ( 1.07 + 0.27 ) x 1076 -
f(1370)° K+ x B(f(1370)° - < 107 x1075  CL=90% -
ataT)

p(14500) KT x B(p(1450)0 — < 117 x 1075 CL=90% -

+77)
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5(1525) K+ x B(f}(1525) — < 34 x1076  CL=90% 2394
ataT)
K+ p0 ( 37 +£05 )x1076 2559
K3(1430)07F (39 08 )x105 S=14 2445
K35(1430)0 7t (56 T 22 )x1076 2445
K*(1410)0 7+ < 45 x1075  CL=90% 2448
K*(1680)0 7+ < 12 x 1075 CL=90% 2358
Kt n070 ( 1.62 + 019 )x 1075 2610
£(980) K+ x B(fy — 7970) ( 28 +08 )x10°6 2522
K-ntx < 46 %1078  CL=90% 2609
K~ nt 7% nonresonant < 56 x107%  CL=90% 2609
Kq(1270)0 7t < 40 x 1075 CL=90% 2489
K1(1400)0 7+ < 39 x 1075 CL=90% 2451
KOzt 70 < 66 x 1075 CL=90% 2609
K35(1430)F 70 (119 F 320105 -
KOpt (73 T 19 )x106 2558
K*(892)t mtn— (75 +1.0 )x107° 2557
K*(892)* p0 (46 + 11 )x1076 2504
K*(892) £,(980) ( 42 +£07 )x1076 2466
al KO ( 35 +07 )x1075 -
b KO x B(b] — wnt) (96 +19 )x1076 -
K*(892)0 p* ( 92 +15 )x10°6 2504
Kq(1400)* p° < 78 x10~4  CL=90% 2388
K3(1430)* p0 < 15 x1073  CL=90% 2381
BY K+ x B(B) —» wn?) (91 +20 )x107® -
b K0 x B(bf — wn™) < 59 x 1076 CL=90% -
B K+ x B(bY — wn?) < 67 x 1076 CL=90% -
KTKO ( 132 £ 017 )x 1076 S=1.2 2593
KOK+ 70 < 24 x1075  CL=90% 2578
KT K% KY ( 1.05 + 0.04 ) x 1075 2521
f(980) KT, fo — KK ( 147 + 033 )x 1075 -
H(ATI0)K*, fy —» KK (48 T30 )yx107 -
K+ K% K% nonresonant ( 20 +04 )x1075 2521
KKt < 51 x10=7  CL=90% 2577
KtK—nt ( 52 +04 )x1076 2578
KT K~ a* nonresonant ( 1.68 + 0.26 ) x 10~ 2578
Kt K*(892)° (59 +08 )x10~7 2540
K+ Kp(1430)° ( 38 +13 )x1077 2421
7T (KT K™) s_wave ( 85 +09 )x107 2578
TP KT K™, myy - <11 ( 54 +05 )x106 -
GeV
KTKtn~ < 11 x1078  CL=90% 2578
KT K* 7~ nonresonant < 879 x107%  CL=90% 2578
5(1525) K+ (18 +05 )x10°6 S=1.1 2394
K*Tat K= < 118 x107°  CL=90% 2524
K*(892)* K*(892)° (91 +29 )x10~7 2485
Kt Kt a~ < 61 x1076  CL=90% 2524
KTK= K+ ( 340 + 0.14 ) x107° S=1.4 2523
K+ ¢ (88 T 37 )yx106 S=11 2516
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5(980) Kt x B(fy(980) — (94 £32 )x107° 2522
KtK)
a5(1320) KT x B(ap(1320) — 11 x1070  CL=00% 2449
K+ K™)
Xp(1550) KT x B(Xo(1550) — (43 +07 )x1076 -
K+ K™)
#(1680) KT x B(4(1680) — 8 x10~7  CL=90% 2344
K+K™)
fo(1710) K+ x B(f(1710) — (11 +06 )x100 2327
K+K™)
KT K~ K* nonresonant (2387 328 )x105 2523
K*(892)T KT K~ ( 36 +05 )x107° 2466
K*(892)* ¢ (100 + 20 )x107° S=1.7 2460
KOK+T K=t ( 340 + 033 )x 1074 2494
J/pK*Y, Jjp — KOK— ot ( 54 +12 )x10°° -
xa Kt xa = KOK— 7t ( 225 4+ 025 )x 1076 -
neKt, ne = KOK=xt ( 2.83 £ 030 ) x 105 -
Nc(2S) KT, nc(2S) — (33 +£04 )x1076 -
KOK—nt
KOKt Kt 7~ ( 280 & 030 ) x 1074 2494
JIWK*, Jjp— KOKT 7~ ( 54 + 13 )x107° -
xa Kt xa = KKz~ ( 206 + 032 )x10"6 -
neKt, ne = KOK+ o~ ( 3.00 + 034 )x1075 -
nc(2S) KT, n(2S) — (31 +06 )x1076 -
KOK+m—
o(Km)gt ( 83 + 16 )x1076 -
&Ky (1270)F (61 +£19 )x106 2380
Ky (1400)F 3.2 x1076  CL=90% 2339
HK*(1410)* 43 x1070  CL=90% -
¢ K§(1430)+ (70 + 16 )x1076 -
¢ K3(1430)F ( 84 +21 )x1076 2332
¢ K3(1770)+ 1.50 x 1075 CL=90% -
¢ K5(1820) 1.63 x 1072 CL=90% -
af k0 36 x 1076 CL=90% -
Kt oo ( 42 +08 )x1076 S=2.2 2306
n'n Kt 25 X103 CL=90% 2339
woKt 1.9 x1076  CL=90% 2374
X(1812) KT x B(X — wa) 3.2 x 1077 CL=90% -
K*(892) T~ (392 +022)x105 S=1.7 2564
K1(1270) T 5 (44 0T yx107° 2491
nKty (79 +09 )x1076 2588
7Kty (29 T19 )x106 2528
dKTy (27 +04 )x1076 S=1.2 2516
Ktn—aty ( 258 £ 015 )x 1075 S=1.3 2609
K*(892)0 7t~ ( 233 + 012 )x 1075 2562
KT p0y ( 82 409 )x1076 2559
(Kt7)nrty (99 * 17 yx106 2609
KOrt 20 ( 46 + 05 )x1075 2609
K1(1400)t (10 T35 )x1w6 2453
K*(1410)* v (27 T 38 )x105 -
K3(1430)0 7ty ( 1327 028 )x106 2445
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K3(1430) "y
K*(1680)* v
K3%(1780)*
K;(2045) "y

(14 +04 )x1075

(

<
<

6.7

3.9
9.9

Light unflavored meson

+

hS)

0
+
07T+
7t £(980), fy — 7t~
7t £(1270)

v
rta
atrw

p(1450)°7F, 0 — ata—

p(1450)07F, )0 — KtK—

fH(1370)7t, fo — 7ta~
f(1370)7t, f5 = 700
fo(500)7'r+, fo — ata~
7t 7~ 7t nonresonant
7T+7T07T0
ptad
p(1450)t 70, pt — 7t a0
7+ 7% 7% nonresonant
Xpi+,X = 7070
atratxl
s
pT£(980), fy — 7t~
a1(1260)* 0
a;(1260)% 7+
w7r+
wpt
nrt
npt
't
n'pt
omt
ot
9(980)°7+, & — nn0
a0(980)t 70, aa' — nrt
atrtrta— o~
p%a;(1260)F
p0ay(1320)F
b?fr*, b(l) — wm
bi"ﬂ'o, bi*' — wrt
atrtatr—a—x0
bi*' 0, bi" - wrt
a1(1260)* a1 (1260)°
b?p*, b? - wT

0

(
(
(
(

<

_ANNN AN AN

AN N NN A

9.8
531
1.52
8.3
15

2.2

1.4

1.60
4.0
1.1
4.1

5.3
1.90
1.06

1.2
6
6.9
4.0
2.40
2.0
2.6
2.0
6.9
1.59
4.02
7.0
2.7
9.7
3.2
3.0
5.8
1.4
8.6
6.2
7.2
6.7
3.3
6.3
5.2
1.3
3.3

+

N
— 14

1

modes

+

+
+
+

I+ I+

H

B oW I+ R

H

BB H W B R R

25
0.26
0.14
1.2

0.7
0.6
0.5
0.21
0.27
2.9
0.9
2.2
1.5

2.0

Charged particle (h*) modes

ht = Kkt or ot

ht 70

(

1.6

+

0.7

— 0.6

) x 1075
x 1075
x 1073

) x 10=7
) x 10~
) x 107
) x 10~
x 106

) x 1075

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

$=2.8
S=1.9

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

2447
2360

2340
2242

2583
2636
2630
2581
2545

2484

2434

2460

2630
2631
2581

2631

2622
2523
2486
2494
2494
2580
2522
2609
2553
2551
2492
2539
2480

2608
2433
2410

2592

2336

2636
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wht ( 138 T 327 )x1075 2580
h* XO (Familon) < 49 x 1075 CL=90% -
KtX0, X0 o it~ < 1 x10~7  CL=95% -
Baryon modes
pprt ( 162 + 0.20 )x 1076 2439
pp7T nonresonant < 53 x1075%  CL=90% 2439
pprta® ( 46 + 13 )x106 2407
ppPKt (59 +05 )x1076 S=1.5 2348
o(1710)t+p, OTT — pKT[ooo] < 9.1 x 108  CL=90% -
f;(2220)K*t, f; — pp [ooo] < 4.1 x10~7  CL=90% 2135
pam® < 63 x 1076 CL=90% 2440
pA(1520) (31 +06 )x1077 2322
pP K™ nonresonant < 89 x 1075 CL=90% 2348
ppK*(892)* ( 36 * 38 )x106 215
f1(2220)K**+, f; — pp < 17 x1077  CL=90% 2059
pA (24 T3 )yx107 2430
p Ay (24 0% )x106 2430
pAn? ( 30 * 37 )x106 2402
pX(1385)° < 47 x 1077 CL=90% 2362
AT A < 82 x10~7  CL=90% -
pr~y < 46 x1076  CL=90% 2413
pAnta~ ( 113 + 013 )x 1075 2368
pArt 7w~ nonresonant ( 59 +£11 )x10°° 2368
pAp®, p0 = wta— ( 48 +09 )x106 2014
pAf(1270), £ — wta~ (20 +08 )x1076 2026
PAKT K~ ( 41 +07 )x1076 2132
pAd ( 80 +22 )x10-7 2119
PAKT K= ( 37 +£06 )x106 2132
Nzt < 94 x10~7  CL=90% 2358
AKT ( 34 +06 )x106 2251
AAK* (22 T 12 )x10-6 2098
A(1520)AK* (22 +£07 )x1076 2126
AA(1520) K+ < 208 x 1076 2126
A% < 138 x1076  CL=90% 2403
ATTD < 14 x10~7  CL=90% 2403
Dt pp < 15 x 1073 CL=90% 1860
D*(2010)* pp < 15 x1075  CL=90% 1786
DOpprt ( 372 £ 027 )x 1074 1789
D0pprt ( 373 £ 032 )x10°4 1709
D= pprnta— ( 166 + 030 )x 104 1705
D* pprntn~ ( 186 + 025 )x 1074 1621
pAODO ( 143 + 032 )x 1075 -
pA°D*(2007)° < 5 x1075  CL=90% -
A prt (23 +04 )x1074 S=2.4 1980
AZ A(1232) T < 19 x1075  CL=90% 1928
AZ Ax(1600)TF (47 +10 )x1075 -
AL Ax(2420)TF (38 +08 )x107° -
(_Z; p)smt o] ( 31 + 07 )x1073 -
3 (2520)°p < 3 x 1076 CL=90% 1904

T .(2800)%p ( 27 +09 )x1075 -
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N~ 0
Acpmm
AEPTF+ 7r+ 7r7
AcprtatrTw
ATADKT
 Zc(2930)AF, = = KTAD
(2455)°p

X (2455)0 pr0

T (2455)0 prwt

X (2455)" prtat
Nc(2593)7 / Ac(2625)~ prt
E?O/T+

-—c'c

0

20 Zta
205 AKt o

20 pk—K—at

AT Z(2790)°

<
<

(

1.8
2.2
1.34
4.9
1.7
3.0
3.5
35
2.38
1.9
9.5
1.76
1.14
55
6.5
7.9
1.1

+ 06 )x1073
+ 07 )x1073
%
+ 07 )x1074
+ 05 )x1074
+ 07 )x1075
+ 1.1 )x107%
+ 1.1 )x1074
+ 019 ) x 1074
x 10~4
+ 23 )x107%
+ 029 ) x 1075
+ 0.26 ) x 1072
+ 1.9 )x1076
x10~4
x 1074

+ 04 )x1073

CL=90%

CL=90%

CL=90%
CL=90%

Lepton Family number (LF) or Lepton number (L) or Baryon number (B)
violating modes, or/and AB = 1 weak neutral current (B1) modes

ntete- BI
ntete~ BI
T ;ﬁ' wo B1
rtvo Bl
Ktete BI
Ktete~ B1
Kt putu~ BI1

KT it p~nonresonant  B1
Ktrtr~ BI1
Ktov B1
p+1/P B1
K*(892)* ¢+~ B1
K*(892)*T et e~ BI
K*(892)* T p~ B1
K*(892)t v BI
Ktrta—utpu~ B1
oKt utp~ B1
Apvv BI
T e+p’ LF
ate put LF
atet T LF
ntetr™ LF
nte 1t LF
ntet ¥ LF
T u+ T LF
ot wo rt LF
ot LF
Ktetpu~ LF
Kte put LF
Ktet,F LF
Ktetr™ LF
Kte 7t LF
Kte*rF LF

[hhh]

[hhh]

<
<

(

<

(
(
(
(

ANNNNNANNNNANNNNNANNANNNAN

4.9
8.0
1.78
1.4
4.7
5.6
4.53
4.37
2.25
1.6
3.0
1.01

1.55

9.6
4.0
4.3

7.9

3.0
6.4
6.4
1.7
7.4
2.0
7.5
6.2
45
7.2
7.0
6.4
9.1
1.53
1.5
3.0

x 108
x 1078
0.23 ) x 1078
x 1075
05 )x10~7
06 )x1077
0.35 ) x10~7
0.27 ) x 10~7
x 103
x 1075
x 1075
0.11 ) x 10~°

0.40
0.31

1.0 )x1077
x 107>
0.4 )x10~7

21
1.7

) x 1076

)x 108
x 1075
x 1073
x 1073
x 10~7

10~°

107°

1075

1075

1075

107°

1079

1079

x 1078

x 1075

x 105

X X X X X X X X

CL=90%
CL=90%

CL=90%
S=2.3

S=1.8

CL=90%
CL=90%
CL=90%

S=1.1

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

1935
1880
1823

739

1938
1896
1845
1845
1144
1144
1144

1023

2638
2638
2634
2638
2617
2617
2612
2612
1687
2617
2583
2564

2564

2560
2564
2593

2490

2430
2637
2637
2637
2338
2338
2338
2334
2334
2334
2616
2616
2616
2312
2312
2312
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Ktputr= LF < 245 x1075  CL=90% 2298
Ktu—rt LF < 59 x1070  CL=90% 2298
Kt uxrF LF < 48 %1075  CL=90% 2298
K*(892)F et~ LF < 13 X106  CL=90% 2563
K*(892) T e~ put LF < 99 x10~7  CL=90% 2563
K*(892)t et uF LF < 14 x 1076 CL=90% 2563
n-etet L < 23 x1078  CL=90% 2638
TR Tas L < 40 x1079  CL=95% 2634
- etput L < 15 x10~7  CL=90% 2637
petet L < 17 x10~7  CL=90% 2583
pptput L < 42 x10~7  CL=90% 2578
p etput L < a7 x10~7  CL=90% 2582
K- etet L < 30 x1078  CL=90% 2617
K= ptput L < 4l x1078  CL=90% 2612
K- etput L < 16 x1077  CL=90% 2616
K*(892)~ etet L < 40 x1077  CL=90% 2564
K*(892)~ ptpt L < 59 x10~7  CL=90% 2560
K*(892)~ et put L < 30 x10~7  CL=90% 2563
D~ etet L < 26 x1076  CL=90% 2309
D~ etput L < 18 x1076  CL=90% 2307
D~ utput L < 69 x1077  CL=95% 2303
D*~ utut L < 24 %1076 CL=95% 2251
Dy ptpt L < 58 x10~7  CL=95% 2267
DOr— ptpt L < 15 x1076  CL=95% 2295
A0yt LB < 6 %108  CL=90% -
Net LB < 32 x1078  CL=90% -
A0yt LB < 6 x1078  CL=90% -
Aet LB < 8 x1078  CL=90% -

See Particle Listings for 15 decay modes that have been seen / not seen.

BO

1JP) = 1(07)

I, J, P need confirmation. Quantum numbers shown are quark-model

predictions.

Mass mpgo = 5279.72 & 0.08 MeV

mBo —

T g+ /T go = 1.076 £ 0.004

cr = 454.8 um

mgs = 0.31 £ 0.05 MeV
Mean life 7 go = (1.517 4 0.004) x 10712 5

BO9-B° mixing parameters
x4 (B%-BY mixing probability) = 0.1860 & 0.0011

AmBO = mB% - m

CP viola

Re(ego)/(1+]ego?) = (—0.5 + 0.4) x 1073

tion parameters

qQ =
BL

(direct measurements)

(0.5069 + 0.0019) x 1012  s~1

= (3.336 & 0.013) x 10710 MeV
Xg = Ampgo/T go = 0.7697 =+ 0.0035
Re(Acp / |Acp|) Re(z) = 0.047 £ 0.022
AT Re(z) = —0.007 + 0.004 ps~!

Re(z) = (—4 £ 4) x 1072 (S = 1.4)
Im(z) = (—0.8 + 0.4) x 102

At/cp(B » B%) = 0.005 + 0.018
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Acp(B°
Acp(B°
Acp(B°

— D*(2010)* D7) = 0.013 £ 0.014
ﬁ
—

Acp(B® —
-
-

DO70) = (0.4 £2.4) x 1072
Kt*K=1p K*(892)0) = —0.05 + 0.10
7] p K*(892)°) = 0.047 4 0.029
K+7r ataIp K*(892)°) = 0.037 + 0.034
Acp(B° 7t]p K*(892)%) = 0.19 4 0.19
Acp(B® — K‘w+ ata™ |p K*(892)%) = —0.01 + 0.24
Ry =T(B® = [xtK~]pK*®) /(B > [~ KT]pK*0) =
0.064 + 0.021
Ry =T(B® = [r~K*]pK*®) /T(B® = [rt* K ]pK*0) =
0.095 + 0.021
Acp(B® — [t a7 ]pK*(892)°) = —0.18 + 0.14
Acp(B® = [t a~nt 77 ]p K*(892)°) = —0.03 + 0.15
Ry =T(B® = [rt K- rtx~]pK™) /(B® —
[7~ KT7t 7~ ]1p K*0) = 0.074 + 0.026
Ry =T(B® — [+~ K*trtz~]pK™?) /T(B® —
[T K~ 7t 7~ ]p K*0) = 0.072 & 0.025
Acp (B® » K*7~) = —0.0831 + 0.0031

%
Acp(B® = [
L
[

Acp(B® — 7/ K*(892)%) = —0.07 £ 0.18
Acp(BY — 1/ K3(1430)%) = —0.19 £ 0.17
Acp(B® — 1/ K3(1430)°) = 0.14 £ 0.18
Acp(B® = nK*(892)°) = 0.19 + 0.05
Acp(BY — nK§(1430)°) = 0.06 + 0.13
Acp(BY — 1K3(1430)°) = —0.07 £ 0.19
Acp(B® = b KT) = —0.07 £0.12
Acp(BY = wK*0) =0.45 + 0.25

Acp(B® = w(Km)g?) = —0.07 + 0.09
Acp(BY = wK3(1430)°) = —0.37 + 0.17
Acp(B® — —79) = (0 £ 6) x 1072
Acp(B® — p~Kt) =0.20 +0.11

Acp(B® — p(1450)~ K1) = —0.10 + 0.33
Acp(B® — p(1700)" Kt) = —0.4 + 0.6
Acp(B® — K+ n~7%nonresonant) = 0.10 + 0.18
Acp(B® — KO7ztzr~) = —0.01+0.05
Acp(B® - K*(892)*7~) = —0.27 + 0.04
Acp(B® = (Km)gt ™) = 0.02 £ 0.04
Acp(B® — K*(1430)+ 77) = —029 £ 0.24
Acp(BY — K*(1680)+ 77) = —0.07 £ 0.14
Acp(BY — £(980)KY) = 0.28 + 0.31
Acp(BY - (Km)i0 0) —0.15 4+ 0.11
Acp(B® — K*%O) = —0.15 £ 0.13
Acp(B® — K*(892)%xt77) = 0.07 + 0.05
Acp(B® — K*(892)°p0%) = —0.06 + 0.09
Acp(B® — K*0£(980)) = 0.07 £ 0.10
Acp(BY — K*Tp~) =021+0.15
Acp(B® — K*(892)° KT K~) = 0.01 + 0.05
Acp(B® = af K*) = —0.16 £ 0.12
Acp(B® — KOKO) = —0.6 + 0.7

Acp(B® — K*(892)°¢) = 0.00 + 0.04
Acp(B® — K*(892)°K—7t) =02+ 04
Acp(B® = ¢(Km)0) = 0.12 £ 0.08
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Acp(BY — ¢K3(1430)%) = —0.11 £ 0.10
Acp(B® — K*(892)°y) = —0.006 + 0.011
Acp(BY — K3(1430)°4) = —0.08 + 0.15
Acp(B® = Xsv) = —0.009 + 0.018
Acp(B® = pta~) =013+0.06 (S=1.1)
Acp(B® — p~ ) = —0.08 + 0.08
Acp(B® = a;(1260)* 7 F) = —0.07 + 0.06
Acp(BY — by ) = —0.05+0.10
Acp(B® — ppK*(892)°) = 0.05 + 0.12
Acp(B® — pAz~) =0.04 +0.07

Acp(B® — K*0¢tem) = —0.05 4+ 0.10
Acp(BY — K*0ete™) = -021+0.19
Acp(B® = K*Out ™) = —0.034 + 0.024

Cp p+ (BY — D*(2010)~ DF) = —0.02 + 0.08
Sps-p+ (B® = D*(2010)~ D+) = —0.83 =+ 0.09
Cpus p- (BY = D*(2010)* D7) = —0.03 & 0.09
Spw+ p- (B® = D*(2010)+ D~) = —0.80 + 0.09

(S=11)

Cpes pe- (BY = D*FD*7) =0.01£0.09 (S=1.6)
Spwpe- (B = D*tD*7) = —059 £ 0.14 (S =1.8)

Cy (B » D**D*7) =0.00+ 0.10 (S = 1.6)

S; (B = D*t*D*") = —0.73 + 0.09
C_ (B - D**D*7) =0.19 + 031
S_(B"— D**D*)=01+16 (S=23.5)

C (B% — D*(2010)* D*(2010)~ os) =0.01 £ 0.29
K%) =01+04

S(B° —» D*(2010)+ D*(2010)~

Cpip- (B — D¥D~ )770221024 (S = 2.5)

Sp+p- (B = D¥D™) = 0767315 (S=12)
(15) 70 (B —» J/9(1S)7%) = 0.03+£0.17 (S =1.5)

Copp

S1/4(15) 70 (B = J/9(1S)n%) = —0.88 £0.32 (S=22)

C(BY — J/9(1S5)p%) = —0.06 + 0.06
S(B® — J/%(15)p%) = —0.667 315

C o) o (B° = DULAO) = —0.02 + 0.08
CcP (*) 0

S BY - DGLA0) = —0.66 + 0.12
i) 10 ( cph)

Cyo0 (B = KO70) =0.00 + 0.08
Sko.0 (BY = K° °)—064iOl3

Cyoseyky (B® = 7/(958)K§) = —0.04 £020 (S =25)
Sy (958) K (B — 1/(958)K%) =043 £ 0.17 (S =1.5)

Gy ko (BO — 7' K% = —0.06 + 0.04
Syko (B = n'K®) =063+ 0.06
CwKo (B -+ wK2)=0.0+04 (S=3.0)

Ko (B® —» wK®) =0.70 £ 0.21
C(B0 — K%7070) = —0.21 + 0.20
S (B K%Tr"fr‘)) =0.89%937
Coko (BY = p"KY) = —0.04 =020

S
5,0 K0 (B® = p°K2) =050%037
0 0y —

Crko (B° = f(980)KE) = 0.29 + 0.20
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ShKL (B® - £(980)KY) = —0.50 + 0.16
Spky (B = H(1270)K§) = —05 £ 05
o KY (BY = £(1270)K%) =03 + 0.4
S,k (B? = £(1300)KS) = 0.2+ 05

Cr yo (B = £,(1300)K%) = 0.13 £ 0.35

xS
S0+ = (BY = KOmt 7~ nonresonant) = —0.01 & 0.33
Cyo 4 o (B® = Ko7t 7~ nonresonant) = 0.01 + 0.26

Cka ko (B » K%K =00+04 (S=14)
0 0 40\ —

Sk K2 (B - K%KQ)=-08+05

Ches - K (B® — K*K~KY nonresonant) = 0.06 + 0.08

Sk+ K- KQ (B® - K*K~K% nonresonant) = —0.66 + 0.11

Cher k- KQ (B® - K* K~ KY inclusive) = 0.01 + 0.09

Sk+ K- KQ (B® - K*K~KY inclusive) = —0.65 + 0.12

C B® — $K%) = —-0.09+0.12

d’KOS ( ¢ 5)

SeKd (B = ¢K%) =058 £ 0.12

CrsKsks(B® = KsKsKs) = —0.14 4 0.12

Sksksks(BY = KsKsKs) = —0.82 £ 0.17

CKgWOA/(BO = K%704) =036 +0.33

SKOSWOW(BO — K%7%9) = -08+0.6

CK%WJW,W(BO — Kyrta=y)=-039+020

SKgnww(Bo — Klrtn=9) =014 £ 025

Cieo, (B = K*(892)%) = —0.04 £0.16 (S =1.2)

Sk, (B = K*(892)%) = —0.15 + 0.22

Cyko- (BY = nK%y) = 0104 (S=14)

(B® = nK%) =—-05+05 (5=1.2)

Cho gy (B = KO¢ny) = 70.30f 0.6

Sk0gy (B = K%)= 0.757]

aB® — K%p%y) = —0.05+0.19

S(BY —» K%pPy)=-0.04+023

C(BY = p09)=04+05

S(BY = P9 =-08+07

Cex (BY 5 7to™) = —0.314 £ 0.030

Spx (B = wta™) = —0.670 £ 0.030

Coo,0(B® = 7070) = —0.30 £ 0.20

Cor (B = pt7r7) =-0.03£007 (S=1.2)

Spr (B® = pTa~) =0.05 £ 0.07

ACyr (B® = pta™) = 0.27 £ 0.06

AS,; (BY — pta™) =0.01+0.08

Co 0 (B = p%7%) =0.27 + 0.24

S 070 (B = p979) = —0.23 +0.34

Cayn (B = a1(1260)t 77) = —0.05 £ 0.11

Sayr (B = a1(1260)"77) = —02+ 04 (S=32)

ACy x (B » a(1260)*77) =043 £ 0.14 (S = 1.3)

SiKoy
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AS, » (B — a(1260)T77) = —0.11 + 0.12
C(B® = by K*)=—-022+0.24
AC(B° - b_1r+) = —1.04 + 0.24
Cpop0 (B - p°p°) =02+09

popo (B — p°p°) =03+07

Cop (BY = p*p~) =0.00 £ 0.09
Spp (BY = ptp7)=-014+013
[A] (B® — J/pK*(892)%) < 0.25, CL = 95%
cos 26 (BY — J/yK*(892)%) = 1.7+07 (S =16)
cos 28 (BY = [KYnt 7~y A0) = 0.91 £ 025
(S4 +S-)/2(B® = D* xt) = —0.039 + 0.011
(S- —S4)/2 (B = D* %) = —0.009 + 0.015
(Sy +5S.)/2(B° — D~ nt) = —0.046 + 0.023
(S- —S4)/2(B® — D~ at) = —0.022 + 0.021
Sy (B = D~ xt) =0.058 + 0.023
S_(B® — Dtx~)=0.038 + 0.021
(Sy +5.)/2 (B —» D™ pt) = —0.024 + 0.032
(S- —S4)/2 (B = D™ pt)=-0.10 + 0.06
CT/CKOS (B = ncKY) =0.08 £0.13
Sne K2 (B® =+ ncK%) =093 £0.17
CCEK (B = ctK(™)%) = (~0.5 + 1.5) x 1072
sm(2ﬂ) = 0.709 £ 0.011

C/p(ns) KO (BY = J/¢(nS)K9) = (—0.8 + 1.7) x 1072
S,/4(ns) KO (BY = J/(nS)K®) = 0.701 + 0.017
CWK*O (B —» J/¢¥K*0) =0.03 £ 0.10

S /4K (B® = J/¢K*0) =0.60 & 0.25
Creok? (B® = xcoK%) =-03103
SXOKO (B = xcoK%) =-07+05

Gk (BY = xc1 K2) = 0.06 £ 0.07
lexo (B = xc1K3) =063 +0.10
sm(2ﬁefr)(50 — ¢K%) =0.22 +0.30
Sin(2Befr) (B — ¢ K}5(1430)%) = 0.97 7523
sin(2Begr)(B® — K+ K~ K3) = 0777513
SIN(2Beff) (B — [KEat 7] 50 %) = 0.80 + 0.16
Ber(BY — [KYnt 7~ ] 50 ho) = (22 £5)°
266t (BY — J/wp) = (421 19)°

[A] (BY = [K¥mta~]p M) =1.01+0.08
|sin(28 + )| > 0.40, CL = 90%

2 84+~ = (80 £ 60)°

o= (841733

x4 (B® = DK*0) =0.04 + 0.17

x_(B® - DK*) = —-0.16 + 0.14

y.(BY — DK*0) = —0.68 + 0.22

y_(B® - DK*) =020+ 025 (S=1.2)
rgo(B® = DK*0) =o. 257“3-3%

0go(B® = DK*0) = (194.113%)°
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acp(BY —» ppKta~) =(05+09)%
ap(BY = ppKTn~) = (1.5+0.9)%

B0 modes are charge conjugates of the modes below. Reactions indicate the
weak decay vertex and do not include mixing. Modes which do not identify the
charge state of the B are listed in the B:k/B0 ADMIXTURE section.

The branching fractions listed below assume 50% BOBY and 50% B+ B~
production at the 7°(4S). We have attempted to bring older measurements up
to date by rescaling their assumed 7°(4S) production ratio to 50:50 and their
assumed D, Dg, D*, and + branching ratios to current values whenever this
would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All resonant
subchannels have been corrected for resonance branching fractions to the final
state so the sum of the subchannel branching fractions can exceed that of the
final state.

For inclusive branching fractions, e.g.,, B — DiX, the values usually are
multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
B0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ty X [hhh] ( 10.33+ 0.28) % -
et ve X (101 + 04)% -
(tupX, [hhh] ( 151+ 0.19) x 10~3 -
Dituyy X [hhh] ( 9.1 + 0.8 )% -
D= tty, [hhh]  ( 2.12+ 0.06) % 2309
D= rtu. (99 +21)x103 1909
D*(2010)~ ¢+, [hhh] ( 4.90+ 0.12) % 2257
D*g2010)*r+uT ( 145+ 0.10) % s=1.3 1838
D@ ngety(n > 1) [hhh] (2.3 + 05 )% -
DOn—rtuy, [nhh] ( 3.64+ 0.20) x 103 2308
D§(2300)~ £t vy, Dy~ — [hnn] < 4.4 x 1074 CL=90% -
DOn—
D3(2460) €T vy, D5~ — [nnh] ( 1.41% 0.20) x 103 S=1.7 2065
o DOr—
D*0 7= ¢t vy [hhh] ( 5.44+ 0.28) x 10~3 2256
Dy(2420) £t vy, DT —  [nhh] ( 2.85+ 0.25)x 1073 -
D07
Dy(2420) £tw,, DT —  [whh] ( 1.02+ 0.16) x 1073 -
, Dt~ .
D (2430)" ¢t vy, DI —  [whh] ( 25 + 0.6 )x 1073 -
D07
D;(Z%O)*E+ vy, DZ_ —  [hhh] ( 6.6 + 1.1 )x 1074 2065
D07
D= atatty, [hhh]  ( 1.45+ 0.22) x 103 2299
D~ ata=tty, [hnn] ( 5.1 + 23 )x 104 2247
p Ty, [hhh]  ( 2.94+ 0.21) x 104 2583
7Ty, [hhh] ( 1.50+ 0.06) x 104 2638
"1y, < 25 x 1074 CL=90% 2339
Inclusive modes
KEX (78 +8 )% -
DO X ( 81+ 15)% -
DOX (474 £ 28)% -
Dt X < 39 % CL=90% -
D= X (369 £33)% -
DFX (103 F 21 )9% -
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D; X < 26 % CL=90% -
AT X < 31 % CL=90% -
A X (50T 28y% -
X (95 +£5 )% -
cX (246 £ 31)% -
c/cX (119 +£6 )% -
D, D*, or Ds modes
D7t ( 251+ 0.08) x 103 2306
D~ pt (76 + 12)x103 2235
D~ KOxt ( 49 + 09 )x10~4 2259
D~ K*(892)* ( 45+ 07)x107% 211
D~ wrt ( 28 + 06)x103 2204
D— Kt ( 2.05+ 0.08) x 10~4 2279
D~ Ktata~ ( 35+ 08)x1074 2236
D= K*KO < 31 x10~4  CL=90% 2188
D~ KT K*(892)° ( 88+ 19)x1074 2070
DOrt o~ ( 88 + 05 )x10~4 2301
D*(2010)~ 7+ ( 2.66+ 0.07) x 1073 2255
DOKt K~ ( 61 %+ 05)x107> 2191
D= ntatn— ( 6.0 % 06 )x103 2287
(D=7t 7 77) nonresonant ( 39 £ 19)x103 2287
Dt p0 (11 + 1.0 )x10~3 2206
D~ a,(1260)* ( 60 +33)x103 2121
D*(2010)~ zt 70 ( 15+ 05)% 2248
D*(2010)~ pt (68 + 09 )x1073 2180
D*(2010)~ K+ ( 216+ 0.08) x 10~4 2226
D*(2010)~ K=t ( 30+ 08)x1074 2205
D*(2010)~ K*(892)* ( 33+ 06)x10"4 2155
D*(2010)~ K+ K < 47 x10~4  cL=90% 2131
D*(2010)~ Kt K*(892)° ( 1294 0.33)x 1073 2007
D*(2010) "zt 7t~ ( 721+ 0.29) x 103 2235
(D*(2010)~ 7+ 7 7~) nonres- ( 00+ 25)x103 2235
onant
D*(2010)~ 7t p° ( 57 + 32 )x1073 2150
_ D*(2010)~ a;(1260) ™ ( 130+ 027) % 2061
Dy (24207~ =t, DY — ( 147+ 035)x 1074 -
D*~ 7t
D*(2010)" Kt 7= nt ( 47 + 04 )x1074 2181
D*(2010)" 7t 7t 7~ 70 ( 176+ 027) % 2218
D*~ 3t 27— ( 47 £ 09 )x10-3 2195
D*(2010)~wnt ( 246+ 0.18) x 1073 S=1.2 2148
Dy(2430)°w, DY —» D*~xt ( 27+ 38 )x104 1992
D*~ p(1450)*, pt — wnt ( 107t 8:‘3‘2) x 1073 -
Dy(2420)°w, DY —» D*~xt ( 7.0 + 22)x1075 1995
D3(2460)°w, D — D*~ 7t (40 + 1.4 )x107° 1975
D*~ by (1235)*, bf — wrt < 7 x 1075  CL=90% -
D~ gt (1.9 £ 0.9 )x1073 -
Dy (2420)~7*, D — ( 99 7% 320)x10°5 -
D nta~
D;(2420)"«t, D] — < 33 x107°  CL=90% -
D gata—
D3(2460)~ xt, D}~ — DOn— ( 238+ 0.16) x 10~4 2062
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Dj(2400)"x+, Dy~ — DO~

D3(2460)~7F, D3~ —

D gta—

D3(2460)~

pop°

D*OBO

p-Dt

D* D*F (CP-averaged)

D~ D}

D*(2010)~ D}

D~ Dt

D*(2010)~ Di*

Dgo(2317) K, Dy — Dgm°

Dso(2317) " x+, Dy — D 70

D,7(2457)" K*, D_; — D7 x°

Dy ;(2457)~ 7, D, — D, n°
+

DLDer

bs s

DS DS

D%y(2317)* D=, Dif — DY a0

Dso(2317)t D=, D}y — Dty

Dgo(2317)+ D*(2010)~, Ddy —
DT A0

)t D~
Dy;(2457)* D=, D, —» D}
Dy;(2457)* D=, Df, — DIt
D, 7(2457)t D™, D;f]—>

D+7r+7r_
D,;(2457)* D, Dt — Dfad

D*(2010)~ D, ;(2457)*
Dy ;(2457)* D*(2010), DY, —
+
Dy .
D™ Ds1(2536)", D —
DK+ + D*t KO
D~ D1 (2536)F, D} —
[)*0 f(+
D~ D1 (2536)F, DY —
D*t KO
D*(2010)~ Dg1(2536)*, D& —
D*O K+ + D*+ KO
D*(2010)~ Ds;(2536) %,
DY — DK+
D*~ D1 (2536)*, D& —
D*t KO
D~ Dy y(2573)*, Df, —
DOK*
D*(2010)~ Dy (2573)*, D, —
DOK*
D~ Dy y(2700)*, Df, —
DOK*
Dt n—

AN NN AN ANA

7.6 &
2.4

4.9
14 +
2.9
211+
6.1 &
72 &
8.0 +
74 &
1774
42 +
2.5
9.4
4.0
3.6
13
2.4
1.06+
9.5
15 +

35 &
65

6.0
2.0

3.6
9.3 £

23t

2.8 &
1.7 £
26 +
50 £
33 £
5.0 &

34 &

7.1 =

73 +

0.8 )x 1073
x 1073

x 1073
0.7 ) x 1073
x 104
0.18) x 10~ 4
0.6 )x 1074
08 )x103
1.1 )x103
16 ) x 1073
0.14) %
1.4 )x107°
x 1070
x 1076
x 1076
x 1072
x10~4
x 10~4
0.16) x 10—3
x 1074
0.6 )x 1073

11 )x1073

1T )yx104

x 104
x 10~4

x10~4
22 )x 1073

0.9
0.7

) x 1073
0.7 )x 1074
0.6 )x 1074
11)x107%
1.4 )x107%
11)x107%
17 )yx 1074
1.8 )x107°

x 1074
12 )x 1074

12 )x10~7

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.1
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

2090

1974
1868
1794
1864

1812
1735
1732
1649
2097
2128

1759
1675
1584
1602

1509

1444

1444

1444

1336

1336

1336

1414

1304

2306



Meson Summary Table 105
Dir= ( 2.03+ 0.18) x 1075 271
Ditn~ (21 % 04)x1075 s=14 2215
D¥p~ < 24 x 1075 CL=90% 2197
Ditp~ (41 + 13)x1075 2138
DY ay < 19 x 1075 CL=90% -
Ditay < 36 x 1075 CL=90% -
DY a1(1260)~ < 21 x1073  CL=90% 2080
Dt a1 (1260)~ < 17 x1073  CL=90% 2015
Dfay < 19 x 1074 CL=90% -
Dita, < 20 x1074  CL=90% -
Dy K* ( 27 £05)x107° S=2.7 2242
Dy K+ ( 2.19+ 0.30) x 107 2185
D1 (2536)F K, D — ( 51 4 06)x1076 -

D*(2007)° K~
D, K*(892)* ( 35+ 1.0)x107° 2172
D}~ K*(892)" ( 3277 13)x10°5 2112
Dy at KO (97 + 1.4 )x1075 2022
D mt KO < 110 x1074  CL=90% 2164
Dy Ktrta™ ( 1.7 £ 05 )x1074 2198
D, =+ K*(892)° < 30 x1073  CcL=9%0% 2138
DIt K*(892)° < 16 x1073  CL=90% 2076
DOKO ( 55+ 0.4 )x107° 2280
DOK*n— (88 + 1.7 )x1075 2262
DO K*(892)° ( 45 + 06)x107> 213
DO K*(1410)° < 67 x107%  CL=90% 2062
DO K(1430)° (7 £7 )x107® 2058
DO K3(1430)0 ( 21+ 09)x107° 2057
D§(2300)~ K+, D§~ — ( 1.9 £ 09 )x1075 -
DOr—

D3(2460)~ K+, D3~ — ( 2.03+ 0.35)x107° 2029
DOr—

D3(2760)~ K+, D} — < 10 x 1076 CL=90% -
DOr—

DY K+ 7~ nonresonant < 37 x1075  CL=90% 2262
[Kt K~ ]p K*(892)° ( 42+ 07)x1075 -
[7T 7~ 1p K*(892)° ( 60+ 11)x1073 -
[t a7t 7 ] p K™ ( 46 + 09 )x107° -
D70 ( 2.67+ 0.09) x 10~4 2308
DO 0 ( 321+ 0.21) x 10~4 2037
DO ( 156+ 0.21) x 10—4 -
DOy ( 256+ 0.12) x 1074 2274
DOy ( 1.38% 0.16) x 10—4 s=13 2198
Dow ( 2544 0.16) x 10~4 2235
D% (77 +23)x10~7 2183
DOK+ 7~ ( 53+ 32)x107° 2262

DO K*(892)° ( 3.0 £ 06)x10° 213
D*0~ < 25 x 1075 CL=90% 2258
D*(2007)0 70 ( 22 +06)x1074 $S=26 2256
D*(2007)° p° < 51 x10~4  CL=90% 2182
D*(2007)%7 ( 23 + 06 )x1074 S=28 2220
D*(2007)0 ¢/ ( 140+ 0.22) x 1074 2141
D*(2007)% 7t 7~ ( 62+ 22)x1074 2249
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D*(2007)° K+ 7~
D*(2007)° KO
D*(2007)° K*(892)°
D*(2007)%¢
D*(2007)° K*(892)°
D*(2007)° 7t wt o m
D*(2010)* D*(2010)~
D*(2007)%w
D*(2010)* D~
D*(2007)° D*(2007)°
D~ DK+
D~ D*(2007)° K+
D*(2010)~ DO K+
D*(2010)~ D*(2007)° K+
D~ Dt KO
D*(2010)~ Dt KO +

D~ D*(2010)* KO
D*(2010)~ D*(2010)* K©

D*~ Dg;(2536)*, D& —

DO D*(2007)° KO +
D*(2007)° DO KO
D*(2007)° D*(2007)° K©

(D+D*)(D+D*)K

ne K°
nc(1S)K* 7~
ne(1S)KT 7~ (NR)

Tee(4100) KT, T —

NeT
nc(1S) K*(1410)°
nc(1S) K§(1430)°
nc(1S) K5(1430)°
ne(1S) K*(1680)°
ne(1S) K§(1950)0

ne K*(892)°

nc(2S)KY, ne — pprtn-

nc(25) K*0

he(1P) K

he(1P) K*0

J/1%(1S) KO

J/Pp(AS)K T 7~
J/1(15) K*(892)°

J/’z/;(lS)nKOS

J/$(1S)n' K3

J1/1(1S) p KO

1/1(1S)wKO

Xc0(3915), xco = J/Yw

J/9%(1S) K(1270)°
J/(18) 70

( 52+

( 36+
< 69

( 22+
< 40
2.7
8.0
36
6.1
< 9
( 107+
( 35+
( 247+
( 106+
(
(

HoH H

75 +
6.4 &

(81 %
( 80 %

(27 +
( 35+
(11 +

( 24+
( 368+

Charmonium modes
9.0 +
6.5 +
6.7 +
22 +

2.1
1.8

5.4
4

4.8

( 53

T+ T+ T W

HH OO0 AW &

( 42

< 39
1.4

< 4
8.91+
1.15+
1.27+
54 +

A

4.9
2.3
2.1
1.3
1.66=+

HoHH

1.9 ) x107°
12 )x107°
x107°
0.6 ) x10~©
x 1072
0.5 )x1073
0.6 )x 1074
11 )x107%
15 )x 1074
x107°
0.11) x 103
0.4 )x 1073
0.21) x 10—3
0.09) %
17 )x 1074
05 )x 1073

CL=90%

CL=90%

S=3.1
S=1.6
CL=90%

07 )x 1073
24 )x 1074

11 )x107%
05 )x1074
05 )x 1073

0.9 )x10~3
0.26) %

11 )x10~4
0.7 )x10~4
14 )x107°
11)x107°

16 )x 1074
0.4 )x10~4
2.4 -

39 ) x 107>
)x107°
) x 107

) x 1074 S=1.7

2
0
8
9
5 ) x 1077
x 10~4
x 1072
x 1074
0.21) x 10—4
0.05) x 1073
0.05) x 10—3
0.9 )x 1073
x 107

1.0 ) x107°
0.4 )x1074
0.9 )x 1073
0.5 )x10~3
0.10) x 1073

CL=90%

CL=90%

CL=90%
S=1.3

2207
2227
2157
2125
2157
2219
1711
2180
1790
1715
1574
1478
1479
1366
1568
1473

1360
1336

1575
1476
1478

1365

1751
1722

1395
1387

1386
1166

1646

1159
1401
1253
1683
1652
1572
1508
1271
1224
1386
1102
1402
1728
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J/w(1S)n ( 1.08+ 0.23) x 1075 S=15 1673
J/p(AS) T~ ( 3.99+ 0.15) x 107> 1716
J/¥(1S) 7T 7~ nonresonant < 12 x107%  CL=90% 1716
J/¥(15) f(500), fy — 7w ( 88 7F 12)x10°6 -
J/$(1S)f (33133 )x106  s=15 -
J/9(18) p° ( 255F 018105 1612
J/¥(15)K(980), fo — 7T a~ < 11 x1076  cL=90% -
J/%(15)p(1450)°, 0 — 77 ( 29+ 18yx10-6 -
1/ p(1700)°, 0 — 7ta— (20 + 13)x1076 -
J/%(1S)w (187F 30 )x10°5 1609
J/Y(IS)KT K= ( 253+ 0.35)x 107 1534
J/¥(1S) ag(980), ag — ( 47 +34)x10°7 -
KtK—
J/¥(1S) ¢ < 11 x 1077 CL=90% 1520
J/¥(18)n'(958) ( 76 + 24 )x1076 1546
J/p(AS)KOxt 7~ (45 + 04 )x1074 1611
J/Pp(AS)KOK—nt + cc. < 21 x107%  CL=90% 1468
J/p(1S)KOKt K~ ( 25+ 07)x1075  S=18 1249
J/p(1S) KO p0 ( 54 +30)x1074 1390
J/¢Y(1S)K*(892) T~ (8 =4 )xi074 1515
JWAS)rt bt~ ( 144+ 012)x 1075 1670
J/¥(15) f1(1285) ( 84 +21)x107° 1385
J/p(1S)K*(892)0 nt 7~ (66 +22)x1074 1447
nc2(1D)KS, nea — hey < 35 x107%  CL=90% -
Neo(1D)n~ KT, nep = hey < 10 x1074  CL=90% -
Xc1(3872)" KT < 5 x107%  CL=90% -
Xc1(3872)" KT, [nnn] < 4.2 x1076  CL=90% -
Xc1(3872)7 —
J/9p(1S)m~ 70
Xc1(3872) KO ( 14 + 04 )x1074 S=1.1 1140
Xc1(3872) K*(892)0 ( 11 + 05 )x1074 940
Xc1(3872) Kt 7~ ( 22+ 07)x1074 1087
Xc1(3872)y < 15 x107°  CL=90% 1220
Tee1(4430)5 KT, TE, — ( 60T 3% )x1075 583
$(2S) 7+
Tee1(4430)5 KT, TE, — ( 54t %9)x10°6 583
J/pr*E
Tez1(3900)F KT, TL, — < 9 x 107 -
J/pr*E
Tee1(4200)5 KT, TE, — (22+ 13 )x10°® -
J/pnE
J/H(1S) pp ( 45 + 06 )x107 862
J/(1S)y < 15 x107%  CL=90% 1732
J/putu=, I — ptp~ < 10 x 1079 CL=95% -
J/9(1S)D° < 13 x 1075 CL=90% 877
$(28) 70 ( 1174 0.19) x 1073 1348
$(2S) KO ( 58 + 05)x1074 1283
P(2S)KOnt 7~ ( 281+ 030) x 1074 1177
»(3770) KO, + — DO DO < 123 x1074  CL=9%0% 1217
»(3770)K°, v — D~ Dt < 188 x107%  CL=90% 1217
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P(2S)ntn~
P(2S)Kt 7~
»(25) K*(892)°
Xco KO
Xco K*(892)°
Xc1 ™
Xcl KO
Xc1T K*
Xc1 K*(892)°
Tee(4050) K+, T —
Xc1 T
Tee(4250) K+, T —
Xc1T
Xc1 ata KO
xam Kt
Xc2 KO
Xca K*(892)°
Xc2™ K+
Xc2 atr— KO
Xc2T 0K+t
¥(4660) KO, ¢ — ATAC

$(4230)0 KO, 0 — J/yprtw

Ktn—
K070
7 KO
7 K*(892)°
' K§(1430)°
7' K3(1430)°
KO
nK*(892)°
7K (1430)0
nK3(1430)0
wKO
29(980)°KO, aJ —
BYKO, by — wnd
2(980)* KF, af —» nrt
by K, b — wm™
K0, B) - wr®
bl_K*"', by — wnm”
a0(1450)* K¥, aF — nr*
KOSXO(FamiIon)
wK*(892)°
w(Kﬂ')SO
wK3(1430)°
wK3(1430)0
w KT 7~ nonresonant
Kta— a0
Ktp~
KT p(1450)~
K+ p(1700)~
(K* 7~ x0) nonresonant

VASVANIVANIVAN

224+
58 +
59 +
19 £
1.7 £
112+
3.95+
4.97+
2.38+

30 T

0.35) x 1073
0.4 )x1074
0.4 )x10~4
0.4 )x1074
0.4 )x1074
0.28) x 10~3
0.27) x 1074
0.30) x 10~4
0.19) x 1074

19 )x1075

20.0 -
40 720 ) x 1075

3.2 +
35 £
1.5
49 +
72 +
1.70
7.4
23
1.7

K or K* modes

(
(
(
(
(
(
(
(
(
(
(

AN A

AN AN ANA

2,00+
1.01+
6.6 +
28 +
6.3 +
137+
12371
159+
110+
96 +
48 +
7.8

7.8

1.9

74 +
8.0

5.0

3.1

5.3

20 +
1.84+
1.60+
1.01+
51 +
3.78+
70 +
24 +
6 +
28 +

0.04) x 1073
0.04) x 1072
0.4 )x 1075
0.6 )x 1076
16 ) x107°
0.32) x 1073

634 x 1076

0.10) x 1073
0.22) x 10~3
2.1 )x1076
0.4 )x1076
x 1076
x 106
x 1076
14 )x 10
x 1076
x 106
x 1076
x 1075
0.5 )x 1076
0.25) x 1073
0.34) x 10~°
0.23) x 1073
1.0 )x 1076
0.32) x 1073
09 )x1076
12 )x 106
7 )x1077
0.6 )x 1076

CL=90%
S=1.1

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

1332
1239
1116
1478
1342
1468
1411
1372
1265

1318
1321
1379
1228
1338
1282
1286

2615
2615
2528
2472
2346
2346
2587
2534
2415
2414
2557

2503

2380
2380
2542
2610
2559

2610
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(Km)gtn=, (Km)gt — ( 34 £ 05)x1075 -
Ktr
(Km)g0 0, (Km)§® — Kt~ ( 86+ 1.7)x1076 -
K3(1430)0 70 < 40 x1076  CL=90% 2445
K*(1680)0 70 < 15 x1076 CcL=90% 2358
K070 lgqq] ( 6.1 + 1.6 )x10~® -
KOnt o~ ( 497+ 0.18) x 1075 2609
K%zt 7~ nonresonant ( 1.39F 328105 S=1.6 2609
KO0 ( 34+ 11)x10°° 5=23 2558
K*(892)* 7~ (75 + 04 )x10°° 2563
K§(1430) " 7~ (33 +07)x1075 $=2.0 -
Kt o= lggq] ( 5.1 + 1.6 )x 106 -
K*(1410)T7—, K** — < 38 x 1076 CL=90% -
K071'+
(Kmpta™, (Kmpt — ( 1.62% 0.13) x 1075 -
K071'+
fH(980) KO, fo — mta ( 81+ 08)x1076  s=13 2522
KO £,(500) (16T 22)x1077 -
KO £,(1500) ( 13+ 08)x1076 2393
f,(1270) K° (27 13)x10°6 2459
£ (1300) K0,f, — 7wt n~ (18 £ 07 )x106 -
K*(892)0 70 ( 33 + 06)x10° 2563
K3(1430)" 7~ ( 365+ 0.34)x 1076 2445
K*(1680)* 7~ ( 141+ 0.10)x 1075 2358
Ktn=ata~ [rr] < 2.3 x 1074 CL=90% 2600
PRt ( 28 + 07 )x107° 2543
f(980)K*T 7, fy — =m (14T 0%)x10°6 2506
K+ m= at 7~ nonresonant < 21 x107%  CL=90% 2600
K*(892)% 7t 7~ ( 55+ 05)x107> 2557
K*(892)0 0 (39 + 13)x106 S=19 2504
K*(892)0£(980), fy — mm (3972 )x1076  s=39 2466
Ki(1270)t 7~ < 30 x107%  CL=90% 2489
K1(1400)t 7~ < 27 x107°  CL=90% 2451
a1(1260)~ K+ [rr] (1.6 + 0.4 )x 1073 2471
K*(892)T p— ( 1.03+ 0.26) x 105 2504
K§(1430)* p~ ( 28 +12)x1075 -
K1(1400)0 p0 < 30 x1073  CL=90% 2388
K}5(1430)0 o0 ( 27 + 06 )x1075 2381
K3(1430)°£(980), fo — mm (27 +09)x107® -
K3(1430)°£(980), fo — 77 ( 86 + 20)x10° -
KT K~ (78 £ 15)x1078 2593
KOKO ( 1.21% 0.16) x 107© 2593
KOK—nt ( 67 + 05 )x10~6 2578
K*(892)* KF < 4 x10~7  CL=90% 2540
KOKO 4 K*OKO < 96 x10~7  CL=90% -
Kt K= 70 (22 %+ 06 )x1076 2579
K% k%0 < 9 x1077  CL=90% 2578
K2K%n < 10 x1076  CL=90% 2516
K3 kS < 20 x1076  CL=90% 2453
KOK+ K- ( 2.68% 0.11) x 107> 2522
K% (73 + 07 )x10"6 2516
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f(980)KO, fy - KtK—
f(1500) K°
£4(1525)0 KO
fH(1710)K®, fy — KT K~
KYK* K~ nonresonant
0 4,0 4,0
KS KS KS
7(980) KO, £ — KL KS
f(1710)K°, fy — KIKY
£(2010)K°, £, — KIKY
K% k% K% nonresonant
0 40 4,0
KsKsK|
K*(892)0 K+ K~
K*(892)% ¢
K+ K~ 7t 7 nonresonant
K*(892)0 K= mt
K*(892)0 K*(892)°
Kt K+ 7~ 7~ nonresonant
K*(892)° K+ 7~
K*(892)% K*(892)°
K*(892)T K*(892)~
K1(1400)% ¢
d(Km)s°

d(Km)50 (1.60<my, <2.15) [sss]

