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10 Summary Tables of Particle Properties

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Rewview of Particle Physics
R.L. Workman et al. (Particle Data Group),
Prog.Theor.Exp.Phys. 2022, 083C01 (2022)
Available at https://pdg.1bl.gov

©2022 (CC BY-NC 4.0)
(Approximate closing date for data: January 15, 2022)

GAUGE AND HIGGS BOSONS

7 (photon) 10PCy =011~ )

Mass m < 1x 10718 ev

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

g Py g
or gluon I(J7) =007)
Mass m = 0 [2]
SU(3) color octet
graviton J=2

m J=1

Charge = £1e

Mass m = 80.377 + 0.012 GeV

W /Z mass ratio = 0.88145 + 0.00013
mz — my = 10.811 £ 0.012 GeV
My — My, = —0.029 £ 0.028 GeV
Full width ' = 2.085 + 0.042 GeV
(N_+)=1570 £ 0.35

(Nys) =220+ 0.19

(Np) =0.92 4+ 0.14

(Neharged) = 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 [b] (10.864 0.09) % -
etv (10.71+ 0.16) % 40189
uwtv (10.63+ 0.15) % 40189
Tty (11.38+ 0.21) % 40170
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hadrons (67.41+ 0.27) % -
7ty <7 x 1076 95% 40189
Dy < 13 x 1073 95% 40165
cX (333 £ 26 )% -

c3 e B oy -
invisible [c] (14 £29)% -
atata— < 1.01 x 106 95% 40189

Charge =0

Mass m = 91.1876 + 0.0021 GeV [

Full width I = 2.4952 £ 0.0023 GeV

(¢t e7) = 83.984 + 0.086 MeV [P

I (invisible) = 499.0 + 1.5 MeV [€]

I (hadrons) = 1744.4 + 2.0 MeV

M(utp™)/T(ete) = 1.0001 + 0.0024

F(rt77)/T(ete”) = 1.0020 + 0.0032 []
Average charged multiplicity

(Nechargea) = 20.76 + 0.16 (S = 2.1)

Couplings to quarks and leptons

g}, = —0.03783 £ 0.00041

gy = 0.266 = 0.034

d _ +0.04
= —0.38"00s

g% = —0.50123 £ 0.00026
g4 = 05197053

d_ 10.040
&a = —0.527 T g8
g7 = 0.5008 + 0.0008
g¥e = 0.53 £+ 0.09

g"r = 0.502 4+ 0.017

Asymmetry parameters (€]
Ae = 0.1515 + 0.0019
AM = 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+ 010
ALY — 417
A% — 98411
B =9 :
Al — 7074035
AL — 9.92 + 0.16

Scale factor/ p
Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete~ [h]  ( 3.3632:£0.0042) % 45594

wtp™ [ ( 3.3662+0.0066) % 45594
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Tt

i

et e

invisible

hadrons
(vu+cc)/2
(dd+ss+bb)/3

7'(958)y

]

el

7T07T0

Y

Tt WF

pEWF

J/(18)X

J/(18)y

$(25)X
Y(25)y

J/p(18) J/4(1S)

Xc1(1P)X

XCZ(]'P)X

T(1S) X +7(25) X
+7(35) X
T(1$)X
T1S)y
T(25)X
T(2S)y
T(35)X
T(3S)v

7(1,2,35) 7(1,2,35)

(D°/D% X

D*X

D*(2010)* X

Ds1(2536)* X

D, ;(2573)* X

B+X

BOX

AEX

b-baryon X

anomalous y+ hadrons

ete

phpy

T+T7’7

ey

aqyy

vvyy

(n
[b.h]
[l
[
(n

ANNNANNANNNANNANNNANA

==
AN A

<

<
<

<

ANANANNNNANNA

il

(K]
(K]

(k]

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

( 3.369610.0083) %
( 3.365840.0023) %

( 455
(20.000
(69.911
(11.6
(156
(12.03
(15.12
(36
11
2.01
5.1
25
6.5
42
9
1.46
1.52
2.2
7
8.3

( 351

1.4
( 1.60
45
2.2
(29
3.2
(10

4.4
2.8
1.39
17
9.4
4.8
15

(207

(122

(11.4

(36

(58

(6.08

(159

( 1.54

(138
3.2
5.2
5.6
7.3
6.8
5.5
3.1

+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 1075
x 1075
x 104
x 1075
x 107
x 1075
x 1075
x 106
x 1075
x 1075

) x 1073

x 1076
) x 10-3
x 1076
x 1076
) x 1073
x 1073
) x 10~4

x 1075
x 1076
x10~4
x10~6
x 1075
x 100
x 1076

) %

) %

)%

) x 10-3

) x 103

) %

) %

) %

) %
x 1073
x 10—4
x 10~4
x 104
X 1076
x 1076
x 1076

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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et uF LF Ul < 75 x10~7  CL=95% 45594
et rF LF ] < 5.0 x1076  CL=95% 45576
pETT LF []< 65 x1076  CL=95% 45576
pe LB < 18 x1076  CL=95% 45589
pu LB < 18 x1076  CL=95% 45589
See Particle Listings for 4 decay modes that have been seen / not seen.
HO J=0
Mass m = 125.25 + 0.17 GeV (S = 1.5)
Full width ' = 3.21’3:2 MeV  (assumes equal
on-shell and off-shell effective couplings)
HO Signal Strengths in Different Channels

Combined Final States = 1.13 £ 0.06

WWw* =1.19 + 0.12

ZZ* =1.01 +£0.07

vy = 1.10 + 0.07

c¢ Final State = 37 £ 20

bb = 0.98 + 0.12

php= =1.19+0.34

= =1.15+7018

Zv < 36, CL=95%

~*~ Final State = 1.5 + 0.5

ttHO Production = 1.10 + 0.18

t HO production = 6 + 4

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

56 + 4 pb
P

HO DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete~ <36 x1074 95% 62625
Z p(770) <1.21% 95% 29423
Z $(1020) <36 x1073 95% 29417
I/ <35 x1074 95% 62587
J/d /b <18 x1073 95% 62548
»(2S)y <20 x1073 95% 62571
T(1S)y < 49 x1074 95% 62268
T(2S)y <59 x1074 95% 62224
T(3S)y <57 x107% 95% 62197
T(nS) T(mS) <14 x1073 95% -
p(770)~ < 88 x1074 95% 62623
#(1020)~y < 48 x1074 95% 62621
en LF <61 x107° 95% 62625
er LF <22 x1073 95% 62612
uT LF <15 x1073 95% 62612
invisible <19 % 95% -

Neutral Higgs Bosons, Searches for

Mass limits for heavy neutral Higgs bosons (H9, A?) in the MSSM

m > 389 GeV, CL = 95%
m > 863 GeV, CL = 95%

(tang = 10)
(tang = 20)
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m > 1157 GeV, CL = 95% (tanS = 30)
m > 1341 GeV, CL = 95% (tan$ = 40)
m > 1496 GeV, CL = 95% (tan$ = 50)
m > 1613 GeV, CL = 95% (tan3 = 60)

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

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

Mass limits for m,,,. > m(top)
m > 181 GeV, CL = 95% (tan8 = 10)
m > 249 GeV, CL = 95% (tan8 = 20)
m > 390 GeV, CL = 95% (tans = 30)
m > 894 GeV, CL =95% (tanf = 40)
m > 1017 GeV, CL = 95% (tanf3 = 50)
m > 1103 GeV, CL = 95% (tanj = 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)

Additional Z Bosons
Z’S,\,I with standard couplings
Mass m > 5150 GeV, CL = 95% (pp direct search)
ZLR of SU(Q)LXSU(Q)RXU(I) (With 8 = 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/costyy)
Mass m > 4800 GeV, CL = 95%  (pp direct search)
Zy, of Eg — SO(10)xU(1),, (with gy=e/cosfyy)
Mass m > 4560 GeV, CL = 95% (pp direct search)
Zy of Eg — SU(3)xSU(2)xU(1)xU(1), (with g,=e/cosOy)
Mass m > 3.900 x 103 GeV, CL = 95% (pp direct search)
Scalar Leptoquarks
m > 1800 GeV, CL = 95% (1st gen., pair prod., B(eq)=1)
m > 1755 GeV, CL = 95% (1st gen., single prod., B(eq)=1)
m > 1700 GeV, CL = 95% (2nd gen., pair prod., B(rq)=1)
m > 660 GeV, CL =95% (2nd gen., single prod., B(nq)=1)
m > 1430 GeV, CL = 95% (3rd gen., pair prod., B(7t)=1)
m > 740 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.)
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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 10%* years (CL = 90%).

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 = /x?/(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] ¢ indicates each type of lepton (e, p, and 7), not sum over them.

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

[d] 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.

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

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

[g] Here A = 2gyga/(83+83)-

[h] This parameter is not directly used in the overall fit but is derived using
the fit results; see the note “The Z boson” and ref. LEP-SLC 06 (Physics
Reports (Physics Letters C) 427 257 (2006)).

[i] Here ¢ indicates e or p.

[/] 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).

[/] 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 10~° u
Mass m = 0.51099895000 + 0.00000000015 MeV
[mee — mg_|/m< 8x1079 CL =90%
|ge+ + qo-|/e < 4x1078
Magnetic moment anomaly

(g—2)/2 = (1159.65218076 + 0.00000028) x 10~°
(8e+ — 8e-) | Baverage = (—0.5 £ 2.1) x 10712
Electric dipole moment d < 0.11 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 10~ s
7'H+/T,r = 1.00002 + 0.00008
cr = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659206 + 4) x 1010
(glﬁ - gﬂ—) / 8average = (—0.11 & 0.12) x 10°8
Electric dipole moment |[d| < 1.8 x 1071% ecm, CL = 95%

Decay parameters (]
p = 0.74979 + 0.00026
n = 0.057 + 0.034
§ = 0.75047 + 0.00034
€P,, = 1.0009% 55607 [
€P,8/p = 10018155075 [€]
& =1.00 4 0.04
¢ = 0.98 + 0.04
a/A=(0+4)x1073
/A = (10 + 20) x 1073
B/A = (4+6)x1073
B/A=(2+7)x1073
7= 0.02 + 0.08

wT modes are charge conjugates of the modes below.

P
p~ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
e Tevy, ~ 100% 53

e Tevyy [d] (6.0+£05) x10~8 53

e Ve et e le] (3.4+0.4) x 1075 53
Lepton Family number (LF) violating modes

e Vel LF  [f] <12 % 90% 53

ey LF <42 x 10713 90% 53

e ete” LF <10 x 10712 90% 53

e~ 2y LF <72 x 10711 90% 53
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Mass m = 1776.86 £+ 0.12 MeV
(M_+ — m__)/Maverage < 2.8 x 1074, CL = 90%
Mean life 7 = (290.3 + 0.5) x 107> s
cr = 87.03 um
Magnetic moment anomaly > —0.052 and < 0.013, CL = 95%
Re(d,) = —0.220 to 0.45 x 10716 ecm, CL = 95%
Im(d,) = —0.250 to 0.0080 x 1016 ecm, CL = 95%

Weak dipole moment

Re(d™) < 0.50 x 10717 ecm, CL = 95%
Im(d") < 1.1x 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% K%v, (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 T-decay parameters.

p(e or p) = 0.745 + 0.008

ple) = 0.747 £ 0.010

p(p) = 0.763 =+ 0.020

&(e or ) = 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

(0¢)(e) = 0.734 £ 0.028

(06)(p) = 0.778 £ 0.037

&(m) = 0.993 + 0.022

£(p) = 0.994 + 0.008

£(a) = 1.001 & 0.027

&(all hadronic modes) = 0.995 + 0.007

() =—-13+£17

(¢x)(e or 1) PARAMETER = 0.5 + 0.4

(&r)(e) = —04+ 1.2

(€k)(pn) = 0.8 £0.6

71 modes are charge conjugates of the modes below. “hE" stands for =& or
K%, “p stands for e or 1. “Neutrals” stands for 4’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 > 0K%v, (85.24 + 0.06 )% -
(“1-prong”)
particle™ > 0 neutrals > 0K%v, (84.58 + 0.06 ) % -
T2 [g] (17.39 + 0.04 )% 885

BV le] (3.67 + 0.08 )x10~3 885
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€ Vels
€ Velr?y
h= >0KY v,
h= v,
T Vs
K v,
h™ > 1 neutralsv,
h= > 1700, (ex.K?)
h=a%u,
w0 vV
7~ 7% non-p(770) v,
K=n0u,
h= > 27%,
h= 20,
h= 2790, (ex.KO)
7270, (ex.KO)
7210, (ex.KO),

scalar
7210, (ex.KO),
vector
K= 20, (ex.K©)
h= > 37%,
h= > 37%, (ex. KO)
h= 370,

7 3100, (ex.K?)
K= 370, (ex.KO, 1)
h~4n%v, (ex.KO)
h~ 4%, (ex.KOn)
a1(1260) v, — 7 v,
K~ > 0x0 >0K° >0y v,
K= >1(x%or KO or v) v,

Modes with K's

K% (particles)™ v,
h~KOu,
7 K? Vr
7~ KO (non-K*(892) ") v,
K= KO,
K=K? > 070,
h~KOx0u_
7~ K070 vy
K P vr
K= K70,
7~ KO > 170w,
7~ KOr070 1 (ex.K?)
K= KO7070,,
7" KOKOu,
™~ KAKw,
™ KYK] v,
T KE K(Z v,
7 KOKO70u,
" KOS K% v,
K*=KOx0y_ —
T KOS K% v,

le]
le]

]
l]

]

[&]

[&]

lg]

[e]

[g]

l]

]

]
]

]

l]
[e]

le]

(17.82
(1.83
(12.03
(11.51
(10.82
(6.96
(37.01
(36.51
(25.93
(25.49
(30

(433
(10.81
(9.48
(9.32
(9.26

<9

< 7

(65
(1.34
(125
(118
( 1.04
(48
(16
(11
(38

HoH oW W H R R B R R H H

+
+
+
+
+
+
+
+

+

(1.552+

(859

(9.43
(9.87
(838
(5.4

+

+
+
+
+

( 1.486+

(299
(532
(382
(22
(150
( 4.08
(26
< 16
(155
(235
(1.08
(235
(36
(1.82
(1.08

+

+
+
+
+
+
+

+
+
+
+
+
+
+

0.04 )%
0.05 ) %
0.05 )%
0.05 ) %
0.05 ) %
0.10 ) x 1073
0.09 ) %
0.09 ) %
0.09 ) %
0.09 ) %
32 )x1073
0.15 ) x 1073
0.09 ) %
0.10 ) %
0.10 ) %
0.10 ) %
x 1073 CL=95%

x10~3 CL=95%

22 )x1074
0.07 )%
0.07 )%
0.07 )%
0.07 )%
21 )x1074
0.4 )x1073
04 )x1073
15 )x10~4
0.029) %
0.28 ) x 1073

0.28 ) x 1073
0.14 ) x 1073
0.14 ) x 1073
21 )x1074
0.034) x 10~3
0.07 ) x10~3
0.13 ) x 1073
0.13 ) x 1073
05 )x1073
0.07 ) x 1073
0.25 ) x 1073
23 )x1074
x 1074 CL=95%
0.24 ) x10~3
0.06 ) x 1074
0.24 ) x 1073
0.06 ) x 1074
1.2 )x10~4
0.21 ) x 1073
0.21 ) x 1075

888
888
883
883
883
820

878
878
878
814

862
862
862
862

862

796

836
836
765
800
800

820

812
812
812
737
737
794
794
612
685

763
619
682
682
682
682
614
614
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f1(1285)7r_ v — (68 + 15 )x107© -
“KYKYn0y,
f1(1420)7r vy — (24 £ 08 )x10© -
7~ K9 K%ﬂ' vy
~KY K°7r v, ] (32 +12 )x1074 614
T K(ZK(L)TI'OI/T (182 + 021 )x10-5 614
K=KYK%v, < 63 x10=7 CL=90% 466
K~ K0 K°57r v, < 40 x10=7 CL=90% 337
KOht h— h > 0 neutrals v, < 17 x 1073 CL=95% 760
KOnth=h= v, lg] (25 +20 )x10~4 760
Modes with three charged particles
h=h™h* >0 neutrals > 0KQ v, (15.20 + 0.06 ) % 861

h~h~ht >0 neutrals v, (1455 + 0.06 ) % 861
(ex. K& — 7ta)

(“3-prong”)

h=h=htu, (9.80 + 0.05 )% 861

h=h= ht v (ex.K?) (9.46 + 0.05)% 861

h=h= ht v (ex.KOw) (1943 + 0.05)% 861

U S G 7 (931 £ 005 )% 861

7t a v (ex.KD) (9.02 + 0.05)% 861

7~ ata v (ex.KD), < 24 % CL=95% 861
non-axial vector

art v (ex. KO w) lg] (899 + 0.05)% 861

h=h=ht > 1 neutrals v, (529 £+ 0.05)% -

h—h=ht >17r vT(ex. K9) (5.09 £ 0.05)% -
h=h=h* (476 £+ 0.05 )% 834
h=h=ht (ex K% (457 + 005 )% 834
h=h=ht 700 (ex. KO, w) (279 + 007 )% 834
- ata~ 7r° (462 + 0.05)% 834
a~xta a0 o (ex K9) (449 £ 0.05)% 834
aatr nl0u, (ex KO,w) [g] (274 + 007 )% 834
h=h=ht > 270 (ex. KO) (517 + 031 ) x 1073 -
h=h=ht2r0u, (5.05 + 031 ) x1073 797
h=h~ ht 270 (ex.K?) (495 + 031 )x1073 797
h=h=ht270u_(ex. KOw,;m) [g] (10 4 )x10~4 797
h=h= ht3a0u, (213 + 030 ) x 10~4 749
2~ 7t 3700, (ex.KO) (195 + 030 ) x 104 749
2~ 7t 370, (ex.KO, 1, (1.7 +04 )x104 -
£,(1285))
21~ 7t 3700, (ex.K%, n, [g] (14 + 27 )x1075 -
w, £,(1285))

K= h*h= >0 neutrals v, (629 + 0.14 ) x 1073 794
K= ht 1~ v, (ex.KO) (437 + 007 )x1073 794
K= hta= a0, (ex.K9) (86 + 12 )x10~4 763
K=ata~ >0 neutrals v, (477 + 0.14 )x 103 794
K=t 7r* > 0n0u, (ex.KO) (373 + 013 ) x 1073 794

K nta~ v, (345 £ 0.07 ) x1073 794
K~ nt 7~ v, (ex.K9) (293 + 0.07 ) x 1073 794
K= nt 7 v, (ex. KOw) lg] (293 + 0.07 )x 1073 794
K= pPv, = K otz u, (14 + 05 )x1073 -
K=rtn n0u, (131 + 0.12 ) x 1073 763
K= ata=n0u, (ex. K°) (79 +12 )x1074 763
K= ata=a0u, (ex.K%n) (76 +12 )x10~4 763
K= ata~ n0u, (ex.K%w) (37 +09 )x1074 763
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K-ntr mOu (ex. KOw,n) [g] (3.9

K= 7T K~ >0 neut. v,
K~ K*T7~ >0 neut. v,
K- Ktn~ v,
K-Kta=nl0u,
K-KTK~ v,
K=Kt K~ v, (ex. ¢)
K-KtK= 700,
7~ Kt7~ >0 neut. vy
e e et Ter,
poe ety v,
Tty

< 9

+

(1.49+
lg] ( 1.435+

le]l (61
(22

< 25
< 48
< 25
(28
< 3.2
< 1.14

+
+

+

1.4

) x 10—4
x10~4 CL=95%

0.033) x 10~3
0.027) x 10~3

1.8
0.8

1.5

) x 10—5

)yx107%  5=54
x 1076 CL=90%
x 1070 CL=90%
x 1073 CL=95%

) x 10—5
x 1075 CL=90%
x 1075 CL=90%

Modes with five charged particles
(9.9 + 04 )x1074

3h~2ht >0 neutrals v,
(ex. K% — a—at)
(“5-prong”)

3h~2ht v, (ex.KO)
3 2rt v, (ex.KO, w)
3r~2nt v, (ex. K9, w,
f,(1285))
K=2n 27T v (ex.KO)
Kt3n—ntu,
KtK=2r~ntu,
3h~2ht 70u, (ex.KO)
3~ 2nt 70u, (ex.KO)
3~ 27t 70 v, (ex.KO, n,
f,(1285))

3r2nt 70, (ex. KO, 1, w,

f1(1285))
K= 21~ 27T 70, (ex.KO)
Kt3n~at a0y,
3h=2ht 270,

(829 + 031 )x1074
(827 + 031 )x1074
[g] (7.75 + 030 )x 104

le] (6
< 5.0
< 45

+12

yx 107
x 1076 CL=90%
x10~7 CL=90%

(1.65 + 011 )x 1074
(1.63 + 011 )x10~4
+ 0.10 ) x 1074

(111

[g] (38 +09 )x107°

el (11
< 8
< 3.4

+ 06 )x10~©

x10~7 CL=90%
x 1076 CL=90%

Miscellaneous other allowed modes
(78 + 05 )x1073

(57) vy
4h=3ht > 0 neutrals v,
(“7-prong”)
4h=3hT v,
4h=3htx0u,
X~ (5=-1)v,
K*(892)~ > 0 neutrals >
OK(Z 7
K*(892) v,
K*(892)" v, — 7~ KOu,
K*(892)° K~ > 0 neutrals v,
K*(892)0 K~ v,
K*(892)97~ > 0 neutrals v,
K*(892)0 1 v,

(K*(892)7) vy — 7 K%x0u,

K1(1270) " v,
K1(1400)~ v,

K*(1410)~ v,
K(1430)" v,
K%(1430)" v,

< 3.0

< 43
< 25
(292
(1.42

(1.20
(782
(32
(21
(38
(22
(1.0
(a7
(17

(15

< 5
< 3

R o e (O A S

x10~7 CL=90%

x10~7 CL=90%
x10~7 CL=90%

0.04 ) %
0.18 ) % S=1.4

0.07 )% 5=1.8
0.26 ) x 1073

1.4
0.4
1.7
0.5
0.4
11
2.6

1.4
1.0

) x 1073

) x 1073

) x 10-3

) x 10—3

) x 1073

) x 1073

yx1073  s=17

) x 10—3
x10~4 CL=95%
x 1073 CL=95%

763
685
685
685
618
472

345
794
888
885
870

794

794
794

716
716
528
746
746

657
657
687

800
682

665

542
542
655
655

447
335

326

317
315
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nmwo vz

nmw- 70 Vr
nmw 7070 2
nK v,
nK*(892)" v,

nK= 7m0,

nK— a0 (non-K*(892)) v,

775077_”7
nKo7n— 70w,
nK= K%,

7]7r+ 7~ 7~ >0 neutrals v,
nr~ 1t v, (ex.KO)
nr~nt v, (ex. KO, (1285))

na1(1260)" v, — v,

T vy

nnmw- w0 7

K~ v,

7' (958) 7 v,

7'(958) 7~ 70 v,

7'(958) K~ v,

o vy

6K~ v,

£(1285) 7 v,
f1(1285)m " v, —

nmwo Tt~ Vr

f(1285) 7" v, — 3r 21t v,
©(1300)" vy — (pm)" vy —

(Bm) v,
m(1300) " v, —

((77) s —wave ™)~ vr —

(3m)" vy
h™w > 0 neutrals v,
h~wv,
T WUy
K~ wr,
h~wnlu,
h~w2r0 v,
7= w2,
h™2wv,
2h~ htwu,

2~ nt wry (ex.KO)

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

lg]
8]
8]
lg]

8]

8]

8]

8]

8]
8]
8]

8]

lg]

<

<

<
<
<

ANNANNANNANNANN

<

<

<

9.9
(1.39
(20
(155
(138
(48
35
(9.4
5.0
9.0
3
(220
(9.9
3.9
7.4
2.0
3.0
4.0
1.2
2.4
(34
(44
(39
(118

(52
1.0

1.9

( 240
(199
(195
(41
(41
(14
(72

5.4
(120
(84

+

H oW H R H R

+
+

or Baryon number (B) violating modes

L means lepton number violation (e.g. 7— — etz n).

x107% CL=95%
0.07 ) x 1073
04 )x1074
0.08 ) x 104
0.15 ) x 104
12 )x107°
x 1073 CL=90%
15 )x107°
x107° CL=90%
x 1076 CL=90%
x 1073 CL=90%
0.13 ) x 1074
1.6 )x107°
x10~4 CL=90%
x 1076 CL=90%
x10™4 CL=95%
x 1076 CL=90%
x 1076 CL=90%
x107% CL=90%
x1076  CL=90%
06 )x1075
1.6 )x 1075
05 )x1074  s=1.9
0.07 )x1074  s=1.3
04 )x1073
x10™4 CL=90%
x10~4 CL=90%
0.08 ) %
0.06 ) %
0.06 ) %
09 )x104
04 )x1073
05 )x1074
1.6 )x107°
x 1077 CL=90%
0.22 ) x 1074
0.6 )x1073
Following

common usage, LF means lepton family violation and not lepton number
violation (e.g. 7~ — e~ m T x—). B means baryon number violation.

ey
ey
By
By
e
uo T
e K¢
woKS

LF

LF

LF
LF
LF
LF

AN ANANNANNNNANNA

33
2.5
4.2
5.8
8.0
1.1
2.6
2.3

x 108
x 10—4
X 1078
x 104
x 108
x 107
x 108
x 108

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

797
778
746
719
511
665

661
590

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
won LF < 65 x 1078 CL=90% 800
e p° LF < 18 x 108 CL=90% 719
w=p0 LF < 12 x 108 CL=90% 715
e w LF < 48 x 1078 CL=90% 716

Tw LF < 47 x 1078 CL=90% 711
e~ K*(892)° LF < 32 x 1078  CL=90% 665
n~ K*(892)° LF < 59 x 1078  CL=90% 659
e~ K*(892)° LF < 34 x 1078  CL=90% 665
= K*(892)° LF < 170 x 1078 CL=90% 659
e 1/(958) LF < 16 x 1077 CL=90% 630
won'(958) LF < 13 x 107 CL=90% 625
e f(980) —» e~ atw™  LF < 32 x 1078 CL=90% -
u(980) — pmatwT  LF < 34 x 1078 CL=90% -
e ¢ LF < 31 x 1078 CL=90% 596
u-é LF < 84 x 1078 CL=90% 590
e"ete” LF < 27 x 1078 CL=90% 888
e utu~ LF < 27 x 1078  CL=90% 882
etpu—pu~ LF < 17 x 1078 CL=90% 882
u—ete” LF < 18 x 1078 CL=90% 885
ute e LF < 15 x 1078 CL=90% 885
wpt s LF < 21 x 1078 CL=90% 873
e ata~ LF < 23 x 1078 CL=90% 877
etn=n~ L < 20 x 1078 CL=90% 877
pwoatr LF < 21 x 1078 CL=90% 866
utn—a~ L < 39 x10~8 CL=90% 866
et K™ LF < 37 x 1078 CL=90% 813
e n Kt LF < 31 x 1078 CL=90% 813
etr K~ L < 32 x 1078  CL=90% 813
e” K2KY LF < 71 x 1078 CL=90% 736
e"KTK™ LF < 3.4 x 1078 CL=90% 738
et K=K~ L < 33 x 1078 CL=90% 738
pat K= LF < 86 x 1078 CL=90% 800
pmr K LF < 45 x 1078 CL=90% 800
pta= K~ L < 48 x 1078 CL=90% 800
pn KS kS LF < 80 x 1078 CL=90% 696
" KtK= LF < 44 x 1078 CL=90% 699
ut K= K= L < 47 x 1078  CL=90% 699
e~ m070 LF < 65 x 1076 CL=90% 878
pu= 070 LF < 14 x 1075 CL=90% 867
e~ nn LF < 35 x 1075 CL=90% 699
uonn LF < 6.0 x 1075 CL=90% 653
e~ nln LF < 24 x 1075  CL=90% 798
w0y LF < 22 x 1075 CL=90% 784
pe~ e~ LB < 30 x 1078 CL=90% 641
pete™ LB < 30 x 1078 CL=90% 641
petpu~ LB < 20 x 1078 CL=90% 635
pe put LB < 18 x 1078 CL=90% 635
puT LB < 40 x 1078 CL=90% 618
putp~ LB < 18 x 1078 CL=90% 618
Py LB < 35 x107% CL=90% 641
prl LB < 15 x 1075 CL=90% 632
p2r0 LB < 33 x 1075 CL=90% 604
pn LB < 89 x 1076 CL=90% 475
prln L,B < 27 x 1075 CL=90% 360
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Ar~ LB < 72 x 1078 CL=90%
An~ LB < 14 x 1077 CL=90%
e~ light boson LF < 27 x1073 CL=95%
w™ light boson LF <5 x 1073 CL=95%

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

525
525

Heavy Charged Lepton Searches

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

L* - 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 < 1.1eV, 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 1 < 0.28 x 10710 45, 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(f12) = 0.307 + 0.013
Am3; = (7.53 £ 0.18) x 107> eV?2
sin?(fp3) = 0.539 + 0.022 (S =1.1) (Inverted order)
sin?(6p3) = 0.546 + 0.021  (Normal order)
Am2, = (—2.536 + 0.034) x 1073 eV2  (Inverted order)
Am3, = (2.453 4+ 0.033) x 1073 eV2  (Normal order)
sin2(f13) = (2.20 & 0.07) x 102
J, CP violating phase = 1‘36f8€2 m rad
(Am3, — Am3)) < 1.1x107%eV?, CL = 99.7%
(Am3, — AT3,) = (—0.12 £ 0.25) x 1073 V2
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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+. The best limit for Nuclear
de-excitation experiments is 6.4 x 1024 yr.

[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, = 1and p = ¢ = 3/4.

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

7 > 40 MeV. Since the e~ Te v, and e~ Te 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 1 =
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”).

10P) =331

my, = 2.16*_'8:‘2‘2 MeV Charge=2¢ I, =+3
mafmg = 07431

10P) = 13

mg = 4.671018 Mev Charge= —%e I, =-3
mg/mg = 17-22
= (my+mg)/2 = 3457532 Mev

1UPy = 0(3h)

ms = 93.4f§:2 MeV  Charge = —21; e Strangeness = —1

ms | ((my + mg)/2) = 27.33+ 357

1UP)y =0(3%)

me = 1.27 £ 0.02 GeV Charge = § e Charm = +1
me/ms = 11.76 5%

mp/me = 4.58 £ 0.01

mp—m¢ = 3.45 £ 0.05 GeV

[V ]

1JPy = 0(3h)

mp= 4187003 Gev  Charge = —1 e Bottom = -1

10P) =03 1)

Charge = 32; e Top = +1

Mass (direct measurements) m = 172.69+0.30 GeV [#0] (S = 1.3)

Mass (from cross-section measurements) m = 162.5*_'%'% GeV 4]

Mass (Pole from cross-section measurements) m = 172.5 & 0.7 GeV

my — mg = —0.15+0.20 GeV (S = 1.1)
Full width I = 1.427012 Gev (S =1.4)
T(Wb)/T(Wq(q=b,s, d)) =0957 +£0.034 (S=15)
t-quark EW Couplings

Fop = 0.693 £ 0.013
F_ =0.315+£0.010
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F, = —0.005 + 0.007
FV+A < 0.29, CL = 95%

t DECAY MODES

Fraction (T;

Confidence level

/1)

Waq(qg =b,s,d)

Wb _
eveb (11.1040.30) % -
pvy b (11.4040.20) % -
TV, b (10.7 £05 )% -
qqb (66.5 +1.4 )% -

vq(q=u,c) [d< 18 x 104 95% -
AT = 1 weak neutral current (71) modes

Zq(q=u.c) T [d < 5 x 104 95% -

Hu TI < 12 x 1073 95% -

Hc TI < 11 x 1073 95% -

(t99' (g=d,s,b; ¢=u,c) TI1 < 16 x 1073 95% -

b’ (4" 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(t/ - Hb) = 1)

(et e, all decays)

t' (4t Generation) Quark, Searches for

m(t'(2/3)) > 1280 GeV, CL = 95%
m(t'(2/3)) > 1295 GeV, CL = 95%
m(t'(2/3)) > 1310 GeV, CL = 95%
m(t'(2/3)) > 1350 GeV, CL = 95%

(t'.0))

(B(t' - Zt)=1)

(B(t' — Wb)=1)
(singlet t')

(¢ in a weak isospin doublet

m(t'(5/3)) > 1.350 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-1l and LHC at /s = 7 TeV. |
published results from Tevatron Run-II, the

ncluding the most recent un-
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 F(t — ~q)/T(t — Wb).
[d] This limit is for I'(t — Zq)/T(t - Wb)
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LIGHT UNFLAVORED MESONS
(S=C=B=0)

For I =1(m b, p, a): ud, (uT—dd)/V2, dT;
for =0, ', h W, w, & f, ) c (vt + dd) + ¢(s3)

r* 16(Py=17(07)

Mass m = 139.57039 + 0.00018 MeV (S = 1.8)
Mean life 7 = (2.6033 £ 0.0005) x 1078 s (S =1.2)
cr =7.8045 m
7t o *v form factors (4]
Fy = 0.0254 £ 0.0017
Fa =0.0119 £ 0.0001
Fy, slope parameter a = 0.10 £ 0.06

— +0.009
R = 0.05973:9%

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)
ntu, [b] (99.9877040.00004) % 30

v,y [c] (200 4025 )x10~% 30
et e [b] (1.230 +0.004 )x10~4 70
et ey [l (739 005 )x10~—7 70
et yend ( 1.036 £0.006 )x 10~8 4
etveete™ (32 +05 )x107? 70
ptv, v <9 x 1076 90% 30
et vevy < 16 x 1077 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
ut e L [d] < 15 x 1073 90% 30
utve LF  [d < 80 x 1073 90% 30
u-etety LF < 16 x 1076 90% 30
0 16(PC) =170~ )
Mass m = 134.9768 + 0.0005 MeV (S = 1.1)
m.. —myg= 4.5936 4+ 0.0005 MeV
Mean life 7 = (8.43 £ 0.13) x 10717 s (S =1.2)
cr =25.3nm
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
n0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
27y (98.823+0.034) % S=15 67
ete ( 1.17440.035) % S=15 67

~ypositronium (1.82 £0.29 ) x 1072 67
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etete e™ (1334 £0.16 ) x 107 67
ete™ (646 +£0.33 ) x 1078 67
4y < 2 x 1078  CL=90% 67
VU le] < 4.4 x1079  CL=90% 67
VeTe < 17 x1076  CL=90% 67
Vuly < 16 x 1076 CL=90% 67
77 < 21 x107®  CL=90% 67
YT < 19 x 107  CL=90% 67
Charge conjugation (C) or Lepton Family number (LF) violating modes
3y c < 31 x1078  CL=90% 67
ute LF < 38 x 10710 cL=90% 26
u-et LF < 32 x 10710 cL=90% 26
pte™ + p=et LF < 36 x 10710 cL=90% 26
/G(JPC):0+(0—+)
Mass m = 547.862 + 0.017 MeV
Full width ' = 1.31 4 0.05 keV
C-nonconserving decay parameters
ata— 71'0 left-right asymmetry = (0.09 7 J17) x 1072
7770 sextant asymmetry = (0.1273: 10) x 1072
rta~ quadrant asymmetry = (—0.09 = 0.09) x 102
ata~y  left-right asymmetry = (0.9 + 0.4) x 1072
e~y B (D-wave) = —0.02 £ 0.07 (S =1.3)
CP-nonconserving decay parameters
mta~ et e decay-plane asymmetry A, = (—0.6 & 3.1) x 1072
Other decay parameters
707070 Dalitz plot « = —0.0288 + 0.0012 (S = 1.1)
Parameter A in n — £+ 0~ ~ decay = 0.716 + 0.011 GeV/c?
Scale factor/ p
n DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Neutral modes
neutral modes (71.9640.30) % S=1.3 -
2y (39.36+0.18) % s=1.1 274
370 (32.57+£0.21) % s=1.2 179
702y (2.55+0.22) x 1074 257
2792y < 12 x1073  CL=90% 238
4y < 28 x10~4 CL=90% 274
invisible < 10 x10~4 CL=90% -
Charged modes
charged modes (28.0440.30) % S=1.3 -
ata n0 (23.02+0.25) % S=1.2 174
atr =y ( 4.28+0.07) % s=1.1 236
ete vy (6.9 +04 )x1073 s=1.2 274
wtp=y (31 £0.4 )x10~4 253
ete~ <7 x10~7 CL=90% 274
wtp~ (58 08 )x10~6 253
2et2e~ ( 2.40+0.22) x 10> 274
rtr=ete () ( 2.6840.11) x 104 235
ete putp~ < 16 x 104 CL=90% 253