K5(1430)° K=ot
K3(1430)° K*(892)°
K}5(1430)0 K3 (1430)°

K3(1430)° ¢

K3(1430)° K*(892)°

K}5(1430)° K5(1430)°

K*(1680)° ¢

K*(1780)% ¢

K*(2045)% ¢

K35(1430)° o0

K3(1430)° ¢

K%¢

77/77/ KO

nKOy

7 KOy

Koy

Ktn—y

K*(892)0~
K*(1410)y
K+ 7~ nonresonant

K*(892)0X(214), X — ptpu~ [tt]

Kortor—

Kta— 70

K1(1270)0
K1(1400)0
K3(1430)%
K*(1680)%~
K3(1780)0

NN NN NN NNN

ANNNNAN AN A

70t

1.3

| +
A0 OO WW

3

4.4
33
6.0
2.7

5.0

B+ R R R R+

5
1.33+
1.6
2,75+
1.00+
7.17
45 +
8.3 &
6.0
22

2

2.0
5.0
43 +
1.7
3.18
33
8.4
39 +
1.7
4.7
35
2.7
1.53
11
6.8 +
3.7 +
31
7.6 =
6.4
2.7 &+
4.6
4.18+
1.3
2.6
2.26
199+
41 +
5.8
1.2
1.24+
2.0
8.3

) x 1076
1) x1075

yx 107

0.9 ) x10~6
1.0 ) x107°
0.5 )x 1076
1.8 )x 10~

39y x1077

6 )x1077
0.31) x 1073
x 1075
0.26) x 1073
0.05) x 1073
x 107
13 )x107°
2.4 )x10~7
x 106
x 106
x 1077
x 1076
x 1073
04 )x1076
x 1076
x 1075
x 106
x 1076
08 )x1076
x 106
x 10~6
x 106
x 106
x 1079
x 1073
0.9 )x 1076
0.7 )x 1076
x 1072
1.8 )x 1076
x 106
0.7 )x10~6
14 )x 106
0.25) x 10~
x 1074
x 1076
x 108
0.18) x 1073
0.4 )x 1073
x 1075
x 1075
0.24) x 1073
x 1073
x 1075

CL=90%

CL=90%

S=1.5
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.2

S=1.3
CL=90%

CL=90%

S=2.1
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

2393

2522
2521

2521
2521
2467
2460
2559
2524
2485
2559
2524
2485
2485
2340

2404
2360
2222
2333
2360
2222
2238

2381
2332
2305
2338
2587
2528
2516
2615
2565
2451
2615

2609
2610
2491
2454
2447
2360
2340
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K35(2045)0 < 43 x1073  CL=90% 2243
Light unflavored meson modes
Oy ( 86+ 15)x10~7 2583
P X(214), X —» ptpu~ [ttf] < 1.73 x 1078 CL=90% -
wy (a4 F 181077 2582
oy < 10 x1077  CL=90% 2541
£(1270)7, fh — (KS)0(KS)° < 31 x 107 -
5(1525)7, fh — (KS)°(KS)° < 21 x10~7 -
ata— ( 5374 0.20) x 1076 S=13 2636
7070 ( 155+ 0.17) x 10~ S=1.1 2636
nw0 (41 £ 17)x1077 2610
nn < 10 x107%  CL=90% 2582
7 w0 ( 12 + 06 )x107° $=17 2551
'y < 17 x10~®  CL=90% 2460
n'n < 12 x107%  CL=90% 2523
7 p° < 13 %1076  CL=90% 2492
7' £(980), fy — 7t~ < 9 x10~7  CL=90% 2454
np° < 15 x10~6  CL=90% 2553
nf(980), fy — 7w a~ < 4 x 107 CL=90% 2516
wn ( 94T 40)x1077 2552
wy ( 107F 3% )x10°6 2491
wp? < 16 x1076  CL=90% 2522
wfy(980), fy — wt7w— < 15 x107%  CL=90% 2485
ww (1.2 + 04 )x1076 2521
70 < 15 x10~7  CL=90% 2540
on < 5 x10~7  CL=90% 2511
on' < 5 x 107  CL=90% 2448
prtm~ ( 1.8 + 05 )x107 2533
o0 < 33 x10~7  CL=90% 2480
6(980), fy — 7t~ < 38 x 1077 CL=90% 2441
pw < 7 x10~7  CL=90% 2479
1o10) < 27 x1078  CL=90% 2435
a(980)* 7T, ag — nrt < 31 x 1076  CL=90% -
ag(1450)* 7T, af — pat < 23 x1076  CL=90% -
ata— 70 < 12 x10~%  CL=90% 2631
070 ( 2.0 + 05 )x10~° 2581
pF laa) ( 2.30% 0.23) x 1075 2581
ata-ata~ < 112 x107%  CL=90% 2621
POrta < 88 x 1076 CL=90% 2575
P00 (96 + 15 )x10~7 2523
f(980) 7t 7=, fy — 7t~ < 30 x107%  CL=90% -
p01(980), fo — wta~ ( 78 + 25)x107 2486
15(980) £, (980), fo — 77—, < 19 x 1077 CL=90% 2447
fy = nta~
15(980) £, (980), fo — 7T 7~, < 23 x 1077 CL=90% 2447
fy = KTK-
2;(1260)F o laa] ( 26 %+ 05 )x1075 S=19 2495
2,(1320)F ot laa] < 6.3 x1076  CcL=90% 2473
ot 7070 < 31 x1073  CL=90% 2622
pTp~ ( 277+ 0.19) x 107 2523
a1(1260)0 70 < 11 x1073  CL=90% 2495
wnd < 5 x10~7  CL=90% 2580
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atate—n— 7r°
a1(1260)* p~
21 (1260)° p°

bfﬂ'i, biF — wnt

b(I)TI'O, b(l] — wn®
b;p+,b;—4 wT
B9p0, b9 — wn®
tatatr T a™

™

a1(1260)* a; (1260)~, a —
2t r~, af —» 2nat

atrtatr—a—a—#0

pp
pprta
pPKTm~
pPK®

0(1540)*p, 6+ — pKY
1(2220)K°, f; — pp

pPK*(892)°

fJ(2220)K*, fJ% pp

pPKT K™
ppn®
pPPPP
pAT™
pAT™
pX(1385)~

A(1232)YP + A(1232)7p

A%
pPAK™
pAD™
pAD*~
BZOTF
AN
AAKO
AAK*0

AADO

DY X9+ c.c.
A0AD
ATTA—-

DO pp

D, /p
D*(2007)° pp
D*(2010)~ p7ni
D~ ppnt
D*(2010)~ pprt
Dpprta
D pprta—

O.prt, © P

e — D
O.prt, 6. — D*p

I_TAtt
Ze
Aoprtm

VARAN

NNNN

<

(
(
(
(
<
<

AN NN NANA

A

9.0
6.1
2.4
1.09+
1.9
1.4
3.4
3.0
1.18+

1.1

Baryon modes

1.27+
2,87+
6.3 +
2.66+
5

4.5

1247F

1.5
1.21+
5.0 +
22 +
3.16%
6.5
2.6
1.6
9.3
8.2
25 £
34 &
1.2 £
3.2

48 T

1.1
1.04+
2.8 &
9.9 +
1.4 +
3.32%
4.7 +
3.0 +
19 £
9

1.4

8
1.02+

x10=3  CL=90%
x107%  CL=90%
x1073  CL=90%
0.15) x 10™3
x1076  CL=90%
x1076  CL=90%
x10~®  CL=90%
x1073  CL=90%
0.31) x 1073

% CL=90%

0.14) x 10~8
0.19) x 10~©
05 )x107©
0.32) x 1076
x1078  CL=90%
x10~7  CL=90%
0:38) x 1076
x10~7  CL=90%
0.32) x 10~7
1.9 ) x10~7
0.4 )x1078
0.24) x 10~©
x10~7  CL=90%
x10~7  CL=90%
x 106
x10~7  CL=90%
x10~7  CL=90%
0.4 ) x 1075
0.8 )x 1073
0.4 )x10~6
x10~7  CL=90%
)><1076

) x 10—6

NWw 0w vo

1.
0.
0.
0.
9-39) x 1075
x1075  CL=90%
x1073  CL=90%
x 1074 CL=90%
0.07) x 10~4
0.9 ) x 1073
11)x107°
0.4 )x 1073
0.31) x 1074
05 )x 1074 S=1.2
05 )x10~4
05 )x10~4
x1076  CL=90%
x107°  CL=90%
x1074  CL=90%
0.14) x 103 S=1.3

2609
2433
2433

2592
2336

2572

2467
2406
2306
2347
2318
2135

2216

2179
2440
1735
2401
2401
2363

2364
2308
1765
1685
2383
2393

2250

2098

1662

1611
2335
2335
1863
1710
1788
1785
1786
1708
1708
1623

1839
1934



Meson Summary Table 113
AZp ( 1554 0.17) x 1073 2021
Az pr® ( 155+ 0.18) x 1074 1982
X (2455) " p < 24 x 1075 -
A prta=ad < 507 %1073  CL=90% 1883
Acprta=atr < 274 x1073  CL=90% 1821
AZ pmT ™ (nonresonant) ( 55+ 1.0 )x10~4 S=1.3 1934
Y (2520)"~ prt ( 1.02+ 0.18) x 10~4 1860
T (25200 p7~ < 31 x1075  CL=90% 1860
T (24550 pr— ( 1.08+ 0.09) x 10~4 1895
T (2455)0N0, NO — pr— ( 64 + 17)x1075 -
T (2455) " prt ( 1.89+ 0.15)x 10~4 1895
A pK* 7~ ( 35+ 07)x1075 1786
To(2455)" " pK*t, T = ( 89 + 26 )x107° 1754
Z; T
AZ pK*(892)° < 242 x107%  CL=90% 1647
AZpKt K™ ( 20 + 04)x1075 1588
AZpo < 10 x 1075  CL=90% 1567
AZppp < 28 x 106 677
AZAKT ( 48 £ 1.1)x1075 1767
AZAE < 16 x1075  CL=95% 1319
Ac(2593)" / Ac(2625)" p < 11 x 1074 CL=90% -
E; /\g _ (1.2 + 08 )x1073 1147
:_g/\gr, =~ :—+lr ™ (24 +11)x10 Z S=1.8 1147
= AL =, = PKT ( 53+ 1.7)x10" -
AT AZKO ( 40 + 09 )x 1074 732
Ac(2910)"p, A7 — (12 + 04 )x107° -
3 (2455) "t
Ac(2910)" p, A7 — (10 +4 )x1076 -
T (2455)0 7~
Z0(2930)" A, Z0 = AZKO ( 24+ 06)x1074 -
AMbpg [vwv] < 0.13-5.2 x 107> -
Lepton Family number (LF) or Lepton number (L) or Baryon number (B)
violating modes, or/and AB = 1 weak neutral current (B1) modes
vy BI < 32 x1077  CL=90% 2640
ete BI < 25 x 1079 CL=90% 2640
ete BI < 12 x1077  CL=90% 2640
wtu~ BI < 15 x 10710 cL=90% 2638
pwtp—ptp~ BI < 18 x 10710 CL=95% 2629
SP, S— utu, BI [xx] < 6.0 x 10710 cL=95% -
P— putu™
aa, a— ptp~ BI < 23 x 10710 CL=95% -
Tt BI < 21 x1073  CL=95% 1952
w0t~ B1 [hhh] < 5.3 x 1078  CL=90% 2638
nlete~ BI < 84 x1078  CL=90% 2638
aOutu— BI < 69 x1078  CL=90% 2634
et o~ BI [hhh] < 6.4 x1078  CL=90% 2611
nete~ BI < 1.08 x 1077 CL=90% 2611
nutp~ B1 < 112 x1077  CL=90% 2607
wvw BI < 9 x1076  CL=90% 2638
KOpt ¢ B1 [hhh] ( 3.3 & 0.6 )x 107 2616
KOete~ BI ( 25+ 1l yx107 S=13 2616
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KOty BI ( 3.394 0.35) x 10~/ S=1.1 2612
KOvw B1 < 26 x107%  CL=90% 2616
Pvw BI < 40 x10~5  CL=90% 2583
0+ p— 12 -
K*(892)0 ¢t ¢ B [hon] (99 F 17 )x1077 2565
0t am 0.19 -
K*(892)%¢ T e BI ( 103F 313) x 1076 2565
K*(892)0 ut ™ BI (94 + 05)x1077 2560
K*(892)0 7+ 7= B1 < 31 %1073 CL=90% 1404
atrpt BI ( 21 £ 05)x108 2626
K*(892)° v B1 < 18 x107°  CL=90% 2565
invisible BI < 24 x107%  CL=90% -
vUYy B1 < 16 x107%  CL=90% 2640
dutu BI < 32 x1079  CL=90% 2537
bvD B1 < 121 x10~%  CL=90% 2541
et uF LF  [aa < 1.0 x1079  CL=90% 2639
et LF < 14 x1077  CL=90% 2637
KOet ¥ LF < 38 x10~8  CL=90% 2615
K*(892)% et LF < 68 x1079  CL=90% 2563
K*(892)0 e~ put LF < 57 x 1079 CL=90% 2563
K*(892)0 et 1T LF < 101 x1078  CL=90% 2563
K*(892)0 7+ i~ LF < 10 x1075  CL=90% 2221
K*(892) 7 pt LF < 82 x107%  CL=90% 2221
et T LF  [aa] < 16 x1075  CL=90% 2341
pErF LF  [aa] < 14 x1075  CL=95% 2340
pu~ LB < 26 x1079  CL=90% 2555
At~ LB < 14 x1076  CL=90% 2143
Atem LB < 4 x10~6  CL=90% 2145
B*/B% ADMIXTURE

CP violation
Acp(B — K*(892)7) = —0.003 + 0.011
Acp(B — sv) =0.015 + 0.011
Acp(B = (s+d)v) = 0.010 = 0.031
Acp(B = Xstt 7)) =0.04 +0.11
Acp(B = Xstte07)
Acp(B — Xt 07)

0.19+£0.18

(1.0 < g% < 6.0 GeV?/c*) = —0.06 + 0.22
(10.1 < g% < 12.9 or g% > 14.2 GeV2/c*) =

Acp(B — K*ete™) = -0.18 £ 0.15
Acp(B — K*ptpu=)=-00340.13
Acp(B — K*+t(™) = —0.04 £ 0.07

Acp(B — nanything) =

+0.04
—0.137 505

AAcp(Xs7) = Acp(BE = X57) — Acp(B® — Xsv) = 0.041 +

0.023

Acp(B = Xs7) = (Acp(BT = Xs7) + Acp(B® = Xs7))/2 =

0.009 £ 0.012

AAcp(B = K*9) = Acp(BT = K*T7) — Acp(B — K*0y)

= 0.024 £+ 0.028

Acp(B = K*7) = (Acp(BY = K*Ty) + Acp(B® —
K*04))/2 = —0.001 + 0.014
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The branching fraction measurements are for an admixture of B mesons at the
T(4S). The values quoted assume that B(7(4S) — BB) = 100%.
For inclusive branching fractions, e.g., B — p* anything, the treatment of
multiple D’s in the final state must be defined. One possibility would be to
count the number of events with one-or-more D’s and divide by the total num-
ber of B’s. Another possibility would be to count the total number of D’s and
divide by the total number of B’s, which is the definition of average multiplic-
ity. The two definitions are identical if only one D is allowed in the final state.
Even though the “one-or-more” definition seems sensible, for practical reasons
inclusive branching fractions are almost always measured using the multiplicity
definition. For heavy final state particles, authors call their results inclusive
branching fractions while for light particles some authors call their results mul-
tiplicities. In the B sections, we list all results as inclusive branching fractions,
adopting a multiplicity definition. This means that inclusive branching fractions
can exceed 100% and that inclusive partial widths can exceed total widths, just
as inclusive cross sections can exceed total cross section.
B modes are charge conjugates of the modes below. Reactions indicate the
weak decay vertex and do not include mixing.
Scale factor/ p
B DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic and leptonic modes
(F ypanything [hhhyyy] ( 10.82 + 0.15 )% -
D~ ¢t ypanything [hhh) (26 + 05 )% -
DO ¢* yyanything [hhh] (72 £ 15 )% -
Dty (241 £012)% 2311
D*~ ¢t yyanything [zzz] ( 67 + 13 )x1073 -
D*(ty, [aaaa] (  4.95 + 0.11 )% 2257
D¢ty [hhh,bbaa] (2.7 + 07 )% -
D1(2420) ¢* vyanything ( 38 +13 )x103 S=2.4 -
Drttypanything + (26 £05 )% S=15 -
D* 74t vpanything
Dr(t vpanything ( 15 £06 )% -
D* 74+ vpanything ( 19 £04 )% -
D3(2460) ¢* vpanything ( 44 +16 )x1073 -
D*~ wt ¢+ ypanything ( 100 + 034)% -
Drtr=(ty, (162 + 032 )x1073 2301
D*nta—tty, (94 +32 )x104 2247
D £F vganything [hhh] < 7 x1073  CL=90% -
D, T v KT anything [hhh] < 5 x1073  CL=90% -
D, ¢+ v, K%anything [hhh) < 7 x 1073  CL=90% -
XAty ( 1063 + 015 )% -
Xyl v, (188 + 027 )x1073 -
Xyetve ( 157 + 019 )x103 -
Xupt vy, ( 162 £ 021 )x103 -
Kt ¢t vpanything [hhh] (63 + 05 )% -
K~ ¢ ypanything [hhh] ( 10 +4 )x1073 -
KO /KO ¢+ vpanything [hhh] (46 + 05 )% -
Drtu, ( 86 +08 )x1073 1911
D*rtu, (140 + 007 )% 1838
D, D*, or Ds modes
D*anything (231 £12 )% -
DO /DO anything (646 +21 )% S=15 -
D*(2010)* anything (225 £15 )% -
D*(2007)%anything ( 260 +27 )% -
DF anything [aa] ( 106 + 06 )% S=1.7 -
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D’s‘ianything
DD
DHDHE KO 4 pHDH) Ha,ccaal
b— cCs
DS(*) D) [aa,ccaa]
D* D*(2010)* [aa] <
D D*(2010)* + D*D* [aa] <
DD* [aa] <
DS(*)iE(*) X (ﬂﬂ'i) [aa,ccaa]
D*(2010)~y <
+ = Pt~ pt o
DSﬂ-_{_D; 7r+,0DSp+, . [aa] <
* — *
DS p™, Dyn”, DT,
D;'n, D;+7], D;"po,
+ 0 pt +,,
D" p°, DY w, Dy w
Dq1(2536)F anything <

Charmonium modes

J/1(1S)anything

J/4(1S) (direct) anything
1(2S)anything
Xc1(1P)anything

Xc1(1P) (direct) anything
Xc2(1P)anything

Xc2(1P) (direct) anything
n¢(1S)anything <
K xc1(3872)
K X(3940), X — D*0p0 <
Kxc0(3915), Xxco = wJ/¥ [ddaa]

K or K* modes

K*anything [aa]
Kt anything
K~ anything
K° /KO anything [aa]
K*(892)* anything
K*(892)% /K*(892)0anything  [aa]
K*(892)
nK~
K1 (1400)~ <
K3(1430)’y
K2(1770)’}/ <
K3(1780)y <
K;(2045)y <
Kn'(958)
K*(892)1/(958)
Kn <
K*(892)n
Koo
b— Sy
b— dvy
b — Sgluon <

7 anything

( 63 £ 1.0
( 34 +06
( 7.1 i’ %;
(22 +4
( 50 + 04
5.9
5.5
31
( 9 T3
1.1
4
9.5
( 1.094+ 0.032
( 78 +o04
(307 £ 021
( 3,55 £+ 0.27
( 3.08 £ 0.19
(99 + 17
( 75 +11
9
( 25 + 009
6.7
(71 + 34
( 789 + 25
( 66 +5
(13 +4
( 64 +4
( 18 +6
( 146 + 26
( 42 + 06
( 85 ©i¢
1.27
( 17 tg8
1.2
3.7
1.0
( 83 + 11
( 41 +11
5.2
( 18 +05
( 23 +09
(349 + 019
( 92 + 30
6.8
( 26 *g3

x 1073

) %
) x 1073
) x 1073
) x 1073
) x 1073
) x 104
) x 104
x 1073
) x 10~4
x 1075
) x 1079

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

S=1.1
S=1.1

S=1.3

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

1711

1866

2257
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7' anything ( 42 +09 )x1074 -
KT gluon (charmless) < 187 x1074  CL=90% -
KOgluon (charmless) (19 +07 )x1074 -

Light unflavored meson modes
Py ( 139 + 025 )x1076 S=1.2 2583
p/wy ( 130 + 023 )x 1076 s=1.2 -
7% anything laa,eeaa] ( 358 7 )% -
70 anything (235 £11 )% -
7 anything ( 176 +16 )% -
p% anything (21 +£5 )% -
w anything < 81 % CL=90% -
¢ anything ( 343 £012)% -
»K*(892) < 22 x1075  CL=90% 2460
7t gluon (charmless) ( 37 +08 )x1074 -
Baryon modes
AT/ A7 anything ( 36 +04 )% -
AT anything < 13 % CL=90% -
AZ anything < 7 % CL=90% -
Azt anything < 9 X104 CL=90% -
AZ eTanything < 18 x1073  CL=90% -
AZ it anything < - 14 x 1073 CL=90% -
AZ p anything ( 206 +033)% -
AZpet g < 8 x107%  CL=90% 2021
X" anything ( 34 +17 )x103 -
X anything < 8 x1073  CL=90% -
X anything ( 37 £ 17 )x103 -
TIN(N = porn) < 12 x1073  CL=90% 1938
ZVanything, =% - =-x+ (193 £ 030 )x10% s=1.1 -
=t =7x ( a5 T13 %104 -
p/P anything [aa] ( 80 =+ 04 )% -
p /P (direct) anything [aa] ( 55 + 05 )% -
pet v, anything < 59 x1074  CL=90% -
A/ A anything [aa] ( 40 +05 )% -
== /=% anything [aa] ( 27 +06 )x1073 -
baryons anything ( 68 £06 )% -
pp anything ( 247 £023)% -
AP/ Ap anything [aa] ( 25 + 04 )% -
AA anything < 5 x1073  CL=90% -
Lepton Family number (LF) violating modes or
AB =1 weak neutral current (B1) modes

sete™ BI ( 67 +£17 )x1076 $=2.0 -
sutu~ BI ( 43 +£1.0 )x1076 -
sttt Bl [hhh] ( 58 + 13 )x107© S=1.8 -
Al B1 < 59 x1078  CL=90% 2638
mete BI < 110 x1077  CL=90% 2638
aut BI < 50 x1078  CL=90% 2634
Kete~ BI ( 44 +06 )x1077 2617
K*(892)et e~ B1 ( 119 + 020 )x107© S=1.2 2565
Kptu~ BI ( 44 +04 )x1077 2612
K*(892) ut ™ B1 ( 1.06 + 0.09 )x107® 2560
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Kt~ BI ( 48 +04 )x1077

K*(892) ¢t ¢~ BI ( 1.05 + 010 )x10~©

Kvo BI < 16 x1075  CL=90%
K*vo BI < 27 x1075  CL=90%
87 BI < 8 x1076  CL=90%
pvv BI < 28 x107%  CL=90%
set T LF  [aal < 22 x 1075  CL=90%
met ¥ LF < 92 x 1078 CL=90%
per T LF < 32 x 1076 CL=90%
Ket T LF < 38 x1078  CL=90%
K*(892) e* 1 F LF < 51 x10~7  CL=90%

See Particle Listings for 4 decay modes that have been seen / not seen.

2617
2565
2617

2638
2583

2637
2582
2616
2563

B*/B°/BY/b-baryon ADMIXTURE

These measurements are for an admixture of bottom particles at high
energy (LHC, LEP, Tevatron, SppS).

Mean life 7 = (1.5673 & 0.0029) x 10712 5
Mean life 7 = (1.7240.10) x 10712 5
Mean life 7 = (1.58 +0.14) x 10712 5

T charged b—nhadron /T neutral b—hadron = 1.09 & 0.13
|ATp|/7p5 = —0.001 + 0.014

The branching fraction measurements are for an admixture of B mesons and
baryons at energies above the 7(4S). Only the highest energy results (LHC,

LEP, Tevatron, SppS) are used in the branching fraction averages.

In the

following, we assume that the production fractions are the same at the LHC,

LEP, and at the Tevatron.

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

The modes below are listed for a b initial state.
conjugates. Reactions indicate the weak decay vertex and do not include mixing.

b DECAY MODES

bmodes are their charge

Scale factor/
Confidence level

Fraction (I';/T)

Charged b-hadron admixture
Neutral b-hadron admixture

P
(MeV/c)

PRODUCTION FRACTIONS

The production fractions for weakly decaying b-hadrons at high energy
have been calculated from the best values of mean lives, mixing parame-
ters, and branching fractions in this edition by the Heavy Flavor Averaging
Group (HFLAV) as described in the note “BO-BO Mixing” in the B
Particle Listings. We no longer provide world averages of the b-hadron
production fractions, where results from LEP, Tevatron and LHC are av-
eraged together; indeed the available data (from CDF and LHCb) shows
that the fractions depend on the kinematics (in particular the p1) of the
produced b hadron. Hence we would like to list the fractions in Z de-
cays instead, which are well-defined physics observables. The production
fractions in pp collisions at the Tevatron are also listed at the end of the
section. Values assume

B(b— Bt)=B(b— BY)

B(b — B*)+B(b— BY) +B(b — BJ) + B(b — b-baryon) = 100%.

The correlation coefficients between production fractions are also reported:
cor(BY, b-baryon) = 0.064
cor(BY, B+=B0) = —0.633
cor(b-baryon, BX=B%) = —0.813.
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The notation for production fractions varies in the literature (fy, d

BO’

f(b— EO), Br(b — EO)). We use our own branching fraction notation

here, B(b — BO).

Note these production fractions are b-hadronization fractions, not the con-
ventional branching fractions of b-quark to a B-hadron, which may have
considerable dependence on the initial and final state kinematic and pro-

duction environment.

(
(
(

(

40.8 +
40.8 &
10.0 £
8.4 £

DECAY MODES

07 )%
07 )%
08 )%
11)%

Semileptonic and leptonic modes

vanything
(* ypanything [hhh]
et veanything
wt v, anything
D~ (T ypanything [hhh]
D™t {T ypanything
_ D™ w tyganything
DY ¢* vyanything [hhh]
DO 7~ ¢+ vyanything
D%zt ¢t yyanything
D*~ ¢t ypanything [hhh]
D*~ 7~ £t vyanything
D*~ x4t ypanything
D}’ﬁwanything X B(D?[hﬁh,ffaa]
D*t ™)
D; (T vpanything x [hhh, ffaa]
B(D; — D7)
D3(2460)° ¢+ vpanything
x B(D3(2460)° —
D*~7t)
D%(2460)~ £ vyanything x
B(D3(2460)~ — DOn~)
D3(2460)° ¢+ vy anything x
B(D3(2460)° — D~ )
charmless (7, [hhh]
71 v, anything
D*~ rv,anything
€ — (~ vyanything [hhh]
¢ — (tvanything

(

(
(
(
(
(

231 +

15 )%
0.22) %
0.35) %
029, o

— 0.25

70 £

1.4

42 t
16 +

1.7 £
241+
9 =+
8.02+

16 T

Charmed meson and baryon

DO anything
0 pt .
D D~ anything [aa]
=+ .
DT D7 anything [aa]
DO DOanything [aa]

(
(

(
(

58.7 +
91 *
40

51 1

0.4 )%
1.9 ) x 1073
16 )x 1073
0.34) %
0.27) %
16 )x 1073
0.19) %
7 )x1074
1.0 ) x 1073
0.9 )x 1073

23 )x1073

x 1073

12 ) %1073
0.8 )x 1073

05 )x 1073
0.23) %
4 yx1073
0.19) %
05 )%
modes
28 )%
28 )%
) %

2.
1.
18)%

3
8
0
8

S=1.9

CL=90%
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DO D+ anything
D* DF anything
D~ anything

D*(2010)* anything
D;(2420)% anything
D*(2010)F D anything
DO D*(2010)* anything
D*(2010)* DF anything
D*(2010)* D*(2010)F anything  [aa]

D Danything

D§(2460)0anything

D¢ anything
+ .
DJsr anyth.mg
Al anything
€/ c anything

J/(1S)anything ( 1.16%+ 0.10) %

¥ (2S) anything ( 3.06+ 0.30) x 1073

Xco(1P)anything (14 £05)%

Xc1(1P)anything (14 £04)%

Xc2(1P)anything ( 55+ 24)x1073

Xc(2P)anything, xc — ¢¢ < 28 x 1077

nc(1S) anything ( 56 + 09)x1073

nc(2S)anything, ne — d¢ ( 41+ 17)x10°7

Xc1(3872)anything, xc1 — ¢ < 45 x 107

Xco(3915)anything, xco = ¢¢ < 31 x 1077
K or K* modes

Sy ( 31+ 11)x1074

2% BI < 6.4 x10~4

Kianything (74 +£6 )%

K% anything (290 + 29)%
Pion modes

7 anything (397 21 )%

70 anything [eeaa) (280 +60 )%

¢anything ( 2.82+ 0.23)%
Baryon modes

p/Ppanything (131 £11)%

A/ Aanything ( 59 +06)%

b-baryon anything (102 £ 28)%
Other modes

charged anything leeaa) (497 +£7 )%

hadron™ hadron™ ( 1730y <105

charmless (7 +21 )x1073

laa) ( 27t

[aal < 9
(227
(17.3
( 5.0

[aa] ( 3.3

[aa] ( 3.0

[aa] 2.5

(
(
(
( 47
(147
(101
(78
(116.2

[eeaa]

R N R R S U T

Charmonium modes

AB = 1 weak neutral current (B1) modes

ut " anything

Bl < 32

x10~4

CL=90%

CL=95%

CL=95%
CL=95%

CL=90%

CL=90%
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Bt

1UP) = 307)
I, J, P need confirmation.

Quantum numbers shown are quark-model predictions.

Mass Mg, = 5324.75 + 0.20 MeV
Mg, — Mg = 45.18 £ 0.20 MeV
Mpgi — Mgy = 45.34 + 0.20 MeV

B;(5721)

1UP) = 3at)

I, J, P need confirmation.
By (5721)* mass = 5726.0 725 MeV

By ~ Mo = 4012724 Mev

B;(5721)° mass = 5726.1 + 1.2 MeV (S = 1.2)
mB(l; — mg, = 4467+ 12MeV (S=12)

mB? — Mg, =4014+12MeV (S=12)

Full width [(B;(5721)1) =31 £ 6 MeV (S =1.1)
Full width I'(By(5721)%) = 27.5 + 3.4 MeV (S = 1.1)

m

5(5747) 1UP) = 12ty

I, J, P need confirmation.

B3(5747)% mass = 5737.3 & 0.7 MeV
Mgy — Mgy = 457.5 + 0.7 MeV
2

B3(5747)° mass = 5739.6 £ 0.7 MeV (S = 1.4)
Mg — Mgo = 13.5 £ 1.4 MeV (S =1.3)

2 1
mBzo — mg = 4602+ 0.6 MeV (S =14)
Full width T(B3(5747)%) =20 £ 5 MeV (S =2.2)
Full width [(B3(5747)°) = 24.2 + 1.7 MeV

B,(5970) 1UP) = 17

I, J, P need confirmation.
B;(5970)* mass m = 5965 £ 5 MeV

Mg (s970)+ ~ Mpo = 685 + 5 MeV

B,(5970)° mass m = 5971 + 5 MeV

Mg (59700 — Mp+ = 691 + 5 MeV

B,(5970)* full width I = 62 + 20 MeV

B;(5970)° full width ' = 81 + 12 MeV
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BOTTOM, STRANGE MESONS
(B=+1,S=7F1)

0_ 5 BO — ¢ i ,
By = sb, By =5b, similarly for BY's

BY 1(4P) =0(07)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass Mgo = 5366.93 & 0.10 MeV

s
mBg — mg = 87.37 + 0.12 MeV

Mean life 7 = (1.520 + 0.005) x 10712 s
cr = 455.7 um

Algo =Tpg — Fgo =(0.083+0.005) x 1012571 (S =18)
s sL SH

B2-BY mixing parameters
AmBg =mpgo Mg = (17.765 + 0.006) x 1012 f s~ 1
= (1.1693 4 0.0004) x 1078 MeV
Xs = AmBg/ng = 26.99 + 0.09
xs (B-BY mixing parameter) = 0.499318 =+ 0.000005

CP violation parameters in BY
Re(ego) / (1 + \532{2) = (-0.15 £ 0.70) x 1073
Cxk(BY — K+ K™)=0.162 % 0.035
Skk(BY = KTK™)=0144+005 (S=13)
rp(BY —» DI K*)=0377029
rp(BY = DF KEntnT) =047 £0.08
op(BY — DEKT) = (358 + 14)°
op(BY —» DEKFrta®)=(-6713)°
CP Violation phase 8, (b — ¢Ts) = (2.0 £ 0.8) x 1072 rad
CP Violation phase 3, (b — s5s) = (3.7 + 3.5) x 1072 rad
[A] (BY — J/4(1S)¢) = 0.988 + 0.009
[A] (b— cTs) =0.989 & 0.008
A, CP violation parameter = —0.79 + 0.08
C, CP violation parameter = 0.19 + 0.06
S, CP violation parameter = 0.17 + 0.06
AL L(Bs — J/YK*(892)%) = —0.05 & 0.06
Al (Bs = J/4R*(892)°) = 0.17 + 0.15
AL p(Bs — J/wK*(892)°) = —0.05 + 0.10
Acp(Bs = wtK™) = 0.224 4+ 0.012
Acp(BY = [KTK™]pK*(892)%) = —0.04 + 0.07
Acp(BY = [t K~]pK*(892)%) = —0.01 £ 0.04
Acp(BY = [rt 7~ ]pK*(892)°) = 0.06 + 0.13
S(BY - ¢7) =0.43 +£0.32
C(BY —» ¢7v)=0.11+031
AABY - ¢y)=-07+04
Aa; < 1.2x10712 GeV, CL = 95%
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Az = (=09 + 1.5) x 107 GeV
Aay = (1.0 £2.2) x 10714 GeV
Aay = (—3.8 4 2.2) x 10714 GeV
Re(¢) = —0.022 + 0.033

Im(£) = 0.004 + 0.011

These branching fractions all scale with B(b — Bg).

The branching fraction B(Bg — D; o+ vpanything) is not a pure measure-
ment since the measured product branching fraction B(b — Bg) X B(Bg —
D; las vpanything) was used to determine B(b — Bg), as described in the
note on “B0-BO Mixing”

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
Bg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
D¢ anything (62 +6 )% -
DY anything (92 11 )% -
DY /DO anything (38 +10 )% -
Lyg X (96 +£08)% -
etvX— (91 + 08)% -
utvX— (102 + 1.0 )% -
D ¢F vganything lggaa] (81 + 13)% -
D}~ ¢t vganything (54 +£11)% -
Dy pty, (2314 0.21)% 2321
Dy pty (52 + 05)% 2266
Ds1(2536) " pt vy, Dy — (2.7 + 07 )x103 -
D*~ K%
Ds1(2536)" X putv, Dy — (44 £ 13)x103 -
DOK+*
Ds»(2573)" Xptv, Dy — (27 £ 1.0 )x103 -
DK+
K~ ptu, ( 1.06+ 0.09) x 10~4 2660
D, (2.98+ 0.14) x 1073 2320
D, p* (68 + 1.4 )x103 2249
D xtata™ (61 + 1.0 )x1073 2301
Dgs1(2536)"wt, Dy — (24 + 08 )x1075 -
Dy ata—
DT K* (2.25+ 0.12) x 1074 2293
Dg1(2536)F K*, D — ( 248+ 0.28) x 10~5 -
D*(2007)° K~
D, Ktrta™ (32 + 06 )x1074 2249
D D7 (44 £ 05 )x103 1824
D, Dt (28 + 05 )x1074 1875
Dt D~ (22 + 06 )x1074 1925
D*t D*~ (2.14+ 0.32) x 1074 1778
DODP (1.9 + 05 )x10~4 1930
D nt (19 * 85 )x103 2265
DiF K+ (1327F 349y <1074 -

Dy p* (95 + 2.0 )x1073 2191
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Dt D + DI DY (1.394+ 0.17) % 1742
D"+ D*_ (1.44+ 021) % S=1.1 1655
f” *)7 (45 £ 1.4)% -
D** D;r (3.9 + 08 )x10~4 1801
D*0KO (28 + 1.1 )x10~4 2278
DOKO (43 + 09 )x10~4 2330
DOK— ot (1.04+ 0.13) x 1073 2312
D*(2007)0 K~ 7t (73 + 26 )x1074 2259
DOK*(892)° (44 + 06 )x1074 2264
DOK*(1410) (39 + 35)x1074 2117
DOK(1430) (30 £ 07 )x1074 2113
DYK3(1430) (11 + 04 )x1074 2112
DO K*(1680) < 78 x1075  cL=90% 1997
DOK(1950) < 11 x107%  CL=90% 1884
DO K3(1780) < 26 x107%  CL=90% 1970
DK (2045) < 31 x1075  CL=90% 1835
50 K=zt (non- resonant) (21 + 08 )x1074 2312
5(2573)" xF, D}, (26 + 0.4 )x1074 -
DOK
D% (2700)~ «*, DYy — (1.6 + 0.8 )x107> -
DOK~—
D%, (2860)" 7™, D¥ — (5 +4 )x107° -
D°K~—
D%5(2860)~ nt, D%, (22 4 06 )x107° -
Dk~
DOKt K~ (56 + 09 )x1075 2243
DO ,(980) < 31 x1076  CL=90% 2242
D% ( 2.30+ 0.25) x 1075 2235
D*0¢p (32 + 04 )x1075 2178
D*F xE < 61 x1076  CL=90% -
Ne b (5.0 + 09 )x10~4 1663
nentw (1.8 + 0.7 )x10~4 1840
J/¥(18) ¢ ( 1.04+ 0.04) x 10~3 1588
J/p(1S) o (120F 33y 1078 764
J/9(18) 70 < 12 x1073  CL=90% 1787
J/¥(1S)n (40 + 0.7 )x107% S=1.4 1733
J/w(1S) Kg (1.92+ 0.14) x 1079 1743
J/9(1S)K*(892)° (41 + 04 )x1075 1637
J/z/)(lS)n (33 +04)x1074 1612
J/H(1S) 7t (2.02+ 0.17) x 104 S=1.7 1775
J/w(15)f0(500) fy = ntn™ < 4 x1076  CL=90% -
J/p(1S)p, p— wha~ < 3.4 x1076  CL=90% -
J/¥(15)5(980), fo — 7T a~ (1.24+ 0.15) x 104 s=2.1 -
J/w(15)f2(1270) fy — (1.0 + 0.4 )x10° -
J/w(15)f2(1270)0, f, — (73 + 1.7 )x10~7 -
T
J/p(18)H(1270)), £ — ( 1.05+ 0.33) x 10~6 -
T~
J/Y(18) £(1270) 1, f — (13 + 07 )x10°6 -
T~
J/(1S) (1370), fy — (44 T 98 )x10°5 -

T
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J/w(iS)fb(ISOO), fo — (20aF 832y 105 -
™
J/(18) f5(1525)0, 5 — ( 1.03+ 0.22) x 10~6 -
atr~
J/9(18)f(1525), 5 — (12 F 28 )x1077 -
T
J/9(18)f5(1525) 1, fh — (5 +4 )x107 7 -
atr~
J/%(1S) f(1790), foy — (49 T10-0y 51076 -
ata~
J/9(18) 7t 7~ (nonresonant) (17at 101075 1775
J/p(1S)KOrtm— < 44 x1075  CL=90% 1675
J/H(IS)KT K~ (7.9 £ 07 )x107% 1601
J/p(1S)KOK— 7t + c.c. (95 + 1.3 )x1074 1538
J/p(1S)KOK+ K~ < 12 x1075  CL=90% 1333
J/9 K*(892)° K*(892)° ( 1.10+ 0.09) x 104 1083
J/(15) f5(1525) (26 + 06 )x10~4 1310
J/¥(1S)pp (36 = 04)x10706 982
J/(1S)y < 73 x1076  CL=90% 1790
Jptp=, JjY — ptu~ < 26 x1079  CL=95% -
JWAS)rt =t~ (75 + 08 )x1075 1731
J/¥(18S) f(1285) (7.2 + 1.4 )x107> 1460
»(2S)n (33 +09)x1074 1338
»(2S) 1 ( 1.29+ 0.35) x 104 1158
(2S)rt 7~ (69 + 12 )x1075 1397
(2S5) ¢ (53 + 0.4 )x1074 1120
$(2S) KO (1.9 + 05 )x107° 1352
PY(RS)K— 7t (31 + 04)x107° 1310
$(25) K*(892)0 (33 + 05 )x1075 1196
Xc1 9 ( 1.97+ 0.25) x 10~4 1275
Xc1(3872) ¢ ( 1.224 0.35) x 10~4 936
Xc1(3872) (KT K™) non—g (94 + 34 )x107° 961
Xc1(3872)nt 7~ (46 + 1.6 )x107° 1264
rta~ (72 + 1.0 )x107 2680
7070 < 17 x1076  CL=90% 2680
n70 < 1.0 x1073  CL=90% 2654
nn < 143 x1074%  CL=90% 2627
00 < 3.20 x10~4  CL=90% 2569
7 K% < 816 x1076  CL=90% 2573
n'n < 65 x1075  CL=90% 2568
n'n (33 +07)x107° 2507
7 ¢ < 82 x10~7  CL=90% 2495
6£(980), £(980) — T a~ ( 1.12+ 0.21) x 106 -
#5(1270), £(1270) — (61 F 18 )07 -
T

2.7 + 0.8 )x 107 2526
35 + 05 )x107° 2579
X 1.85+ 0.14) x 1075 2482
1oY.%0) 22 + 06 )x107° 2165

o p° (
(
(
(
T K~ (59 + 07 )x10°6 2659
(
(
(
(

prt o~

KtK— 2.72+ 0.23) x 107° 2638
KOKO 1.76+ 0.31) x 1075 2637
KOt = 95 + 21 )x 1076 2653
KOK+7F 84 + 09 )x1075 2622
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K*(892)~ 7t (29 + 1.1)x106 2607
K*(892)* KT (19 + 05)x1075 2585
K3(1430)5 KT (31 + 25)x1075 -
K3(1430)* KT (10 £ 17 )x1075 -
K*(892)0K? + c.c. (20 + 06 )x1075 2585
K(1430)K%+ c.c. (33 £ 1.0)x1075 2468
K3(1430)° K%+ c.c. (17 +22)x1075 2467
K% K*(892)° + c.c. (16 + 04 )x1075 2585
KOK+ K- (1.3 + 06 )x107° 2568
K*(892)0 p0 < 767 x10~4  CL=90% 2550
K*(892)° K*(892)° ( 111+ 027) x 1075 2531
HK*(892)° (1.14+ 0.30) x 1076 2507
pp < 44 x10™9  CL=90% 2514
pPKT K~ (45 + 05 )x10° 2231
ppKT T~ ( 1.39+ 0.26) x 106 2355
pprta~ (43 £ 20 )x10°7 2454
ppPpPP (23 + 1.0 )x1078 1797
pAK™ + cc. (55 + 1.0 )x 107 2358
A Ant (36 + 1.6 )x10~4 1979
AZAE < 80 x107%  CL=95% 1405
Lepton Family number (LF) violating modes or
AB =1 weak neutral current (B1) modes

vy B1 < 31 x1076  CL=90% 2683
Jon BI (34 + 04 )x107° 2587
whu~ B1 (3.34+ 027) x 1079 2681
ete B1 < 94 x1079  CL=90% 2683
o B1 < 6.8 x1073  CL=95% 2011
utu=y B1 < 20 x 1079 2681
o ptp B1 < 86 x10710  CL=95% 2673

SP, S— utp-, BI [xx] < 22 x1079  CL=95% -

P— putu~

aa, a— ptp~ BI < 58 x 10710 CcL=95% -
#(1020) ut ™ BI (84 + 04 )x1077 2582
5(1525) ™t ™ B1 ( 1.62+ 0.22) x 107 2464
K*(892)0 put 1~ BI (29 + 11 )x108 2605
at Tt BI (84 + 1.7 )x108 2670
Vv BI < 5.4 x1073  CL=90% 2587
et uF LF  [aa) < 54 x1079  CL=90% 2682
et T LF < 14 x1073  CL=90% 2389
pErF LF < 42 x1075  CL=95% 2388
outeF LF < 16 x1078  CL=90% 2586
pu~ LB < 121 x1078  CL=90% 2600

B: 1JPy =0(17)

I, J, P need confirmation. Quantum numbers shown are quark-model

predictions.

Mass m = 5415.4 + 1.4 MeV (S = 2.6)

m g
B

— mp, =485+ 1.4 MeV (S =26)
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Bs1(5830)° 14P) =0(1™)

I, J, P need confirmation.
Mass m = 5828.73 + 0.20 MeV

Mgo — Mpgey = 503.98 & 0.17 MeV

Full width T = 0.5 + 0.4 MeV

+,(5840)° 1JP) = 0(2™)

I, J, P need confirmation.
Mass m = 5839.88 + 0.12 MeV

Mg — Mgy = 560.48 + 0.12 MeV

Full width T = 1.49 + 0.27 MeV

Branching fractions are given relative to the one DEFINED AS 1.

B;2(5840)° DECAY MODES Fraction (I';/T) p (MeV/c)
BtK— DEFINED AS 1 252
B*t K~ 0.093+0.018 141
BYKY 0.43 +0.11 245
B* k% 0.04 +0.04 -

BOTTOM, CHARMED MESONS
(B= C= 1)

Bl =cb, Bf =Tb, similarly for BX's

B 1(JPy = 0(07)
I, J, P need confirmation.
Quantum numbers shown are quark-model predictions.
Mass m = 6274.47 + 0.32 MeV
mBC+ - mB? = 907.8 £+ 0.5 MeV

Mean life 7 = (0.510 + 0.009) x 10712 5

The following quantities are not pure branching ratios; rather the fractions
r;/T x B(b— Be¢)- Bc_ modes are charge conjugates of the modes below.

p
B'c" DECAY MODES x B(b —+ B) Fraction (I';/T) Confidence level (MeV/c)
xeom T (24753 x 1075 2205
D}DP <72 x 1074 90% 2483
D DO <30 x 10—4 90% 2483
D+ DO <19 x 10~4 90% 2521
D+ DO <14 x 10—4 90% 2521
Dt DY <53 x 10~4 90% 2425
D D*(2007)° <46 x 1074 90% 2427
Dit DY <9 x 10~4 90% 2425
D¥ D*(2007)° <66 x 104 90% 2427
D*(2010)* D° <38 x 104 90% 2467
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Dt D*(2007)° <65 x 104 90% 2466
D*(2007)* D° <20 x10~4 90% -
D+ D*(2007)° <37 x 104 90% 2466
Dt D*(2007)° <13 x 103 90% 2366
Dt D*(2007)° <13 x 1073 90% 2366
D*(2010)* D*(2007)° <10 x 1073 90% 2410
D*(2010)* D*(2007)° <77 x 104 90% 2410
See Particle Listings for 31 decay modes that have been seen / not seen.
B.(25)* 14P) = 0(07)
Mass m = 6871.2 + 1.0 MeV
cc MESONS
(including possibly non-qq states)
1c(15) 16(UPC) =0t~ )
Mass m = 2984.1 + 0.4 MeV (S =1.2)
Full width ' = 30.5 + 0.5 MeV (S =1.2)
Scale factor/ p
1¢(1S) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
Decays involving hadronic resonances
7/(958) T (20 0.4 )% S=1.4 1323
7' (958) K K ( 1.73+0.35) % 1131
7' (958)nn (34 406 )x1073 1081
pp (18 +0.4)% 1275
K*(892)° K= nt + c.c. (18 +05)% 1278
K*(892) K*(892) (7.0 1.2 ) x 1073 1196
K*(892)0 K*(892)0 nt 7~ (14 £06)% 1074
KT K~ (33 F12)x10-3 1104
oo (1.8 +0.4 )x1073 S=23 1089
¢2(ntw7) < 4 x 1073 CL=90% 1251
K*(892) K + c.c. < 128 % CL=90% 1310
ww (27 09 )x 1073 s=2.1 1270
wa < 25 x10~4 CL=90% 1185
£(1270) £,(1270) (1.0840.27) % 774
1,(1270) f4(1525) (9.7 3.2 ) x 1073 524
_ Decays into stable hadrons
KKm (7.1 £04)% S=1.1 1381
KKn (1.32+0.15) % 1265
nata— (1.6 £0.4 )% 1428
n2(rt ) (43 £13)% 1386
KtK=atn~ (83 +1.8 )x1073 S=1.9 1345
KtK=ata— 0 (34 £06)% 1304
KOK=rta=at 4+ cc. (54 +£15)% 1302
KT K=2(rt77) (84 +24)x1073 1254
2AKTK™) (14 404 )x1073 S=14 1056
ata= a0 < 4 x1074  CL=90% 1476
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ata= 7070 (46 £1.0)% 1461
2(rt ) (9.6 £1.5)x10 S=14 1459
2(nt = w0) (15.9 2.0 )% 1409
3(nt ) (1.89+0.34) % 1407
pp ( 1.33+0.11) x 103 s=1.1 1160
pp7® (34 £1.3 )x1073 1101
pprtw (3.7 05 )x1073 1027
AA ( 1.1040.28) x 10~3 S=15 991
KtpA+ cc. (25 +£0.4 )x1073 773
A(1520) A+ c.c. (3.0 1.3 )x 1073 694
>ty- (26 £05)x1073 901
==+ ( 1.0740.24) x 1073 692

Radiative decays
vy ( 1.66+0.13) x 10~4 S=1.2 1492
Charge conjugation (C), Parity (P),
Lepton Family number (LF) violating modes
atr~ PCP < 13 x10~4 CL=90% 1485
7070 PCP < 4 x1075  CL=90% 1486
KT K~ pcP < 7 x 104 CL=90% 1408
K% k% PCP < 4 x1074  CL=90% 1407
See Particle Listings for 21 decay modes that have been seen / not seen.
J/¥(15) 16UPG =077 7)
Mass m = 3096.900 4+ 0.006 MeV
Full width T = 92.6 + 1.7 keV (S = 1.1)
Scale factor/  p

J/¢(1S) DECAY MODES

Fraction (I';/T)

Confidence level (MeV/c)

hadrons
virtualy — hadrons
888
788
ete™
ete™
o

y [hhaa)
W

(

87.7 + 05
13.46 £ 0.07
641 £ 1.0

5.971+ 0.032
88 £ 1.4
5.961+ 0.033

x 10

)
)
)
88 + 1.1 )
)
)
) %

Decays involving hadronic resonances

pm
2070

(132007t 7~ —
2rt =)0

2(1320) 7~ 70+ c.c —
2nt )70

a,(1320)p

177r+ T
np

pnta—r

nrtr™ 3x0

n¢(2170) — n¢f(980) —
nert T

n¢(2170) —
nK*(892)0K*(892)°

nKT K™

0

(
(
(

1.88 £ 0.12 )%
6.2 + 06 )x103
28 + 06 )x1073

3.7 +£ 07 )x1073

(1.09 £ 022)%
(38 + 07 )x1074
(1.93 + 023 )x10~4
(117 + 020 )%
(49 + 1.0 )x1073
(12 + 04 )x1074
< 252 x 1074

86 + 30 )x1074

S=2.6

CL=90%

1123
1487
1396
1470
1419

628

1331
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nK*KYrF
nK*(892)0K*(892)°
1’ (958)
p:t aFat e 270
p+ 128 ata— a0
pTKTK 17+ cc—
KtK-rta— 0
pTKEKY
p(1450)7 — 7t~ 70
p(1450)F 7 F — KIK*7TF
p(1450)070 — K+t K= 70
p(1450)7/(958) —
7t 7~ 1/ (958)
p(1700)7 — 7t7~ a0
p(2150)7 — w70
wT
wrd = 7tr o
wrt
wTrO ’/To
w30
wf(1270)

wn
wrt

0

a0
w7r017
wrtatae— 7~
wrta™ 270
wy'ntn
wn'(958)
wy(980)
wfy(1710) = wKK
wf (1420)
wf(1525)
wX(1835) — wpp
wX(1835), X — n'wta™
wKT K=
wKEKY T
wKK
wK*(892) K+ c.c.
7 K KT
7 KK+ cc.
7 hy(1415) — 7' K*K + c.c.
7 h(1415) — o K*= KT
7' hi(1415) — 40’y
K K*(892) +c.c. —
KIKE7T
Kt K*(892)~ + c.c.

KT K*(892)~ + c.c. —
K+ K= n0
Kt K*(892)~ + c.c. —
KOKE7T + cc.
KOK*(892)%+ c.c.
KOK*(892)% + c.c. —
_ KOKErF 4 cc
K*(892)0 Kt 7~ + c.c.

[aa]

0.4
0.26
0.8
0.8

HoHH O H
£

0.8

0.4
1.1
0.6
0.6
0.7

H oW oH R

1.1
40
0.5
0.7
1.0
0.8
0.6
0.6
0.20
0.7
1.7
3.4
0.5
0.13
0.18
0.5
11
2.4

BB B oM W B R B H R B R R B R B

0.31
0.5
0.4
0.9
0.13
0.21
0.31
0.23

I e T T O TS

B+ 1+
o o0 =o
e g° o

H
o
i

S=1.4

S=1.3

S=1.6

CL=90%
CL=95%

$=2.9

1446
1435
1436
1419
1142
1394
1418
1363
1392
1394
1173
1279
1267

878
1060
1007

1268
1210
1268
1097

1000

1373

1343
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K*(892)* KF 70 (41 + 13 )x10-3 1344
K*(892)* K37~ + cc. (20 + 05 )x1073 1342
K*(892)t K¢n~ + cc. = (67 + 22 )x10~4 -
KOS KOS rtr~
K*(892)° K7t + c.c. — (38 + 05 )x1073 -
KtK—atn~
K*(892)°KE — vK%KY (63 T 08 )x1076 -
K*(892)° K3 70 (7 +4 )xi4 1343
K*(892)* K*(700)F (11 + 19 yx10-3 -
K*(892)0K*(892)° (23 + 06 )x10~4 1266
K*(892)* K*(892)F (100 T 322 ) x10-3 1266
K1(1400)* K¥F (38 + 14 )x10-3 1170
K*(1410)K +c.c — (7 +4 )x1075 -
KE KT 70
K*(1410)K + c.c. — (8 +5 )x107° -
K K*nT
K3(1430)K +c.c. — (10 + 05 )x10~% -
K* KT 70
K3(1430)K + c.c. — (38 + 1.0 )x1074 -
KL KEaT
K35(1430) K+ c.c. < 40 x 1073 CL=90% 1158
K3(1430)* K=+ c.c. — (269 T 023 )x1074 -
Kt K~ 70
K3(1430)° K7t + c.c. — (26 + 09 )x1073 -
KtK—ntn—
K3(1430)* K%7~ + cc. (36 % 18 )x1073 1116
K35(1430)° K*(892)° + c.c. (467 + 029 )x 1073 1011
K3(1430)~ K*(892)* + c.c. (34 +29 )x1073 1011
K3(1430)~ K*(892)* + (4 +4 )x1074 -
cc — K*(892)tKir+
cc.
K3(1430)0 K3 (1430)° < 29 x1073  CL=90% 601
K,(1770)° K*(892)° + c.c. — (69 %09 )x10~4 -
K*(892)° K~ 7t + c.c.
K3(1980)t K~ + c.c. — (110 + 380 )5 10-5 -
K+t K= =0
K;(2045)T K~ + cc. — (62 + 23 )x10-6 -
K+ K~ n0
K1 (1270)F KT < 30 x1073  CL=90% 1240
Ki(1270) K% — vKI K? (85 + 25 )x10~7 -
a(1320)* 7 F [aa] < 4.3 x10~3 CL=90% 1263
om0 3%1076 or 1 x 10~7 1377
ot (94 + 15 )x1074 S=1.7 1365
om0 70 (50 + 10 )x10~4 1366
¢2(rt 7)) (1.60 + 032 ) x 1073 1318
n (74 % 06 )x1074 S=1.2 1320
o1’ (958) (46 +05 )x1074 S=22 1192
onn’ (232 + 017 )x 1074 885
¢ 1(980) (32 +09 )x104 S=1.9 1178
#(980) — ontm (260 + 034 )x104 -
1 (980) = ¢p70x0 (18 + 05 )x10~4 -
¢ £(980) — ¢n0nta— (45 + 10 )x10°6 -
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¢70£(980) — @m0 p0nl
¢1(980)n — nemt
$a9(980)° = ¢na®
¢5(1270)

¢ 1(1285)

$f(1285) — om0 £(980) —

opnOnt o~

<;5f1(1285) — ¢n0%(980) —

$3n°

én(1405) — onnt

f1(1525)
$X(1835) = ¢pD
$X(1835) — ¢nnt
& X(1870) — ¢n7t
OKK

#f(1710) — ¢oKK

HK*(892) K+ c.c.

by (1235)F 7 F

by (1235)0 70

5(1525) K+ K~
A(1232)tp

A(1232) o7~
A(1232)F T A(1232)
T(1385)0p K~
5(1385)%4+ c.c.
>(1385)" Xt + c.c.
>(1385)T X+ c.c.

5 (1385)~ X (1385)*" + c.c.
X (1385)T £(1385)~ + c.c.
5(1385)0X(1385)°
A(1520) A+ c.c. — yAA
/\(01520)/l+ c.C.
=(1530)" =* + c.c.
Z(1530)°=0
@(1540)@(1540) —

Ksp K~n+ c.c.
O(1540) K~ 1 — K2 spK™n
0(1540)K%p — KY pK+
@(1540)K+n - KO pKtn
9(1540)K p— KSpK

[aa]

(
(
(
(
[aa] (7.2
(
(
(
(

(110

(5.1

< 82
[aa]

1.25

1.07

< 41

< 1.80
(117

(318

(32

[iiaa] < 1.1

(3
(3
[aa] ( 1.08
(
(

[iilaa] < 2.1
[ilaa] < 1.6
lilaa] < 5.6
[ilaa] < 1.1

HoH B H R

H

H R

HoH B H B H R

Decays into stable hadrons

2rta)a0
3(rtr)m0
atr~ 370

pi 7F 7070

ot p= a0
atr~ 470
ata— 70
2(rt 7= x0)
ata a0 KT K~

(42

+

MW BB H R R

0.6 )x1076
1.0 )x 1074
14 )x 1076
06 )x1074
05 )x10~4
28 )x10~7
22 )x1077
1.0 )x10~5
4 H)x1074
x 107
x 1074
x 1072
0.16 ) x 10~3
0.6 )x1074
1.1 )x1074
15 )x1074
08 )x107%
0.23 ) x 1073
05 )x1073
06 )x1073
0.35 ) x 10—3
x 10~4
05 )x1073
0.29 ) x 10—3
32 )x 1074
x 1076
07 )x10~4
0.8 )x1074
0.06 ) x 10~3
0.07 ) x 1073
0.08 ) x 10—3
x 1076
x 103
0.04 ) x 10—3
0.08 ) x 10~4
14 )x1074
x 1075
x 107>
x 107>
x 105
x 107>
0.4 )%
06 )%
09 )%
0.22 )%
11 )x1073
13 )x 1073
0.07 )%
020 ) %
027 )%

S=2.7
CL=90%
CL=90%
CL=90%

S=1.3

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

1045

1036
1032
952

955

946
877

578

1179
875
1179
1176
1114
969
1300
1300
897
1100
1030
938
646
911
855
861
697
697
697

807
818
600
608

1496
1433
1497
1421
1298
1470
1533
1468
1368
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atx (147 £ 0.14 ) x 104 1542
2(rt ) (320 + 025 )x1073 S=1.2 1517
3(nt7) (43 + 04 )x1073 1466
2(rt 77) 370 (62 +09 )% 1435
4(rt a0 (90 + 30 )x1073 1345
2t T )n (229 + 028 )x103 1446
3(atr)n (72 + 15 )x1074 1379
2rt a2y (16 + 05 )x1073 1381
atr= 2070y (24 +05 )x1073 1448
pEaFaly (19 + 08 )x10-3 1326
KT K~ (286 + 021 )x1074 1468
K% K9 (1.95 + 011 ) x 1074 S=2.4 1466
K2 K? < 14 x 10~8 CL=95% 1466
KKn (61 £ 10 )x1073 1442
KtK—70 (288 + 012 )x1073 1442
K KEaT (53 + 05 )x10-3 1440
K2 K970 (2.06 + 0.26 ) x 10~3 1440
K*(892)° K%+ c.c. — (121 + 018 ) x10~3 -
K K970
K3(1430)° KO+ c.c. — (43 + 13 )x1074 -
K%K 0

KtK—= (70 + 1.0 )x1073 1407
Kt K= 7070 (213 + 022 ) x 1073 1410
Kt K= 707070 (1.61 + 029 ) x 103 1371
KOKE7F 7070 (53 + 07 )x10~3 1369
KIKEaF ot (63 + 04 )x10-3 1366
KS K* p(770)* 70 (29 + 08 )x1073 -
KIKOrt o (38 + 06 )x1073 1406
K%K n0n0 (1.9 + 04 )x10-3 1408
K%KOn (145 + 033 ) x 1073 1328
KK atm (1.68 + 0.19 ) x 10~3 1406
KT K n* (57 + 05 )x1073 1408
KL K= 7 p(770)° (31 + 05 )x10-3 -
KT K=2(zt77) (31 +13 )x103 1320
KTK=nta g (47 + 07 )x103 1221
2Kt K™) (72 +08 )x1074 1131
KT K~ K2 K (42 +07 )x1074 1127
K2 K*(892)0nt 7 (17 + 06 )x1073 1304
K% Kk*(892)0 7070 (1.01 + 018 ) x10~3 1306
K¥ K*(892)*ntx (34 +12 )x1073 1305
K*(892)* K*(892)0 nF (48 + 10 )x1073 1213
K¥ K*(892)* 70 x0 (157 + 032 ) x 1073 1308
K*(892)F K*(892)~ n0 (112 + 023 )% 1214
pp ( 2120+ 0.029) x 103 1232
ppr? (119 + 0.08 ) x 1073 s=11 1176
pprtw (60 + 05 )x103 S=1.3 1107
pprta—n0 ljaal (23 + 09 )x1073 S=1.9 1033
PPN (200 + 012 )x1073 948
ppPp < 31 x10~4 CL=90% 774
ppw (9.8 + 1.0 )x1074 S=13 768
PP’ (958) (129 + 014 )x 1074 $=2.0 5%
ppag(980) — ppn¥n (68 + 18 )x1075 -
pPpo (519 + 033 )x 1075 527
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pAT (212 £
na (209 +
nartw (4 +
AA (1.88 &
AAT0 (38 =+
AMratro (43 =
AAn (162 £
AT -7+ cc. laa] (126 &
ATHtra~ 4 cc (121 £
pK~A+c.c. (86 =+
pK— X0 (29 +
AnK%+ cc. (65 =+
AT + c.c. (283 £
rty- (1.07 £
>0y (1.172%
TtT g (63 =+
=—=t (97 +
Radiative decays
1c(1S) (141 =
3y (116 +
4y < 9
5fy < 15
0 (339 +
070 (115 +
~ort on~ (28 =+
v £(1270) f(1270) (95 =
~1(1270) £,(1270) (non reso- (82 =+
nant)
¥ + 7270 (83 +
v KL K (81 =+
fy(KKw) [JPC =0~ *] (7 %
yKTK— 7t (21 +
yK*(sgz)?*(sw) (40 +
n ( 1.090+
777770 (214 =
va9(980)° — ynx0 < 25
va5(1320)% — ~nxd < 66
ynmm (61 =+
y1p(1870) — ~ynatn (62 =+
1’ (958) (528 +
Ypp (45 =+
v pw < 5.4
YpoP < 88
Yww (161 +
V9P . (40 £
vn(1405/1475) — yK K (28 =+
yn(1405/1475) — ~~ p° (78 +
vn(1405/1475) — ynatn (30 =+
yn(1405/1475) — ~p% p0 (17 +
vn(1405/1475) — vy~ ¢ < 8.2
vn(1405) — vy < 2.63
yn(1475) = vy < 1.86
An(1760) — ~p° 0 (13 =+
n(1760) — yww (198 +

0.09 ) x 10—3
0.16 ) x 10~3
4 y)x1073
8 ) x 1073
04 )x107%
1.0 )x 1073
017 ) x 1074
0.05 ) x 1073
0.07 ) x 1073
11 )x107%
0.8 )x1074
1.1 )x1074
0.23 ) x 1075
0.04 ) x 10~3
0.032) x 10—3
04 )x107%
08 )x107%
0.14 )%
0.22 ) x 1073
x 106
x 1075
0.08 ) x 107>
0.05 ) x 1073
05 )x1073
1.7 )x 1074
1.9 )x1074
31 )x 1073
04 )x1074
4 )><10_
06 )x1073
13 )x 1073
0.013) x 10—3
031 ) x 1072
x 1076
x 1076
1.0 )x10-3
24 )x1074
0.06 ) x 1073
08 )x1073
x 10~4
x 1075
0.33 ) x 1073
12 )x 1074
06 )x1073
20 )x 1072
05 )x10~4
04 )x10-3
x 1072
x 106
x 1076
0.9 )x10~4
0.33 ) x 1073

S=2.6

S=1.2
S=1.8

CL=95%
CL=95%

CL=90%
CL=90%

S=21
S=1.6
S=1.8

S=1.3
CL=95%
CL=90%
CL=90%

1174
1231
1106
1074
998
903
672
950
945
876
819
872
1034
992
988
498
807

111
1548
1548
1548
1546
1543
1517
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yn(1760) — vy < 4.80 x 106 CL=90% -
yn(2225) (314 © 020 ) x10-4 752
~£(1270) (163 + 012 )x1073 S=13 1286

v£(1270) — yKIKS (258 = 089 )x 1075 -
1, (1285) B (61 + 08 )x104 1283
v£(1370) - YKK (42 £ 15 )x10~% -
v £ (1370) — 7505 KS (11 + 04 )x1075 -
vf(1420) = vKK~ (79 + 13 )x1074 1220
v1(1500) = ~7w (1.09 + 0.24 ) x 1074 1183
v£(1500) = ynn (17 T %8 )x1075 -
v f(1500) — yKIKY (159 T 020 ) x 1075 -
v (1510) — ynrt o~ (45 + 12 )x1074 -
7 f5(1525) (57 T 38 )x104 S=15 1177
v£5(1525) — yKL KY (80 T 07 )x1075 -
yf5(1525) — vy (34 +14 )x1075 -
v (1640) = yww (28 + 18 )x1074 -
v (1710) = ~7 7 (38 + 05 )x1074 -
yfp(1710) = YK K (95 T 32 )yx107* S=15 1075
vh(1710) = yww (31 + 1.0 )x1074 -
~vfy(1710) — ~nny (24 T %% ) x 10~4 -
vf(1710) — ywo (25 +06 )x104 -
7R (1770) — yKIKY (111 T 929 ) x10-5 -
~v£(1810) — ~nn (54 F gi ) x 107 -
11 (1855) — vn1’ (27 3% )x10-6 -
vH(1910) = yww (20 + 1.4 )x1074 -
7H(1950) — (70 +22 )x1074 -
~ K*(892) K*(892)
¥ (2020) = yn'n (263 T 032 )x10-4 -
~4(2050) (27 +07 )x1073 891
~v1(2100) — ~nn (113 * 828 ) x 1074 -
v£(2100) —» yr7w (62 + 1.0 )x104 -
77(2200) = vKK (59 + 13 )x1074 -
71(2200) — YKL KY (272 T 313 )x104 -
vf(2220) — y7w < 39 x 1075 CL=90% -
vf)(2220) - YKK < 41 x 1073 CL=90% -
vf;(2220) = ~vpp (15 + 08 )x107° -
71(2330) » vKIKY (49 + 07 )x1075 -
71(2330) = ' (61 + 40 )x1076 -
~v£(2340) — 17 (56 T %g ) x 1075 -
75(2340) — vKI K (55 + 42 )x10-° -
v£(2340) — yn'n/ (87 T ?g ) x 10—6 -
v1(2470) — o' (82 t 49 )x107 -
yX(1835) = yat oy (27 T 98 )yx1074 S=1.6 1006
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vX(1835) — ~vpp (77 T35 )x1075
v X(1835) — 'yK% K%n (33 *+ %g ) x 1075
7 X(1835) = vy < 356 x 1076
¥X(1835) — 3(rT77) (24 T 3% )x1075
vX(2370) - YKt K= ¢/ (1.8 + 07 )x10°5
X (2370) — vKIKLy (12 + 05 )x1075
vX(2370) = ynnn' < 9.2 x 106
vpP (38 + 10 )x1074
ypprta~ < 79 x 10~4
yAA < 13 x 1074
~+AY — yinvisible [kkaa] < 1.7 x 106
yAY oyt [laa] < 7.8 x10~7
Dalitz decays
nlete” (76 + 1.4 )x10~7
net e~ (1.42 + 008 )x 1075
7'(958) et e~ (659 + 018 )x 1075
X(1835)ete”, X —» ntr o/ (358 + 025 )x 1076
X(2120)ete™, X — ntn v/ (82 + 13 )x1077
X(2370)ete”, X —» 7ta =y (1.08 + 017 ) x 1076
nU — nete™ [mnaa] < 9.11 x 107
7'(958) U — n/(958)eT e~  [mnaa] < 2.0 x 107
dete™ < 12 x 107
Weak decays
D~ etve+ cc. < 71 x 1078
Doete + cc. < 85 x 108
D; etwe+ cc. < 13 x 1076
Dy etve+ coc. < 18 x 106
D~ nt+ cc. < 75 x 1073
DOKO 4 c.c. < 17 x 104
DOK* 04 cc. < 25 x 10~6
D, 7+ cc. < 13 x10~4
D, pt+ cc. < 13 x 1073
Charge conjugation (C), Parity (P),
Lepton Family number (LF) violating modes
vy c < 27 x10~7
v c < 14 x 1076
et uF LF < 16 x 10~7
et T LF < 75 x 10~8
pEr LF < 20 x 10~6
Afe +ec < 6.9 x 10~8
Other decays
invisible < 7 x 1074

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

See Particle Listings for 13 decay modes that have been seen / not seen.

984
987
923
828
977
898
670
915
663

1548
1381
1547
1039
1035

704

Mass m = 3414.71 + 0.30 MeV

Xco(1P) 16(UPCY =0t (0t )

Full width T = 10.7 + 0.6 MeV (S = 1.1)
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Scale factor/ p
Xco(1P) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Hadronic decays
2(rt ) (23 £0.4 )% S=20 1679
POrtr (9.1 £3.1 ) x 1073 s=1.1 1607
15(980) f5(980) (6.7 £2.1 ) x 1074 1391
at 07 (33 +£0.4 )% 1680
ptr a0+ cc. (29 £0.4 )% 1607
470 (33 £0.4 )x 1073 1681
T KK~ (1.82+0.16) % S=1.2 1580
K5(1430)0 K75 (1430)° (9.9 *49 ) x 1074 -
TroKtK—
K3(1430)0K3(1430)° + c.c. — 80 29y <1074 -
atr KT K™
K1(1270)t K=+ c.c. — (6.3 £1.9 ) x 1073 -
tro Kt K™
K1(1400)T K~ + c.c. — <27 x 1073 CL=90% -
trm Kt K™
15(980) f5(980) (16 +39)x1074 1391
1,(980) f(2200) (79 ¥20 ) x 1074 586
fo(1370) f5(1370) <27 x 1074 CL=90% 1019
fo(1370) fo(1500) <17 x 1074 CL=90% 907
f,(1370) £,(1710) (67 ¥35 ) x1074 709
f5(1500) fp(1370) <13 x 1074 CL=90% 907
fo(1500) fp(1500) <5 x 107> CL=90% 774
f5(1500) fp(1710) <7 x 1073 CL=90% 515
KtK-atnn (8.6 £0.9 ) x 1073 1545
KAKEaF ot (42 £0.4 )x 103 1543
Kt K= 7070 (5.6 +£0.9 ) x 103 1582
KTa~Kor0+ cc. (2.49+£0.33) % 1581
pt K=K+ cc. (1.2140.21) % 1458
K*(892)~ Kt 70 — (46 £1.2 )x 1073 -
Kt~ KO70+ c.c.
KSKQmt 7= (5.7 £1.1 ) x 1073 1579
Kt K= nn® (3.0 £0.7 ) x 103 1468
3(rta7) (1.95+0.22) % $=33 1633
KtK*(892)%7~ + c.c. (7.5 +16 ) x 1073 1523
K*(892)0 K*(892)° (1.7 £0.6 ) x 1073 1456
T (85 +£0.4 ) x 1073 S=1.2 1702
0n <18 x 10~4 1661
70y <11 x 1073 1570
707 <16 x 1073 CL=90% 383
nn (3.0140.25) x 10~3 S=13 1617
nn' (9.1 1.1 ) x 107> 1521
'y (21740.12) x 1073 1413
ww (9.7 +1.1 ) x 1074 1517
wae (1.4240.13) x 10~4 1447
wKtK= (1.9440.21) x 1073 1457
KtK~ (6.0740.33) x 10~3 S=1.1 1634
K% KY (3.174£0.19) x 10~3 S=1.1 1633
ataTn <20 x 10~4 CL=90% 1651
ata=y <4 x 1074 CL=90% 1560
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KOKtr—+ cc. <9 x 10=5 CL=90% 1610
Kt K= 70 <6 x 1075 CL=90% 1611
KtK—n <23 x 1074 CL=90% 1512
KT K~ K%K (1.4 £05 ) x 1073 1331
K2 KL KL KY (5.8 £0.5 ) x 1074 1327
KtK-KtK~ (2.8 £0.4 ) x 1073 S=15 1333
KtK=¢ (9.7 £25 ) x 1074 1381
KoKt 1~ ¢+ c.c. (3.7 £0.6 )x 1073 1326
KTK—x%¢ (1.9040.35) x 10~3 1329
¢t o= 70 (1.1840.15) x 103 1525
1010) (8.4840.31) x 10~4 1370
odn (8.4 +£1.0 ) x 1074 1100
pD (221+0.14) x 1074 S=16 1426
pp7° (7.0 £0.7 ) x 1074 S=13 1379
PPN (3.5 +0.4 ) x 1074 1187
pPw (5.3 +0.6 ) x 1074 1043
ppo (6.0 +£1.4 ) x 1073 876
pprtw (21 £0.7 )x 1073 S=14 1320
ppr 0 (1.04+£0.28) x 10—3 1324
pp K+ K~ (non-resonant) (1.2240.26) x 1074 890
pEKOS K% <88 x 1074 CL=90% 884
pAT~ (1.2740.11) x 10—3 1376
pnrt (1.3740.12) x 1073 1376
par— 70 (2.344+0.21) x 1073 1321
pnrt a0 (22140.19) x 1073 1321
AA (3.60+0.17) x 1074 s=1.1 1292
Azt (1.1840.13) x 10~3 1153
AAxt 7~ (non-resonant) <5 x 1074 CL=90% 1153
>(1385)T Ar~ + c.c. <5 x 1074 CL=90% 1083
>(1385)" Ant + c.c. <5 x 1074 CL=90% 1083
AAn (23 +04 )x 1074 979
KTpA+ cc. (1.25+0.12) x 1073 S=1.3 1132
nK3A + cc. (6.7 £0.5 ) x 1074 1129
K*(892)* pA+ c.c. (48 £0.9 ) x 1074 845
K*BA(1520)+ c.c. (3.0 £0.8 ) x 1074 859
/\(1520)/\(1520) (31 +12 )x 1074 780
3030 (4.694+0.32) x 1074 1222
TtpKY+ cc (3.53+0.27) x 104 1089
S05Kkt 4+ cc. (3.0440.20) x 10~4 1090
sty - (47 +08 )x 1074 S=2.6 1225
y-xt (5.1 405 )x 1074 1217
> (1385)T X (1385)~ (1.6 0.6 )x 1074 1001
> (1385)~ X (1385)* (23 £0.7 ) x 1074 1001
K~ /\7++ c.c. (1.95+0.35) x 10—4 873
= (45 +£0.5 ) x 1074 S=17 1089
(4.4740.20) x 10~4 1081
(3.5 +0.6 ) x 1075 343
<7 x 1074 CL=90% 307

Radiative decays
~vJ/¥(1S) (1.4140.09) % S=1.7 303
0 <9 x 106 CL=90% 1619
Yw <8 x 1076 CL=90% 1618
vo <6 x 1076 CL=90% 1555

vy (2.0440.10) x 10~4 S=1.1 1707
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eteJ/w(1S) (1.3440.30) x 104 303
wtu= J/(1S) <19 x 1075 CL=90% 226
Xc1(1P) 16(PC) =0t t )
Mass m = 3510.67 + 0.05 MeV (S = 1.2)
Full width I = 0.84 + 0.04 MeV (S = 1.1)
Scale factor/ p
X¢1(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete (14 T3 )x1077 1755
Hadronic decays
3(nt77) (1.04£0.16) % S=4.6 1683
2t 7)) (7.6 £2.6 ) x10 1728
7r+7r‘7r°7r° ( 1.19£0.15) % 1729
p 7 7%+ c.c. (1.45+0.24) % 1658
/107r+ (3.9 £35 ) x 1073 1657
470 (5.4 +08)x10~4 1729
T KT K™ (45 +1.0 )x1073 1632
KT K= 7070 (1.12+0.27) x 10-3 1634
KTK=ata= 0 (1.15+0.13) % 1598
K K*rFrtr (7.5 +£08 )x 103 1596
Kt7~KOx0 + c.c. (86 +1.4 )x1073 1632
p~ KTKY+ cc. (5.0 £1.2 )x 103 1514
K*(892)0 K070 — (23 06 )x1073 -
Kt~ KOn0+ c.c.
Kt K=yl (1.1240.34) x 1073 1523
tamKYKY (6.9 £2.9 )x10~4 1630
KtK—n (32 +£1.0 )x10~4 1566
KOKt7r—+ cc. (7.0 £06 )x103 S=1.1 1661
K*(892)°K+ c.c. ( 1.03+0.15) x 1073 1602
K*(892)" K~ + c.c. (1.2140.23) x 1073 1602
K*(1430)°K% + c.c. — < 8 x10~4  CL=90% -
K K7™+ cc.
K*(1430)t K~ + c.c. — < 21 x 1073 CL=90% -
K K7™+ cc.
KtK=70 (1.8140.24) x 1073 1662
nrtw ( 4.620.24) x 103 1701
29(980)t =+ cc. —» prtrw (32 404 )x1073 s=2.1 -
2(1320)F 7~ + c.c. = gt ( 1.7640.24) x 104 -
a(1700)F 7=+ cc. — prtw (46 +0.7 )x 1075 -
£ (1270)n — n7t (35 +06 )x1074 -
7(2050)n — nrtw (25 +09 )x107° -
71(1400) T 77+ c.c. = pat <5 x107%  CL=90% -
71 (1600)F 7+ cc. = nrtw < 15 x1075  CL=90% -
m1(2015) Y n™ + cc. = < 8 x 1076 CL=90% -
,(1270)n (6.7 1.1 )x1074 1467
o (22 +£0.4 )x103 1612
KT K= 1/(958) (88 +09)x1074 1461
K3(1430)t K~ + c.c. (64 F22)x1074 -
1,(980) 7’ (958) (16 T34 )x104 1460
f5(1710) 7/ (958) (7 J_rg ) x 10~5 1100
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f4(1525)1/(958)
K3(1430)" K~ + c.c.
K3(1430) KO+ c.c.
70£(980) — 70nt sz~
Kt K*(892)%7~ + c.c.
K*(892) K*(892)°
KT K= K2KY
K2KIKI KS
KTK-KTK~
KtK=¢
KOK*T 7~ ¢+ cc.
KtK—a%
omta™ 70
ww
wKT K~
wo
X
oon
pp
ppn®
PPN
ppw
pp¢
pprta
pﬁﬂ.o 70
pp Kt K~ (non-resonant)
PPRSKS
pnm
pnrt
pam—
pnrt 70
AA
Artr—
AAzxt 7~ (non-resonant)
X(1385)T Ar~ + c.c.
> (1385)" Ant + c.c.
AAn
KtpA+c.c.
nKA + cc.
K*(892)t pA+ c.c.
KT P A(1520)+ c.c.
A(1520)/A(1520)
30x0
TtPKY+ cc
Y05kt + cc.
>t¥-
>zt
> (1385)* £(1385)~
5 (1385)~ X (1385)*

0

(9 +6 )x1075

( 1.61+0.31) x 103

( 1.1740.20) x 10—3

(35 +09 )x10~7

(32 +21)x1073

(1.4 £0.4 )x103
< 4 x10~4
(35 +1.0 ) x1075
(54 +1.1)x1074
(41 £15)x1074
(33 £05)x103
( 1.62+0.30) x 103
(75 +1.0 )x10~4
(5.7 07 )x1074
(7.8 £0.9 ) x 104
(27 404 )x1075
( 4.2640.21) x 1074
(3.0 £05 ) x 1074
(76 0.4 )x107°
( 1.55+0.18) x 10~4
( 1.45+0.25) x 10~4
(2.12+0.31) x 10~4
< 17 x 1075

(5.0 +1.9 )x10™4
<5 x 104

( 1.2740.22) x 10~4
< 45 x10~4
(3.8 +05)x1074
(3.9 +05 ) x1074
( 1.03+0.12) x 1073
( 1.0140.12) x 1073
( 1.27+0.09) x 10~4
(29 +05)x104
(25 406 )x104
< 13 x 1074
< 13 x 104
(5.9 £15)x1075
(42 +04 )x1074
( 1.66+£0.17) x 10~4
(49 +07)x1074
(1.7 +04 )x10~4
<9 x 1075
(42 +£06 )x107°
( 1.53+0.12) x 10~4
( 1.46+0.10) x 10~4
(36 £0.7 )x10~>
(5.7 £1.5 ) x 107>
<9 x 1075
< 5 x 1075
1.35:0.24) x 104
75 +£1.3 ) x107°
6.0 +£0.6 ) x 107>
1.4940.25) x 107
< 21 x 1073

(
(
(
(

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

S=1.2

CL=90%

CL=90%
CL=90%

1229
1416
1416

1577
1512
1390
1387
1393
1440
1387
1390
1578
1571
1513
1503
1429
1172
1484
1438
1254
1117

962
1381
1385

974

968
1435
1435
1383
1383
1355
1223
1223
1157
1157
1059
1203
1200

935

951

880
1288
1163
1163
1291
1283
1081
1081

963
1163
1155

533
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K% K% < 6 x 105 CL=90% 1683
Nemt < 32 x1073  CL=90% 413

Radiative decays
~vJ/9¥(1S) (343 +£1.3 )% 5=1.3 389
70 ( 2.1640.17) x 10~4 1670
yw (6.8 +08)x1075 1668
vé (24 +£05)x1073 1607
vy < 63 x 1076 CL=90% 1755
eteJ/w(1S) ( 3.4640.24) x 1073 389
wtp=J/9(1S) ( 2.33+0.29) x 10—4 335
he(1P) 16UPCY =0~ + )
Mass m = 3525.37 £+ 0.14 MeV (S = 1.2)
Full width ' = 0.78 4+ 0.28 MeV
hc(1P) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
J/(18) 70 <5 x 104 90% 382
J/p(AS) T~ < 27 x 1073 90% 305
pp < 17 x 104 90% 1492
ppr° < 8 x 104 90% 1447
pprtaT (3.3+£0.6) x 1073 1390
ppr 0 < 6 x 104 90% 1394
pprtrwl (44+13)x 1073 1331
PPN (744+22) x 1074 1264
ot x0 ( 1.940.5) x 10~3 1749
ot a0y ( 8.3£2.4) x 10~3 1695
2rt 27— 70 ( 9.4£1.7) x 10~3 1716
3rt3n— a0 < 10 % 90% 1661
KtK=atqa~ <7 x 104 90% 1640
KtK=nta— a0 (3.84+0.8) x 10~3 1606
KTK=nta™n < 27 x 1073 90% 1480
KT K= x0 < 6 x 104 90% 1670
KtK=7% < 24 x 1073 90% 1532
KtK=n < 10 x 1073 90% 1574
2K+ 2K~ 70 < 28 x 1074 90% 1339
K KEaT < 6 x 1074 90% 1668
KYK*rF ot o~ (3241.0)x 10-3 1604
Radiative decays

n (4.7+£2.1) x 1074 1720
vn'(958) (1.5+0.4) x 1073 1633
ne(1S) (60 +4 )% 500

See Particle Listings for 1 decay modes that have been seen / not seen.

Xc2(1P)

/G(JPC) — 0+(2++)

Mass m = 3556.17 £+ 0.07 MeV
Full width ' = 1.98 & 0.09 MeV (S = 1.1)
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Scale factor/ p
Xc2(1P) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Hadronic decays
2(rt ) ( 1.00+0.13) % s=14 1751
ot 070 (1.860.24) % 1752
pta 0+ ce. ( 2.2240.35) % 1682
470 ( 1.13+0.15) x 10-3 1752
KT K= 7070 (21 404 )x10-3 1658
Kt~ KOm0 + c.c. (1.41£0.20) % 1657
p~ KTK+ c.c. (42 +£13 )x1073 1540
K*(892)° K~ nt — (3.0 £0.8 )x1073 -
K=nT K070+ c.c.
K*(892)0 K070 — (39 £0.9 )x1073 -
KT~ K70+ c.c.
K*(892)~ Kt 70 — (3.8 £08)x103 -
Kt~ K970+ c.c.
K*(892)tKOn~ — (3.0 £0.8 )x1073 -
Kt~ KO70+ c.c.
Kt K= nn0 (1.3 £04 )x1073 1549
KtK—ntn (83 £1.1)x103 S=12 1656
KtK=nta= a0 (1.17+0.13) % 1623
K K= rFrtr (73 +08 ) x 1073 1621
KTK*(892)%7~ + c.c. (21 £1.0 )x 1073 1602
K*(892)0 K*(892)° (22 £0.9 )x10-3 $=23 1538
3(nt7) ( 1.534£0.19) % S=3.8 1707
b (1.2340.07) x 1073 S=1.9 1457
odn (54 +£07)x1074 1206
ww (86 £1.0 )x10~4 1597
wKT K= (7.3 £09 )x10~4 1540
wo (9.7 £2.8 )x1076 1529
s ( 2.27+0.10) x 103 1773
POt (3.6 £1.5 )x 1073 1682
7t 7~ 70 (non-resonant) (20 £0.4 )x1075 1765
p(770)E T (6 +4 )x1076 -
ata=n (49 13 )x107% 1724
i (51 £1.9 )x10~4 1636
nn (55 +05)x1074 1692
KT K~ ( 1.02+0.15) x 103 S=23 1708
K% K¢ (53 +04 )x10~4 1707
K*(892)* K¥ (1.46+0.21) x 1074 1627
K*(892)° K+ c.c. (1.2740.27) x 104 1627
K3(1430)F KT (1.5140.13) x 1073 -
K3(1430)° K%+ c.c. (1.2740.17) x 1073 1443
K3(1780)* KF (53 0.8 )x1074 -
K3(1780)° KO + c.c. (57 £21)x1074 1274
a,(1320)0 0 (1.3140.35) x 10~3 -
a(1320)* 7 F (1.8 +06 )x10-3 1530
KOKt7r—+ cc. ( 1.3040.19) x 10~3 1685
KT K= =0 (3.1 +08 )x10~4 1686
KtK—n < 33 x 1074 CL=90% 1592
KT K= 1/(958) (1.94+0.34) x 10~4 1488
' (22 £05)x107° 1600
! (4.6 +£06 )x1073 1498
+am K% KY (2.2 £05)x10-3 1655
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KT K= KK < 4 x10~4  CL=90% 1418
K2 KL KL KY (1.15+0.18) x 10—4 1415
KtK-KtK~ ( 1.67+£0.22) x 103 S=1.1 1421
KtK=¢ ( 1.45+0.30) x 103 1468
KOKt7n~ ¢+ c.c. (48 £07 )x10-3 1416
Kt K= 70 a‘> (27 £05)x103 1419
ontr 70 (93 +1.2 )x1074 1603
pp (7.3 £0.4 )x107° S=1.1 1510
ppr? (47 £04 )x 1074 1465
PPN ( 1.7740.25) x 10~4 1285
ppw (3.7 04 )x1074 1152
pPpo (2.8 +£09 )x1073 1002
pprt ( 1.3240.34) x 10~3 1410
pprln0 (8.0 +£2.4 )x10~4 1414
pp K+ K~ (non-resonant) (1.9440.33) x 1074 1013
ppKS K < 7.9 x10~4 CL=90% 1007
pAT™ (87 +1.0 )x10™4 1463
pnrt (9.1 +0.8 )x10~4 1463
par~ w0 (2.21+0.18) x 10~3 1411
pant g0 (2.15+0.19) x 10~3 1411
AA (1.8640.16) x 104 1384
AArt (1.2840.16) x 103 1255
AAzxt 7~ (non-resonant) (67 £1.5)x1074 1255
>(1385)T Ar~ + c.c. < 4 x1074  CL=90% 1192

> (1385)" Ant + c.c. <6 x1074  CL=90% 1192
AAn ( 1.0740.26) x 104 1096
KTPA + cc. (7.9 £06 )x1074 1236
nK3A + cc (3.64£0.29) x 10—4 1233
K*(892)* pA+ c.c. (83 +1.2)x107% 976
KT PpA(1520) + c.c. (2.9 +£07)x1074 992
/\(1520)/\(1520) (47 £15)x1074 924
y050 (37 £06)x107° 1319
TtpKY+ cc (84 £1.0 )x 1075 1197
SO05KT + cc. (9.3 £08 )x 1075 1197
rty- (34 £07)x107° 1322
-zt (45 £1.8 )x 1075 1314
X (1385)T £(1385)~ < 16 x1074  CL=90% 1118
> (1385)~ £(1385)* < 8 x1075  CL=90% 1118
K=AZ% + cc. ( 1.8040.32) x 104 1004
z0=0 (1.86+0.22) x 10~4 1197
=—=+ ( 1.464+0.12) x 10~4 1189
-0+ ( 4.52+0.30) x 1075 604
J/p(AS)nt 70 < 15 % CL=90% 185
7 ne < 32 x 103 CL=90% 511
ne(1S) 7t < 5.4 x 1073 CL=90% 459

Radiative decays

~vJ/v¥(1S) (19.5 +0.8 ) % S=1.5 430
0 < 19 x1075  CL=90% 1694
Yw < 6 x 106 CL=90% 1692
v < 8 x 1070 CL=90% 1632
vy (2.92+0.12) x 10~4 S=1.3 1778
ete™ J/w(1S) ( 2.2040.15) x 1073 430
wtu= J/w(1S) ( 2.07+0.34) x 10—4 381
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7c(2S) 16UPC =00~ )

Quantum numbers are quark model predictions.

Mass m = 3637.7 = 0.9 MeV (S =1.2)
Full width I' = 11.8 &+ 1.6 MeV

1¢(2S) DECAY MODES Fraction (I';/T) Confidence level (MIe)V/c)
KKnm (1.9+1.2)% 1729
KKn (5 +4 )x1073 1637
2t on~ < 21 % 90% 1792

00 < 19 x 10~3 90% 1645
3nt3n~ (1.3+0.9) % 1749
KtK—atn~ < 14 % 90% 1700

K*0K*0 < 29 x 1073 90% 1585
KtK=nta—x0 (1.4+1.0) % 1668
KtK=2rt2n— < 1.4 % 90% 1627
KYK=2nt 77 + cc. ( 1.0+0.8) % 1666
2K+ 2K~ < 13 x 1073 90% 1470

Xy < 11 x 1073 90% 1506
pp < 20 x 103 90% 1558
vy (1.8+1.2) x 1074 1819
~vJ/9¥(1S) < 14 % 90% 501
rtr=n (43£32)x1073 1766
4 (2.6+1.9) x 1073 1680
at 77 ne(1S) <25 % 90% 537
See Particle Listings for 8 decay modes that have been seen / not seen.

¥(25) 16UPG =017 ")

Mass m = 3686.097 &+ 0.011 MeV (S =1.1)
Full width ' = 293 + 9 keV (S = 1.2)

Scale factor/ p
¥(25) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
hadrons (97.85 +0.13 ) % -

virtualy — hadrons (179 £0.04 )% -
ggg (106 £16 )% -
vgg (1.03 £0.29 )% -
light hadrons (154 £15 )% -
K% anything (160 +1.1 )% -
ete™ (7.94 £022 )x 1073 S=1.3 1843
wtp~ (80 +06 )x1073 1840
ttr= (31 +04 )x1073 489

Decays into J/4(1S) and anything
J/4(1S)anything (615 +£07 )% $=13 -
J/z/)(IS)neutraIs (25.4 405 )% S=1.6 -
J/u(lS)w 71' (34.69 +0.34 )% S=1.1 477
J/p(1S) 0 =0 (182 +05 )% $=1.6 481
J/¥(1S)n (13.37 £0.06 ) % S=1.2 199
J/9(18) 70 (1.268+0.032) x 1073 528
Hadronic decays

ata~ (78 +£26 )x107° 1838
at a0 (201 +£0.17 ) x 104 S=1.7 1830
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p(770) — 7t 70 (32 +12 )x1075 S=1.8 -
p(2150)7 — 7t a— 70 (1.9 fé:i ) x 1074 -
2(rt ) (24 +06 )x10~4 $=2.2 1817
POrta— (22 +06 )x10~4 S=14 1750
2rt )0 (29 1.0 )x1073  s=47 1799
par(1320) (26 +09 )x1074 1500
ata= 0707 (53 £10 )x1073 1800
pErF a0 < 27 x10~3  CL=90% 1737
ot r 4r0 (14 +1.0 )x1073 1778
3(nt ) (35 +20 )x1074 S=2.8 1774
2(rt 7= 70) (48 15 )x1073 1776
3(rta)ad (35 +1.6 )x1073 1746
2(xt 77) 370 (142 £031)% 1748
nrta~ < 16 x10~4  CL=90% 1791
nrt a0 (95 +17 )x10~4 1778
n2(rt77) (12 +06 )x1073 1758
nata— 2070 < 4 x 1074  CL=90% 1760
nrtr~ 3x0 < 21 x10~3  CL=90% 1736
n2(xta—70) < 21 x1073  CL=90% 1705
N (22 +06 )x1075 s=11 1717
yata— 0 (45 +21 )x10~4 1692
np (19 *H )x1075 1625
wm? (21 +06 )x1073 1757
wrtn (73 12 )x1074 s=2.1 1748
wrtr— 270 (87 +24 )x1073 1715
bErT (40 406 )x10=%  s=11 1635
wh(1270) (22 +04 )x10~4 1515
w070 (1.11 +0.35 ) x 10~3 1749
w30 < 8 x1074  CL=90% 1736
b9 0 (24 +06 )x10~4 -
wn < 11 x1075  CL=90% 1715
wn' (32 2% )x10-5 1623
o0 < 4 x10~7  CL=90% 1699
¢rta (1.18 £0.26 ) x 104 S=15 1690
#1(980) — wtw~ (75 £33 )x107° S=16 -
on (1310 +£0.31 ) x 1075 1654
n$(2170), $(2170) — $1fp(980), < 22 x1076  cL=90% -
fo = wtn—
on (1.54 +£0.20 ) x 1075 1555
¢1(1285) (30 +13 )x107° 1436
én(1405) — o7t 7 n (85 +1.7 )x107© -
$15(1525) (44 +16 )x107° 1325
KtK~ (75 +05 )x107° 1776
KtK=atn~ (73 +05 )x10~4 1726
Kt K= 70 (407 £031 ) x 1073 1754
K% KY < 46 x 10~6 1775
K% KY (534 £0.33 )x 1075 1775
K% KY 70 < 30 x10™4  CL=90% 1753
KT K= a070 (26 +13 )x10~4 1728
KT K= 07070 (6.6 +28 )x10~% 1696
KL KE7F 7070 (17 +06 )x1073 1694
KYKEnF ot o (22 +04 )x1073 1692
KtK=nta= a0 (1.26 +£0.09 ) x 1073 1694
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wh(1710) » wKt K-
K*(892)° K~ nt 20 + c.c.
K*(892)T K=at7~ + cc.
K*(892)t K~ p% + c.c.
K*(892)° K= pt + c.c.

KOS KOS atr~

KOS K% 7070

K% K*(892)0 7070

K% K= p(770)F 70

KS KEaT p(770)°

KF K*(892)* 70 =0

K*(892)* K*(892)~ 7°

K%KIn

KT K= p0

K*(892)0 K3(1430)°

KtK=ata—g

KTK=2(rt77)

KtK=2(zt 77 )n0

KT K*(892)~ + c.c.

2(KTK™)

2Kt K™) a0

KtK=¢

K§KSo

Kq(1270)F KT

KT K*(892)%7~ + c.c.

nKTK=,no no

nKT K=

X(1750)n — KT K=n

K1(1400)F KT

K3(1430)* KT

K*(892)° KO+ c.c.

wKtK—

wK% K

wK*(892)* K~ + c.c.

wK3(1430)T K~ + c.c.

wK*(892)0 KO

wK3(1430)0 KO

wX(1440) & wKIK- 7+ cc

wX(1440) = wKtT K= 70

wf(1285) - wKIK~ 7t + cc

wfi(1285) —» wKT K~ =0

pp

nn

ppn®
N(940)p+ c.c. » ppn®
N(1440)p+ c.c. » ppn®
N(1520)p+ c.c. - ppn0
N(1535)p+ c.c. — ppmo
N(1650)p+ c.c. — ppn0
N(1720)p+ c.c. — ppn®

+2.2
+2.2
+2.8
+2.6
+1.8
+0.4
+0.6
+1.3

+2.9
+1.8
+0.5
+0.4
+0.5
+0.7
+0.9
+0.31
+0.4
+1.3
+0.28
+1.6
+0.29
+0.28
+25
+0.17

+2.8

+1.3
-0.9

+0.20
+0.11
+0.5
+0.26
+1.2
+0.30
+2.2
+0.4
+0.26
+1.0
+0.7
+0.09
+0.15
+0.07

+1.8
—-13

+1.7
—-15

+2.3
—1.8

+1.0

+1.4
17

+0.26
—-0.70

) x 10~3
yx 1074
)x 10~4
yx 1074
) x 10—4
)y x 104
) x 10—3
yx 1074

x 10~4

x 104
)y x 104
) x 10-3
) x 10—3
yx 10~4
) x 104
) x 1073
) x 10—3
yx 1073
)x 1075
) x 107°
) x 10~4
) x 1073
) x 1075
) x 10—3
yx 1074
) x 1075

x 104
) x 10—

x 104

CL=90%
CL=90%

CL=90%

CL=90%
) x 10-°
) x 104
yx 1074
) x 1075
) x 104
) x 1075
) x 104
) x 1073
) x 1075
) x 1075
) x 10~
) x 106
)y x 104
yx 1074
) x 10~4

S=1.1

) x 107
) x 107 S=2.5
) x 1076
) x 1073
) x 107

) x 107
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N(2300)p+ c.c. — ppn® (26 52 )x1075 -

N(2570)p+ c.c. = ppn® (213 £039 ) x 1075 -
pprtaT (60 +04 )x10~4 1491
pPKT K™ (27 +£07 )x1075 1118
pPY (60 +04 )x107° 1373

N(1535)p+ c.c. — ppn (45 0L )x10-5 -
pprta—x0 (73 +07 )x10~% 1435
pp° (5.0 +22 )x10~3 1252
ppw (69 +21 )x107° 1247
ppy (110 +£0.13 ) x 1079 1141
pPPo (61 +06 )x1076 1109

»X(1835) — ppo < 1.8 x1077  CL=90% -
pAT™ or C.C. (248 +£0.17 ) x 1074 -
par~ w0 (32 +07 )x10~4 1492
AA (381 +£0.13 ) x 1074 S=1.4 1467
AARO (14 +07 )x10~© 1412
NAn (243 £032 )x 105 1197

A1670)A — AAny (13 £07 )x107° -
Ay (73 +£1.0 )x1076 892
ANw(782) (33 +04 )x107° 1037
Arta~ (28 +06 )x10=4 1346
ApKT ( 1.00 £0.14 ) x 10~4 1327
APK*(892)T + c.c. (63 +07 )x107° 1087
APKT nta~ (1.8 +04 )x1074 1167
AnK%+ ce (81 +18 )x107° 1324
ATt A (128 £0.35 ) x10~4 1371
AXtr™ 4 cc (140 £0.13 ) x 104 1376
A nt+ ce. (154 +£0.14 ) x 1074 1379
AZ0+ cc. (1.6 +07 )x10~© 1437
SOBK* + cc. (1.67 £0.18 ) x 1075 1291
>ty- (243 £0.10 ) x 1074 S=1.4 1408
30x0 (2.35 £0.09 ) x 10—4 S=1.1 1405
r-rt (2.82 £0.09 ) x 10~4 1401
Ttr g (96 +24 )x10°° 1108
Tty w (1.89 £0.28 ) x 105 926
Itr ¢ (30 +07 )x107© 686
5 (1385)F X (1385)~ (85 +07 )x107° 1218
> (1385)~ X (1385)* (85 +08 )x107° 1218
5 (1385)0 X (1385)° (69 +07 )x1075 1218
==+ (287 +0.11 ) x 1074 S=1.1 1284
=0=0 (23 +04 )x10~% s—42 1201
=(1530)° =(1530)° (68 +04 )x1075 1025
AN=tK™+ cc. (39 +04 )x1075 1114

Z(1690) =T —» K- A=+ 4+ (52 +16 )x107® -

c.C.
Z(1820) =T —» K- A=+ 4+ (1.20 +0.32 ) x 107> -
c.c.

=(1530)~ =(1530)* (1.15 £0.07 ) x 1074 1025
=(1530)~ =+ (7.0 +12 )x107® 1165
=(1530)° =0 (53 +05 )x107° 1169
S0E+HK—+ cc (37 +04 )x107° 1060
-0t (5.66 +£0.30 ) x 107 S=1.3 774
Nent ™ a0 < 1.0 x1073  CL=90% 512

he(1P) 70 (74 +05 )x10~4 85
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Afpete +cc < 17

©(1540) ©(1540) — [iiaa] < 8.8
KYpK~T+ cc.

O(1540)K~ 7 — KipK~n liiaa] < 1.0

0(1540)KIp — KIpK*n liiaa] < 7.0

O(1540)K*n = KLpKTn liiaa] < 2.6

B(1540)K%p — KipK—7 liiaa] < 6.0

Radiative decays

¥ Xxco(1P) (9.77
YXc1(1P) (9.75
Y xc2(1P) (936
Y1c(15) (36
¥1¢(25) (7
Yy (1.04
y2(rt ) (4.0
y3(nt ) < 17
vn'(958) (1.24
~1(1270) (273
yf(1370) = vyKK (31
~3(1500) (93
~f5(1525) (33
vfy(1710) = 7w (35
vf(1710) - YK K (66
v (2100) — 7w (48
7(2200) = YKK (32
vf;(2220) —» y7w < 58
vf;(2220) - vKK < 95
¥ (92
*y’r/7r+7r7 (87
yn(1405) — yKKm <9
yn(1405) — ynrta~ (36
yn(1405) — ~%(980)70 — < 5.0
77r+7r_7r
yn(1475) — yKKn < 14
yn(1475) — vyt o~ < 88
YKOKT 1~ + cc. (37
v K*OK*0 (2.4
YKEK*tn~+ cc (26
yKTK=ntn~ (19
yKTK=2(zt77) < 22
Y2(KTK™) < 4
PP (39
~£(1950) — vpp (120
~vf(2150) — ~vpp (7.2
vX(1835) — ~pp (46
¥yX = ypp [ooaa] < 2
ypprto~ (28
vy < 15
YvI/Y (31
ete 1/ (1.90
et e nc(1S) (38
ete  xco(1P) (1.06

x 1076 CL=90%
x107%  CL=90%
x 1075 CL=90%
x1076  CL=90%
x107%  CL=90%
x1076  CL=90%
+0.23 ) % S=1.1
+0.27 ) % S=1.1
+0.23 ) % S=1.2
+05 )x1073 s=1.3
+5 )x1074
+0.22 ) x 1076 S=1.4
+06 )x1074
x10~%  CL=90%
+0.04 ) x 1074
92 ) x 1074 S=1.8
+1.7 )x107°
+1.9 )x 1073
+0.8 )x107°
+06 )x107°
+0.7 )x1075
+1.0 )x 107
+1.0 )x107©
x1076  CL=90%
x1076  CL=90%
+1.8 )x 1077
+21 )x1074
x1075  CL=90%
+25 )x 1073
x1077  CL=90%
x 1074 CL=90%
x107%  CL=90%
+09 )x104
+0.7 )x1074
+05 )x 104
+05 )x 104
x1074  CL=90%
x107%  CL=90%
+05 )x107° $=2.0
+0.22 ) x 1079
+1.8 )x1076
TA6 )Xo
x 1076 CL=90%
+1.4 )x 1073
x10~4  CL=90%
18 yxt

+0.26 ) x 1076
+04 )x107°
+0.25 ) x 1073

830

261
171
128
635
48
1841
1817
1774
1719

1622

1588
1529
1531

1244
1193
1168
1168
1802
1791
1569

1674
1613
1753
1726
1654
1499
1586

1491
1843

542

1719
635
261
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ete xa(1P) (85 +07 )x1074 171
et e xe(1P) (68 +08 )x10~4 128
Weak decays
Doete + cc. < 14 x10=7  CL=90% 1371
A +ce < 14 x 1078  CL=90% 586
Other decays
invisible < 16 % CL=90% -
See Particle Listings for 3 decay modes that have been seen / not seen.
¥(3770) 16UPCY =01~ )
Mass m = 3773.7 £ 0.7 MeV (S = 2.3)
Full width ' = 27.2 + 1.0 MeV
Scale factor/ p
v¥(3770) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
DD 3 &% 5=2.0 287
pODO G2 2 )% $=2.0 287
Dt D™ (41 +4 )% $=2.0 254
J/pX (5.0 +2.2 )x1073 -
J/prta~ (1.93+0.28) x 103 561
J/p7070 (8.0 £3.0)x1074 565
J/vn (87 £12)x1074 361
J /a0 < 28 x1074  CL=90% 604
ete~ (96 +0.7 )x 1076 S=13 1887
Decays to light hadrons
by(1235)7 < 14 x 1073 CL=90% 1684
on < 23 x 1075 CL=90% 1607
wn' < 4 x10~4 CL=90% 1672
O < 6 x1074  CL=90% 1674
on (31 £07)x10"4 1703
wn < 14 x 1075 CL=90% 1762
On <5 x1074  CL=90% 1764
¢ <3 x1075  CL=90% 1746
wm? < 6 x10=4  CL=90% 1803
at a0 <5 x1076  CL=90% 1874
p <5 x 1076 CL=90% 1805
K*(892)T K~ + c.c. < 14 x 1072 CL=90% 1745
K*(892)° KO + c.c. < 12 x1073  CL=90% 1745
K% K9 < 12 x1075  CL=90% 1820
2(rta7) < 112 x1073  CL=90% 1861
2(rt )0 < 1.06 x1073  CL=90% 1844
2(xt 7= x0) < 585 % CL=90% 1821
wrtr < 6.0 x10~4 CL=90% 1794
3(nt77) < 91 x 1073 CL=90% 1820
3(rta )0 < 137 % CL=90% 1792
3(rtr)2n0 <1174 % CL=90% 1760
nrta™ < 1.24 x 1073 CL=90% 1836
atr~ 270 < 89 x1073  CL=90% 1862
POata— < 69 x1073  CL=90% 179
n3m < 1.34 x 1073 CL=90% 1824
n2(xt77) < 243 % CL=90% 1804
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nelata”
7' 3w
KtK—atn~
prt
K+ K= 270
At
4(rt )0
$1(980)
KTK—atn a0
KT K= p0n0

KTK=2(xt77)

2AKTK )t n~
K K= 7t
KOSK_7r+7r0
KIK=pt
K05K727r+7r7
KOSK_W"'/)O
KOSK’TH'T]
K05K727T+71'77T0
KgK727T+71'71’]
KOSK77r+2(7r+7r7)
K% K=t 2r0
K K=Kt K= nt
KYK= Kt K= atad
KIK=KtK=—ntq
KoK nt+ cc.
50
ppT
pprta
AA
pprt oo
wpp
AAR0
pp2(nt ™)
npp
npprta”
P pp
pPKT K™
nppKt K~
O ppKt K~
opp
AAntr—

0

ANNANNNANANANNNNANANANNNNANNANNNANNNANNNANNNANNANNNNNANNANNANNNANNANNNANNANNNANNNANNANNNNNANNNNNANNNA

1.45
2.44
9.0
4.1
42
1.67
3.06
45
2.36

1.46
3.4
3.8
1.62
3.23
2.67
1.03
3.60
4.1
1.24
5.0
6.0
75
2.9
3.2
3.2
1.33
6.6
8.7
1.6
1.3
4.18
48
1.22
2.65
4.9
3.0
2.2
9.7

5.8
1.2
1.85
2.9

2.6
5.4
33
1.7
3.2
6.9
1.2
1.3
2.5

%
x 1073
x 10—4
x 10—4
x 1073
%
%
x 104
X 1073
x 104
%
x 10~4
x 1073
%
%
%
%
%
x 104
%
X 1073
x 104
x 104
x10~4
x 1073
x 1073
%
x 1073
x 1073
%
%
%
%
%
%
x 1073
%
%
x 1073
x 1075
x10~4
x10~4
x 1073
x 104
x 1075
x 1073
x 104
x 1073
x 1073
x10~4
x 1073
x 103
x 1074
x 10—4

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

1708
1741
1773
1737
1774
1757
1720
1597
1741
1624
1623
1664
1723
1694
1693
1705
1702
1661
1712
1624
1666
1552
1598
1494
1426
1799
1773
1665
1740
1621
1670
1703
1570
1658
1742
1491
1427
1214
1722
1595
1544
1522
1490
1310
1469
1426
1431
1284
1314
1186

737
1094
1178
1405
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< 2.8 x10~4 CL=90% 1387
< 63 x 1074 CL=90% 1234
< 19 x10~4 CL=90% 1263
< 1.0 x10~4 CL=90% 1465
< 4 x 1073 CL=90% 1462
< 15 x 1074 CL=90% 1347
< 1.4 x 1074 CL=90% 1353
(1.4 +£0.4 )x10~4 1347
Radiative decays
Y Xe2 < 6.4 x 1074 CL=90% 211
YXcl (2.49+0.23) x 103 254
YXc0 (6.9 +£06)x103 342
YNe < 7 x 1074 CL=90% 707
¥1:(25) <9 x 1074 CL=90% 133
v < 1.8 x 1074 CL=90% 1765
n < 15 x 1074 CL=90% 1847
0 < 2 x10~4  CL=90% 1884
See Particle Listings for 2 decay modes that have been seen / not seen.
1(3823) 1I6UPCY =0—(2— )
I, J, P need confirmation.
was 15(3823), X(3823)
Mass m = 3823.51 4 0.34 MeV
Full width I < 2.9 MeV, CL = 90%
Branching fractions are given relative to the one DEFINED AS 1.
p
15(3823) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
J/p(AS)rta~ <0.06 90% 607
J/9(18)x0 =0 <011 90% 610
J/(18) 70 <0.030 90% 646
J/¥(1S)n <0.14 90% 431
Xco?Y <0.24 90% 387
Xe17Y DEFINED AS 1 300
Xc2Y 028 *01 258
¥3(3842) 16PCG =0-3 ")
J, P need confirmation.
Seen by a single experiment only.
Mass m = 3842.71 £+ 0.20 MeV
Full width ' = 2.8 + 0.6 MeV
xc1(3872) 16(JPCy = ot ++)
also known as X(3872)
Mass m = 3871.64 &= 0.06 MeV
mxcl(3872) — mJ/w =775 + 4 MeV
Full width T = 1.19 £ 0.21 MeV (S = 1.1)
P
Xc1(3872) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete~ < 27 x10~7 90% 1936
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ata— 0
ata= J/p(1S)
we(15)
p(770)°J/(15)
wl/Y(1S)

DO DO 70

5*0 DU

7Y

DoDo

Dt D~

0 Xc2

yI/0
Y Xcl
Y Xc2

nd /b

<

<

<
<
<
<

AN N NN A

<

8 x 1073
(354 0.9)%
30 %
(2.8+ 0.7)%
(41+ 1.4)%
(45 +21 )%
(38 +£12 )%
10 %
26 %
17 %
4 %
(317 13 %
13 %
13 %
6 %
2.0 %
7 x 103
2.2 x 1072

Radiative decays

<
<

<

<
C-violating

<

35 %

6 %
(7.8+ 2.9) x 1073

8 x 1073

2.9 %
decays

17 %

90%

90%

90%
90%
90%
90%

90%
90%
90%
90%
90%
95%

90%
90%

90%
90%

90%

See Particle Listings for 3 decay modes that have been seen / not seen.