Meson Summary Table 29

2utou~ < 36 x 10~4 CL=90% 161

pwhrp=—ntr= < 36 x 1074 CL=90% 113

mte Do+ cc. < 17 x 10~4 CL=90% 256

a2y < 21 x 103 236

atn~ 71'07 < 6 x 1074 CL=90% 174

Outuy < 3 x1076  CL=90% 210

Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or
Lepton Family number (LF) violating modes

70y c < 9 x 1075 CL=90% 257
ata~ P,cP < 44 x 1076 CL=90% 236
270 P,CP < 35 x10=4  CL=90% 238
210y c <5 x1074  CL=90% 238
30y C < 6 x1075  CL=90% 179
3y c < 16 x107° CL=90% 274
479 P,CP < 69 x10=7  CL=90% 40
nlete~ C gl < 8 x1076  CL=90% 257
Ot C gl< 5 x1076  CL=90% 210
pwtem + p-et LF < 6 x 106 CL=90% 264

fo(500) 16PC) =0t + )

also known as o; was f;(600)

See the review on "Scalar Mesons below 1 GeV.”
Mass (T-Matrix Pole v/5) = (400-550)—i(200-350) MeV
Mass (Breit-Wigner) = 400 to 800 MeV
Full width (Breit-Wigner) = 100 to 800 MeV

p(770) 16(UPC) =11 )

See the review on ”Spectroscopy of Light Meson Resonances.”
Mass m = 775.26 + 0.23 MeV
Full width ' = 149.1 + 0.8 MeV

Scale factor/ p
p(770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

T ~ 100 % 363

p(770)% decays

ntny ( 45 £05 ) x 10—4 5=2.2 375
nty < 6 x 103 CL=84% 152
atata— a0 < 20 x 1073 CL=84% 254
p(770)° decays
atn=y (9.9 £1.6 ) x 10—3 362
70y ( 47 +08 ) x 10~4 S=1.7 376
ny ( 3.00+0.21 ) x 1074 194
70n0n ( 45 +08 ) x 10~5 363
wtp™ [ ( 4.55+0.28 ) x 107 373
ete Al ( 4.72+0.05 ) x 105 388
ata= a0 ( 101F538+0.34) x 1074 323
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rta=ata— ( 1.8 +£0.9 ) x 1073 251
ot 7070 ( 1.6 £0.8 )x 1075 257
mlete < 12 x 1075 CL=90% 376
w(782) 16UPCY =01 )
Mass m = 782.66 + 0.13 MeV (S = 2.0)
Full width ' = 8.68 4+ 0.13 MeV
Scale factor/ p
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
at a0 (89.2 £0.7 )% 327
70y (8.35£0.27) % $=22 380
ot (1531319 S=1.2 366
neutrals (excludingz®+) (7 T8 )x1073 s=1.1 -
ny (45 +£0.4 )x10~4 s=1.1 200
nlete~ (7.7 £06 )x 1074 380
Ot p (1.34+0.18) x 10—4 S=15 349
ete™ (7.38+0.22) x 107> S=1.9 391
ata= 7070 < 2 x1074%  CL=90% 262
atrTy < 36 x 1073 CL=95% 366
rtr—ata~ <1 x 1073 CL=90% 256
w070 (67 £1.1)x1075 367
0y < 33 x1075  CL=90% 162
wtp~ (7.4 £1.8 )x107° 377
3y < 19 x10~4 CL=95% 391
Charge conjugation (C) violating modes
nm0 c < 21 x10~4  CL=90% 162
2n0 c < 22 x107%  CL=90% 367
3n0 c < 23 x10~4  CL=90% 330
invisible <7 x 1075 CL=90% -
7(958) 16PC =00~ )
Mass m = 957.78 £ 0.06 MeV
Full width ' = 0.188 £+ 0.006 MeV
P
7/(958) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
tr Ty (425 +05 )% 232
p%~ (including non-resonant (295 +04 )% 165
)

w070y (224 +05 )% 239
wy (252 £0.07 )% 159
wete~ (20 +04 )x10~4 159
Ty ( 2.307+0.033) % 479
30 (250 £0.17 ) x 103 430
whp=y (113 +£0.28 ) x 1074 467
rtrptp” (20 +04 )x1075 401
ot a0 (3.61 +£0.17 ) x 1073 428
(zt 7~ 7% S-wave (38 +05 )x10-3 428
mFp (74 +23 )x1074 106
70 po < 4 % 90% 111
2t (84 +09 )x1075 372
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ata—2q0 (18 +04 )x10~4 376
2(7t77) neutrals <1 % 95% -
2(rt )0 < 18 x 1073 90% 298
2(nt 7w )2m0 <1 % 95% 197
3(rt7r) < 31 x 1073 90% 189
KErF < 4 x 1075 90% 334
ata=ete (242 £0.10 ) x 103 458
nte ve+ cc. < 21 x 1074 90% 469
~yete™ (491 £0.27 ) x 1074 479
70y (320 £0.24 ) x 1073 469
70+ (non resonant) (62 +09 )x10~4 -
nyy < 1.33 x 1074 90% 322
470 < 4.94 x 10~3 90% 380
ete < 56 x 1072 90% 479
invisible < 6 x 1074 90% -
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
ata~ P,cCP < 18 x 1073 90% 458
7070 P,CP < 4 x 1074 90% 459
mlete C gl < 14 x 1073 90% 469
nete~ c gl < 2.4 x 1073 90% 322
3y c < 1.0 x 1074 90% 479
y,+ ,u,_7r0 C [g] < 6.0 x 1075 90% 445
prp=n c gl < 15 x 1073 90% 273
e LF < 47 x 1074 90% 473
f5(980) 16(PC) =0t + )
See the review on "Scalar Mesons below 1 GeV.”
T-matrix pole /5 = (980-1010) — i (20-35) MeV []
Mass m = 990 + 20 MeV []
Full width I = 10 to 100 MeV [
a0(980) 16UPCYy = 1=+ )
See the review on "Scalar Mesons below 1 GeV.”
T-matrix pole /s = (960-1030) — i (20-70) MeV ']
Mass m = 980 + 20 MeV [l
Full width I = 50 to 100 MeV [']
$(1020) 16JPC) =01~ )
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 (I';/T) Confidence level (MeV/c)
KT K= (491 +05 )% 5=13 127
K9 K% (33.9 +04 )% s=1.2 110
pm + ata x0 (15.4 +04 )% S=1.2 -
ny ( 1.30140.025) % S=1.2 363
70~ ( 132 £0.05 ) x 10~3 501
lawe — 510
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ete~ ( 2.97940.033) x 10—4 S=13 510
wtp~ (285 £0.19 ) x 104 499
nete~ (1.08 £0.04 ) x 10~4 363
rtr~ (73 +13 )x1075 490
wn® (47 +05 )x107° 7
wy < 5 % CL=84% 209
Py < 12 x1075  CL=90% 215
ata "y (41 +13 )x1075 490
f5(980)y (322 £0.19 ) x 1074 S=1.1 29
a0n0n (1.12 +0.06 ) x 10~4 492
ata—rta— (39 28 )x10-6 410
atata 70 < 46 x 1076 CL=90% 342
nlete~ (133 +507) 105 501
70ny (7.27 +£0.30 ) x 1073 S=15 346
0(980)~ (76 +£06 )x107° 39
KOKO~ < 19 x 1078 CL=90% 110
7'(958) (6.21 £0.21 )x 107> 60
00y < 2 x 1075 CL=90% 293
whp=y (14 +05 )x1075 499
Py < 12 x1074%  CL=90% 215
nrt o < 18 x107%  CL=90% 288
nut < 9.4 x 1076 CL=90% 321
nU — nete~ <1 x 1076 CL=90% -
invisible < 17 x1074  CL=90% -
Lepton Family number (LF) violating modes
et ¥ LF <2 %1076 CL=90% 504
hy(1170) 1I6(JPC)y =01t )
Mass m = 1166 + 6 MeV
Full width ' = 375 + 35 MeV
by(1235) 16UPCY =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 (MeV/c)
atny (1.6+0.4) x 10-3 607
rt bt 70 <50 % 84% 535
(KK)E 70 < 8 % 90% 248
KKt < 6 % 90% 235
KKt < 2 % 90% 235
o < 15 % 84% 147

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

a,(1260) U1 16UPG =171+ )

Mass m = 1230 + 40 MeV [
Full width I = 250 to 600 MeV [1]
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£(1270)

/G(JPC) — 0+(2++)

Mass m = 1275.5 & 0.8 MeV
Full width I = 186.7732 MeV (S = 1.4)

Scale factor/ p
£(1270) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T (842 23 )% s=1.1 623
atr= 270 (77 3% S=1.2 563
KK (46 T35y % $=2.7 404
ontor— (28 £04)% S=1.2 560
nn (40 £0.8)x103 s=2.1 326
470 (30 £1.0 )x 1073 565
Ty ( 1.4240.24) x 1073 S=1.4 638
nww < 8 x 1073 CL=95% 478
KOK— 7t + c.c. < 34 x1073  CL=95% 293
ete~ < 6 x 10710 cL=90% 638

f1(1285) 16(UPCy = ot + )
Mass m = 1281.9 + 0.5 MeV (S = 1.8)
Full width T = 22.7 + 1.1 MeV (S = 1.5)

Scale factor/ p
f;(1285) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
4n (3274 1.9) % S=1.2 568

w0 nlrt a— (21.8+ 1.3) % s=1.2 566
ort2n~ (10.9+ 0.6) % S=1.2 563
Ortr (10.9+ 0.6) % s=1.2 336
470 <7 x 104 CL=90% 568
nrtw (35 £15 )% 479
nTw (5224 2.0) % S=1.2 482
ap(980) 7 [ignoring ap(980) — (38 +£4)% 238
KK
nrw [excluding ap(980) 7] (14 +£4)% 482
KKnm ( 9.0+ 0.4)% S=1.1 308
atr— 0 (3.0 09)x 1073 603
prat < 31 x 103 CL=95% 390
7 p° (6.1+ 1.0)% S=1.7 406
oy (7.4+ 26)x107% 236
ete~ < 94 x 1079 CL=90% 641

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

n(1295)

/G(JPC) =0t~

See the review on "Spectroscopy of Light Meson Resonances.”
Mass m = 1294 + 4 MeV (S = 1.6)
Full width ' = 55 £ 5 MeV
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m(1300) 16UPG =170~ )

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

3,(1320) 16UPC = 1—++)

Mass m = 1318.2 + 0.6 MeV (S = 1.2)
Full width I = 107 + 5 MeV [

Scale factor/ p
a5(1320) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
3r (70.1 £2.7 )% S=1.2 624
nm (145 +1.2 )% 535
wrT (10.6 +£3.2 )% 5=1.3 366
KK (49 £08)% 437
7'(958) (55 £0.9 )x10™3 288
ntny ( 2.9140.27) x 1073 652
vy (9.4 +£0.7 )x1076 659
ete” <5 x 1079 CL=90% 659

(1370) 1GUPCY = ot + 1)
See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1200 to 1500 MeV
Full width ' = 200 to 500 MeV
m1(1400) 1I6JPC) =11~ 1)
Coupled channel analyses favor the existence of only one broad 1 — +
isovector state consistent with 71(1600) in the 1400-1600 MeV
region. See the review on " Spectroscopy of Light Meson
Resonances.” See also 1 (1600).
Mass m = 1354 + 25 MeV (S = 1.8)
Full width I = 330 + 35 MeV
n(1405) 16UPCY =0t~ )
See the review on " Spectroscopy of Light Meson Resonances.” See
also 7(1475).
Mass m = 1408.8 + 2.0 MeV (S = 2.2)
Full width ' = 50.1 &+ 2.6 MeV (S = 1.7)
P
n(1405) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
pp <58 % 99.85% f

See Particle Listings for 9 decay modes that have been seen / not seen.
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hy (1415) 16UPC =0=1+ ")

was hy(1380)
Mass m = 1416 + 8 MeV (S = 1.5)
Full width ' = 90 + 15 MeV

f1(1420) 16(UPCy = ot t+)

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1426.3 +£ 0.9 MeV (S = 1.1)
Full width I = 54.5 + 2.6 MeV

w(1420) 1 1GUPC =01~ )

Mass m = 1410 + 60 MeV [l
Full width T = 290 & 190 MeV [l

ag(1450) 16UPC) =170+ 1)

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1474 + 19 MeV
Full width I = 265 + 13 MeV

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

ag(1450) DECAY MODES Fraction (I';/T) p (MeV/c)
7 0.09340.020 627
71’ (958) 0.03340.017 410
KK 0.08240.028 547
wrT DEFINED AS 1 484

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

p(1450) 16(UPC =11~ ")

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

Mass m = 1465 + 25 MeV [l
Full width T = 400 & 60 MeV []

n(1475) 16(JPCYy = ot — )

See the review on " Spectroscopy of Light Meson Resonances.” See also
n(1405).

Mass m = 1475 + 4 MeV (S = 1.4)

Full width ' =90 £ 9 MeV (S = 1.6)




36 Meson Summary Table

f(1500) 1GUPCY = ot ++)

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1506 = 6 MeV (S = 1.4)
Full width ' = 112 £ 9 MeV

p
f(1500) DECAY MODES Fraction (I';/T) Scale factor  (MeV/c)
T (34.5+2.2) % 1.2 741
4 (48.9+3.3) % 12 692
nn ( 6.0+0.9) % 1.1 517
7 (958) (2.240.8) % 1.4 20
KK (85+1.0) % 1.1 569
See Particle Listings for 9 decay modes that have been seen / not seen.
f5(1525) 16(JPCy = ot 2t 1)
Mass m = 1517.4 + 2.5 MeV (S = 2.8)
Full width T = 86 + 5 MeV (S = 2.2)
p
f’2(1525) DECAY MODES Fraction (I';/T) Scale factor  (MeV/c)
KK (87.6+2.2) % 1.1 576
nn (11.6+2.2) % 1.1 525
T (83+1.6) x1073 747
vy (9.5+1.1) x 1077 1.1 759

71(1600) 16UPC =1—a— )

See the review on "Spectroscopy of Light Meson Resonances” and a
note in PDG 06, Journal of Physics G33 1 (2006). See also 7; (1400).
Mass m = 1661713 MeV (S = 1.2)
Full width I = 240 + 50 MeV (S = 1.7)

a1(1640) 1I6(UPCy=1—a1+ 1)

Mass m = 1655 + 16 MeV (S = 1.2)
Full width ' = 254 + 40 MeV (S = 1.8)

n2(1645) 16UPCY = ot2— 1)

Mass m = 1617 + 5 MeV
Full width ' = 181 & 11 MeV

w(1650) [ 16JPCY =01~ )

Mass m = 1670 + 30 MeV [1]
Full width T = 315 & 35 MeV [
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w3(1670)

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

1GUPCY =03~ )

m5(1670)

/G(JPC) — 1—(2—+)

Mass m = 1670.6 723 MeV (S = 1.3)
Full width I = 25878 MeV (S = 1.2)

m(1670) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
3r (95.8+1.4) % 808
,(1270) (56.3+£3.2) % 327
pT (31 +4 )% 647
om (10 £4 )% -
7 (77) s-wave (87+3.4)% -
Tomt T (53 +4 )% 806
K K*(892)+ c.c. (42+1.4)% 453
wp (27+£11) % 302
ntny ( 7.0£1.2) x 10~4 829
vy < 28 x 1077 90% 835
nm < 5 % 739
nEort on— <5 % 735
p(1450) < 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) 16(JPCY =01~ )
Mass m = 1680 + 20 MeV []
Full width T = 150 + 50 MeV []
p3(1690) 16UPCY =1+~ )
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  (MeV/c)
4 (711 + 1.9 )% 790

atat a0 (67 +22 )% 787
wT (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.

p(1700)

/G(JPC) — 1+(1 )

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

Mass m = 1720 & 20 MeV [
Full width T = 250 + 100 MeV [l

(np° and 7t 7~ modes)
(np° and 7t 7~ modes)
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a,(1700) 1I6(JPCy =1— (2t +)

Mass m = 1698 + 40 MeV
Full width ' = 265 + 60 MeV

a5(1700) DECAY MODES Fraction (I'; /T) p (MeV/c)
nm (36 £1.1 )% 754
Y (1.13£0.30) x 10—6 849
KK (19 £12)% 691

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

f(1710) 1GUPCY = ot ++)

See the review on " Spectroscopy of Light Meson Resonances.”
Mass m = 1704 + 12 MeV
Full width ' = 123 + 18 MeV

7(1800) 16UPCY =100~ )

Mass m = 18107, MeV (S = 2.2)
Full width ' = 2157% Mev

¢3(1850) 16UPG =037 ")

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

n2(1870) 16(JPCy =ot2— )

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

m5(1880) 1I6JPCy=1—(2— 1)

Mass m = 1874728 MeV (S = 1.6)
Full width T = 237732 MeV (S =1.2)

£,(1950) 16(UPCY = ot ++)

Mass m = 1936 + 12 MeV (S = 1.3)
Full width ' = 464 + 24 MeV

a34(1970) 16UPCY =1— @+ +)

was a24(2040)
Mass m = 1967 + 16 MeV (S = 2.1)
Full width I = 324713 MeV
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£(2010)

G(JPC) :0+(2++)

Mass m = 20117 53 Mev
Full width I = 202 + 60 MeV

£,(2050)

/G(JPC) =0t@tt)

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

3(2050) DECAY MODES Fraction (I';/T) p (MeV/c)
T (17.0+£1.5) % 1000
KK (68+39)x1073 880
nn (2.140.8) x 10~3 848
470 < 12 % 964
See Particle Listings for 3 decay modes that have been seen / not seen.
¢(2170) 6P =0-(17 )
Mass m = 2162 + 7 MeV [l (S =1.1)
Full width I = 10073} Mev [ (s = 2.5)
2(2300) CUPC) =0ttt
Mass m = 2297 4+ 28 MeV
Full width ' = 149 £+ 40 MeV
f2(2340) CUPC) =0ttt
Mass m = 2345739 MeV
Full width I = 322jgg MeV
Kt =u3, KO = d5, KO =ds, K~ =1Ts, similarly for K*'s
K+ 1UP) = 3(07)

Mass m = 493.677 & 0.016 MeV [ (S = 2.8)
Mean life 7 = (1.2380 = 0.0020) x 1078 s (S = 1.8)
cr=3.711m

CPT violation parameters (A = rate difference/sum)

AKE = pFuy,) =(-027 £0.21)%
AKE 5 770 = (0.4 £ 0.6)% L]

CP violation parameters (A = rate difference/sum)

AKE = nFete ) =(-22+16) x 1072
AKE = 7 putp~) =0.010 + 0.023
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AKE = 7t709) = (0.0 £1.2) x 1073
AKE = atatr—) =(0.04 + 0.06)%
AKE = 7t70%70) = (—-0.02 + 0.28)%

T violation parameters
Kt = nOutv, Pp=(-17£25)x1073
Kt = ptuy,y  Pp=(—06=%19)x1072
K+t = m%u*v, Im(¢) = —0.006 + 0.008

Slope parameter g [l
(See Particle Listings for quadratic coefficients and alternative
parametrization related to 77 scattering)

K+ - atatr— g=—-0.21134 & 0.00017

(gr —g)/ (g +8)=(-15+£22)x107*
KE = 75070 g = 0.626 + 0.007

(gr —&)/(gy +&)=(18+18)x107*
K* decay form factors [2.4]

Assuming p-e universality
M (Kf3) = Ap(Kg;) = (2.959 + 0.025) x 1072

AO(KL) = (1.76 £ 0.25) x 1072 (S = 2.7)

Not assuming p-e universality
A (K%)= (2.956 & 0.025) x 1072
,\+(K/j3) =(3.09 £ 0.25) x 1072 (S = 1.5)
Mo(Kt3) = (173 £ 0.27) x 1072 (S = 2.6)

Kes form factor quadratic fit
ANy (Kei3) linear coeff. = (2.59 + 0.04) x 1072
N, (KZ;) quadratic coeff. = (0.186 + 0.021) x 102
N, (LINEAR Kj3 FORM FACTOR FROM QUADRATIC FIT) =
(24 + 4) x 1073
M, (QUADRATIC Kj3 FORM FACTOR) = (1.8 4 1.5) x 103
My (VECTOR POLE MASS FOR K%, DECAY) = 890.3 + 2.8 MeV
My (VECTOR POLE MASS FOR Kj3 DECAY) = 878 + 12 MeV
Ms (SCALAR POLE MASS FOR K:;g DECAY) = 1215 =+ 50 MeV
A, (DISPERSIVE VECTOR FORM FACTOR IN K%, DECAY) =
(2.460 £ 0.017) x 1072
A, (DISPERSIVE VECTOR FORM FACTOR IN KE DECAY) =
(25.4 £ 0.9) x 1073
In(C) (DISPERSIVE SCALAR FORM FACTOR in K/f3 decays ) =
(182 + 16) x 1073
K |fs/fi] = (-0.0875-30) x 1072
K& |fr/fi] = (-1.2713) x 1072
K,j3 |fs/fy| = (0.2 £ 0.6) x 1072
Kz |fr/fi| = (=014 0.7) x 1072
K+ — etvey |Fa+ Fy|=0.133£0.008 (S=13)
Kt — v,y |Fa+ Fy| =0.165 £ 0.013
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KT — etwey |Fa — Fy| < 0.49, CL = 90%
Kt = pty,y |Fa— Fy| =-0153+0.033 (S=1.1)
Charge radius
(r) = 0.560 & 0.031 fm
Forward-backward asymmetry
+ _ (cos(0k “)>0)7r(cos(0,<u)<0) 2 _
AFB(K‘:T/L;J,)  T(cos(0k 1,)>0)+T(cos(Ok ,)<0) < 23x107% CL=
90%
K~ modes are charge conjugates of the modes below.
Scale factor/ p
K+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Leptonic and semileptonic modes
et e ( 1.582:+0.007) x 1053 247
utv, ( 6356 +£0.11 )% S=1.2 236
et ve ( 5.07 £0.04 )% s=2.1 228
Called K1,.
uty, ( 3.352+0.033) % S=19 215
Called K:3.
w0n0etu, (255 £0.04 ) x 1075 S=1.1 206
atr etve ( 4.247+0.024) x 1075 203
mtaTuty, ( 14 409 )x1073 151
w0070t v, < 35 x107®  CL=90% 135
Hadronic modes
at a0 ( 2067 +£0.08 )% S=12 205
7t 00 ( 1.760+0.023) % S=11 133
atata~ ( 5.583+0.024) % 125
Leptonic and semileptonic modes with photons
v,y [rs] ( 62 408 )x1073 236
wt I/NA/(SD"') [at] ( 1.33 £0.22 )x107° -
pt v, (SDTINT) lat] < 27 x1075  CL=90% -
ptv,v(SD™ + SDTINT) [at] < 26 x1074  CL=90% -
etvey ( 94 +04 )x107© 247
et ey [ns] ( 2.66 +£0.09 ) x 10—4 228
70et ey (SD) [atl < 53 x107%  CL=90% 228
Outv,y [rs] ( 1.25 +0.25)x 1075 215
m0et vey < 5 x1076  CL=90% 206
Hadronic modes with photons or £Z pairs
7t 70y (INT) (- 42 £09 )x10°6 -
7t a0~ (DE) [l ( 60 404 )x1076 205
atalete~ ( 424 +£014 )x 1076 205
at 070y ns] (76 F§% )x106 133
atata [rs] ( 71 405 )x107© 125
7ty [l ( 1.01 £0.06 )x 106 227
7t 3y < 10 x1074  CL=90% 227
ntete vy ( 119 £013 )x 1078 207
Leptonic modes with £Z pairs
et vy < 6 x1075  CL=90% 247
ptv, v < 10 x1076  CcL=90% 236
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etveete~ ( 248 +£0.20 ) x 1078 247
pryete” ( 7.06 £0.31 )x 1078 236
etveptu~ ( 1.7 +05 )x1078 223
phypt < 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
rtate v 5Q < 13 x1078  CL=90% 203
mtrtuT o, 5Q < 30 x1076  CL=95% 151
ntete s1 ( 3.00 £0.09 ) x10~7 207
atutp~ s1 ( 94 +06 )x1078 S=26 172
rtuw s1 ( 114 1339 )x10-10 27
atrluw s1 < 43 x1075  CL=90% 205
pwvetet LF < 21 x1078  CL=90% 236
utve LF [d < 4 x1073  CL=90% 236
rtute” LF < 13 x10711  cL=90% 214
atu~et LF < 66 x10711  CcL=90% 214
rutet L < 42 x10711  CL=90% 214
netet L < 22 x10710  cL=90% 227
- ptut L < 42 x10711  cL=90% 172
utoe L [d < 33 x1073  CL=90% 236
et v, L < 3 x1073  CL=90% 228
mty vl < 23 x1079  CL=90% 227
K® 1P) = 307)

50% Ks, 50% K|

Mass m = 497.611 + 0.013 MeV

(S =1.2)

Myo — Myex = 3.934 £ 0.020 MeV (S = 1.6)

Mean square charge radius
(P) = —0.077 = 0.010 fm?

T-violation parameters in K9-K° mixing (4]
Asymmetry At in K0-KO mixing = (6.6 + 1.6) x 103

CP-violation parameters

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

CPT-violation parameters (9]
Red = (254 2.3) x 104
Imé =(—15+1.6)x 1075

Re(y), K3 parameter = (0.4 & 2.5) x 1073
Re(x_), Ke3 parameter = (—2.9 + 2.0) x 1073

Imyo —

(rKO - r?0)/”7average =(8+8)x 10718

Tests of AS = AQ

Re(xy), Ke3 parameter = (—0.9 + 3.0) x 1073

Myo| / Maverage < 6 % 10719, CL = 90% ¥]
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K$ 1Py = 507)
Mean life 7 = (0.8954 = 0.0004) x 107105 (S =1.1) Assuming
CPT
Mean life 7 = (0.89564 + 0.00033) x 10~1%s  Not assuming CPT
cr = 2.6844 cm  Assuming CPT
CP-violation parameters V]
Im(n;_o) = —0.002 + 0.009
Im(nggo) = —0.001 & 0.016
Imoo0| = |A(KS — 379)/A(KY? — 37%)| < 0.0088, CL = 90%
CP asymmetry Ain 7t~ ete™ = (—0.4 +0.8)%
Scale factor/ p
Kg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic modes
7070 (30.69£0.05) % 209
rta~ (69.2040.05) % 206
atr= 0 (35 T5g)x1077 133
Modes with photons or £Z pairs
ata=y [52] ( 1.7940.05) x 103 206
rtr—ete” ( 4.79+£0.15) x 1075 206
70y [2] (49 £1.8)x10-8 230
vy ( 2.63£0.17) x 10~° s=3.1 249
Semileptonic modes
rteFu, [2a] ( 7.04+0.08) x 10—4 229
CP violating (CP) and AS = 1 weak neutral current (S1) modes
30 cp < 26 x 1078 CL=90% 139
ptp~ s1 < 21 x 10710 cL=90% 225
ete s1 <9 x 1079 CL=90% 249
mlete 51 21 (30 T}5)x1079 230
Ot~ s (29 T15)x1079 177
K} 1Py = 5(07)

mKL — mK5
(0.5293 + 0.0009) x 101® A s~1 (S =1.3) Assuming CPT
(3.484 + 0.006) x 10712 MeV ~ Assuming CPT
= (0.5289 + 0.0010) x 100 /i s~1  Not assuming CPT
Mean life 7 = (5.116 + 0.021) x 1078 s (S = 1.1)
cr =15.34m

Slope parameters [Pl

Il

(See Particle Listings for other linear and quadratic coefficients)
K¢ — ntr=a0: g=0.678+0.008 (S =15)
K — 7tx=x0: h=0.076 £ 0.006
K} — ata~ a0 k=10.0099 + 0.0015
K — 707070 h=(0.6+1.2)x1073
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Ky decay form factors (7]
Linear parametrization assuming p-é universality
,\+(Kg3) = A1 (K%) = (282 £ 0.04) x 1072 (S =1.1)
,\O(Kg3) =(1.38+£0.18) x 1072 (S = 2.2)

Quadratic parametrization assuming u-e universality
Ny (K%3) = Ny (K3;) = (240 £0.12) x 1072 (S = 1.2)
,\”+(Kg3) = X' (K%) = (0.20 £ 0.05) x 1072 (S=1.2)
Mo(K%3) = (116 £0.09) x 1072 (S = 1.2)

Pole parametrization assuming u-e universality
MY, (K?B) =M% (K%) =878+ 6 MeV (S =11)
Mg (K3) = 1252 + 90 MeV (S = 2.6)
Dispersive parametrization assuming p-é universality
Ay = (251 £+ 0.06) x 1072 (S = 1.5)
In(C) = (1.75 £ 0.18) x 10~1 (S = 2.0)
KO |fs/fr] = (157 14) x 1072

KO |fr/fr] = (578) x 1072

KO |fr/fi| = (12 £ 12) x 1072

Ki— Y0y, Kp = 50707 oy = —0.205 +
0.022 (S =1.8)

KO = ety KO — ot 0F 0= aprp = —1.69 +
0.08 (S=17)

K, — ntr—ete : aj/ap = —0.737 £ 0.014 GeV?
K — 792y ay = —043+0.06 (S=1.5)

CP-violation parameters [V]

Ap = (0.332 £ 0.006)%
[moo| = (2.220 +0.011) x 103 (S = 1.8)

[n4—| = (2232 £0.011) x 1073 (S = 1.8)
le| = (2.228 + 0.011) x 1073 (S = 1.8)
|7700/74 | = 0.9950 = 0.0007 [P2] (S = 1.6)
Re(€’/e) = (1.66 + 0.23) x 1073 [68] (S = 1.6)
Assuming CPT

¢y = (4351 4£0.05)° (S=12)

Boo = (43.52 + 0.05)° (S =1.3)

be=dsw = (43.52 £ 0.05)° (S = 1.2)
Im(e’/e) = —(¢o0 — ¢4_)/3 = (—0.002 & 0.005)° (S =1.7)
Not assuming CPT

bi_ = (4344+05)° (S=12)

doo = (43.7+06)° (S=1.2)

b = (435+£05)° (S=13)

CPasymmetry Ain K9 — ntr~ete™ = (13.7 £ 1.5)%
Bep from K§ — eteete™ = —0.19 £0.07
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vep from K¢ — eteete™ =0.01£0.11 (S=1.6)

jfor K9 » ot 770 = 0.0012 + 0.0008

ffor K¢ — a7~ 70 =0.004 £ 0.006

[n4—y| = (2.35 £ 0.07) x 1073

Gp—y = (44 £ 4)°

€, |/e < 03, CL=90%

lgp| for KO — 7ta=y < 0.21, CL = 90%
T-violation parameters

Im(¢) in KDz = —0.007 + 0.026
CPT invariance tests

$oo — ¢4— =(0.34£0.32)°

Re(%njL, + %T/OO)—ATL =(-3+35)x107°
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
nteFu, [aa] (4055 +0.11 )% s=17 229
Called K.
= uFy, [aa] (27.04 +0.07 )% s=1.1 216
Called K?;.