1924
650
368

116

1936
519
502
273

319

411
745
347
340
218
1693

502
519
697
344
303

491

Xco(3915)
was X (3915)

I(;(~/i3(j) — 0‘+'(0 + 4’)

Mass m = 3922.1 + 1.8 MeV (S = 1.5)
Full width T =20 £ 4 MeV (S = 1.1)

Xc2(3930)

/G(JPC) — 0+(2++)

Mass m = 3922.5 + 1.0 MeV (S =1.7)
Full width ' = 35.2 £ 2.2 MeV (S =1.2)

1/(4040) [ppoe

16(JPCYy =0—(1— )

Mass m = 4040 + 4 MeV
Full width ' = 84 + 12 MeV

Due to the complexity of the cC threshold region, in this listing, “seen” (“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 2o above
zero, without regard to any peaking behavior in /s or absence thereof. See

mode listing(s) for details and references.

¥(4040) DECAY MODES

Fraction (I';/T)

p
Confidence level (MeV/c)

ete™

(1.0240.17) x 107>

2020
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J/prta~ <4 x 1073 90% 795
J/¢p7070 <2 x 1073 90% 797
J/n (52 07 ) x 1073 676
J/¢p7° <28 x 104 90% 824
J/pat a0 <2 x 1073 90% 747
Xc17Y <34 x 1073 90% 494
Xc2Y <5 x 1073 90% 455
Xeimtn™n <11 % 90% 307
Xeortnn <32 % 90% 234
he(1P) 7t 7™ <3 x 1073 90% 404
onta— <3 x 1073 90% 1880
Art o~ <29 x 1074 90% 1579
N0 <9 x 1073 90% 1636
NAn <30 x 1074 90% 1452
A <6 x 106 90% 1684
<13 x 10~4 90% 1632

<7 x 1075 90% 1630

<16 x 1074 90% 1527

<18 x10~4 90% 1533

<6 x 1075 90% 1527

(9 +6 )x1076 2017

ee Particle Listings for 16 decay modes that have been seen / not seen.

Xc1(4140) 16UPCY = ot t+ )

was X(4140)

Mass m = 4146.5 + 3.0 MeV (S = 1.3)
Full width T = 1977 MeV

1(4160) [P??] 16(UPCYy =0~ (1~ )

Mass m = 4191 + 5 MeV
Full width T = 69 + 10 MeV

Due to the complexity of the cT threshold region, in this listing, “seen” (“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 20 above
zero, without regard to any peaking behavior in /s or absence thereof. See
mode listing(s) for details and references.

1(4160) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
ete (6.9 +3.3) x 1076 2096
J/prta~ <3 x 1073 90% 919
J/9p7070 <3 x 1073 90% 921
J/HKT K= <2 x 1073 90% 407
J/yn <8 x 1073 90% 821
J/pm0 <1 x 103 90% 944
J/on <5 x 1073 90% 456
Jjprt a0 <1 x 1073 90% 879
P(2S)nt 7~ <4 x 1073 90% 395
Xc17 <5 x 1073 90% 625
Xc27 <13 % 90% 587
xartro 7 <2 x 1073 90% 496
X2 T <8 x 1073 90% 444
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he(1P) 7t 7™ <5 x 10~3 90% 556
he(1P) 70 70 <2 x 1073 90% 560
he(1P)n <2 x 1073 90% 348
he(1P) =0 <4 x 1074 90% 600
onta— <2 x10~3 90% 1961
vXc1(3872) <19 x 1073 90% 307
Yxc0(3915) — yJ/pmta~ <136 x 104 90% -
vX(3930) = ~yJ/prt T <118 x 1074 90% -
vX(3940) — ~yJ/yprt T <147 x 104 90% -
Yxc0(3915) = yvJ/Y <126 x 104 90% -
vX(3930) = yvyJ/¢ <88 x 1075 90% -
¥X(3940) — vy J/Y < 1.79 x 1074 90% -
AN <15 x 1076 90% 1774
==t <8 x 1073 90% 1626
pPK~ A+ cc. <6 x10~6 90% 1659
See Particle Listings for 21 decay modes that have been seen / not seen.
(4230) 1I6(JPCy =0—1— )
also known as Y (4230); was (4260)
Mass m = 4222.1 + 2.3 MeV (S = 1.7)
Full width ' =49 £ 7 MeV (S = 3.4)
(4230) DECAY MODES Fraction (I';/T) p (MeVjc)
wtp~ (3.142.8) x 10~2 2107
See Particle Listings for 72 decay modes that have been seen / not seen.
Xc1(4274) 16UPE) =otat)
was X (4274)
Mass m = 428675 MeV (S = 1.7)
Full width ' = 51 & 7 MeV
(4360) 1I6(JPCy =0—1— )
also known as Y (4360); was X (4360)
Mass m = 4374 £ 7 MeV (S = 2.4)
Full width ' = 118 + 12 MeV (S = 2.1)
1(4415) lppac] 16UPG =0—(177)
Mass m = 4415 + 5 MeV
Full width ' = 110 + 22 MeV (S = 2.3)
Due to the complexity of the cT threshold region, in this listing, “seen” (“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 25 above
zero, without regard to any peaking behavior in /s or absence thereof. See
mode listing(s) for details and references.
P
v (4415) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

DO D~ 7t (excl. D*(2010)* D~ < 23 % 90%
+c.c.
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D D}(2460) - D°D~nt +c.c. (10 £4 )% -
DY D*~ 7t 4c.c. <19 % 90% 918
J/n < 6 x 1073 90% 1017
Xc17Y < 8 x 1074 90% 812
X2 < 4 x 1073 90% 775
AA < 31 x 106 90% 1905
=—=+ < 4 x 1075 90% 1768
pK~ A+ c.c. < 6 x 1076 90% 1798
ete™ (53+12)x1076 2207
wtu~ ( 1.1£0.5) x 107° 2205

See Particle Listings for 18 decay modes that have been seen / not seen.

1(4660) 1I6JPCy =01 )
also known as Y (4660); was X (4660)

Mass m = 4641 £ 10 MeV (S = 2.7)
Full width T = 73713 Mev (S = 1.7)

bb MESONS
(including possibly non-qq states)

nb(1S) 16(PCY =0t~ )

Mass m = 9398.7 + 2.0 MeV (S = 1.5)
Full width T = 1073 MeV

p
np(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
wtp= <9 x 1073 90% 4698
= <8% 90% 4350

See Particle Listings for 5 decay modes that have been seen / not seen.

T(15) 16UPCY =01~ )

Mass m = 9460.40 + 0.10 MeV
Full width T = 54.02 + 1.25 keV

Scale factor/ p
T(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
o (260 £0.10 )% 4384
ete~ (239 +£0.08 )% 4730
wtp= (248 +£0.04 )% 4729
Hadronic decays
gg8 (81.7 £0.7 )% -
Y88 (22 +06 )% -
7’(958) anything (2.94 £0.24 )% -
J/¥(1S) anything (54 +04 )x10~4 S=1.4 4223
J/(1S)ne < 22 x1076  CL=90% 3623
J/¥(18) xco < 3.4 x 1076 CL=90% 3429

J/H(1S) xc1 (39 +12 )x107° 3382
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J/¥(1S) X2 < 1.4 x1076  CL=90% 3359
J/¥(1S)nc(25) < 22 x1076  cL=90% 3317
J/¥(15) X (3940) < 5.4 x1076  CL=90% 3148
J/¥(1S) X (4160) < 54 x107%  CL=90% 3020
X(4350) anything, X — < 81 x107®  CL=90% -
J/(18) ¢
Tee1(3900)* anything, < 13 x1075  CL=90% -
Terr = J/0(1S)7*
Tee1(4200)* anything, Z. — < 6.0 x 1075 CL=90% -
J/0(18) 7%
Tee1(4430)F anything, < 49 x 1075 CL=90% -
Tear = J/p(1S)n*
XE anything, X — J/vK* < 57 x 1076 CL=90% -
1 (4230) anything, ¥ — < 38 x107°  CL=90% -
J/p(AS) T~
¥ (4230) anything, ¥ — < 15 x107%  CL=90% -
J/W(S) KT K=
Xc1(4140) anything, xc1 — < 52 x1076  CL=90% -
J/(18) ¢
Xco anything < 4 x1073  CL=90% -
Xc1 anything (1.90 £0.35 ) x 104 -
Xc1(1P) Xietra < 3.78 x 1075 CL=90% -
Xc2 anything (28 +08 )x1074 -
¥(2S) anything (1.23 £0.20 ) x 104 -
»(2S)ne < 36 x 1076 CL=90% 3345
P(25) xco < 65 x1076  CL=90% 3124
¥(25) Xe1 < 45 x1076  CL=90% 3070
P(2S) xc2 < 21 x1076  CL=90% 3043
$(25)nc(2S) < 32 x1070  CL=90% 2994
1(25) X (3940) < 29 x1076  cL=90% 2797
1(25) X (4160) < 29 x 1076 CL=90% 2645
1(4230) anything, ¥ — < 79 x107°  CL=90% -
P(S)rt
1(4360) anything, o — < 5.2 x 1075  CL=90% -
»(2S)rt
1 (4660) anything, o — < 22 x 1075 CL=90% -
P(S)nt 7™
T.(4050)* anything, X — < 88 x1075  CL=90% -
$(2S) 7w+
Tee1(4430)F anything, < 67 x 1075 CL=90% -
Tear = v(2S)n*
Xc1(3872) anything < 27 x1074%  CL=90% -
Tee1(4200)F Teeq(4200)~ < 223 x1075  CL=90% -
Tee1(3900)F Teer (4200)F < 81 x1076  CL=90% -
Tz1(3900)F Tz1(3900)~ < 18 x107%  CL=90% -
Tce(4050)T T(4050)~ < 158 x 1075 CL=90% -
Tec(4250)T To¢(4250)~ < 266 x107°  CL=90% -
T(4050)F T.£(4250)F < 442 x 1075 CL=90% -
Tee1(4430) T Tee (4430) < 2.03 x 1075 CL=90% -
Tcc(4055)* T¢(4055)F < 233 %1075 CL=90% -
Tee(4055)F Tz (4430)F < 455 x 1075 CL=90% -
pr < 3.68 x107®  CL=90% 4697
wm? < 3.90 x1076  CL=90% 4697
atr~ <5 x1074  CL=90% 4728
KT K- <5 x 1074 CL=90% 4704
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pp <5 x1074%  CL=90% 4636
atr 70 (21 +08 )x107° 4725
dKT K™ (24 +05 )x1076 4623
wrtr~ (45 +£1.0 )x107° 4694
K*(892)° K~ 7t + c.c. (44 +08 )x107° 4667
$15(1525) < 1.63 x1076 CL=90% 4551
wfp(1270) < 179 x1076  CL=90% 4611
p(770) a,(1320) < 224 x1076  CL=90% 4605
K*(892)° K35(1430)° + c.c. (30 +08 )x1076 4579
Kq(1270)* KT < 241 x1076  CL=90% 4634
K1(1400)*F KF (10 04 )x1076 4613
by(1235)* 7 ¥ < 125 x1076  CL=90% 4649
ata= 7070 (1.28 +£0.30 ) x 1072 4720
KYK*Tn~+ cc (1.6 +04 )x107© 4696
K*(892)° K® + c.c. (29 +09 )x1076 4675
K*(892) Kt + c.c. < 111 x1076  CL=90% 4675
f1(1285) anything (46 £31 )x103 -
D*(2010)* anything (252 £0.20 ) % -
£1(1285) Xietrq < 6.24 x1075  CL=90% -
2H anything (285 +£0.25 ) x 107 -
Sum of 100 exclusive modes ( 1.2004+0.017) % -

Radiative decays

yrta~ (63 +1.8 )x107° 4728
ym0 70 (17 +07 )x1073 4728
7w (S-wave) (46 +07 )x107° 4728
yr0n < 24 x1076  CL=90% 4713
YKt K™ [ggaa] ( 1.14 £0.13 ) x 1075 4704
PP [rraa) < 6 x1076  CL=90% 4636
~v2ht2h~ (70 +15 )x1074 4720
y3hT3h~ (54 +20 )x10~4 4703
~vaht4h~ (74 +£35 )x1074 4679
yrta Kt K- (29 409 )x10=4 4686
yort2om~ (25 +£09 )x10—4 4720
y3nt3n~ (25 +12 )x1074 4703
~yortonT KT K= (24 +12 )x10~4 4659
yrtn~pp (15 +06 )x10=4 4604
~v2rnt2r~ pp (4 46 )x1075 4563
y2K+ 2K~ (20 +20 )x107° 4601
1’ (958) < 1.9 x1076  CL=90% 4682
N < 1.0 x1076  CL=90% 4714
~15(980) < 3 x 1072 CL=90% 4678
v f5(1525) (29 406 )x1075 4609
v (1270) ( 1.01 £0.06 ) x 10~4 4644
n(1405) < 82 x1075  CL=90% 4625
v (1500) < 15 x1075  CL=90% 4608
v%(1500) — YKt K~ (1.0 +£04 )x107° -

v (1710) < 26 x 1074 CL=90% 4571
YfH(1710) — YKT K~ (1.0l +£0.32 )x 1075 -
Yf(1710) — yat o~ (53 +20 )x107° -
7f(1710) — ~Am0x0 < 14 x 1076  CL=90% -
vf(1710) = ynn < 18 x 1076 CL=90% -

7 13(2050) < 53 x107%  CL=90% 4515
7£(2200) — YKt K~ < 2 x 1074  CL=90% 4475
vf(2220) —» YKt K~ < 8 x1077  CL=90% 4469
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7v(2220) — y7ta~ <6 x10=7  CL=90% -
vf;(2220) = ~vpp < 11 x1076  CL=90% -
yn(2225) = oo < 3 x1073  CL=90% 4469
yne(1S) < 29 x1075  CL=90% 4260
yne(25) < 4 x10~4  CL=90% 4031
YXco < 66 x 1072 CL=90% 4114
YXc1 (47 28 )x1075 4079
TXc2 < 76 x107%  CL=90% 4062
vXc1(3872) < 5 x107°  CL=90% 3938

vXc1(3872), xc1 — < 28 x1076  cL=90% -

atr= 0 J/y
YXc0(3915) = wJ /1 < 3.0 x1076  CL=90% -
vxc1(4140) = ¢J/4 < 22 x1076  CL=90% -
XX (mx < 3.1 GeV) [ssaa] < 1 x 1073 CL=90% -
XX (mx < 4.5 GeV) [ttaa] < 2.4 x 1074 CL=90% -
vX = v+ > 4 prongs [uuaa] < 1.78 x1074%  CL=95% -
yAY o oyt [waal < 9 x1076  CL=90% -
W'AO — 77"’ T [gqaa]l < 1.30 x 1074  CL=90% -
~AY 5 ygg [xxaa] < 1 % CL=90% -
vAY = 5T xaa] < 1 %1073 CL=90% -
Lepton Family number (LF) violating modes
et uF LF < 39 x1077  CL=90% 4730
uErF LF < 27 x1076  CL=90% 4563
et T LF < 27 x1076  CL=90% 4563
yet T LF < 42 x1077  CL=90% 4730
ypErT LF < 61 x1076  CL=90% 4563
yetrT LF < 65 x1076  CL=90% 4563
Other decays

invisible < 3.0 x1074  CL=90% -
hadrons (96 +4 )% -

XbO(]-P) [yyaa) ,G(JPC) — 0+(0 + +)

J needs confirmation.
Mass m = 9859.44 4 0.42 & 0.31 MeV

Xpo(1P) DECAY MODES Fraction (T';/T) Confidence level (MsV/c)
v T(1S) (11.9440.27) % 391
DO X <104 % 90% -
ata” KT K70 < 16 x 1074 90% 4875
2rt ™ K= KY <5 x 1075 90% 4875
2rt 7~ K~ K 2r0 <5 x 104 90% 4846
27t 27~ 270 < 21 x 104 90% 4905
2nton~ Kt K~ (1.1 406 )x10~4 4861
2rton~ Kt K= 70 < 27 x 104 90% 4846
2rton~ Kt K= 270 <5 x 104 90% 4828
3rton” K= KQn0 < 16 x 1074 90% 4827
37t 37~ < 8 x 1073 90% 4904
3rt 37270 < 6 x 104 90% 4881
3nt3n~ KT K~ (24 12 )x107% 4827
3rt3r~ Kt K=l < 1.0 x 103 90% 4808
4t dr~ < 8 x 1072 90% 4880
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4t ag— 270 < 21 %1073 90% 4850
J/wI/y < 7 x 1072 90% 3836
J/wp(25) < 12 x 104 90% 3571
$(25) ¥ (2S) < 31 x 1072 90% 3273
J/v(1S)anything < 23 x 1073 90% -
Xe1(1P) 07 1I6UPG =otat )
J needs confirmation.

Mass m = 9892.78 & 0.26 & 0.31 MeV

Xp1 (1P) DECAY MODES Fraction (T';/T) Confidence level (MQV/C)
v T(1S) (35.2 £2.0) % 423
DY X (126 +22)% -
atr Kt K= x0 (2.0 £0.6) x 1074 4892
2rt 7~ K~ KS (1.3 +05) x 1074 4892
ortn” K~ K3 2r0 < 6 x 10—4 90% 4863
27t 27~ 270 (8.0 +£25)x10~4 4921
ontor~ Kt K= (15 £05) x 1074 4878
2rt2r= Kt K= 70 (35 +1.2) x 1074 4863
2t 2r— Kt K= 270 (8.6 +£3.2)x10~4 4845
3rton” K= KQn0 (9.3 £3.3)x 1074 4844
3nt3n~ (1.9 £0.6) x 1074 4921
37t 37270 (1.7 £05)x 1073 4898
3nt3r Kt K— (26 +£0.8) x 1074 4844
3rt3r~ Kt K= 70 (7.5 +£2.6) x 1074 4825
Antan— (2.6 £0.9) x 104 4897
4rtar— 270 (1.4 +06)x 1073 4867
wanything (49 +£1.4)% -

wXietra < 444 x 1074 90% -
J/bI]d < 27 x 1073 90% 3857
J/9(25) < 17 x 1073 90% 3594
»(25) 1 (2S) < 6 x 1073 90% 3298
J/¢(1S)anything < 11 x 1073 90% -

J/H(1S) Xietra < 227 x 1074 90% -

hy(1P) 1I6(JPC)y =0~ 1)

Mass m = 9899.3 + 0.8 MeV

hy(1P) DECAY MODES Fraction (I';/T) p (MeVjc)
np(1S)~y (521’2) % 488

Xb2(1P) 17?7 16(JPC) = ot t )

J needs confirmation.

Mass m = 9912.21 + 0.26 &+ 0.31 MeV

p
Xp2(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

~v T(1S) (18.0£1.0) % 442
Do X < 79 % 90% -
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atr Kt K= 70 (8 £5 )x10~5 4902
2rt ™ K~ KS < 1.0 x 1074 90% 4901
ort ™ K~ K22r0 (5.3+£2.4) x 1074 4873
2t 27— 270 (35+1.4)x 104 4931
ontor~ Kt K™ (1.1£0.4) x 10—4 4888
ortor— Kt K= 70 ( 2.1£0.9) x 10~4 4872
2t 2or~ Kt K= 270 (3.9+1.8) x 104 4855
3rt2or™ K= KO <5 x 104 90% 4854
3t 3n~ (7.043.1) x107° 4931
37t 37270 (1.0+0.4) x 1073 4908
3rt3r~ Kt K- < 8 x 1075 90% 4854
33~ Kt K= 70 (3.6+1.5) x 104 4835
4nt4n— (8 +4 )x107° 4907
4rt 47— 270 (1.8+0.7) x 10~3 4877
J/wd/d < 4 x 1073 90% 3869
J/¥(2S) <5 x 10753 90% 3608
»(25)(2S) < 16 x 107 90% 3313
J/¥(1S)anything (1.54+0.4) x 1073 -
T(25) 16UPCY =01~ )
Mass m = 10023.4 £+ 0.5 MeV
mT(35) — ITIT(QS) = 331.50 + 0.13 MeV
Full width ' = 31.98 £ 2.63 keV
Scale factor/ p
T(2S) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
TAS)rt (17.85+ 0.26) % 475
T(1S)n0x0 (86 £ 04)% 480
= ( 2.00+ 0.21) % 4686
wtp~ (1.93+ 0.17) % S=2.2 5011
ete™ (1.91+ 0.16) % 5012
T(15)x° < 4 x1075  CL=90% 531
T(1S)n (29 + 04 )x1074 $=2.0 126
J/¢(1S) anything < 6 x1073  CL=90% 4533
J/Y(1S)ne < 5.4 x1076  CL=90% 3984
J1/9%(18) xco < 34 x1076  CL=90% 3808
J/H(1S) xe1 < 12 x1076  CL=90% 3765
J/¥(1S) X2 < 20 x1076  CL=90% 3745
J/¥(1S)ne(2S) < 25 %1076  CL=90% 3707
J/1(1S) X (3940) < 20 x107%  CL=90% 3555
J/4(15) X (4160) < 20 x1076  CL=90% 3442
Xc1anything (22 + 05 )x10~4 -
Xe1(1P) Xietra < 367 x1075  CL=90% -
Xc2 anything (23 +08)x104 -
P(2S) n¢ < 5.1 x1076  CL=90% 3732
¥(2S) xco < 47 x1070  CL=90% 3536
(2S) xc1 < 25 x1076  CL=90% 3488
»(2S) X2 < 1.9 x107%  CL=90% 3464
$(2S)nc(2S) < 33 x1076  CL=90% 3422
¥(25) X (3940) < 39 x107%  CL=90% 3250
1(25) X (4160) < 39 x1076  CL=90% 3120
Tee1(3900)F Te1(3900)~ < 10 x1076  CL=90% -
Tec1(4200)F To£1(4200)~ < 167 X107  CL=90% -
Tez1(3900)F T o1 (4200)F < 73 x1076  CL=90% -
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T c(4050)T T¢(4050)~
T(4250)T T£(4250)~
Tee(4050)F T (4250)F
Tec1(4430)F Toc1(4430)~
T.(4055)F T £(4055)F
Tec(4055)F Tz (4430)F
2H anything
hadrons

888

788
dKT K™
wrtr™
K*(892)° K~ 7t + c.c.
¢ 5(1525)
wh(1270)
p(770) a5(1320)
K*(892)Y K5(1430)° + c.c.
Kq(1270)* K
Kq(1400)* KF
by (1235)E 7 F

pT

‘IT+ 0

T
UJTI'O
ata= 700
KeK*Tn~+ cc
K*(892)° K+ c.c.
K*(892)" K+ c.c.
f1(1285) anything
f1(1285) Xtetra

D Dsy(2536)7, Dy, —

K~ D*(2007)°

D¥ Ds1(2536)7, Dy —

K% D*(2010)~

Dt Dg1(2536)~, D —

K~ D*(2007)°

Dit Ds1(2536)7, Dy —

K% D*(2010)~

D} D%, (2573)7, DY, —

S.
K= DO

DY D%,y (2573)7, DI —

0 —
KD

Dt D%, (2573)~, Di, —

Dit D%, (2573), Di, —

S.

0 —
KD

Sum of 100 exclusive modes

¥ xp1(1P)
¥ xp2(1P)
¥ xbo(1P)
~£(1710)
7 f5(1525)

< 135 x 1075
< 267 x 1075
< 272 x 1075
< 203 x 1073
< 111 x 1075
< 211 x 1075

(278% 339) %105
(94 +11 )%
(58.8 + 1.2 )%
(1.87+ 0.28) %
(16 + 0.4 )x1076

< 258 x 1076

(23 +07)x10°
< 133 x 1076
< 5.7 x10~7
< 8.8 x 107

(15 + 06 )x10°
< 322 x 1076
< 83 x 107
< 40 x10~7
< 116 x 1076
< 80 x10~7
< 163 x 1076

( 1.30+ 0.28) x 107
( 1.14+ 0.33) x 1076

< 422 x 10~
< 145 x 106

(22 + 1.6 )x1073
< 6.47 x 1075

(16 + 0.4 )x1075
(84 + 23)x106
(14 + 04 )x107°
(82 +31)x10°

(14 + 04 )x107°

(69 + 3.0)x106

(9 +5 )x1076
(5 +6 )x1076

( 2.90+ 0.30) x 1073

Radiative decays
(69 + 04)%
(7.15+ 0.35) %
(38 +04)%
< 5.9 x10~4
< 53 x10~4

CL=90% -
CL=90% -
CL=90% -
CL=90% -
CL=90% -
CL=90% -

s=1.2 -

CL=90% 4977

CL=90% 4843
CL=90% 4899
CL=90% 4894

CL=90% 4921
CL=90% 4901
CL=90% 4935
CL=90% 4981
CL=90% 5007
CL=90% 4980

CL=90% 4959
CL=90% 4960

CL=90% -

130
111
163
CL=90% 4862
CL=90% 4897
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v £(1270) < 241 x1074  CL=90% 4931
v1c(1S) < 27 x1075  CL=90% 4568
YXco < 1.0 x1074%  CL=90% 4430
YXcl < 36 x1076  CL=90% 4397
VX2 < 15 x107%  CL=90% 4381
vxc1(3872) < 23 x107%  CL=90% 4264

vxc1(3872), xc1 — < 24 x1076  CL=90% -

ata= w04/
Yxc0(3915) — wJ /v < 28 x1070  CL=90% -
vxc1(4140) — ¢ J/Y < 12 x1076  CL=90% -
vX(4350) = oJ/v < 13 x1076  CL=90% -
ynp(1S) (55 T 55 )x1074 S=1.2 605
ynp(1S) — ~Sum of 26 exclu- < 37 x1076  CL=90% -
sive modes
X 5 — Sum of 26 exclusive < 49 x1076  CL=90% -
modes
vX = v+ > 4 prongs < 1.95 x1074%  CL=95% -
4A% — ~hadrons < 8 x1075  CL=90% -
yAO & oyt < 83 x1076  CL=90% -
Lepton Family number (LF) violating modes

et T LF < 32 x1076  CL=90% 4854
T LF < 33 x1076  CL=90% 4854

T>(1D) 16UPCY =02~ )
was T(1D)

Mass m = 10163.7 + 1.4 MeV (S = 1.7)

T,(1D) DECAY MODES Fraction (;/T) p (Mevjc)
atr= T(1S) (6.6+1.6) x 103 623
See Particle Listings for 3 decay modes that have been seen / not seen.

Xbo(2P) 172 16UPC =0ttt

J needs confirmation.
Mass m = 10232.5 + 0.4 + 0.5 MeV
p

Xpo(2P) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
~v T(2S) (1.38+0.30) % 207
v T(1S) (38 +1.7 )x 1073 743
DOX <82 % 90% -
ata= KT K= 70 <34 x 1075 90% 5064
ortn™ K~ KY <5 x 1075 90% 5063
2rt ™ K= K 2x0 <22 x 1074 90% 5036
2t 27~ 270 <24 x 1074 90% 5092
onton~ Kt K= <15 x 1074 90% 5050
2t o~ Kt K= 70 <22 x 104 90% 5035
2rt 2~ Kt K= 270 <11 x10~3 90% 5019
3rton” K= Kn0 <7 x 1074 90% 5018
37t 37~ <7 x 1075 90% 5091
3rt 37270 <12 x 1073 90% 5070
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3nt3n~ Kt K- <15 x 104 5017
3rt3n Kt K= 0 <7 x 1074 4999
4t 4n— <17 x 1074 5069
47t 4= 270 <6 x 104 5039
xp1(2P) 1%l 16UPC =0t + )
J needs confirmation.
Mass m = 10255.46 + 0.22 + 0.50 MeV
mXDI(QP) — mXbO(ZP) = 23.5 £ 1.0 MeV
xp1(2P) DECAY MODES Fraction (I';/T) p (MeVjc)
w T(1S) (1637099 % 134
v T(2S) (18.1 £1.9 )% 229
v T(1S) (99 +£1.0 )% 764
77 xp1(1P) (91 £13)x1073 238
DO X (88 £1.7)% -
atr- KtK= 70 (31 £1.0 )x 1074 5075
2rtn” K~ KY (11 £05 ) x 1074 5075
2rt ™ K= K% 2r0 (77 £32 )x 104 5047
27t 20— 270 (59 +2.0 ) x 1074 5104
onton Kt K— (10 +4 )x107° 5062
2t o~ Kt K= 70 (55 £1.8 )x 1074 5047
2rton— Kt K= 270 (10 +4 )x1074 5030
3rton” K= KQn0 (67 £26)x1074 5029
3nt3n— (12 0.4 )x10~4 5103
3rt3n— 270 (12 +£04 )x 1073 5081
3rt3r~ Kt K- (20 +08 )x1074 5029
3rt3r Kt K—x0 (61 £22)x10~4 5011
4nt4n— (17 £06 ) x 1074 5080
4t 47— 270 (1.9 £0.7 )x 1073 5051
hy(2P) 16UPCy =0—(1+ )
Mass m = 10259.8 + 1.2 MeV
hp(2P) DECAY MODES Fraction (I';/T) p (MeVjc)
np(1S) (22+ 5) % 825
np(25)~y (48+13) % 257
See Particle Listings for 1 decay modes that have been seen / not seen.
Xb2(2P) [yyaa) ,G(JPC) — 0+(2 + +)
J needs confirmation.
Mass m = 10268.65 4+ 0.22 + 0.50 MeV
mXD2(2P) — mXbl(zp) = 13.10 £ 0.24 MeV
P
Xp2(2P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
w T(1S) (1107 33%) % 194
~v T(2S) (8.9 £1.2 )% 242
v T(1S) (6.6 £0.8 )% 776
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77 xp2 (1P) (5.1 £0.9 ) x 1073 229
DOx <24 % 90% -
T Kt K0 <11 x 104 90% 5082
27t 7 K~ KS <9 x 1075 90% 5082
ot n™ K~ K 2r0 <7 x 104 90% 5054
27t 27~ 270 (3.9 £1.6 ) x 1074 5110
onton Kt K™ (9 +4 )x1075 5068
orton~ Kt K= a0 (24 +£1.1 )x 1074 5054
2rt 2= Kt K= 270 (47 £23 )x 1074 5037
3rtor™ K~ K% nd <4 x 104 90% 5036
3nt3n~ (9 +4 )x1075 5110
37t 37~ 270 (1.2 £0.4 )x 1073 5088
3nt3r Kt K™ (1.4 £07 ) x 1074 5036
33~ Kt K= 70 (42 £1.7 ) x 1074 5017
4nt4n— (9 +5 )x107° 5087
4t ar— 270 (1.3 £05 ) x 1073 5058
T(35) 16UPCY =01~ )
Mass m = 10355.1 & 0.5 MeV
m'r(35) — mT(QS) = 331.50 + 0.13 MeV
Full width ' = 20.32 £ 1.85 keV
Scale factor/ p
T(3S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T(2S)anything (106 + 0.8 )% 296
TES)nt (2.82+ 0.18) % S=1.6 176
7(25) 700 (1854 0.14) % 190
T(2S)v~y (50 +£07)% 326
T(2S)x° < 5.1 x107%  CL=90% 298
TSt ( 437+ 0.08) % 813
T(18)n0=0 (2.20+ 0.13) % 816
T(1S)n <1 x1074  CL=90% 677
T(1S)7° <7 x1075  cL=90% 846
hp(1P) w0 < 12 x1073  CL=90% 426
hp(1P)70 — ynp(1S)7° (43 £ 14 )x1074 -
hp(1P)mt 7~ < 12 x1074%  CL=90% 352
T (2.29+ 0.30) % 4863
wtp~ ( 218+ 0.21) % S=2.1 5176
ete™ (2.18+ 0.20) % 5178
hadrons (93 +£12 )% -
ggg (35.7 + 26 )% -
V88 (97 £ 1.8 )x103 -
2H anything (2.33+ 0.33) x 1075 -
Radiative decays
Yxp2(2P) (131 £ 1.6 )% S=3.4 86
vxp1(2P) (126 £ 1.2 )% S=2.4 99
vxbo(2P) (59 £06)% S=1.4 122
vYxp2(1P) (10.0 + 1.0 ) x 1073 S=1.7 433
vxp1(1P) (9 +£5 )x1074 S=1.8 452
Yxpo(1P) (2.7 + 04 )x1073 484
y1p(25) < 62 x1074  CL=90% 350
vnp(1S) (51 + 07 )x10~4 912
~vAY 5 ~yhadrons < 8 x107%  CL=90% -
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vX — v+ > 4 prongs [aabb] < 2.2 x1074  CL=95% -
yAY =yt < 55 x1076  CL=90% -
yAY — gyt [bbbb] < 1.6 x1074%  CL=90% -
Lepton Family number (LF) violating modes
et T LF < 42 x1076  CL=90% 5025
et uF LF < 36 x10~7  CL=90% 5177
ptr LF < 31 x1076  CL=90% 5025
xp1(3P) L2l 16(UPCy = ota ++)

J needs confirmation.
Mass m = 10513.4 £+ 0.7 MeV

xp2(3P) [yyaal /G(JPC) =0ttt

J needs confirmation.
Mass m = 10524.0 &+ 0.8 MeV

T(4S) 16UPGY =01~ )

also known as 7°(10580)
Mass m = 10579.4 £ 1.2 MeV
Full width ' = 20.5 + 2.5 MeV

T(4S) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
BB > 9 % 95% 326
Bt B~ (51.4 +£0.6 )% 331
DY anything + c.c. (17.8 £26 )% -
BOBO (48.6 £0.6 )% 326
JpKS + (J/Y. ne)KY < 4 x10~7 90% -
non-BB < 4 % 95% -
ete™ ( 1.57+0.08) x 10~5 5290
ptp~ < 57 x10~6 90% 5233
K*(892)0 KO < 20 x 1076 90% 5240
J/4¥(1S) anything < 19 x 1074 95% -
D** anything + c.c. < 74 % 90% 5099
¢ anything (7.1 £06 )% 5240
N < 18 x 1076 90% 5226
o' < 43 x 106 90% 5196

N < 13 x 1076 90% 5247
o’ < 25 x 1076 90% 5217
T(1S) anything < 4 x 1073 90% 1053
TAS)nt 7~ (82 +04 )x107° 1026
T(1S)n ( 1.81+0.18) x 10~4 924
T(1S)y (34 £09)x107° -
TRS)nt 7~ (82 +0.8)x107° 468
hp(LP)n ( 2.1840.21) x 1073 390
p(1S)w < 1.8 x10~4 90% -

2H anything < 13 x 1075 90% -
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Double Radiative Decays

¥y T(D) = yynT(1S)

<

2.3

x 107

5 90%

See Particle Listings for 1 decay modes that have been seen / not seen.

T(10860)

1GUPGY =01~ )

Mass m = 10885.2 728 Mev
Full width T = 37 + 4 MeV

T(10860) DECAY MODES Fraction (I';/T) Confidence level (MIeJV/c)
BBX (762 T27 )% -
BB ( 55 +1.0)% 1322
BB* + cc. (137 £16 )% -
B*B* (381 £3.4)% 1127
BB®x < 197 % 9% 1015
BBx (00 £12)% 1015
B*Br + BB*r (73 £23)% -
B*B*r (1.0 £14)% 739
BBrw < 89 % 90% 550
B(S*)Eg*) (201 £3.1)% 904
Bs B (5 +5 )x1073 904
BsB: + c.c. ( 1.35+0.32) % -
B:B} (176 £2.7 )% 543
no open-bottom ( 38 F52)% -
ete™ ( 83 £21)x10° 5443
K*(892)0 KO < 10 x 1075 90% 5395
TAS)rt 7~ ( 53 +06)x103 1306
T(1S)n ( 85 £1.7 )x 1074 1229
T@1S)y < 69 x 1073 90% 985
TRS)nta~ (7.8 £1.3 )x 1073 783
T(2S)n ( 41 +£06 )x1073 639
T@S)rt ( a8 *19yx103 440
TAS)KT K™ (61 +1.8)x10% 959
nT,(1D) ( 48 +£1.1 )x1073 -
hy(1P) 7t 7~ ( 35 10 )x103 903
hp(2P)mt ™ ( 57 *1Tyx103 544
xps(1P) 7= 70 ( 25 +23)x1073 894
xpo(1P)wt ™ =0 < 63 x 1073 90% 894
Xpo(1P)w < 39 x 1073 90% 631
xb0(1P) (7~ 7% non—c < 48 x 1073 90% -
xp1(1P)wt = 0 ( 1.85+0.33) x 10~3 861
Xp1(1P)w ( 1.57+0.30) x 103 582
xp1 (1P) (7t 77 7 non—w ( 52 +1.9)x10~4 -
Xp2(1P) 7wt 7~ =0 ( 1.1740.30) x 10~3 841
Xp2(1P)w ( 6.0 £2.7 )x 1074 552
XDZ(IP)(TV+7F_7V0)non—w (6 +4 )x10* -
¥Xp = yT(1S)w < 38 x 1075 90% -
np(1S)w < 13 x 1073 90% 1177
Np(2S)w < 56 x 1073 90% 399
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Inclusive Decays.

These decay modes are submodes of one or more of the decay modes
above.

¢ anything
DO anything + c.c.

2.4
138 T23)% -
112 +£6 )% -

(
(
D anything + c.c. (447 £26 )% -
J/4 anything ( 2.06+0.21) % -
BO anything + c.c. (77 £8 )% -
Bt anything + c.c. (72 +6 )% -
T(11020) 16PCY =01~ )
Mass m = 11000 + 4 MeV
Full width T = 2478 Mev
T(11020) DECAY MODES Fraction (I';/T) p (MeV/c)
ete~ (654719 x 1076 5500
xps(1P) 7t 7= 70 (@ 3 )yx1073 1007

See Particle Listings for 2 decay modes that have been seen / not seen.

OTHER MESONS

Tc1(3900) 16UPC =1+ + )

was Z,(3900), X(3900)

Mass m = 3887.1 + 2.6 MeV (S =1.7)
Full width ' = 28.4 & 2.6 MeV

T.c(4020) 16(UPCY = 1+(27)

was X (4020)

Mass m = 4024.1 + 1.9 MeV
Full width ' =13 £ 5 MeV (S =1.7)

Tc(4430)+ 16UPG =1+t )
G, C need confirmation.

was Z.(4430), X (4430)*
Quantum numbers not established.
Mass m = 4478712 MeV
Full width ' = 181 + 31 MeV

Tj51(10610) 16UPC =1t + )

was Z,(10610), X(10610)

Mass m = 10607.2 &+ 2.0 MeV
Mass m = 10609 £+ 6 MeV
Full width ' = 18.4 4+ 2.4 MeV
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Tb51(10610) DECAY MODES Fraction (I';/T) p (MeV/c)
T1S)7t (54+1d) 103 1077
T(@2S)rt (36+L 1% 551
T(3S)7t (21438 % 207
hp(1P)mt (35102 % 671
hp(2P) 7t (471D % 313
BtB*0 4+ B*+ B0 (85.6133) % -
See Particle Listings for 4 decay modes that have been seen / not seen.
T 5. (10650)* 16UPCY = 1t + )
I, G, C need confirmation.
was Zp,(10650), X(10650)%
Mass m = 10652.2 & 1.5 MeV
Full width ' = 11.5 & 2.2 MeV
Tb51(10650)_ decay modes are charge conjugates of the modes below.

T,;51(10650)+ DECAY MODES Fraction (I';/T) p (MeVjc)
TAS)xt (17408 x 103 1117
T(@2S)nt (14108 % 595
T(3S)7+ (16+30) % 259
hp(1P)mt (84720 % 714
hp(2P) 7+ (15 +4 )% 360
B*tB*0 (7 )% 120

See Particle Listings for 2 decay modes that have been seen / not seen.
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NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been

enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N is the
number of measurements used in calculating the quantity.

A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] See the review on “Form Factors for Radiative Pion and Kaon Decays”
for definitions and details.

[b] Measurements of T'(e™ ve)/I(utv,) always include decays with s,

and measurements of (e vey) and [(u*v,7) never include low-
energy v's. Therefore, since no clean separation is possible, we consider
the modes with +'s to be subreactions of the modes without them, and
let [I(etve) + M(p* )]/ Ttotal = 100%.

[c] See the 7 Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement; low-energy ~’s are not
included.

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

[

[

[g] As measured in et e — 0.

[h] The wp interference is then due to wp mixing only, and is expected to
be small. If ey universality holds, T'(p0 — ptp~™) =T(°® — ete)
x 0.99785.

[7] Our estimate. See the Particle Listings for details.

[j] See the “Note on a;(1260)” in the a;(1260) Particle Listings in
PDG 06, Journal of Physics G33 1 (2006).

[K] See also the w(1650).
[1] See also the w(1420).

[n] See the note in the K* Particle Listings in the Full Review of Particle
Physics.

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

[p] The definition of the slope parameters of the K — 3 Dalitz plot is as
follows (see also “Note on Dalitz Plot Parameters for K — 3m Decays”
in the K* Particle Listings in the Full Review of Particle Physics):

|M}2 =1+ g(s3 — 50)/m72T+ o

e] Forbidden by angular momentum conservation.
f] C parity forbids this to occur as a single-photon process.

[q] For more details and definitions of parameters see Particle Listings in
the Full Review of Particle Physics.

[r] See the K= Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[s] Most of this radiative mode, the low-momentum + part, is also included
in the parent mode listed without +'s.

[t] Structure-dependent part.
[u] Direct-emission branching fraction.
[v] Violates angular-momentum conservation.
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[x] Derived from measured values of ¢ _, ¢, |7 {mKE — mK0$|, and
T 0 @S described in the introduction to “Tests of Conservation Laws.”
s

[y] The CP-violation parameters are defined as follows (see also “Note on
CP Violation in Ks — 37" and “Note on CP Violation in K9 Decay”
in the Particle Listings in the Full Review of Particle Physics):

. AK? —» atam)
Do = |1 |ePs- = —+ N Tete

Moo = \7700|ei¢°° = . =€ 2

B NKY —» 7= 0ty) = [(KY — ntew)

MKY = 7= t) + T(KY = 7tew)

r(K% _ 71.+71.—7T0)CP viol.

Im(n; _0)? = 0 — )

MK} — 7t~ x0)
F(KOS — 797079)
r(K% — 707070) .
where for the last two relations CPT is assumed valid, i.e., Re(ny_g) ~
0 and Re(’ﬂooo) ~ 0.

[z] See the KOS Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

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

[bb] Re(€'/€) = €' /e to a very good approximation provided the phases
satisfy CPT invariance.

[cc] This mode includes gammas from inner bremsstrahlung but not the
direct emission mode K9 — 7+ x~~(DE).

[dd] See the K Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

Im(r000)? =

[ee] Allowed by higher-order electroweak interactions.

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

[gg] See our minireview under the K>(1770) in the 2004 edition of this
Review.

[hh] This result applies to Z0 — T decays only. Here ¢ is an average
(not a sum) of et and u+ decays.

[ii] See the Particle Listings for the (complicated) definition of this quan-
tity.

[if] The branching fraction for this mode may differ from the sum of the
submodes that contribute to it, due to interference effects. See the
relevant papers in the Particle Listings in the Full Review of Particle
Physics.

[kk] These subfractions of the K~ 27+ mode are uncertain: see the Particle
Listings.

[/N See the listings under "D — Kn 7w partial wave analyses” and our
2008 Review (Physics Letters B667 1 (2008)) for measurements of
submodes of this mode.

[nn] The unseen decay modes of the resonances are included.
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[0o] This is not a test for the AC=1 weak neutral current, but leads to the
at ¢t 0~ final state.

[pp] This mode is not a useful test for a A C=1 weak neutral current because
both quarks must change flavor in this decay.

[gq] In the 2010 Review, the values for these quantities were given using a
measure of the asymmetry that was inconsistent with the usual defini-
tion.

[rr] This value is obtained by subtracting the branching fractions for 2-, 4-
and 6-prongs from unity.

[ss] This is the sum of our K 2rtz—, K 2xtz 0,
KO2zton—, KT 2K 7+, 2nt 27—, 27t 27— 70, Kt K= 7t 7—, and
K+ K~ at 7~ a0, branching fractions.

[tt] This is the sum of our K~ 3x* 27~ and 37+ 37~ branching fractions.

[uu] The branching fractions for the K~ et ve, K*(892) ™ eT v, 7~ et v,
and p~ et v, modes add up to 6.17 £ 0.17 %.

[vv] This is a doubly Cabibbo-suppressed mode.

[xx] Submodes of the DO — K°S7r+ 7w mode with a K* and/or p were
studied by COFFMAN 92B, but with only 140 events. With nothing

new for 18 years, we refer to our 2008 edition, Physics Letters B667 1
(2008), for those results.

[yy] This branching fraction includes all the decay modes of the resonance
in the final state.

[2z] This limit assumes the average of B(D® — K~ et ) and B(D? —
K= utw,) for the B(D® — K~ ¢+ 1) value.

[aaa] This is the purely e semileptonic branching fraction: the et fraction
from 77 decays has been subtracted off. The sum of our (non-7) et
exclusive fractions — an et v, with an n, 7/, ¢, K% or K*0 — is
5.99 + 0.31 %.

[bbb] This fraction includes 7 from 7’ decays.

[ccc] The sum of our exclusive 7’ fractions —n et v, ' uF v, ' ot o pt,
and ' Kt —is 11.8 4+ 1.6%.

[ddd] This branching fraction includes all the decay modes of the final-state
resonance.

[eee] A test for uT or dd content in the D;’. Neither Cabibbo-favored nor
Cabibbo-suppressed decays can contribute, and w — ¢ mixing is an
unlikely explanation for any fraction above about 2 x 1074

[fff] We decouple the D:’ — ¢mT branching fraction obtained from mass
projections (and used to get some of the other branching fractions)
from the DY — ¢nt, ¢ = K+ K~ branching fraction obtained from
the Dalitz-plot analysis of D;L — KtK—xt. Thatis, the ratio of

these two branching fractions is not exactly the ¢ — K¥ K~ branching
fraction 0.491.

[ggg] This is the average of a model-independent and a K-matrix parametriza-
tion of the 7T 7~ S-wave and is a sum over several f; mesons.

[hhh] An ¢ indicates an e or a u mode, not a sum over these modes.
[ii] An CP(+1) indicates the CP=+1 and CP=—1 eigenstates of the D%-
DO system.
[jif] D denotes D° or DO,
[kkk] DEp decays into DO 70 with the DO reconstructed in CP-even eigen-
states KT K~ and 7t 7.
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[l D** represents an excited state with mass 2.2 < M < 2.8 GeV//c?.
[nnn] xc1(3872)T is a hypothetical charged partner of the x¢1(3872).
[000] ©(1710)** is a possible narrow pentaquark state and G(2220) is a
possible glueball resonance.

ppp] (A~ p), denotes a low-mass enhancement near 3.35 GeV/c2.

c

[qqq] Stands for the possible candidates of K*(1410), K;(1430) and
K3(1430).

[rrr] B® and BY contributions not separated. Limit is on weighted average
of the two decay rates.

[sss] This decay refers to the coherent sum of resonant and nonresonant JP
=01 K components with 1.60 < Mg < 2.15 GeV/c2.

[ttt] X(214) is a hypothetical particle of mass 214 MeV/c2 reported by the

HyperCP experiment, Physical Review Letters 94 021801 (2005)
uuy 54 enotes a possible narrow pentaquark state.
O(1540)* d ibl k
[vw] ¥pg is a GeV-scale dark sector antibaryon (mass range 1-4 GeV/c?).
[xxx] Here S and P are the hypothetical scalar and pseudoscalar particles
with masses of 2.5 GeV/c? and 214.3 MeV/c?, respectively.
[yyy] These values are model dependent.
[zzz] Here “anything” means at least one particle observed.
[aaaa] Thisis a B(BY — D*~ ¢t 1) value.
[bbaa] D** stands for the sum of the D(1P;), D(13Py), D(13P;), D(13P,),
D(21Sy), and D(21S;) resonances.
[ccaa) D)D) stands for the sum of D*D*, D*D, DD*, and DD.

[ddaa] X(3915) denotes a near-threshold enhancement in the wJ/1¢ mass
spectrum.

[eeaa] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

[ffaa] D; represents an unresolved mixture of pseudoscalar and tensor D**
(P-wave) states.

[ggaa] Not a pure measurement. See note at head of Bg Decay Modes.
[hhaa] For E, > 100 MeV.

[iiaa] ©(1540) is a hypothetical pentaquark state of 1.54 GeV/c? mass and

a width of less than 25 MeV/c?.

[ijaa] Includes ppm* 7=~ and excludes ppn, ppw, pp7 -

[kkaa] For a narrow state A with mass less than 960 MeV.

[/laa] For a narrow scalar or pseudoscalar A with mass 0.21-3.0 GeV.
[nnaa] For a dark photon U with mass between 100 and 2100 MeV.
[ooaa] For a narrow resonance in the range 2.2 < M(X) < 2.8 GeV.

[ppaa] JPC Kknown by production in et e~ via single photon annihilation.

1™ is not known; interpretation of this state as a single resonance is
unclear because of the expectation of substantial threshold effects in
this energy region.

lgqaal 2m, < M(7T77) < 9.2 GeV

[rraa] 2 GeV < m ey - < 3 GeV

[ssaa] X X = vectors with m < 3.1 GeV

[ttaa] X and X = zero spin with m < 4.5 GeV
[uuaa) 1.5 GeV < mx < 5.0 GeV
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[waa] 201 MeV < M(uT p™) < 3565 MeV

[xxaa] 0.5 GeV < mx < 9.0 GeV, where mx is the invariant mass of the
hadronic final state.

[yyaa] Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[zzaa] 1.5 GeV < mx < 5.0 GeV

[aabb] 1.5 GeV < mx < 5.0 GeV

[bbbb] For m_, _ in the ranges 4.03-9.52 and 9.61-10.10 GeV.

T
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N BARYONS
(5=0,/=1/2)

p, Nt = uud;

n, N0 = udd

0Py =331

Mass m = 1.007276466621 =+ 0.000000000053 u
Mass m = 938.27208816 + 0.00000029 MeV [l

|mp — mp|/mp < 7x 10710, CL = 90% (2]

dp q,
m—pﬁ{/(m—’;) = 1.000000000003 £ 0.000000000016

lap + ap|/e < 7x 10710, CL = 90% 2]

lap + ge|/e < 1x 1072 [d]
Magnetic moment p = 2.7928473446 + 0.0000000008 1 py

(Lp + 1p) / wp = (0.002 £ 0.004) x 10~°

Electric dipole moment d < 0.021 x 10723 ecm
Electric polarizability o = (11.2 4 0.4) x 10~ fm3

Magnetic polarizability 8 = (2.5 = 0.4) x 10~4 fm?3

Charge radius, pp Lamb shift = 0.84087 + 0.00039 fm [f]
Charge radius = 0.8409 =+ 0.0004 fm [
Magnetic radius = 0.851 + 0.026 fm [€]

Mean life 7 > 9 x 1029 years, CL = 90%

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50, 1173)
for a short review.

The “partial mean life” limits tabulated here are the limits on 7/B;, where 7 is
the total mean life and B; is the branching fraction for the mode in question.
For N decays, p and n indicate proton and neutron partial lifetimes.

(S=12)

(p — invisible mode)

Partial mean life p
p DECAY MODES (1030 years) Confidence level ~ (MeV/c)
Antilepton + meson

N— etn > 5300 (n), > 24000 (p) 90% 459
N— putr > 3500 (n), > 16000 (p) 90% 453
N— vm > 1100 (n), > 390 (p) 90% 459
p— ety > 10000 90% 309
p— ptn > 4700 90% 297
n— vn > 158 90% 310
N— etp > 217 (n), > 720 (p) 90% 149
N—= utp > 228 (n), > 570 (p) 90% 113
N — vp >19 (n), > 162 (p) 90% 149
p— etw > 1600 90% 143
p— ptw > 2800 90% 105
n— rvw > 108 90% 144
N — etK > 17 (n), > 1000 (p) 90% 339
N — ptK > 26 (n), > 4500 (p) 90% 329
N — vK > 86 (n), > 5900 (p) 90% 339

n— vk > 260 90% 338
p— et K*(892)0 > 84 90% 45
N — v K*(892) > 78 (n), > 51 (p) 90% 45

Antilepton + mesons

p— etrtr~ > 82 90% 448
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SsTT o
L1l 41l

A

ToT sT s
L1l 4l

ST svT
L4l el

T o
Ll

STTTTT IS STT T
A A A A

z=z=z
L1

et 7070 > 147
eta—x0 > 52
;[" rta~ > 133
ut 00 > 101
,u+ a0 > 74
et KO~ > 18

Lepton + meson

e~ nt > 65

no at > 49

e pt > 62

no p+ >7

e" KT > 32

po Kt > 57

Lepton + mesons

e~ ntrt > 30

e~ atxl > 29

no atat > 17

no at a0 > 34

e~ntK* > 75

prt Kt > 245
Antilepton + photon(s)

ety > 670

uty > 478

vy > 550

ety > 100

vyy > 219

Antilepton + single massless

et X > 790

ut X > 410
Three (or more) leptons

eteter > 34000

etutu~ > 9200

etvy > 170

ete v > 257

/L+ e v > 83

u+ uov >79

ptete > 23000

petet > 19000

;L+,u,+ no > 10000

whow > 220

e ptut > 11000

3v >5x 1074

Inclusive modes

et anything > 0.6 (n, p)

utanything >12 (n, p)

et n0anything > 0.6 (n, p)

AB = 2 dinucleon modes

The following are lifetime limits per iron nucleus.

rtrt > 722
7r+ 71'0 > 170
ata~ >07

90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%

90%
90%

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

90%
90%
90%

90%
90%
90%

449
449
425
427
427
319

448
449
425
427
320
279

469
463
470
469
470
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nn— 700 > 404 90% -
pp — KTK*t > 170 90% -
pp — etet >5.8 90% -
pp— etut >3.6 90% -
pp — + >17 90% -
pn — > 260 90% -
pn — > 200 90% -
pn— 1tTU, >29 90% -
nn — invisible > 1.4 90% -

nn — Vele >1.4 90% -

nn— v,v, > 1.4 90% -
pn — invisible > 0.06 90% -
pp — invisible > 0.11 90% -

p DECAY MODES
Partial mean life p

Mode (years) Confidence level (MeV/c)
p— e v >7x10° 90% 469
P— u >5x 104 90% 463
p— el > 4% 105 90% 459
p— p 70 > 5 x 104 90% 453
pP— e n >2x 104 90% 309
P— un >8x 103 90% 297
p— e K% > 900 90% 337
P p K% > 4% 103 90% 326
p— e K >9x103 90% 337
p— u K >7x 103 90% 326
P— e vy >2x10% 90% 469
P— uoyy >2x10% 90% 463
P— € w > 200 90% 143

[=]

1Py =13

Mass m = 1.0086649160 + 0.0000000005 u
Mass m = 939.5654205 + 0.0000005 MeV [4]
(mp—mz )/ mp=(9+5)x107°
mp — mp = 1.2933324 & 0.0000005 MeV
= 0.00138844919(45) u

Mean life 7 = 878.4 £ 05s (S=1.8)

cr = 2.6335 x 108 km
Magnetic moment p = —1.9130427 £ 0.0000005 pupy
Electric dipole moment d < 0.18 x 10~2% ecm, CL = 90%
Mean-square charge radius (r2) = —0.1155 %+ 0.0017 fm?

Magnetic radius 1/{r3,) = 0.864+3:9%% fm

Electric polarizability o = (11.8 4 1.1) x 10~ fm3

Magnetic polarizability 8 = (3.7 & 1.2) x 10~* fm3

Charge g = (-02 +0.8) x 107! ¢

Mean nn-oscillation time > 8.6 x 107 s, CL = 90% (free n)
Mean n7i-oscillation time > 4.7 x 108 s, CL = 90% [f] (bound n)
Mean nn'-oscillation time > 448 s, CL = 90% (8]
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pe~ve decay parameters [l
A=ga /gy = —12754 £ 0.0013 (S =2.7)
A= —0.11958 & 0.00021 (5 =1.2)
B = 0.9807 =+ 0.0030
C = —0.2377 £ 0.0026
a=—0.1049 £ 0.0013 (S =1.8)
day = (180.017 % 0.026)°
D=(-12+20)x10"4U
R = 0.004 + 0.013 Ul
Fierz interference term b = 0.017 4 0.020

P

n DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

pe Ue 100 % 1
pe Ve [kl ( 9.2+0.7) x 1073 1
hydrogen-atom 7 < 27 x 1073 95% 1.19

Charge conservation (Q) violating mode

PUeTe Q < 8 x 10~27 68% 1

N(1440) 1/27F 10P) = 3G

Re(pole position) = 1360 to 1380 (~ 1370) MeV
—2Im(pole position) = 180 to 205 (~ 190) MeV
Breit-Wigner mass = 1410 to 1470 (~ 1440) MeV
Breit-Wigner full width = 250 to 450 (~ 350) MeV

The following branching fractions are our estimates, not fits or averages.

N(1440) DECAY MODES Fraction (I';/T) p (MeVc)

N7 55-75 % 398

Nn <1% 1

N7 17-50 % 347
A(1232)m, P-wave 6-27 % 147
No 11-23 % -

p~y, helicity=1/2 0.035-0.048 % 414

n~, helicity=1/2 0.02-0.04 % 413
N(1520) 3/2~ 1Py =337

Re(pole position) = 1505 to 1515 (~ 1510) MeV
—2Im(pole position) = 105 to 120 (~ 110) MeV
Breit-Wigner mass = 1510 to 1520 (~ 1515) MeV
Breit-Wigner full width = 100 to 120 (~ 110) MeV

The following branching fractions are our estimates, not fits or averages.

N(1520) DECAY MODES Fraction (I;/T) p (MeVje)
N7 55-65 % 453
Nn 0.07-0.09 % 142
Nrm 25-35 % 410

A(1232) 7 22-34 % 225

A(1232) 7, S-wave 15-23 % 225



178  Baryon Summary Table

A(1232) 7, D-wave 7-11% 225
Np 10-16 % i
Np, $=3/2, S-wave 10-16 % 1
Np, S=1/2, D-wave 0.2-0.4 % i
No <10 % -
Py 0.31-0.52 % 467
p~y, helicity=1/2 0.01-0.02 % 467
Py, helicity=3/2 0.30-0.50 % 467
ny 0.30-0.53 % 466
n+y, helicity=1/2 0.04-0.10 % 466
nv, helicity=3/2 0.25-0.45 % 466
N(1535) 1/2~ 1Py =337
Re(pole position) = 1500 to 1520 (~ 1510) MeV
—2Im(pole position) = 80 to 130 (= 110) MeV
Breit-Wigner mass = 1515 to 1545 (~ 1530) MeV
Breit-Wigner full width = 125 to 175 (=~ 150) MeV
The following branching fractions are our estimates, not fits or averages.
N(1535) DECAY MODES Fraction (I';/T) p (MeVc)
N7 32-52 % 464
Nn 30-55 % 176
N7 431 % 422
A(1232)m, D-wave 1-4 % 240
Np 2-17 % i
Np, S=1/2, S-wave 2-16 % t
Np, S=3/2, D-wave <1% i
No 2-10 % -
N(1440)7 5-12 % i
p~y, helicity=1/2 0.15-0.30 % 417
n+y, helicity=1/2 0.01-0.25 % 477

N(1650) 1/2—, N(1675) 5/2—, N(1680) 5/2%, N(1700) 3/2—, N(1710) 1/2t,
N(1720) 3/2%F, N(1875) 3/2—, N(1880) 1/2t, N(1895) 1/2—, N(1900) 3/2F
N(2060) 5/2—, N(2100) 1/2%, N(2120) 3/2—, N(2190) 7/2—, N(2220) 9/2t
N(2250) 9/2—, N(2600) 11/2~

The N resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.
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A BARYONS
(S=0, I =3/2)

Att = yuu, AT =uud, A% =udd, A~ =ddd

A(1232) 3/2t 0Py = 33

Re(pole position) = 1209 to 1211 (~ 1210) MeV

—2Im(pole position) = 98 to 102 (~ 100) MeV

Breit-Wigner mass (mixed charges) = 1230 to 1234 (~ 1232) MeV
Breit-Wigner full width (mixed charges) = 114 to 120 (~ 117) MeV

The following branching fractions are our estimates, not fits or averages.

A(1232) DECAY MODES Fraction ([;/T) p (MeVfc)

N7 99.4 % 229

N~y 0.55-0.65 % 259
N+, helicity=1/2 0.11-0.13 % 259
N+, helicity=3/2 0.44-0.52 % 259

pete~ (4240.7) x107° 259
A(1600) 3/2+ 0Py =334

Re(pole position) = 1470 to 1590 (~ 1520) MeV
—2Im(pole position) = 150 to 320 (= 280) MeV
Breit-Wigner mass = 1500 to 1640 (~ 1570) MeV
Breit-Wigner full width = 200 to 300 (~ 250) MeV

The following branching fractions are our estimates, not fits or averages.

A(1600) DECAY MODES Fraction (I;/T) p (MeVc)
N7 8-24% 492
Nnm 58-84 % 454
A(1232) 7 58-82 % 276
A(1232)w, P-wave 72-82% 276
A(1232)w, F-wave <2% 276
N(1440) 7 17-27% i
N~ 0.001-0.035 % 505
N+, helicity=1/2 0.0-0.02 % 505
N+, helicity=3/2 0.001-0.015 % 505
A(1620) 1/2~ 0Py = 3G7)

Re(pole position) = 1590 to 1610 (~ 1600) MeV
—2Im(pole position) = 80 to 140 (=~ 110) MeV
Breit-Wigner mass = 1590 to 1630 (~ 1610) MeV
Breit-Wigner full width = 110 to 150 (~ 130) MeV
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The following branching fractions are our estimates, not fits or averages.

A(1620) DECAY MODES Fraction ([;/T) p (MeVje)
N7 25-35 % 520
N7 >67 % 484
A(1232) 7, D-wave 44-72 % 311
Np 23-32% t
Np, S=1/2, S-wave 23-32% 1

Np, $=3/2, D-wave <0.04% T
N(1440)7 <9% 98
N+, helicity=1/2 0.03-0.10 % 532

A(1700) 3/2—, A(1900) 1/2—, A(1905) 5/2F, A(1910) 1/2t, A(1920) 3/2t,
A(1930) 5/2—, A(1950) 7/21, A(2200) 7/2—, A(2420) 11/2t

The A resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.

A BARYONS
(S=-1, /= 0)

A0 = uds

1UP) = 03 )

Mass m = 1115.683 £ 0.006 MeV
(mp—mz) / mp=(-01%£11)x1075 (S=16)
Mean life 7 = (2.617 £ 0.010) x 107105 (S = 1.5)
(th — 77 /A= (09 £3.2) x 1073
cr = 7.845 cm
Magnetic moment p = —0.613 £ 0.004 upy
Electric dipole moment d < 1.5 x 10716 ecm, CL = 95%

Decay parameters
pr— a_ = 0.747 £ 0.009 (S = 2.5)
prt ay = —0.757 £ 0.004
g FORA — 7% = —0.692 + 0.017
oy FORA = ny=-0.16+0.11
pr— ¢_ = (—6.5+ 3.5)°
U y_ =076l
" A_=@8+4)0
@ [/ apin A— Ax0% A— prt =0913 £ 0.030
R=|Gg/Gum|inA— pr=, A— prt =096+ 0.14
Ad=dp — &) inA— pr-, A= prt =37+ 13 degrees
nn0 ag = 0.75 £ 0.05
pe e ga/gy = —0.718 + 0.015 [

Il

o

p
A DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

pr~ (64.1 +0.5 )% 101
nn? (35.9 £0.5 )% 104
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nwy (83 +07)x1074 162
Py [ (85 +1.4)x10~% 101
pe Ug (1 8.3440.14) x 1074 163
pu" T, ( 1.5140.19) x 1074 131
Lepton (L) and/or Baryon (B) number violating decay modes
nte” LB < 6 x 107 90% 549
atu~ L,B < 6 x10~7 90% 544
net L,B < 4 x 1077 90% 549
aut LB < 6 x10~7 90% 544
Kte~ L,B < 2 x 1076 90% 449
Kt~ L,B < 3 x 1076 90% 441
K~ et L,B < 2 x 1076 90% 449
K= ut LB < 3 x 1076 90% 441
K%v LB < 2 x 1075 90% 447
prt B <9 x 107 90% 101
invisible < 74 x 1073 90% -
A(1405) 1/2~ 0Py =0(37)
Mass m = 1405.1 7 ]-3 MeV
Full width ' = 50.5 + 2.0 MeV
Below K N threshold
/(1405) DECAY MODES Fraction (';/T) p (Mevjc)
PRy 100 % 155
A(1520) 3/2~ 1Py =037)

Mass m = 1518 to 1520 (= 1519) MeV [0]

Full width T = 15 to 17 (= 16) MeV [
A(1520) DECAY MODES Fraction (I';/T) p (MeV/c)
NK (45 +1 )% 242
7 (42 £1 )% 268
A (10 +£1 )% 259
P s (09 +£01)% 168
Ny (1 0.85+0.15) % 350

A(1600) 1/2%, A(1670) 1/2—, A(1690) 3/2~, A(1800) 1/2~, A(1810) 1/2F,
A(1820) 5/2, A(1830) 5/2—, A(1890) 3/2%F, A(2100) 7/2, A(2110) 5/2t,
A(2350) 9/2+

The A resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.
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(5=-1,1=1)
st =uus, £%=uds, £~ =dds
It 1Py =131
Mass m = 1189.37 £+ 0.07 MeV (S = 2.2)
Mean life 7 = (0.8018 + 0.0026) x 10710 s
cr = 2.404 cm
(Tg+ — T5-) | 754 = —0.0006 + 0.0012
Magnetic moment p = 2.458 £ 0.010 upy (S = 2.1)
(s+ + px-) [ g+ =0.014 £0.015
N+ — nttv)/T(Z- = nt"w,y) < 0.043
Decay parameters
pr? ag = —0.982 &+ 0.014
prl @y = 0.99 + 0.04
(o + @) / (g — @) = 0.00 £ 0.04
pr® ¢ = (36 & 34)°
" o = 0.16 U
" Ay = (187 £ 6)° 1]
nat ay = (4.89 £ 0.26) x 1072
" ¢, = (167 £20)° (S =1.1)
@_FORX~ — fn~ = (-5.7 4 0.5) x 1072
a_ /ag=(—57=%06)x 102
(ap +@) /(ay — @)= (-8+6)x1072
: Ye = —0.97 11
" — 133y0
A= (1371550 1
Py a, = —0.69 £ 0.05
>+ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
prd (51.57£0.30) % 189
nmt (48.31+0.30) % 185
Py ( 1.23+0.05) x 103 225
nmty [ (45 £05)x107% 185
Netug (23 £0.4 )x107° 71
AS = AQ (SQ) violating modes or
AS = 1 weak neutral current (S1) modes
net v, 5Q < 5 x 1076 90% 224
npty, 5Q < 3.0 x 1073 90% 202
pete™ S1 < 7 x 1076 225
put s1 (24 T11yx10-8 121
x0 0Py =13

Mass m = 1192.642 4+ 0.024 MeV
My — mygo = 4.807 £ 0.035 MeV (S =1.1)
Myq — My = 76.959 + 0.023 MeV
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Mean life 7 = (7.4 + 0.7) x 10720 s
cr=222x10""'m
Transition magnetic moment |ux 4| = 1.61 & 0.08 py

P
50 DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
Ny 100 % 74
Ay~ < 3% 90% 74
Nete~ [Pl 5x1073 74
r- 10P) =11
Mass m = 1197.449 £ 0.029 MeV (S = 1.1)
My_ — Mgy = 8.08 £ 0.08 MeV (S =1.9)
My — my =81.766 £ 0.029 MeV (S = 1.1)
Mean life 7 = (1.479 + 0.011) x 107105 (S = 1.3)
cr = 4.434 cm
Magnetic moment p = —1.160 + 0.025 puy (S = 1.7)
X~ charge radius = 0.78 & 0.10 fm
Decay parameters
nmw— a_ = —0.068 £+ 0.008
" é_ = (10 + 15)°
" y_ = 0.98 n
" A = (249F 32y
ne v, ga/gy = 0.340 + 0.017 [/
" £(0)/f(0) = 0.97 £ 0.14
" D =0.11 £ 0.10
Ae e gv/ga =0.01+010 (S=15)
" gwm/ga =24+ 1711
P
X~ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
nm— (99.8480.005) % 193
nTy [n] (46 406 )x10~% 193
ne~ve ( 1.017+0.034) x 1073 230
nuT o, (45 +04 )x10~4 210
Ne™ Vg (573 +£0.27 ) x107° 79
ItXx < 12 x10~4 90% -
Lepton number (L) violating modes
pe” e~ L < 67 x 1075 90% 231
X (1385) 3/2+ 1Py =13

X (1385)"mass m = 1382.83 + 0.34 MeV (S = 1.9)

5(1385)0 mass m = 1383.7 + 1.0 MeV (S = 1.4)

5 (1385)"mass m = 1387.2 + 0.5 MeV (S = 2.2)

X (1385)Ffull width I = 36.2 + 0.7 MeV

5(1385)° full width [ = 36 + 5 MeV

5(1385)full width I = 39.4 + 2.1 MeV (S = 1.7)
Below K N threshold
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P
¥(1385) DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
A (87.0 £1.5 )% 208
> (11.7 £1.5 )% 129
" (12581 %
Ity (7.0 £1.7 ) x 1073 180
Xy < 24 x 1074 90% 173
¥ (1660) 1/2+ 1Py =13%)

Re(pole position) = 1585 + 20 MeV

—2Im(pole position) = 2907143 MeV

Mass m = 1640 to 1680 (~ 1660) MeV

Full width ' = 100 to 300 (~ 200) MeV
£(1660) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 0.05 to 0.15 (~ 010) 405
A (35 £12 )% 440
> (37 +10 )% 387
Yo (20 +£8)% -
A(1405) 7 (40 + 20)% 199

X(1670) 3/2—, X(1750) 1/2—, X(1775) 5/2—, £(1915) 5/2+,
¥(1940) 3/2—, £(2030) 7/2+, X(2250)

The X resonances listed above are omitted from this Booklet but not

from the Summary Table in the full Review.

= BARYONS
(S=-2,1=1/2)

=0 = yss, == =dss

=0 10P) =36

Pis not yet measured; + is the quark model prediction.

Mass m = 1314.86 £ 0.20 MeV
m=_ — m= = 6.85 £ 0.21 MeV
Mean life 7 = (2.90 & 0.09) x 1070 s
cr =8.71cm
Magnetic moment p = —1.250 £+ 0.014 upy

Decay parameters

Ar© a = —0.349 + 0.009
a FOR 2% —» Ax0 =0.379 + 0.004
" ¢ = (0.3 +0.6)°

¢ ANGLE FOR 20 — 770 with tang = 8/ = —0.3 + 0.6 degrees

Dpep(Z%) = ((¢=0 + b=0 )/2 = 0.0 & 0.4 degrees

Acp FORZ0 - A70 =0 & Azl = (=5 +7)x 1073
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" v =085

" A= (218t 13)e [
Ny a=—0.70+ 0.07
Nete~ a=-08=£0.2
50y a=—0.69 4+ 0.06

Tte v g1(0)/f(0) =1.22 4+ 0.05
Ste T £(0)/f(0) =2.0+0.9

p
=0 pECAY MODES Fraction (I';/T) Confidence level (MeVjc)
A0 (99.524+0.012) % 135
Ay (1.17 +0.07 ) x 1073 184

Nete™ (76 +06 )x1076 184
304 (3.33 £0.10 ) x 10~3 117
Ste 7, (252 £0.08 ) x 10~4 120
Tt (233 £0.35 )x107° 64

AS = AQ (SQ) violating modes or
AS = 2 forbidden (52) modes
S=etu, 5Q < 16 x 104 90% 112
Ipty, Q@ < 9 x 10~4 90% 49
pr— s2 < 8 x10~6 90% 299
pe Vg $2 < 13 x 1073 323
PV, 52 < 13 x 1073 309
= 1P =3G31)
Pis not yet measured; + is the quark model prediction.
Mass m = 1321.71 + 0.07 MeV
(m=— —m=y) / m=_ =(-3+9)x 1075
Mean life 7 = (1.639 + 0.015) x 10710 5
cr =491 cm
(r=- — 7=¢) /7=~ =—0.01+£0.07
Magnetic moment p = —0.6507 £ 0.0025 ppy
(b= + p=+) / |p=—| = +0.01 £ 0.05
Decay parameters
A~ o = —0.390 + 0.007 (S = 2.0)
a(EF) for =t — Anxt =0.371 £ 0.007
(a+@ /(e —@)for == = Ax—, =t - Ant = (6 £ 14) x
1073
[a(Z)ac(A) — aEH)ar(A)] /[sum] = (0 £ 7) x 1074
" 6=(-12+£1.00° (S=14)
¢ ANGLE FOR =+ — Art (tang = B/7) = (=1.2 £ 1.2)°
Adep = (b_+ &,)/2 = (—0.3 £ 0.8)°
o v =0.89
" A = (175.9 & 1.5)° [1
Ae"ve  ga/gy = —0.25+ 0.05 /]

P
=~ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
A~ (99.887+£0.035) % 140
Iy (1.27 £023 )x 1074 118

Ne™ Ug (563 +£0.31 )x10~4 190
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A= v, (35 33 )x104 163
307, (87 +17 )x107° 123
Oumw, < 8 x 1074 90% 70
e~ 7, < 259 x 1074 90% 7
AS = 2 forbidden (52) modes
nm s2 < 19 x 1075 90% 304
ne~ e 52 < 32 x 1073 90% 327
np" $2 < 15 % 90% 314
pr wT 52 < 4 x 104 90% 223
pT e U s2 < 4 x 1074 90% 305
pTT pT T, $2 < 4 x 1074 90% 251
pupu” L < 4 x 1078 90% 272
=(1530) 3/2+ 1Py =33

Z(1530)° mass m = 1531.80 + 0.32 MeV (S = 1.3)

=(1530) " mass m = 1535.0 = 0.6 MeV

Z(1530)° full width I = 9.1 & 0.5 MeV

— _ - _go+17

=(1530) full width I = 9.9*1-7 Mev

p

=(1530) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
= 100 % 158
= <3.7% 90% 202

=(1690), =(1820) 3/2—, =(1950), =(2030)

The = resonances listed above are omitted from this Booklet but not

from the Summary Table in the full Review.

2 BARYONS
(5=-3,1=0)

27 =sss

e 0Py =03")

JP = %* is the quark-model prediction; and J = 3/2 is fairly well

established.
Mass m = 1672.45 + 0.29 MeV

(mo- —mgy) [/ mg = (-1+8)x10"

Mean life 7 = (0.821 + 0.011) x 10710 s
cr = 2.461 cm

(Tg- — 75+) /| To- = 0.00 £ 0.05

Magnetic moment p = —2.02 £ 0.05 ppy

Decay parameters

a(27) a_(A) FOR 2~ = AK~ = 0.0115 + 0.0015

AK= « = 0.0154 £ 0.0020
AK=, AKT (a + @)/(a —@) = —0.02 £

5

0.13
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=n~ a=0.09£0.14
= a = 0.05+0.21
Scale factor/ p
2~ DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
AK™ (67.7 £0.7 )% 211
=07 (243 £0.7 )% S=15 204
= m ( 8.55+0.33) % 289
=—atr (37 T3 yx104 189
=(1530)%7~ < 7 x107%  CL=90% 17
Ve~ 7, (5.6 +28)x103 319
=y < 46 x10~4 CL=90% 314
AS = 2 forbidden (S2) modes
Ar— 52 < 29 x 1076 CL=90% 449
02(2012)~ 1Py =0(77)
Mass m = 2012.4 + 0.9 MeV
Full width T = 6.4732 MeV
Branching fractions are given relative to the one DEFINED AS 1.

P
£2(2012)~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
0K~ DEFINED AS 1 403
==K 0.834+0.21 392
070K~ <0.30 90% 245
Z07—KO <0.21 90% 230
= a0KO <0.7 90% 226
Zrt K- <0.08 90% 224

2(2250)~ 1Py = 0(2%)
Mass m = 2252 + 9 MeV
Full width ' = 55 + 18 MeV
/\?:udc, Z?*:uuc, Zj:udc, Zg:ddc,
E:’:usc, Eg:dsc, Qg:ssc
At 1UP) =0(3)

Mass m = 2286.46 + 0.14 MeV
Mean life 7 = (202.6 + 1.0) x 1071% s
cr = 60.75 um

Decay asymmetry parameters

Ant

a = —0.755 £+ 0.006

a FOR AL — Apt = —0.76 £ 0.07

g0

a = —0.484 £ 0.027
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a FOR AL — S%p=-0.99 +0.06

a FORAL — Xy = —0.46 £ 0.07

a FORAY — x07+ = —0.466 £ 0.018

a FOR AT — x(1385)* 70 = —0.92 + 0.09
a FOR AT — X(1385)°7+ = —0.79 £ 0.11
Aty o = —0.875 + 0.033

a FORAL — pK2 =02+05

a FOR AL — AK*T =058 £ 0.05

a FOR AT — XO0K*+ = —0.54 £ 0.20

a FOR AT — A(1405)7+ = 0.58 + 0.28

a FOR AT — A(1520)7+ = 0.93 = 0.09

a FOR AT — A(1600)r+ =02+ 05

a FOR AT — A(1670)7+ = 0.82 & 0.08

a FOR AT — A(1690)7+ = 0.958 + 0.034
a FOR AT — A(2000)7+ = —0.57 £ 0.19
a FOR AT — A(1232)TF K~ = 0.55 + 0.04
a FOR AT — A(1600)"T K~ = —0.50 & 0.18
a FOR AT — A(1700)T+ K~ = 0.22 + 0.08
a FOR AT — K3(700)°p = —0.1 £ 0.7

o FOR AT — K3(1430)%p = 0.34 £ 0.14

(a + a)/(a —@) in AT = Art, A7 — Az~ =0.020 + 0.016
(a+@)/(a—@)in Af » 07T A7 — T~ = —0.02+0.05
(a +@)/(a—a) in AT = /\e+yej; iﬂe*ve = 0.00 + 0.04
(a+@)/(e—@) in AT = AKT, A7 - AK™ = —0.23+0.11
(oz +a)/(a—a)in At - TOKT, A7 —» TOK~ =01+04

Acp(AX)in Ac = AX, A; = AX =2+ 7%
Acp(AKT)in Ac = AKT, Ac — AK™ =0.021 + 0.026
Acp(Z0Kt)in A, = ZO0K+, A, - TOK~ =0.03 + 0.05
AAcp = Acp(AT = pKYK™) — Acp(At = prtrm) =
(0.3 + 1.1)%
Branching fractions marked with a footnote, e.g. [a], have been corrected
for decay modes not observed in the experiments. For example, the submode
fraction AZ’ — pK*(892)0 seen in AZ’ — pK~xt has been multiplied up
to include K*(892)0 — KO0 decays.

Scale factor/ p

A:’ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic modes with a p or n: S = —1 final states
pKY (1.59+ 0.07) % s=1.1 873
pK— 7t (6.24+ 0.28) % S=1.4 823
pK(700)° (1.9 + 06 )x10~3 715
pK*(892)° [q] (1.39% 0.07)% 685
pK§(1430) (92 + 1.8 )x1073 i
A(1232) T K~ ( 1.76% 0.09) % 710
A(1600) T K~ (2.8 + 1.0 )x1073 -
A(1700) Tt K~ (24 + 06 )x1073 -
A(1405)0 7+ (48 +19)x1073 -
A(1520) 7t [a] (1.16+ 0.16) x 1073 628
A(1600) 7+ (32 +12)x1073 571
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A(1670) 7t (74 + 21 )x1074 516
A(1690) 7+ (74 +22)x1074 504
A(2000) 7+ (6.0 £ 07 )x103 234
p K~ 7t nonresonant (35 +04)% 823
pK%nO (1.96+ 0.12) % 823
nK3zt (1.82+ 0.25) % 821
nK-atat ( 1.90+ 0.12) % 756
pKOn (88 + 06 )x1073 s=1.1 568
pKYata~ ( 1.59+ 0.11) % 5=1.1 754
pK-nt a0 ( 443+ 0.28) % S=15 759
pK*(892)~nt [a] (14 +05)% 580
P(K™ 7 nonresonant 7° (46 £08)% 759
pK=2rntn™ (14 £ 09 )x103 671
pK—wt2r0 (10 +£5 )x10~3 678
Hadronic modes with a p or n: S = 0 final states
prd < 8 x1075  CL=90% 945
nat (66 £ 1.3 )x1074 944
pn ( 157+ 0.12) x 1073 856
pn (48 + 09 )x1074 639
pw(782)0 (1.11+ 0.21) x 1073 751
prta~ ( 459+ 0.25) x 103 927
p1(980) [l (34 +23)x1073 614
notw (64 £ 09 )x10-3 927
nrtaat (45 + 08 )x103 895
p2rton~ (22 + 1.4 )x1073 852
pKT K~ ( 1.06+ 0.05) x 103 616
po [q] (1.06+ 0.14) x 1073 590
pKt K~ non-¢ (52 + 1.1 )x10~4 616
pKLKY ( 2.35+ 0.18) x 104 610
pon° (10 +4 )x1075 460
p KT K~ n¥nonresonant < 63 x1075  CL=90% 494
Hadronic modes with a hyperon: S = —1 final states
Ant ( 1.29+ 0.05) % s=1.1 864
A(1670) 7+, A(1670) — nA (35 + 05 )x1073 -
Ant 70 ( 7.02+ 0.35) % s=11 844
Apt (40 £ 05)% 636
>(1385)t 70, £t - Axt (50 + 07 )x1073 -
>(1385)07t, 50 5 Ax0 (56 + 08 )x1073 -
An—2nt (3.61+ 0.26) % S=1.4 807
T(1385)t ot ¥t — (1.0 £ 05)% 688
Art
X (1385)"27t, I*T — Ax~ (76 + 1.4 )x1073 688
Ant g0 (14 +06)% 524
> (1385)Tp0, =t - Axt (5 +4 )x1073 363
A~ 2xF nonresonant < 11 % CL=90% 807
Ar— 7927t total (22 +08)% 757
Artn l[q] ( 1.84% 0.11)% s=1.1 691
> (1385)* [q] (9.1 + 20)x1073 570
At w [a] (15 +05)% 517
An— 7027t nonor w < 8 x1073  CL=90% 757
AKTKO (5.6 + 1.1 )x10"3 5=1.9 443
=(1690)°K*, =0 —» AKO (16 £ 05)x1073 286
0q+ (1.27+ 0.06) % s=1.1 825



190 Baryon Summary Table

SO0xty (75 + 0.8 )x10~3 635
>t g0 (1.24% 0.09) % 827
sty (32 + 05 )x1073 713
>ty (41 + 08 )x1073 391
Stata— (4474 0.22)% S=1.2 804

>t ,0 < 17 % CL=95% 575
Y ont ( 1.86+ 0.18) % 799
S0qt70 (35 + 04)% 803
Tta050 (1.54+ 0.14) % 806
0727t ( 110+ 0.30) % 763
Ttw ( 1.69+ 0.20) % 569
T 027t (21 +04)% 762
StKTK- ( 359+ 0.35) x 1073 S=1.1 349

It [q] (39 + 05)x1073 S=1.1 295

Z(1690)°K*, =0 —» Tt K- (1.01+ 0.25) x 1073 286

Y1 KT K~ nonresonant < 8 x10™4  CL=90% 349
0K+ (55 + 07 )x103 653
ZKtxt (62 + 05 )x1073 S=1.1 565
=(1530)°K* (43 +09)x1073 s=1.1 473

Hadronic modes with a hyperon: S = 0 final states

AKT ( 642+ 0.31) x 1074 781
AKT = <5 x10™%  CL=90% 637
SO0kt (3.70+ 0.31) x 10~4 735
K9 (47 + 1.4 )x1074 736
SOKtat g < 25 x10~4  CL=90% 574
StKtn— ( 2.00+ 0.26) x 10~3 670

>t K*(892)0 [q] (35 + 1.0 )x1073 470
rtKtaq0 < 11 x1073  CL=90% 581
S Ktrgt < 12 x1073  CL=90% 664

Doubly Cabibbo-suppressed modes
pKtn~ (111 0.17) x 1074 823
Semileptonic modes

Aet e ( 356+ 0.13) % 871
At r= et v, < 3.9 x10~%  CL=90% 843
pK et (88 + 1.8 )x10~4 874
pKIn~ et < 33 x1074  CL=90% 821
A(1520) et v (1.0 + 05 )x1073 639
AN1405)0 et 1., A0 — pK— (42 + 19 )x1074 -
At (3.48+ 0.17) % 867

Inclusive modes

et anything ( 406+ 0.13) % -
p anything (50 +16 )% -
n anything (326 + 1.6 )% -
A anything @382t 299 -
Kosanything (99 £07)% -
3prongs (24 £8 )% -
AC =1 weak neutral current (C1) modes, or
Lepton Family number (LF), or Lepton number (L), or
Baryon number (B) violating modes
pete™ c1 < 55 x1076  CL=90% 951
put i~ non-resonant c1 < 77 x1078  CL=90% 937

petu~ LF < 9.9 x1076  CL=90% 947
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pe~ut LF < 1.9 x107%  CL=90% 947
p2et L,B < 27 x107%  CL=90% 951
p2ut L,B < 9.4 x1076  CL=90% 937
petut L,B < 16 x107%  CL=90% 947
Sutut L < 70 x1074%  CL=90% 812

Radiative modes
Ity < 25 x10™4  CL=90% 834

Exotic modes
PYD [r] < 80 x1075  CL=90% -
See Particle Listings for 1 decay modes that have been seen / not seen.

Ac(2595)* 1Py =0(1)

The spin-parity follows from the fact that X.(2455)7 decays, with
little available phase space, are dominant. This assumes that JP =
1/27F for the £.(2455).

Mass m = 2592.25 + 0.28 MeV

m — mAg = 305.79 £ 0.24 MeV

Full width ' = 2.6 4+ 0.6 MeV

/\'C"mr and its submode ¥-(2455)7 — the latter just barely — are the only

strong decays allowed to an excited /\'C*' having this mass; and the submode
seems to dominate.

/Ic(2595)+ DECAY MODES Fraction (I';/T) p (MeVc)
/\z_r ata~ [s] — 117
X (2455) Tt 24+7% 3
. (2455)0 7t 2+7% 3
AT 7+ 1~ 3-body 18+ 10% 117

See Particle Listings for 2 decay modes that have been seen / not seen.

Ac(2625)* 1Py =037)

JP has not been measured; %* is the quark-model prediction.

Mass m = 2628.00 £+ 0.15 MeV
m—m,. = 341.54 £+ 0.05 MeV

Full width T < 0.52 MeV, CL = 90%

/\'C"mr and its submode X (2455)7 are the only strong decays allowed to an

excited /\2_’ having this mass.

Ac(2625)+ DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
A rtr= [f] 66.67 % 184
X (2455) (3.4240.27) % 103
T (2455)0 7t (13.46+0.31) % 103
/\zr 7« 7~ 3-body large 184
At 70 [u] < 60 % 90% 293

Aty <35 % 90% 319
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Ac(2860)* 1Py =03 )

Mass m = 2856.1F 23 Mev
Full width T = 68733 MeV

Ac(2880)* 1Py =0(3")

Mass m = 2881.63 + 0.24 MeV
m-—m,; = 595.17 £+ 0.28 MeV
C

Full width I = 5.6+ 08 Mev

Ac(2940)* 1Py =037)

JP = 3/27 is favored, but is not certain

Mass m = 2939.6 713 MeV
Full width T = 20T ¢ Mev

X (2455) 1Py =131

X (2455) T mass m = 2453.97 4 0.14 MeV
T (2455)" mass m = 2452.651 022 Mev
5(2455)% mass m = 2453.75 4 0.14 MeV

M (aass)++ — Mps = 167.510 & 0.017 MeV
_ +0.16

My (2455)+ ~ mAC+ =166.197 ;55 MeV

myo = m,. =167.290 £ 0.017 MeV

2455 C

My (oass)++ — M (2ass)0 = 0220 = 0.013 MeV

_ +0.16
My (2a56)+ — My, (2a55)0 = —1.10 7705 MeV

5(2455) T full width I = 1.89 7092 Mev (S = 1.1)
>.(2455)F full width T = 2.3 4+ 0.4 MeV
5(2455)° full width I = 1.837 011 Mev (S =1.2)

A'C"ﬂ is the only strong decay allowed to a X having this mass.

X (2455) DECAY MODES Fraction (I;/T) p (Mev/c)
A ~ 100 % 94
5.(2520) 1Py =1(31)

JP has not been measured; %Jr is the quark-model prediction.
X(2520)T T mass m = 2518.41 + 0.22 MeV (S = 1.3)
T(2520)* mass m = 2517.4 101 Mev
5.(2520)° mass m = 2518.48 + 0.21 MeV (S = 1.2)

M (o520)++ — Mys = 23195 £ 0.18 MeV (S = 1.8)

— +0.7
My (2520)+ ~ m/\2r = 230975 MeV
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My (2520)0 ~

m i =232.02 £ 0.15 MeV (S = 1.4)
C

My (2520)++ ~ M5 (25200 = 0.01 &+ 0.15 MeV

5(2520)*F full width I = 14.78 7030 Mev
full width I = 17.2+59 Mev
full width T = 153702 Mev

X (2520)*
5 (2520)°

Cc

At 7 is the only strong decay allowed to a X having this mass.

£,(2520) DECAY MODES Fraction (I';/T) p (MeVjc)
A ~ 100 % 179
5(2800) 1Py =127
5(2800)TF mass m = 28017 ¢ MeV
5(2800)F mass m = 279271} Mev
5(2800)° mass m = 2806 +3 MeV (S = 1.3)
_pigt4
My (2800)++ — mAzr = 5147 MeV
s tl4
M (2800)+ — mAz, = 505775 MeV
— +5 —
My (2800)0 ~ m/\c+ =519737 MeV (S =1.3)
£.(2800)F full width I = 75522 Mev
5(2800)* full width I = 60755 Mev
5(2800)° full width I = 7222 MeV
=7 10P) = 33

JP has not been measured; %Jr is the quark-model prediction.

Mass m = 2467.71 &+ 0.23 MeV (S = 1.3)
Mean life 7 = (453 + 5) x 10710 s

cr = 135.8 um

Branching fractions marked with a footnote, e.g.
for decay modes not observed in the experiments. For example, the submode
fraction EZL — Z+R*(892)0 seen in Eg’ — Xt K~z has been multiplied

up to include K*(892)0 — KO0 decays.

[a], have been corrected

Scale factor/ p
Ez.' DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Cabibbo-favored (S = —2) decays
p2KY (2541.3) x 1073 766
AKO 7zt — 852
> (1385)t KO lq] (2.9+2.0)% 746
AK— 27t (9 +4 )x1073 787
AK*(892)0 [a] <5 x10~3 CL=90% 608
>(1385)FK—nt [q] <6 x 103 CL=90% 678
StK— ot (27£1.2) % 810
>+ K*(892)0 [q] (23+1.1)% 658
SOK— 27t (8 +5 )x 1073 735
Z0qt (1.6+0.8) % 876
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=—ont (2.9+1.3) % 851
=(1530)%7t lq] < 2.9 x 1073 CL=90% 749
gt g0 (6.743.5) % 856
Z0p—ogt (5.0£2.6) % 818
Z0ety, (7T +4 )% 884
N~ Ktat (2.0£1.5) x 1073 399
Cabibbo-suppressed decays
pK—rt (6.243.0) x 1073 S=15 944
pK*(892)° (3.3+1.7) x 1073 828
Stato— (1.4+0.8) % 922
S—ont (5.1+3.4) x 1073 918
STKTK™ (43£25) x 1073 579
It¢ [q] < 3.2 x 1073 CL=90% 549
Z(1690)°K*, =0 - Tt K- <13 x10~3 CL=90% 501
p$(1020) (1.240.6) x 10~4 751
See Particle Listings for 2 decay modes that have been seen / not seen.
= 10P) =33
JP has not been measured; 17 is the quark-model prediction.
Mass m = 2470.44 £+ 0.28 MeV (S = 1.2)
Mzg = Moy =272 % 0.23 MeV (S=11)
Mean life 7 = (150 4428)x107Bs (S=1.4)
cr = 45.1 um
Decay asymmetry parameters
=7t a = —0.64 & 0.05
a FOR = ZtaT =0.61 £ 0.05
a FOR = 5 — AK*(892)° = 0.15 + 0.22
a FOR = —0 — It K*(892)~ = —0.52 + 0.30
P
Eg DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Cabibbo-favored decays
pK~— K- rt (4.9 +£1.0 ) x 1073 676
pK~K*(892)° KO - K-t (2.0 £0.6 ) x 1073 413
pK~ K~ xt (no K*0) (3.0 £0.8 ) x 10-3 676
AKS (32 £0.6 ) x 1073 906
AK— 7t (1.4540.28) % 856
AK*(892)0 (2.6 £0.6 ) x 1073 717
>0kKY (5.4 +1.4 ) x 1074 864
STK- (1.8 £0.4 ) x 1073 868
>0K*(892)0 (9.9 +1.9 ) x 1073 658
Tt K*(892)~ (49 £1.3 )x 1073 661
= (1.43+0.27) % 875
Zatrtas (48 £23)% 816
=0, ¢ KtK— (52 £1.2 ) x 10~4 -
=0 K+ K~ nonresonant (5.6 £1.2 ) x 10~4 444
N~ Kt (42 £0.9 ) x 1073 522
Z—et ue (1.050.20) % 882
=t vy (1.01+0.21) % 878
=04 <17 x 10~4 90% 885
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Cabibbo-suppressed decays

Afa (55 £1.1 ) x 1073
=Kt (39 +1.1 ) x 1074
AKT K~ (no ¢) (41 +13 )x 1074
Ao (4.9 +1.3 ) x 1074

See Particle Listings for 2 decay modes that have been seen / not seen.

115
789
648
621

=+ 0Py =131

=c

JP has not been measured; %4' is the quark-model prediction.
Mass m = 2578.2 + 0.5 MeV (S = 1.1)
m_,+ - m_+ = 110.5 £+ 0.4 MeV
m:,+ - m_,o = —0.5 £ 0.6 MeV

~c

=2 0P =361
JP has not been measured; %"' is the quark-model prediction.
Mass m = 2578.7 = 0.5 MeV
Mog — M—g = 108.3 & 0.4 MeV
~c ~c
Zc(2645) 0Py =33h
JP has not been measured; %"" is the quark-model prediction.
=.(2645)" mass m = 2645.10 + 0.30 MeV (S = 1.2)
56(2645)0 mass m = 2646.16 + 0.25 MeV (S = 1.3)
=.(26a5)+ — M=o = 174.67 & 0.09 MeV
M= (2645)0 — m_+ = 178.45 £+ 0.10 MeV
M= (26a5)+ — mo (26450 = —1.06 £ 0.27 MeV (S = 1.1)
=c(2645)T full width I = 2.14 £ 0.19 MeV (S = 1.1)
Z0(2645)° full width I = 2.35 + 0.22 MeV
Zc(2790) 1Py =3G7)

JP has not been measured; %_ is the quark-model prediction.

Z.(2790)T mass = 2791.9 + 0.5 MeV
Z.(2790)° mass = 2793.9 + 0.5 MeV
=, (o700 ~ Mz = 213.20 + 0.22 MeV

Z,(2790)0 — m—/+ = 215.70 &+ 0.22 MeV
:6(2790)'*' - _6(2790)0 = —2.0 £ 0.7 MeV

Z£(2790)T width = 8.9 & 1.0 MeV
=,(2790)° width = 10.0 + 1.1 MeV
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=c(2815) 0Py =337)

JP has not been measured; % is the quark-model prediction.

Z.(2815)1 mass m = 2816.51 + 0.25 MeV (S = 1.2)
=.(2815)° mass m = 2819.79 + 0.30 MeV (S = 1.1)
M= (2815)+ ~ m_:c+ = 348.80 £ 0.10 MeV
M= (ogisy — Mzo = 349.35 + 0.11 MeV
m_:c(2815)+ — m:_c(2815)0 = —3.27 + 0.27 MeV
=.(2815)* full width T = 2.43 + 0.26 MeV
=.(2815)0 full width I = 2.54 & 0.25 MeV

=(2970) 1UP) =13+

was =(2980)

Z:(2970)T m = 2964.3 + 1.5 MeV (S = 3.9)
Zc(2970)° m = 2967.1 + 1.7 MeV (S = 6.7)
M= (oroyt ~ M=+ = 496.6 + 1.5 MeV (S =3.7)
m_:c(2970)0 — m_:(g = 496.7 + 1.8 MeV (S = 53)
M= 2970+ — M=, (20700 = —2:8 £ 1.9 MeV (S =4.38)
Z,(2970)* width [ = 20.9F32 MeV (S =1.2)

=.(3055) 1Py = 2(2%)

Mass m = 3055.9 £+ 0.4 MeV
Full width ' = 7.8 &+ 1.9 MeV

=.(3080) 1Py =379

=.(3080)T m =3077.2 + 0.4 MeV

=.(3080)° m = 3079.9 + 1.4 MeV (S = 1.3)
Z-(3080)" width I = 3.6 £ 1.1 MeV (S = 1.5)
Z.(3080)° width I = 5.6 + 2.2 MeV

0 1JP) =0k )

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2695.2 + 1.7 MeV (S = 1.3)
Mean life 7 = (273 + 12) x 10715 5
cr = 82 um

No absolute branching fractions have been measured. The following are branch-
ing ratios relative to 2~ xt.

P

122 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Cabibbo-favored (S = —3) decays — relative to 2~ =+

-zt DEFINED AS 1 821

Q- xta0 1.80+0.33 797

= pt >1.3 90% 532
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- n2nt 0.3140.05 753
N et 1.9840.15 829
2 pty, 1.9440.21 824
=0Ko 1.64+0.29 950
0K ot 1.20+0.18 901

0K, KO 5 Kot 0.6840.16 764

2(2012)~7F, 2(2012)" — 0.1240.05 -

=0 po—

= KOt 2.1240.28 895

2(2012)~7F, 2(2012)~ — 0.1240.06 -

= KO

=K 2nt 0.6340.09 830

Z(1530)°K =7+, =0 - Z=xt 0214006 757

=-KOgt 0.34+0.11 653
StK-K-wt <0.32 90% 689
ANKOKO 1.7240.35 837

Singly Cabibbo-suppressed modes — relative to 2~ 7+
=t 0.25+0.06 -
N~ Kt <0.29 90% -
Doubly Cabibbo-suppressed modes — relative to 2~ 7+

= KTt <0.07 90% -
See Particle Listings for 1 decay modes that have been seen / not seen.

2.(2770)° 0Py =0(3%)

JP has not been measured; %+ is the quark-model prediction.
Mass m = 2765.9 + 2.0 MeV (S =1.2)
_ +0.8
mQC(2770)0 — mng = 70.7_0_9 MeV
The QC(277O)O—Q(C) mass difference is too small for any strong decay to occur.

2,(2770)° DECAY MODES Fraction (I';/T) p (MeVjc)
Qg 5 presumably 100% 70

2.(3000)°

1(JPy = 22%)

Mass m = 3000.46 & 0.25 MeV
Full width T = 3.87 3§ Mev

2.(3050)°

1JP) = 2¢2%)

Mass m = 3050.17 £+ 0.19 MeV
Full width I' < 1.8 MeV, CL = 95%

2.(3065)°

1JPy = 22%)

Mass m = 3065.58 & 0.21 MeV
Full width T = 3.4 07 Mev (S =1.7)
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2:(3090)° 1UP) =279

Mass m = 3090.15 & 0.26 MeV
Full width T = 8.5+ %% Mev

2:(3120)° 1UP) =279

Mass m = 3118.98 531 MeV
Full width T < 2.5 MeV, CL = 95%

Q2.(3185)° 10P) =2(2")

Mass m = 3185f§:g MeV
Full width T = 50712 MeV

2.(3327)° 1Py = 2(2%)

Mass m = 3327.1f}:§ MeV
Full width T = 201 Mev

DOUBLY CHARMED BARYONS
(C = +2)

=t+ — yce, =t =dce, 2T = sce
cc C cc

~cc c

=++ Py = 2(??
=+ 1(JPy = 2(2%)
Mass m = 3621.6 + 0.4 MeV
Mean life 7 = (256 4 27) x 10715 5
P
=}+ DECAY MODES Fraction (I';/T) Confidence level ~ (MeV/c)
A K=t rt DEFINED AS 1 880
Zhat, = 5 pk—at 0.0022-£0.0006 -
=+ _ + =/t =+, =+ —
= T =¢ — =V =¢ — 0.003140.0009
pK—nt
DtpK— 7t <0.017 90% 562
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BOTTOM BARYONS
(B=-1)
A =udb, £ = udb, £} = uub, X, =ddb

=0 =usb, =, = dsb, 2, = ssb

1Py =0(3™)

I(JP) not yet measured; O(%*) is the quark model prediction.

Mass m = 5619.60 + 0.17 MeV
my — Mgo = 339.2 &+ 1.4 MeV

A0~ Mg+ = 339.72 % 0.28 MeV

Mean life 7 = (1.471 + 0.009) x 10712 s

cr = 441.0 pm
Acp(Ap = pm~) = —0.02540.029 (S =1.2)
Acp(Ap — pK™) = —0.025 + 0.022
Acp(Ap — DpK™) =0.12 + 0.09
AAcp(pK=/7~) = 0.014 + 0.024
Acp(Ap — pK%n™) = 0.22 + 0.13
AAcp(J/bpr™/K™) = (5.7 + 2.7) x 1072
Acp(Ap = AKT77) = —053 4 0.25
Acp(Ap — AKTK™) = —-0.28 +0.12
AAcp(A) — pK=ptp~) = (-4 £5)x 1072

0
Ab
m

AAcp(A) — prmataT) = (1.1+2.6) x 1072
AAcp(Ay = (pr~ 7t 7 )ppar) = (4 £ 4) x 1072
AAcp(A — par(1260)7) = (—1+4) x 1072
DAcp(A) = N(1520)0 p(770)%) = (2 & 5) x 1072
AAcp(A) — A(1232)FF 77 77) = (0.1 + 3.3) x 1072
AAcp(A) — pK=7trT) = (3.2 £ 1.3) x 1072
AAcp(A — (pK~ 7t 77 )Lpam) = (3.5 + 1.6) x 1072
DAcp(AY — N(1520)° K*(892)°) = (5.5 + 2.5) x 1072
AAcp(A = A(1520) p(770)%) = (1 £ 6) x 1072
AACP(/\§ — A(1232)HT K= 77) = (4.4 £ 2.7) x 1072
AAcp(A) — pK1(1410)7) = (5 + 4) x 1072
AAcp(A) — pK= KT 77) = (=7 £5) x 1072
DAcp(A) — pKTKTK™) = (0.2 £1.9) x 1072
AAcp(AY = A(1520)(1020)) = (4 £ 6) x 1072
AACP(A([)) - (pKi)highmass $(1020)) = (—0.7 + 3.4) x 1072
AAcp(A) = (PK= KT K™ )ppa) = (2.7 £ 2.4) x 1072
A%B(MM) in Ap = Aptpu~ =-0394+0.04
A(AL5(1p) in Ap — ApTp~ = —0.05 + 0.09

AL (p7) in Ap = A(pr)pt ™ = —0.30 £ 0.05

A in Ap — Aptp~ =025 +0.04
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The branching fractions B(b-baryon — AL~ yanything) and B(/\(t)7 —

/\'g‘ £~ vpanything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored
Hadrons.”