(7 patom)v (1.05 £0.11 ) x 107 188
mOrfefy [2a] ( 5.20 £0.11 ) x 10~5 207
rteTrete [aa] (1.26 +0.04 ) x 10~5 229
Hadronic modes, including Charge conjugation x Parity Violating (CPV) modes

30 (19.52 £0.12 ) % S=1.6 139
ata— a0 (12.54 +£0.05 ) % 133
ata~ CPV [cc] ( 1.967+0.010) x 103 S=1.5 206
7070 cPv (8.64 £0.06 ) x 10~4 S=1.8 209

Semileptonic modes with photons
7t eTuey [s,aa,dd] ( 3.79 +£0.06 ) x 10~3 229
Ty, (565 £023 ) x 104 216
Hadronic modes with photons or £Z pairs
7070y < 243 x 107 CL=90% 209
atay [s,dd] ( 4.15 £0.15 ) x 10~ S=2.8 206
at 7~ ~(DE) (2.84 +£0.11 ) x 1079 $=2.0 206
702y [dd] ( 1.27340.033) x 10~ 230
mOryete (1.62 +£0.17 ) x 10~8 230
Other modes with photons or £Z pairs

2y ( 5.47 £0.04 ) x 10~4 S=1.1 249
3y < 7.4 x10~8 CL=90% 249
ete ~ (94 +04 )x10-6 S=2.0 249
whp—~ (1359 £0.11 )x 107 s=1.3 225
ete vy [dd] ( 5.95 +0.33 ) x 10~/ 249
whp=yy [d) (10 +5% )x10-8 225
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Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes

utu~ s1 (6.84 £0.11 )x 1079 225
ete” s1 (9 F§ xR 249
ntr—ete” S$1  [dd] ( 3.11 £0.19 ) x 10~ 206
m070et e s1 < 6.6 x 1079 CL=90% 209
w00t = s1 < 92 x 10~11 CL=90% 57
utpete s1 (269 £0.27 )x 1079 225
eteete™ s1 (356 £0.21 )x10~8 249
Ot CP,SI [ee] < 3.8 x10710  cL=90% 177
nlete CP,S1 [ee] < 2.8 x 10~10 CL=90% 230
T CP,S1 [ff] < 3.0 x 1079 CL=90% 230
w00 s1 < 81 x 10~7 CL=90% 209
et uF LF  [aa) < 47 x10712  CL=90% 238
et FuF LF  [aa] < 4.12 x 10~11 CL=90% 225
w0 puEeF LF  [aa] < 76 x 10~11 CL=90% 217
w070+ e¥ LF < 17 x10710  CL=90% 159
Lorentz invariance violating modes
0y < 17 x 10~7 CL=90% 230
K3(700) 1JP) = L(0t)
also known as r; was K{§(800)
See the review on " Scalar Mesons below 1 GeV.”
Mass (T-Matrix Pole /s) = (630-730) — i (260-340) MeV
Mass (Breit-Wigner) = 845 + 17 MeV
Full width (Breit-Wigner) = 468 + 30 MeV
Ka(100) DECAY MODES Fraction (I';/T) p (MeVjc)
Kn 100 % 256
K*(892) 1Py = 3a7)
Mass (T-Matrix Pole v/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)F in 7 decays full width I = 46.2 + 1.3 MeV
K*(892)° full width I = 47.3 + 0.5 MeV (S = 1.9)
p
K*(892) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K ~ 100 % 289
KO~ ( 2.46+0.21) x 1073 307
KE~ ( 98 £09 )x10~4 309
Knm < 7 x 10~4 95% 223
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K1(1270) 1Py = 1a7)

Mass m = 1253 + 7 MeV (S = 2.2)
Full width T = 90 =+ 20 MeV [

K;(1270) DECAY MODES Fraction (I';/T) Scale factor (MZV/C)
Kp (38 +13 )% 2.2 1
K(1430) ™ (28 +4 )% +
K*(892) 7 (21 +10 )% 2.2 286
Kw (11.0+ 2.0) % t
K fp(1370) (3.0+ 2.0)% t

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

K1(1400) 1UP) = 307)

Mass m = 1403 + 7 MeV
Full width I = 174 + 13 MeV (S = 1.6)

K (1400) DECAY MODES Fraction (I';/T) p (MeV/c)
K*(892)m (94 +6 )% 402
Kp (13.0£3.0)% 293
K f(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) 1UP) = 307)

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 (MeV/c)
K*(892) 7 > 40 % 95% 410
Kn (6.6+1.3)% 612
Kp < 7 % 95% 305
yKO < 23 x 10~4 90% 619
See Particle Listings for 1 decay modes that have been seen / not seen.
K?(1430) 1Py = 300

Mass m = 1425 + 50 MeV [

Full width T = 270 + 80 MeV [
K6(1430) DECAY MODES Fraction (I';/T) p (MeV/c)
Kn (93 £10 )% 619
K (86F 2% 486

See Particle Listings for 1 decay modes that have been seen / not seen.
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3(1430) 1JP) = 12t)

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 I = 100.0 + 2.1 MeV
K3(1430)° full width T = 109 £ 5 MeV (S = 1.9)

Scale factor/ p
K;(1430) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kr (49.94+1.2) % 620
K*(892) 7 (24.7£1.5) % 420
K*(892)mm (13.4+2.2) % 373
Kp (8.7+0.8) % S=1.2 320
Kw (2.940.8) % 313
Kt~ (2.4+05) x 1073 S=1.1 628
K (15+35)x 1073 S=13 488
Kwm < 72 x 1074 CL=95% 106
KO~ <9 x 10~4 CL=90% 627
K(1460) 1UP) = 107)
K1(1650) 14P) = 3a)
Mass m = 1650 + 50 MeV
Full width ' = 150 £+ 50 MeV
K*(1680) 1Py = 307)
Mass m = 1718 + 18 MeV
Full width ' = 322 + 110 MeV (S = 4.2)
K*(1680) DECAY MODES Fraction (I';/T) p (MeVjc)
Km (38.7£2.5) % 782
Kp E14t30) % 571
K*(892)m (29.9+22) % 618
K (14t % 683

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

Ky(1770) le¢] 1Py =1@7)

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

K5(1770) DECAY MODES Fraction (I';/T) p (MeV/c)

K 794
See Particle Listings for 5 decay modes that have been seen / not seen.
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K3(1780)

1UP) = 1(37)

Mass m = 1779 £ 8 MeV (S =1.2)

Full width I = 161 & 17 MeV (S = 1.1)
p
K3(1780) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kp (31 £9)% 616
K*(892) 7 (20 £5 )% 657
Km (18.8+ 1.0) % 815
Kn (30 +£13 )% 721
K3(1430)m <16 % 95% 292
Ky(1820) [¢¢] 1UF) = 327)
Mass m = 1819 & 12 MeV
Full width I = 264 + 34 MeV
K3(1980) 1Py = 321
Mass m = 199478 MeV (S = 2.8)
Full width I = 348730 Mev (S = 1.3)
K3(2045) 1UP) = §(ah)
Mass m = 2048f§ MeV (S=1.1)
Full width I = 199727 MeV
K}(2045) DECAY MODES Fraction (I';/T) p (MeV/c)
Km (9.9+1.2) % 960
K*(892)mm (9 £5 )% 804
K*(892)mmm (7 £5 )% 770
pKmT (5.7£3.2) % 744
wKT (5.0+£3.0) % 740
oKT (2.8+1.4) % 597
O K*(892) (1.4£0.7) % 368
Dt =cd, D% = ¢, D® = Cu, D~ =¢d, similarly for D*'s
D* 1Py = 5(07)

Mass m = 1869.66 & 0.05 MeV
Mean life 7 = (1033 + 5) x 10713 s
cr = 309.8 um
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c-quark decays
[(c — ¢tanything)/T(c — anything) = 0.096 + 0.004 ("]
M(c — D*(2010)* anything)/T(c — anything) = 0.255 4 0.017
CP-violation decay-rate asymmetries
Acp(ptv) = (8 +8)%
Acp(KY et v) = (0.6 £ 1.6)%
Acp(K%7) = (—0.41 £ 0.09)%
Acp(KYK*E) in DF - KOK* = (—4.2 +3.4) x 1072
Acp(KT2n%) = (—0.18 £ 0.16)%
Acp(KFrE 779 = (-03 £ 0.7)%
Acp(K7nt70) = (—0.1 £ 0.7)%
Acp(K2mtn) in D¥ — K%a%n = (-0.9+3.1) x 1072
Acp(Krtnta™) = (0.0 £ 1.2)%
Acp(KEata=a0)in D* — KEat o= 70 = —0.04 + 0.06
Acp(r7r0) = (04 £1.3)% (S=1.7)
Acp(rtn) = (03+£08)% (S =1.2)
Acp(rEr0n) in D - 770 = (—6 + 7) x 1072
Acp(rtnn)in DY — xtpn = (8 +£9) x 1072
Acp(nE1/(958)) = (—0.6 + 0.7)%
Acp(KO/KOK*®) = (0.11 £+ 0.17)%
Acp(KYKE) = (-0.01 £ 0.07)%
Acp(KIKEx0) in DF — KIK*70 = (1 £ 4) x 1072
Acp(KOKkEa0)in D —» K)K*Fn0 = (-1+4)x 1072
Acp(KTK—7%) = (0.37 £ 0.29)%
Acp(KEK*0) = (-0.3 + 0.4)%
Acp(opn®) = (0.01 £ 0.09)% (S =1.8)
Acp(K* K§(1430)°) = (81 ¢)%
Acp(K* K5(1430)°) = (437 3)%
Acp(KEK3(700) = (127 19)%
Acp(ap(1450)%7%) = (~19718)%
Acp(4(1680)7F) = (—9 + 26)%
Acp(rtr—nt) = (=2 £ 4)%
Acp(nta=atn)in D = 7tr— 7ty = (34+5)x1072
Acp(KYKErtr™) = (-4 £1)%
Acp(KE7%) = (=3 + 5)%
Acp(K®n)in D — K*p=(—6+ 11) x 102
x2 tests of CP-violation (CPV)
Local CPV in D* — 77— at =78.1%
Local CPV in D* — Kt K~ 7% =31%
CP violating asymmetries of P-odd (7-odd) moments
AT(KYKFatn™) = (—12 £ 11) x 1073 [7]

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)
£(0)| Veg] in 70 ¢F v, = 0.1407 + 0.0025
n=ay/agin 7%ty = —2.00 £ 0.13
ry =ap/ag in F0K+Ilg =—4+5
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£1(0)|Veq| in DY = netu, ((=eorv) =(8.44+04)x1072
n=ay/agin DT — netye=-534+27 (S=1.9)
r, = V(0)/A1(0) in DY — wety, =1.24 £0.11

ry = Ay(0)/A1(0) in DT — wet vy, =1.06 £ 0.16
r, = V(0)/A;(0) in DF,D% — petv,=164+010 (S=12)
b = Ay(0)/A1(0) in DT,0% - petu, = 0.84 + 0.06
ry = V(0)/A1(0) in K*(892)°¢T 1y = 1.49 + 0.05 (S = 2.1)
ry = Ay(0)/A1(0) in K*(892)%¢F 1, = 0.802 £ 0.021
r3 = A3(0)/A1(0) in K*(892)%¢T vy = 0.0 + 0.4
My /T in K*(892)% ¢+ v, = 1.13 + 0.08
M /T_in K*(892)°¢T 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 KOS 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(k9).
Scale factor/ p
Dt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Inclusive modes
et semileptonic (16.07 £ 0.30 ) % -
uT anything (176 + 32 )% -
K~ anything (25.7 £ 14 )% -
KOanything + K%anything 61 +5 )% -
K™ anything (59 +08 )% -
K*(892)~ anything (6 +£5 )% -
K*(892)0 anything (23 +5 )% -
K*(892)% anything < 66 % CL=90% -
1 anything (63 £07 )% -
n’ anything (1.04 + 018 )% -
¢ anything (112 £+ 0.04 )% -
Leptonic and semileptonic modes
et v, < 88 x 1076 CL=90% 935
vetve < 30 x 1075 CL=90% 935
wtu, (374 + 017 ) x 1074 932
Ty, (120 + 027 )x 103 90
Koet v, (872 + 0.09)% 869
Koutu, (876 + 0.19)% 865
K- ntetu, (402 + 018)% $=3.2 864
K*(892)% et ve, K*(892)0 — (377 + 017 )% 722
K~ nt
(K=7%) [0.s-1.0)Gev €T Ve (339 + 0.09)% 864
(K= 7)s—wave € ve (228 + 011 )x103 -
K*(1410)% e v, < 6 x 1073 CL=90% -
K*(1410)° - Kt
K35(1430)% et ve, <5 x10=4 CL=90% -
K3(1430)° —» K~
K~ 7t et ve nonresonant <7 x 1073 CL=90% 864
K*(892)0 et v (540 + 0.10 )% s=1.1 722
K=t putu, (3.65 + 034 )% 851
K*(892)° ut v, (352 + 0.10 ) % 717
K*(892)° - K-t
K= @t puF v, nonresonant (19 + 05 )x10-3 851
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7*(892)0/L+Vu (527 £ 015 )%
K-ata0put vy < 15 x 1073
K1(1270)% et ve, K9 — (1.06 + 0.15 ) x 1073
_ K gta®
K;(1430)° it o, < 23 x 104
K*(1680)° uF v, < 15 x 103
et u, (3.72 + 017 ) x 1073
oty (350 + 015 ) x 1073
net v, (111 + 007 )x1073
nut v, (1.04 + 011 )x103
- atetu, (245 + 010 )x 1073
f5(500) et ve, £,(500)° — (63 =+ 05 )x104
rta~
et v, (218 + 310 )x10-3
Pty (24 + 04 )x1073
weT e (169 + 011 )x103
wptu, (177 £ 021 ) x 1073
7'(958) eT v (20 + 04 )x1074
a(980)% et v, a(980)° — n70 (17 T 38 yx104
b1(1235)% et v, b9 — wr? < 175 x 1074
vet v, < 13 x 1075
DOet < 1.0 x 104
Hadronic modes with a K or KKK
KYnt ( 1.5624 0.031) %
KOt (1.46 + 0.05 )%
K~ 2rt Uil (938 + 016 )%
(K=7 ) s _wave™™ (752 + 017 )%
K§(1430)07r+, [kk] (1.25 £ 0.06 )%
K5(1430)° — K==t
K*(892)0n, (1.04 + 012 )%
CK*(892)° — K—xt
K3(1430)° 7, [kk] (23 + 07 )x10~%
K3(1430)° — K7t
K*(1680)° 7, [kk] (22 + 11 )x10~4
K*(1680)° — K~ xt
K= (27)1=2 (145 + 0.26 )%
Kint a0 Uil (736 + 0.21 )%
K% p* (614 = 060 )0,
K% p(1450)*, pt — 7t 70 (15 + 12 yx10-3
K*(892)°n, (264 £ 032 )x1073
K*(892)% — K%nO
K5(1430)%7+, K30 — K370 (27 +09 )x1073
K5(1680)%7+, K30 — K70 @ I )yx1t
’at, B0 — K%x0 (6 T35 )xw3
K% nt 70 nonresonant (3 +4 )x1073
K% 7t 7%nonresonant and (137 = 02y
”Ort
(K$™) s —wave " (127 £ 321y %
Kintn (131 + 0.05 )%

CL=90%

CL=90%
CL=90%
$=2.0

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

717
825

380
105
930
927
855
851
924

774

770
771
767
690

657

863

863

846

846

382

714

371

58

845

677

714

845

845
722
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0.21 ) x 1073
018 )%

0.09 )%

012 )x 1073
0.25 ) x 1073
05 )x1073
04 )x1073

04 )x1073

1.9 )x1073
0.28 ) x10~3
29 )x1074
0.13 ) x 1073
05 )x1074

0.033) x 10~3
018 ) x 1073
15 )x10~4
0.16 ) x 1073
0.12 ) x 1073
0.33 ) x 1074

4 yx1073
09 )x1074
x 1073
04 )x104
x 1075
x 1075

x 104

x10~4
04 )x1073
0.08 ) %
0.16 ) x 1073
0.09 ) x 10—3
0.35 ) x 103
0.20 ) x 1073
0.33 ) x 1073
0.26 ) x 1073
06 )x104
09 )x1073
0.19 ) x10~3
05 )x1073

(3.04 £ 0.09 )x103
(321 + 0.16 ) x 1073
(5.07 + 030 )x 1073

K% nt1/(958) (1.9 +
K~ 2rt 70 [ (625 +
K%onta™ (310 +
K= 2ntn (135 +
ng"'won (122 +
K= 3nt7n— Ul (57 +
K*(892)%27t 7, (12 =+
K*(892)° —» K~ xt
K*(892)0 p0 7, (23 +
K*(892)° — K—xt
K*(892)0 a; (1260)+ [mn] (93 +
K= pP2nt (172 +
K~ 37 7~ nonresonant (40 +
Kt2k? (254 +
KtK=KYx+t (24 =+
Pionic modes
at a0 (1.247%
ot~ (327 +
POt (83 =+
7H (It T) s _wave (183 &
O'Tl'+, c— wtr (138 £
R (980) 7+, (156 +
f(980) — 7wt 7~
o (1370) 7, (8 =+
f(1370) » =t x
£ (1270) 7, (50 =
£(1270) — 7t 7~
p(1450)0 77, < 8
p(1450)° — ntg—
f(1500)7t, (11 =+
(1500) — wt7~
f(1710) 7+, <s
f(1710) — 7t 7~
fo(1790) 7+, <7
R(1790) —» 7t 7~
(1) s _wave ™ < 12
27 7~ nonresonant < 11
nt 270 (47 +
2t 70 (116 +
3rt2n— (166 +
7/7r+ (377 £
7]71""71'0 (205 +
n2rtn~ (341 +
nat2n0 (320 +
7/7]71'7L (29 +
wrt (28 +
wrt 0 (39 =
7' (958) 7t (497
7/ (958) 7t 70 (16 =
Hadronic modes with a KK pair
KK+
K9 K+
Ky K+ 70

0
K*(892)* K

(289 + 030 )x103

CL=95%

CL=95%

CL=95%

CL=95%
CL=95%

5=2.2

481
817
814
657
657
772
645

239

524
772
545

925
909
767
909

669

485

338

909
909
910
883
845
848
831
798
801
700
764
742
681
654

793
793
744
612
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K*(892)0 K+ (52
KK+ =0 (5.24
KtK—at W (968

K+ K*(892)°, ( 2.49

K*(892)° — K~ xt
KT K3(1430)%, K3 (1430)° — (182
K-zt

Kt K3(1430)°, K5 — K-t (16

KTK§(700), Kf— K-t (68

a0(1450)° 7, a) — KtK- (45

#(1680) 7T, ¢ — KT K~ (49

ot o — KHK- (2.69
omt (5.70
KtK—at 70 ( 6.62
KLKLat (2.70
KIKLnt a0 (1.34
KiK*n (18
K*KYnta~ (1.89
K% Kt 7070 (58
KYK—2rt (227
KtK=2ntn— (23

A few poorly measured branching fractions:
ot (23

épT < 15

Kt K~ at70non-¢ (15

I+ 1+ |

| +

HoH BB H H H I+

+

14 )x1074
0.31 ) x 1073
0.18 ) x 1073
0.08 _3
013 ) x10

0.35 ) x 1073

SO =i =N Dw o

0.14 ) x 1073
0.32 ) x 1073
0.13 ) x 1073
021 )x10~3
05 )x1074
0.13 ) x 1073
13 )x1074
0.13 ) x 1073
1.2 )x10~4

1.0 )%
%

06 )%

Doubly Cabibbo-suppressed modes

K+ =0
K+77
Kt n/(958)
Ktatn—
Kt p0
K*(892)0 7T, K*(892)° —
Ktn—
Kt 1£,(980), £(980) — ntzx—
K3(1430)° 7t K3(1430)° —
KTn~
K+ atn=z0
Kt 7t a~ 70 nonresonant
Ktw
2Kt K=
#(1020)0 K+
KT $(1020), ¢ — Kt K~
K+ (K+ Ki) S—wave

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

(208
(1.25
(185
(491
(19
(23

(44
(39

(121
(110
(5.7

(614

< 21

(4.4
( 5.77

+

+

0.21 ) x10~4
0.16 ) x 1074
0.20 ) x 1074
0.09 ) x 104
05 )x104
04 )x1074

26 )x107°
2.7 )x107°

0.09 ) x 10~3
0.07 ) x 1073

33 )x107®

0.11 ) x107°

x 1075
06 )x1076
0.12 ) x 1075

CL=90%

S=1.4
S=1.1

CL=90%

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

atete~ 1
atrlete
7t ¢, ¢ — ete” [oo]

< 11
< 14

(17

+

x10~©
x 1073
58 yx1076

CL=90%
CL=90%

613
744
744

613

647
647
682
741
679
516
678
683
678
601

619
260

682

864
776
571
846
679
714

817
817

675
550

550

930
925
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atutp~ c1 < 67 x 1078  CL=90%
ate, ¢ — ptpu~ [oo] (18 + 08 )x1076

ptutu~ c1 < 56 x 1074 CL=90%
Ktete™ [pp] < 85 x10=7 CL=90%
Ktnlete < 15 x 1075 CL=90%
Kintete™ < 26 x 1073 CL=90%
KiKtete < 11 x10~5 CL=90%
Ktptp~ [pp] < 5.4 x 1078  CL=90%
atetu~ LF < 21 x10~7 CL=90%
ateput LF < 22 x10~7 CL=90%
Ktetu™ LF < 75 x 1078 CL=90%
Kte put LF < 10 x10~7 CL=90%
n2et L < 53 x10~7 CL=90%
n2ut L < 14 x 1078 CL=90%
ametut L < 13 %1077 CL=90%
p2ut L < 56 x10~4 CL=90%
K~ 2et L <9 x 1077 CL=90%
Kyr=2e* < 33 x 1076 CL=90%
K~ n02et < 85 x 1076 CL=90%
K—2u™t L < 1.0 x 1079 CL=90%
K—etput L < 19 x 1076 CL=90%
K*(892)~ 2™ L < 85 x 104 CL=90%
Net LB < 11 x 1076 CL=90%
Aet LB < 65 x 1077 CL=90%
30et LB < 17 x 1076 CL=90%
T0et LB < 13 x 1076 CL=90%

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

918

757
870
864

792
856
927
927
866
866
930
918
927
757
870
863
864
856
866
703
602
602
554
554

DO

1Py = 307)
Mass m = 1864.84 + 0.05 MeV
Mps — Mpo = 4.822 & 0.015 MeV
Mean life 7 = (410.3 + 1.0) x 1071% s
cr = 123.01 pm

Mixing and related parameters

|mpo — mpe| = (0.997 £ 0.116) x 1010 7 571
1 2 5
(Tpo = Fpo)/T =2y = (123 4 0.11) x 10

|a/p| = 0.995 £ 0.016
Ar = (0.089 & 0.113) x 103

Korm _ +0.04
GKSTT = 0,021 004

KT~ relative strong phase: cos § = 0.97 + 0.11
K~ 7t 70 coherence factor Ry 0 = 0.792 + 0.033
K~ nt 70 average relative strong phase g = (198 + 10)°
K~ m~ 21T coherence factor Rx 3, = 0.521'8:(1)8
K~7~2xt average relative strong phase 0K37 =
2
(1491380 (S =1.4)
DO — K~ 727", Rkax (y cosd®3™ — x singK3™) = (=3.0 &+
0.7) x 1073 Tev—!

K% K* 7~ coherence factor R =0.70 + 0.08

KiKm
K% K+ n~ average relative strong phase gKSKm _ (0 + 16)°
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K* K coherence factor R o = 0.94 £ 0.12
K* K average relative strong phase 6K K = (—17 + 18)°

CP-violation decay-rate asymmetries (labeled by the D° decay)
A(vp(K"' K=) = (-0.07 £ 0.11)%
Acp(2KY) = (-1.9£1.1)% (S =1.1)
Acp(ﬂﬂr) =(0.13 £0.14)%
Acp(m07%) = (0.0 + 0.6)%
Acp(pv) = (6 + 15) x 1072
Acp(97) = (=9 +7) x 1072
Acp(K*(892)%7) = (=0.3 + 2.0) x 1072
Acp(rtr=70) = (0.3 £ 0.4)%
Acp(nrtx~) in DY, 50 — nrta™ = (0.9 +1.3) x 1072
Acp(p(T70)T 1= — ot 20) = (1.2 + 0.9)% [74]
Acp(p(770)07° — 77— 70) = (=3.1 + 3.0)% [9d]
Acp(p(770)~ 7t = 7t 70) = (—=1.0 = 1.7)% [9d]
Acp(p(1450)t 7= — 7t a—70) = (0 + 70)% 99l
Acp(p(1450)0 70 — 7t o~ 7r°) = (—20 =+ 40)% ladl
Acp(p(1450)~ 7+ — 7r+ 70) = (6 = 9)% 9]
Acp(p(1700)t 7= — ata— 7r0) = (=5 + 14)% ladl
Acp(p(1700)0 70 — 7r+7r7r°) = (13 £ 9)% lad]
Acp (1700)7 Tt = 7r+ 70) = (8 £ 11)% [9d]
Acp(f(980)7° — 7t ) (0 =+ 35)% lad]

0

Acp(fo(1370) 70 — 7r+ —70) = (25 + 18)% [4d]
Acp(fy(1500)m0 — 77~ x0) = (0 + 18)% [9d]
Acp(fp(1710)70 — 7t 7~ 70) = (0 + 24)% [9d]

(

(

(

(p

(

(

(

(

(p

(

(

E

op(6(1270) 70 — 7r+7r 70) = (=4 £ 6)% lad]

op(0(400)m0 — a7 a0) = (6 + 8)% l9d]

cp(nonresonant 7+ 7~ 70) = (=13 + 23)% [aq]

Acp(a1(1260)T 7~ — 27t 277) = (5+ 6)%

Acp(a1(1260)~ 7t — 27t 277) = (14 £ 18)%

Acp(m(1300)t 7~ — 27T 277) = (-2 + 15)%

Acp(m
(
(
(
(
(
(
(mt
(
(
(
(
(
(
(
(
(
(
(

)>)>:I>

op(x(1300)" 7t — 27T 277) = (=6 + 30)%
Acp(a1(1640) 7= — 277 277) = (9 £ 26)%
Acp(ma(1670) 7~ — 27T 277) = (7 + 18)%
Acp(of(1370) — 27T 277) = (—15 + 19)%
Acp(op(770)0 — 2nt2r™) = (3 £27)%

Acp2p(T70)° — 27t 277) = (=6 £ 6)%

Acp 2f2(1270) — 2ntonT) = (-28 + 24)%
cp(rtr=7%,) in DO, DO — ata=a0p=(—646)x 1072
cp(KTK=70) = (-1.0 £ 1.7)%

op(K*(892)T K= = K+t K~ x0%) = (—0.9 & 1.3)% lod]
op(K*(1410)T K~ = KT K= 70) = (=21 + 24)% 9]
cP(KT70)s wave K~ = KTK=70) = (7 + 15)% [99]
Acp ¢(1020)7r — KTK=7%) = (1.1 + 2.2)% lod]

Acp f0(980)7r - K+K*7r°) = (=3 + 19)% loal
or(20(980)0 70 — K+ K—n0) = (=5 + 16)% [9d]
op(f5(1525)70 — K+ K~ 770) (0 + 160)% [99]
Acp(K*(892)" KT — K+t K—79) = (=5 + 4)% [4d]

op K*(1410) KT = KtK—a0) = (=17 + 29)% lad]

CP (K ™ )5 'wm)FK - K+K_71'0) _( 10 + 40)% [aq]

)>)>

)>)>:I>

A
A

A
A
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Acp(KTK=n)in DO, D
n) in DO, DO _
Acp(4(1020)n — Kt Kf KTK™n=(-14+35)x 102
10-2 n) in D%, D® — $(1020)n =
e o )0 = (—2+4)x
ACP(K%’/T ) = (=0.20 £ 0.17)%
ACP(Kg”)2 =(0.5+05)%
ACP(;((OSH) =(1.0£07)%
ACPEKgqb)_F: (73 + 9)%
ACP(K+TF_) = (02£0.5)%
AZI;(D ) = (—0.9+ 1.4)%
ACP(K(_JPS_ﬂO) — Kﬁri) = (127 £ 1.5)%
ACP(K"'TF— ﬂo) =(0.1£05)%
us =
Acp(KY 7r+77rr*) - (0 + 5%
ACP(KiTri )? _D%7g§ £ 08)%
n)in DO, D° — KFaty=
ACP(KOSﬂ'OT/) in DY, DY — KO g n=(-19=£16)x 102
Acp(KFa£x00) in DO, DO Qa0p=(-39+33)x1072
Acp(K*(892)~ 7t — KO0 :},Kﬂri”o’? = (-8 5)x 1072
Acp(K*(892)F 7= — K057r+7f_) = (0.4 + 0.5)%
Acp(KOp® — K%nt Kemm) = (1 +6)%
Acp(K0w — KOSZ T )= (-0.1£05)%
Acp(K° £,(980) iﬂ KT) )+: (—134+ 7%
Acp(K0£,(1270) — [?07r f? = (=04 £27)%
Acp(KO fy(1370) — K057T+7r )=(-4+5%
Acp(K® 0(1450) s +7r7) =(-1+9%
Acp (KO £(600) ﬁ%Kffsjrr j*) = (-4 +£10)%
ACP(K*(14]_O)_7T+ _>S7TK07T +) = (*3 + 5)%
Acp(K§(1430)" 7t — §7T+7T_) =(-2+9%
Acp(Kj(1430) T — £3W+”_) =4+4)%
Acp(K3(1430)~ ST 77) = (12 £ 15)%
Acp(K35(1430)F 7~ i K%ﬂiﬂi) =3+6)%
A Ktrnta— - -9)70
P AR S
ACP(K*(127€)+FKZ =(13+1.7%
ACP(K%(1270)+ K- - K:oKf mtaT) = (=23 £ 1.7)%
Acp(K3j(1270)" K+ - 5*071'+ K7)=(-1+10)%
Acp(K;(1270)" K+ :: K+ ”: K*) = (-10 + 32)%
Acp(K3(1270)T K~ KO K- ata™)=(17+35)%
Acp(Ki(1270)~ K+ - o KT = (-7 17)%
Acp(K o pKTKT) = (10 £13)%
cp(Ki (14000t K~ — K+ K—ata— )%
ACP(K*(]_410)+ K- s K*0 +7T _Tl' )=(—44£21)%
Acp(K*(1410)~ K+ o K™) = (=20 +£17)%
Acp(K*(1680)" K~ : £+ T KF) = (-1414)%
Acp(K*OK*0) in DO, DO K *gi”(;) = (=17 £ 29)%
ACP(K*OR*O Sw ’ — K*K* = (75 + 14)%
or - ave) = (—3.9 + 2.2)%
Acp(6p°) in DO, DO 0 0
Acp(op° 5—wave’) - = or = (1£9)%
Acp(¢p® D-wav _—(73 + 5)%
(o (et e) = (=37 + 19)%
ACP(K*(8972T)0)(5;€1U ) = (6% 6%
ACP(K+ Kt m )waave) = (*10 + 40)%
7~ non-resonant) = (8 + 20)%
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Acp((K™ 7T+)P—wave (K+7T_)$—wave) =@ £11)%

Acp(KtK=pTp=)in D%, DO — KtK—ptp= =(0+11)%

Acp(rtr=putp)in DY, D° = 7ta—putpu = (5+4)%
CP-even fractions (labeled by the D? decay)

CP-even fraction in D® — 7+ 7~ 70 decays = (97.3 + 1.7)%

CP-even fraction in DO — K+ K~ 70 decays = (73 + 6)%

CP-even fraction in D® — 7t~ 7% 7~ decays = (76.9 & 2.3)%

CP-even fraction in D® — K37t 7~ 70 decays = (23.8 + 1.7)%

CP-even fraction in D® — KT K~ xtx~ decays = (75 + 4)%
CP-violation asymmetry difference

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

X2 tests of CP-violation (CPV) p-values
Local CPV in D%, D° — #t7~ 70 = 4.9%
Local CPV in D°, D® — ztz~zt7~ = (0.6 + 0.2)%
Local CPV in D9, DO — K%rtr~ = 96%
Local CPV in D%, D% — KK~ 70 = 16.6%
Local CPV in D%, D® — KtK-ntn~ =9.1%
T-violation decay-rate asymmetry
Ar(KtK=ata™) = (2.9 + 2.2) x 1073 [7]
Arviol(KsmT =70 in D%, D® — Ksnta— 70 = (—0.3714) x
1073
CPT-violation decay-rate asymmetry
Acpr(KF %) = 0.008 + 0.008
Form factors
ry = V(0)/A1(0) in D® — K*(892) ¢tv, = 1.46 + 0.07
rp = Ay(0)/A1(0) in D — K*(892) ¢t w, = 0.68 + 0.06
£(0) in D — K~ ¢tv, = 0.736 + 0.004
£1(0)|Ves| in DO — K~ ¢y, = 0.7166 + 0.0030
n=ay/ain D® - K¢ty = —2.40+0.16
mn=ay/aginD® - Kty =5+4
£.(0) in D® — 7~ ¢t v, = 0.637 + 0.009
£1(0)| Veg| in DO — 7~ ¢+ 1, = 0.1436 £ 0.0026 (S = 1.5)
n=ay/ainD® » 7 ¢ty =—-197+028 (S=14)
m=ay/agin D® - 7 ¢ty =—-02+£22 (S=1.7)
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(KO).

Scale factor/ p

D% DECAY MODES Fraction (T';/T) Confidence level(MeV/c)

6-prongs [tt]

Topological modes

0-prongs [l (15 +£6 )%

2-prongs (711 6 )%

4-prongs [ss] (146 + 05 )%
(

65 + 13 )x104



Meson Summary Table

59

et anything
wtanything
K~ anything

KOanything + KCanything

K7 anything
K*(892)~ anything
K*(892)% anything
K*(892)* anything
K*(892)% anything
n anything

7’ anything

¢ anything
invisibles

K~ et e

K= pt vy

K*(892)~ et ve

K*(892)~ pt v,

K- n0et v,

@ﬂ’ et Ve

(KO 77_) S—wave et Ve

K- nta et
K1(1270)" et v,

K- nta—put vy
(K*(892)m)~ it

7 et Ve

T ;ﬁ I

aalet Ve

p et e

Pty

a(980)~ et ve, a~

b1(1235)" et ve, by — wr™

— nT

Inclusive modes
[uu] (649 +
(68
(54.7

(47
(3.4

(15

(9
< 36
(28 +
(95 =+
(248 +
(1.08 +

< 9.4

HoH R OH W

Semileptonic modes
( 3.549+
( 3.41
(215
(1.89

(16

(144
(79
(28
( 1.01
< 13
< 15
(291
( 267
(145
(150
(135

I O i I S oo

L H O HH

(133

< 112

K—nt ( 3.947+
K% 0 ( 1.240%
K970 (10.0 =+
Kintm Wl (280 +
K%p0 (63 T
Kiw, w— ata~ (20 =
K%(W+7r_)57wave (33 =+
K% £(980), fo — mta~ (120 *
K £(1370), fo — ata~ (28 *
KL 5(1270), f, — ata~ (9 1
K*(892)~ 7 t, K*~ — (164 T
K%W7
K§(1430)~ 7 F, K™ — (267 +

K%ﬂ7

0.11 )%
06 )%
28 )%
4 Y%
04 )%
9 )%
4 Y%
%
13 )%
09 )%
027 )%
0.04 )%
x 1073

0.026) %
0.04 )%
0.16 ) %
024 )%
63 )%
0.04 )%
17 )x1074

14 yx104

0.18 ) x 1073

x 1073

x 1073
0.04 ) x10~3
0.12 ) x 1073
0.07 ) x10~3
0.12 ) x 1073
013 ) x 1073

034 ) 1074

x10~4

Hadronic modes with one K

0.030) %
0.022) %
0.7 )x1073
0.18 ) %

82 ) x 10—3

06 )x1074
08 )x1073

625 ) x 1073

(l)g ) x 10—3

CL=90%

CL=90%

CL=90%
CL=90%

867

719
714

861
860
860
843
511
821
692
927
924
922

771
767

861
860
860
842

674

670
842

549

262

711

378
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K3(1430)" 7%, K3~ —
K%ﬂ7
K*(1680)~ 7+, K*~ —
K%ﬂ7
K*(892)*n~, K**+ —
K0$7r+
Kg(430)tn, Kpt —
KOSTr+
K3(1430)F 7=, K3t —
K057r+
K% mt 7~ nonresonant
K~ 7t x0
K= pt
K~ p(1700)t, pt — 7ta0
K*(892)~ 7 F, K*(892)~ —
_ K0
K*(892)°7°%, K*(892)°0 —
K§(1430)" 7, Ky~ —
K~ n0
K;(1430)°70, K30 — K= 7t
K*(1680)~ 7+, K*~ —
K~ n0
K~ 7t 70 nonresonant
Kg27ro
0 (9,0
55 (271' )57111(1&
K*(892)07%, K0 — KkQnO
K*(1430)°70, K*0 — K970
K*(1680)°70, K*0 — K370
K% £(1270), £, — 2a0
2Kg, oneKOS — 270
K= 2ntn™
K~ ptotal
K= 7t p03-body
K*(892)0p0, K*0 —
K7t
K*(892)0 o transverse,
KO —» K—xt
K~ a1(1260)*, af —
Pt
K1(1270)" 7, K] —
K~ 7t 7~ total
Ky(1270)~ 7%, K] —
K*(892)07~, K*0 —
K-zt
K~ 27+ 7~ nonresonant
K%ﬂ'+ n— a0
K%n, n— ata o
K%w, w— ata 0
K~ nt270
K= 2t 7= 70

0

+

— 0.34

I+ W+

HoHoH W B H B R H BRI+

H

H

N

) x 1074

e
[=]¢-)

35 )x 1074

0.60 ) x 10-4

x 1075 CL=95%

x 1072 CL=95%

80 ) x 104

05 )% 5=2.0
07 )%
1.8 )x 1073

0.40
020 )%

0.24 )%

22 )x1073

) x 1073

=
~N oo

) x 1073

8%

1.1 )x1073 5=2.2
07 )x1073

0.7 )x1073

3 )x1073

04 )x1073

1.1 )x1074

11 )x1074

0.14 ) % s=1.1
031 )%

1.6 )x1073

0.05 ) %

04 )%

032)%
04 )x1073

23 )x1074

0.07 )%
06 )%
0.03 ) x 1073
0.6 )x1073
023 )%
04 )%

367

46

711

842

844
675

711

711

378

379
46

484

813
813
772
670
815
771



Meson Summary Table

61

K*(892)0 7t 7= 70, K*0
K-t
K__7T+UJ, w —>_7r+7r_7r
K*(892)%w, K*0 —
K- at, w— 7fa 7
K%mro
K% a9(980), ag — nn°
K*(892)%, K0 — K%l
K—nty
K*(892)°7, K*0 — K-t
a(980)t K, af — nat
K3(1980)~xt, K3~ — K™n
K-nta%y
K% ata n
Kg 2707y
K% ot om™
K%p07t o, noK*(892)~
K*(892)~ 27t 7,
K*(892)~ — K%m~, no
0
K*(892)~ p07F, K*(892)” —
K%w7
K% 27t 2n~ nonresonant
K= 3rt2n~

0

0

(13

( 1.01
(120
(29
(188

(89
(74

(22
( 4.49
(280
(176
(266
(11
(5

(16

< 12

+

H

L

|+

HOH W R R

06 )%

05 )%
3.0 )x1073

0.05 ) %

028 )%

07 )x1073

0.05 ) % S=1.4
) x 1073

) x 1073

L7 ) 104
0.27 ) x 1073
0.21 ) x 1073
0.26 ) x 1073
0.30 ) x 1073
0.7 )x1073
7 )x1074

06 )x103

x 103 CL=90%

(22 +06 )x1074

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%' (958)

K*(892)0nt n— 0
K*(892)%9

K ntw
K*(892)0w

K~ 7t 1/(958)

K% 7' (958) 70
K*(892)%1/(958)

( 5.09
(111
(949
(19
(141
(31
(11
( 6.43
(252
< 10

+

+
+
+
+
+
B
+
+

013 )x 1073
0.06 )%
032 ) x 1073
09 )%
012 )%
06 )%
05 )%
0.34 ) x 1073
027 )x 1073
x 1073 CL=90%

Hadronic modes with three K's
(442 £ 032 )x103

KK+ K-
K% 29(980)0, aJ — K+ K~
K~ a(980), af — KT K2
oo o Kok
g 0 , ojK_
Kg o, 0 — K o
K3f(1370), f - KTK
3KY
Kt2K—nt
K+ K= K*(892)°, K*0 —
K—nt

(29
(59
< 11
< 9
(203
(17
(75
(225
(45

+
+

HoH R H

04 )x1073
1.8 )x107%
x 1074 CL=95%
x 1073 CL=95%
0.15 ) x 1073
1.1 )x10~4
07 )x1074 S=1.4
032 )x 104
18 )x107°

643

605
410

656
651
656
768

642

230

768
713

772
670
565
643
583
605
410
479

119

520

539
434
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K—nt¢, ¢ > KT K™ (40 + 17 )x107° 422
$K*(892)°, ¢ - KtK—, (1.08 £ 021 )x1074 f
KO K—rt
K1 2K~ 7t nonresonant (34 +15 )x107° 434
2K KE T (59 + 13 )x1074 427
Pionic modes
atn= 1.454+ 0.024) x 103 S=1.4 922
270 826 + 025 )x 104 923
ata— 70 1.49 + 0.06 )% s=2.1 907
pta~ 1.01 + 0.04 )% 764
POn0 3.86 + 023 )x 1073 764
p~ T 515 + 0.25 ) x 1073 764

p(1450)t 7=, pt — ata0
p(1450)0 70, p0 — ata—
p(1450)~7F, p~ = a0
p(1700)t 7=, pt = ata0
p(1700)0 7%, 0 — ata—

(
(
(
(
(
(
( 21 )x 1073 -
(

(

(

(

p(1700)~ 7 F, p= = @~ 70 (48

(

(

(

(

(

(

(

(

(

(

20 )x 1073 -
04 )x1074 -
15 )x 1074 -
1.8 )x104 -
1.1 )x1074 -
09 )x1073 -
0.22 ) x 1074 -
21 )x 1073 -
1.6 )x 1073 -
1.6 )x107° -
0.21 ) x 104 -

£(980)70, fy — wta~
f(500)70, fy — atz~
f(1370)7°, fy — ata—
,(1500)7°, fy — ata—
f(1710)7°, fy — 7t a—
£(1270)7°, £ —» ata—

HoH B H W B B H B B R B R H R BB R B W

7t x~ 7% nonresonant 13 + 04 )x1074 907
370 20 + 05 )x1074 908
ontor— 7.56 + 0.20 ) x 1073 880

ap(1260)* 7, af — 453 + 031 )x 1073 -

2t total
a(1260) 7=, af — (3.13 + 021 )x 1073 -
P07t Swave
a1(1260)t 7=, af — (1.9 + 05 )x1074 -
7t D-wave
a(1260)t 7=, af = ot (64 + 07 )x1074 -
a1(1260)~ 7F, a; — (23 +09 )x1074 -
07~ Swave
a1(1260)~«t, a] — om™ (60 =+ 34 )x1075 -
7(1300)T7~, 7(1300)" — (51 + 27 )x1074 -
(T7T+

7(1300)~ 7+, 7(1300)" — (23 +22 )x104 -
o

ap(1640)* 7, af — (32 +16 )x10~4 -
P07t D-wave

a1(1640)* 7, af — ont (18 + 14 )x1074 -

m(1670) 17, T — (20 + 09 )x1074 -
£(1270)°7F, 3 —
71'+7T

m(1670) 1=, 71 — ot (26 + 10 )x1074 -

2p%total (1.85 + 0.13 ) x 10—3 518
209, parallel helicities (83 + 32 )x1075 -
209, perpendicular helicities (48 + 06 )x1074 -
209, longitudinal helicities (1.27 + 0.10 ) x 10-3 -
2p(770)0, S-wave (18 + 13 )x107% -
2p(770)°, P-wave (53 + 13 )x1074 -
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2p(770)°, D-wave (62 + 30 )x10~4 -
Resonant (7t 77 )at 7~ (151 + 012 )x103 -
3-body total
onta~ (62 + 09 )x10~4 -
o p(770)0 (50 +25 )x10~4 -
(980t 7™, fo — whw~ (1.8 + 05 )x10~4 -
£(1270) 7T =, £ — (37 +£06 )x1074 -
T~
26(1270), fh — wt7~ (16 + 18 )x10~4 -
f(1370)0, fy — nta~ (16 + 05 )x1073 -
ata—2q0 (102 £ 0.09 )% 882
n0 byl (63 =+ 06 )x10~% S=1.1 846
wm? y] (117 + 035 ) x 10~4 761
wn (1.98 + 0.18 ) x 103 S=1.1 648
2t 2n— 70 (42 + 05 )x1073 844
nrta— Iyl (116 + 007 )x 1073 827
wrtr™ byl (133 + 020 ) x 1073 738
wr070 < 110 x 103 CL=90% 740
n270 (38 + 13 )x1074 829
ata— a0y (323 + 022 )x1073 797
3nt3r~ (43 +12 )x10~4 795
7/ (958) 70 (92 + 10 )x10~4 678
7'(958) 7 7~ (45 + 17 )x1074 650
2n (211 + 019 )x 103 S=22 754
20 (73 + 22 )x1074 699
3n < 13 x 10—4 CL=90% 421
01’ (958) (1.01 + 019 )x10~3 537
Hadronic modes with a KK pair
KT K~ (408 £ 0.06 )x103 s=16 791
2KY (1.41 + 0.05 ) x 10~4 S=11 789
K K= at (33 + 05 )x1073 S=1.1 739
K*(892)°K2, K0 — K—nt (82 + 16 )x107° 608
K*(892)* K=, K*t — (189 + 030 )x 103 -
K%ﬂ'+
K*(1410)° K%, K*0 — (13 + 19 )x1074 -
K—nt
K*(1410)*K—, K*t — (32 + 19 )x1074 -
K%W+
(K= 7) s —wwave K& (60 + 29 )x10~4 739
(K27 H) s wpave K~ (39 + 1.0 )x1074 739
a(980) "7+, a; = KIK~ (13 + 14 )x1074 -
ag(1450)~ 7+, a; — K%K~ (25 +20 )x1075 -
a(1320)~ 7, a; — KIK— (5 +5 )x1076 -
p(1450)~ 7, p~ — KIK~ (46 + 25 )x1075 -
KK+ a~ (217 + 034 )x 1073 sS=11 739
K*(892)°K%, K0 — Ktn~ (112 + 021 )x10~% 608
K*(892)~ Kt, K*~ — (62 + 10 )x1074 -
K%W_
K*(1410)° K%, K*0 — (5 +8 )x107° -
Kzt
K*(1410)~ K+, K*~ — (26 +20 )x10~4 -
K%w7
(KT 77 ) s—wave K& (37 +19 )x10~4 739
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(K%ﬁ_)sfwm)eK-'—
a(980) 7, aj - KIK*
ap(1450) Y7, af — KIK*
p(1700)* 7=, pt — KIK*
KT K70
K*(892)‘(‘)’ K=, K*(892)T —
+

K*(892)~ K+, K*(892)~ —
-0

K- m
(K+7T0)S—wach_
(Kiﬂ-o)sf’waveK*—
£(980)n0, fy - KT K~
é19, ¢ - KTK—

2K 70
KTK=n
$(1020)7

K+ K~ nnonresonant
2K05n
K+ K= 7070
KtK-ntn—
¢(7T+ Wﬁ)S—waver ¢ -
A
(¢p0)57waver ¢ — KtK~
(¢pO)P—wavev ¢ — KtK~
(00°)D—waver & = KTK™
(K*(892)°K*(892)%)s_wave-
K* — KErF
(K*(892)°K*(892)°) p_wave-
* oy i(i Tt
(K*(892)°K*(892)%) p—wave
K* 40) Ki Tt
K*(892) (Kiﬂ'#‘)sfwavc 3-
body, K*O — Ktg—
Ki(1270)F K=, KT —
K*Oﬂ-+
Ki(1270)F K=, KT —
K*(1430)0 7, K*0 —
Ktn—
Ki(1270) T K—, Ki — 0K+
Ki(1270)F K=, Ki —
w(782) K+, w— 7t~
Ky (1270)" K+, Ky = K~
Ky1(1400)F K=, KT —
K*(892)°07t, K*0 —
Ktn—
K*(1410)~ K+, K*~ —
R*O —
K1(1680)" K=, Ki —
K*O‘ﬂ'+v K0 5 Ktg—
Kt K~ a7 non-resonant
ZKOS atr~
KK mtz0

B R R HH R

T I e T T T

HoH

+

06 )x1074
4 )x104
25 )x107°
0.6 )x107°
0.14 ) x 1073
0.07 ) x 1073

04 )x1074

0.18 ) x 1073
05 )x1074
06 )x1074
04 )x1074

x 1074
1.9 )x 1073
0.12 ) x 104

82 yx107°

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

0.6 )x104
1.9 )x 1073
14 )x107°
013 )x 1074

0.08 ) x 1074
0.4 )x107°
06 )x104
0.9 )x1074

05 )x1074

06 )x1074
1.2 )x107°

0.4 )x104
04 )x1074

11 )x 1073

32 )x107°

0.6 )x104
09 )x1074
0.16 ) x 10~3

743
743

740
514
489
514

508
681
677
614

250

673
677
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K% Kt a0
K(_)g K= 2rtn™
KtK=atr 0

Other K KX modes. They include all decay modes of the ¢, n, and w.

pr0
on
Pw

0y

wy

[
K*(892)%~

Radiative modes

(65 + 07 )x1074

<

(

1.4
3.1

+ 20 )

x10~4
x 10—3

(117 + 0.04 ) x 1073
(18 +05 )x10~4
(65 + 10 )x10~4

(182 + 032 )x107°

<

2.4

x 1074

(281 + 019 )x 1075

(

4.1

+ 07 )

x10~4

Doubly Cabibbo suppressed (DC) modes or
AC = 2 forbidden via mixing (C2M) modes

K+ ¢~ 7yvia D°
K*or K*(892)* e~ 7, via
Do

Ktr~

K*x~ via DCS

K* 7~ via DY _

Kinta=in DO — DO

K*(892)* n~, K** —
Kgﬂ+

K§(1430)Tn~, Kyt —
K% at

K3(1430)t 7=, K3T —
K%ﬂ'"’

Ktr x0

K+ 7~ a%via DO

K+t 27~ via DCS

Ktaton=

K+t 2r~via D°

4~ anything via D°

DC

DC

DC

DC

<
<

2.2
6

(150 + 0.07 )
( 1363+ 0.025)

<
<

(113

<

<

(3.05

(

(249
(265

(

<

1.6
1.8

1.4

3.4

7.6

7.9
4

+ 0.60 )
— 0.34

0.15 )

05
06 )

+
+

+ 0.07)
+ 0.06 )
+ 30 )

x 1075
x 1075

x 104
x 104
x 1079
x 104

x 1074

x 1073

x 1075

x10~4
x 1074
x10~4
x 10—4
x10~6
x10~4

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

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

7Y

ete~

pwhu”

mlete~

Outp-

ne"' e

T]/L+ nwo

ataete

pPlete

rta Tt

ata~ pt p~ (non-res)
POt~
wete~
wptp”

K- Ktete™

C1
C1
C1
C1
C1
C1
C1
C1
C1
C1

C1
C1
C1
C1

ANNNNNANNNANNNA

—~

VANVANVANIVANVAN

8.5
7.9
6.2
4

1.8
3

5.3
7

1.0
9.6
55
2.2
6

8.3
1.1

+ 12 )

x 10— 7
X 1078
x 1079
x 1076
x 10~4
x 1076
x10~4
X 1076
x 104
x10~7
x10~7
x 1079
x 1076
x 104
x 1075

CL=90%

CL=90%

CL=90%
CL=90%

S$=3.0

CL=95%
CL=95%

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%

677

600

645
489
238

771
768
654
719

861

861

711

844

813
812

932

926
928
915
852
838
922
771
894

754
768
751
791
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pete™ c1 < 52 x 1075 CL=90% 654
K=Ktutp~ c1 (154 + 032 )x107 710
K= K* u* p~ (non-res) < 33 x 1073 CL=90% -
outu c1 < 31 x 1075 CL=90% 631
KOete~ lop] < 2.4 x 1075 CL=90% 866
KOut o] < 26 x10—4 CL=90% 852
K-rntete, 675 < (40 + 05 )x1076 -
Mee < 875 MeV
K-ntete™, 1.005 < <5 x 1077 CL=90% -
Mee < 1.035 GeV
K*(892)0 et e~ lpp] < 4.7 x 105 CL=90% 719
K=atutp~ c1 < 359 x 10~4 CL=90% 829
K=atutu=, 675 < (42 + 04 )x107° -
my,, < 875 MeV
K*(892)0 put lop] < 2.4 x1075  CL=90% 700
ata=aOput c1 < 81 x1074  CL=90% 863
pteF LF  [aa] < 13 x1078  CL=90% 929
n0et T LF  [aa] < 8.0 x 107 CL=90% 924
ne* T LF  [aa] < 2.25 x 1076 CL=90% 848
atr— et ¥ LF  [aa) < 171 x1076  CcL=90% 911
et T LF  [aa] < 5.0 x10=7  CL=90% 767
wet T LF  [aa] < 1.71 x 107© CL=90% 764
K~ Ktet T LF  [aa] < 1.00 x 106 CL=90% 754
pet T LF  [aa] < 5.1 x10~7  CL=90% 648
KOet T LF  [aa] < 1.74 x 106 CL=90% 863
K-t e ¥ LF  [aa] < 1.90 x 106 CL=90% 848
K*(892)0 et 1T LF  [ag) < 125 x1076  CL=90% 714
2~ 2et L < 91 x10~7 CL=90% 922
o 2u L < 152 x 1076 CL=90% 894
K= n~2et L < 5.0 x10~7 CL=90% 861
K=n=2u* L < 53 x 1077 CL=90% 829
2K~ 2et L < 3.4 x10~7 CL=90% 791
2K 2ut L < 1.0 x10~7 CL=90% 710
- etut L < 3.06 x 1076 CL=90% 911
K-m—etput L < 210 x 1076 CL=90% 848
2K~ etput L < 5.8 x 107 CL=90% 754
pe~ LB [zz] < 10 x 1075 CL=90% 696
pet LB [aaa] < 1.1 x 1075 CL=90% 696
D*(2007)° 14P) = 307)
I, J, P need confirmation.
Mass m = 2006.85 &+ 0.05 MeV (S =1.1)
Mpo — Mpo = 142.014 % 0.030 MeV (S = 1.5)
Full width I < 2.1 MeV, CL = 90%
5*(2007)0 modes are charge conjugates of modes below.
D"(2('.l01)o DECAY MODES Fraction (I';/T) p (MeVc)
DO 70 (64.7 £0.9 ) % 43
D%~ (353 0.9 )% 137
DOet e~ ( 3.91+£0.33) x 1073 137
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D*(2010)* 1Py = 107)

I, J, P need confirmation.
Mass m = 2010.26 + 0.05 MeV

Mp.(010)+ — Mp+ = 140.603 £ 0.015 MeV
Mp+(2010)+ — Mpo = 145.4258 + 0.0017 MeV

Full width ' = 83.4 + 1.8 keV

D*(2010) ~ modes are charge conjugates of the modes below.

D*(2010)% DECAY MODES Fraction (';/T) p (MeV/c)

DOzt (67.7+£0.5) % 39

Dt 0 (30.740.5) % 38

Dty ( 1.6+0.4) % 136
D;(2300) 1Py = 300

was D(;(2400)

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

Dy(2420) 14F) = 30
Mass m = 2422.1 + 0.6 MeV (S = 1.7)
Mp, (2420)0 — Mpe+ = 411.8 £ 0.6 MeV (S =1.7)

Mp, (2420 ~ Mp, (24200 = 4 + 4 MeV
Full width ' = 31.3 + 1.9 MeV (S = 2.8)

D, (2430)° 1Py = 307)

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

D3(2460) 1P = 52"

Mass m = 24611707 MeV (S = 6.2)

— +0.7 —
Mpy(2a60)0 ~ Mp+ = 591.57 g MeV (S =5.9)

_ +0.7 —
Mps(aas0)0 ~ Mpr+ = 450.97 j;g MeV (S =5.9)
mD§(2460)i — mD;(2460)0 =24 £ 1.7 MeV

Full width T = 47.3 £ 0.8 MeV (S = 1.5)

D3(2750) 10F) = 3637)

Mass m = 2763.1 + 3.2 MeV (S = 2.1)
Full width ' = 66 £ 5 MeV
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CHARMED, STRANGE MESONS
(C= +£1, S = +1)
(including possibly non-qq states)

Df =c¢5, D =Ts, similarly for D¥'s

D* 1(JPy = 0(07)

Mass m = 1968.35 £+ 0.07 MeV
mDSi — Mpx = 98.69 + 0.05 MeV

Mean life 7 = (504 + 4) x 1071%s (S =1.2)
cr = 151.2 ym

CP-violating decay-rate asymmetries
A(VP(,U, 1/) :( 02i25)%

Acp(rEv)in D+ — 7ty Dy = 77U, = (3£5)%

Acp(KEKY) = (0 09 + 0.26)%

cp(KEKY) in DF - K*K) = (-1.1+2.7)x 1072
(K+K—7ri) (-0.5+0. 9)%
(¢p7%) = (—0.38 £ 0.27)%
(KiKO 70) = (=2 £ 6)%
p(2K i) =(3+5)%
(K+ K=t 70) = (0.0 + 3.00%
p(KEKLatn7) = (-6 £ 5)%
(KYKF2nF) = (41 £ 2.8)%

(vp(‘n'+ = aF) = (=07 £ 3.1)%

(
(
(
(
(
(
(
(
(
(

> > >
Q Q Q
*U"U"U

)>
Q
5

A
Acp(ntn) = (0.3 £ 0.4)%
A ) = (-09+05%

cp(m
Acp mino) =(-1+4)%
Acp(' 7% = (0 + 8)%
Acp(K*n 0)—(214)% (S=1.2)
Acp(KO/KOn%) = (0.4 + 0.5)%
Acp(KYn®) = (0.20 + 0.18)%
A(fp K 71'+71'7) = (4 + 5)%

Acp(Kert %) in DF — Kirta0 = (3+£6)%
Acp Kin) (1.8 1. 9)%
Acp(KE1/(958)) = (6 + 19)%

CP violating asymmetries of P-odd (7-odd) moments
AT(KYKFatn—) = (—14 = 8) x 1073 [7]

D} = ¢+ v, form factors
r=084+011 (S=24)
r, = 1.80 £ 0.08
r/T+=072+0.18
£1(0) |Ves| in DY — netve = 0.446 £ 0.007
£1(0) |Ves| in DY — o/ eTve = 0.48 £ 0.05
£1(0)|Veq| in DY — KOetye = 0.162 £ 0.019
r, = V(0)/A1(0) in DF — K*(892)%t v, =1.7 £ 04
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rn = Ay0)/A1(0) in DI — K*(892)%et e = 0.77 £ 0.29
fpz [Ves| in DF =y, =243 £ 5 MeV
st+ [Ves|in Df — 7%y, = 2453 & 3.0 MeV
Unless otherwise noted, the branching fractions for modes with a resonance in
the final state include all the decay modes of the resonance. D; modes are
charge conjugates of the modes below.
Scale factor/ p
D's" DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Inclusive modes
et semileptonic [bbb] ( 6.33 +£0.15 ) % -
7T anything (1193 +14 )% -
m~ anything (432 +09 )% -
70 anything (123 +7 )% -
K~ anything (187 +05 )% -
K™ anything (289 407 )% -
K% anything (190 11 )% -
n anything [ccec]l (299 +£28 )% -
w anything (61 +14 )% -
n’ anything [ddd] ( 103 +14 )% s=1.1 -
,(980) anything, fy — 77~ < 13 % CL=90% -
¢ anything (157 1.0 )% -
KT K~ anything (158 +07 )% -
K% K+ anything ( 58 +05 )% -
K%OK any'.thlng (19 +04 )% -
2K anything ( 170 £0.32 )% -
2Kt anything < 26 x 1073 CL=90% -
2K~ anything < 6 x10™4 CL=90% -
Leptonic and semileptonic modes
et e < 83 x 1078 CL=90% 984
utu, ( 543 £0.15 ) x 1073 981
Ty, ( 532 £0.11)% 182
vetve < 13 x 1074 CL=90% 984
KTK= et — 851
detve leee] ( 239 +0.16 ) % s=1.3 720
dut v, (L9 405 )% 715
netve + 1/ (958)et ve leee] ( 3.03 +£0.24 )% -
net v, leee] ( 2.32 +£0.08 )% 908
7' (958) et ve leee] ( 80 407 )x1073 751
nutu, (24 405 )% 905
n'(958) it v, (11 £05 )% 747
wet v, [ff] < 2.0 x1073  CL=90% 829
KOet v, ( 34 +04 )x1073 921
K*(892)% e ve leee] ( 215 +0.28 ) x1073  sS=1.1 782
20(980)% et e, 39(980)° — < 12 x10~4 CL=90% -
7r07]
Hadronic modes with a KK pair
K+ K% ( 1.45340.035) % 850
Kt K} ( 1.49 +£0.06 ) % 850
KtKO (295 £0.14 )% 850
KtK— 7t Lil ( 538 +£0.10 )% S=1.1 805
ont lece.ggg] ( 45 +04 )% 712
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ort, ¢ —» KTK—
KtK*(892)°, K0 — K=zt
f(980) 7 t, fy - KT K-
f(1370)7t, fy = KTK™
f0(1710)71'+, fo — KtK—
KT K3(1430)°, Ky — K~ ot
K+Kyr0
2K.0§ at
KORO at
K*(892) T K?
KTt K—xt 70
op* _
K1(1270)° K+, K1(1270)° —
K= pt
K1(1270)° K+, Kq(1270)°0 —
K*(892) 7
K1(1400)° K+, Kq(1400)°0 —
K*(892)
a0(980)%p*, 2p(980)° —
S

f(1420)7F, £(1420)° —
K*(892)F K*

f(1420)7F, £(1420)° —
20(980)°79, 25(980)° —
K+ K-

n(1475) 7+, n(1475) —
20(980)079, 24(980)° —
Kt K~

KK 2n™t

K*(892)* K*(892)°

n(1475)K%, n -
K*(892)%7F, K*0 —
K=t

n(1475)7t, n —
K*(892)t K=, K*t —
K057r+

n(1475)7t, n —
ap(980) "7+, ay; —
K K-

fi(1285)7t, fi —
ap(980) "7+, a; —

¢p0ﬂ'+, o — KTK-
pa(1260)F, ¢ —
KtK=, af — o+t
¢2nta " non-p, ¢ —
KT K~
Kt K= p%nt non-¢
K+ K~ 2rt 7~ nonresonant
2K 27t 7

lggg]

[eee]

[eee]

[eee]

[eee]

—~ e~~~ —~

2.22 £0.06 ) %
2.58 +£0.06 ) %
111 +0.19 )%
71 +29 )x1074
6.7 +28 )x1074
1.76 +0.25 ) x 1073
1.52 £0.22 )%
7.7 +06 )x1073
54 +12 )%
550 +£0.24 )%
559 +£0.34 )%
57 406 )x1073

131 £0.25 )%
20 +04 )%
19 +04 )x1073

3.9 407 )x1073

40 +14 )x107*

7.0 +28 )x1074

1.53 £0.08 ) %
5.64 +0.35 ) %
3.4 +10 )x1074

34 +10 )x1074

1.7 409 )x1073

34 +08 )x1074

95 +08 )x1073
86 +1.5 )x1073
121 +£0.16 ) %

6.4 +13 )x1073
74 +12 )x1073

1.8 +07 )x1073

2.6 x 104
9 47 )x1074
78 £33 )x1074

S=1.5

S=1.1

CL=90%

712
416
732

198
218
805
802
802
683
748
401

744
417

744
673
640
181

249
673
669
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Hadronic modes without K's

at a0 < 12 x10~4 CL=90% 975
2t~ ( 1.08 £0.04 )% 959
POt (1.9 12 )x1074 825
7T (7 T7) s_wave [hhh] ( 9.0 +04 )x10=3 959
£(1270)7t, b — 7t a~ ( 1.09 £0.19 ) x 1073 559
p(1450)07F, p0 — at o (29 +19 )x10~4 421
nt2n0 ( 65 +13 )x10-3 961
2t 70 — 935
nat leee] ( 1.68 £0.09 )% S=1.1 902
wrt leee] ( 1.92 +£0.30 ) x 10~3 822
3nton~ (79 +08 )x1073 899
2t 270 — 902
npt leeel ( 89 +08 )% 724
nat a0 (95 +05 )% 885
(7t 7°) p_wave ( 51 +31 )x1073 885
oty ( 312 £0.16 )% 855
a(1260)*n, af — ( 173 £0.16 )% -

p(T70)°07t, p0 — wta—

a(1260)*y, af — ( 25 409 )x1073 -
R (500)nt, fo = wtw~
a0(980) t07 0+, 2,(980)10 — (22 +04 )% -
g t0
a9(980)* p(770)°, af — ( 21 409 )x1073 -
nrt
n(1405) 7+, n(1405) — (22 +07 )x1074 -
a0(980)~ 7, ay — nw
n(1405) 7+, n(1405) — ( 22 407 )x1074 -
a(980)* 7=, aj — nnt
f(1420)7t, f — ( 59 +18 )x1074 -
a0(980)~ 7, ay — nw
f(1420)7t, fi — ( 53 +18 )x1074 -
a(980)* 7=, aj — nat
wnt g0 leee] ( 28 +07 )% 802
3ntor a0 (49 32 )% 856
w2rt leee] ( 16 +05 )% 766
7'(958) 7T [ddd,eee] ( 3.94 +0.25 ) % 743
3rt2r— 270 — 803
wnrt leee] < 213 % CL=90% 654
7/ (958) p [dddecee] ( 58 +15 )% 465
7 (958) 70 ( 56 +£08 )% 720
7' (958) 7+ 70 nonresonant < 51 % CL=90% 720
Modes with one or three K's
K+ 70 ( 74 +05 )x10~4 917
KYnt ( 110 £0.05 ) x 10—3 916
Kty leee] ( 1.73 +0.08 ) x 1073 835
Ktw leee] ( 87 +25 )x10—4 741
K+ n/(958) leee] ( 2.64 +0.24 ) x 1073 646
Ktntn~ ( 65 +£04 )x1073 900
K+ 0 ( 25 404 )x1073 745
Kt p(1450)°, p° — 7ta— (69 +24 )x1074 -
K*(892)0 7t , K*0 - K+n— ( 1.40 +0.24 ) x 1073 775
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K*(1410)%7F, K*0 — K+ga— ( 122 +0.28 ) x 1073
K*(1430)%7F, K*0 — Ktg~ ( 50 +34 )x10~4
K+ 7t 7~ nonresonant ( 1.03 £0.34 )x10~3
(
(

900
KOzt 70 1.08 £0.06 ) % 899
K2rtm= 28 +1.0 )x1073 870
K+wnr? leee] < 8.2 x 1073 CL=90% 684
Ktwrtza™ [ece] < 5.4 x 1073 CL=90% 603
K*wn [eee] < 7.9 x 1073 CL=90% 366
2Kt K~ ( 215 +£0.20 ) x 1074 628
dKt, ¢ - KTK™ ( 88 +20 )x107° -
Doubly Cabibbo-suppressed modes
2Kt~ ( 1.276+0.031) x 104 805
K+ K*(892)0, K¥0 — K*z~ ( 60 +34 )x107° -
Baryon-antibaryon mode
ph ( 122 £011 )x1073 295
ppet e < 20 x 104 CL=90% 296
AC =1 weak neutral current (C1) modes,
Lepton family number (LF), or
Lepton number (L) violating modes
ntetes [pp] < 55 x107% CL=90% 979
ate, ¢ - ete foo] (6 18 )x1076 -
atutpu= [ppl < 1.8 x10=7 CL=90% 268
Ktete~ c1 < 37 x 1076 CL=90% 922
K+t p= c1 < 14 x 1077 CL=90% 909
K*(892) "t~ c1 < 14 x 1073 CL=90% 765
atetu~ LF < 11 x 1076 CL=90% 976
rte put LF < 94 x10~7 CL=90% 976
Ktetpu~ LF < 79 x 1077 CL=90% 919
Kte pt LF < 56 x 1077 CL=90% 919
7~ 2et L < 14 x 1076 CL=90% 979
T 2ut L < 86 x 1078 CL=90% 968
aetput L < 63 x 1077 CL=90% 976
K—2et L < 17 x 1077 CL=90% 922
K=2ut L < 26 x 1078 CL=90% 909
K=etput L < 26 x 1077 CL=90% 919
K*(892)~ 2ut L < 14 x 1073 CL=90% 765
D 1UPy = 0(2%)
JPis natural, width and decay modes consistent with 1.
Mass m = 2112.2 + 0.4 MeV
mD;i - mDSi = 143.8 £ 0.4 MeV
Full width ' < 1.9 MeV, CL = 90%
D’S‘f modes are charge conjugates of the modes below.
D;+ DECAY MODES Fraction (I'; /T) p (MeV/c)
DYy (93.5+0.7) % 139
Dt a0 (5.8+0.7) % 48
Diete” ( 6.7+1.6) x 10~3 139
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D%y (2317)* 1(JP) = o0)
J, P need confirmation.
JP is natural, low mass consistent with ot.

See the review on "Heavy Non-gq Mesons.”
Mass m = 2317.8 £+ 0.5 MeV

mD;O(2317)i - Mpt = 349.4 £+ 0.5 MeV

Full width T < 3.8 MeV, CL = 95%

D;0(2317)* modes are charge conjugates of modes below.

p
D;o(2317)i DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
D70 (1007 ,9) % 298
Dy < 5 % 90% 323
Di(2112)ty < 6 % 90% -
Dy < 18 % 95% 323
Di(2112)* 70 <1 % 90% -
Dfata— < 4 x 1073 90% 194
See Particle Listings for 1 decay modes that have been seen / not seen.
Ds1(2460)* 1UP) = o1)
See the review on "Heavy Non-gq Mesons.”

Mass m = 2459.5 + 0.6 MeV (S = 1.1)

Mp, (2460)= ~ mD;i =3473£07 MeV (S=1.2)

Mp, (aas0)= ~ Mpz = 49114 0.6 MeV (S = 1.1)

Full width ' < 3.5 MeV, CL = 95%

Dg1(2460) ™ modes are charge conjugates of the modes below.
Scale factor/ p
Ds]_(2460)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Dt 70 (48 +11 )% 207
Dj"f (18 +4 )% 442
Dfata— (43+ 13)% s=11 363
Dity < 8 % CL=90% 323
D% (2317) (377 39 % 138
Ds;(2536)* 1JP) = 0017)
J, P need confirmation.

Mass m = 2535.11 + 0.06 MeV

Mp., (2536) mD;(2111) = 4229 4+ 0.4 MeV

Mp_, (2536)* — Mpx(2010)* = 524.85 + 0.04 MeV
Mp,,(2536)= — MD*(2007)0 = 528.26 + 0.05 MeV (S =1.2)
Full width ' = 0.92 4+ 0.05 MeV



74 Meson Summary Table

Branching fractions are given relative to the one DEFINED AS 1. Dg;(2536)
modes are charge conjugates of the modes below.