For inclusive branching fractions, e.g., Ap — annything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
/Ig DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
J/p(AS)Ax B(b — AY) (58 +0.8)x1075 1740
pDOr— (6.2 £0.6 )x10~4 2370
pDtn—m™ (27 £04 )x1074 2332
pD*(2010) T m— 7~ (52 +1.0 )x1074 2277
pDOK— (45 +08 )x 1075 2269
pJ/pm— (26 T35 )x105 1755
pr=J/, Jjp — utuT (16 £08 )x107® -
pJ/wK™ (32 738 )x104 1589
pnc(1S)K™ ( 1.0640.26) x 10~4 1670
Pe(4312)tK—, PL — < 25 x1075  CL=95% -
pnc(LS)
P(4380)t K=, PL — (27 £1.4 )x1075 -
pJ/¥
P.(4450)T K=, P, — pJ/¢ (1.3 +£0.4 )x1075 -
Xc1(1P)pK~ (76 13 )x107° 1242
Xe1(1P)p7~ (5.0 T13)x10-6 1462
Xe2(1P)pK~ (77 T18yx1075 1198
Xc2(1P)pm— (48 £1.9 )x107° 1427
pJ/p(1S)ntr™ K™ (66 T13)x10-5 1410
pY(2S) K~ (66 T12)x1075 1063
Xc1(3872)p K~ (35 +13)x107° 837
Xc1(3872) A(1520) (2.0 £09 )x1075 721
»(2S)pr~ (75 18 )x10-6 1320
pKOm~ (1.3 404 )x 1075 2693
pKOK— < 35 x 106 CL=90% 2639
A r~ (49 £0.4 )x1073 s=12 2342
/\? K~ ( 3.56+0.28) x 10~ 4 S=1.2 2314
AT D™ (46 +0.6 )x 104 1886
AT DS ( 1.10::0.10) % 1833
A rtr o~ (76 +£1.1 )x1073 s=11 2323
Nc(2595)F 77, Ac(2595)F — (34 +1.4)x1074 2210
/\'C"7r+ T
Nc(2625)F 7, A (2625)F — (33 +13)x107% 2193
/\'C*"n”L T
(245507t 20 — (57 £22 )x1074 2265
/\'C*"n'_
T(a55) tram, XH o (32 £15 ) x 1074 2265

+ ot
s
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/\;fKJrK*n* ( 1.02+0.11) x 103 2184
AL ppr~ (2.63+0.27) x 1074 1805
.(2455)0pp, X0 — Afn (23 £05)x1075 -
5. (2520)° pp 26(2520)0 (31 407 )x1075 -

At~
c

A?Z*Wanything [x] (109 £2.2 )% -
Ao (62 t1%)9 2345
Ao, (1.9 £05)% 1933
Artr= 7, (5.6 £31)% 2335
Ac(2595)T ¢~ T, (79 739 )x1073 212
Ac(2625) T 67T, (13 £38)% 2195
ph~ y] < 23 x 1075 CL=90% 2730
pT (4.6 +£08)x1076 2730
pK~ (55 +1.0 ) x10~© 2709
pDS ( 1.25+0.13) x 107 2364
Py, (41 +1.0 )x1074 2730
At (1.08+0.28) x 1076 2695
pr T (6.9 +2.5)x10~8 2720
pK—et (31 £06 )x10~7 2708
pK—utp (2 +05)><10 7 2685
Ay (7.1 £1.7 )x 1076 2699
An (9 jg ) x 10~6 2670
A (958) 3.1 x 106 CL=90% 2611
Art = (46 £1.9 )x107° 2692
AKt 7~ (56 +1.2 )x1076 2660
AKT K= ( 1.6040.21) x 1073 2605
Ao (9.8 26 )x1076 2599
pratw (2.08+0.21) x 1075 2715
pK=—Ktr~ (4.0 +£06)x106 2612
pK-ntrm (5.0 £05)x1075 2675
pK=KtK~ ( 1.2540.13) x 1073 2524

See Particle Listings for 1 decay modes that have been seen / not seen.

Np(5912)°

Mass m = 5912.19 + 0.17 MeV
Full width ' < 0.25 MeV, CL = 90%

Np(5920)°

JP

Njw

Mass m = 5920.09 + 0.17 MeV
Full width ' < 0.19 MeV, CL = 90%

Ap(6070)°

JP

+

N

Quantum numbers based on quark model expectations.

Mass m = 6072.3 + 2.9 MeV
Full width ' = 72 + 11 MeV
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Np(6146)° JP =3t

Mass m = 6146.2 + 0.4 MeV
M, (6146)0 — Mo = 526.55 + 0.34 MeV

Full width T = 2.9 + 1.3 MeV

Np(6152)° JP =35t

Mass m = 6152.5 + 0.4 MeV
My (6152)°0 — mA% = 532.89 + 0.28 MeV

Mp(6152)0 ~ M4, (6146)0 = 6.34 £+ 0.32 MeV
Full width I = 2.1 + 0.9 MeV

o) 10P) =1(3")
I, J, P need confirmation.
Mass m(X}) = 5810.56 + 0.25 MeV
Mass m(X ) = 5815.64 + 0.27 MeV
mzzr — mZ; = —5.06 £ 0.18 MeV

M(Z}) =5.0+0.5 MeV
M(£,) =53 =05 MeV

X}, DECAY MODES Fraction (T';/T) p (MeVjc)
N dominant 133
34 0P =13
I, J, P need confirmation.

Mass m(Z}) = 5830.32 £ 0.27 MeV
Mass m(Z}~) = 5834.74 + 0.30 MeV

mxt7+ — mzz, = —4.37+£0.33MeV (S=1.6)
m)__‘*;r — m)__; =19.73 £ 0.18
m me_ =19.09 £ 0.22

b e

M(Z3F) = 9.4 £ 05 Mev

M(<;7) =104 £ 0.8 MeV (S =1.3)
My, — my, =212+ 2.0 MeV

Zh
£} DECAY MODES Fraction (I';/T) p (Mevic)
/\%71' dominant 159
X5(6097) P =7

Mass m = 6095.8 + 1.7 MeV
Full width T = 31 4+ 6 MeV
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54(6097)~ JP =77
Mass m = 6098.0 + 1.8 MeV
Full width ' = 29 + 4 MeV
= 10P) =3(31)
I, J, P need confirmation.
m(Z,) = 5797.0 + 0.6 MeV (S = 1.7)
m__ —my =177.46 + 0.31 MeV (S = 1.3)
~b b
m__ — m— =59+0.6 MeV
~b ~b
Mean life 7__ = (1.572 &+ 0.040) x 10712 s
~b
p
Eb_ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
JWE"xB(b— =}) (1.02+928) x 1075 1782
JIWAK™ x B(b = =) (25 +£0.4 ) x 107 1631
pPK~ K= xB(b— =) (37 +£0.8 ) x 1078 2731
Mr=x B(b— Z,)/B(b— A)) (7.0 £0.9 ) x 1074 99
X(1385) K~ (26 +23 ) x 1077 2707
A(1405) K~ (1.9 £1.2 ) x 107 2702
A(1520) K~ (7.6 £3.2 ) x 1077 2673
A(1670) K~ (45 +23 ) x 1077 2629
S(1775) K~ (22 15 )x10~7 2599
X (1915)K— (26 25 ) x 1077 2553
=7y <13 x 1074 95% -
See Particle Listings for 3 decay modes that have been seen / not seen.
=9 0P =36
I, J, P need confirmation.
m(=9) = 5791.9 + 0.5 MeV
M=y — my =1725 £ 0.4 MeV
~b b
Mean life 7o = (1.480 + 0.030) x 1072 5
~b
P
E(‘], DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
pD°K~x B(b — =9) (1.7 £0.5 ) x 106 2374
pKm~x B(b —» =9)/B(b - BY%) <1 x 10~6 90% 2783
pKOK=x B(b — =9)/B(b — <11 x 10~6 90% 2730
BY)
At r= x B(b — :_b)/B(b - A9 <17 x 1076 90% 2781
AK=ntx B(b — Z%)/B(b — <8 x 1077 90% 2751
)
AKT K= x B(b— =9)/B(b — <3 x 10=7 90% 2698
%)
AT K= x B(b— Z9) (6 +4 )x1077 2416
pK=rtr~x B(b— Z9)/B(b — (1.9 +0.4 ) x 1076 2766

A9)
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pK=K~mtx B(b— Z9)/B(b — (1.70+0.30) x 10 2704
A9)
pK*OKJr K=xB(b— Z9)/B(b— (1.7 09 )x 1077 2620
Ap)
b

See Particle Listings for 2 decay modes that have been seen / not seen.

=4(5935)" JF=5t

Mass m = 5935.1 + 0.5 MeV
Full width ' = 0.03 4 0.032 MeV

E’b(5935)_ DECAY MODES Fraction (I';/T) p (MeV/c)

207 x B(b — (11.8£1.8) % 31
=1(5935)7)/B(b — =9)

=p(5945)° JP =3+
Mass m = 5952.3 + 0.6 MeV
Full width T = 0.87 £+ 0.08 MeV
=p(5955) JP =3+
Mass m = 5955.7 + 0.5 MeV
Full width ' = 1.43 + 0.11 MeV
=}(5955)~ DECAY MODES Fraction (I';/T) p (MeVc)
07 x B(b— (20.7£3.5) % 84
Z3(5955)7)/B(b — =9)
=5(6087)° 0Py =337
J, P need confirmation.

Mass m = 6087.2 £ 0.5 MeV
Full width T = 2.4 4+ 0.5 MeV

=5(6095)° 1Py =13
J, P need confirmation.
Mass m = 6095.3 £ 0.5 MeV

Full width ' = 0.50 & 0.35 MeV

=5(6100)~ P =3
J, P need confirmation.
Mass m = 6099.8 + 0.6 MeV

Full width ' = 0.94 + 0.31 MeV
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=p(6227) JP =77

Mass m = 6227.9 + 0.9 MeV
Full width ' = 19.9 + 2.6 MeV

p

Zp(6227)~ DECAY MODES Fraction (I';/T) Scale factor  (MeV/c)

NOK=x B(b — Zp(6227))/B(b — (3.20+0.35) x 1073 336
A9)

2077 x B(b — Zp(6227))/B(b — (2.8 £11 )% 1.8 398
=0
=b

=p(6227)° JP =77

Mass m = 6226.8 + 1.6 MeV
Full width T = 1973 Mev

=p(6227)0 DECAY MODES Fraction (I';/T) p (MeV/c)
Syt x B(b— (4.5+0.9) % 398
Zp(6227)0)/B(b —» Z})

=p(6327)° JP =77

Mass m = 6327.28 + 0.35 MeV
Full width ' < 2.56 MeV, CL = 95%

=5(6333)° P =7

Mass m = 6332.69 + 0.28 MeV
Full width ' < 1.92 MeV, CL = 95%

2, 1Py =03 1)

I, J, P need confirmation.
Mass m = 6045.8 + 0.8 MeV
m —my =426.4+22 MeV

b
— m__ =248.5 + 0.6 MeV

2
Ta, ~ M=
Mean life 7 = (1.647318) x 10712

7(£2,)/7(Z}, ) mean life ratio = 1.11 + 0.16

Scale factor/ p
.Q; DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
J/H 27 xB(b — 2p) (14753) x 106 s=16 1805
pK= K™ xB(b— (2) <23 x 1079 CL=90% 2865
pr—m xB(b — ) <15 x 1078 CL=90% 2943
pK= 7~ xB(b — 2p) <7 x 1079 CL=90% 2915

See Particle Listings for 3 decay modes that have been seen / not seen.
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25(6316)~

1Py = 2(27)
I, J, P need confirmation.

Mass m = 6315.6 + 0.6 MeV
Full width T < 4.2 MeV, CL = 95%

25(6330)~

1P) = 2(7")
I, J, P need confirmation.

Mass m = 6330.3 £ 0.6 MeV
Full width ' < 4.7 MeV, CL = 95%

2,(6340)~

1Py = 2(2%)
I, J, P need confirmation.

Mass m = 6339.7 £ 0.6 MeV
Full width T < 1.8 MeV, CL = 95%

25(6350)~

1JPy = 2(2%)
I, J, P need confirmation.

Mass m = 6349.8 + 0.6 MeV
Full width I' < 3.2 MeV, CL = 95%

b-baryon ADMIXTURE (Ap, Zp, 25)

These branching fractions are actually an average over weakly decaying b-
baryons weighted by their production rates at the LHC, LEP, and Tevatron,
branching ratios, and detection efficiencies. They scale with the b-baryon pro-

duction fraction B(b — b-baryon).

The branching fractions B(b-baryon —  A¢™ yanything) and B(/\g —

/\2’ £~ vpanything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored

Hadrons.”

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

b-baryon ADMIXTURE DECAY MODES
(Ap-=p:2p)

p
Fraction (I';/T) Scale factor (MeV/c)

pu~ vanything
pLlTyanything
panything

A~ Tyanything
ALT ypanything
Aanything

=7 (" Tyanything

(58% 239 -
( 56+ 1.2)% -
(10 +£22 )% -
(3.8+ 06)% -
(32+ 08)% -
(39 +7 )% -
(4.6+ 1.4)x1073 1.2 -
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NOTES

This Summary Table only includes established baryons. The Particle Listings include
evidence for other baryons. The masses, widths, and branching fractions for the
resonances in this Table are Breit-Wigner parameters, but pole positions are also
given for most of the N and A resonances.

For most of the resonances, the parameters come from various partial-wave analyses
of more or less the same sets of data, and it is not appropriate to treat the results
of the analyses as independent or to average them together.

When a quantity has “(S = ...)" to its right, the error on the quantity has been

enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where N is the
number of measurements used in calculating the quantity.

A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame. For any resonance, the nominal mass is used in calculating p.

[a] The masses of the p and n are most precisely known in u (unified atomic
mass units). The conversion factor to MeV, 1 u = 931.494061(21) MeV,
is less well known than are the masses in u.

[b] The |mp—mp|/mp and |q, + qp|/e are not independent, and both use
the more precise measurement of |gs/mgp|/(qp/mp).

[c] The limit is from neutrality-of-matter experiments; it assumes q,, = qp +
ge. See also the charge of the neutron.

[d] The pp and ep values for the charge radius are much too different to
average them. The disagreement is not yet understood.

[€] There is a lot of disagreement about the value of the proton magnetic
charge radius. See the Listings.

[f] 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.

[g] Lee and Yang in 1956 proposed the existence of a mirror world in an
attempt to restore global parity symmetry—thus a search for oscillations
between the two worlds. Oscillations between the worlds would be max-
imal when the magnetic fields B and B’ were equal. The limit for any
B’ in the range 0 to 12.5 uT is >12 s (95% CL).

[1] The parameters ga, gv, and gy for semileptonic modes are defined by
Brlin(gv + gars) + i(gwm/mp;) ox, q"]Bi, and pay is defined by
ga/gv = |ga/gv|€?av. See the “Note on Baryon Decay Parameters”
in the neutron Particle Listings in the Full Review of Particle Physics.

[7] Time-reversal invariance requires this to be 0° or 180°.

[/] This coefficient is zero if time invariance is not violated.

[k] This limit is for y energies between 0.4 and 782 keV.

[/] The decay parameters v and A are calculated from « and ¢ using

v =+v/1-a? cose, tanA = 7é V1-a2 sing.
See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings in the Full Review of Particle Physics.

[n] See Particle Listings in the Full Review of Particle Physics for the pion
momentum range used in this measurement.

[0] Our estimate. See the Particle Listings for details.
[P] A theoretical value using QED.
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[q] This branching fraction includes all the decay modes of the final-state
resonance.

[r] Here ~p stands for a dark photon.

[s] See AALTONEN 11H, Fig. 8, for the calculated ratio of Al 7070 and

Af 7t = partial widths as a function of the A(2595)% — Al mass
difference. At our value of the mass difference, the ratio is about 4.

[t] Assuming isospin conservation, so that the other third is AT 7070,

[u] A test that the isospin is indeed 0, so that the particle is indeed a /\2’.
[v] P/ is a pentaquark-charmonium state.

[x] Not a pure measurement. See note at head of /\?7 Decay Modes.

[y] Here h~ means 7~ or K.
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SEARCHES
not in other sections

Magnetic Monopole Searches

The most sensitive experiments obtain negative results.
Best cosmic-ray supermassive monopole flux limit:
< 1.4x107 ecm 21571 for1.1x1074 <8< 1

Supersymmetric Particle Searches

All supersymmetric mass bounds here are model dependent.
The limits assume:

1) Xj is the lightest supersymmetric particle; 2) R-parity is conserved,
unless stated otherwise;

See the Particle Listings in the Full Review of Particle Physics for a Note
giving details of supersymmetry.

X9 — neutralinos (mixtures of 7, 70, and Fl?)
Mass myo > 0 GeV, CL = 95%

1
[general MSSM, non-universal gaugino masses)
Mass m)?o > 46 GeV, CL = 95%

[all tang, all mg, all m~0 - mio]
Mass mio > 62.4 GeV, CL = 95%
[1<tan{3 <40, all mg, all m;g — mio]
Mass m%g > 99.9 GeV, CL = 95%
[I<tang <40, all my, all m%g — m)z?]
Mass mio > 116 GeV, CL = 95%
[1<tan[3 <40, all mg, all m~0 - m)?o]
Mass mg none 200-670 GeV, CL = 95% [R-Parity Violating]
[wino production, X — b + £/v + t/bvia X, i3 coupling]

)Z,i — charginos (mixtures of W= and H,-i)

Mass m%i > 94 GeV, CL = 95%
[tan,B < 40, m;(i - mvo > 3 GeV, all mg]

Mass M > 1000 GeV, CL = 95%
[2€+JZT, TchilchilC, m 070 GeV]

Mass mfci > 1600 GeV, CL =95% [R-Parity Violating]
[Tchiln2l, X0 — ¢£F v, Ao #0, mee = 1200 GeV]

X* — long-lived chargino
Mass Mmes > 1050 GeV, CL = 95%
Xt — X7, wino LSP, stable]

Mass Mo > 1050 GeV, CL = 95%

Xt — X7, wino LSP,7=20 ns]
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v — sneutrino
Mass m > 41 GeV, CL = 95% [model independent]
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tang < 40, M= M0 >10 GeV]
1
Mass m > 4200 GeV, CL = 95%  [R-Parity Violating]
[le + 1y, vy — ep, A=N = 0.1]
€ — scalar electron (selectron)
Mass m > 107 GeV, CL = 95% [all mEL_mQO]
1
Mass m > 700 GeV, CL = 95%
[2¢+E7, mZR = mzL and (=¢, 1, mi(l):o GeV]
Mass m > 250 GeV, CL = 95%
[(£0F + Er, 8g, m 5 =0 GeV]
Mass m > 410 GeV, CL = 95% [R-Parity Violating]
[>at, 70— 10, X0 — (2]
Mass m > 1200 GeV, CL = 95%  [R-Parity Violating]
[>40, Mo # 0, Mo = 900 GeV (m-degenerate ¢, V)]
1

[t — scalar muon (smuon)
Mass m > 700 GeV, CL = 95%
[2¢+E7, mZR = mZL and (=¢, 1, mi?:O GeV]
Mass m > 210, CL = 95%
[KifI + ¥, g, m 0= =0 GeV]
X1
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tan < 40, my; Mo > 10 GeV]
1
Mass m > 410 GeV, CL = 95%  [R-Parity Violating]
[>at, 70— 10, X0 — (£
Mass m > 1200 GeV, CL = 95%  [R-Parity Violating]
[>40, Mo # 0, My = 900 GeV (m-degenerate ¢;, v)]
1

7T — scalar tau (stau)
Mass m > 81.9 GeV, CL = 95%
[mz, — mso >15 GeV, all 6, B(F — 7X9) = 100%]
Mass m > 400 GeV CL =95%
[2 hadronic 7 + E7, T, — X%, m 0= =1 GeV]
Mass m > 90 GeV, CL = 95%  [R-Parity V|o|at|ng]
[Tr, indirect, Am >5 GeV]
Mass m > 1200, CL = 95% [R-Parity Violating]
[> 40, Mo # 0, m%(l) = 900 GeV (m-degenerate 7L, V)]
Mass m > 286 GeV, CL = 95% [long-lived 7]

q - squarks of the first two quark generations
Mass m > 1.220 x 103 GeV, CL = 95%
[iets + E7, Tsgkl, 1 non-degenerate g, m Q= =0 GeV]

Mass m > 1.600 x 103 GeV, CL = 95% [R- Panty Violating]
[G— ax% X = £0v, Aa1, A2 # 0, mz=2400GeV]

q — long-lived squark

Mass m > 1340, CL = 95% [t R-hadrons]
Mass m > 1250, CL = 95% [b R-hadrons]
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b — scalar bottom (sbottom)
Mass m > 1.270 x 103 GeV, CL = 95%
[b-jets + B, Tsbotl, m;(?:O GeV]
Mass m > 307 GeV, CL = 95%  [R-Parity Violating]
[b— tdorts, Xj;, or X5, coupling]

t — scalar top (stop)
Mass m > 1.310 x 103 GeV, CL = 95%
[iets + Ep, Tstopl, m;(? < 300 GeV]
Mass m > 1100 GeV, CL = 95% [R-Parity Violating]
[? — be, Tstop2RPV, prompt]
Mass m > 460 GeV, CL = 95%
[R-Parity Violating, long-lived t, t — d7, 0.01cm < cr < 1000
cm]
g — gluino
Mass m > 2.300 x 103 GeV, CL = 95%
[lets + Ep, TglulA, mi? < 200 GeV]

Mass m > 2.260 x 103 GeV, CL = 95%  [R-Parity Violating]
[2 40, Ao, £ O, m>~<0 > 1000 GeV]
1

The limits for technicolor (and top-color) particles are quite varied de-
pending on assumptions. See the Technicolor section of the full Review
(the data listings).

Quark and Lepton Compositeness,
Searches for

Scale Limits A for Contact Interactions
(the lowest dimensional interactions with four fermions)
If the Lagrangian has the form
27 D~
o Yoy o
(with g2/47 set equal to 1), then we define A = /\fL. For the
full definitions and for other forms, see the Note in the Listings on

Searches for Quark and Lepton Compositeness in the full Review
and the original literature.

Af (eeee) 8.3 TeV, CL = 95%
A (eeee) 10.3 TeV, CL = 95%
N (eepp) 8.5 TeV, CL = 95%
A (eepp) 9.5 TeV, CL = 95%

7.2 TeV, CL = 95%
9.1 TeV, CL = 95%
10.3 TeV, CL = 95%

A (eeTT)
Af (eeee)

>
>
>
>
Af(eerr) > 7.9TeV, CL =95%
>
>
A (eeeey >
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Af(eeqq) > 24 TeV, CL = 95%
A (eeqq) > 37 TeV, CL = 95%
Nf(eeuu) > 233TeV, CL = 95%
A (eeuu) > 125TeV, CL = 95%
Ajfj(eedd) > 11.1TeV, CL = 95%
A (eedd) > 26.4TeV, CL =95%
Nf(eecc) > 9.4TeV, CL = 95%
A (eecc) > 5.6 TeV, CL=95%
Aji(eebb) > 9.4 TeV, CL = 95%
A (eebb) > 10.2TeV, CL = 95%
A (npgq) > 233 TeV, CL = 95%
A (ppgq) > 40.0 TeV, CL = 95%
A(LvLv) > 3.10 TeV, CL = 90%
Nevqq) > 2.81 TeV, CL = 95%
/\er(qqqq) > 13.1 none 17.4-29.5 TeV, CL = 95%
A (agqq) > 21.8 TeV, CL = 95%
/\ZrL(Vl/qq) > 5.0 TeV, CL = 95%
A (vrqq) > 5.4 TeV,CL=95%

Excited Leptons

The limits from £**£*~ do not depend on X\ (where X is the ¢¢*
transition coupling). The A-dependent limits assume chiral coupling.

e*T — excited electron
Mass m > 103.2 GeV, CL = 95%  (from e*e*)
Mass m > 5.600 x 103 GeV, CL = 95% (from ee*)
Mass m > 356 GeV, CL = 95%  (if A, = 1)
W — excited muon
Mass m > 103.2 GeV, CL = 95%  (from p* p*)
Mass m > 5.700 x 103 GeV, CL = 95%  (from juu*)
7%t — excited tau

Mass m > 103.2 GeV, CL = 95%  (from 7% 7%)
Mass m > 4.600 x 103 GeV, CL = 95%  (from 77%)
v* — excited neutrino
Mass m > 1.600 x 103 GeV, CL = 95%  (from v* %)
Mass m > 213 GeV, CL = 95%  (from v* X)
q* — excited quark
Mass m > 338 GeV, CL = 95% (from ¢*g*)
Mass m > 6700 GeV, CL = 95%  (from ¢* X)
Color Sextet and Octet Particles

Color Sextet Quarks (gg)
Mass m > 84 GeV, CL = 95% (Stable gg)
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Color Octet Charged Leptons ({g)

Mass m > 86 GeV, CL = 95%  (Stable /g)
Color Octet Neutrinos (vg)

Mass m > 110 GeV, CL = 90% (vg — vg)

Extra Dimensions

Please refer to the Extra Dimensions section of the full Review for
a discussion of the model-dependence of these bounds, and further
constraints.

Constraints on the radius of the extra dimensions,
for the case of two-flat dimensions of equal radii
(direct tests of Newton's law)
R< 38um, CL=9% (pp— JjG)
R < 0.16-916 nm  (astrophysics; limits depend on technique and as-
sumptions)
Constraints on the fundamental gravity scale
Mpr > 9.02 TeV, CL =95% (pp — dijet, angular distribution)
M, > 4.16 TeV, CL = 95% (pp — )
Constraints on the Kaluza-Klein graviton in warped extra dimensions
Mg > 478 TeV, CL=95% (pp — eTe, utpu™)
Constraints on the Kaluza-Klein gluon in warped extra dimensions

MgKK > 38TeV,CL=9% (gxr — tf)

WIMP and Dark Matter Searches

No confirmed evidence found for galactic WIMPs from the GeV to the
TeV mass scales and down to 1 x 10710 pb spin independent cross
section at M = 100 GeV.
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Tests of Conservation Laws

Revised April 2024 by A. Pich (IFIC, Valencia) and M. Ramsey-Musolf
(Tsung-Dao Lee Inst.; SITU; U. Massachusetts).

The following text discusses the best limits among those included
in the full Review, where more complete details can be found. Unless
otherwise specified, all limits quoted here are given at a C.L. of 90%.

DISCRETE SPACE-TIME SYMMETRIES

Charge conjugation (C'), parity (P) and time reversal (T") are empir-
ically found to be symmetries of the electromagnetic (QED) and strong
(QCD) interactions, but they are violated by the weak forces. The prod-
uct of the three discrete symmetries, C PT, is an exact symmetry of any
local and Lorentz-invariant quantum field theory with a positive-definite
Hermitian Hamiltonian that preserves micro-causality.

1 Violations of CP and T

The first evidence of C'P non-invariance in particle physics was the
observation in 1964 of Kg — w7~ decays. The non-zero ratio |n4_| =
IM(K? — 7Fn=) /M(KY — ntr~)| = (2.232£0.011) x 1073 could be
explained as a K9—K9 mixing ef‘fect (77+_ = ¢), which would imply an
identical ratio ngg = M(K? — n%70)/M(K2 — 707%) in the neutral
decay mode and successfully predicts the observed C P-violating semilep-
tonic asymmetry [['(K? — n7etve) — I'(K? — nte~ve)]/[sum] =
(3.3440.07) x 1073, A tiny difference between 14— and ngp was reported
for the first time in 1988 by the CERN NA31 experiment, and later es-
tablished at the 7.2¢ level with the full data samg)les from the NA31,
E731, NA48 and KTeV experiments: Re(€//e) = = (1 — |noo/n+—]) =

(1.66 £ 0.23) x 103, This important measurement conﬁrmed that CP
violation is associated with a AS = 1 transition, as predicted by the
CKM mechanism. The Standard Model (SM) prediction, Re(€’/¢) =
(1.4 £0.5) x 1073, is in good agreement with the measured ratio, al-
though the theoretical uncertainty is unfortunately large.

Much larger C'P asymmetries have been later measured in B meson
decays, many of them involving the interference between B%—B° mixing
and the decay amplitude. They provide many successful tests of the
CKM unitarity structure, validating the SM mechanism of C'P violation
(see the review on C'P v1olat10n in the quark sector). Prominent 51gnals
of direct C'P violation have been also clearly established in several BT
BO and BY decays, and, very recently, in charm decays.

While CP violation implies a breaking of time-reversal symmetry,
direct tests of T violation are much more difficult. The CPLEAR experi-
ment observed longtime ago a non-zero difference between the oscillation
probabilities of K9 — K and K° — K°. More recently, the exchange
of initial and final states has been made possible in B decays, taking
advantage of the entanglement of the two daughter mesons produced
in the decay Y(4S) — BB which allows for both flavor (B® — ¢+ X,
B% - ¢~X) and CP (By — J/YK?, B_ — J/YKY) tagging. Com-
paring the rates of the B — B1 and B° — By transitions with their
T-reversed B+ — B® and B+ — B9 processes, the BABAR experiment
has reported the first direct observation of T' violation in the B system,
with a significance of 14c.

Among the most powerful tests of P (CP) and T invariance is the
search for a permanent electric dipole moment (EDM) of an elementary
fermion or non-degenerate quantum system. No positive signal has been
detected so far. The most stringent limits have been obtained for the
EDMs of the electron, |de| < 4.1 x 10739 ecm, mercury atom, |dug| <
7.4 x 1073% ecm (95% C.L.), and neutron, |dyp| < 1.8 x 10726 ecm.
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2 Tests of CPT

CPT symmetry implies the equality of the masses and widths of a
particle and its antiparticle. The most constraining limits are extracted
from the neutral kaons: 2|mgo —mzz|/(m g0 +mzz) < 6 x 10~19 and
2| o —I'gzo |/ (T'co +15g0) = (848) X 1078, The measured masses and
electric charges of the electron, the proton and their antiparticles provide
also strong limits on CPT violation: 2|mg+ — mg—|/(mg+ + m,-) <
8x1079, |go+ +q.— | /e < 4x1078 and |gzmyp/(gpmp)| —1 = (0.3+1.6) x
10~11. Worth mentioning are also the tight constraints derived from the
lepton and antilepton magnetic moments, 2 (go+ — go—)(get+ + go—) =
(=0.5£2.1) x 107'% and 2 (g,+ — g, )(g,+ +9,-) = (=0.11£0.12) x
1078, those of the proton and antiproton, (up + pp) /pp = (2£4)x1079,
and the measurement of the 1S-2S atomic transition in antihydrogen
which agrees with the corresponding frequency spectral line in hydrogen
at a relative precision of 2 x 10712,

QUANTUM-NUMBER CONSERVATION LAWS

Conservation laws of several quantum numbers have been empirically
established with a high degree of confidence. However, while some of
them are deeply rooted in basic principles such as gauge invariance or
Lorentz symmetry, others appear to be accidental symmetries of the SM
Lagrangian and could be broken by new physics interactions.

3 Electric charge
The conservation of electric charges is associated with the QED gauge

symmetry. The most precise tests are the non-observation of the decays
e — vey (T > 6.6 X 1028 yr) and n — preie (Br < 8 x 10727, 68% C.L.).

4 Lepton family numbers

Neutrino oscillations show that neutrinos have tiny masses and there
are sizable mixings among the lepton flavors. Nevertheless, lepton-flavor
violation (LFV) in neutrinoless transitions from one charged lepton flavor
to another has never been observed. Among the most sensitive probes are
searches for the LF'V decays of the muon, Br(y — ev) < 4.2 x 10713 and
Br(u — 3e) < 1.0 x 10712, as well as the conversion process o(u~Au —
e"Au)/o(p~Au — all) < 7 x 10713, Stringent limits have been also
set on the LFV decay modes of the 7 lepton. The large 7 data samples
collected at the B factories have made possible to reach a 108 sensitivity
for many of its leptonic (7 — £y, 7 — ¢/7£7) and semileptonic (r —
PO 7 — (VO 1 — ¢POPY 7 — ¢PtP'~) neutrinoless LFV decays.
Interesting limits on LFV are also obtained in meson decays. The best
bounds come from kaon experiments, e.g., Br(K9 — etp¥) < 4.7 x
10712 and Br(K+ — ntpte™) < 1.3 x 10711,

The LFV decays of the Z boson were probed at LEP at the 1075 to
1076 level. The ATLAS collaboration has recently put the stronger (95%
C.L.) bounds Br(Z — e*pu¥) < 2.62x10~7, Br(Z — e*rF) < 5.0x10~6
and Br(Z — p*7rF) < 6.5 x 1076, LHC is now testing LFV in Higgs
decays. The current (95% C.L.) experimental upper bounds, Br(H? —
eFpF) < 4.4%x107% Br(H? — e*7F) < 0.20% and Br(H® — p+7rF) <
0.15%, constrain the LFV Yukawa couplings of the Higgs boson.

5 Baryon and Lepton Number

Many experiments have searched for B- and/or L-violating transi-
tions, but no positive signal has been identified so far. The neutrinoless
double-3 decay (Z,A) — (Z+2,A)+e~ +e~ is a particularly interesting
AL = 2 process, which could represent a spectacular signal of Majorana
neutrinos. The current best limit, 71 /o > 1.07 X 1026 yr, was obtained by

the KamLAND-Zen experiment with 136Xe. Stringent constraints on vi-
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olations of L have been also set in u~ — eT conversion in muonic atoms,
the best limit being o(u~Ti — et Ca)/o(p~Ti — all) < 3.6 x 10711,
and at the flavor factories through L-violating decays of the 7 lepton
and K, D and B mesons, such as Br(t— — etn—7n7) < 2.0 x 108,
Br(Kt — 7 ptpt) <42 x 1071, Br(Dt - 7 ptpt) <14 x 1078
and Br(B~ — 7tp~p~) < 4.0 x 1072 (95% CL).

Proton decay would be the most relevant violation of B, as it would
imply the instability of matter. The current lower bound on the proton
lifetime is 9 x 1029 yr. Stronger limits have been set for particular decay
modes, such as 7(p — e+7r0) > 2.4 x 10%* yr. Another spectacular signal
would be n—n oscillations; the lower limit on the lifetime of this AB = 2
transition is 8.6 x 107 s (4.7 x 108 s) for free (bound) neutrons.

The search for B-violating decays of short-lived particles such as Z
bosons, 7 leptons and B mesons provides also relevant constraints. The
best limits are Br(Z — pe,pu) < 1.8 x 1076 (95% C.L.), Br(r— —
pu~pt) < 1.8 x 1078 and Br(B® — pu~) < 2.6 x 1079.

6 Quark flavors

While strong and electromagnetic forces preserve the quark flavor,
the charged-current weak interactions generate transitions among the
different quark species. Since the SM flavor-changing mechanism is asso-
ciated with the W fermionic vertices, the tree-level transitions satisfy
a AF = AQ rule where AQ denotes the change in charge of the rele-
vant hadrons. The strongest tests on this conservation law have been
obtained in kaon decays such as Br(K*T — ntnte 0e) < 1.3 x 1078,
and (Rez,Imz) = (—0.00240.006,0.00124-0.0021) where x = M(K°® —
7 TV) M(K? — 7 0t).

The AF = AQ rule can be violated through quantum loop contribu-
tions giving rise to flavor-changing neutral-current transitions (FCNCs).
Owing to the GIM mechanism, processes of this type are very suppressed
in the SM, which makes them a superb tool in the search for new physics
associated with the flavor dynamics. Within the SM itself, these transi-
tions are also sensitive to the heavy-quark mass scales and have played
a crucial role identifying the size of the charm (K9-K° mixing) and top
(B%-B° mixing) masses before the discovery of those quarks. In addi-
tion to the well-established AF' = 2 mixings in neutral K and B mesons,
there is now strong evidence for the mixing of the D® meson and its
antiparticle.

The FCNC kaon decays into lepton-antilepton pairs put stringent
constraints on new flavor-changing interactions. The rate Br(K% —
ptp~) = (6.84 4 0.11) x 1079 is completely dominated by the 2y ab-
sorptive contribution, leaving very little room for new-physics. Another
very clean test of FCNCs is provided by the decay KT — wtvi. The
CERN NAG62 experiment has already observed 20 signal candidates, pro-
viding the first evidence of this decay. This leads to Br(K+ — ntvi) =
(114t 8‘§g) x 10710 in agreement with the predicted SM branching frac-

tion of (7.73 £0.61) x 10~ !!. Even more interesting is the C' P-violating
neutral mode Kg — w0, but the current upper bound of 3.0 x 1077 is
still far away from the SM prediction.

The strongest bound on FCNC transitions in charm decays is Br(D% —
ptp~) < 3.1 x 1079, while in B decays the LHC experiments have re-
cently reached the SM sensitivity: Br(Bg — putp™) < 1.5 x 10710 and

Br(B? — putu~) = (3.34+0.27) x 1079,
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Revised August 2023 by J. Huston (Michigan State U.), K. Rabbertz
(KIT) and G. Zanderighi (MPP, Garching; Miinchen Tech. U.).
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Figure 9.2: Summary of determinations of as(m%) with uncertainty in
the seven sub-fields as discussed in the main review. The yellow (light
shaded) bands and dotted lines indicate the pre-average values of each
sub-field. The dashed line and blue (dark shaded) band represent the
final world average value of as(m%) = 0.1180 = 0.0009.
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For our world average we combine the determinations from the upper
six sub-fields shown in Fig. 9.2 to an unweighted average as discussed
in the main review. The unweighted average of this combination with
the FLAG2021 lattice estimate (sub-field seven) gives the final result of
as(m%) = 0.1180 with an averaged uncertainty of & 0.0009.

The ) dependence of o as predicted by QCD is compared to a selected
number of results for as(Q?) obtained at various energy scales Q in
Fig. 9.5.

e
PN TN TN TN AN TN N N N E
O000O<CO0O0OO0 |- o
se33da323 |8
£€222522 P
T ES2QE® 20
[ O« —E<\Z,8.(\l%|—
.l—-’Omm OQ' a
DLngNQ' o
gOIQ_.
= = m_ED
> -Cq)
T ® o
B e @9 1
i T = 1~ >
L ] [0)
o o - G
) 8 ; =
8 g
o
+i
o
©
el
sle
i
&
N.
S
=
o
[<2]
PEEPEETEErEE S S SErE RS S S S RS S S SRR -‘—g
To) ™ To) [\ o) — To R
« o A o - o o 3
o o 5
<
s
(zO)%0

Figure 9.5: Summary of determinations of a5 as a function of the energy
scale Q compared to the running of the coupling computed at five loops
taking as an input the current PDG average, as (mQZ) = 0.1180 £ 0.0009.
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10. Electroweak Model and Constraints on New Physics

Revised April 2024 by J. Erler (KPH, JGU Mainz) and A. Freitas (Pitts-
burgh U.).

The standard model of the electroweak interactions (SM) [1-4] is
based on the gauge group SU(2) x U(1), with gauge bosons Wf;, i=1,2,3,
and By, for the SU(2) and U(1) factors, respectively, and the correspond-
ing gauge coupling constants g and g¢’.
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Figure 10.5: One-standard-deviation (39.35%) regions in the My —my
plane for the indirect data from the fit (green), the direct data for my
and My without the CDF II measurement (blue and black contour, re-
spectively, for two treatments of I'yy), and the combination thereof (red).
For the latter, the 90% CL region (Ax2? = 4.605) is also shown as a red
dashed contour. The grey region uses only the My, value from CDF II.
Compared to previous editions of this Review, this plot additionally in-
cludes theoretical uncertainties and subleading parameter dependencies.
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Table 10.5: A selection of Z pole observables and their SM predictions.
The first 57 is the combined value from the Tevatron [309], and the
second is from the LHC [310-314]. The values of A, is from A g for
hadronic final states [315]. Note that the SM errors in I'z, the Ry, and
Ohad are largely dominated by the uncertainty in as.

Quantity Value Standard Model Pull
My [GeV]  91.1880+0.0020  91.1884+0.0019  —0.2
Iz [GeV]  2.4955+0.0023  2.494040.0009 0.7
Ohad [nb]  41.481 40.033 41.482 + 0.008 0.0
Ry 20.784 + 0.034 20.736 4 0.010 1.4

Ry 0.21629 + 0.00066  0.21582 4 0.00002 0.7
AGD 0.0996 +0.0016  0.1026 +0.0002  —1.8
52 0.23148 £ 0.00033  0.23161 £ 0.00004 —0.4
0.23145 + 0.00028 ~0.6

Ae 0.15138+0.00216  0.1463 +0.0003 2.1
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Table 10.8: Values of /s\é, S%V, as, m¢ and My for various data sets.
In the fit to the LHC data, the as constraint is from an NNLO analysis
of the transverse momentum distribution of Z bosons [369]. For the
Tevatron fit we use the as result from the inclusive jet cross-section
at DO [370] and add the Myy result from CDF [289] as adjusted in
Ref. [298].

data set 52 st as(Mz) my [GeV] My [GeV]
all data 0.23129(4)  0.22348(10) 0.1187(17) 172.9 £ 0.6 125

all data except Mg 0.23118(8)  0.22327(18) 0.1190(17) 172.6 £ 0.6 97" 1§
all data except Mz 0.23121(6)  0.22346(10) 0.1187(17) 172.6 + 0.6 125

all data except My, Iy 0.23130(4)  0.22353(11) 0.1188(17) 172.7 £ 0.6 125

all data except mq¢ 0.23123(6)  0.22324(20) 0.1191(17) 1752 £ 1.8 125
Mpy,z + T,z +mu 0.23134(8)  0.22361(16) 0.1221(45) 172.6 + 0.6 125
LHC 0.23122(8)  0.22349(11) 0.1183 (9) 172.3 +0.6 125
Tevatron 0.23085(13) 0. 22254(28) 0.1159(45) 1744 +£08 67F 20
LEP 1 + LEP 2 0.23138(19) 0.22350(46) 0.1233(29) 177 £11 1737237
LEP 1 + SLD 0.23116(17) 0.22340(58) 0.1221(27) 169 +£10 71T 57
SLD + Mz + 'z +me  0.23064(29) 0.22224(54) 0.1196(52) 172.6 £ 0.6  31% 57
ALD 4 My 4 Iz +me  023190(30) 0.22492(70) 0.1279(49) 172.6 + 0.6 3061164
M.z + Tw,z + mu 0.23119(11) 0.22329(23) 0.1212(42) 172.6 £0.6 967 23
low energy + My, 7 0.23173(94) 0.2252(35)  0.1172(18) 159 +£29 125

The masses and decay properties of the electroweak bosons and low
energy data can be used to search for and set limits on deviations from
the SM.
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0.6

0.4
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'SM prediction
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Figure 10.6: 1 o constraints (39.35% for the closed contours and 68%
for the others) on S and T (for U = 0) from various inputs combined
with Mz. S and T represent the contributions of new physics only. Data
sets not involving My, or I'yyy are insensitive to U. With the exception
of the fit to all data, we fix g = 0.1187. The yellow dot indicates the
Standard Model values S = T' = 0. The fits to all data are at the 90%
CL, with the open black ellipse corresponding to an alternative scenario
including the Myy result from CDF II.
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11. Status of Higgs Boson Physics

Revised November 2023 by M. Carena (FNAL; Chicago U.; Chicago
U., Kavli Inst.), C. Grojean (DESY, Hamburg; Physik, Humboldt U.),
M. Kado (MPI Munich) and V. Sharma (UC San Diego).

The discovery of the Higgs boson in 2012 confirmed our understanding
of the fundamental interactions based on local symmetries spontaneously
broken by a non-trivial vacuum structure. It also offered an explanation
of the generation of mass in a chiral theory. However, new conundrums
about what lies beyond the Standard Model (SM) have come fore.

Since 2012, substantial progress has been made, yielding an increas-
ingly precise profile of the properties of the Higgs boson. The couplings
of the Higgs boson to the third generation fermions (the 7£ lepton and
the b and top quarks) have been established by direct observation and
sensitivity to the couplings to the second generation fermions (the uE
lepton and ¢ quark) is being reached, while evidence for rare decays,
H — Z~ and H — v*¢+¢~, is accumulated.

Within the SM, all the production and decay rates of the Higgs boson
can be predicted to high accuracy in terms of its mass and of other
parameters already known with great accuracy, so the measurements in
the Higgs sector appraise the robustness of the SM.

Total SM production cross-section at LHC operating at 13 TeV
ol3TeV(H) =55.1+3.3pb

e

o(ggH) = 48.6 £ 2.8 pb o(VBF) = 3.78 = 0.08 pb

q W,z 9 xooooo——— t
L __H

q SO H gm+f

o(WH, ZH) = 1.37+0.03,0.88 £0.03pb o (tfH) = 0.50 + 0.04 pb

Total SM Higgs boson width
Ty = (4.07 £ 4.0%) MeV

Main SM branching ratios and their relative uncertainty
Br(H — bb) = (5.82£1.2%) x 107! Br(H - WW) = (2.14 £ 1.5%) x 107*
Br(H — 77) = (6.27 £ 1.6%) x 1072 Br(H — ZZ) = (2.62 £ 1.5%) x 107>
Br(H — vy) = (227 £2.1%) x 1073 Br(H — Zv) = (1.53 £ 5.8%) x 1073
Br(H — c) = (2.89 + 3.75%) x 1072 Br(H — pj) = (2.18 £ 1.7%) x 1074

Figure: Main leading order Feynman diagrams contributing to the Higgs
production at the LHC. The SM predictions for the production cross
sections at a centre-of-mass energy of 13 TeV and the branching fractions
for the dominant decay modes are indicated assuming a Higgs boson mass
of 125 GeV. The cross sections increase by about 10% at 13.6-14 TeV.
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The ATLAS and CMS experiments have measured the mass of the
Higgs boson in the diphoton and the four-lepton channels at per mille
precision, myg = 125.20 4 0.11 GeV. The quantum numbers of the Higgs
boson have been probed in greater detail and show an excellent consis-
tency with the J©¢ = 0+ hypothesis.

The coupling structure of the Higgs boson has been studied in a large
number of channels, in the main production mechanisms at the LHC
which are illustrated in the Figure. The Table summarises the ATLAS
and CMS measurements and limits on the cross sections times branching
ratios, normalised to their SM expectations in the main Higgs analysis
channels. Further information on the couplings of the Higgs boson are
also obtained from differential cross sections (often reported in the form
of simplified template cross sections - STXS) and searches for rare and
exotic production and decay modes, including invisible decays. Interpre-
tations of the data are made in the framework of the Standard Model
Effective Field Theory (SMEFT). A major target of HL-LHC is the ob-
servation of double Higgs production which will give access to the Higgs
boson self-coupling, a direct probe of the Higgs potential with important
implications on our understanding of the electroweak phase transition.

All measurements are consistent with the SM predictions and provide
stringent constraints on a large number of scenarios of new physics.

The review discusses in detail the latest developments in theories ex-
tending the SM to solve the fundamental questions raised by the existence
of the Higgs boson.

Table: Summary of the ATLAS (A) and CMS (C) measurements of the
signal strengths in the various channels (the products of the production
rates times the branching ratios normalised to their SM values). Limits
on the invisible (“Inv.”) are set at 95% confidence level, and the expected
sensitivities are given in parentheses.

Decay mode ggH+bbH VBF WH ZH ttH +tH
v (A) 1.044£0.10 1.367930 1537036 _0.2270-81  0.907733
¥y (C) 1o8*o1?  1.007335  14+05 12487 1.387030
+0.11 2+0.5 +1.2 +1.7
4¢ (A) 0.957011 13%02 15712 17T
4¢ (C) 0.93701% 03703 0.00797
* +0.13 2+0.19 o+1.2 +1.8 +0.7
WW* (A) 11410128 1937029 23F12 29718 16197
WW* (C) 0.907010 07302 24+07 18705 1447032
- +0.29 +0.21 +0.9
Hr (A) 0.90%52%  1.00702L  1.0+06 1.0+£06 14707
tr= (C) 0.667031  0.86T01T  1.9£0.6 1.3+06 04404
7 +0.35 +0.28 +0.25 +0.34
bb (A) 0997955 LO6TGS  LooTass 0357553
bb (C) 10705 13+04 0907036 09783
utu= (A) 1.2+ 0.6
utp= (C) 1.2+04
Zv (A-C) 2.24+0.7
vy (A) 15+0.5
v*v (C) <39 at 95% CL
Inv. (A) <10.7% (7.7%)

Inv. (C) <15% (8%)
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12. CKM Quark-Mixing Matrix

Revised April 2024 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai

Highlights from full review.

The Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 x 3 uni-
tary matrix. It can be parameterized [3] by three mixing angles and the
C P-violating KM phase [2],

Vud Vus Vu 1 0 0 Cis 0 557 Ci5 S35 0

Vekm = | Ved Ves Voo | = | 0 co3 Sos 0 1 0 —S15 €10 0.
Via Vis Vip 0 —s5y5 Co *513516 0 ey 0 01

(12.3)

Here s;; = sin6;;, ¢;; = cosf;;, and J is the phase responsible for all
CP-violating phenomena in flavor-changing processes in the SM. The
angles 6;; can be chosen to lie in the first quadrant, so s;;,c;; > 0.

Motivated by the Wolfenstein parameterization to exhibit the hierar-
chical structure of the CKM matrix, we define [4—6]

14 V.
[Vis| s23 = AN = A | =2

V ‘Vud|2 + ‘Vus|2 Vaus

AN3(p +in)V1 — A2)\%

S12 = A =

)

10 * 3 :
s13e’’ = = A\ +in) = . 12.4
ub bt = F=an- i Y
These ensure that p 4 i = —(VuaV})/(VeaV,),) is phase convention

independent, and the CKM matrix written in terms of A, A, p, and 7 is
unitary to all orders in X. To O(\*) one can write Voxy as

1—22/2 A AX3(p — in)
Vernm = Y 1—22/2 AN2 + 0.
AN (1 —p—in) —AN? 1

(12.5)

The unitarity implies ZZ Vij Vi = djk and Zj Viij*]. = ;- The

six vanishing combinations can be represented as triangles in a complex

plane. The areas of all triangles are the same and are half of the Jarlskog

invariant, J [7], which is a phase-convention-independent measure of CP

violation, defined by Im[‘/;ijl‘Q*l‘Vk*j] = sz’n €ikmEjin- The most
commonly used unitarity triangle arises from

Vud Vi + Vea V3 +Via Vi, =0, (12.6)

by dividing each side by the best-known one, V.4V (see Fig. 12.1).

*
Via Vi

*
Vea Vi

/A

td

£
Vea Vi

©00) )
Figure 12.1: Sketch of the unitarity triangle.
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The magnitudes of the independently measured CKM elements are

0.97367 £ 0.00032  0.22431 4+ 0.00085 0.00382 £ 0.00020
‘VCKM ’ = 0.221 £ 0.004 0.975 £ 0.006 0.0411 £ 0.0012
0.0086 £ 0.0002 0.0415 £ 0.0009 1.010 £ 0.027

)

and the angles of the unitarity triangle are
sin(28) = 0.709 £0.011,  a= (841733)", v =(65.743.0)".

Using those values, one can check the unitarity of the CKM matrix:
[Vial? 4 [Vus|? + [Vup|? = 0.9984 4 0.0007 (1st row), |Veg|? + |Ves|? +
[Vep|? = 1.0014£0.012 (2nd row), |Via|? +|Veal? +|Vig|? = 0.997140.0020
(1st column), and |Vis|? 4 |Ves|? +|Vis|? = 1.00340.012 (2nd column).

12.4 Global fit in the Standard Model

A global fit with three generation unitarity imposed gives

A =0.22501 £0.00068, A =0.826700:¢,
p = 0.1591 + 0.0094, 7= 0.352310 0073 . (12.26)

+0.000090
0.97435 £ 0.00016  0.22501 + 0.00068  0.00373277:990090

[Vokm| = | 0.22487 +£0.00068  0.97349 +0.00016  0.0418370 00000 |,
+0.00019 +0.00077 +0.000029
00085850017 0.04111%'g006s  0-999118 74 000034

(12.27)

and the Jarlskog invariant, J = (3.12t8:£) x 1075, The parameters in
Eq. (12.3) are

sin 012 = 0.22501 £ 0.00068,  sin 613 = 0.0037327 0050099
. _ +0.00079 _
sin 23 = 0.0418370 50079 6=1147£0.026.  (12.28)
1.5 L ‘ L ‘ L ‘ L ‘ T T ‘ L
: excluded area has CL > 0.95 1 :
C Y ]
10 L Amg & Am,
05 —
I= oo .
:
-1.0} £ {
r Y | ]
-1.5 C I - ‘ I I i I I ‘ L1 ‘ I ‘ I - ]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p
Figure 12.2: Constraints on p and 7. The shaded areas have 95% CL.
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13. CP Violation in the Quark Sector

Revised August 2023 by T. Gershon (Warwick U.) and Y. Nir (Weizmann
Inst.).

Within the Standard Model, CP symmetry is broken by complex
phases in the Yukawa couplings (that is, the couplings of the Higgs scalar
to quarks). When all transformations to remove unphysical phases in
this model are exhausted, a single CP-violating parameter remains [19].
In the basis of mass eigenstates, this single phase appears in the 3 x 3
unitary matrix that gives the W-boson couplings to an up-type anti-
quark and a down-type quark. The beautifully consistent and economi-
cal Standard-Model description of CP violation in terms of Yukawa cou-
plings, known as the Kobayashi-Maskawa (KM) mechanism [19], agrees
with all measurements to date. Furthermore, one can fit the data allow-
ing new physics contributions to loop processes to compete with, or even
dominate over, the Standard Model amplitudes [20] [21]. Such analyses
provide model-independent proof that the KM phase is different from
zero, and that the matrix of three-generation quark mixing is the domi-
nant source of CP violation in meson decays.

The current level of experimental accuracy and the theoretical uncer-
tainties involved in the interpretation of the various observations leave
room, however, for additional subdominant sources of CP violation from
new physics. Indeed, almost all extensions of the Standard Model imply
that there are such additional sources. Moreover, CP violation is a nec-
essary condition for baryogenesis, the process of dynamically generating
the matter-antimatter asymmetry of the Universe [22]. Despite the phe-
nomenological success of the KM mechanism, it fails (by several orders
of magnitude) to accommodate the observed asymmetry [23]. This dis-
crepancy strongly suggests that Nature provides additional sources of CP
violation beyond the KM mechanism. The expectation of new sources
motivates the large ongoing experimental effort to find deviations from
the predictions of the KM mechanism.

Using the notation M9 to represent generically one of the K9, D9,
BO or BY particles, we denote the state of an initially pure |M°) or |M?)
after an elapsed proper time ¢ as |M0hyb(t)) or \Mghys(t», respectively.
Defining z = Am/I" and y = AI'/(2I"), where Am and AI are the
mass and width differences between the two eigenstates of the effective
Hamiltonian, |[Mr) o« p|M°) + q|M°) and |Mg) o« p|MO°) — q|MO),
and I" is their average width, one obtains the following time-dependent
rates for decay to a final state f:

— N —r Al [ MO, (8) — f] /dt =

|Af)? {(1 + |/\f|2) cosh(yl't) + (1 - |)\f|2) cos(xI't)
+2Re(Ay)sinh(yl't) — 2Zm(Ay) sin(th)} ,

,[‘tN dF[Mp}xys( ) - f]/dt =
[(p/@) A > { (1+ [Af]?) cosh(ylt) — (1 — [Af|?) cos(zT't)
+2Re(Ap) sinh(yI't) + 2Tm(As)sin(zlt) }

where N} is a normalization factor and Ay = (q/p)(Af/Af) with A
(Ay) the amplitude for the M? (M°) — f decay. Considering the case
that f is a CP eigenstate, we distinguish three types of CP-violating
effects that can occur in the quark sector:
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1. CP violation in decay, defined by \Z?/AH # 1.

II. CP violation in mixing, defined by |¢/p| # 1.

III. CP violation in interference between decays with and without mix-
ing, defined by arg(As) # 0.

It is also common to refer to indirect CP wviolation effects, which are
consistent with originating from a single CP violating phase in neutral
meson mixing, and direct CP violation effects, which cannot be explained
in this way. CP violation in mixing (type II) is indirect; CP violation in
decay (type I) is direct.