D51(2536)+ DECAY MODES Fraction (I';/T) Confidence level (Mle)v/c)
D*(2010)+ KO 0.85 +0.12 149

(D*(2010)F K95 _pave 0.61 +0.09 149
Dta—K* 0.02840.005 176
D*(2007)° K+ DEFINED AS 1 167
Dt KO <0.34 90% 381
DOK* <0.12 90% 391

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

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

%(2700)% 1(4P) = 0(17)

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

D;(2860)* 1Py =037)

Mass m = 2860 + 7 MeV
Full width ' = 53 £+ 10 MeV

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 B¥ section, but because of their importance we have cre-
ated two new sections: “B¥ /B Admixture” for T(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. B%-B° mixing data
are found in the BY section, while Bg—Eg 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* B? Admix-
ture sections. b-baryons are found near the end of the Baryon
section.
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The organization of the B sections is now as follows,
where bullets indicate particle sections and brackets
indicate reviews.
o BT
mass, mean life, CP violation, branching fractions
B0
mass, mean life, B9-B° mixing, CP violation,
branching fractions
o B /B% Admixtures
CP violation, branching fractions
e BE/B%/BY/b-baryon Admixtures
mean life, production fractions, branching fractions
o B*
mass
o By(5721)*
mass
o B, (5721)°
mass
o B3(5747)F
mass
o B3(5747)0
mass
e B%(5970)*
mass
o B*(5970)°
mass
e B0
mass, mean life, BY-B% mixing, CP violation,
branching fractions
* B}
mass
By (5830)°
mass
o B},(5840)°
mass
. Bf
mass, mean life, branching fractions
At the end of Baryon Listings:
o /Ap
mass, mean life, branching fractions
o Np(5912)°
mass, mean life
o /,(5920)°
mass, mean life
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o),
mass
*

o3}
mass

—b ~b
mass, mean life, branching fractions

* =, (5935)"

mass
o =5(5945)°

mass
® =5(5955)~

mass
. _Q;

mass, branching fractions
e b-baryon Admixture

mean life, branching fractions

B* 1UP) = 407

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

Mass mgy = 5279.34 & 0.12 MeV

Mean life 7 5. = (1.638 £ 0.004) x 10712 5

cr = 491.1 pm
CP violation

Acp(BY — J/p(1S)KT) = (1.8 +3.0) x 1073 (S =1.5)

Acp(BY = J/(1S)rt) = (1.8 £1.2) x 1072 (S = 1.3)
Bt — J/ypt)=-0.05+0.05
Bt — J/¢K*(892)T) = —0.048 4+ 0.033
Bt — ncKT) =001+0.07 (S=22)
BT — ¢(2S)7T) = 0.03 £ 0.06
BT — ¢(2S)KT) =0.012+£0.020 (S =1.5)
BT — (2S)K*(892)*) = 0.08 + 0.21
BT = xc1(1P)xt) =0.07 £0.18
Bt — xooKt)=-0204£0.18 (S=1.5)
BT = xca Kt)=-0.009 + 0.033
BT — xc1 K*(892)7) =05+ 05
BT — DY%¢* 1) = (—0.14 £ 0.20) x 1072
Bt — DY%t) = —0.007 + 0.007
Bt = Dep(r1ym") = —0.0080 + 0.0024
Bt — Dgp(—yymt) = 0.017 + 0.026

Acp(BT — [rtatr=n~]pKT) =0.10 £ 0.04
Acp(BT — [rTa— 7t a7 ]pK*(892)1) = 0.02 £ 0.11
Acp(Bt — DYK™T) = —0.017 + 0.005
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Acp([KFrtnt

Acp(Bt
Acp(BT
Acp(BT
Acp(BT
Acp(Bt
Acp(B*
Acp(B*t
Acp(B*t
Acp(BT
Acp(B*t
Acp(BT
Acp(BT
Acp(BT
Acp(B*t
Acp(B*
Acp(B*
Acp(Bt
Acp(B*
Acp(B*t
Acp(B*t
Acp(BT
Acp(B*t
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Aaps(BT
Aaps(B*
Aaps(Bt
Aaps(BT
Aaps(BT
Aaps(B*
Aaps(B*
Aaps(Bt
Acp(Bt
Acp(BT
Acp(Bt
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(BT

B o e

A A

A

7 pKt) =-031£0.11
[ztrtr= 7 ]pnt) = (-4 £ 8) x 1073
[K~nt]pKT) = —0.58 £ 0.21
[K~nt7%pKT) = 0.07 £ 030 (S=1.5)
[Kt K= 70]p K*) = 0.30 + 0.20

[7t 7~ 7% p K*) = 0.05 + 0.09

D K*(892)*) = —0.007 + 0.019

[K~nt]l5K*(892)F) = —0.75 + 0.16
[K~atr 7wt |5 K*(892)") = —0.45 +£ 0.25
[K~—nt]p7*) = 0.00 £ 0.09
[K-ntx0]pnt) = 0.35 £ 0.16
[KtK=7%p7rt) = —0.03 + 0.04
[zt 7= 70 pnt) = —0.016 + 0.020
[K— 7] DW)71'+) = —0.09 £ 0.27
[K=7t)pynT) = —07£06
(K= 7 (px )K+) =08+04
[K~ 7r+]( pyyKT) =04£10
[7t 7= 70 p K*) = —0.02 + 0.15
[KYKTa~]pK*) = 0.10 £ 0.09
[KEK=at]pK*T) = —0.04 +0.08
[KEK—at]prt) = 0.003 £ 0.015
[KYKTa~]prt) = —0.034 £ 0.020
[K*(892)" KT]pK™*) = 0.08 + 0.05
[K*(892)" K~ ]pK™) = 0.02 £ 0.10
[K*(892)t K~ ]pn™T) = 0.007 & 0.017
[K*(892)~ KT]p7T) = —0.020 + 0.011
Dop(+1)K*) =0.132 £ 0.015 (S =1.8)

DK*) = —0.451 + 0.026

Drt) =0.129 + 0.014

D*(Dy)K*) = —0.6 + 1.3

D* (D70 K*) = 0.72 £ 0.29

D*(D~)rT) = 0.08 £ 0.13

D* (D7) nt) = —0.14 + 0.06

[K—at]pKTa~7t)=-033+0.35

[K~ 7r+]D+7T+7r’ 7+) = —0.01 £ 0.09
Dop(—1)K*) = —0.10 + 0.07
[KTK-]pKTa~at) = —0.04 £ 0.06
[rt 7 ]pKtr—at) = —0.05+ 0.10
[K~nt]pKTa~7t) = 0.013 £ 0.023
[KT K- ]prta~at) = —0.019 £ 0.015
[at7~]prta—at) = —0.013 + 0.019
[K=at]prtr—at) = —0.002 £ 0.011

D*0xt) = —0.0004 + 0.0021 (S = 1.1)

(D&p(s1))° ) = 0.010 + 0.007
(Dgp1))°nt) = —0.09 £ 0.05

D*°K+) =0.012+0.010 (S =1.5)
Dfp(41yKT) = —0.09 £ 0.05 (S = 2.6)
D p(_1yK™) = 0.07 £ 0.10

Dep(4+1) K*(892)1) = 0.08 + 0.06
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Acp(BT = Dop(_1)K*(892)T) = —0.23 £ 0.22

Acp(BY — Df¢)=00=+04

Acp(BY — DID%) = (04 +07)%

Acp(Bt = D**D*0) = —0.15 + 0.11

Acp(BT — D**D%) = —0.06 £ 0.13

Acp(BT —» D*D*) =0.13+0.18

Acp(Bt — D*tDP) = 0.016 + 0.025

Acp(BT — K%mt) = —0.017 £ 0.016

Acp(BT — Kt2%) =0.030 + 0.013

Acp(BtT — 5 Kt) = 0.004 + 0.011

Acp(Bt — 7/ K*(892)%) = —0.26 + 0.27

Acp(Bt — 1/ K§(1430)") = 0.06 + 0.20

Acp(BT — 1/ K3(1430)T) = 0.15 £ 0.13

Acp(Bt = nK*) = —0.37 +0.08

Acp(BT — nK*(892)1) = 0.02 + 0.06

Acp(BT — nK}3(1430)T) = 0.05 + 0.13

Acp(BT — nK3(1430)%) = —0.45 £ 0.30

Acp(BT — wKt) = -0.024 0.04

Acp(BY — wK*t) =0.29 £0.35

Acp(BY = w(Km)gt) = —0.10 + 0.09

Acp(Bi — wK3(1430)) = 0.14 £ 0.15

ACP(B+ — K*0gt) = —0.04 +£0.09 (S=21)

Acp(BT — K*(892)T70) = —0.39 £ 021 (S = 1.6)

Acp(Bt - Kta—at) =0.027 + 0.008

Acp(Bt — KT K~ K™ nonresonant) = 0.06 + 0.05

Acp(Bt — £(980)°K*) = —0.08 + 0.09

Acp(B* = £(1270)K*) = —0.68 7012

Acp(BT — f5(1500)K+) = 0.28 + 0.30

Acp(BT — f4(1525)0K*) = —0.08 7333

Acp(B* = PK*)=037+010

Acp(BY = KOnt70) = 0.07 + 0.06

Acp(BT — K3(1430)°7F) = 0.061 + 0.032

Acp(BT — K§(1430)t70) = 0.261 018

Acp(BT = K3(1430)°7t) = 0.05+ 929

Acp(BT = Kta070) = —0.06 + 0.07

Acp(Bt — K9pt) = —0.03 £0.15

Acp(BY — K*t7tr=) =0.07 £0.08

Acp(BT — pOK*(892)T) = 0.31 £ 0.13

;‘CP(Bi — K*(892)* £(980)) = —0.15 + 0.12
cp(BT = af K% =012+ 0.11

Acp(Bt — bf K% = —0.03 £ 0.15

Acp(Bt — K*(892)%pt) = —0.01 £ 0.16

Acp(BT — BYKT) = —0.46 + 0.20

Acp(BT — KOK*) =0.04 +0.14

Acp(BT — KIK*)=-021+0.14

Acp(BT = KTKLKY) =0.025 £ 0.031

:CP(B: - K+Kj1r+) = —0.122 + 0.021
cp(BT — KK~z nonresonant) = —0.11 = 0.06

Acp(BT = KTK*(892)%) = 0.12+ 0.10

Acp(BT — KTK}3(1430)°) = 0.10 & 0.17
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Acp(BT
Acp(Bt
Acp(B*
Acp(BT
Acp(BT
Acp(Bt
Acp(B*
Acp(B*t
Acp(B*t
Acp(BT
Acp(B*t
Acp(BT
Acp(BT
Acp(Bt
Acp(BT
Acp(B*t
Acp(B*t
Acp(Bt
Acp(B*
Acp(B*t
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(Bt
Acp(BT
Acp(B*t
Acp(B*t
Acp(Bt
Acp(BT
Acp(BT
Acp(BT
Acp(B*t
Acp(B*t
Acp(Bt
Acp(BT
Acp(B*t
Acp(B*t
Acp(Bt
Acp(Bt
Acp(BT
Acp(B*t
Acp(B*t
Acp(Bt
Acp(BT

R A A A S A e e T T e e e O A e e A

¢nt)=0.1+05

7t (KT K™)s_wave) = —0.66 + 0.04
Kt K~ K*) = —0.033 + 0.008
$KT) =0.024 £ 0.028 (S =2.3)
Xo(1550)KT) = —0.04 + 0.07
K*TKtK™) =0.11 £+ 0.09
$K*(892)T) = —0.01 £ 0.08
¢(Km)gt) = 0.04 £ 0.16
$Ky(1270)1) = 0.15 + 0.20

¢ K3(1430)%) = —0.23 £ 0.20

Kt ¢¢) = —0.08 & 0.07
K*[¢¢l,,) = 0.10 £ 0.08
K*(892)" ) = 0.014 + 0.018
Xsv) = 0.028 + 0.019

nKTy) = —0.12 + 0.07
$pKTy)=—-01340.11 (S=1.1)
pTy) =-0.11+033

7t a0) =0.03 £+ 0.04

ata=at) = 0.057 £ 0.013
pOnt) =0.009 + 0.019
f,(1270)7+) = 0.40 + 0.06
p%(1450)7F) = —0.11 + 0.05
p3(1690)7F) = —0.80 + 0.28
f(1370)7+) = 0.72 + 0.22

7t a~ T nonresonant) = —0.14 1323
pta0) =002 +0.11

ptp%) = —0.05 + 0.05

wnt) = —0.04 £ 0.05

wpt) = —0.20 +0.09
nrt)=—-014+0.07 (S=14)
npt) =011+ 0.11

7' 7t) = 0.06 £ 0.16

7 pt) =026+ 0.17

by7T) =0.05+0.16

pprt) =0.00+ 0.04

pPKT) =0.0040.04 (S=22)
ppK*(892)") = 0.21 £ 0.16 (S =1.4)
pAy) = 0.17 £ 0.17

pAr0) = 0.01 £ 0.17

K+ete7) = —0.02 4+ 0.08

Ktete ) =0.14 £ 0.14
K*ptp™) =0.011 + 0.017
atutp™) =-01140.12
K**F¢+r¢=) = —0.09 £ 0.14
K*ete™) = —0.14 £ 0.23
K*putp™)=—-0.1240.24

7 = (65:9733)°

rg(Bt - DYK+) = 0.0994 + 0.0026
op(B* - DOK*) = (127.773%)°
rg(Bt » DPK*t+) =0.101 508
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op(B* = DOK**) = (48732)°
rp(B* - D**K*) = 0.104* 3913

0.014
op(Bt - D*K*) = (314.8719)°

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 /B0 ADMIXTURE sec-
tion.

The branching fractions listed below assume 50% B9BO 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 (I';/T) Confidence level (MeV/c)
Semileptonic and leptonic modes
1Ty X [il] ( 10.99 + 0.28 ) % -
et veXe (108 +04 )% -
0ty X, ( 1.65 + 0.21 )x 10~ -
Dty X (96 £07 )% -
DOrty, il (230 % 0.09 )% 2310
DOrty, (77 +25 )x10~ 1911
D*(2007)2 0% v, [ii] ( 558 + 0.22)% 2258
D*(2007)0 7t v ( 1.88 + 0.20 )% 1839
D ntity, ( 44 +04 )x103 2306
D;(2420)0¢* vy, DF0 — (25 +£05 )x1073 -
_ D rt _
D3(2460)° ¢+ vy, D30 — ( 153 + 016 )x10~3 2065
D~ nt
DHnatty(n > 1) ( 185 £ 0.25)% -
D* =t ity ( 60 + 04 )x1073 2254
D1(2420)%¢* v, DY — ( 3.03 £ 020 )x103 2084
D*rt
D/ (2430)% ¢+ vy, DY — (27 +£06 )x1073 -
D*~ 7t
D3(2460)0 ¢+ vy, D30 — ( 1.01 + 0.24 )x 1073 $=2.0 2065
D*—xt
Dorta=rty, (1.6 + 04 )x1073 2301
DOrt oty (8 +5 )xi04 2248
Dg*)_ Ktoty, (61 +1.0 )x1074 -
Do K+t (30 T14 )x1w04 2242
DI Ktiety, (29 +£19 )x10~4 2185
w0ty ( 7.80 + 0.27 )x 1075 2638
nlty, (39 +05 )x1075 2611
ety (23 +08 )x105 2553
wlty, il (119 + 0.09 ) x 1074 2582
POty [ii] ( 158 + 0.11 )x 10~4 2583
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Trm iy, (23 +04 )x1074 2636
ppltyy (58 ©3% )x1076 2467
pputy, ( 532 + 034 )x106 2446
ppetve (82 ©49 )x1w06 2467
et < 98 x1077  CL=90% 2640
whu, < 86 x1077  CL=90% 2639
rtu, ( 1.09 + 024 )x 1074 s=1.2 2341
Ty < 30 x1076  CL=90% 2640
etvey < 43 x1076  CL=90% 2640
why,y < 34 x1076  CL=90% 2639
ptumpty, < 16 x1078  CL=95% 2634
Inclusive modes
DOX (86 +07 )% -
DY X (79 +4 )% -
Dt X (25 +£05 )% -
D~ X (99 +£12 )% -
DFx (79 13 )% -
- + 0.40 _
Dy X (1107 35 )%
AEX (21 232 )% -
AT X (28 T3 )% -
cX (97 +4 )% -
cX (234 t22 )9 -
c/cX (120 +6 )% -
D, D*, or Dg modes
DOzt ( 468 + 013 )x1073 2308
Dep(41ym™ Uil ( 2.05 + 0.20 )x 1073 -
Dep(—1ym* Uil ( 21 + 04 )x1073 -
DOyt (134 +£018)% 2237
DK+ ( 369 + 016 )x 104 2281
Deprrny Kt Uil ( 1.83 + 0.08 )x 1074 -
Dep(—1y Kt Uil ( 1.99 + 019 )x10~4 -
DOK+ ( 364 + 025 )x1076 2081
[K—at]pKT [kkk] < 2.8 x 1077 CL=90% -
[KTa~pKT [kkk] < 2.0 x107%  CL=90% -
[K—at]pat [kkk] ( 6.3 + 1.1 )x10~7 -
[K*7|pnt (17 +04 )x1074 -
[rt 7= x0p K~ ( 46 + 09 )x10°6 -
DO K*(892)* ( 53 04 )x1074 2213
Dep(-1) K*(892)* Uil ( 27 +08 )x10~4 -
Dep(11) K*(892)* Uil ( 62 + 07 )x10~4 -
DOK*(892)* (54 T18 )x1w06 2213
DOK*mt o ( 52 +21 )xi074 2237
DK+ KO ( 55 + 16 )x10~4 2189
DOK*K*(892)° (75 +17 )x1074 2072
DOrtrtn ( 56 +21 )x1073 S=3.6 2289
D+ 7+ r~ nonresonant (5 +4 )x103 2289
D7t O ( 42 +£30 )x1073 2208
DY a;(1260)F (4 +4 )x103 2123
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500.)7T+
D*(2010)~ 7t 7t
D*(2010)~ K*xt
D1(2420)°xF, DY —
D*(2010)~ 7*
D ntrxt
D~ Ktrt
D§(2300)° K+, D0 —
D=t
D3(2460)° K+, D30 —
D~ =t
D;(2760)° K+, Di0 —
D~ xt
D+ KO
Dt Ktn—
D3(2460)° K+, D30 —
Dtn—
Dt K*0
Dt K*0
D _(2007)0 +
D&psy™"
*0
_ Depey
D*(2007)0wr ™t
D*(2007)% p*
D*(2007)° K+

Dcp(+1)
DZ“P( 1)
D*(2007)0 K+
D*(2007)° K*(892)*
D*(2007)° KT KO
D*(2007)0 K+ K*(892)°
D*(2007)°rt 7t 7
D*(2007)° a1(1260)+
D*(2007)0 7~ 7t 7t 70
D*03xt 27—
D*(2010)* =0
D*(2010)* K°
D*(2010)~ 7t 7t 70
D*(2010)~ Tt~
zj**07r+
D7 (2420)° nt
D1(2420)° 7+ x B(DY —
DOnt 7
D;(2420)° 7+ x B(DY —
D7+ 7~ (nonresonant))
D1(2430)%7F, DY —
D*(2010)~ 7t
D(2550)°7xt, DO —
D*(2010)~ 7"
D%(2600)°7F, Di® —
D*(2010)~ x*
D3(2462)°nF, D3 — D= nt

[
[

[
[

[nnn]

41 =+
1.35 £
82 =+
8.4 =+
1.07 £

7.7 X
6.1 =+

232 +
3.6 =+

2.9
56 =+
6.3

4.9
1.4
5.18
2.9

2.6

4.5
9.8

4.20
2.75
231

4.5
8.1
1.06
1.5
1.03
1.9
1.8
5.7
3.6
9.0
1.5
2.6
5.7
1.5

T s

HoH W H R

I+ W H W

25

2.2

H

35 &£

72 +

6.8 =+

3.56 +

09 )x1073
0.22 )x 1073
14 )x1075
15 )x107%
0.05 ) x 10~3
05 )x107°
24 )x1076
0.23 ) x 1075
1.2 )x1076
x 1076
11 )x107®
x 107
x10~7
x 106
0.15 ) x 1073
06 )x1073
1.0 )x1073
12 )x1073
1.7 )x1073
0.31 4
028 ) * 107
0.35 ) x 1074
031 )x 1074
1.2 )x1076
14 )x107%
x 1073
04 )x1073
012 )%
05 )%
04 )%
1.2 )x1073
x 1076
x 1076
07 )%
04 )x1073
1.2 )x1073
06 )x1073
14 )xw0t
1.0 )x1074
06 )x1074
14 )x 107>
13 )x 1073
0.24 ) x 1074

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

S=1.3
$=3.9

2206
2247
2206
2081

2299
2260

2278
2260

2211
2211
2256

2149
2181

2227

2227
2156
2132
2009
2236
2063
2219
2196
2255
2225
2235
2217

2081

2081

2081

2079
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Dj3(2462)°F, D50 —
D gt _
D3(2462)% 7+, D30 —
D%« (nonresonant)
Dj(2462)°nF, D3° —
D*(2010)~ 7+
Dj;(2400)0 7+
x B(D§(2400)° — D~ xt)
Dy (2421)0 7+, DY —» D*~rt
D3(2462)% 7+, D0 — D*~xt
5’1(2427)07r+, 5’10 — D*xt
D;(2420)0 7+ xB(D9 —
_ D*Ort o)
Dj(2420)° p*
D3(2460)0 7+
5;(3460)0 7+ xB(D30 —
_ D*07r+7r7) .
D;(2680)°7*, Dj3(2680)° —
_ D at
D(2740)07t, DO —
_ D*(2010)"x+
D3(2750)°«F, D30 —
_ D*(2010)~ @t
D3(2760)°nt, D3(2760)°7t —
_ D nt _
D3(3000)° 7+, D3(3000)0 7+ —
_ Diﬂ'_%
D35(2460) ot
Dopf
D% (2317)*D°, Dif — D} x0
Dso(2317)1 DO x
B(Ds(2317)" — D)
Dso(2317)+ D*(2007)° x
B(Dso(2317)* — D a?)
D, ;(2457)+ D°

Dy 7(2457)1 DO x
B(D,;(2457)" — D¥~)

D, 7(2457)1 DO x
B(D,;(2457)F —
DS+ atr7)

Dy 7(2457)1 DO x
B(D,;(2457) — D x?)

Dy 7(2457)1 DO x
B(Ds,(2457)* — Dity)

D, ;(2457)F D*(2007)°

D, ;(2457)* D*(2007)° x
B(D,s(2457)" = D¥ )

DO D43 (2536)F x
B(Ds1(2536)F —
D*(2007)° K+ +
D*(2010)* K9)

A

2.2

1.7

2.2

6.4

7.4
1.98
3.5

1.4
1.3
2.2

8.4

33

1.10

1.00

2.0

4.7
9.0

8.0
7.6

3.1

4.6

2.2

2.7

9.8

1.20
1.4

4.0

+ 10 )x1074 -
x10™4  CL=90% -

+ 11 )x1074 -

+ 14 )x1074 2136
+ 1.0 )x1074 -
+ 030 )x 1074 -

+ 09 )x104 S=1.5 -
x1076  CL=90% 2081
x1073  CL=90% 1996
x1073  CL=90% 2063
x1075  CL=90% 2063

+ 21 )x1073 -

+ 15 )x107° -

+ 032 )x1073 1913

+ 022 )x 1075 -

+ 1.4 )x10° -
x1073  CL=90% 1977

+ 09 )x1073 1815

16 -

1% yxwt 1605
x1074  CL=90% 1605

+7 )x1074 1511

1.0 -
t 0.9 ) x 10 3 -
13 -

t 11 )x10 4 -
x1074  CL=90% -
x10~4  CL=90% -
x10~4  CL=90% -

+ 030 )% -

T 8E 1xw073 -

+ 1.0 )x1074 1447
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DO Dg; (2536)F x
B(Ds1(2536)F —
D*(2007)°K+)

D*(2007)° Ds; (2536) x
B(Ds1(2536) " —
D*(2007)°K+)

DO Dg;(2536)F x
B(Ds1(2536)t — D*t K9)

DO D, ;(2700)* x
B(D,;(2700)t — DOKT)

D*0Dg;(2536)*, DY —

D*+ KO

DD, ;(2573)*, DY, — D°K*

D*0 D, ,;(2573), DY, — DOK+

D*(2007)° Dy 4(2573), D, —
DOK+

DOpit

D*(2007)° DF

D*(2007)° D% F

Dg*)+ 5**0

D*(2007)° D*(2010)*

D°D*(2010)* + D*(2007)° D+

DO D*(2010)*

DD+

DDt KO

D+ D*(2007)0

D*(2007)° D+ KO

DY D*(2010)+ KO

D*(2007)° D*(2010) K°

DODOK+

D*(2007)° DO K+

DO D*(2007)0 K+

D*(2007)° D*(2007)° K+

D~ Dt K*

Xp(2900) DT, Xy — DKt

X1(2900)DF, X; - D~ Kt

D~ D K* nonresonant

D~ D*(2010)* K+
D*(2010)~ Dt K+
D*(2010)~ D*(2010)* K+
(D+D*)(D+D*)K

D;’ 70

D:+ 70

D} a1(1260)°
Dt a1 (1260)°
DY K+ K-

+
Df o

NN NN AN NN NANA

2.2

55

23

5.6

3.9

7.6
8.2
1.71
2.7
8.1
1.30
3.9
3.8
1.55
6.3
21
3.8
9.2
1.45
2.26
6.3
1.12
2.2
1.2
6.7
53
6.3
6.0
1.32
4.05
1.6
2.6

x 10~4
x 1074
+ 16 )x1073
+ 1.7 )x1073
+ 024 )%
+12 )%
+ 17 )x107%
%
+ 05 )x1074
+ 04 )x1074
+ 021 )x 1073
+ 1.7 )x1074
+ 05 )x1073
+ 04 )x1073
+ 12 )x1073
+ 033 )x1073
+ 023 )x 1073
+ 05 )x1073
+ 013 )%
+ 07 )x1074
+ 05 )x107%
+ 23 )x107°
+ 1.8 )x 107>
+ 1.1 )x1074
+ 1.3 )x1074
+ 018 ) x 1073
+ 030 )%
+ 05 )x107°
x 1074
x 10~4
x 10~4
x 10~4
x 10~4
x 1074
x 10~4
x 1073
x 1073
+ 1.1 )x1076
x 107

S=1.7

CL=90%
CL=90%

CL=90%

$=2.6

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

CL=90%

1447

1339

1447

1339

1306
1306

1734
1737
1651

1713
1792
1792
1866
1571
1791
1475
1476
1362
1577
1481
1481
1368
1571

1571
1475
1475
1363

2270
2215
2235
2178
2197
2138
2195
2136
2079
2015
2149
2141
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Dite

DI KO

Dz+ ?0

DY K*(892)°

Dj: K*O

DT K*(892)°
D; K+t

sz T K+
Dt K*(892)*
Dyt K*(892)*
DS KT K+

DI Kt K*

AN AN N AN ANA

/\r\,\

<

(

<

1.2

4.4
35
35
1.80
1.45
5

7
9.7
15

+
+

+

Charmonium modes

neK*

neK*, ne — K%Kq:w:t
ne K*(892)*
neKTntr™

776(25)K+v ne = PP

nc(2S)K*+, ne — KIKFxt
nc(2S)K*t, ne — pprta
he(LPYK™*, he — J/pnta~
X(3730)0 K+, X0 — n.p
X(3730)°kt, X0 = 5 70
77c2(1D)K+v Ne2 = hey
7152(1D)7T+ng ne2 = hery
Un(3823) KT, o — J/yrntT
xc1(3872) K+
xco(3915) K+
Xco(3915) K+, xco — DT D~
Xc0(3915) K+, xco = nen
(Xch,i)co(3915) K+, Xco —

Ne ™
X(4014)° K+, X0 = nep
X(4014)0 K+, X0 = pcn0
Z(3900°K+, 20 — penta
X(4020)0 K+, X0 — pertr~
Xc1(3872) K*(892)*
Xc1(3872)Y KO, X, = [000]
J/9p(18) 7t 70
Xc1(3872) KOt
Z(4430)T KO, ZF — Jjprt
Zc(4430)t KO, Z} — y(2S)nt
»(4230)0 Kt, 90 — J/ypmta
Xc0(3918) K+, xco = J/9
Xco(3915) K, xco —
Xcl(lp)ﬂ'o
X(3930)° K+, X0 = J/yy

(
(

(

AN AN A

AN N NN A

—_~—

AN A

/\/\/\/\/\,_\ AN NN NANA

A

1.09
2.7

11

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
2.1
2.8
8.1
4.7
1.7

3.9
1.2
4.7
1.6
6

6.1

2.8
1.5
4.7
1.56
1.4
3.8

25

+

I+ H

B+ W

+

x 1079
x 10™4
x 10—4
x 1076
x 1076
x 10~4
0.22 )x 1074
0.24 ) x 104
x 1073
x 1073
21 )x1076
x 1072

0.08 ) x 1073
06 )x1073

38 yx1073

x 10~4
x 1074
x 10—4
x 1075
1.0 )x1074
08 )x1078

T8 )x0

0.18 ) x 1076
x 1076
x 1079
x 1070
x 1075
x 10~4
06 )x1077
07 )x1074
x 10—4
33 )x 1070
x 1075
x 1075

x 1075
x 1072
x 1072
x 1075
x 104
x 106

1.2 )x1074
x 1075
x 1075
x 1072
x 1075
x 1075

x10—6

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

CL=90%

2079
2242
2185
2172
2172
2112
2222
2164
2138
2076
2149
2088

1751

1646

1684
1475
1588
1723
1320



86 Meson Summary Table

J/p(AS) KT

J/p(AS)KO 7t

J/p(AS)Ktnta~

J/Pp(AIS)KT K= KT
Xc0(3915) K, xco — PP

J/9(1S) K*(892)*

J/p(1S)K(1270)F

J/¢(1S) K(1400)*

JpaS)nK+
Xel-0dd(3872) K™,

Xel—odd =+ 4/

P(4160) KT, » — J/vn

Jp@S)y kKt

J/h(1S)pK*

J/1¥(15) K1(1650), K; — ¢K™T

J/(1S) K*(1680)F, K* —
pKT
J/H(1S)K3(1980), K3 — oK™

J/¥(1S) K(1830) T,
K(1830)" — ¢KT
Xc1(4140) K*, X1 —
J/p(15)¢
Xc1(4274) K, Xc1 —
J/p(1S)¢
Xco(4500)KF, X = J/¢(15)¢

Xco(4700) K+, xcq =
J/p(1S)¢
J/w(AS)wKT

Xco(3918) K, x¢eo = J/vw
J/p(1S)nt
JIpAS)rtatata—

YS)rtrt a
J/p(1S)p*

J/9(1S)7* 7% nonresonant
J/(15) a1 (1260)F
J/p(S)pprt
J/p(1S)pA
J/$(18)I%p
J/(15) D
J/yp(1S) D=t
P(2S)t

P(2S) KT

»(2S) K*(892)*
PY(RS)KT T n~
¥(25) p(1020) K+
»(37T70) KT

$(3770) K+, — DODO

YBTT0)K+,9 — Dt D™

P(3TT0)KT, ¢ — pp
»(4040) KT
»(4040)K*, o — Dt D~

1.020+ 0.019

114 + 0.11

81 + 13

337 + 029

7.1

143 + 0.08

18 + 05

5

124 + 0.14

338

7.4

8.8

50 + 04
+10

6 %
119

34 1202
+ 09

15 + 02
+13

L3 193

10 +4
+ 22

36 118
+ 21

33 +21
+5

6 1
+ 0.60

320 + 049
+ 0.9

30 92

3.92 + 0.08

117 + 0.13

19 + 04

41 + 05

7.3

12

5.0

146 + 0.12

11

12

25

2.44 + 0.30

6.24 + 0.20

67 + 14

43 + 05

40 + 07

43 + 11

15 + 05

94 + 35

2

13

11 + 05

x 1073
x 1073
x 1074
x 1075
x 10~8
) x 1073
) x 1073

x 10~4
) x 1074
x 1076

x 106
x 1075
) x 107
) x 106

) x 106

) x 106

) x 106

) x 1076
) x 106

) x 10

) x 106

) x 104
) x 1075
) x 1073
) x 107
) x 107
) x 1073

x 1076

x 1073

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

)
)
)
)
)
)
)
)

CL=90%

CL=90%

CL=90%
CL=90%

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

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

CL=95%
CL=90%

1684
1651
1612
1252

1571
1402
1308
1510

1273
1227

1388

1103

1728
1635
1304
1611
1717
1415

643

567

871

665
1347
1284
1116
1179

418
1218
1218
1218

1003
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P(4160) K+ (51 +27 )x1074 868
»(4160)KT, ¢ — DODO (8 +5 )x1075 -
Y(4160)KT, o — DY D~ (15 +£06 )x1075 -
P(4415)K*, o — DY D~ (20 +08 )x107° -
XcoT™ s Xco — mHAT < 1 x10~7  CL=90% 1531
xco KT ( 151+ 032 ) %104 1478
Xco K*(892)* < 21 x10~4  CL=90% 1341
Xe1(1P) ot (22 £05 )x107° 1468
Xc1(1P)KT ( 474 £ 022 )x1074 1412
Xe1(1P) K*(892)* ( 30 +06 )x1074 S=1.1 1265
X1 (1P) KOzt ( 58 + 04 )x1074 1370
X1 (1P) Kt 70 (329 + 035 )x1074 1373
Xcaa(IP)Ktnt o~ ( 374 + 030 )x 1074 1319
xe1(2P) K, xc1(2P) — < 11 x107%  CL=90% -
7t X1 (1P)
Yo KT (11 + 04 )x107° 1379
X2 Kt xe2 = pprta™ < 19 x 1077 -
X2 K*(892) < 12 x10~4  CL=90% 1228
X2 KOmt ( 116 + 025 ) x 1074 1336
X2 K+ a0 < 62 %1075  CL=90% 1339
X Ktntn™ ( 134 £ 019 )x1074 1284
Xc2(3930) K+, xeo = DT D~ (16 + 06 )x107° -
Xc2(3930)t, X — wta~ < 1 x10~7  CL=90% 1437
he(1P)K* (37 +12 )x1075 1401
he(L1P)K*, he — pp < 64 x1078  CL=95% -
K or K* modes
KOrxt ( 237 + 0.08 )x 1075 2614
Ktx0 ( 1.29 + 0.05 ) x 10~ 2615
n Kt ( 7.04 + 025 )x1075 2528
7 K*(892)T (a8 T18 )x10t 2472
n' K§(1430)* ( 52 +21 )x10°° -
n' K3(1430)" (28 +£05 )x107° 2346
nK+ (24 +£04 )x1076 S=1.7 2588
nK*(892)F ( 1.93 + 016 ) x 1079 2534
nK§(1430)" (1.8 + 04 )x1075 -
nK3(1430)F (91 +30 )x10°6 2414
n(1295) K+ x B(1(1295) — (29 *08 )x106 2455
nmm)
n(1405) K+ x B(n(1405) — < 13 x1076  CL=90% 2425
nm)
n(1405) K+ x B(n(1405) — < 12 x1076  CL=90% 2425
K* K)
n(1475) K+ x B(n(1475) — ( 138+ 32105 2407
K* K)
f,(1285) K+ < 20 x107®  CL=90% 2458
f1(1420) Kt x B(f;(1420) — < 29 x1076  CL=90% 2420
nmm)
f1(1420) KT x B(f;(1420) — < 41 x1076  CL=90% 2420
K* K)
#(1680) KT x B(4(1680) — < 34 x1076  CcL=90% 2344
K* K)

fo(1500) K+ (37 +£22 )x1070 2398
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wKT
wK*(892)F
w(Kﬂ')S"’
wK§(1430)F
wkK3(1430)*
20(980) " K® xB(ag(980)t —
nrt)
20(980)% K+ xB(ap(980)° —
7o)
K*(892)0 nt
K*(892)+ x0
Ktn—nt
K+ 7~ 7t nonresonant
w(782) K+
K+ £(980) x B(f(980) —
ata7)
£,(1270)0 K+
(1370)° K+ x B(£(1370)° —
atrT)
p0(1450) K+ x B(p°(1450) —
ataT)
5(1525) K+ x B(f}(1525) —
atrT)
Kt pO
K}5(1430)0 7t
K3(1430)0 7
K*(1410)0 7t
K*(1680)0 7t
K+ 7070
f,(980) Kt x B(fy — n979)
K- ntat
K~ 7t 7t nonresonant
Kq(1270)0 7+
K1(1400)% 7+
KOzt 70
K5(1430)t 70
’(Opﬁ-
K*(892)t nt 7~
K*(892)F p0
K*(892)T £,(980)
al KO
bf KOx B(b] — wnt)
K*(892)0 pt
K1 (1400)* p°
K3(1430)* p0
By KT x B(b) — wn0)
b K*¥x B(bj — wn™)
b K*tx B(b) —» wn?)
K+ K°
KOK+ 70
K+ K%K

A

AN NN NA

6.5
7.4
2.8
2.4
21
3.9

25

1.01
6.8
5.10

1.63

9.4

1.07
1.07

1.17

3.4

3.7
3.9

5.6

4.5
1.2
1.62
2.8
4.6
5.6
4.0
3.9
6.6

1.19

73
75
4.6
4.2
3.5
9.6
9.2
7.8
1.5
9.1
5.9
6.7
1.31
2.4
1.05

H

I+ W oI+ W W

e

I+

|+

I+

HoH O HH L

+

+

04 )x1076
x 1076
04 )x107°
05 )x107°
04 )x1075
x 1076
x 1076
0.08 ) x 107°
09 )x1076
0.29 ) x 107°
015 ) x107°
9 )x1076
%:g ) x 10—6
0.27 ) x 1076
x 1075
x 1075
x 106
05 )x1076
88 yx107®
22 y106
x 1075
x 1075
0.19 ) x 107°
0.8 )x107°
x 108
x 1073
x107°
x 1075
x 1073
030
19 yx10-®
1.0 )x107%
11 )x1076
07 )x1076
07 )x107°
19 )x1076
15 )x107°
x 1074
x 1073
20 )x107°
x 1076
x 106
0.17 ) x 10~
x 1075
0.04 ) x 107°

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%

S=1.2
CL=90%

2558
2503

2379

2562
2563
2609

2609
2558
2522

2394

2559
2445

2445

2448
2358
2610
2522
2609
2609
2489
2451
2609

2558

2557
2504
2466

2504
2388
2381

2593
2578
2521
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(980 K+, fo — KIKY
HOATIO KT, fo — KLKY
K+ K% K% nonresonant
KYKY7t
KtK—nt
K* K~ 7t nonresonant
K+ K*(892)°
K+K}(1430)°
wt (K+ Ki) S—wave
Kt K*+n~
K* K7~ nonresonant
f4(1525) K+
K*t gt K—
K*(892)T K*(892)°
K*tKtr—
KtK-K*
Ktg¢
(980) Kt x B(f(980) —
Kt K~

a(1320) KT x B(ap(1320) —
+K—

K

Xo(1550) K+ x B(Xp(1550) —

KtK™)
#(1680) KT x B(4(1680) —
KtK™)
f(1710) KT x B(fp(1710) —
KtK™)
K+ K~ Kt nonresonant
K*(892)T Kt K~
K*(892)* ¢
o(Km)g*
oK1 (1270)F
¢ K1 (1400)*
pK*(1410)*
¢ K3(1430)F
P K3(1430)F
¢ K3(1770)F
$K3(1820)F
aiF K*O
Kt ¢
n'n Kt
woKt
X(1812) Kt x B(X — wa)
K*(892) "y
K1(1270)t 5
nK+7
n Kty
oKty
Kta—nty
K*(892)0 t 5
KT p0y

~e—~~ e~ o~~~ ~

1.47
4.8

2.0
5.1
5.2
1.68
5.9
3.8
8.5
1.1
8.79
1.8
1.18
9.1
6.1
3.40

8.8
9.4

1.1

4.3

11

2.38

3.6
10.0
8.3
6.1
3.2
4.3
7.0
8.4
1.50
1.63
3.6
4.2
25
1.9
3.2
3.92

4.4
7.9
2.9

2.7
2.58
2.33
8.2

B+ W

HoHH R

H

HoH R+

HoHHH I+ H oI+

0.33 ) x107°

56 )xw0 7

04 )x107°
x 107
04 )x1076
0.26 ) x 1076
0.8 )x10~7
13 )x1077
0.9 )x10~7
x10~8
x 1072
05 )x107©
x 1075
29 )x10~7
x 1076
0.14 ) x 1073
07 yx 106

) x 1076
x 1076
0.7 )x1076
x 107

0.6 )x1076

43 ) aw-s

05 )x107°
20 )x1076
1.6 )x107©
1.9 )x1076
x 106
x 106
16 )x1076
21 )x1076
x 1072
x 1075
x 1076
08 )x107©
x107°
x 106
x 107
0.22 ) x 1073

87 yx1075

09 )x107®

ég ) % 10-6

04 )x1076
0.15 ) x 1079
0.12 ) x 1073
09 )x107©

CL=90%

CL=90%
CL=90%

S=1.1
CL=90%

CL=90%
S=1.4

S=1.1

CL=90%

CL=90%

CL=90%
CL=90%

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

S=2.2
CL=90%
CL=90%
CL=90%

S=1.7

S=1.2
S=1.3

2521
2577
2578
2578
2540
2421
2578
2578
2578
2394
2524
2485
2524
2523

2516
2522

2449
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(Kta )nr7t oy ( 99
KOt 70 ( 46
K1 (1400)* v (10
K*(1410)* ( 27
K5(1430)%7F (132
K3(1430)F v ( 14
K*(1680)" v ( 67
K3(1780)* < 39
K;(2045)* < 99

Light unflavored meson
Pty (98
at a0 55
atrtn— ( 152

po at ( 83

7t 1(980), fy = wra~ < 15

7t £(1270) ( 22

p(1450)° 7+, 0 — ata— (14

p(1450)07F, )0 —» KtK— ( 1.60

f(1370)7t, fy — 7ta~ < 40

f(500)7t, fy — atzx— < 41

at 7~ 7t nonresonant ( 53
nt 7r0 7r0 < 89

pta0 ( 1.09
atr—rt a0 < 4.0

ptp0 ( 240

pt1H(980), o » atr~ < 20

a1(1260)+ 70 ( 26

a1(1260)0 7+ ( 20
wrt ( 6.9
wpt ( 159
nat ( 4.02
npt (70
n'rt ( 27
7 pt (97
omt ( 32
dpt < 30
0(980)°7+, & — nal < 58
29(980)*x%, af — nrt < 14
atatate— o~ < 86

o2 a1(1260)* < 62

p%ar(1320)F < 712
b?71'+, b? — wnd (6.7
bf’ﬂo, bi" — wat < 33
atrtrt e a0 < 63

bi" 0, bi*' — wat < 52

a1(1260)* 21 (1260)° < 13
bop+ b0 — wnd < 33

+ 30 yx1w0e
+ 05 )x107>
f i ) x 1076
T o6 )x10®
T 035 ) <10
+ 04 )x1075
M VADESURY
x 1075
x 1073
modes
+ 25 )x10~7
+ 04 )x1076
+ 0.14 ) x 107>
+ 12 )x10°6
x 1076
I87 )x07E
T o8 )x1076
+ 0.14 ) x 1076
x 1076
x 1076
MRS EDESUR
x 10~4
+ 0.14 ) x 1072
x 1073
+ 019 ) x 1075
x 1076
+ 07 )x107°
+ 06 )x107°
+ 05 )x1076
+ 0.21 ) x 107>
+ 027 )x 1076
+ 29 )x107°
+ 09 )x1076
+ 22 )x106
+ 15 )x1078
x 1076
x 106
x 106
x 1074
x 1074
x 10~4
+ 20 )x106
x 1076
x 1073
x 106
%
x 106

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

5=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%

2609
2609
2453

2445
2447
2360

2340
2242

2583
2636
2630
2581
2545

2484

2434

2460

2630

2631
2581
2622
2523
2486
2494
2494
2580
2522
2609
2553
2551
2492
2539
2480

2608

2433

2410

2592

2336
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Charged particle (h*) modes

wht
ht X0 (Familon)
KtX0, X0 & ptpu~

pprt

ppmT nonresonant
pprtal
ppK*

(

<
<

(

<

(

o(1710)ttp, 0tt — pKtppp <

f,(2220)K*, f; — pp

pA(1520)

pP Kt nonresonant
pPK*(892)*
f;(2220)K*+, f; — pp
pA
pAy
pAT
pX(1385)0
ATA
pXy
p/\ﬂjL T

pAxt 7~ nonresonant

pA, PO — wtr~

pABR(1270), f, — wt
pAKT K~

pA¢
PAKT K™
A4ﬂ+
AAKT
NAK*T
A(1520)AK+
AA(1520) K*
A%
A++E
Dt pp
D*(2010)* pp
Qopﬁﬂﬂ—
D*0 pﬁﬂ'+
D= pprta~
Di7£ETr+ T
p530£20
pA°D*(2007)°
/l;ipﬂ""

A7 A(1232)+F

A7 Ax(1600) T+

A7 Ax(2420)T+

0

[ppp] <
(
<

(

<

A~~~ o~ o~~~

—_~ o~~~

AN N NN A

1.6

1.38

4.9
1

Baryon modes

1.62
53
4.6
5.9
9.1
4.1
3.1
8.9

3.6
7.7
2.4

2.4

3.0

4.7
8.2
4.6
1.13
5.9
4.8
2.0
4.1
8.0
3.7
9.4
3.4

2.2

2.2
2.08
1.38
1.4
1.5
1.5
3.72
3.73
1.66
1.86
1.43

23
1.9
4.7
3.7

|+

CL=90%
CL=95%

+ 0.20 ) x 1076
x 1072

+ 13 )x106
+ 05 )x10°
x 108
x 107
) x 10~7
x 1075

CL=90%

S=1.5
CL=90%
CL=90%

CL=90%

| +
oo
~Noo

) % 10-6
x10~7  CL=90%

) x 10~7

I+
oo oo ox

) % 10-6

I+
oN r0n 0O

) x 10-6
x10~7
x 107
x 106

0.13 ) x 1075

11 )x 1076

0.9 )x1076

0.8 )x1076

0.7 )x1076

22 yx1077

0.6 )x1076
x 107

) x 10—6

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

HoH W H K

CL=90%

) x 106

Hol+ H
o o

) x 10-6
x 1076
x 106
x 1077
x 1075
x 1075

0.27 ) x 1074

032 )x 1074

0.30 ) x 104

0.25 ) x 104

0.32 ) x 1073

x 1075

04 )x1074

x 1075
1.0 )x 1073
) x 1075

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

HoH W HH

CL=90%
$=2.2
CL=90%

H-

H

2636

2580

2439
2439
2407
2348

2135
2322
2348

2215
2059
2430

2430

2402
2362

2413
2367
2367
2214
2026
2132
2119
2132
2358
2251

2098

2126
2126
2403
2403
1860
1786
1789
1709
1705
1621

1980
1928
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(Agp)smt
T(2520)%p
~ X(2800)%p
e prt
“prtataT
e prtrtr—x
ALAZ KT
229304, = = KTAD
T (2455)%p
X (2455)% pr0
X (24550 pr— ot
X (2455)" patat
Ac(2593)~ / Ac(2625)” prrt
Z0Af

la}

I >

0

?SAi =0 ., =+ ,—
A=
;g/rc%’ %6% pK7K77T+
pis i

=

At Z(2645)°

[aqq]

(

<
(
(
(

<
<

(

3.1
3
2.6
1.8
2.2
1.34
4.9
1.7
2.9
35
35
2.37
1.9
9.5
1.76
1.14
55
6.5
7.9
11

W

HoH W H H R

B

+

07 )x107°
x 1076
09 )x107°
0.6 )x1073
0.7 )x 1073
%
07 )x1074
05 )x104
07 )x107°
1.1 )x1074
11 )x107%
0.20 ) x 104
x 10~4
23 )x1074
0.29 ) x 1075
0.26 ) x 107
1.9 )x1076
x 1074
x 10~4
04 )x1073

CL=90%

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

atetes B1
atete B1
at ;ﬁ no B1
rtvo B1
Ktete- B1
Ktete B1
Kt putu~ BI1
Kt uT = nonresonant B1
Ktrtr— B1
Ktov BI1
p+1/§ B1
K*(892)* ¢+ ¢~ B1
K*(892)* et e~ BI
K*(892) T put pu~ BI
K*(892)t v BI
Ktata—putpu~ B1
oKt pt B1
Apvy
T e+;f LF
rte put LF
ated T LF
rtetr™ LF
rte 1t LF
atetsF LF
nt ;[" T LF
T o rt LF
ot pErF LF
Ktetpu~ LF
Kte ut LF

K+eE T LF

—

ANNNNANNNANNNNNNNN

4.9
8.0
1.78
14
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
4.5
7.2
7.0
6.4
9.1

H oW R

x 1078
x 1078
0.23 ) x 1078
x 1075
05 )x10~7
0.6 )x10~7
0.35 ) x 10~7
0.27 ) x 10~7
x 1073
x 1072
x 1075
0.11 ) x 107°

637 ) <1078

1.0 )x10~7
x 1075
04 )x10~7

21 yx10-8

x 1075
x 1073
x 1073
x10~7
x 1075
x107°
x107°
x 1075
x 1072
x107°
x 1079
X 1079
x 1078

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%

1904

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
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Ktetr™
Kte 71t
Ktex T
Ktptr™
Ktp—7t

K+ “j: ¥
K*(892)* et i~
K*(892)T e~ ut
K*(892)t eE T
n-etet

= utut
etut
p_etet
p~utpt
p-etut

K- etet

K~ M+ M+
K=etput
K*(892)" et e™
K*(892)~ utput
K*(892)~ et pt
D= etet

D= etpt

D~ ptut
D*=ptpt

28 ptpt

D0 autpt
A0t

et

Apt

Aet

[l T e S e e e I i T R Y o

~

LB
LB
LB
LB

4.3
1.5
3.0
4.5
2.8
4.8
1.3
9.9
1.4
2.3
4.0
15
1.7
4.2
4.7
3.0
4.1
1.6
4.0
5.9
3.0
2.6
1.8
6.9
2.4
5.8
1.5
6

3.2
6

8

ANNNNANNNNANANANANNNNANNANNANNANNNANNNNNNNANNNANNNAN

x 1075
x 1075
x 1075
x 1075
x 1075
x 1075
x10~6
x10~7
x107©
x 108
x 1079
x10~7
x10~7
x10~7
x 10—7
x 108
x10~8
x 10~ 7
x 107
x 10— 7
x10~7
x10—6
x 1076
x 107
x 1076
x10~7
x10~6
x 108
x 108
x 108
x10~8

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

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

2312
2312
2312
2298
2298
2298
2563
2563
2563
2638
2634
2637
2583
2578
2582
2617
2612
2616
2564
2560
2563
2309
2307
2303
2251
2267
2295

BO

1P = 5(07)

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

predictions.

Mass Mgo = 5279.66 + 0.12 MeV
Mgo — Mgy = 0.32 4 0.05 MeV

Mean life 7 go = (1.519 =+ 0.004) x 10712 5

cr = 455.4 um

Tg+/Tgo = 1.076 + 0.004

BOY-B® mixing parameters

(direct measurements)

xa (B%-B° mixing probability) = 0.1858 = 0.0011
Ampgo = mpy — mpo = (0.5065 + 0.0019) x 101271
= (3.334 + 0.013) x 10710 MeV
Xg = Dmpgy [T go = 0.769 £ 0.004
Re(Acp / |Acp|) Re(z) = 0.047 £ 0.022
AT Re(z) = —0.007 £ 0.004 ps~?

Re(z) = (=4 + 4) x 1072

(S =14)

Im(z) = (—0.8 & 0.4) x 1072
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CP violation parameters
Re(ego)/(1+|ega]?) = (—0.5 + 0.4) x 1073
Ar/cp(B® > BY) = 0.005 + 0.018
Acp(B® — D*(2010)* D7) = 0.013 £ 0.014

Acp(B® — [KTK™]pK*(892)%) = —0.05 + 0.10

Acp(BY = [KT7~]p K*(892)%) = 0.047 & 0.029

Acp(B® = [KTn— 7t 77 ]p K*(892)%) = 0.037 & 0.034

Acp(BY = [K—nt]pK*(892)°) = 0.19 + 0.19

Acp(B® — [K—ntnt 7~ ]pK*(892)°) = —0.01 + 0.24

Ry =T(B® = [xtK~]pK*) /T(B® = [r~ KT]pK*0) =
0.064 =+ 0.021

Ry =T(B® = [r~K*]pK*®) /T(B = [st K" ]pK*0) =
0.095 =+ 0.021

Acp [7T 7~ 1p K*(892)%) = —0.18 + 0.14

(BY —
Acp(B® = [nta~xta]pK*(892)°%) = —0.03 + 0.15
Ry =T(B® = [xtK=nt7"]pK*) / T(B® =
[7~ Kt 7T 77 ]p K*0) = 0.074 + 0.026
Ry =T(B® = [r~K*trtz~]pK*) /T(B® -
[T K~ 7t 7~ ]p K*0) = 0.072 £ 0.025
Acp (B® - K*7~) = —0.0834 + 0.0032

Acp(B® — 7/ K*(892)%) = —0.07 £ 0.18
Acp(BY — 1/ K§(1430)%) = —0.19 + 0.17
Acp(BY — 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 4+ 0.25

Acp(B® = w(Km)g) = —0.07 £ 0.09
Acp(BY = wK3(1430)°) = —0.37 + 0.17
Acp(B® — Kt7~70) = (0 £ 6) x 1072
Acp(B® — p~K+) =0.20 +0.11

Acp(B® — p(1450)~ K1) = —0.10 + 0.33
Acp(B® — p(1700)~ K1) = —0.4 + 0.6
Acp(BY — K+ n~7%nonresonant) = 0.10 + 0.18
Acp(B® — KO7zt7r~) = —0.01+0.05
Acp(BY - K*(892)t7~) = —0.27 + 0.04
Acp(B® = (Km)gt ™) = 0.02 £ 0.04
Acp(B® — K3(1430)t ) = —0.29 + 0.24
Acp(B® — K*(1680)* 77) = —0.07 + 0.14
Acp(BY — £(980)KY%) = 0.28 + 0.31
Acp(B® —» (Km)i07%) = —0.15 £ 0.11
Acp(B® = K*07%) = —0.15 + 0.13
Acp(B® = K*(892)°7F7~) = 0.07 + 0.05
Acp(BY — K*(892)%p%) = —0.06 + 0.09
Acp(B® — K*0£(980)) = 0.07 + 0.10
Acp(BY — K*Tp~)=021+0.15
Acp(B® — K*(892)°KTK~) =0.01 + 0.05
Acp(B® = a] K*)=—0.16 £ 0.12
Acp(B® — KOKO%) = —0.6 + 0.7

Acp(B® = K*(892)°) = 0.00 + 0.04
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Acp(B® — K*(892)0K—7t) = 0.2+ 0.4
Acp(B® = ¢(Km)0) =0.12 + 0.08
Acp(BY — $K3(1430)°) = —0.11 4 0.10
Acp(B® — K*(892)0y) = —0.006 + 0.011
Acp(BY — K3(1430)04) = —0.08 £ 0.15
Acp(B® = Xsv) = —0.009 £ 0.018

Acp(B® = pt77) =013 +0.06 (S=1.1)
Acp(B® = p~xt) = —0.08 & 0.08

Acp(B® — a1(1260)*7F) = —0.07 £ 0.06
Acp(B® — by ) = —0.05+0.10

Acp(B® — ppK*(892)°%) = 0.05 £ 0.12
Acp(BY — pAz~) =0.04 £ 0.07

Acp(B® = K*0¢t =) = —0.05+ 0.10
Acp(BY — K*ete™) = -02140.19
Acp(B® — K*0put =) = —0.034 + 0.024
Cp p+ (BY = D*(2010)~ DF) = —0.02 + 0.08

Sps-p+ (B® = D*(2010)~D*) = —0.83 £ 0.09

Cpetp- (B® = D*(2010)* D7) = —0.03 £ 0.09 (S = 1.1)
Spw+p- (B® = D*(2010)+D~) = —0.80 £ 0.09

Cputpr- (BY = D*+D*7) =0.01£0.09 (S=16)
Sprtpe— (BY = D*¥D*") = —059 £ 0.14 (S =1.8)

Cy (B — D*tD*7) =0.00 + 0.10 (S = 1.6)

S4 (B - D*t*D*") = —0.73 + 0.09

C_(BY - D**D*7) =0.19 + 0.31

S_(B® = D**D*")=01+16 (S=35)

C (B — D*(2010)*" D*(2010)~ K%) = 0.01 + 0.29

S(B® — D*(2010)* D*(2010)~ KOSS) =01+04

Cpip- (B — D¥D7)=-022+024 (S=25)
Sp+p- (B = D*D7) = 0767015 (S=12)
Cy/p(15) 0 (B —» J/9p(1S)n%) =0.03+£0.17 (S =15)
S1/4(15) 70 (B = J/p(1S)n%) = —0.88 £ 0.32 (5 =2.2)
C(B® = J/9(15)p%) = —0.06 + 0.06

S(B® —» J/$(1S5)p°) = —0.667 015

Co o (B DU H0) = —0.02 + 0.08
o (*) po
0 * —
so(g)},no (B = Dgph®) = —0.66 + 0.12

Cono (B = KO7%) =0.00 £0.13 (S = 1.4)

Skoq0 (B® = K97%) = 0.58 + 0.17

C(o58) KO (BY — 1/(958)K%) = —0.04 £ 0.20 (S = 2.5)
5,y (958) K (BY — 1/(958)K%) = 0.43 £ 0.17 (S = 1.5)
Cyo (B = 1 K®) = —0.06  0.04

Syko (B® = #/K®) =0.63 + 0.06

Coke (B -+ wK2)=100+04 (S=3.0)

Suky (B - wk®)=070+021

C(B® = K%n070%) =—0.21 4020

S(B° - K%nO0n0) =0.89702"

Cokg (B = p°K%) = —0.04 £ 0.20
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SoKs (B° » p°KY) = 050127

Coig (B = £(980)K§) = 0.29 £ 0.20

Sk (B° — H(980)KE) = —0.50 + 0.16
(B » £H(1270)K%) = —0.5 £ 0.5

f K

Coa (B° = H(1270)KE) = 0.3+ 0.4

Spxa (B K(1300)K) = ~02+ 05
Cr 4o (B = £,(1300)K2) = 0.13 + 0.35

< Ks
S0+ = (B® = KOt~ nonresonant) = —0.01 + 0.33
Cyo,4— (B® = KOzt 7~ nonresonant) = 0.01 + 0.26

CKgKg (B - K%k%)=00+04 (S=14)
Sk k9 (B » K%K =-08+05

Cus - K9 (BY — K*K~KY nonresonant) = 0.06 =+ 0.08

5K+K-K§ (B - K+ K~ K% nonresonant) = —0.66 + 0.11
Cher k- KY (B® = KT K~ K% inclusive) = 0.01 = 0.09
5K+K—Kg (B® —» K*K~ K% inclusive) = —0.65 = 0.12
KO (BY - ¢K%) =0.01+0.14
¢K° (B = ¢K2) =059 +0.14
CKSKSKS(B — KsKsKs) = —0.14 + 0.12
SKS Ks KS(BO — KS KS Ks) = —-0.82 £ 0.17
CKgﬂoﬂ/(BO — K%709) =036 +£0.33
5K2ﬂ07(30 - K%7r%9)=-08+06
CK2w+nw(BO = Kintrmy)=—-03940.20
Skortx L(B% = K§ntnmq) =014 +£025
CK*07 (BY — K*(892)%4) = —0.04 £0.16 (S =1.2)
Sk, (BY — K*(892)%4) = —0.15 & 0.22
C, Ko, (B - nK%y) =01+04 (S=14)
SnKO (B = nK%) =—-05+05 (S=1.2)
K°¢"/ (B = KO9¢v) =-03+0.6
Kod)'y (B - K0¢"/) 07t?{
aB% - K%p%4) = —0.05 + 0.19
S(B® — K%p0y) = —0.04 £0.23
CBY— pPy)=04+05
S(BY = pVy)=-08+07
Con (BY » 7ta™) = —0.314 + 0.030
Sen (B = 7r+1r_) = —0.670 & 0.030
Coo,0(B°— 7070) = —0.33 £ 0.22
Cor (B = pFa™)=—-0.03+£0.07 (S=12)
Spr (B = pta~) =0.05+0.07
ACy; (B® = ptar™) =0.27 £ 0.06
AS,; (BY = pta™) =0.01+0.08
C o0 (BY = p%7%) =0.27 + 0.24
S 070 (B = p07%) = —0.23 £ 0.34
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Cayn (B = a1(1260)F r~) = —0.05 & 0.11

Sayn (B = a1(1260)*77) = =02 £ 04 (S =32)
ACy x (BY & 21(1260)*7n~) = 043 £ 0.14 (S =1.3)
AS, - (B — a(1260)F r7) = —0.11 £ 0.12
C(B®— by KT)=-0224024

AC(BY - brat) = -1.04+024

Co0 (B = p%0%) =02£09

50,0 (B = p%p% =03+07

Cop (B® = ptp~) =0.00 £ 0.09

Spp (BY = ptp7) =—0.14 £ 013

Al (B® — J/vK*(892)%) < 0.25, CL = 95%

cos 28 (B® — J/yK*(892)%) = 1.7F37 (S =16)
cos 28 (B® = [Kixtn~ 5. h0) =0.91£0.25

(Sy +S.)/2(B" — D*~#t) = —0.039 + 0.011
(S_ —S4)/2(B® — D* 7t) = —0.009 + 0.015
(Sy +S-)/2(B® - D~ nt) = —0.046 + 0.023

(S_ —S4)/2(B" - D~ at)=-0.022 £ 0.021

Sy (B » D~ nt) =0.058 + 0.023

S_(B®— D7) =0.038 & 0.021

(Sy +S-)/2(B® — D™ pt) = —0.024 + 0.032

(S_ —S.)/2(B% - D™ pt)=—0.10 £ 0.06

G, kY (BY - ncKY) =0.08 +0.13

sr:cK% (B = nckQ) =0.93+0.17

Coexp (B = cTKE0) = (=05 £ 1.5) x 1072
sin(28) = 0.699 + 0.017

C/p(ns) KO (B® = J/¢(nS)K®) = (—0.8 £ 1.7) x 1072
S1/wmsyko (BY = J/9(nS)K®) = 0.701 + 0.017

Cy ko (B® = J/9K*0) =0.03 £ 0.10

S5/ K0 (B —» J/yK*0) = 0.60 + 0.25

0 0) — +0.5
Creok? (B = xcoK%) =-03103
choK‘; (B » xcoK%) =-07+05

C K (B - xc1 k%) =0.06 + 0.07
sxdkg (B° = xc1K%) =063 +£0.10
Sin(28er) (BY — ¢K%) = 0.22 + 0.30
Sin(2Berr) (B® — ¢ K§(1430)°) = 0.97 393
sin(2Bef)(B® = KT K~ K%) = 0.777513
Sin(2Befr) (B — [KEmtx~] 0 h0) = 0.80 +0.16
ﬁeff(Bo — [K0571'+7T7]D(*) ho) = (22 + 5)0
2861 (BY = J/up°) = (42719)°

Al (B = [KYmta~]pe M) =1.01+0.08
|sin(28 + )| > 0.40, CL = 90%
28+ = (83 +60)°

a=(85.2148)°

x4(BY - DK*0) =0.04 +0.17

x_(B® - DK*0) = —0.16 + 0.14

y.(B® - DK*0) = —0.68 + 0.22
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y_(B® - DK*) =0.20+ 025 (S=1.2)
rgo(B® = DK*) = 02571003}
0go(BY = DK*0) = (194.1+3:%)°

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/BO ADMIXTURE section.

The branching fractions listed below assume 50% BYBY 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 — DEX, the values usually are
multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
B0 DECAY MODES Fraction (T';/T) Confidence level  (MeVjc)
ty X [ii]  ( 10.33+ 0.28) % -
et ve Xc (101 + 04)% -
Ty Xy ( 151+ 0.19)x 1073 -
Dity X (93 +08)% -
D= (T, Lil] ( 2.24+ 0.09) % 2309
D= rtu. ( 1.05+ 0.23)% 1909
D*(2010)~ £t v, [il] ( 497+ 0.12) % 2257
D*(2010)" 7 v, ( 1.58+ 0.09) % S=1.1 1838
DO7n—tty, ( 41+ 05)x10-3 2308
D3(3300)*Z+ v, D§” — ( 30 £12)x103 S=1.8 -
D7~
D;(E460)*L/+ ve, D3 — ( 121+ 0.33)x 103 S=1.8 2065
o DO 7=
DWnretu(n > 1) ( 23 +05)% -
D0ty ( 58 + 08 )x10~3 S=1.4 2256
Dy (2420)" £t wy, D] — ( 2.80+ 0.28) x 103 -
D*0 7
D} (2430)" ¢t vy, DT — (31 % 09)x1073 -
D*0 7
D3(2460)~ £t vy, D3 — ( 68 + 12)x1074 2065
D*0 7
D= rnta=tty, ( 13 £ 05)x103 2299
D*~rta=tty, ( 14 + 05 )x1073 2247
p Ty, i ( 2.94+ 0.21) x 10—4 2583
(T, il ( 150+ 0.06) x 10—4 2638
1ty < 25 x 1074 CL=90% 2339
Inclusive modes
KEX (78 +£8 )% -
DOXx (81 +15)% -
DO X (474 £ 28)% -
Dt X < 39 % CL=90% -
D~ X (369 + 33)% -
D¥Xx (103 +21)9% -
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Dy X < 26 % CL=90% -
AT X < 31 % CL=90% -
ATX (50 F2l)% -
tX (95 +£5 )% -
cX (246 +31)% -
c/cX (119 +6 )% -
D, D*, or Dg modes
D~ rt ( 251+ oos) x 1073 2306
D~ p* (76 £ 12)x1073 2235
D~ KOxt ( 49 + 0.9 )x10~4 2259
D~ K*(892)* ( 45+ 07)x104 2211
D~ wrt ( 28 £ 06 )x1073 2204
D™ K%t ( 2.05+ 0. 08) x 1074 2279
D~ Ktzxtr ( 35 + 08 )x10~4 2236
D~ KtKO < 31 x10=4  CL=90% 2188
D~ Kt K*(892)° ( 88 £ 19)x1074 2070
DOxt o~ ( 88 + 05 )x10~4 2301
D*(2010)~ 7* ( 274+ 0.13) x 1073 2255
DOK*t K- ( 61 + 05)x1075 2191
D-rtrtx ( 6.0 £ 06 )x1073 2087
(D=7t 7t 7~) nonresonant ( 39+ 19)x1073 2287
D~ 7t p0 ( 11+ 10)x1073 2206
D~ a1(1260)* ( 6.0 + 33)x1073 2121
D*(2010)~ 7t 79 ( 15 £ 05)% 2248
D*(2010)~ p™ ( 68+ 09)x1073 2180
D*(2010)~ K+ ( 212+ 0.15) x 10~4 2226
D*(2010)~ K97+ ( 30 + 08 )x1074 2205
D*(2010)~ K*(892)* ( 33+ 06)x1074 2155
D*(2010)~ KT KO < 47 x10~4  CL=90% 2131
D*(2010)~ K+ K*(892)° ( 129+ 033)x 1073 2007
D*(2010)~ w7t ( 721+ 0.29) x 1073 2235
(D*(2010)~ 7t 7 =) nonres- ( 00 + 25 )x1073 2235
onant
D*(2010)~ 7t p0 ( 57 +32)x1073 2150
D*(2010)~ a; (1260)* ( 1.30% 0.27)% 2061
D1(2420)° 7~ 7*, DY — ( 147+ 035)x 1074 -
D*~ gzt
D*(2010)~ Kt 7~ 7t (47 + 04 )x107% 2181
D*(2010)~ 7t 7wt 7~ 70 ( 176+ 027) % 2218
D*=3rt 27~ ( 47 +£09)x1073 2195
D*(2010)~ wnt ( 246+ 0.18) x 1073 S=1.2 2148
D;(2430)°w, DY —» D*~xt (27738 )x10-4 1992
D*~ p(1450)T, pt — wat ( rort gzgg) x 1073 -
D;(2420)0°w, DY —» D*~xt ( 70 £ 22 )x1075 1995
D3(2460)°w, DY — D*~n™t ( 40 + 14 )x1075 1975
D*~ by (1235)*, b — wrt < 7 x 1075 CL=90% -
D~ gt [nnn] (1.9 + 0.9 ) x 1073 -

D;(2420)~xF, D] —
D~ ntn™

D;(2420)~xF, D] —
D¥*~ 7wt n~

< 33 x107°%  CL=90% -
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D3(2460)~ 7+, (D3)™ —
DO
Dy (2400)~ 7+, (D§)” —
DO
D§(2460)’7T+, (D)™ =
_ D gta—
D3(2460)~ p*
DD
D*OEO
D~ D*
D* D*F (CP-averaged)
D-Df
D*(2010)~ D}
D~ D%t
— n*+
D*(2010)~ D

Dso(2317)~ K+, Dy — D n°
Dso(2317)~n*, Dy — D, n°
Dy ;(2457)~ K+, D, — D, w0
Dy ;(2457)~ =", D, — D, x°
Dy DY

D~ D}

D:~ DIt

D%y (2317)t D=, Dif — Dfx®
Dso(2317)* D=, D, — DIty
050(2317)+ D*(2010)~, D}, —

SJ(2457)+D

Ds;(2457)* D=, DI, — Df~
Ds;(2457)* D=, DI, — Dity

Ds,;(2457)* D=, DI, —
D:Tr+71'7

Ds;(2457)* D=, DY, — D} a0
D*(2010)~ Dy ;(2457)*
Dy ;(2457)* D*(2010), D}, —
D:A/
D~ Ds;(2536)F, DY —
D*O K+ + D*+ KU
D~ Ds1(2536), DY, —
D*O K+
D~ Ds1(2536)*, DY —
D*+ KO
D*(2010)~ Dg;(2536)*, DS —
DK+ 4 D*t KO
D*(2010)~ D4 (2536)
D — DOK*
D*~ Ds1(2536)F, DY, —
Dt KO
D™ Dyy(2573)%, Df, —
DK+
D*(2010)~ Dy ;(2573)", Df, —
DK+

~ o~~~ o~~~

AN N NN NN

2.38+

76 =

2.4

4.9
14 £
2.9
211+
6.1 &
72 &
8.0 &+
7.4 +
177+
4.2 +
25
9.4
4.0
3.6
1.3
2.4
1.06+
9.5
15 +

35 &

+ 1.7
6.5 14

6.0
2.0

3.6
93 £

+ 0.9
23 0.7

2.8 +

1.7 £

2.6 &+

5.0 &+

33 &

5.0 &+

3.4 &

0.16) x 104
0.8 )x 1073
x 1073

x 1073
0.7 )x 1075
x 1074
0.18) x 10~4
0.6 )x10~4
0.8 )x10~3
11 )x 103
16 ) x 1073
0.14) %
1.4 )x107°
x 107
x 106
x 1076
x 1075
x 1074
x 104
0.16) x 1073
x 104
0.6 ) x 1073