Many CP violating observables have been studied by experiments.
Here we summarise only a sample of the most important measurements,
including some parameters defined using common notation for the asym-

metry between Eghys (t) and thys (t) time-dependent decay rates

Ay (t) = Sy sin(Amt) — Cy cos(Amt),
where Sy = 2Zm(\f)/ (1 + |,\f|2>, Cp = (1 - ],\f|2> / (1 + |Af|2).

e Indirect CP violation in K — 7w and K — wflv decays, given by
le] = (2.228 £0.011) x 1073
e Direct CP violation in K — m decays, given by
Re(€e' Je) = (1.66 £0.22) x 1073
e Direct CP violation has been established in the difference of asym-
metries for DO — K+ K~ and D° — nt7~ decays
Aacp = (—0.161 £ 0.028) x 1072,

e CP violation in the interference of mixing and decay in the tree-
dominated b — cs transitions, such as B — ¢ Kg, given by

Syko = +0.709 £ 0.011.

Within the Standard Model, this result can be interpreted with low
theoretical uncertainty as measurement of sin(28), where 8 is an
angle of the unitarity triangle.

e Direct CP violation in B — K+7~ and B? — K~ 7T decays is

given by
Apo_, g+r.— = —0.0836+0.0032, Apgo_, -+ = +0.225+0.012.
e The CP violation parameters in the B® — 777~ mode,
Sp+.— =—0.666+£0.029, C_+,.- =—-0.311£0.030.

Together with measurements of other B — mw and similar decays,
these results can be used to obtain constraints on the angle a of
the unitarity triangle.

e Direct CP violation in BT — DK™ decays, where D4 and Dy — 4
represent that the D meson is reconstructed in a CP-even and the
suppressed K ~7 1 final state respectively,

AB+_,D+K+ = +0.139+0.009 7.AB+_>DK7 LK+ = —0.4534+0.026 .
Together with measurements of other B — DK and similar decays,

these results can be used to obtain constraints on the angle v of
the unitarity triangle.
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14. Neutrino Masses, Mixing, and Oscillations

Revised August 2023 by M.C. Gonzalez-Garcia (YITP, Stony Brook;
ICREA, Barcelona; ICC, U. of Barcelona) and M. Yokoyama (UTokyo;
Kavli IPMU (WPI), UTokyo).

The weak neutrino eigenstates |va), i. e. the states produced in the
weak CC interaction by the charged leptons ¢ (o = 1,2,3), are linear
combination of the mass eigenstates |v;) (1 = 1,2,3) (eigenvalues m;)

va) =Y Usilva)., (14.35)
i=1

where U is the mixing matrix. U, assumed to be unitary, can be expressed
in terms of three mixing angles, taken by convention 0 < 6;; < 7/2, and
phases € (0,27). Experimentally, two masses are close to one another,
while the third is more separated. The former ones are defined as v
and vg, with the lighter being v1. The sign of the larger mass difference
defines two possible mass orderings, either “normal” (NO) mg > mg >
my, or “inverted” (I0) mg > m; > ma. Experiments show that |Ue1| >
|Ue2| > |Ue3|. The mixing matrix is given by

U=
C12C13 S$12 €13 size” ¥
—s12¢co3 —c12813 823 €0 craco3 — s12 513523 €°  c13 823 X
$12 823 — c12 513 c23 € —c12823 — s12813c23 €0 c13ca3
x diag(e™, e, 1) (14.33)

where ¢;; = cosf;;, s;; = sinf;;, § = dcp. The phases 71 and 72 are
physical if neutrinos are Majorana particles (but irrelevant for oscillations
and matter effects), while can be absorbed in the wave functions in the
Dirac case. For propagation in vacuum, assuming the state |v(t) > to
be a plane monoenergetic ultra-relativistic wave (namely p ~ E), the
oscillation probability between two flavours « and 3 is

n
Pap = bap —4 Y R[UaslU5,U%,Ups) sin® X

i<j

n
+ ZZ%[UQiUEiU;jUBj} sin2X; , (14.39)

i<j

where
m2 —m?2)L Am2.  L/E
Xij = (i —my)L =1.267 —2 _L/E_ . (14.40)
AFE eV? m/MeV

When neutrinos propagate in a dense medium, while absorption is neg-
ligible, the effect of coherent interaction with matter, being proportional
to G, rather than to G’%, is not; it affects neutrino phase velocity. In
a neutral medium containing nuclei and electrons, the effective potential
at point z, with electron density ne(z), is

V = diag (£V2GF ne(z), 0, 0) (14.58)
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Where the sign + is for neutrinos, — for antineutrinos. In the relevant
case of solar neutrinos, ve are produced in the core. The propagating
system is effectively a two-state one, ve — vx (X is a superposition of
v, and vy, which is arbitrary because v, and v have only NC that are
equal). If § is the mixing angle (in vacuum) and Am? the square mass
difference, the instantaneous mixing angle in matter 6,, () is given by

_ Am? sin 260
T Am2cos20 — 2EGpne(z)

tan 20,, () (14.61)

Depending on neutrino energy and mixing angle in vacuum, the denom-
inator can cross zero at a certain x. This “resonance” condition may
result in an adiabatic flavour conversion in matter (Mikheev-Smirnov-
Wolfenstein Effect). The mixing parameters are obtained from global fits
to the neutrino data, relative to both phenomena. Fits are performed
by three different groups (NUFIT, BARI and VALENCIA), separately
for NO and IO. The following is a summary of Table 14.7 of the main
review (NUFIT without the SuperKamiokande analysis of matter effects
in atmospheric neutrinos)

Table 14.7: Global fit results

Parameter NUFIT w/o SK-atm BARI VALENCIA
NO
sin? 612/10~1 3.0370 17 3.03%0 1% 3.1875 1%
sinZ 093/10 1 5.7270 7% 4.5570-18 5747017
) —5 F0.056 F0.07 F0.069
sin2 013/10 2.20370-0%0 2.2370-07 [ 2.20075-057
dcp/° 197732 223752 194737
AmZ, /meV? 741721 73.671° 75.01722
e 4 3 44
m3,/meV 243775 2448737 247075,
10 Ax? =23 Ax? =65 | Ax?>=64
sin? 012/10~ 1 3.037017 3.03701% | 3.1870 18
sin? f23/10~ 1 5.78701¢ 5697023 5787079
02 —2 +0.060 +0.06 +0.064
sinZ 613/10 2.21970-057 2.2370-06 [ 2.22575- 008
Scp/° 2867 50 274720 284729
2 2 +2T1 +1.6 +22
AmZ, /meV 741720 73.6715 75.0722
AmZ, /meV? —2498752 —2492730 | —2520750

Fig. 14.9 shows the allowed regions of the NUFIT analysis in terms,
as an example, of one of the six leptonic unitary triangles (taking U as
unitary by definition)

Information on the absolute scale of neutrino masses comes from three
different sources.

1 Cosmology provides indirect limits on the sum of neutrino masses
3

E m; (see Sec. 25. Neutrinos in cosmology).
i=1
2 Measurements, with sub-eV energy resolution, of the end-point of the
electron energy spectrum in the decay 3H — 3He 4+ e~ + 7, gives
3
direct information on (m,‘f)2 = E m?|Uei|?. The most recent
i=1
result from KATRIN experiment provides m,‘f < 0.8eV at 90%
CL. 4
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3 Neutrino-less double beta decay (A,Z) — (A,Z + 2) + 2e~ is for-
bidden in the SM as it violates lepton number conservation (by
2 units). However, if neutrino is a Majorana particle measure-
ments of the half-lives Tf}’z of different isotopes give information
on Mee = | E m;UZ.|. The sensitivity reached by experiments on

136Xe and 76Ge TO/” > 2.3 x 1026 yr, and Tl% > 1.8 x 1026 yr

give bounds of mee < 36 — 156 meV and mee < 79 — 180 meV,
respectively.

0.5

-1 -0.5 0 0.5 1
Re(2)
Figure 14.9: Leptonic unitarity triangle for the first and third columns
of the mixing matrix. After scaling and rotating the triangle so that two
of its vertices always coincide with (0,0) and (1,0) the figure shows the
1o, 90%, 20, 99%, 30 CL (2 dof) allowed regions of the third vertex for
the NO from the analysis in Ref. [180,181].
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15. Quark Model

Revised August 2023 by C. Amsler (Stefan Meyer Inst.), V. Crede (Florida
State U.) and T. DeGrand (Colorado U., Boulder).

Quarks (q) are strongly interacting fermions with spin % and, by
convention, positive parity. Antiquarks (¢) have negative parity. Quarks
have the additive baryon number B = é, while antiquarks have B =
—%. Table 15.1 gives the other additive quantum numbers for the three

generations of quarks. They are related to the charge Q (in units of

the elementary charge e) through the generalized Gell-Mann-Nishijima
formula

B+S+C+B+T
Q=1+ 3 . (15.1)

By convention the quark flavor (1, S, C, B,or T ) has the same
sign as its charge Q .

Table 15.1: Quark quantum numbers.

d u s c b t
Q - electric charge —% +% —% +% —% +§
I — isospin % % 0 0 0 0
| , — isospin z-component f% +% 0 0 0 0
S — strangeness 0 0 -1 0 0 0
C — charm 0 0 0 +1 0 0
B — bottomness 0 0 0 0 -1 0
T — topness 0 0 0 0 0 +1

t p:":a) “‘_L,

dit
U 5]/(// ¢ sd_
N

*—

s
Figure 15.1: SU(4); weight diagram showing the 16-plets for the pseu-
doscalar (a) and vector mesons (b) made of the u, d, s, and ¢ quarks
as a function of isospin |,, charm C , and hypercharge Y =B 4+ S

—,L. The nonets of light mesons occupy the central planes to which
the cc states have been added.

The mesons, which are pairs of quarks and antiquarks, have B = 0
and can be characterized by their intrinsic spin s, orbital angular mo-
mentum ¢, and total spin J, lying between [¢ — s| and ¢ + s. The
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charge conjugation,or C, of meson is (—1)¢** while its parity is (—1)¢*1.
Mesons made of a quark and its antiquark are G-parity eigenstates with
G = (_1)I+Z+s.

Following flavor SU(3), the nine possible qq@' combinations contain-
ing the light u, d, and s quarks are grouped into an octet and a singlet
of light quark mesons:

33=8¢1. (15.2)

A fourth quark such as charm ¢ can be included by extending SU(3) ¢
to SU(4) ¢. However, SU(4) s is badly broken owing to the much heavier
¢ quark. Nevertheless, in an SU(4)¢ classification, the sixteen mesons
are grouped into a 15-plet and a singlet:

44=1591 . (15.3)

The weight diagrams for the ground state (¢ = 0) pseudoscalar (JFC =
0~*) and vector (1~~) mesons are depicted in Fig. 15.1.

Baryons are made of three quarks. The SU(3)y content of baryons
made of u, d, and s is governed by

3®3®3=100808d 1. (15.34)

The intrinsic spin of the three quarks yields either s = % or s = 2. The
proton and neutron are members of a combination of the two octets,
while the spin—% ATt is a member of a decuplet. The singlet is not
realized for the ground state mesons.

The strong interactions are described by the color SU(3) gauge theory,
with each quark coming in three ‘colors’ The quarks interact through a
color octet of gluons, gauge vector bosons which are responsible for the
formation of the bound states, mesons and baryons.

N
Figure 15.5: SU(4); multiplets of ground state baryons made of u, d,
s, and ¢ quarks. (a) The spin % 20-plet extends the charmless SU(3)y

octet to C =1, 2; (b) the spin % 20-plet extends the SU(3)s decuplet
to C =1, 2, 3.

The existence of baryons with ¢ quarks is very unlikely due to the
short lifetime of the ¢ quark. Meson candidates which cannot be (or
are hard to be) described as gG’ pairs have been reported (e.g. with
the non-¢g quantum number JF¢ = 1=1 ). Given the successes of
the quark model, these are classified as ‘tetraquarks’ (¢qqq), hybrids (¢q
pairs with an additional gluon) or ‘glueballs’ (bound states of the gluons).
Candidate baryons for ‘pentaquarks’ (qgqqq) have also been reported.
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Revised August 2023 by K.A. Olive (Minnesota U.) and J.A. Peacock
(Edinburgh U.).

22.1.1 The Robertson- Walker Universe

The observed homogeneity and isotropy enable us to write the most
general expression for a space-time metric which has a (3D) maximally
symmetric subspace of a 4D space-time, known as the Robertson-Walker
metric:

dr?

ds® = dt®> — R?(t) | ———
s ) 1— kr2

+ 72 (d6? +sin? 0dg?) | . (22.1)

Note that we adopt ¢ = 1 throughout. By rescaling the radial coordinate,
we can choose the curvature constant k to take only the discrete values
41, —1, or 0 corresponding to closed, open, or spatially flat geometries.

22.1.3 The Friedmann equations of motion
The cosmological equations of motion are derived from Einstein’s
equations:
Ruv — 39 R = 87GNTpw + Mgy . (22.6)

It is common to assume that the matter content of the Universe is a
perfect fluid, for which

Tuw = —pguv + (P + p) upuw, (22.7)

where g, is the space-time metric described by Eq. (22.1), p is the
isotropic pressure, p is the energy density and v = (1,0,0,0) is the ve-
locity vector for the isotropic fluid in co-moving coordinates. With the
perfect fluid source, Einstein’s equations lead to the Friedmann equa-

tions: )
R 81 Gx p E A
H2=(=Z)| =128 _ =~ 4= 22.8

(R) 3 R2 + 3’ (22.8)

and .

R A 47 GN

S 3p), 22.9

5= 3 5 (pt3p) (22.9)
where H (t) is the Hubble parameter and A is the cosmological constant.
The first of these is sometimes called the Friedmann equation. Energy

conservation via T%,, = 0, leads to a third useful equation:

p=—3H(p+p). (22.10)

Equation (22.8) can also be simply derived as a consequence of the first
law of thermodynamics.

22.1.5 Standard Model solutions
22.1.5.1 Solutions for a general equation of state

Let us first assume a general equation of state parameter for a single
component, w = p/p which is constant. In this case, Eq. (22.10) can be

written as p = —3(1 + w)pR/R and is easily integrated to yield
p o R3014w) (22.16)

Curvature domination occurs at rather late times (if a cosmological con-
stant term does not dominate sooner). For w # —1,

R(t) o< t2/B0+w)], (22.17)
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22.1.5.2 A Radiation-dominated Universe

In the early hot and dense Universe, it is appropriate to assume an
equation of state corresponding to a gas of radiation (or relativistic par-
ticles) for which w = 1/3. In this case, Eq. (22.16) becomes p oc R™%.
Similarly, one can substitute w = 1/3 into Eq. (22.17) to obtain

R(t) o t1/2; H=1/2t. (22.18)

22.1.5.3 A Matter-dominated Universe

Non-relativistic matter eventually dominates the energy density over
radiation. A pressureless gas (w = 0) leads to the expected dependence
poc R73, and, if k = 0, we obtain

R(t) < t?/3,  H =2/3t. (22.19)

22.1.5.4 A Universe dominated by vacuum energy

If there is a dominant source of vacuum energy, acting as a cosmologi-
cal constant with equation of state w = —1. This leads to an exponential
expansion of the Universe:

R(t) o« eVA/BE, (22.20)

22.3 The Hot Thermal Universe

22.3.2 Radiation content of the Early Universe

At the very high temperatures associated with the early Universe,
massive particles are pair produced, and are part of the thermal bath.
If for a given particle species i we have T' > m;, then we can neglect
the mass and the thermodynamic quantities are easily computed. In
general, we can approximate the energy density (at high temperatures)
by including only those particles with m; < T'. In this case, we have

™

7 oa_ T 4
p= zB:gBJrng:gp %T :%N(T)T, (22.42)

where gg(r) is the number of degrees of freedom of each boson (fermion)
and the sum runs over all boson and fermion states with m < T.
Eq. (22.42) defines the effective number of degrees of freedom, N(T),
by taking into account new particle degrees of freedom as the tempera-
ture is raised.

The value of N(T) at any given temperature depends on the particle
physics model. In the standard SU(3) x SU(2) x U(1) model, we can
specify N(T') up to temperatures of O(100) GeV. At higher temperatures,
N(T) will be model-dependent.

In the radiation-dominated epoch, Eq. (22.10) can be integrated (ne-
glecting the T-dependence of N), giving us a relationship between the
age of the Universe and its temperature:

90 1/2
t= = T2, 22.43
This can be expressed more conveniently in the form

t T2 = 24[N(T)]~Y/2, (22.44)

where t is measured in seconds and T\jey in units of MeV.
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Revised August 2023 by L. Baudis (Zurich U.) and S. Profumo (UC Santa
Cruz).

27.6 Laboratory detection of dark matter

Laboratory searches for DM particles can be roughly classified in di-
rect detection experiments, axion searches, and searches at accelerators
and colliders.

27.6.1 Searches at Accelerators and Colliders

Various searches for dark matter have been carried out by the CMS
and ATLAS collaborations at the LHC in pp collisions [98—-102]. In gen-
eral, these assume that dark matter particles escape the detector without
interacting leading to significant amounts of missing energy and momen-
tum.

27.6.2 Direct detection formalism

Direct detection experiments mostly aim to observe elastic or inelastic
scatters of Galactic DM particles with atomic nuclei, or with electrons in
the detector material. Predicted event rates assume a certain mass and
scattering cross section, as well as a set of astrophysical parameters: the
local density po, the velocity distribution f(¥), and the escape velocity
Vesc (see Sec. 27.4).

Figure 27.1 shows the best constraints for SI couplings in the cross-
section versus DM mass parameter space, above masses of 0.3 GeV.
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Figure 27.1: Upper limits on the SI DM-nucleon cross section as a
function of DM mass.

27.7 Astrophysical detection of dark matter

DM as a microscopic constituent can have measurable, macroscopic
effects on astrophysical systems. Indirect DM detection refers to the
search for the annihilation or decay debris from DM particles, resulting
in detectable species, including especially gamma rays, neutrinos, and
antimatter particles. The production rate of such particles depends on
(i) the annihilation (or decay) rate (ii) the density of pairs (respectively,
of individual particles) in the region of interest, and (iii) the number of
final-state particles produced in one annihilation (decay) event.
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Revised August 2023 by D. Scott (U. of British Columbia) and G.F.
Smoot (HKUST; UC Berkeley; LBNL; DIPC; Paris U.).

29.2 CMB Spectrum

It is well-known that the spectrum of the microwave background is
very precisely that of blackbody radiation, whose temperature evolves
with redshift as T'(z) = To(1 + z) in an expanding Universe.

29.3 Description of CMB Anisotropies

Observations show that the CMB contains temperature anisotropies
at the 1075 level and polarization anisotropies at the 1076 (and lower)
level, over a wide range of angular scales. These anisotropies are usually
expressed using a spherical harmonic expansion of the CMB sky:

T(0,6) =Y aemYem (0 9) (20.1)

m

(with the linear polarization pattern written in a similar way using the
so-called spin-2 spherical harmonics). Increasing angular resolution re-
quires that the expansion goes to higher multipoles. Because only very
weak phase correlations are observed in the CMB sky and no preferred
direction is seen, the vast majority of the cosmological information is
found in the temperature 2-point function, i.e., the variance as a func-
tion only of angular segaration. Equivalently, the anisotropy power per
unit In £ is sz |agm |~ /4.

29.3.1 The Monopole

The CMB has a mean temperature of T, = 2.7255+0.0006 K (10) [19],
which can be considered as the monopole component of CMB maps, aog.
Because all mapping experiments involve difference measurements, they
are insensitive to this average level; monopole measurements can only be
made with absolute temperature devices, such as the FIRAS instrument
on the COBE satellite [20]. The measured kT is equivalent to 0.234 meV
or 4.60 x 10710 mec2. A blackbody of the measured temperature has a
number density ny = (2¢(3)/7%) T3 ~ 411cm™3, energy density p, =
(m2/15) T,‘Y1 ~ 4.64 x 10734 gem™3 ~ 0.2606V cm ™3, and a fraction of
the critical density Q0 ~ 5.38 x 105,

29.3.2 The Dipole

The largest anisotropy is in the ¢ = 1 (dipole) first spherical har-
monic, with amplitude 3.3621 £ 0.0010mK [10]. The dipole is inter-
preted to be the result of the Doppler boosting of the monopole caused
by the Solar System motion relative to the nearly isotropic blackbody
field, as broadly confirmed by measurements of the radial velocities of
local galaxies (e.g., Ref. [21]).

29.3.3 Higher-Order Multipoles

The variations in the CMB temperature maps at higher multipoles
(¢ > 2) are iinterpreted as being mostly the result of density perturba-
tions in the early Universe, manifesting themselves at the epoch of the
last scattering of the CMB photons.
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Figure 29.1: Theoretical CMB anisotropy power spectra, using the
best-fitting ACDM model from Planck, calculated using CAMB. The panel
on the left shows the theoretical expectation for scalar perturbations,
while the panel on the right is for tensor perturbations, with an amplitude
set to r = 0.01 for illustration.
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Figure 29.2: CMB temperature anisotropy band-power estimates from
the Planck, WMAP, ACT, and SPT experiments. The acoustic peaks
and damping region are very clearly observed, with no need for a the-
oretical line to guide the eye; however, the curve plotted is the best-fit
Planck ACDM model.
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Written October 2023 by J. Alvarez-Muiiz (Santiago de Compostela U.),
Z. Cao (IHEP Beijing), U.F. Katz (Erlangen U.), P. Mertsch (TTK,
RWTH) and C. Spiering (DESY, Zeuthen).

Cosmic rays (CRs) are a non-thermal population of particles that
pervade the Universe. Their salient characteristics can be inferred from
their major observational properties: spectrum, composition and arrival
directions. For charged CRs, the energies extend from tens of MeV to
close to 1ZeV, the flux is ~ 10*m~2s~ L sr~! above 1 GeV, but the dif-
ferential spectrum falls steeply with energy E, following a power-law
dependence E~7. The most striking spectral features are the “knee” at
a few PeV where the spectral index ~ changes from ~ 2.7 to ~ 3, the
“second knee” at ~ 100 PeV with a change to ~ 3.3 and the “ankle” at a
few EeV where v changes to ~ 2.5. The flux is largely suppressed above a
few tens of EeV. Charged CRs are composed mostly of protons, helium,
and other nuclei, as well as electrons, positrons and anti-protons. In
the detection of CRs, two classes of techniques are distinguished: direct
observations, making use of the interactions of CRs in particle physics
detectors and indirect observations, detecting showers of secondary parti-
cles initiated by charged CR interactions in natural materials. The arrival
directions are largely isotropic, but below and around the knee interest-
ing O(10~%...1073) anisotropies due to the distribution of sources and
properties of the Galactic magnetic fields have been observed, reaching
~ O(1071) at the highest energies. Gamma-rays and neutrinos are typ-
ically produced as secondary products of charged particle acceleration
and interaction in astrophysical sources. Gamma-rays can be resolved
into those from astrophysical sources (~ 6660 above 50 MeV, ~ 300 at
TeV energies), plus diffuse fluxes of galactic and extra-galactic origin,
largely showing power-law dependence on energy. The observation of
high-energy neutrinos has opened a new window; while the distribution
is largely isotropic, evidence for two extra-galactic sources as well as for a
contribution from the galactic plane has been found. Combined observa-
tions of charged CRs, gamma-rays and neutrinos as well as gravitational
waves (see Sec. 21.2.3) allows for valuable insights into the most extreme
astrophysical environments and is referred to as multi-messenger astro-
physics. Measuring precisely the arrival times of neutral messengers also
allows for studying transient phenomena.

Between hundreds of MeV and at least a few PeV, CRs are believed
to be of galactic origin; above a few EeV, the sources are most likely
extra-galactic. Sources of non-thermal electromagnetic radiation are rou-
tinely observed, yet the dominant source of locally measured CRs has
not been unambiguously identified. Source candidates are typically as-
sociated with endpoints of stellar evolution or supermassive black holes
that release large amounts of gravitational or rotational energy. In many
astrophysical environments, the energy density of CRs constitutes a sig-
nificant fraction of the total or is comparable to that of other ingredients.
For instance, on galactic scales, the CR energy density is of the same or-
der as that of magnetic fields, radiation fields or the turbulent gas. Due
to their pressure, CRs can be dynamically important and shape their
environments. CRs are also important probes of fundamental physics. If
dark matter has interactions with the Standard Model, the products of
self-annihilation or decay of DM particles can potentially be observed.
Another target for exotic searches in CRs is anti-matter of primordial
origin.

For details and references see the full Review of Particle Physics.
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Revised July 2023 by V. Shiltsev (FNAL) and F. Zimmermann (CERN).

Collisions of two beams of particles accelerated to high energies E 2
provide access to center-of-mass energies (c.m.e.) Ecme ~ 2v/E1 F2, that
is twice the beam energy Ecme = 2E}, for a typically small or zero crossing
angle and equal energy beams. Particles with charge Ze gain energy
AEy = ZeGl from high-frequency RF electric field with the average
accelerating gradient G over distance [. The highest gradients achieved to
date reach G =~ 100 MV /m in 12 GHz normal-conducting RF cavities and
~30 MV /m in 1.3 GHz superconducting (SC) ones, allow accessing high
energies over reasonably long linacs. Repeated use of smaller RF system
makes circular colliders cost-effective. In the rings, the ultra-relativistic
particles’ momentum is determined by the field of dipole magnets B and
bending radius p inside them, p = ZeBp or E},[GeV] = 0.3Z(Bp) [Tm].
The maximum field of SC magnets with Nb-Ti wires cooled to liquid He
temperatures can reach over 8 T, and up to 16 T with NbzSn conductor.

For the cross section of the process of interest, oexp and the instan-
taneous luminosity, L, the event rate is dNexp/dt = oexpL. Today’s
colliders all employ bunched beams tightly focused at the interaction
points to minimal rms transverse beam sizes ¢}, and ;. If two of beams
of ny, bunches, each containing N particles collide head-on with frequency
feoll = b fo, a basic expression for the luminosity is

N2 N2
L= feon——— fO’an—f—'. (31.15)

4m UzUy W\/Enzﬁggnyﬁ;

where fo is the revolution frequency (or repetition rate in case of lin-
ear colliders), v is the Lorentz factor, and F is a factor of order 1, that
takes into account geometric beam overlap effects. The second part in
Eq. (31.3) recasts the rms sizes in terms of normalized transverse emit-
tances (adiabatic invariants) and the amplitude (beta-) functions 8* at
the IP as 032, = B5 ,nz,y/7

Ultimate collider luminosity calls for high beam currents Iy, = Zefony, N
resulting in growing RF demands to compensate the synchrotron-radiation
(SR) power loss P = Iy AEgR in e /e~ beams, the advent of coherent
beam instabilities, and the need to minimize radiation due to inevitable
particle losses. Energy and luminosity limits of high-energy circular et e~
colliders are mostly defined by the SR energy loss per turn AEgr = 88.5
[keV /turn] E[GeV]/p[m], that needs to be replenished by ring’s RF sys-
tem. Critically important are disruptions due to electric and magnetic
forces of the opposite bunch at the IPs, characterized by a dimensionless
beam-beam tuneshift parameter

roNBz 4

(31.16)

where 19 = Z2e2/(4negmc?) is the classical radius of the colliding par-
ticle. Beam-beam limits of £z, < 0.01 in circular hadron and ~0.1 in
circular ete™ colliders, directly affect the luminosity reach, as £ o €.
The emission of beamstrahlung spreads up the c.m.e. spectra of linear
ete™ colliders. In addition, for hadron colliders, fundamental luminos-
ity limits are the beam lifetime due to inelastic pp interaction burn-off
dN/dt = —Loin, SR heat to be removed from inside SC magnets, and
the radiation from the collision debris. Production, cooling and fast
acceleration of muon beams are key challenges for future high-energy
high-luminosity muon colliders.
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34. Passage of Particles Through Matter

Revised August 2023 by D.E. Groom (LBNL) and S.R. Klein (NSD
LBNL; UC Berkeley).

This review covers the interactions of photons and electrically charged
particles in matter, concentrating on energies of interest for high-energy
physics and astrophysics and processes of interest for particle detectors.

Table 34.1: Summary of variables used in this sec-
tion. The kinematic variables 3 and « have their usual

relativistic meanings.

Symb. Definition

Value or (usual) units

mgCQ electron mass X 02

Te

Z

classical electron radius
€2 /dmeomec?

fine structure constant
e? /Ameohe

Avogadro’s number

0.510 998 950 00(15) MeV
2.817940 3227(19) fm

1/137.035999 139(31)
6.02214076 x 1022 mol~?!

§ SHNmge

SN

1

density

mass per unit area

incident particle mass
incident part. energy yMc?
kinetic energy, (y — 1)Mc?
energy transfer to an electron

in a single collision

nax Maximum possible energy transfer

to an electron in a single collision
bremsstrahlung photon energy
charge number of incident particle
atomic number of absorber
atomic mass of absorber

47N, Argmec2
(Coefficient for dE/dx)

mean excitation energy

3
2

g ecm™
gecm™
MeV/c?
MeV
MeV
MeV

MeV

MeV

g mol~1!

0.307 075 MeV mol~! cm?

eV (Nota bene!)

d(B7) density effect correction to ionization energy loss

hwp

NC
wj
nj
Xo
EC
Epe
ES
Ry

plasma energy

\/ 4T Ner3 mec? Ja

electron density

\/p(Z]A) x 28.816 ¢V

pingcm™3
(units of re)~3

weight fraction of the jth element in a compound or mixt.

o number of jth kind of atoms in a compound or mixture

radiation length
critical energy for electrons
critical energy for muons

scale energy +/47/a mec?

Moliére radius

g cm™—2

MeV
GeV
21.2052 MeV

g cm ™2

34.2.2 Mazimum energy transfer in a single collision

For a particle with mass M,

Winax =

2mec? f242

1+ 2yme/M + (me/M)2

(34.4)
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Figure 34.1: Mass stopping power (= (—dE/dz)) for positive muons

in copper as a function of 8y = p/Mc over nine orders of magnitude in
momentum (12 orders of magnitude in kinetic energy). Vertical bands
indicate boundaries between different approximations discussed in the
text.

34.2.3 Stopping power at intermediate energies
The mean rate of energy loss by moderately relativistic charged heavy
particles is well-described by the “Bethe equation,”

dE Z1
TN D K22
< d:c> AR

This is the mass stopping power; with the symbol definitions and
values given in Table 34.1, the units are MeV g~ 'cm?. As can be seen
from Fig. 34.2, (—dE/dx) defined in this way is about the same for
most materials, decreasing slowly with Z. The linear stopping power, in
MeV /cm, is (—dE/dx) p, where p is the density in g/cm?.

As the particle energy increases, its electric field flattens and extends,
so that the distant-collision contribution to Eq. (34.5) increases as In 7.
However, real media become polarized, limiting the field extension and
effectively truncating this part of the logarithmic rise. Parameterization
of the density effect term §(8v) in Eq. (34.5) is discussed in the full
Review .

Few concepts in high-energy physics are as misused as (dE/dz). The
mean is weighted by very rare events with large single-collision energy
deposits. Even with samples of hundreds of events a dependable value
for the mean energy loss cannot be obtained. Far better and more easily
measured is the most probable energy loss, discussed below.

Although it must be used with cautions and caveats, (dE/dz) as
described in Eq. (34.5) still forms the basis of much of our understanding
of energy loss by charged particles. Extensive tables are available
[pdg.1bl.gov/AtomicNuclearProperties/|.

Eq. (34.5) may be integrated to find the total (or partial) “continuous
slowing-down approximation” (CSDA) range R. Since dE/dx depends
(nearly) only on 8, R/M is a function of E/M or pc/M.

1 In 2mec? B292 Winax _ g2

5 e (34.5)

_9(B)
2
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34.2.9 Fluctuations in energy loss

For detectors of moderate thickness z (e.g. scintillators or LAr cells),
the energy loss probability distribution f(A;B~,z) is adequately de-
scribed by the highly-skewed Landau (or Landau-Vavilov) distribution
[30] [29]. The most probable energy loss

2mec2ﬂ272 13

Ap =€ |In T s 4 - 57— 6(8Y) | (34.12)

where ¢ = (K/2)(Z/A) 2%(x/B?) MeV for a detector with a thickness =
in g cm™2, and j = 0.200 [31].While dF/dz is independent of thickness,
Ap/z scales as aln x+b. This most probable energy loss reaches a (Fermi)
plateau rather than continuing (dE/dz)’s lograthmic rise with increasing
energy.

34.4 Photon and electron interactions in matter

At low energies electrons and positrons primarily lose energy by ion-
ization, although other processes (Mgller scattering, Bhabha scattering,
et annihilation) contribute. While ionization loss rates rise logarithmi-
cally with energy, bremsstrahlung losses rise nearly linearly (fractional
loss is nearly independent of energy), and dominates above the critical
energy (Sec. 34.4.4 below), a few tens of MeV in most materials.

34.4.1 Collision energy losses by et

Stopping power differs somewhat for electrons and positrons, and both
differ from stopping power for heavy particles because of the kinematics,
spin, charge, and the identity of the incident electron with the electrons
that it ionizes. Complete discussions and tables can be found in Refs. [12,
15], and [34] in the full Review.

34.4.2 Radiation length

High-energy electrons predominantly lose energy in matter by brems-
strahlung, and high-energy photons by ete™ pair production. The char-
acteristic amount of matter traversed for these related interactions is
called the radiation length Xo, usually measured in g cm~2. Xq has
been calculated and tabulated by Y.S. Tsai [42]:

1 N
% = 4ar§7A{Z2 [Lead — £(2)] + ZL;ad} . (34.25)

For A=1gmol™!, 4ar2N, /A = (716.408 g cm~2)~!. L;5q and L/
are tabulated in the full Review, where a 4-place approximation for f(z

is also given.

34.4.3 Bremsstrahlung energy loss by et

At very high energies and except at the high-energy tip of the brems-
strahlung spectrum, the cross section can be approximated in the “com-
plete screening case" as [42]

do/dk = (1/k)4ar2{ (3 — 5y + v>)[Z2*(Lyaa — F(2)) + Z L4

rad

(
+31-y)(22+2)}, (34.28)

where y = k/FE is the fraction of the electron’s energy transferred to
the radiated photon. At small y (the “infrared limit") the term on the
second line ranges from 1.7% (low Z) to 2.5% (high Z) of the total. If it
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is ignored and the first line simplified with the definition of X given in
Eq. (34.25), we have

do A 4 4
&~ Tona (B3 HS) (3429

34.4.4 Critical energy

An electron loses energy by bremsstrahlung at a rate nearly propor-
tional to its energy, while the ionization loss rate varies only logarith-
mically with the electron energy. The critical energy E. is sometimes
defined as the energy at which the two loss rates are equal [49]. Among
alternate definitions is that of Rossi [2], who defines the critical energy
as the energy at which the ionization loss per radiation length is equal
to the electron energy. Equivalently, it is the same as the first defini-
tion with the approximation |dE/dx|prems = E/Xo. This form has been
found to describe transverse electromagnetic shower development more
accurately.

Values of E.. for electrons can be reasonaby well described by (610 MeV)
/(Z 4 1.24) for solids and (710 MeV)/(Z + 0.92) for gases. E. for both
electrons and positrons in more than 350 materials can be found at
pdg.1bl.gov/AtomicNuclearProperties.

34.4.5 FEnergy loss by photons

At low energies the photoelectric effect dominates, although Comp-
ton scattering, Rayleigh scattering, and photonuclear absorption also
contribute. The photoelectric cross section is characterized by discon-
tinuities (absorption edges) as thresholds for photoionization of various
atomic levels are reached. Pair production dominates at high energies,
but is supressed at ultrahigh energies because of quantum mechanical
interference between amplitudes from different scattering centers (LPM
effect).

At still higher photon and electron energies, where the bremsstrahlung
and pair production cross-sections are heavily suppressed by the LPM ef-
fect, photonuclear and electronuclear interactions predominate over elec-
tromagnetic interactions. At photon energies above about 1020 eV, for
example, photons usually interact hadronically.

0.125 T T T T { T T T T { T T T T { T T T T

100
L ? 30 GeV electron
0.100 — o Y incident on iron 30
r u] - e \O Q
L o, =}
L o . o =
3§ 0075 — o N g 60 o
= [ oM o g
:% H o Energy N o 2
2 0050 — o *Ne 40 B
= F \ ° o o}
~ r o Photons b W= °
. x1/638 o\ % g
0025 — / NCHR 20 Z
L - Electrons ®ely g
L e Tog
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t = depth in radiation lengths
Figure 34.20: An EGS4 simulation of a 30 GeV electron-induced cas-
cade in iron. The histogram shows fractional energy deposition per radi-
ation length, and the curve is a gamma-function fit to the distribution.
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34.5 Electromagnetic cascades

When a high-energy electron or photon is incident on a thick ab-
sorber, it initiates an electromagnetic cascade as pair production and
bremsstrahlung generate more electrons and photons with lower ener-
gies.

The longitudinal development is governed by the high-energy part of
the cascade, and therefore scales as the radiation length in the mate-
rial. Electron energies eventually fall below the critical energy, and then
dissipate their energy by ionization and excitation rather than by the
generation of more shower particles. In describing shower behavior, it is
convenient to introduce the scale variables

t=z/Xo, y=E/E., (34.34)

so that distance is measured in units of radiation length and energy in
units of critical energy.

The mean longitudinal profile of the energy deposition in an elec-
tromagnetic cascade is reasonably well described by a gamma distribu-
tion [61]:

dE (bt)e—le—bt

= = Eob

dt I'(a) (34.35)

at energies from 1 GeV to 100 GeV.

34.6 Muon energy loss at high energy

At sufficiently high energies, radiative processes become more impor-
tant than ionization for all charged particles. These contributions in-
crease almost linearily with energy. It is convenient to write the average
rate of muon energy loss as [74]

— dE/dz = a(E) + b(E) E. (34.39)

Here a(E) is the ionization energy loss given by Eq. (34.5), and b(E) E
is the sum of ete™ pair production, bremsstrahlung, and photonuclear
contributions. These are subject large fluctuations, particularly at higher
energies.

To the approximation that the slowly-varying functions a(F) and b(E)
are constant, the mean range g of a muon with initial energy Ey is given
by

zo =~ (1/b)In(1+ Eo/Epuc), (34.40)

where E,c = a/b.

The “muon critical energy" F,. can be defined as the energy at which
radiative and ionization losses are equal, and can be found by solving
E,c = a(Euc)/b(Euc). This definition is different from the Rossi defini-
tion we used for electrons. It decreases with Z, and is several hundred
GeV for iron. It is given for the elements and many other materials in
pdg.1bl.gov/AtomicNuclearProperties.

34.7 Cherenkov and transition radiation

A charged particle radiates if its velocity is greater than the local
phase velocity of light (Cherenkov radiation) or if it crosses suddenly
from one medium to another with different optical properties (transition
radiation). Neither process is important for energy loss, but both are
used in high-energy and cosmic-ray physics detectors.
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34.7.1 Optical Cherenkov radiation

The angle 6. of Cherenkov radiation, relative to the particle’s direc-
tion, for a particle with velocity B¢ in a medium with index of refraction
n is

cosf. = (1/np)

or tanf.=+/f3%n2 -1
~ 1/2(1—1/nB) for small O, e.g. in gases.  (34.41)

The threshold velocity 8; is 1/n. Values of n — 1 for various commonly
used gases are given as a function of pressure and wavelength in Ref. [80].
Data for other commonly used materials are given in [81].

The number of photons produced per unit path length of a particle
with charge ze and per unit energy interval of the photons is

d’N az? |, a?2? ( 1 )
= —sin“ 0. = 1-
dEdx he T'e MeC? B2n2(E)
~ 370 sin 0.(E) eV~ lem™! (z=1), (34.43)
or, equivalently,
d2N _ 2raz? 1
= 1z (1 - ) . (34.44)
dzd A2 B2n2(\)

34.7.2 Coherent radio Cherenkov radiation

Coherent Cherenkov radiation is produced by many charged particles
with a non-zero net charge moving through matter on an approximately
common “wavefront”—for example, the electrons and positrons in a high-
energy electromagnetic cascade. Near the end of a shower, when typical
particle energies are below E. (but still relativistic), a charge imbalance
develops. Photons can Compton-scatter atomic electrons, and positrons
can annihilate with atomic electrons to contribute even more photons
which can in turn Compton scatter. These processes result in a roughly
20% excess of electrons over positrons in a shower. The net negative
charge leads to coherent radio Cherenkov emission. The phenomenon is
called the Askaryan effect [86]. The signals can be visible above back-
grounds for shower energies as low as 1017 €V; see Sec. 36.3.3 for more
details.

34.7.3 Transition radiation
The energy radiated when a particle with charge ze crosses the bound-
ary between vacuum and a medium with plasma frequency wy is

I = az?yhwy/3, (34.45)

The plasma energy fw, is defined in Table 34.1.

For styrene and similar materials, fwp = 20 eV; for air it is 0.7 eV. The
number spectrum dN. /d(hw diverges logarithmically at low energies and
decreases rapidly for hw/vhw, > 1. Inevitable absorption in a practical
detector removes the divergence. About half the energy is emitted in the
range 0.1 < hw/~vhwp < 1. The v dependence of the emitted energy thus
comes from the hardening of the spectrum rather than from an increased
quantum yield. For a particle with v = 103, the radiated photons are in
the soft x-ray range 2 to 40 keV.
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The number of photons with energy hw > hwo is given by the answer
to problem 13.15 in [3],

2 fiw 2 2
Ny(hw > hwo) = 22 [(m 2 1) L, (34.47)
s

0 12

within corrections of order (hwo/vhwp)?. The number of photons above
a fixed energy hwo < yhwp thus grows as (In 7)2, but the number above a
fixed fraction of yhwy, (as in the example above) is constant. For example,
for hw > yhwp/10, Ny = 2.519 az? /7 = 0.0059 x 22.

The particle stays “in phase” with the x ray over a distance called
the formation length, d(w) = (2¢/w)(1/9% 4 62 + w2 /w?)~1. Most of the
radiation is produced in this distance. Here 6 is the x-ray emission angle,
characteristically 1/~. For § = 1/ the formation length has a maximum
at d(ywp/V2) = y¢/V/2wp. In practical situations it is tens of pm.

Since the useful x-ray yield from a single interface is low, in practi-
cal detectors it is enhanced by using a stack of N foil radiators—foils
L thick, where L is typically several formation lengths—separated by
gas-filled gaps. The amplitudes at successive interfaces interfere to cause
oscillations about the single-interface spectrum. At increasing frequen-
cies above the position of the last interference maximum (L/d(w) = 7/2),
the formation zones, which have opposite phase, overlap more and more
and the spectrum saturates, dI/dw approaching zero as L/d(w) — 0.
This is illustrated in Fig. 34.27 for a realistic detector configuration.

Although one might expect the intensity of coherent radiation from
the stack of foils to be proportional to N2, the angular dependence of
the formation length conspires to make the intensity o< N.
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35. Particle Detectors at Accelerators

Revised 2023. See the various sections for authors.

35.1 Introduction

This review summarizes the detector technologies employed at ac-
celerator particle physics experiments. Several of these detectors are
also used in a non-accelerator context and examples of such applications
will be provided. The detector techniques which are specific to non-
accelerator particle physics experiments are the subject of Chap. 36.
More detailed discussions of detectors and their underlying physics can
be found in books by Kolanoski & Wermes [1], Ferbel [2], Kleinknecht [3],
Knoll [4], Green [5], Leroy & Rancoita [6], and Grupen [7].

In Table 35.1 are given typical resolutions and deadtimes of common
charged particle detectors. The quoted numbers are usually based on
typical devices, and should be regarded only as rough approximations
for new designs. The spatial resolution refers to the intrinsic detector
resolution, i.e. without multiple scattering. We note that analog detec-
tor readout can provide better spatial resolution than digital readout by
measuring and averaging the deposited charge in neighboring channels.
Quoted ranges attempt to be representative of both possibilities. The
time resolution is defined by how accurately the time at which a particle
crossed the detector can be determined. The deadtime is the minimum
separation in time between two resolved hits on the same channel. Typ-
ical performance of calorimetry and particle identification are provided
in the relevant sections below. Further discussion and all references may
be found in the full Review.

Table 35.1: Typical resolutions and deadtimes of common charged
particle detectors. Revised September 2023.

. Intrinsic Spatial . . Dead
Detector Type Resolution (rms) Time Resolution Time
Resistive plate chamber 50 um 50-1000 ps* 10 nsf
Liquid argon TPC 0.5-1 mm? 0.01-1 Msg —1
Scintillation tracker ~100 pm 100 ps/nH 10 ns
Bubble chamber 10-150 pm 1 ms 50 ms**
Wire chambers .

— - Sh - ;i
(proportional and drift chambers) 50-100 pim 5-10ns 20-200ns
Micro-pattern gas detector 30-40 pm 5-10nstt 20-200 nstt
Silicon strips/pixels < 10 um$8 few ns¥7 <50 nstt

*LHC: ~2mm gap, ~1ns. HL-LHC: ~1 mm gap, ~350 ps. Timing RPC: ~50 ps.
"Limited by amplifier and discriminator bandwidth, usually around 100 MHz.
fDetector geometry dependent.
$Using the scintillation signal.
9INo deadtime for medium.
I = index of refraction.
**Multiple pulsing time.
T For fast particles.
¥ Depending/limited by the amplifying electronics [8].
$8Depending on electrode pitch, best values around 2-4 um have been achieved.
99 Resolutions < 100 ps are reached in dedicated pixel developments.
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37. Radioactivity and Radiation Protection

Revised July 2023 by S. Roesler (CERN) and M. Silari ().
37.1 Definitions

The International Commission on Radiation Units and Measurements
(ICRU) recommends the use of SI units. Therefore we list SI units first,
followed by cgs (or other common) units in parentheses, where they differ.

e Activity (unit: Becquerel):

1 Bq = 1 disintegration per second (= 27 pCi).
e Absorbed dose (unit: gray): The absorbed dose is the energy im-
parted by ionizing radiation in a volume element of a specified material
divided by the mass of this volume element.

1 Gy =1 J/kg (= 10* erg/g = 100 rad)

= 6.24 x 102 MeV /kg deposited energy.

e Kerma (unit: gray): Kerma is the sum of the initial kinetic energies of
all charged particles liberated by indirectly ionizing particles in a volume
element of the specified material divided by the mass of this volume
element.
e Exposure (unit: C/kg of air [= 3880 Roentgen*]): The exposure is
a measure of photon fluence at a certain point in space integrated over
time, in terms of ion charge of either sign produced by secondary electrons
in a small volume of air about the point. Implicit in the definition is
the assumption that the small test volume is embedded in a sufficiently
large uniformly irradiated volume that the number of secondary electrons
entering the volume equals the number leaving (so-called charged particle
equilibrium).

Table 37.1: Radiation weighting factors, wg.

Radiation type WR
Photons 1
Electrons and muons 1
Neutrons, E, <1 MeV 2.5 4 18.2 x exp[—(In E;, )2 /6]
1 MeV < E, <50 MeV 5.0+ 17.0 x exp[—(In(2E»))2/6]
Ey > 50 MeV 2.5 + 3.25 x exp[—(In(0.04E,,))2/6]
Protons and charged pions 2

Alpha particles, fission
fragments, heavy ions 20

e Equivalent dose (unit: Sievert [= 100 rem (roentgen equivalent in
man)]): The equivalent dose Hr in an organ or tissue T is equal to the
sum of the absorbed doses Dt g in the organ or tissue caused by different
radiation types R weighted with so-called radiation weighting factors wg:

Hrp ZZwR XDT’R .
R

It expresses long-term risks (primarily cancer and leukemia) from low-
level chronic exposure. The values for wgr recommended recently by
ICRP |[2] are given in Table 37.1.

e Effective dose (unit: Sievert): The sum of the equivalent doses,
weighted by the tissue weighting factors wr (ZT wr = 1) of several

*This unit is somewhat historical, but appears on some measuring instruments.
One R is the amount of radiation required to liberate positive and negative charges
of one electrostatic unit of charge in 1 c¢cm® of air at standard temperature and
pressure (STP)
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organs and tissues T of the body that are considered to be most sensitive
(2], is called “effective dose” E:

E:Z'U)TXHT~
T

37.2 Radiation levels [5]
e Natural annual background, all sources: Most world areas, whole-
body equivalent dose rate ~ (1.0-13) mSv (0.1-1.3 rem). Can range up
to 50 mSv (5 rem) in certain areas. U.S. average ~ 3.6 mSv, including
~ 2 mSv (& 200 mrem) from inhaled natural radioactivity, mostly radon
and radon daughters. (Average is for a typical house and varies by more
than an order of magnitude. It can be more than two orders of magnitude
higher in poorly ventilated mines. 0.1-0.2 mSv in open areas.)
e Cosmic ray background (sea level, mostly muons):
~ 1 min~! cm™2 sr~!. For more accurate estimates and details, see the
Cosmic Rays section (Sec. 30 of this Review).
o Fluence (per cm?) to deposit one Gy, assuming uniform irradiation:
~ (charged particles) 6.24x10°/(dE/dx), where dE/dx (MeV g~ cm?),
the energy loss per unit length, may be obtained from Figs. 34.2 and
34.4 in Sec. 34 of this Review.
~ 3.5x10° cm ™2 minimum-ionizing singly-charged particles in carbon.
~ (photons) 6.24x10°/[Ef/¢], for photons of energy E (MeV), at-
tenuation length £ (g cm~2), and fraction f < 1 expressing the fraction
of the photon’s energy deposited in a small volume of thickness < ¢ but
large enough to contain the secondary electrons.
~ 2 x 10! photons cm~2 for 1 MeV photons on carbon (f ~ 1/2).

37.3 Health effects of ionizing radiation
e Recommended limits of effective dose to radiation workers
(whole-body dose):f

EU/Switzerland: 20 mSv yr—!

U.S.: 50 mSv yr—! (5 rem yr—1)#
e Lethal dose: The whole-body dose from penetrating ionizing radiation
resulting in 50% mortality in 30 days (assuming no medical treatment) is
2.5-4.5 Gy (250-450 rad), as measured internally on body longitudinal
center line. Surface dose varies due to variable body attenuation and
may be a strong function of energy.
e Cancer induction by low LET radiation: The cancer induction
probability is about 5% per Sv on average for the entire population [3].

See full Review for references and further details.

fThe ICRP recommendation [3] is 20 mSv yr~ ! averaged over 5 years, with the
dose in any one year < 50 mSv.
1Many laboratories in the U.S. and elsewhere set lower limits.
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38. Commonly Used Radioactive Sources

Table 38.1: Radioactive sources

Particle Photon
. . Type of Energy Emission Energy Emission
Nuclide Half-life Decay (MeV) prob. (MeV) prob.
22Na 2.603 y Bt 0.546 90% 0.511 Annih.
EC 1.275 100%
Sicr 27.70 d EC 0.320 10%
V K x rays 100%
Neutrino calibration source
53Mn 0.855 y EC 0.835 100%
Cr K x rays 26%
géFc 2.747 y EC Mn K x rays:
0.00590 24.4%
0.00649 2.86%
37Co 271.8d EC 0.014 9%
0.122 86%
0.136 11%
Fe K x rays 58%
$2Co 5271y B 0.317 99.9% 1.173 99.9%
1.333 99.9%
98Ge 271.0 d EC Ga K x rays 42%
— $3Ga
67.8 m Bt, 1.899 90% 0.511 Annih.
EC 1.077 3%
WS sy g _oal_____tow_
= Ry 2.67 d B~ 2.279 100%
19Ru 371.5d B~ 0.039 100%
L
30.1s B 3.546 79% 0.512 21%
0.622 10%
1%¢d 1.265 y EC 0.063 e~ 42% 0.088 3.7%
0.084 e~ 44%  Ag K x rays 100%
1158n 115.1d EC 0.364 e~ 28% 0.392 65%
0.388 e~ 6% In K x rays 97
B7Cs 30.0 y B~ 0.514 94% 0.662 85%
1.176 6%
1%Ba 10.55 y EC 0.045 e~ 50% 0.081 33%
0.075 e 6% 0.356 62%
Cs K x rays 121%
éngu 13.537 y EC 72.1% Many ~’s
B~ 27.9% 0.1218-1.408 MeV
207Bi 329y EC 0.481 e 2% 0.569 98%
0.975 e~ 7% 1.063 5%
1.047 e~ 2% 1.770 %
Pb K x rays 78%
228Th 1912 y 6a: 5.341 - 8.785 0.239 44%
367 0.334 — 2.246 0.583 31%
2.614 36%
—2¥Ra  —3Rn = [P0 —Z°Pb  —2°Bi  — 2}?Po
361 d 55.8 s 0.148 s 10.64 h 60.54 m 300 ns
23 Am 4326 y a 5.433 13%  0.0595409 36%
5.486 85% Np L x rays 38%
231 Am/Be 4326y neutrons ((E) = 4 MeV) and
~’s (4.43 MeV from ZBC(OL, n))
gg“Cm 18.11y a 5.763 24% PuLxrays ~ 9%
5.805 76%
22cf 2.645 y o 6.076 15%
(97%) 6.118 82%

Fission (3.1%): Average 7.8 ’s/fission; (E,) = 0.88 MeV
~ 4 neutrons/fission; (E,) = 2.14 MeV

251
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39. Probability
Revised November 2021 by G. Cowan (RHUL).

The following is a much-shortened version of Sec. 39 of the full Review.
Equation, section, and figure numbers follow the Review.

39.2 Random variables

e Probability density function (p.d.f.): x is a random variable.
Continuous:  f(z;0)dx = probability x is between z to = + dz, given
parameter(s) 0;
Discrete: f(z;0) = probability of = given 6.

o Cumulative distribution function:

F(a) = / f(z) dz. (39.6)

[e'e]

Here and below, if = is discrete-valued, the integral is replaced by a sum.
The endpoint a is indcluded in the integral or sum.

e Ezxpectation values: Given a function wu:

o0
Elu(z)] = / u(z) f(x) dx. (39.7)

—oo

o Moments:

nt" moment of a random variable: a, = E[z"], (39.8a)
nth central moment: m, = E[(x — a1)™]. (39.8b)
Mean: p = a1, (39.9a)
Variance: 02 = Vi[z] = ma = ag — 2 . (39.9b)

Coefficient of skewness: 71 = mg/ag.
Kurtosis: v = m4/a4 - 3.
Median: F(2med) = 1/2.

e Marginal p.d.f.: Let x,y be two random variables with joint p.d.f.
f(z,y).

fl(w):/ f(@,y) dy; fz(y):/ f(z,y) du. (39.10)
e Conditional p.d.f.:

fa(zly) = f(z,v)/f2(v); f3(ylz) = f(=z,9)/ f1(z).

o Bayes’ theorem:

_ B h@) sl fi@) (39.11)

f2(y) B ffg(y\at’)fl(:c’)d;t’

fa(zly)
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e Correlation coefficient and covariance:

pay = E (& — pa)(y — py)l /0w 0y = covlz,yl]/ow oy,
oo oo

Oz = / / (x — pz)? f(x,y) dz dy. Note p3, < 1.
—o0 J —o0

e Independence: x,y are independent if and only if f(z,y) = f1(z)- f2(y);
then pyy = 0, Elu(z) v(y)] = Efu(z)] Elv(y)] and V{z+y] = V]z]+V[y].

e Change of wvariables: From = = (z1,...,zn) to € = (Y1,-..,Yn):
g(y) = f (x(y)) - |J| where |J] is the absolute value of the determinant
of the Jacobian J;; = dz;/0y;. For discrete variables, use |J| = 1.