11 )x 103
)y x 1074
x 1074
x 10—4

x 1074
2.2 )x 1073

) x 1073

0.7 )x 1074
0.6 )x10~4
11 )x 104
14 )x 104
11 )x 104
1.7 )x 104
1.8 ) x 1073

x 104

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%

2062

2090

1974
1868
1794
1864

1812
1735
1732
1649
2097
2128

1759
1674
1583
1602

1509

1444

1444

1444

1336

1336

1336

1414

1304
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D~ D, ;(2700)*, Df, — ( 71+ 12)x1074 -
DO Kt
Dt n~ (73 +12)x10°7 2306
D r~ ( 2.03% 0.18) x 1075 2270
Dt r~ (21 4+ 04)x1075 S=14 2215
DY p~ < 24 %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 x 1073 CL=90% 2080
Dt a1(1260)~ < 17 x1073  CL=90% 2015
DY ay < 19 x10~4  CL=90% -
Ditay < 20 x10~4  CL=90% -
Dy K* ( 27 £ 05)x10°5 s=2.7 2242
Dy K* ( 219+ o. 30) x 1075 2185
Dy K*(892)* ( 35+ 1.0)x1075 2172
Dy~ K*(892)* ( 32 f 3 )x1078 2112
D 7t KO ( 97 £ 14 )x1075 2022
D nt KO < 110 x 1074  CL=90% 2164
Dy Ktrtm (1.7 £05)x1074 2198
D 7t K*(892)° < 30 x 1073  CL=90% 2138
DI~ nt K*(892)° < 16 x 1073  CL=90% 2076
DOKO ( 52 + 0.7 )x1075 2280
DOK*n— ( 88 £ 17)x1075 2261
DY K*(892)° ( 45 + 06 )x1075 2213
DO K*(1410)° < 67 x107%  CL=90% 2062
DY K(1430)° (7 +£7 )x107® 2058
DO K3(1430)° ( 21+ 09)x1075 2057
D§(2300)~ K+, Dy~ — (19 + 09 )x107° -
DO
D3(2460)~ K+, D3~ ( 203+ 0.35) x 107 2029
DO
D}(2760)~ K+, D3 — < 10 x 1070 CL=90% -
DO
DK+ r— nonres%nant < 37 X107 CL=90% 2261
[K* K~ ]1p K*(892) (42 +07)x107° -
[7F 7~ ]p K*(892)° ( 60 + 1.1 )x 1075 -
[t a=ata" |pK*O ( 46 +09)x10° -
DOx ( 263+ 0. 14) x10~4 2308
DO o ( 321+ 0.21) x 10~4 2237
DOf, ( 156+ 0.21) x 10~4 -
DOy ( 236+ 0.32) x 1074 S=25 2214
DOy ( 138+ 0.16) x 10~4 S5=1.3 2198
DO ( 254+ 0.16) x 10~4 2235
D% < 23 x 1076  CL=95% 2183
DKt x ( 53 + 32)x10°° 2261
DY K*(892)° ( 30 +06)x1076 2213
D04 < 25 x 1075 CL=90% 2258
D*(2007)% 0 (22 +06)x1074 S=2.6 2256
D*(2007)0 p° < 51 x1074  CL=90% 2182
D*(2007) ( 23 +06)x1074 $=2.8 2220
D*(2007)%4/ ( 140+ 0.22) x 10~4 2141
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D*(2007)% 7 ( 62+
D*(2007)° KO ( 36 +
5*(2007)0 K*(892)° < 69
D*(2007)° K*(892)° < 40
D*(2007)% 7+ (27 %
D*(2010)* D* (2010)— ( 80 %
5*(2007)o ( 36+
D*(2010)* D (61 +
D*(2007)° D*(2007)° < 9
D~ DK™t ( 1.07%
D~ D*(2007)° K+ ( 35 +
D*(2010)~ DO K+ ( 247+
D*(2010)~ D*(2007)° K+ ( 1.06+
D~ Dt KO (75 %
D*(2010)~ D KO + ( 64+
D~ D*(2010)* K©
D*(2010)~ D*(2010)* KO© ( 81+
D*~ D1 (2536)*, DY — ( 80 +
D*+ K0
DODOKO (27 +
DODOK+ 7~ (35 %
DO D*(2007)0 KO + ( 11+
D*(2007)° DO KO
D*(2007)° D*(2007)° K© ( 24+
(D+D*)(D+D*)K ( 3.68+
Charmonium modes
ne KO ( 80 %
Ne(1S)KTm~ ( 6.0 £
nc(1S)K+ 7~ (NR) (62 =+
X(4100)~ K+, X~ = nen~ (20 %
nc(1S) K*(1410)° (19 +
nc(1S) K§(1430)0 (16 +
nc(1S) K3(1430)° ( 507F
nc(1S) K*(1680)° (3 =+
nc(1S) K§5(1950)° ( 44t
ne K*(892)° (527
nc(25)K2, ne — pprT (427t
nc(2S)K*0 < 39
he(1P)KY < 14
he(1P) K*0 < 4
J/(1S) KO ( 891+
J/p(AS) Kt 7~ ( 1154+
J/9(15) K*(892)0 ( 127%
J/p(1S)nKY ( 54 %
J/p(AS)n K < 25
J/¢(18) o KO (49 %
J/p(1S)w KO ( 23+
Xc0(3915), xco — J/Ypw ( 21+
J/9(1S) K(1270)° (13 =+
J/p(18)7° ( 166+
J/¥(1S)n ( 1.08+
J/v(AS)ntn~ ( 400+

22 )x 1074
1.2 )x107°
x 1073
x 1075
05 )x 1073
0.6 ) x 1074
11 )x107%
15 )x 1074
x 1075
0.11) x 10—3
0.4 )x1073
0.21) x 10—3
0.09) %
17 )x 1074
05)x103

0.7 )x 103
24 )x1074

1.1 ) x 1074
05 )x1074
05 )x 1073

09 )x103
0.26) %

11 )x107%
0.7 )x 1074
13 )x107°
1.0 ) x 1075
15 ) x 1074
0.4 )x1074

0.21) x 10~4
0.05) x 10~3
0.05) x 1073
0.9 )x1073

x 1075
1.0 ) x 1073
0.4 )x10~4
0.9 )x 1073
05 )x 1073
0.10) x 10™3
0.23) x 1073
0.15) x 1073

CL=90%
CL=90%

S=3.1
S=1.6
CL=90%

S=1.6

CL=90%

CL=90%

CL=90%
S=1.3

S=1.5

2249
2227
2157
2157
2219
1711
2180
1790
1715
1574
1478
1479
1366
1568
1473

1360
1336

1574
1476
1478

1365

1751
1722

1395
1388

1386
1166

1646

1159
1401
1253
1683
1652
1572
1508
1271
1224
1386
1102
1402
1728
1673
1716
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J/(18)nF 7~ nonresonant
J/¥(1S) f,(500), fy — 77

J(15)H
J/%(18)p°

J/¥(1S)£(980), fy — wFa~

J/9(1S)p(1450)°, p0 — mx
J/¢p(1700)°, p0 — 7t~
J/(AS)w
J/W(1S)KT K=

J/w(15)20(980) ag —

K+ K~
J/b(18)¢
J /(157 (958)
J/p(AS)KOrt 7~
J/Pp(1S)KOK— 7t + c.c.
J/P(AS)KOKt K=

J/H(1S) KO p°
J/(1S)K*(892) T 7~
J/pAS)nta—at

J/1(15) £ (1285)
J/p(1S)K*(892)0 nt 7~
ncz(lD)K%, Nea = hey
Ne2(1D) 7™ K*, nep = hey
xe1(3872)" K+

Xc1(3872)" K +,

Xc1(3872)~

J/Y(AS)7— 7r0
Xc1(3872) KO
Xc1(3872) K*(892)°
Xe1(3872) Kt~
Xc1(3872)y
Z,(4430)* KF, ZF —

P(2S) 7t

Z,(4430)* KT, ZE — Jjprt
Z,(3900)F KT, ZE — J/yrt
Z, (42000t KF, X+ = J/yrt

J/9(1S)pp
J/p(1S)y
J/4(1S)D°
»(2S) 70
$(25) K°
»(3770)KO, o — DODO
»(3770)KO, ¢ — D~ DT
»(2S) Tt~
Y(S)KT 1~
»(25) K*(892)0
Xco K°
Xco K*(892)°
Xc1 0
Xc1 KO

—_~ e~~~ o~

~ e~~~ o~ —~

~ N~~~ o~ o~

1.2
88 T

33 F

255+
11

+
29 T 5

20 +
18t

254+
4.7 =

11
76 +
45 +
21
25 £
5.4 +
8 £
144+
8.4 £
6.6 +
3.5
1.0

4.2

1.1 £
1.0 +
21 £
1.3

60 T

45 +
1.5

1.3

117+
58 +
1.23

1.88

224+
58 &
59 + 0
19 £ 0
1.7 +
1.12+
3.95%

1.3 )x10°°
0.7 -

05 ) x107°
0.35) x 1076
3.4 )x 1077

x 1077
24 )x1076
04 )x1074
x 1072
x 1073

x 1072
0.19) x 1075
05 )x 1074

x 1074

x 10~4
0.35

0.28) x 1075

)
4)
4)
)><10 4
4)
)
0.27) x 10~4

CL=90%

CL=90%

CL=90%

CL=90%
S=1.8

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

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

1716

1140

940
1087
1220

583

583

862
1732

877
1348
1283
1217
1217
1332
1239
1116
1477
1342
1468
1411
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Xc1m K+
Xc1 K*(892)°
X(4051)" K+, X~ = xea7m™
X(4248)" K+, X~ = xe17m™
Xeim T~ KO
X 70Kt
Xc2 KO
Xc2 K*(892)°
Xc2™ K+
Xeomtm™ KO
X~ a0 K+
¥(4660)K°, v — ATAC
$(4230)0 KO, 40 — J/yprt

AN AN ANA

4.97+ 0.30) x 104
2.38+ 0.19) x 1074

40 -
30 T 18 )x107°

20.0 -
40 7290 ) x 1075
32 4+ 05 )x107%
35 + 06 )x1074
15 x 1075

49 + 12 )x107°
72 £ 1.0 )x107°

1.70 x 104
7.4 x 1075
2.3 x10~4
1.7 x 1075

K or K* modes

Ktn—
KO 70
anO
7 K*(892)°
7' Kj(1430)°
7' K3(1430)°
nK°
nK*(892)°
nK;(1430)0
nK3;(1430)0
wKO
0(980)° K0, aJ — nx°
BYKO, b9 — wnrl
20(980)F KT, af — pat
by KT, by = wm™
By K0, BY - wrl
b;K**, by = wm”
(1450 K¥, af — nrt
K% X% (Familon)
wK*(892)0
w (K)o
wK}(1430)0
wK3(1430)0
wK* 7~ nonresonant
K+ 7= 70
K+ -
+ p(1450)~
(1700)
(K+7r 7r )nonresonant
(K7T)0 s (KTF)3+
K+ 70
(Km)p0x0, (Km)g® — K*a~
K3(1430)0 70
K*(1680)° 70

0._0
K [rrr

KOrt o~

A~~~ o~~~ o~ o~~~ —~

VASRA

AN NN

A~~~ o~~~ o~~~ o~ —~

(

1.96+ 0.05) x 1075
9.9 + 05 )x1076
6.6 + 0.4 )x 1075
2.8 + 0.6 )x107°
63 + 1.6 )x1076
1.37+ 0.32) x 1075

1.23F 027y 1076

1.59+ 0.10) x 10
1.10+ 0.22) x 1075
96 + 2.1 )x 1076
48 + 0.4 )x10°
7.8 x 1076
7.8 x 1076
1.9 x 1076
74 + 1.4 )x107°
8.0 x 1076
5.0 x 106
3.1 x 106
5.3 x 1073
2.0 + 05 )x1076
1.84+ 0.25) x 1075
1.60+ 0.34) x 1075
1.014+ 0.23) x 1079
51 + 1.0 )x1076
3.78+ 0.32) x 1075
7.0 £ 09 )x 1076

24 + 12 )x1076
6 +7 )x1077
28 + 0.6 )x107°
3.4 4+ 05 )x107°

8.6 + 1.7 ) x10°
4.0 x 106
7.5 x 106
6.1 + 1.6 ) x 1076
4.97+ 0.18) x 1079

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%

1371
1265

1318
1321
1379
1228
1338
1282
1286

2615
2615
2528
2472
2346
2346
2587
2534
2415
2414
2557

2503

2380
2380
2542
2609
2559

2609

2445
2358

2609



Meson Summary Table

105

K%7% 7~ nonresonant
KO pO
K*(892)T n~
Ky(1430)t
K;"’ T
K*(1410)t 7=, K*t —
KOnt
(Kmgtn=, (Km)gt —
KOnt
f(980)KO, fy — nta—
KO £5(500)
KO £,(1500)
£(1270) K°
£, (1300) KO, f, — wta~
K*(892)0 70
K3(1430) " 7~
K*(1680)* 7~
Ktr=nta~
PO Kt
(980Kt 7, fy — =m
K+ 7=zt 7~ nonresonant
K*(892)0 nt 7w~
K*(892)0 p0
K*(892)0£,(980), fy — 7w
K1(1270) " 7~
Ky (1400)t 7~
a;(1260)~ K+
K*(892)t p~
K§(1430)F p~
K1(1400)0 p°
K3(1430)0 0
K$(1430)°£(980), fo — mm
K3(1430)° £(980), fo — =7
Kt K=
KIKO
KOK— 7t
K*(892)* KF
W*O KO + K*OFO
KtK—x0
0 40 0
Kg Kg T
Kg Kg 7}[
KsKgn
KIK+ K=
K%
H(980)KO, f5 — KT K-
f5(1500) KO
£4(1525)0 KO
fH(1710) KO, fy » KT K~
K% K+ K~ nonresonant
0 40 4,0
KS KS KS

—_~ e~~~ o~

[rrr]

~ e~~~ o~ o~~~

~ e~~~ o~ o~

—_~ e~~~

139F

34 £
75 £
33 £+
51 &
3.8

1.62+

8.1
1.6
1.3
2.7

WL+ H T+

1.8
33 £+
3.65%
1.41+
2.3

28 £

|+

1.4
2.1

5.5
3.9

I+ W

3.9

3.0

2.7

1.6 £
1.03+
28 £
3.0
2.7
2.7
8.6
78 £
1.21+
6.7 =

HoH

9.6
22 £

1.0
2.0
2,68+
73 £

70 t

13

I+

4.4
3.3
6.0

H oW H L+

G <0

1.1 ) x107°
0.4 )x1076
0.7 )x 1073
1.6 ) x 107°

x 106

0.13) x 107°

0.8 )x 1076
25 ) %1077
0.8 )x 1076
13 )x10-6
0.7 )x 1076
0.6 )x 1076
0.34) x 1076
0.10) x 1075
x 10—4

0.7 )x 1076
0 ) X106
x 106

05 )x 1075
13 )x 1070
%é ) x 10—6
x 107>

x 1075

0.4 )x1075
0.26) x 107
1.2 )x 1073
x 1073

0.6 )x107%
0.9 )x1076
2.0 ) x 1076
15 ) x 1078
0.16) x 1076
) x 106

x 107
x 107
0.6 )x1076
x 107

x 106

x 1076
1) x 1072
) x 10-6
)

0.5

1
7
5 -6
0 x 10
7 —
Lyx1078
)><1077
9 )x10°©
0)x107°
5

0.
0.
3.
3
0.
0.
5
4
0.
1
05 )x 1076

S=1.6
5$=23

$=2.0

CL=90%

CL=90%

CL=90%

S5=1.9
5$=3.9

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

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

2609

2558
2563

2522

2397
2459

2563
2445
2358
2600
2543

2506

2600
2557
2504

2466

2489
2451
2471
2504

2388
2381

2593
2593
2578
2540

2579
2578
2515
2453
2522
2516

2397

2522
2521



106 Meson Summary Table

7(980) KO, fy — KL KY (27 + 1.8 )x107°

f(1710)KO, £y — K KY ( 507F50)x10°7

£(2010)K°, £ — K KS (5 +6 )x10~7

K% k% k% nonresonant ( 1.33+ 0.31)x107°
KLKLKY < 16 x 1075
K*(892)0 K+ K~ ( 275+ 0.26) x 1075

K*(892)0¢ ( 1.00+ 0.05) x 10~3
KT K=t 7~ nonresonant < 717 x 1075
K*(892)° K—nt ( 45 + 13)x10°6

K*(892)0 K*(892)° ( 83 £ 24)x1077
K+ K+ 7~ 7~ nonresonant < 60 x 1076
K*(892)0 K+ 7~ < 22 x107©

K*(892)% K*(892)° < 2 x 107
K*(892)* K*(892)~ < 20 x 106
K1(1400)% ¢ < 50 x 1073
o (Km)° ( 43 + 04 )x1076

(Km0 (1.60<myn <2.15) [ut] < 1.7 x 106
K§(1430)0K 7+ < 318 x 1073

K}5(1430)° K*(892)° < 33 x 107©

K5(1430)0 K3 (1430)° < 84 x 1076
K3(1430)%¢ ( 39 + 08 )x10"°
K(1430)° K*(892)° < 17 x 1076
K3 (1430)° K55(1430)° < a7 x 106
K*(1680)% ¢ < 35 x 1076
K*(1780)° ¢ < 27 x 1076
K*(2045)° ¢ < 153 x 1075
K3(1430)0p0 < 11 x 1073
K35(1430)%¢ ( 68+ 09)x107°
K%¢o ( 3.7 +07)x107°
7' KO < 31 x 1072
K%y ( 76 + 1.8)x1076
7 KOy < 64 x 1076
K¢y (27 + 07 )x107°
Ktn=y ( 46 + 1.4 )x10°
K*(892)0 ( 418+ 0.25) x 1072

K*(1410)~y < 13 x 1074

KT 7=~ nonresonant < 26 x 1076
K*(892)°X(214), X — ptpu~ [uw] < 226 x 108
KOrt =~ ( 1.99+ 0.18) x 107>
Ktn= a0y ( 41 + 04 )x1075
K1 (1270)% < 58 x 1073
K1(1400)0 < 12 x 1075
K3(1430)% ( 1.24%+ 0.24) x 1075
K*(1680)%~ < 20 x 1073
K3(1780)%y < 83 x 105
K3 (2045)0 < 43 x 1073

Light unflavored meson modes

POy ( 86+ 15)x1077
OX(214), X = ptpu~ [uw] < 1.73 x10~8
wy ( 4.4 + ig ) X 10~7
oy < 10 x 107
rtr~ ( 5.12+ 0.19) x 1076

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%
CL=90%

CL=90%

CL=90%

2521
2521
2467
2460
2559
2524
2485
2559
2524
2485
2485
2339

2403
2360
2222
2333
2360
2222
2238

2381
2332
2305
2337
2587
2528
2516
2615
2565
2451
2615

2609
2609
2491
2454
2447
2360
2340
2243

2583

2582

2541
2636
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7070 ( 1.59+ 0.26) x 10~6 S=14 2636
nm0 (41 £ 17)x10°7 2610
nn < 10 x 1076 cL=90% 2582
7 0 (12 + 06 )x1076 S=1.7 2551
n'n < 17 x 1076 CL=90% 2460
n'n < 12 x 1076 CL=90% 2523
7 p° < 13 x1076  CL=90% 2492
7 £(980), fy — ntx~ < 9 x10~7  CL=90% 2454
np° < 15 %1076 CL=90% 2553
nfy(980), fy = 7ta~ < 4 x10~7  CL=90% 2516
wn ( 94 7F49)x1077 2552
wn (107F 3% )x10°6 2491
wpd < 16 x 1076  CL=90% 2522
wfy(980), fy — 7F7w~ < 15 x 1076 cL=90% 2485
ww ( 12 + 04 )x106 2521
0 < 15 x10~7  CL=90% 2540
on < 5 x10~7  CL=90% 2511
on < 5 x10~7  CL=90% 2448
orta~ ( 1.8+ 05)x10°7 2533
ép° < 33 x 1077  CL=90% 2480
#(980), fy — ntzx~ < 38 x10~7  CL=90% 2441
Pw < 7 x 1077 CL=90% 2479
‘ < 27 x 1078  CL=90% 2435
9(980)* 7 F, af — pat < 31 x10-6  CL=90% -
ag(1450)F T, af — pat < 23 x10-6  CL-90% -
atr— 0 < 72 x 1074  CL=90% 2631
P00 ( 20 + 05 )x1076 2581
pFrE [aa] ( 2.30+ 0.23) x 1075 2581
atr-ntn~ < 112 x 1075 CL=90% 2621
POrtr < 88 x 1076  CL=00% 2575
00 (96 £ 15)x10~7 2523
(9807t a™, fy — wha~ < 30 x 1076 cL=90% -
0 £(980), fy — mtw~ ( 78 +25)x1077 2486
(980) £,(980), fy — w7, < 19 x10~7  CL=90% 2447
fo —» wtm
1,(980) £,(980), fy — wTx~, < 23 x10~7  CL=90% 2447
fo — K+ K~
a1 (1260)F o+ [2a] ( 26 + 05 )x 1075 S=1.9 2494
a,(1320)F ot [aa] < 63 x1076  CL=90% 2473
ata—a0x0 < 31 x 1073 CL=90% 2622
ptp~ ( 277+ 0.19) x 1075 2523
a1(1260)° 70 < 11 x 1073  CL=90% 2495
W < 5 x 107 CL=90% 2580
atrtar 70 < 90 x1073  CL=90% 2609
a1 (1260) T p~ < 6l x1075 CL=90% 2433
a1(1260)0 p0 < 24 x 1073 CL=90% 2433
bfnE, b — waT ( 1.09% 0.15) x 1075 -
b7, bY - wnl < 19 x 1076 CL=90% -
by pt, b = wm < 14 x 1076 CL=90% -
B0, by — wnd < 34 x 1076 CL=90% -
atatetr— o n~ < 30 x 1073 CL=90% 2592
a1(1260)* a;(1260), a;r — ( 118+ 0.31) x 107 2336

ont

T, oa; — ot
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atatatr— g n a0 < 11 %
Baryon modes

pP ( 125+ 0.32) x 108
pprt AT ( 2.87+ 0.19) x 106
pPKtm™ ( 63+ 05)x107©
pp KO ( 266+ 0.32) x 106
o(1540)tp, 6T — ng [vw] < 5 x 108
f1(2220)K°, f; — pp < 45 x 107
ppK*(892)° ( 1.24% 928106
f3(2220)K§, 3 — pp < 15 x 1077
pPKT K~ ( 121+ 0.32) x 107
ppro ( 50 £ 19)x107
pppp < 20 x10~7
pAn~ ( 314+ 0.29) x 106
pAT™ < 65 x10~7
pX(1385)~ < 26 x 1077
A(1232)TP + A(1232)"p < 16 x 1076
AOA < 93 x10~7
pAK™ < 82 x 107
pAD™ ( 25+ 04)x1075
pAD*~ ( 34 £ 08)x1075
pXOr— < 38 x 106
AA < 32 x 107
AAKO (48 7F 33)x10°6
AAK*0 (25 %32 )x10°6
AADO ( 100t 830y x10-5
DOXOA+ c.c. < 31 x 1075
AUAD < 15 x 1073
ATt A= < 11 x 104
Dpp ( 1.04+ 0.07) x 10~4
D; Ap ( 28 £ 09)x1075
D*(2007)° pp (99 + 11)x1073
D*(2010)~ p7i ( 1.4 + 04 )x103
D~ pprt ( 3.32+ 0.31) x 1074
D*(2010)~ ppr ™ (47 £ 05)x1074
Dopprta— ( 30 + 05 )x10~4
Dpprtr ( 19 £ 05)x1074
e.prt, 6= D7 p < 9 x 1076
6.prt, 6. — D* p < 14 x 1072
I At < 8 x10~4
Al prta ( 1.02+ 0.14) x 1073
AZp ( 154+ 0.18) x 107
Az prd ( 1.55+ 0.19) x 10~4
Y. (2455)" p < 24 x 1075
Zc_ prta™ 70 < 5.07 x 1073
A prtaata” < 274 x 1073
Az prt @~ (nonresonant) ( 55 + 1.0 )x1074
X (2520)"~ prt ( 1.02% 0.18) x 10~4
T (2520 p7— < 31 x 1075
T (24550 pr— ( 1.08+ 0.16) x 10~4
T (2455)0N0, NO — pr— ( 64+ 1.7)x107°

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%

S=1.3

CL=90%
CL=90%
S=1.3

CL=90%

2572

2467
2406
2306
2347
2318
2135

2216

2179
2440
1735
2401
2401
2363

2364
2308
1765
1685
2383
2392

2250

2098

1662

1611
2335
2335
1863
1710
1788
1785
1786
1708
1708
1623

1839
1934
2021
1982

1883
1821
1934
1860
1860
1895



Meson Summary Table

109

T (2455)" " prt

S
/lc_pK s

X

/\C_7r’

— 0
e pK*(892)

Z0(2930)"AF, Z

Lepton Family number (LF) or Lepton number (L) or Baryon number (B)

c(2455)7~ pKt, T.7 =

— K0
—>/lCK

_~ e~~~ ~

1.83+
3.4 £
8.8 +

2.42
20 £
1.0

2.8

4.8 +
1.6
1.1
1.2
2.4
5.3
4.0
2.4

H H H R

0.24) x 104
0.7 )x 1075
25 ) x 1076
x 1075
0.4 )x1075
x 1075
x 106
11 )x 1072
x 105
x 10~4
0.8 )x1073
1.1 )x107°
1.7 ) x 10~©
09 )x1074
06 )x1074

CL=90%

CL=90%

CL=95%
CL=90%

violating modes, or/and AB = 1 weak neutral current (B1) modes

7y
ete”

ete
ptp
ptuy
ptp s

SP, S— utu-,

P— utu~
T
700t e
mlete~
O pt s
A
7/e+ e
nutp”
VvV
KOt~
KOet e~
KOt =
%7
pouﬁ
K*(892)0 ¢+ ¢~
K*(892)0 et e~
K*(892)% it
ataptu
K*(892)0 v v
invisible
vy
03%7
et T
et T
KOe®

B1
B1
B1

B1

B1
B1
B1

B1
B1
B1
B1
B1
B1
B1
B1
B1

B1

B1
B1
B1

B1

B1

B1
B1
B1
B1
B1
B1
LF
LF
LF

Poxx]

Liii]

[aa]

<
<
<

AN N A

ANNNNANNNANNANA

ANNNANNNNANA

(

—

—_~

3.2 x 1077
25 x 1079
1.2 x 107
7 13yt
2.0 x 1079
6.9 x 10—10
6.0 x 10~10
2.1 x 103
53 x 108
8.4 x 1078
6.9 x 108
6.4 x 1078
1.08 x 107
1.12 x 107
9 x 1076
33 + 06 )x 1077
25 * 3y 107
3.39+ 0.35) x 107
2.6 x 1073
4.0 x 1075
99 * 121077
1.03F 519y <1076
9.4 + 05 )x10~7
21 + 05 )x108
1.8 x 1075
2.4 x 1073
1.6 x 1075
1.27 x 10~4
1.0 x 1079
1.4 x 107
3.8 x 1078

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

S=1.8

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

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

S=1.3

S=1.1
CL=90%
CL=90%

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

1895
1786
1754

1647
1588
1567

677
1767
1319

1147
1147

732

2640
2640
2640

2638

2638
2629

1952
2638
2638
2634
2611
2611
2607
2638
2616

2616

2612
2616
2583

2565

2565

2560
2626
2565

2640
2541
2639
2637
2615
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K*(892)0 et LF < 16 x10=7  CL=90% 2563
K*(892)% e~ it LF < 12 x 1077 CL=90% 2563
K*(892)0 e* 1 LF < 18 x1077  CL=90% 2563
et 7T LF  [aa < 16 x1075  CL=90% 2341
pErF LF  [aa) < 14 x1075  CL=95% 2340
A~ LB < 14 x1076  CL=00% 2143
Nrem LB < 4 x1076  CL=90% 2145
B*/B% ADMIXTURE
CP violation

Acp(B — K*(892)v) = —0.003 £ 0.011

Acp(B — sv) = 0.015 + 0.011

Acp(B — (s+d)y) = 0.010 £ 0.031

Acp(B = Xs¢T¢7) =0.04 £0.11

Acp(B — Xst1£7) (1.0 < g% < 6.0 GeV2/c*) = —0.06 + 0.22

Acp(B — Xst07) (101 < q? < 129 or g% > 14.2 GeV?/c*) =
0.19 + 0.18

Acp(B — K*ete™)=-0.18 £0.15

Acp(B = K*utp~) =-0.03+0.13

Acp(B = K*{T¢7) = —0.04 + 0.07

Acp(B — nanything) = —0.13f8:8§

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

0.023

Acp(B = Xs7) = (Acp(BT = Xs7) + Acp(BY = Xs7))/2 =
0.009 + 0.012

AAcp(B = K*y) = Acp(BY = K*Ty) — Acp(B® = K*0y)
= 0.024 £ 0.028

Acp(B = K*7) = (Acp(BT = K*Fy) + Acp(B® —
K*04))/2 = —0.001 + 0.014

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.

B DECAY MODES Fraction (I';/T)

Scale factor/ p
Confidence level (MeV/c)

Semileptonic and leptonic modes

0t vpanything liiyyy] ( 10.84 + 0.16 ) % -
D~ ¢t vpanything lil] ( 26 + 05 )% -
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DO ¢+ vpanything
D£+ﬁq

D*~ ¢ty anything

ZE*E+L%
D*ty,

D1(2420) ¢* vpanything
Dt vpanything +
D* m ¢t yyanything
Dt vpanything
D* m ¢t vyanything
D3(2460) £ vpanything
D*~wt ¢+ yyanything

Drtn (T,
D*ntn—tty,
Dy ¢* vganything

Dy ¢* vy KT anything
D, ¢* v, K%anything

ka+lq
XylT v
Xyetve
Xu/,L+VM
KT ¢ ypanything
K~ (T ypanything

K9 /KO ¢+ ypanything

Drt 1,
D*ttu,

D* anything
DO/ DP anything
D*(2010)* anything
D*(2007) anything
Diiianythir.]g

D¢ anything
DD

Liii]

[zzZ]
[aaaa]
[iii,bbaa]

iii] <
iii] <
iii] <

Liii]
[iii]
Liii]

[aa]

DWDH KO + pED™) Ka,ccaal

b— ccs
D)D)
D* D*(2010)*

D D*(2010)* + D*D*

DD*

DsMEDH) X (n7)

D*(2010)

Dir=, Ditn=, Dfp~,
+ — pt. 0 prt 0
*
SRRSO
*k *
D p”, Dy w, DS w
Ds1(2536) T anything

J/1(1S) anything

J/1(1S) (direct) anything

1(2S)anything

[aa,ccaa)
[aa] <
[aa] <
[aa] <

[aa,ccaa)

[aa] <

(
(
(
(
(
(
(
(
(

(
(
(
(
(
(
(
(
(
(
(

(
(
(

7.3
2.42
6.7
4.95
2.7
3.8
2.6

15
1.9
4.4
1.00
1.62
9.4
7
5
7

10.65
1.91
1.57
1.62
6.3

10
4.6
8.2
1.46

23.1
61.6
225
26.0
8.3
6.3
3.4

7.1

22
3.9
5.9
5.5
3.1

9

1.1
4

9.5

MW B B R H R

D, D*, or Dg modes

BB oL+ B B B H R R

|+
N

Charmonium modes

1.5
0.12
13
0.11
0.7
13
0.5

0.6
0.4
1.6
0.34
0.32
3.2

0.16
0.27
0.19
0.21
0.6

0.5
0.8
0.08

1.2
2.9
15
2.7
0.8
1.0
0.6

2.7
1.7

0.4

) %
) %
) x 1073
) %
) %
)y x 1073
) %

) %

) %

) x 1073

) %

) x 10-3

)y x 104
x 1073
x 1073
x 1073

) %

)yx 1073

) x 10-3

) x 1073

) %

) x 103

) %

)y x 1073

) %

) %

) %

) %

) %

) %

) %

) %

) %

) %

) %
x 1073
x 1073
x 1073

x 1073

1.094+ 0.032) %
78 + 04 )x1073
3.07 + 021 )x 1073

S=2.4
S=1.5

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

S=1.3

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

CL=90%
CL=90%

CL=90%

S=1.1
S=1.1

2310

2257

1711

1866

2257
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Xc1(1P)anything ( 355 + 027
Xc1(1P)(direct) anything ( 3.08 £ 0.19

Xc2(1P)anything ( 100 + 17
Xc2(1P) (direct) anything ( 75 £ 11

n¢(1S)anything < 9

K xc1(3872) ( 23 +o07

K X(3940), X — D*0pO < 67

Kxc0(3915), xco = wd/tp [ddaal ( 7.1 =+ 3.4

K% anything
Kt anything
K~ anything
K%/ K%anything

K*(892)ialything
K*(892)0 /K*(892) anything  [aa]

K*(892)~
nK~y
K1(1400)~y
K3(1430)y
Ky(1770)~
K3(1780)y
K;(2045)y
K1/ (958)
K*(892)7'(958)
Kn
K*(892)n
Koo
b= 5y
b— dy
b — Sgluon
1 anything
n' anything

KT gluon (charmless)
KOgluon (charmless)

Y
plwy
7 anything
70 anything
n anything
o0 anything
w anything
¢ anything
P K*(892)

7t gluon (charmless)

AL/ 7 anything

/\g'anything

4; anything

AZ £+ anything
A et anything

K or K* modes

[aa] ( 789 =+ 25
( 66 +£5
( 13 +4

[aa] ( 64 + 4
( 18 +6
( 146 + 26
( 42 + 06
( 85 ~ 1%

< 1.27
( 1.7 Jj gg
< 1.2
< 3.7
< 1.0
( 83 £ 11
( 41 +11
< 5.2
( 18 +£05
( 23 +09
( 3.49 + 019
( 92 + 30
< 6.8
( 26 T gg
( 42 +09
< 1.87

( 19 +07

Light unflavored meson modes
( 139 + 025
( 130 £ 0.23

[aa,eeaal ( 358 + 7

(235 411

( 176 + 16
(21 +5
< 81

( 343 £ 012
< 22

( 37 +o08

Baryon modes
( 36 + 04
13
7
9
1.8

AN AN NN

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%
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AZ 't anything
AZ p anything
AZpetue
X~ anything
{; anything
Zganything
ZIN(N = porn)
anything, =0 —» =—xt
=5 b Eoatat
p/p anything
p/p (direct) anything
pet v, anything
A/ A anything
=~ /=*anything
baryons anything
pp anything
Ap/Ap anything
AA anything

1.4
2.04 +
8

33 &+
8

3.7 +
1.2
1.93

8.0
5.5
5.9
4.0 =+
2.7 £
6.8 =+
247 £
25 &+
5

+
45 *
+
+

Lepton Family number (LF) violating modes or
AB = 1 weak neutral current (B1) modes

sete~ BI
S;ﬁ' nwo B1
sete- BI
Tl BI

mete~ BI

7T[,L+ I BI1
Kete™ BI
K*(892)et e~ B1
Kutp~ BI
K*(892) ut pu~ BI
Kete— BI
K*(892) ¢F ¢~ B1
Kvv B1
K*vo B1
2% B1
prvv B1
set ¥ LF
retp T LF
per ¥ LF
Ke® T LF
K*(892) e* ¥ LF

Liii]

[aa]

<
<
<

ANNNNNANNNA

<

(
(
(

6.7 +
43 *
58 +
5.9

1.10

5.0

44 +
1.19 +
44 *
1.06 +
48 +
1.05 +
1.6
2.7
8
2.8
2.2
9.2
3.2
3.8
5.1

x 1073  CL=90% -
033 )% -
x 1074  CL=90% 2021
1.7 )x1073 -
x1073  CL=90% -
17 )x1073 -
x103  CL=90% 1938
0.30 ) x 10~4 S=1.1 -
13 x4 -
04 )% -
05 )% -
x 1074 CL=90% -
05 )% -
0.6 )x10~3 -
06 )% -
023 )% -
04 )% -
x1073  CL=90% -
1.7 )x1076 $=2.0 -
1.0 )x107° -
1.3 )x1076 S=1.8 -
x1078  CL=90% 2638
x10~7  CL=90% 2638
x 1078  CL=90% 2634
06 )x10~7 2617
0.20 ) x 107© S=1.2 2565
04 )x10=7 2612
0.09 ) x 10~© 2560
0.4 )x10~7 2617
0.10 ) x 10—© 2565
x107%  CL=90% 2617
x107%  CL=90% -
x1076  CL=90% 2638
x107%  CL=90% 2583
x107%  CL=90% -
x1078  CL=90% 2637
x1076  CL=90% 2582
x1078  CL=90% 2616
x10~7  CL=90% 2563

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

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 = (1.5672 + 0.0029) x 10712 5

Mean life 7 = (1.7240.10)x 10712 5
Mean life 7 = (1.58 + 0.14) x 10712 s

Charged b-hadron admixture
Neutral b-hadron admixture

T charged b—hadron /T neutral b—hadron = 1.09 & 0.13
|ATp| /7,5 = —0.001 + 0.014
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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. bmodes are their charge
conjugates. Reactions indicate the weak decay vertex and do not include mixing.