39.3 Characteristic functions

Given a pdf f(z) for a continuous random variable z, the character-
istic function ¢(u) is given by (31.6). Its derivatives are related to the
algebraic moments of z by (31.7).

$(u) = B [e7] = / eV f(z) da . (39.19)
i 4 :/ " f(2)de = an . (39.20)
du™ | ,—o oo

If the p.d.f.is fi(z) and f2(y) for independent random variables = and
y have characteristic functions ¢1(u) and ¢2(u), then the characteristic
function of the weighted sum ax + by is ¢1(au)g2(bu). The additional
rules for several important distributions (e.g., that the sum of two Gaus-
sian distributed variables also follows a Gaussian distribution) easily fol-
low from this observation.

39.4 Some probability distributions
See Table 39.1.

39.4.2 Poisson distribution

The Poisson distribution f(n;v) gives the probability of finding ex-
actly n events in a given interval of z (e.g., space or time) when the
events occur independently of one another and of x at an average rate
of v per the given interval. The variance o2 equals v. It is the limiting
case p — 0, N — oo, Np = v of the binomial distribution. The Poisson
distribution approaches the Gaussian distribution for large v.

39.4.3 Normal or Gaussian distribution
Its cumulative distribution, for mean 0 and variance 1, is often tabulated
as the error function

F(z;0,1) = = [1+erf(z/v2)] . (39.26)

N | =

For mean pu and variance o2, replace x by (z — u)/o.
P(x in range p + o) = 0.6827,
P(z in range p £ 0.67450) = 0.5,

Ellz — p|] = \/2/70 = 0.79790,
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half-width at half maximum = v2In2-0 = 1.1770.
For n Gaussian random variables x;, the joint p.d.f. is the multivariate
Gaussian:

e V) = i(aﬂfmTv—l(wfu)}, V>0,

1
TN [ 2
(39.27)

V is the n X n covariance matriz; Vi; = E[(x; — pi)(x; — pj)] = pij 05 0y,
and Vj; = Vz;]; |V] is the determinant of V. For n = 2, f(x; u, V) is

1 -1
f(z1,@2; pa,p2,01,02,p) = ———F—— X eXP{iz
2wo102+/1 — p? 2(1 - p?)
_ 2 2 _ _ _ 2
(21 2Ml) _ 2l —p)(@2 —pa) (@2 2#2) . (39.28)
o7 0102 b

The marginal distribution of any z; is a Gaussian with mean p; and
variance Vj;. V is n X n, symmetric, and positive definite. Therefore for
any vector X, the quadratic form X7V ~1X = C, where C is any positive
number, traces an n-dimensional ellipsoid as X varies. If X; = z; — u;,
then C is a random variable obeying the x? distribution with n degrees
of freedom, discussed in the following section. The probability that X
corresponding to a set of Gaussian random variables z; lies outside the
ellipsoid characterized by a given value of C' (= x2) is given by 1 —
Fy 2 (C;n), where F,2 is the cumulative x2 distribution. This may be
read from Fig. 40.1. For example, the “s-standard-deviation ellipsoid”
occurs at C' = s2. For the two-variable case (n = 2), the point X
lies outside the one-standard-deviation ellipsoid with 61% probability.
The use of these ellipsoids as indicators of probable error is described in
Sec. 40.4.2.2; the validity of those indicators assumes that g and V' are
correct.

39.4.5 x? distribution

If 1,...,xn are independent Gaussian random variables, the sum z =
Z?:I(xi —ui)Z/Uf follows the x2 p.d.f. with n degrees of freedom, which
we denote by x2(n). More generally, for n correlated Gaussian variables
as components of a vector X with covariance matrix V, z = XTV~-1X
follows x2(n) as in the previous section. For a set of z;, each of which
follows x2(n;), Ezz follows X2(Z n;). For large n, the x? p.d.f. ap-
proaches a Gaussian with mean p = n and variance o2 = 2n.

The x2 p.d.f. is often used in evaluating the level of compatibility between
observed data and a hypothesis for the p.d.f. that the data might follow.
This is discussed further in Sec. 40.3.2 on tests of goodness-of-fit.

39.4.7 Gamma distribution

For a process that generates events as a function of = (e.g., space or time)
according to a Poisson distribution, the distance in x from an arbitrary
starting point (which may be some particular event) to the kt* event
follows a gamma distribution, f(z; A, k). The Poisson parameter p is A
per unit z. The special case k = 1 (i.e., f(x;, 1) = Ae™*?) is called the
exponential distribution. A sum of k’ exponential random variables x; is
distributed as f(z zi; N\ K.

The parameter k is not required to be an integer. For A = 1/2 and
k = n/2, the gamma distribution reduces to the x2?(n) distribution.

See the full Review for further discussion and all references.



89. Probability 255

I10807ur oq 03 paambai jou y

m/\\u\ X/y &\A/\\E\C foco >TSS h% = (y'¢ @)/ ruIner)
IaBejurl 9q 09 palmbal jou u {00 > 72 > 00—
Z<uioy 1<uIof
— A : + Hv EL 2 = (uy)f 7 SuOpIIg
(g —u)/u 0 /(4w \©
— . (@/W)Ig/ut .
ug, u m\:\ﬁgm -1) 0< 2 %\mm\:m = (u2)f X
0< Al ‘o> fl>00— ‘oo> fw > 00—
Til@vﬁw\wi @v g dxo x
P z _ . ANz juleg) uelssnes)
KLY n ?\»&zw n iL dxoe 5 =(AMix)[ S
ueIssner))
7l & _ nif)d i — z)—)dxo ZL2 — (o (
el (gng b nrz)dxe (z0T/( z)—)dxo = (gorix)f -,
P n [(1 = ne2)a]dxe o<1 ‘gr'o=u hwm_:: = (aiu)f u0sSI0J
d—1=b 1>d>0 ‘N "C1'0=1
bd N n(ni2d + D) o Pud A — (i) [erwourg
(o—a) 9SIMI}O 0
ni(ov— 3 3
} @.T%s :u%%‘lzﬁw:m o =@QDvix)f uLIoIu )
o 9>z>0  (0—q)/1
ouRLIRA eI\ (n)¢ uorpouny (s1ojourered foqeriea) [ uoTINqLIISI(]
ST)SLIOYORIRY)) uorjouny Aysuop AIqeqoig

‘1080qur ue sI y uaym (T — ¥) 01 [enbe ‘uorjouny ewuresd oY) st (%), J ‘O[qe], oY} U] 'SedURLIRA pUR
SuBSW pUe SUOI}OUNJ JIISIId}ORIRYD Surpuodsarrod yim ‘suorjouny Ajsusp Aqiqeqolrd wowrwos awog :1°6g S[qelL



256 40. Statistics
40. Statistics
Revised March 2024 by G. Cowan (RHUL).

This chapter gives an overview of statistical methods used in high-
energy physics. In statistics, we are interested in using a given sample of
data to make inferences about a probabilistic model, e.g., to assess the
model’s validity or to determine the values of its parameters. There are
two main approaches to statistical inference, which we may call frequen-
tist and Bayesian.

40.2 Parameter estimation

An estimator 6 (written with a hat) is a function of the data used to
estimate the value of the parameter 6.

40.2.1 Estimators for mean, variance, and median

Suppose we have a set of n independent measurements, z1,...,Zn,
each assumed to follow a p.d.f. with unknown mean p and unknown vari-
ance o2 (the measurements do not necessarily have to follow a Gaussian
distribution). Then

~ 1
= Z 2 (40.5)

02=—— ) (x;—p)? (40.6)

are unbiased estimators of p and 2. The variance of 1 is o2 /n and the

variance of o2 is

n—1

1% [?2} - %(W - ”—_304) , (40.7)

where my is the 4'® central moment of z (see Eq. (39.8)). For Gaussian
distributed z;, this becomes 204/(n — 1) for any n > 2, and for large n

the standard deviation of & is o/v/2n.
If the z; have different, known variances 0'1.2, then the weighted average

n

~ 1

p=— Zwixi , (40.8)
i=1

where w; = l/cri2 and w = Zl wj, is an unbiased estimator for u with a
smaller variance than an unweighted average. The standard deviation of

wis 1/v/w.

40.2.2 The method of maximum likelihood
Suppose we have a set of measured quantities  and the likelihood
L(6) = P(x|0) for a set of parameters 8 = (01,...,0x). The mazimum
likelihood estimators (MLEs) for 6 can be found by solving the likelihood
equations,
dlnL

00;

0, i=1,...,N. (40.9)
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The inverse V! of the covariance matrix V;; = cov[/G\i,t/g\j] for a set
of MLEs can be estimated by using

8%2InL
90;00; | >

~

(V™h =

(40.12)

In the large sample limit, s times the standard deviations o; of the
MLESs can be obtained from the distances in 6; to the planes tangent to
the surface defined by

InL(8) = In Linax — s%/2 . (40.13)

40.2.3 The method of least squares
For Gaussian distributed measurements y; with mean u(z;;0) and
known variance 01.2, the log-likelihood function contains the sum of squares

N
i — p(4;6))3
x%(8) = —2In L(8) + constant = ZW

ok
1=1

(40.19)

k3

If the y; have a covariance matrix V;; = cov([y;,y;], then the estima-
tors are determined by the minimum of

X*(0) = (y — u(0)"V "y — p(9)), (40.20)

40.3 Statistical tests

40.3.1 Hypothesis tests

In a frequentist test of a hypothesis (often called the null hypothesis,
Hyp) one specifies a subset of the data space w called the critical region
such that there is no more than a given probability «, called the size of the
test, to find € w. If the data are discrete, we require P(x € w|Hp) < a.
If the data are observed in the critical region, Hq is rejected.

The critical region is not unique, and generally defined relative to
some alternative hypothesis H;. To maximize the power of the test
of Hop with respect to the alternative Hy, the Neyman—Pearson lemma
states that the critical region w should be chosen such that for all data
values x inside w, the likelihood ratio

Az) = S (40.44)
f(x|Ho)

is greater than or equal to a given constant c,, and everywhere outside
the critical region one has A(x) < ca, where the value of cq is determined
by the size of the test a. Here Hp and H1 must not contain undetermined
parameters.

40.3.2 Tests of significance, p-values

A frequentist significance test provides a p-value, which reflects the
level of agreement between a hypothesis Hp and the observed data . One
specifies a subset of the data space, whose boundary includes the observed
data point xps, that is deemed to have equal or lesser compatibility with
Hy relative to @ops. Surfaces of equal compatibility can be determined by
constant values of a scalar statistic ¢(x). For example, if large values of ¢
correspond to poor agreement with the hypothesis, then the p-valueisp =
P(t > tobs|Ho), where tobs = t(@obs) is the observed value of the statistic.
A goodness-of-fit test quantifies the level of agreement between the data
and a hypothesis without explicit reference to alternative hypotheses.
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40.3.3.1 Goodness-of-fit with chi-square or likelihood ratio

When carrying out a fit with the method of least squares, one can
quantify the level of agreement between the data and hypothesized fit
function by using the minimized value of the x?2 (40.19) as a goodness-
of-fit statistic, i.e., t = X?nin' If the fit function is correct, then for N
Gaussian distributed data values and M fitted parameters, this statistic
will follow a x? p.d.f. for ng = N — M degrees of freedom. This re-
mains approximately true if the data are approximately Gaussian, e.g.,
for fitting a histogram with Poisson distributed data provided one has a
sufficient number of entries in each bin.

Assuming the goodness-of-fit statistic follows a x2 p.d.f. under the
hypothesis in question, the p-value is

oo
p= f(ting)dt , (40.55)
Xx2nin
where f(t;nq) is the x2 p.d.f. for nq degrees of freedom. Values are

shown in Fig. 40.1. The p-values obtained for different values of x2/nq
are shown in Fig. 40.2.

1.000 T TTTTg
) ]
2 0.200- 1
g XI 2,846 8\ 15\25\ 40
23 0100 —
g5 E 10\ 20\30 \50
5g 0.050F J
“~ = L -
53
ZE oo20f ]
g
&3 0.010— —
5 F E
£ 0.005F ]
0.002F .
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1 2 3845 7
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x
Figure 40.1: One minus the x? cumulative distribution, 1 — F(x2?;n),

for n degrees of freedom. This gives the p-value for the x? goodness-of-fit
test as well as one minus the coverage probability for confidence regions
(see Sec. 40.4.2.2).

40.3.4 Bayes factors
In Bayesian statistics, one could reject a hypothesis H if its posterior
probability P(H|x) is sufficiently small. The full prior probability for
two models (hypotheses) H; and H; can be written in the form
w(Hj, 0;) = P(H;)m(0;|H;) . (40.61)
The Bayes factor is defined as

| P(x|0;, H;)w(6,|H;) d6;

i (40.64)

This gives what the ratio of posterior probabilities for models ¢ and j
would be if the overall prior probabilities for the two models were equal.
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Figure 40.2: The ‘reduced’ x2, equal to x?/n, for n degrees of freedom.
The curves show as a function of n the x?/n that corresponds to a given

p-value.

40.4 Intervals and limits

40.4.1 Bayesian intervals
A Bayesian or credible interval) [0}, 0up] can be determined which
contains a given fraction 1 — « of the posterior probability, i.e.,

Oup
l—a= / p(0|z) do . (40.66)

010

40.4.2 Frequentist confidence intervals
40.4.2.1 The Neyman construction for confidence intervals

Given a p.d.f. f(z;6), we can find using a pre-defined rule and proba-
bility 1 — « for every value of 0, a set of values z1 (6, «) and z2(0, &) such
that

£
P(x1 <z<m2;9):/ flz;0)de >1—a. (40.73)
T

40.4.2.2 Gaussian distributed measurements

When the data consists of a single random variable x that follows a
Gaussian distribution with known o, the probability that the measured
value z will fall within 4§ of the true value pu is

1 uFo 2 2
l1—a= / e~ (@=m)7/20% g

u—s
= erf (\/;U) =20 (g) -1, (40.76)

Fig. 40.4 shows a 6 = 1.640 confidence interval unshaded. Values of «
for other frequently used choices of § are given in Table 40.1.

We can set a one-sided (upper or lower) limit by excluding above z+§
(or below z — §). The values of « for such limits are half the values in
Table 40.1. Values of Ax2 or 2A1n L are given in Table 40.2 for several
values of the coverage probability 1 — a and number of fitted parameters
m.
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f(x; n,0)

/2 o/2

| | | |
-3 -2 -1 0 1 2 3
(x—W/c
Figure 40.4: Illustration of a symmetric 90% confidence interval (un-
shaded) for a Gaussian-distributed measurement of a single quantity.
Integrated probabilities, defined by o = 0.1, are as shown.

Table 40.1: Area of the tails a outside +6 from the
mean of a Gaussian distribution.

o ) « o
0.3173 1o 0.2 1.28¢
4.55 x10~2 20 0.1 1.640
2.7 x1073 30 0.05 1.960
6.3x105 4o 0.01 2.58¢0
5.7x107 50 0.001 3.29¢0
2.0x109 60 10~4 3.890

Table 40.2: Values of Ax? or 2A1n L corresponding
to a coverage probability 1 —« in the large data sample
limit, for joint estimation of m parameters.

1-0a) (%) m=1 m=2 m=3
68.27 1.00 2.30 3.53
90. 2.71 4.61 6.25
95. 3.84 5.99 7.82
95.45 4.00 6.18 8.03
99. 6.63 9.21 11.34
99.73 9.00 11.83 14.16

40.4.2.3 Poisson or binomial data

For Poisson distributed n, the upper and lower limits on the mean
value p from the Neyman procedure are

1

fho = 5FX; (103 2n) (40.82a)
1

Hup = §FX21(1 —aup;2(n+1)), (40.82b)

For the case of binomially distributed n successes out of N trials with
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Table 40.3: Lower and upper (one-sided) limits for
the mean p of a Poisson variable given n observed
events in the absence of background, for confidence
levels of 90% and 95%.

1—a =90% 1—a=95%
Hlo Hup Hlo Hup
- 2.30 — 3.00

0.105 3.89  0.051 4.74
0.532 5.32 0355 6.30
1.10 6.68  0.818 7.75
1.74 7.99 1.37 9.15
2.43 9.27 1.97 10.51
3.15 10.53 2.61 11.84
3.89 11.77  3.29 13.15
4.66 12.99  3.98 14.43
5.43 14.21 4.70 15.71
6.22 15.41 5.43 16.96

Soxwuoos w oS

probability of success p, the upper and lower limits on p are found to be

nFy ouo; 20, 2(N —n +1)]
N-n+1+4 nFEl[a10;2n,2(N—n+1)] ’
(n+ DF 51— aupi 20+ 1), 2(N — 1)

= — . (40.83b)
(N—=n) + (n+1)Fg [1 — aup;2(n + 1), 2(N —n)]

(40.83a)

Plo =

pup

Here F;l is the quantile of the F' distribution (also called the Fisher—
Snedecor distribution; see Ref. [4]).

Several problems with such intervals are overcome by using the unified
approach of Feldman and Cousins [42], as described further in the Review.
Table 40.4 gives the unified confidence intervals [u1, u2] for the mean of
a Poisson variable given n observed events in the absence of background,
for confidence levels of 90% and 95%.

Table 40.4: Unified confidence intervals [u1, u2] for a
the mean of a Poisson variable given n observed events
in the absence of background, for confidence levels of
90% and 95%.

1—a=90% 1—a=95%
n_ B2 12
0 0.00 2.44  0.00 3.09
1 0.11 4.36  0.05 5.14
2 0.53 5.91 0.36 6.72
3 1.10 7.42 0.82 8.25
4 147 8.60 1.37 9.76
5 1.84 9.99 1.84 11.26
6 221 11.47 2.21 12.75
7 3.56 12,53 2.58 13.81
8 396 1399 294 15.29
9 4.36 15.30 4.36 16.77
10 550 16.50 4.75 17.82

Further discussion and all references may be found in the full Review of
Particle Physics.
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45. Monte Carlo Particle Numbering Scheme

Revised August 2023 by A. Buckley (Glasgow U.), F. Krauss (Durham
U.), S. Navas (Granada U.) and P. Richardson (Durham U.).

The Monte Carlo particle numbering scheme presented here is in-
tended to facilitate interfacing between matrix-element generators, event
generators, detector simulators, and analysis packages used in particle
physics, and is widely accepted as the “industry standard”. The general
form is a 7—digit number:

+n nrnp ng; Ng, Ngz NJ -

Tetra- and penta-quark state are signified by a 9-digit code, and nu-
clear codes are 10-digit numbers. This encodes information about the
particle’s spin, flavor content, and internal quantum numbers: See the
full review for details. An abbreviated list of common or well-measured
particles follows below.!

UARKS SPECIAL T 2000015
Q 2
ﬁ PARTICLES < 1000021
5 G (graviton) 39 ,;qo
7; . RO a1 X3 1000022
. Y LQ° 42 x5 1000023
b 5 DM (S= (i) 51 %T 1000024
DM (S=35) 52
t 6 2 X2 1000025
Y , DM (S=1) 53 fg
+ s reggeon 110 Xq 1000035
pomeron 990 };' 1000037
LEPTONS odderon 9990 ~ 1
_—11 for MC internal use ¢ 000039
e -
81-100, 901-930, _—
ve 12 098999, DIQUARKS
uo 13 1901-1930, (dd)1 1103
vy 14 2901-2930, and (ud)o 2101
— 15 3901-3930 (ud)1 2103
vr 16 —————— (uu)l 2203
- 17 SUSY (sd)o 3101
PARTICLES
v 18 T 1000001 (sd)1 3103
J— L 1000001 (su)o 3201
GAUGE AND up 1000002 (su)1 3203
BIJgSOGI\?S e 1000003 (ss)1 3303
g (9) 21 °r 1000004 LIGHT I =1
o 22 by 1000005 MESONS
~ 0
20 23 t, 1000006 ™ 111
wt 24 e 1000011 nt 211
€
ho/Hé) 25 L a0(980)° 9000111
Z’/ZQO 32 Vel 1000012 ap(980)T 9000211
Z”/Z3 33 TZZ 1000013 ag(1450)° 10111
% ) ~ +
W’/W% 34 VL 1000014 a0(14500) 10211
HO/H8 35 Pse } p(770) 113
A%/ HY 36 1 1000015 p(770)T 213
HT 37 v_p 1000016 by1(1235)° 10113
Jmma 38 dp 2000001 b1(1235): 10213
040 ~ 5
a’/Hy 40 Up 2000002 a2(1320)+ 115
~ a2(1320) 215
Sh 2000003 £5(1690)° 17
Cr 2000004 p3(1690) T 217
b, 2000005 a4<2040)0+ 119
T, 2000006 a4(2040) 219
?E 2000011

2000013
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LIGHT I =0 BOTTOM STRANGE
MESONS MESONS BARYONS
(uu, dd, 55 BO 511 A 3122
admixtures) B+ 521 e 3992
0 221 B 10511 x0 3212
n"(958) 331 BXt 10521 pohe 3112
fo(500) 9000221 Bro 513 S 3294
f0(980) 9010221 B*+ 523 %0 3914
w(782) 223 B1(L)° 10513 Dol 3114
¢(1020) 333 By (L)t 10523 =0 3322
f1(1285) 20223 B1(H)° 20513 3312
f’7’<1270) 225 Bi(H)T 20523 3324
f2(1525) 335 B3O 515 3314
w3(1670) 227 B+ 525 3334
$3(1850) 337 50 31
f4(2050) 229 B*0 533 CHARMED
STRANGE BEO 535 — CARYORS
MESONS Bge 541 4122
B E—— Bt 543 4222
b 310 B sS4 4212
K~§ 311 e 4112
Kt 321 __cc MESONS 4224
K (1430)° 10311 ne(1S) 441 4214
K} (1430)T 10321 Xco(1P) 10441 4114
K*(892)° 313 n¢(2S) 100441 4252
K*(892)T 323 J/¢(18) 443 4132
K1(1270)° 10313 he(1P) 10443 4322
K1(1270)"T 10323 Xc1(1P) 20443 4312
K*(1680)° 30313 P(28) 100443 4324
K*(1680)T 30323 ¥ (3770) 30443 4314
K3 (1430)° 315 Xc2(1P) 445 4332
K§(1430)+ 325 _ 4334
K5(1770)° 10315 ___bb MESONS 4422
Ko(1770)t 10325 (1) 551 _—
K3 (1780)° 317 Xb0 (1P) 10551 1]332;‘381345
K2 (1780)T 327 Xb0(2P) 110551 0 -
K (2045)° 319 T(18) 553 b 5122
K} (2045)+ 329 hy (1P) 10553 Zy 5112
- xp1(1P) 20553 Egr 5212
CHARMED T1(1D) 30553 Z'b 5222
__ MESONS 1 (29) 100553 z 5114
Dt 411 hy (2P) 110553 ;0 5214
DO 421 Xp1(2P) 120553 ¥t 5224
D (2400)T 10411 7(3S) 200553 i 5132
Dg(2400)° 10421 7(45) 300553 % °
D*(2010) " 413 7(10860) 9000553 P p22
D*(2007)° 423 T(11020) 9010553 b 5812
D1(2420)T 10413 xp2(1P) 555 = 5322
D1(2420)° 10423 T, (1D) 20555 =p 5314
Dy(H)T 20413 Xp2 (2P) 100555 =0 5324
D1(2430)° 20423 R o 5332
D3 (2460) " 415 LIGHT 2, 5334
D3 (2460)° 425 BARYONS
D;r 431 P 2212 PENTA-
D, (2317)T 10431 n 2112 ___ QUARKS
Dt 433 A+t 2224 ot 100221132
Do1(2536)T 10433 at 2214 S~ 100331122
Dg1(2460)T 20433 AP 2114
D*,(2573)T 435 A 1114

1The scheme was substantially updated and extended in 2012. Certain excited
baryons follow the pre-2012 scheme. A further revision and/or extension of the
numbering scheme is anticipated in the near future.
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264 Clebsch-Gordan Coefficients

46. Clebsch-Gordan Coefficients, Spherical

L [1-2] L -1 )
e-|esz-¢/1l0 2 z-lzs1-210 1~ vl X(1-) = X
¢ |err erz|L-1- z 271 21fi-o
L e - o [sre en-suifire- I A A
2/ss/e— sz [0 z/e- z ¢ |owg-9/1-si8lo - L2z |e/1-0 gr2lo o
2/s |srz2 s/ [1-2/1- oL/L 2/L S/Z |1-0 /L 2/L 9/L|L- L+
2/~ 2/e-e/r srz= oLtz - 1= 1= [oug /L= S/ - 0 0 o0 [et=21]i1+0
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49. Kinematics
Revised August 2021 by D.J. Miller (Glasgow U.) and D.R. Tovey (Sheffield
U.).
Throughout this section units are used in which 7 = ¢ = 1. The following

conversions are useful: hic = 197.3 MeV fm, (hc)? = 0.3894 (GeV)2 mb.

49.1 Lorentz transformations

The energy E and 3-momentum p of a particle of mass m form a
4-vector p = (E,p) whose square p> = E2 — |p|> = m2. The velocity
of the particle is 8 = p/E. The energy and momentum (E*, p*) viewed
from a frame moving with velocity 8, are given by

(5)=C 7o) (E) 0 smnen o

where v5 = (1— B?)*lm and p;. (p) are the components of p perpendic-

ular (parallel) to By. Other 4-vectors, such as the space-time coordinates
of events, of course transform in the same way. The scalar product of
two 4-momenta pi - p2 = E1E2 —p; - py is invariant (frame independent).

49.2 Center-of-mass energy and momentum
In the collision of two particles of masses m1 and mg the total center-
of-mass energy can be expressed in the Lorentz-invariant form

1/2
Ecm = [(El + E2)® — (py +P2)2] / ,
= [m} +m3 + 2B1 B2 (1 — 182 cos 0)] v
(49.2)

where 6 is the angle between the particles. In the frame where one
particle (of mass mga) is at rest (lab frame),

Eem = (m2 +m3 + 2B 1ap m2) /2 . (49.3)
The velocity of the center-of-mass in the lab frame is
Bem = Plab/ (E11ab +m2) | (49.4)
where pi,1, = P11a1, and
Yem = (El lab + m2)/Ecm . (495)
The c.m. momenta of particles 1 and 2 are of magnitude
m2
Pem = Plab 75— - (49.6)
Ecm

For example, if a 0.80 GeV/c kaon beam is incident on a proton target,
the center of mass energy is 1.699 GeV and the center of mass momentum
of either particle is 0.442 GeV/c. It is also useful to note that

Eem dEcm = m2 dE7 15, = M2 B11ab dplab - (49.7)

49.3 Lorentz-invariant amplitudes
The matrix elements for a scattering or decay process are written in
terms of an invariant amplitude —i.#Z. As an example, the S-matrix for
2 — 2 scattering is related to .# by
(Pip5 S = 1] prp2) = i(2m) 6% (p1 + p2 — P} — Pb)# (p1, p2; Py, Ph) -
(49.8)
The state normalization is such that

®'|p) = (2m)% 2E, 8*(p' — p) , (49.9)
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with Ep = 1/p? + m?2.

49.4 Particle decays

The partial decay rate of a particle of mass M into n bodies in its
rest frame is given in terms of the Lorentz-invariant matrix element .#
by

(27r)

dr = |2 d®y, (P; p1, - D), (49.11)

where d®,, is an element of n-body phase space given by

d®n(P; p1, ..., pn) = 6% (P — Zpl H (Qﬂ 32E (49.12)

This phase space is reduced by combinatoric factors whenever there are
identical particles in the final state. The phase space can be generated
recursively, viz.

d®n(P; p1, ..., pn) = d®;(¢; p1, -+, Pj)
X d®n_ji1 (P g, pjt1, .--,pn)(2ﬂ)3dq2 , (49.13)
where ¢ = ( J. E)2 |ZZ 1pZ

useful in the case Where a particle decays into another particle that sub-
sequently decays.

This form is particularly

49.4.1 Survival probability

If a particle of mass M has mean proper lifetime 7 (= 1/I") and
has momentum (E, p), then the probability that it lives for a time ¢g or
greater before decaying is given by

P(to) = e 0 /7 = ¢=Mto I'/E | (49.14)
and the probability that it travels a distance xg or greater is
P(xg) = e~ M=o I'V/lpl | (49.15)
49.4.2 Two-body decays

p{,my
P.M

p 2 m2
Figure 49.1: Definitions of variables for two-body decays.

In the rest frame of a particle of mass M, decaying into 2 particles
labeled 1 and 2,
M? — mg + m%

B = = , (49.16)
|p1|=|p2|=m NP mEmd) . ()

and
dr = —— |4|* |p1| aQ (49.18)

where A(a, 8,7) = a? + B2 +~2 —2af — 2047 — 23~ is the Kéllén function
and dQ2 = d¢1d(cos 61) is the solid angle of particle 1. The invariant mass
M can be determined from the energies and momenta using Eq. (49.2)
with M = Ecm.
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49.4.3 Three-body decays
/‘\// Pr
P, M \-A\ p2? mz

Pg, Mg
Figure 49.2: Definitions of variables for three-body decays.

Defining p;; = p; + p; and m?j = p?j, then m%Q + m%3 + m§3 =

M? +m? 4+ m2 4+ m2 and m2, = (P —p3)? = M? +m32 — 2M E3, where
E3 is the energy of particle 3 in the rest frame of M. In that frame,
the momenta of the three decay particles lie in a plane. The relative
orientation of these three momenta is fixed if their energies are known.
The momenta can therefore be specified in space by giving three Euler
angles (a, 3,7) that specify the orientation of the final system relative
to the initial particle. The direction of any one of the particles relative
to the frame in which the initial particle is described can be specified
in space by two angles («a, ) while a third angle, 7, can be set as the
azimuthal angle of a second particle around the first [1]. Then

11
= 5o oM |-#|* dE\ dEs3 do d(cos B) dy . (49.19)
Alternatively
1 . )
Al = 5% T3 1" Pl Ips] dmaz €2} d0s (49.20)

where (|p}], QF) is the momentum of particle 1 in the rest frame of 1
and 2, and Q3 is the angle of particle 3 in the rest frame of the decaying
particle. |p}| and |p3| are given by

. 1
Ipil = 5oV Nty m3) (49.21a)

and

1
[psl = 537 VA2 m3, m3) . (49.21b)

[Compare with Eq. (49.17).]
If the decaying particle is a scalar or we average over its spin states,
then integration over the angles in Eq. (49.19) gives
1 1 —
— |.#|? dE; dE
(2m)3 8M |- #1* dBy dEs

1 1T —
= @) 50 |.4)2 dm3, dm3, . (49.22)

This is the standard form for the Dalitz plot.

49.4.3.1 Dalitz plot

For a given value of m%Q, the range of m§5 is determined by its values
when p, is parallel or antiparallel to ps:

2
(m33)max = (B3 + E%)%— (\/E;2 —mZ—\/E32 - mg) . (49.23a)

2
(3 )min = (55 + B3~ (VB w3+ /B — ) . (49.230)
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Here E} = (m2, — m? + m2)/2m12 and Ej = (M? —m2, — m2)/2m12
are the energies of particles 2 and 3 in the mig rest frame. The scatter

plot in m2, and m3; is called a Dalitz plot. If |.#|2 is constant, the

allowed region of the plot will be uniformly populated with events [see
Eq. (49.22)]. A nonuniformity in the plot gives immediate information
on |.#|?. For example, in the case of D — Kzm, bands appear when
M(Kx) = ME+(892), reflecting the appearance of the decay chain D —
K*(892)r — Kn.

10

111}1111}1111}1111}111

0 1 2 3 4 5
m%2 (GeV2)
Figure 49.3: Dalitz plot for a three-body final state. In this example,
the state is 7T K% at 3 GeV. Four-momentum conservation restricts
events to the shaded region.

49.4.4 Kinematic limits
49.4.4.1 Three-body decays

In a three-body decay (Fig. 49.2) the maximum of |ps|, [given by
Eq. (49.21)], is achieved when mi2 = mi + ma, i.e., particles 1 and 2
have the same vector velocity in the rest frame of the decaying particle.
If, in addition, mg > mi,mo, then |p3|max > |p, Imax; |P,|max- The
distribution of mi2 values possesses an end-point or maximum value at
m12 = M — mg3. This can be used to constrain the mass difference of a
parent particle and one invisible decay product.

49.4.5 Multibody decays

The above results may be generalized to final states containing any
number of particles by combining some of the particles into “effective
particles” and treating the final states as 2 or 3 “effective particle” states.
Thus, if psjk... = pi +pj +pr + ..., then

Myjk... = \/ﬁ» (49.26)

and m;... may be used in place of e.g., m12 in the relations in Sec. 49.4.3
or Sec. 49.4.4 above.
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) STRUS b3 mg

s

m
P, My Pri9 Mpyo
Figure 49.5: Definitions of variables for production of an n-body final
state.

49.5 Cross sections

The differential cross section is given by

(2m)*|.#)?
do =
44/ (p1 - p2)? — m3m?
X d®n(p1 +p2; P3, -5 Pnt2) - (49.27)

[See Eq. (49.12).] In the rest frame of mg(lab),
(p1 - p2)? —mim3 = mapiiap ; (49.28a)
while in the center-of-mass frame

(p1 - p2)? — m2m2 = premV/s . (49.28b)

49.5.1 Two-body reactions

Py, my D3, mg

Py, My Py, My
Figure 49.6: Definitions of variables for a two-body final state.

Two particles of momenta p; and pa and masses m1 and mg scatter to
particles of momenta p3 and ps and masses ms and my; the Lorentz-
invariant Mandelstam variables are defined by

s=(p1 +p2)® = (p3 +pa)?

=m? + 2E1E2 — 2p; - py + M3, (49.29)
t=(p1—p3)® = (p2 — pa)®
=m? —2E1E3 + 2p; -p3 +m3 , (49.30)
u=(p1 —pa)? = (p2 — p3)?
=m2 —2E1E4 +2p; - py +m3 , (49.31)
and they satisfy
s+t+u:m?+m§+m§+mi. (49.32)

The two-body cross section may be written as
do 1 1 ‘2

—_ = 49.33
dt  647s |Piey? ( )
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In the center-of-mass frame
t= (Elcm - E3cm)2 - (plcm - p3cm)2 - 4p1cm P3cm Sin2(ecm/2)

= to — 4P1cm P3em Sin?(fem/2) ,
(49.34)

where Ocm is the angle between particle 1 and 3. The limiting values
to (cm = 0) and ¢1 (Becm = 7) for 2 — 2 scattering are

2 2 2 2
my —m3 — my +my

2Vs

In the literature the notation tmin (tmax) for to (¢1) is sometimes used,
which should be discouraged since to > t;. The center-of-mass energies
and momenta of the incoming particles are

s—i—m%—m% s—&-m%—m%
-~ - EQCm =

2¢/s ’ 2V/s ’

For E3cm and E4cm, change mi to ma and ma to my4. Then
) _ 2 2 _ Pi1lab M2
Piem = £/ B}, —m7 and p1cm = — (49.37)

Here the subscript lab refers to the frame where particle 2 is at rest. [For
other relations see Eqs. (49.2)—(49.4).]

to(t1) = — (Prem FPsem)® (49.35)

Fiem = (49.36)

49.5.2 Inclusive reactions

Choose some direction (usually the beam direction) for the z-axis;
then the energy and momentum of a particle can be written as

E =mj coshy , ps , py , p- = m, sinhy, (49.38)
where m.,, conventionally called the ‘transverse mass’, is given by
mZ =m? +p2 +p . (49.39)

and the rapidity y is defined by

( z)
) -1

E
—In (“’) — tanh! (’i) . (49.40)
Mo E

Note that the definition of the transverse mass in Eq. (49.39) differs
from that used by experimentalists at hadron colliders (see Sec. 49.6.1
below). Under a boost in the z-direction to a frame with velocity £,
y — y—tanh~! 8. Hence the shape of the rapidity distribution dN/dy is
invariant, as are differences in rapidity. The invariant cross section may
also be rewritten

d3o d3o d’c

- ° — .

d3p  dpdyprdpr mdy d(p2.)

The second form is obtained using the identity dy/dp. = 1/F, and the
third form represents the average over ¢.

(49.41)

Feynman’s x variable is given by

Dz E+p:
T = S pr L |p2|) - 49.42
Pz max (E+pz)max ( T ‘ Z|) ( )

In the c.m. frame,

- 2pzcm - 2m.. sinh Yem

NG NG (49.43)
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and

= (Yem)max = In(v/s/m) . (49.44)

The invariant mass M of the two-particle system described in Sec.
49.4.2 can be written in terms of these variables as

M? =m? +m3 + 2[Ex(1)Ep(2) cosh Ay — pp(1) - pp(2)] ,  (49.45)

Er(i) = \/Ipr (D)2 +m? , (49.46)

and pp (i) denotes the transverse momentum vector of particle 4.
For p > m, the rapidity [Eq. (49.40)] may be expanded to obtain

where

1 cos?(6/2) +m? /4p? + ...

T 27" Sin2(0/2) + m2/4p 1 ...
—In tan(0/2) =n (49.47)

Q

where cosf = p./p. The pseudorapidity n defined by the second line is
approximately equal to the rapidity y for p > m and 6 > 1/, and in
any case can be measured when the mass and momentum of the particle
are unknown. From the definition one can obtain the identities

sinhn =cotf , coshn=1/sinf , tanhn = cosf . (49.48)

49.6 Transverse variables

At hadron colliders, a significant and unknown proportion of the en-
ergy of the incoming hadrons in each event escapes down the beam-pipe.
Consequently if invisible particles are created in the final state, their net
momentum can only be constrained in the plane transverse to the beam
direction. Defining the z-axis as the beam direction, this net momentum
is equal to the missing transverse energy vector

B == " pr(i) (49.49)

where the sum runs over the transverse momenta of all visible final state
particles.

49.6.1 Single production with semi-invisible final state

Consider a single heavy particle of mass M produced in association
with visible particles which decays as in Fig. 49.1 to two particles, of
which one (labeled particle 1) is invisible. The mass of the parent particle
can be constrained with the quantity Mr defined by

M3 = [Er(1) + Er(2))° = [pr(1) + pr(2))?
=mi +mj +2[Br(1)Er(2) —pr(1) - pr(2)],  (49.50)
where
pp(l) = Emiss (49.51)
This quantity is called the ‘transverse mass’ by hadron collider experi-
mentalists but it should be noted that it is quite different from that used
in the description of inclusive reactions [Eq. (49.39)]. The distribution of

event Mt values possesses an end-point at M7 = M. If m3 = ma2 =0
then

M3 = 2lpr(1)|[pr(2)/(1 - cos d12) , (49.52)

where ¢;; is defined as the angle between particles ¢ and j in the trans-
verse plane.
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D,,m, p;, m,

M

)
N
p,, m, p,,m
Figure 49.7: Definitions of variables for pair production of semi-

invisible final states. Particles 1 and 3 are invisible while particles 2
and 4 are visible.

49.6.2 Pair production with semi-invisible final states

Consider two identical heavy particles of mass M produced such
that their combined center-of-mass is at rest in the transverse plane
(Fig. 49.7). Each particle decays to a final state consisting of an invisible
particle of fixed mass m; together with an additional visible particle. M
and mj can be constrained with the variables M7 and Mo which are
defined in Refs. [4] and [5]. !

1 Further discussion and all references may be found in the full Review of Particle
Physics. The numbering of references and equations used here corresponds to that
version.
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51. Cross-Section Formulae for Specific
Processes

Revised August 2019 by H. Baer (Oklahoma U.) and R.N. Cahn (LBNL).

PART I: Standard Model Processes

Setting aside leptoproduction (for which, see Sec. 16 of this Review),
the cross sections of primary interest are those with light incident parti-
cles, ete™, vv, qq, 9q , gg, etc., where g and ¢ represent gluons and light
quarks. The produced particles include both light particles and heavy
ones - t, W, Z, and the Higgs boson H. We provide the production cross
sections calculated within the Standard Model for several such processes.

51.1 Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner
formula (Sec. 18 of this Review).

2J +1 Am I2/4
o(E) = -

(251 +1)(282 +1) k? | (E - Eo)* +I?/4
where E is the c.m. energy, J is the spin of the resonance, and the
number of polarization states of the two incident particles are 257 + 1
and 2S2 + 1. The c.m. momentum in the initial state is k, Eg is the
c.m. energy at the resonance, and I is the full width at half maximum
height of the resonance. The branching fraction for the resonance into
the initial-state channel is B;, and into the final-state channel is Boyz¢.

For a narrow resonance, the factor in square brackets may be replaced
by nI'6(E — Ep)/2.

BinBouta (51-1)

51.2 Production of light particles
The production of point-like, spin-1/2 fermions in ete~ annihilation
through a virtual photon, ete™ — v* — ff, at c.m. energy squared s is

97 N0+ cos? 0+ (1 62) sin? 613 (51.2)
70 = Ve s cos sin 7 .

where 3 is v/c for the produced fermions in the c.m., 6 is the c.m. scat-
tering angle, and Q¢ is the charge of the fermion. The factor N, is 1 for
charged leptons and 3 for quarks In the ultrarelativistic limit, 8 — 1,

5 86.8 nb
NCQfs(GeVQ) . (51.3)
The cross section for the annlhllation of a gq pair into a distinct pair
q'q’ through a gluon is completely analogous up to color factors, with
the replacement o« — . Treating all quarks as massless, averaging
over the colors of the initial quarks and defining t = —ssin%(6/2), u =

—scos2(0/2), one finds

2 42 2
g~ 11 a5 t" +u
= (g5 — == 51.4
Jo\ @ = dT) = o (51.4)
Crossing symmetry gives
do 82 +u?
N 51.5
a0 0 —ad) =g —5— (51.5)
If the quarks ¢ and ¢’ are identical, we have
do a2 [ 2 +u? 824 u? 2u
— —= + — , 51.6
an a4 40 = 9s 52 2 35t (51.6)
and by crossing
a2 |2 4+s2  s24u? 282
— s + — 51.7
d.Q( 97 q9) = 9s u? 2 3ut (51.7)
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Annihilation of ete™ into vy has the cross section
do a? u? + 2
25 tu

o —

N = 51.8
qolee =) (51.8)
The related QCD process also has a triple-gluon coupling. The cross
section is

do 8aZ , 5., 1 9

—(qq — = t — - —). 51.9

209 = 99) = oo (17 +ut) (o — 5) (51.9)
The crossed reactions are

97 (49 > ag) = Z2(2 + uP)(- = + ) (51.10)

— = —(s u)(—— + —), .

an'9 9 9s su 42

do a? 5 41 9

— —qq) = t —_—— 51.11

2 99 = a) 243( +u )(tu 432) ; ( )

do 902 ut su st

E(gg%gg)= 855 (3*:2* = 172) . (51.12)

Lepton-quark scattering is analogous (neglecting Z exchange)

do a? 2 $2 +u?
d—Q(eq —eq) = P e (51.13)
eq is the quark charge. For v-scattering with the four-Fermi interaction
do G2s
—(vd > "u) = £ 51.14
0 w =3 ( )
where the Cabibbo angle suppression is ignored. Similarly
d - G%s (1 0)?
i(yﬂ%g*d): Gs (14 cosf)” . (51.15)
ds? 472 4

For deep inelastic scattering (presented in more detail in Section 19)
we consider quarks of type i carrying a fraction z = Q%/(2Mv) of the
nucleon’s energy, where v = E — E’ is the energy lost by the lepton in
the nucleon rest frame. With y = v/E we have the correspondences

14 cosf — 2(1—vy), dQem — 4An fi(x)dx dy , (51.16)
where the latter incorporates the quark distribution, f;(x). We find
do dra’zs 1
N —eX) = —[1+0-9y)?
dzdy(e — eX) 0 2[+( v)?]
4 1 —
« {g(u(:r) F@) 43 () + )+ .)}
(51.17)

where now s = 2M E is the cm energy squared for the electron-nucleon
collision and we have suppressed contributions from higher mass quarks.
Similarly,

do _ GZxs 9,

dxdy(yN—>€ X) = T[(d(m)Jr.l.)jLu—y) (@(z)+...)], (51.18)
o G2xs

d;ldy (TN = £t X) = FT[(d(w)-i-. )+ =) (u()+..)] . (51.19)

Quasi-elastic neutrino scattering (vyn — u~p, Vup — ptn) is directly
related to the crossed reaction, neutron decay.

51.3 Hadroproduction of heavy quarks
For hadroproduction of heavy quarks @ = ¢, b, t, it is important to
include mass effects in the formulae. For qg — QQ, one has

do 5 o3 4m2Q 2 2 2 2 2
1590 = QQ) = ;5[ 1= —= [(mg = 1) + (mgy — w)* + 2ms]

(51.20)

while for gg — QQ one has
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2 4m?2
o909 QQ) = 54 [1- T2 [ S = (md — w)
B mé(sf4m%) N é(mé t)(mQQ fu)f2mQ(m +t)
3(m% — t)(m% —u) 3 (m —t)2
7(m2Q—t)(m%—u)—2mQ( +u)
+ (m2Q —u)?

(m%—t)(mé—u)—i—mé(u—t) S(mé—t)(mé )+m (t—w)
s(mz2 —1) s(mQ —u)

51.4 Production of Weak Gauge Bosons
51.4.1 W and Z resonant production

Resonant production of a single W or Z is governed by the partial widths

V2GFm3
I(W — 6;7;) = # (51.22)
\/§GF|V"|2m3
DW= ig;) = 3—— (51.23)
_ 2G Fm3
nZ— ff) = Nc%
s

x [(T3 — Qg sin 0w )? + (Qy sin® 0w )?] (51.24)

The weak mixing angle is y-. The CKM matrix elements are V;;. N is 3
for ¢qq and 1 for leptonic final states. These widths along with associated
branching fractions may be applied to the resonance production formula
of Sec. 51.1 to gain the total W or Z production cross section.

51.4.2 Production of pairs of weak gauge bosons

The cross section for ff — WTW ™ is given in term of the couplings
of the left-handed and right-handed fermion f, ¢ = 2(T5 — Qzw ), r =
—2Qzxw, where T3 is the third component of weak isospin for the left-
handed f, @ is its electric charge (in units of the proton charge), and

zw = sin? Oy :

do 2mwa? L4+ s 2 L—r s ?

L _ Q+ — + 5 A(s, t,u)
dt Ncs? dxw s —m7, dxyw s —m7

4t <Q+es>@GQH@LM—@@H@MU)

2rw 2w S — m2Z

(@(7Q)E(S’ t: u) + Q(Q)E(S7 u, t))} )

2
8xyy,

(51.26)
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where ©(x) is 1 for z > 0 and 0 for < 0, and where

¢ 1 m2 ma
A(s,t,u):(Zl) < W+3g‘/>+ S

my, 4 s s my,

tu 1 m%,  mi s m?
I(s,itu)= | ——1)-—-H W — —242- W
(s:,u) (m4 ) <4 2s st >+m2 + t

w

tu 1 m3 s
Esitu)=(— 1) -+—2X ) +—, (51.27)
myy, 4 t2 m3,

and s,t,u are the usual Mandelstam variables with s = (py + pf)2,t =

(pf —pw—)%u= (ps —pw+)?. The factor N, is 3 for quarks and 1 for
leptons.

The analogous cross-section for q;q; — WE20 is

2
LT Y N T Y
dt 682(13%[/ s—m‘%v 4 Wz

+ (8zw —6) s (m‘z/v +m22)]

n |:ut—m‘2,vm2z—s(m‘2,v+mzz):| [ﬁ_ Zi}
n

2
s —my, t

u—miym [G B stmly +mi) bty (51.28)
41 —zw) |12 wu? 2(1 —zw) tu |’ ’

where /; and £; are the couplings of the left-handed ¢; and ¢; as defined
above. The CKM matrix element between ¢; and gq; is V;.

The cross section for ¢;q; — Z°29 is

do  7a? o+t t w  4mZs 4 ( 1 1 )
e L R S -y (= + =) |-
dt 96 z2,(1—a%,)%s? |u ¢ tu 2 wu?

51.5 Production of Higgs Bosons
51.5.1 Resonant Production

The Higgs boson of the Standard Model can be produced resonantly
in the collisions of quarks, leptons, W or Z bosons, gluons, or photons.
The production cross section is thus controlled by the partial width of the
Higgs boson into the entrance channel and its total width. The partial
widths are given by the relations

_ Grm2mpgNe
f 2, 2\3/2

INH—= ffl=—21 " (1—4m2/m , 51.30

(H = fF) py ( /my) (51.30)
Grm3 Bw

DH—WtW™)= —H"2 (4 day + 3d? 51.31

( )= T (4~ daw + 30%) (51.31)
Grm%, Bz

I(H—272)= —H"2 (4 —4ay +3a2). 51.32

( )= i3 ( 7+ 8a3) (51.32)

where N, is 3 for quarks and 1 for leptons and where ay = 1 — 6‘2,‘, =

2 =

4mZ,/m?% and az = 1 — 4m?2 /m?%,. The decay to two gluons
proceeds through quark loops, with the ¢ quark dominating. Explicitly,

2

Zl(mg/mfg) , (51.33)
q

2 3
a;Grpmy;

I'(H — = —
( 99) 36m3v/2
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where I(z) is complex for z < 1/4. For z < 2 x 1073, |I(z)] is small so
the light quarks contribute negligibly. For mg < 2my, z > 1/4 and

1 \2
2z 4+ 22(1 — 4 in~! —) , 51.34
z + 2z( z) (sm NG :| ( )
which has the limit I(z) — 1 as z — oco.

51.5.2 Higgs Boson Production in W* and Z* decay

I(z) =3

The Standard Model Higgs boson can be produced in the decay of a
virtual W or Z (“Higgstrahlung”): In particular, if k is the c.m. momen-
tum of the Higgs boson,

7|V |2 2k k2 +3m€V
36sint Oy /5 (s —m3,)?

2ma®(6G +713) 2k k® +3m
48N, sint Oy cost Oy /s (s —m%)2’
where ¢ and r are defined as above.

51.5.3 W and Z Fusion

Just as high-energy electrons can be regarded as sources of virtual photon
beams, at very high energies they are sources of virtual W and Z beams.
For Higgs boson production, it is the longitudinal components of the W's
and Zs that are important. The distribution of longitudinal W's carrying
a fraction y of the electron’s energy is

2
g- 1-y
- b 51.37
f0) = o5 (51.87)
where g = e/sinfy,. In the limit s > mpy > my, the rate I'(H —
WLWL) = (92/64m)(m?; /m%,) and in the equivalent W approximation

o(qig; — WH) = (51.35)

o(ff — ZH) = (51.36)

- = 1 a 3
o(eTe” = VeveH) = Tomz \smzos
m3, \sin? Oy
2 2
m m
X <1+H log —— — 2+ 2 | (51.38)
s mi s

There are significant corrections to this relation when my is not large
compared to myy. For my = 150 GeV, the estimate is too high by 51%
for v/s = 1000 GeV, 32% too high at /s = 2000 GeV, and 22% too high
at v/s = 4000 GeV. Fusion of ZZ to make a Higgs boson can be treated
similarly. Identical formulae apply for Higgs production in the collisions
of quarks whose charges permit the emission of a W1 and a W, except
that QCD corrections and CKM matrix elements are required. Even in
the absence of QCD corrections, the fine-structure constant ought to be
evaluated at the scale of the collision, say my. All quarks contribute to
the ZZ fusion process. !

I Further discussion and all references may be found in the full Review; the equa-
tion and reference numbering corresponds to that version.
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52. Neutrino Cross Section Measurements

Revised August 2023 by G.P. Zeller (FNAL).

Highlights from full review.

Neutrino cross sections are an essential ingredient in all neutrino ex-
periments. The table and plot below summarize accelerator-based neu-
trino cross section measurements performed in the ~ 0.1 —300 GeV range
that are of particular interest to short and long distance neutrino oscil-
lation physics.

Table 52.1: List of experiment names, beam
properties, nuclear targets, and durations for mod-
ern accelerator-based neutrino experiments studying
neutrino-nucleus scattering.

(Ev), (Ev) neutrino run
Experiment beam (GeV) target(s) period
ArgoNeuT v, U 4.3, 3.6 Ar 2009 — 2010
FASERv v,V > 200 W, emulsion 2021 —
ICARUS (CNGS) v 20 Ar 2010 — 2012
ICARUS (FNAL) v 0.8 Ar 2021 —
K2K v 1.3 CH, H,0 2003 — 2004
MicroBooNE v 0.8 Ar 2015 — 2020
MINERvA v, U 3.5 (LE), He, C, CH, 2009 — 2019
5.5 (ME) H-O, Fe, Pb

MiniBooNE v, U 0.8, 0.7 CH» 2002 - 2019
MINOS v, U 3.5, 6.1 Fe 2004 — 2016
NINJA v, U 0.6, 0.6 Fe, emulsion 2015 —
NOMAD v, U 23.4,19.7 C 1995 — 1998
NOvA v, T 2.0, 2.0 CH, 2010 —
SBND v 0.8 Ar 2024 —
SciBooNE v, U 0.8, 0.7 CH 2007 — 2008
T2K v, T 0.6,0.6  CH, HyO, Fe 2010 —

4 MicroBooNE, PRL 128, 151801 (2022) , NOMAD, PLB 660, 19 (2008)

b EERE TR S R,

g
()]
1

T2K, PRD 98, 012004 (2018)
T2K, PRD 96, 052001 (2017)
MINERVA, PRD 95, 072009 (2017)
T2K, PRD 93, 072002 (2016)

o

v IHEP-JINR, ZP C70, 39 (1996)

o

A

u
T2K (CH), PRD 90, 052010 (2014) ¢

[¢]

]

v

*

CDHS, ZP C35, 443 (1987)

BNL, PRD 25, 617 (1982)
GGM-SPS, PL 104B, 235 (1981)
ANL, PRD 19, 2521 (1979)
BEBC, ZP C2, 187 (1979)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SINP 30, 527 (1979)
SKAT, PL 81B, 255 (1979)

=
>
T

ArgoNeuT, PRD 89, 112003 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
SciBooNE, PRD 83, 012005 (2011)
MINOS, PRD 81, 072002 (2010)
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Figure 52.1: Measurements of per nucleon v, and v, CC inclusive
scattering cross sections divided by neutrino energy as a function of neu-
trino energy. Note the transition between logarithmic and linear scales
occurring at 100 GeV.
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