B Scale factor/
b DECAY MODES Fraction (I';/T) Confidence level

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 Averagmg
Group (HFLAV) as described in the note “B0-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 p7) 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— BO)

B(b—~ Bt)+B(b— BO) +B(b—~ BY) + B(b — b-baryon) = 100%.
The correlation coefficients between production fractions are also re-
ported:
cor(Bg, b-baryon) = 0.064
cor(BY, BE¥=B0) = —0.633
cor(b-baryon, BX=B%) = —0.813.
The notation for production fractions varies in the literature (fy, dBO’
f(b— EO), Br(b — ED)). We use our own branching fraction notation
here, B(b — BY).
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.
B+t (408 + 0.7 )%
BO (408 £ 0.7 )%
BY (100 + 0.8 )%
b-baryon (84 +£11)%
DECAY MODES
Semileptonic and leptonic modes
vanything (231 £ 15)%
(% ypanything L]  ( 10.69+ 0.22) %
et veanything ( 10.86+ 0.35) %
wF v, anything (10.95F 022y %
D~ (T ypanything lil] ( 22 + 04)% S=1.9

D~ wt (T ypanything
D~ m~ (T ypanything

DO ¢+ vyanything [iif]
D7~ ¢* vyanything

49 + 1.9 )x1073
26 + 1.6 )x 1073
6.79+ 0.34) %
1.07+ 0.27) %

—_~ e~~~
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D=t ¢+ ypanything
D*~ ¢* ypanything [iif]
D*~ w~ £t ypanything
D*~ wt ¢ty anything
Dj-’ (T ypanything x B(DJQ ~}ii, ffaa]
D**77)
Dy 0t ypanything x [iii, ffaa]
B(D; — DO7™)
D3(2460)0 ¢+ vpanything
x B(D3(2460)0 —
D*~nt)
D3(2460)~ T vyanything x
B(D3(2460)~ — DO7™)
D3(2460)% ¢+ vpanything x
B(D5(2460)° — D~ 7t)
charmless (7, [iif]
71 v, anything
D*~ v, anything
€ — (" vyanything [ii]
¢ — (tvanything

2.3

6
4.8
2.6

—~ e~~~ —~

(70

1.4

( 16
( 17
(
(9
(
(

1.6

+

275+

+
+
+

+

+

241+

+

8.02+

+

x 1073 CL=90%

Charmed meson and baryon modes

DOanything

Do Dsianything [aa]
DF D;tanything [aa]
DO Doanything [aa]
DO D+ anything [aa]
D* DF anything [aa] <
D~ anything

D*(2010)* anything
D; (2420)% anything

D*(2010)F Dfanything [aa]
DO D*(2010)* anything [aa]
D*(2010)* DF anything [aa]

D*(2010)* D*(2010)F anything  [aa]
D Danything
D§(2460)Oanything
oy
1 anyting
4
€/ c anything [eeaa]

(587
( 91

( 40
( 51

( 27

9
(227
(17.3
( 50

( 33
( 30

( 25
(12
(10
( 47
(147
( 10.1
(77
(116.2

+
+

I+ I+

I+

I+ W H R

|+
O O HH OF HKH H N =

HoH WKWK I+ W+

Charmonium modes

J/(1S)anything
(2S)anything

Xco(1P)anything
Xc1(1P)anything
Xc2(1P)anything

15
1.4
6.2

—~ e~~~ —~

1.16+
3.06 %

+
+
+

=

28)%
28)%
5%
5%
1) %

x 1073 CL=90%

VVVV
o o o o
X IXX

» O LRk W 1 o &
-
X
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Xc(2P)anything, xc — ¢ < 28 x 1077 CL=95%
1¢(1S) anything ( 56 + 09)x103
nc(2S)anything, ne — ¢¢ (39 + 14)x1077
Xc1(3872)anything, xc1 — ¢ < 45 x10~7  CL=95%
Xco(3915) anything, xco — ¢¢ < 31 x1077  CL=95%

K or K* modes
Sy ( 31+ 11)x1074
SUv BI < 6.4 x107%  CL=90%
K*anything (74 +6 )%
K% anything (290 + 29)%

Pion modes
7 anything (397 +21 )%
70 anything [eeaa) (278 +60 )%
¢anything ( 2.82+ 0.23) %

Baryon modes
p/panything (131 +£11)%
A/ Aanything (59 +£06)%
b-baryon anything (102 £ 28)%

Other modes
charged anything [ecaa] (497 + 7 )%
hadron® hadron™ ( 1730y <105
charmless (7 +21 )x1073

AB = 1 weak neutral current (B1) modes
ut = anything BI < 32 x 1074 CL=90%
B* 10P) =317

I, J, P need confirmation.

Quantum numbers shown are quark-model predictions.

Mass Mg, = 5324.71 + 0.21 MeV
Mg, — Mg = 45.21 £+ 0.21 MeV
Mpi — Mgy = 45.37 + 0.21 MeV

B;(5721)

1UP) = 3at)

I, J, P need confirmation.
By (5721)* mass = 5725.9725 MeV
gt — Mpgeo = 401.2739 Mev
1
B;(5721)° mass = 5726.1 + 1.3 MeV (S = 1.2)
Mgo — Mgy =446.7 £ 1.3 MeV (S =12)
1
Mgo — Mgy = 4014+ 1.2 MeV (S =1.2)
1

m

Full width [(B;(5721)1) =31+ 6 MeV (S = 1.1)
Full width I'(By(5721)%) = 27.5 + 3.4 MeV (S = 1.1)
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B}(5747) 1UP) = 3")

I, J, P need confirmation.

B3(5747)% mass = 5737.2 + 0.7 MeV
Moy — Mgo = 457.5 + 0.7 MeV
2
B3(5747)° mass = 5739.5 £ 0.7 MeV (S = 1.4)
Mg — Mgo =134 £ 1.4 MeV (S =13)
2 1
Mg — Mgy = 460.2 £ 0.6 MeV (S = 1.4)
2

Full width T(B5(5747)%) =20 £ 5 MeV (S = 2.2)
Full width T'(B3(5747)°) = 24.2 + 1.7 MeV

B,(5970) 14P) = 3(7%)

I, J, P need confirmation.

B;(5970) mass m = 5964 & 5 MeV
Mg (so70)+ — Mpo = 685 + 5 MeV
B,(5970)° mass m = 5971 + 5 MeV
Mg (59700 — Mp+ = 691 + 5 MeV
B4(5970)* full width I = 62 + 20 MeV
B,(5970)° full width I' = 81 4 12 MeV

BOTTOM, STRANGE MESONS
(B=+1,S=F1)

0_ 5 B0 =% i ,
By = sb, B; =5b, similarly for BY's

BO

S

1(JPy = 0(0™)

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

Mass Mgo = 5366.92 + 0.10 MeV
g0 — Mg = 87.42 = 0.14 MeV
s

Mean life 7 = (1.520 + 0.005) x 10712 s
cr = 455.7 um

m

ATpgo =T — Mgo =(0.084+0.005) x 102571 (S =17)
s sL SH

BY-BY mixing parameters

Dmgo = mgo = mpgo = (17.765 + 0.006) x 1012 /s~ !
= (1.1693 + 0.0004) x 1078 MeV
Xs = Amgo /T go = 27.01 + 0.10
s s

Xs (BY-BY mixing parameter) = 0.499318 + 0.000005

CP violation parameters in BY

Re(ng) /(1 + |eBg}2) = (-0.15 4+ 0.70) x 1073

Ckk(BY = K*K™)=0.162 + 0.035
Skk(BY - KTK™)=0.14+0.05 (S=13)
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rp(BY — DI Kk*)=0371329

rp(BY = Df KEnta¥) =047 £0.08

op(BY — DEKT) = (358 + 14)°

0p(BY » DfKFata¥)=(-6119)°

CP Violation phase 8, = (2.5 + 1.0) x 1072 rad
[A] (BY = J/9(1S)¢) = 1.001 £ 0.018 (S = 1.2)
[A] = 0.999 + 0.017

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/9K*(892)°) = —0.05 + 0.06

Al (Bs — J/uK*(892)%) = 0.17 + 0.15
ALp(Bs — J/PK*(892)°) = —0.05 + 0.10
Acp(Bs & wt K™) = 0.224 + 0.012

Acp(BY — [KTK~]pK*(892)%) = —0.04 + 0.07
Acp(BY = [t K™]pK*(892)%) = —0.01 = 0.04
Acp(BY = [rt 77 ]pK*(892)%) = 0.06 & 0.13
S(BY — ¢v) =043 £ 0.32

CBY —» ¢v)=0.11+031

AR(BY — ¢y)=—07+04

Aa; < 12x10712 Gev, CL = 95%

Aaj = (0.9 + 1.5) x 1071 GeV

Aayx = (1.0 £ 2.2) x 10714 Gev

Aay = (—3.8+£2.2) x 1071 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; ot vganything) is not a pure measure-
ment since the measured product branching fraction B(b — Bg) X B(Bg —

DS_ ot vpanything) was used to determine B(b — Bg), as described in the
note on “B0-B0 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 (T'; /T) Confidence level (MeV/c)
Dy anything 62 +6 )% -
1370.4 (96 +£08)% -
etvX~ (91 +08)% -
utvX— (102 + 1.0 ) % -
Dy ¢t yyanything lggaa] (81 + 13)% -
Dy~ €t vpanything (54 £ 11)% -
Dyt ( 244+ 0.23)% 2321
DY pty, (53 +05)% 2266
Ds1(2536) " pt vy, D — (27 + 07 )x1073 -
D*~ K%
Ds1(2536)" Xptw, Dy — (44 £ 13)x1073 -
DOK+
Dg(2573)" X ptw, Dy, — (27 + 1.0 )x1073 -

DOkt



Meson Summary Table

119

K_,u,+1/# ( 1.06%
Dyt ( 298+
D, p* (68 +
D;7r+7r+7r (61 +
Ds1(2536)"«t, D — (24 +
Dy rta~
D¥ k* (2.25+
D, Ktntr (32 +
+ —
DY Dy (44 £
D, D* (28 +
Dt D~ (22 +
DOD° (19 +
Dyt (19t
+
DI K (1321
Dy pt (95 +
Ditp; + DI DY (1.39+
Dt D~ .
Df*)+ E(*)f (1.44%
s N (45 +
D*~ D} (39 +
DK (28 +
DYKO (43 +
DOK— 7t (1.04+
DY K*(892)° (44 &
D K*(1410) (39 +
DUK3(1430) (30 +
DUK3(1430) (11 +
DY K*(1680) < 78
D K}5(1950) < 11
DYK3(1780) < 26
DK (2045) < 31
DY K~ xt (non-resonant) (21 %
D’S‘2£2573)*7r+, D}, — (26 +
DK~
D} (2700)" 7%, DYy — (16 +
DK~
D},(2860)~ 7+, D% — (5 +
DK~
D%5(2860)" 7*, Dy — (22 %
DK~
DK+ K~ (5.6 +
DO £,(980) < 31
DY (3.0 +
D*0¢ (3.7 +
D*F < 61
Ne @ (5.0
nc7r+7r_ (1.8 £
J/¥(1S) ¢ (1.04+
J/p(1S)d¢ (120%
J/¢(18) 70 < 12
J/¥(1S)n (40 +
J/p(1S)KY (1.92+

0.09) x 104
0.14) x 10~3
14 )x 1073
1.0 ) x 1073
0.8 )x 1075

0.12) x 1074
0.6 )x 104
05 )x103
05 )x1074
0.6 )x 1074
05 )x1074
04 )x1073
639 x 1074
2.0 )x 1073
0.17) %
0.21) %
14 )%
0.8 )x 104
1.1 )x 1074
0.9 )x 104
0.13) x 10—3
0.6 )x1074
35 )x 1074
0.7 )x 1074
0.4 )x 1074
x107°
x 10~4
x 1072
x 1075
0.8 )x 104
0.4 )x 1074

S=1.1

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

0.8 )x 1079
4 )x1075
0.6 )x107°

0.9 )x107°

x 106
05 )x107°
0.6 )x 1075

x 106
0.9 )x1074
0.7 )x 1074
0.04) x 10—3

016) x107°

CL=90%

CL=90%

x 1073
0.7 )x 104
0.14) x 107°

CL=90%
S=1.4

2660
2320
2249
2301

2293
2249
1824
1875
1925
1930

2265

2191
1742
1655

1801
2278
2330
2312
2264
2117
2113
2112
1997
1890
1970
1835
2312

2243
2242
2235
2178

1663
1840
1588

764

1787
1733
1743
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J/9(1S)K*(892)°

J/w(ls)n’

J/p(S)at
J/z/;(lS)fo(SOO) fo —» atom™
Jw(AS)p, p— wta”
J/y(1 5)f0(980) fo — 7tn~
J/w( 5)f2(1270) f, =
J/¢(15)f2(1270)01 fy =

o

J/'l/}(ls) fz(lQ?O)L, f2
J/w(15)f0(1370), fo —

J/d)(ls) f0(1500), fo —
+ —

T
J/9(15) F5(1525)0, fhH —
L
J/h(18)F5(1525) ), 5 —
T~
J/W(1S) 4(1525) |, fh —
ata~
J/¥(1S) fp(1790), fo —
™ T
J/¥(1S) 7 7~ (nonresonant)
1/p(S) KOt 7~
J/P(AS) KT K=
J/WAS)KOK—nt + cc.
J/W(AS)KO K+ K~
J/¢ K*(892)0 K*(892)°
J/9(15) f,(1525)
J/¥(1S)pp
1/0(15)y
JIpAS)rtrmat ™
J/9(15)f;(1285)
Y(25)n
v(28)n'
Pp(S)nt
(25)¢
P(RS)K— 7t
$(25) K*(892)0
Xc1¢
Xc1(3872)¢
Xc1(3872) (K+ K~) non—¢

atn~

7070

(41 +
(33 +
(2.02+
< 4
< 3.4
(1.24%
(10 +

(73 +

(1.05+
(13 +
(44t
(2047F

( 1.03+

+ 26
(12182

(5 +

0.4 )x 1075

0.4 )x1074

0.17) x 10~4 S=1.7
%1076  CL=90%
x1070  CL=90%

0.15) x 104 s$=2.1

0.4 )x1076

17 )x10~7

0.33) x 1076
07 )x1076
06 -

ag ) x107°

0.32

04) X107°

0.22) x 10~6
)><1077

4 yx10~7

(49 T100y 1076

(1747F

< 44
(79 +
(95 +

< 12
( 110+
(26 +
(36 +

< 13

(75 +

(72 +

(33 %

(1.29+

(69 +

(52 +

(31 +

(33 +

(1.97+

(11 +

(86 +

(70
2.1
1.0
1.43
3.20
6.5

(33 +

< 82

AN NN ANA

T3 x 1075
x107°  CL=90%
0.7 )x 1074
13 )x107%
x 1073 CL=90%
0.09) x 10~4
0.6 )x 1074
0.4 )x1076
x107%  CL=90%
x 1075

0.35
x 1075

x 1074 CL=90%

x1073  CL=90%

x 1074 CL=90%

x 1074 CL=90%

x 1075  CL=90%
07 )x 1075

x10~7  CL=90%

1637
1612
1775

1775

1675
1601
1538
1333
1083
1310

982
1790
1731
1460
1338
1158
1397
1120
1310
1196
1274

936

961
2680
2680
2654
2627
2569
2568
2507
2495
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®f0(980), fo(980)—> rta—

65(1270), £(1270) —

T

op°

onta~
P
P9
rt K~
Kt K=
KOKO
KOrt ™
KOKE 7T
K*(892)~ nt
K*(892)* KT
K§(1430)5 KT
K3(1430)T K¥
K*(892)° KO+ c.c.
K§(1430) KO+ c.c.
K3(1430)° K% + c.c.
KIK*(892)°+ c.c.
KOK*T K-
K*(892)0 p0
K*(892)0 k*(892)°
HK*(892)0
PP
PPKT K™
pPKT T
pprta
pAK™ + c.c.
/l; Axt
A AL

Lepton Family number (LF) violating modes or

( 112+ 0.21) x 10°
(61 T 18107

(27 +08)x10~7
(35 + 05)x106
(1.85+ 0.14) x 107°
(22 + 06 )x107°
(58 + 07 )x106
( 266+ 0.22) x 107>
( 1.76+ 0.31) x 10~°
(95 + 21 )x1076

(84 £ 09)x107°
(29 +1.1)x1076
(1.9 + 05)x107°
(31 + 25)x107°
(1.0 + 1.7 )x107°
(20 + 06 )x107°
(33 +1.0)x107°
(1.7 £ 22)x107°
(16 + 04 )x107°
(1.3 + 06 )x1076
< 767 x 10~4

( 111+ 0.27) x 107>
( 114+ 0.30) x 10©
< 15 x 1078
(45 + 05 )x1076
( 139+ 0.26) x 10~°
(43 +20)x10~7
(55 + 1.0 )x10°
(36 + 1.6 )x 1074
< 80 x 1075

AB =1 weak neutral current (B1) modes

&(1020) ™
F5(1525) pt p~
K*(892)0 pt i~
mtam
037

et u¥

pErT

B1
B1
B1
B1
B1
B1
B1

B1

B1
B1
B1
LF
LF

< 31 x 1076
(34 +04)x107°
( 3.01+ 0.35) x 1072

< 94 x 1079
< 68 x 1073
< 25 x 1079
Pox] < 22 x 1079

(84 + 04 )x107
(1.62+ 0.22) x 10~7
(29 + 1.1 )x10°8
(84 + 1.7 )x108

< 54 x 1073
[aa] < 5.4 x 1079
< 42 x 1072

CL=90%

CL=90%

CL=95%

CL=90%

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

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

2526
2579
2482
2165
2659
2638
2637
2653
2622
2607
2585

2585
2468
2467
2585
2568
2550
2531
2507
2514
2231
2355
2454
2358
1979
1405

2683
2587
2681
2683
2011
2673

2582
2464
2605
2670
2587
2682
2388
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B: 1JPy =0(17)

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

Mass m = 5415.4718 Mev (S = 2.9)
mps — mp, = 4857 1F MeV (S =2.9)

Bs1(5830)° 1UP) = o1t)
I, J, P need confirmation.
Mass m = 5828.70 £+ 0.20 MeV
BO — Mg = 503.99 & 0.17 MeV
FuII Wldth =05+04MeV

B2,(5840)° 14P) = 0(2™)
I, J, P need confirmation.
Mass m = 5839.86 + 0.12 MeV

Mg = Mg+ = 560.52 & 0.14 MeV

FuII Wldth ['=1.49 £ 0.27 MeV

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

5;2(5840)0 DECAY MODES Fraction (I';/T) p (MeV/c)
BtK— DEFINED AS 1 252
B*t K~ 0.093+0.018 141
BOKY 0.43 0.1 245
B*0KY 0.04 +0.04 -

BOTTOM, CHARMED MESONS

+ _ 5 B~ —F ‘o ,
Bl =cb, B, =Tb, similarly for B’c‘ S
B} 1(JP) = 0(07)
I, J, P need confirmation.
Quantum numbers shown are quark-model predictions.

Mass m = 6274.47 £+ 0.32 MeV

Mg = Mgy = 907.8 & 0.5 MeV

Mean life 7 — (0.510 + 0.009) x 10712 s

BE modes are charge conjugates of the modes below.
p

B'g' DECAY MODES x B(b —+ B¢) Fraction (T';/T) Confidence level (MeV/c)
ont (24753 x 1075 2205
D DO <72 x 10~4 90% 2483
D} DO < 3.0 x 10~4 90% 2483
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D+DO <19 x 1074 90% 2521
D+ DO <14 x 1074 90% 2521
D:t DY <53 x 104 90% 2425
DY D*(2007)° <46 x10~4 90% 2427
Dzt po <9 x 104 90% 2425
DY D*(2007)° <66 x 1074 90% 2427
D*(2010)*+ D <38 x 104 90% 2467
D+ D*(2007)° <65 x 104 90% 2466
D*(2007)* DO <20 x 104 90% -
DT D*(2007)° <37 x10~4 90% 2466
D%t D*(2007)° <13 x 1073 90% 2366
Dt D*(2007)° <13 x 103 90% 2366
D*(2010)* D*(2007)° <10 x 103 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)* 1(JP) = 0(07)
Mass m = 6871.2 &+ 1.0 MeV
cc MESONS
(including possibly non-qq states)
1c(1S) 16(PC) =0t (0~ )

Mass m = 2983.9 + 0.4 MeV (S =1.2)

Full width ' = 32.0 £+ 0.7 MeV
1¢(1S) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)

Decays involving hadronic resonances
7' (958) 7w (41 £17)% 1323
17 (958) KK (35 £15)% 1131
op (1.8 £05)% 1275
K*(892)° K~ nt + c.c. (20 £0.7 )% 1278
K*(892) K*(892) (69 £1.3)x1073 1196
K*(892)0K*(892)0 nt 7~ (11 £05)% 1073
dKT K~ (29 +1.4 )x1073 1104
1) ( 1.74+0.19) x 103 1089
@2(rt ) < 4 x 1073 90% 1251
a,(1320) 7 < 2 % 90% 1196
K*(892) K + c.c. < 128 % 90% 1310
£(1270)n < 11 % 90% 1145
ww (2.9 +0.8 )x1073 1270
wo < 25 x 104 90% 1185
f,(1270) f,(1270) (9.8 +25)x1073 774
£,(1270) f/,(1525) (95 +£32)x103 524
Decays into stable hadrons

KKm (73 £0.4)% 1381
KKn ( 1.36+0.15) % 1265
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nrtw (1.7 £06 )% 1428
n2(rt ) (44 £16 )% 1386
KTK=nt7n™ (66 £1.1 )x1073 1345
KtK=ata— 0 (35 +£06 )% 1304
KOK—atr=nt tcc. (56 £1.9 )% -
KtK=2(xt77) (75 +24 )x1073 1254
2(KTK™) (1.43+0.30) x 1073 1056
N e <5 x10~4 90% 1476
at 7070 (47 £1.4)% 1460
2(ntnT) (91 12 )x1073 1459
2(rt 7 70) (158 +2.3 )% 1409
3(ataT) (1.7 0.4 )% 1407
pP (1.44+0.14) x 1073 1160
ppr° (36 +£1.5)x1073 1101
AA ( 1.0640.23) x 10~3 991
KTPA+ c.c. (25 £0.4 )x1073 772
A(1520) A+ c.c. (31 +13)x1073 694
rty- (21 £06 )x1073 901
==t (9.0 £26 ) x 1074 692
xtr pp (53 £21)x1073 1027
Radiative decays
vy (1.61+0.12) x 1074 1492
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
ata PCP < 11 x 1074 90% 1485
7070 PCP < 4 x 1075 90% 1486
KtK— PCP < 6 x 1074 90% 1408
K% K& PCP < 31 x 104 90% 1407
See Particle Listings for 17 decay modes that have been seen / not seen.
J/$(15) 16UFC) =0m(17 )
Mass m = 3096.900 + 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
g88
788
ete™
ete
php~

[hhaa]

x 10

( )
( )
( )
(88 + 11 )
( )
( )
( 5.961% 0.033) %

Decays involving hadronic resonances

p

2070
82(1320)p
r/7r+ T
777r+ T
nrt o 3n0

np
n¢(2170) — n¢fH(980) —

n@w* T

0

(169 + 015)%

(56 + 07 )x1073
(1.09 + 022 )%
(38 + 07 )x10~
(117 + 020 )%
(49 + 10 )x1073
(1.93 + 023 )x1074
(12 + 04 )x1074
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n¢(2170) — < 252 x 1074 CL=90% -
nK*(892)0 K*(892)°
nK* KT laa] (22 + 04 )x1073 1278
7 K*(892)0 K*(892)° (115 + 0.26 ) x 1073 1003
o1 (958) (81 + 08 )x107° S=1.6 1281
pEaFata— 240 (28 +08 )% 1364
ptp ata—z0 (6 +4 )x1073 1186
pT KEKS (1.9 + 04 )x1073 1269
p(1450)7 — mt a7 (23 + 07 )x1073 -
p(1450)F 77 — KIK*rT (35 + 06 )x1074 -
p(1450)070 — K+ K= 70 (27 + 06 )x1074 -
p(1450)7(958) — (33 +07 )x107© -
w771 (958)
p(1700)7 — at 7~ 70 (17 + 11 )x1074 -
p(2150)7 — 7770 (8 +40 )x107° -
wn? (45 + 05 )x10~4 S=1.4 1446
wnl - ata= 0 (1.7 + 08 )x1075 -
wrtr™ (72 + 10 )x1073 1435
w70 (34 + 08 )x1073 1436
w30 (1.9 + 06 )x1073 1419
wh(1270) (43 +06 )x1073 1142
wn (174 + 020 )x 1073 S=1.6 1394
wrta 70 (40 + 07 )x1073 1418
wnly (34 + 17 )x1074 1363
wrtrtr—n~ (85 + 34 )x1073 1392
wrta— 270 (33 +05 )% 1394
wy'rt o~ (112 £ 013 )x10~3 1173
wn'(958) (189 + 018 )x 1074 1279
wfp(980) (14 +05 )x104 1267
wfy(1710) = wKK (48 + 11 )x1074 878
wf;(1420) (68 + 24 )x1074 1062
wf}(1525) < 22 x 1074 CL=90% 1007
wX(1835) — wpp < 39 x 1076 CL=95% -
wX(1835), X —» n'nta~ < 62 x 1073 -
wK* KenF [aa] (34 + 05 )x1073 1210
wKK (19 + 04 )x10-3 1268
wK*(892)K + c.c. (61 =+ 09 )x1073 1097
W K~ KT (148 + 013 ) x 103 -
7 KK+ c.c. (166 + 0.21 )x 103 1000
n h(1415) — o' K¥*K+ c.c. (216 + 031 ) x 1074 -
n hy(1415) — o/ K*=KF (151 + 023 ) x 104 -
K K*(892) +c.c. — (50 + 05 )x1073 -
KYKErT
Kt K*(892)~ + c.c. (60 * 98 )x10-3 $5=2.9 1373
Kt K*(892)~ 4 c.c. —» (269 F 31351073 -
Kt K= 0
KT K*(892)™ + c.c. — (30 + 04 )x1073 -
KOKE7F + cc.
KOK*(892)%+ c.c. (42 + 04 )x1073 1373
KOK*(892)° + c.c. — (32 +04 )x1073 -
KOKEaT + cc.
K*(892)° Kt 7~ + c.c. (77 + 16 )x1073 1343
K*(892)* KF 70 (41 £ 13 )x1073 1344

K*(892)t Kin~ + cc. (20 + 05 )x1073 1342
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K*(892)* K¢n~+ cc. = (67 + 22 )x1074 -
KOs K% atr
K*(892)0K? — yKIKY (63 T 08 )x10°6 -
K*(892)0 KL 70 (7 +4 )x1074 1343
K*(892)* K*(700)F (11 * 3% yx10-3 -
K*(892)0 K*(892)° (23 + 06 )x10~4 1266
K*(892)* K*(892)F (100 T 9221073 1266
K1(1400)* KF (38 + 14 )x1073 1170
K*(1410)K +c.c — (7 +4 )x107° -
KE KT g0
K*(1410) K+ c.c. — (8 +6 )x1075 -
KYK*7F
K3(1430) K +c.c. — (1.0 + 05 )x1074 -
K* KT 0
K3(1430)K + c.c. — (40 + 10 )x1074 -
K K*7F
K3(1430) K+ c.c. < 40 x 1073 CL=90% 1158
K3(1430) K=+ c.c. — (269 325 ) 51074 -
K+ K70
K3(1430)tKi7~ + 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 )x104 -
cc = K*(892)tK%n—+
c.c.
K3(1430)0 K3(1430)° < 29 x1073  CL=90% 601
Ko(1770)° K*(892)° + c.c. — (69 + 09 )x10~4 -
K*(892)0 K~ 7t + c.c.
K3(1980)* K~ + c.c. — (110 T 39 )x10-5 -
Kt K= 70
K;(2045)F K~ + c.c. — (62 T 22 )x1076 -
KT K~ 0
Ky (1270)* KF < 3.0 x1073  CL=90% 1240
Ki(1270) K% — vK%KY (85 + 25 )x10~7 -
a(1320)* 7 F [aa] < 4.3 x 1073 CL=90% 1263
0 3% 1076 or 1 x 107 1377
oprt o~ (9.4 +15 )x10~4 S=1.7 1365
¢ 70 (5.0 + 10 )x1074 1366
p2(rt ) (160 + 032 )x1073 1318
én (74 + 08 )x1074 S=15 1320
on'(958) (46 + 05 )x1074 S=22 1192
onn' (232 + 017 )x 1074 885
¢1,(980) (32 +09 )x1074 S=1.9 1178
#(980) — pmta~ (260 + 034 )x10°4 -
$1(980) = ¢70x0 (18 + 05 )x104 -
¢79£(980) — @nlat (45 + 10 )x1076 -
#7015 (980) — ¢70 pOn0 (1.7 + 06 )x1076 1045
&1 (980)n — nomt T (32 +10 )x1074 -
$a(980)° — ¢nn0 (44 + 14 )x1076 -
¢ (1270) (32 +06 )x1074 1036
¢11(1285) (26 +05 )x104 1032



Meson Summary Table 127

#1,(1285) — ¢70£5(980) — (94 + 28 )x1077 952
¢pn0nt o
1 (1285) — ¢7°£(980) — (21 +22 )x10~7 955
¢3770

én(1405) — onmta~ (20 + 10 )x107° 946
¢15(1525) (8 +4 )x1074 S=2.7 877
¢X(1835) — ¢pp < 21 x 1077 CL=90% -
¢ X(1835) — ¢nmta— < 28 x 10~4 CL=90% 578
$X(1870) — ¢nmtw < 613 x 1075 CL=90% -
OKK _ (177 + 016 ) x 1073 S=1.3 1179

6h(1710) = ¢KK (36 + 06 )x1074 875

dKT K™ (83 £ 11 )x1074 1179
dKIKY (59 + 15 )x10~4 1176
dK=KLaT laa] (72 + 08 )x10~% 1114
HK*(892)K + c.c. (218 + 023 )x1073 969
by (1235)E 7 F [aa] (30 + 05 )x103 1300
by(1235)0 70 (23 + 06 )x1073 1300
f5(1525) KT K~ (1.06 + 0.35 ) x 1073 897
A(1232)Tp <1 x 1074 CL=90% 1100
A(1232)H pr (1.6 + 05 )x1073 1030
A(1232) T A(1232) =~ (110 + 029 ) x 1073 938
X (1385)° pK~ (51 + 32 )x1074 646
¥ (1385)0 1+ c.c. < 82 x1076  CL=90% 911
X (1385)" Xt (or c.c.) [aa] (31 + 05 )x1074 855
X (1385)~ X(1385)" (or c.c.) [aa] ( 1.16 % 0.05 ) x 1073 697
r(1385)° X (1385)° (1.07 £ 0.08 ) x 10~3 697
A(1520)A+ c.c. = yAA < 41 x 1076 CL=90% -
A(1520) A+ c.c. < 1.80 x 1073 CL=90% 807
o= (1.17 + 0.04 ) x 1073 818
Z(1530) " =F + c.c. (318 + 0.08 ) x 1074 600
=(1530)°=° (32 + 14 )x107% 608
©(1540) ©(1540) — [iiaa] < 1.1 x 1075 CL=90% -

Kng*ﬁqL c.c.
O(1540)K~ 7 — KIpK™n  [ilaa] < 21 x 1075 CL=90% -
0(1540)K%p - KIpK*n  [iaa) < 16 x 1075 CL=90% -
O(1540)K* n — KIpK*n  [iaa] < 56 x 1075 CL=90% -
O(1540)K%p - KIpK=7m  [iaa] < 11 x 1075 CL=90% -

Decays into stable hadrons

2t )70 (371 + 028 )% S=1.3 149
3(rta)m0 (29 +06 )% 1433
ata—3x0 (1.9 +09 )% 1497
ntr= 4n0 (65 + 13 )x1073 1470

pEaFr0n0 (141 £ 022)% 1421

ptp— a0 (60 + 11 )x1073 1298
ata— a0 (210 + 0.08 )% S=16 1533
2(nt 7= 70) (161 + 020 )% 1468
atr a0 Kt K= (1.20 + 030 )% 1368
atr~ (147 £ 014 )x 104 1542
2(nt ) (357 + 030 ) x 103 1517
3(rtaT) (43 + 04 )x1073 1466
2(rt ) 370 (62 +£09 )% 1435
4(nt a0 (9.0 + 30 )x10-3 1345
2(rta7)n (229 + 028 )x10~3 1446
3(rta)n (72 + 15 )x1074 1379
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2t 7 70)n (1.6 + 05 )x1073 1381
ata= 7070y (24 + 05 )x1073 1448

pEataly (1.9 + 08 )x1073 1326
KT K= (286 + 021 )x10°4 1468
KLK9 (1.95 + 011 ) x 1074 S=2.4 1466
KIKY < 14 x 10~8 CL=95% 1466
KKn (61 + 10 )x1073 1442

KtK=x0 (288 + 012 )x1073 1442

K KEaT (56 + 05 )x1073 1440
KLK9 =0 (2.06 + 0.26 ) x 1073 1440

K*(892)°K® + c.c. — (121 + 018 ) x 1073 -

KYKY 70
K3(1430)° K%+ c.c. — (43 + 13 )x1074 -
K% K970

KTK=nt7n™ (6.8 + 028 )x103 1407
K+t K= 7070 (213 + 022 )x 1073 1410
KYKOmt 7= (38 + 06 )x1073 1406
KIKY 700 (1.9 + 04 )x10-3 1408
KAK9n (145 + 033 )x 1073 1328
KLKLmta™ (1.68 + 019 ) x 1073 1406
KF¥KYntnl (57 + 05 )x10-3 1408
KtK=2(xt77) (31 + 13 )x1073 1320
KtK=ata—n (47 +£07 )x10-3 1221
2(KTK™) (72 + 08 )x1074 1131
KtK=K2KY (42 + 07 )x1074 1127
pp ( 21204 0.029) x 10~3 1232
ppr° (119 + 0.08 ) x 10~3 S=11 1176
pprta— (60 + 05 )x1073 S=1.3 1107
pprt a0 ljaa] (23 + 09 )x10=3 S=1.9 1033
ppn (200 + 012 )x103 948
pPp < 31 x 1074 CL=90% 774
pPw (98 + 1.0 )x1074 S=1.3 768
ppn'(958) (129 + 014 )x 1074 S=2.0  59%
pPag(980) — ppnly (68 + 18 )x1075 -
pPd (519 + 033 )x1075 527
phin~ (212 + 0.09 ) x 1073 1174
nna (209 + 016 ) x 1073 1231
narta~ (4 +4 )x1073 1106
AA (1.89 + 0.09 ) x 1073 S=2.8 1074
AA7O (38 + 04 )x1075 998
At o~ (43 +£ 10 )x1073 903
AAn (162 + 017 )x 1074 672
AT 7t (or c.c.) laa] (83 =+ 07 )x1074 S=1.2 950
pK~ A+c.c. (86 + 11 )x1074 876
pK— X0 (29 + 08 )x1074 819
AnK%+ cc. (65 + 11 )x1074 872
AT 4 cc. (283 + 023 )x10°° 1034
Ity - (1.07 £ 0.04 )x10~3 992
y0x0 ( 1.1724 0.032) x 10~3 S=14 988
===t (9.7 + 08 )x1074 S=1.4 807

Radiative decays
Yne(1S) (17 =+ ) % S=15 111

0.4
yne(1S) = 3y (38 T 13 )x10°6 s=1.1 -
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Y1ec(18) = vy

(49 + 08 )x107°

3y

4y

57

771’

"/7‘(‘0 70
yortom—

~ £(1270) £,(1270)
~(1270) £,(1270) (non reso-

nant)
yrtoT 270

TKIKY

(KK [JPC70*+1

K+ K~ ‘n;
ny*(892)K*(892)
n
0

va0(980)° — 0
ya5(1320)0 — a0

ynmmw
ym(1870) — ynmt
11’ (958)
Ypp
v pw
YpP
Yyww
VPP _
~vn(1405/1475) - YKKm
71(1405/1475) — ~~p°
vn(1405/1475) — ynrta—
yn(1405/1475) — ~p° p0
77;(1405/1475) Yo
yn(1405) = vy
yn(1475) = yvy
n(1760) — 0"
77](1760) - Yww
yn(1760) — vy
70(222 )
7 £(1270)
75(1270) — yKIKY
71 (1285)

v6(1370) - YKK
75(1370) — yKG K
~vf(1420) - yKK~
v (1500) — 7w
71(1500) — ~ynn
7 f(1500) — KL K
7£(1510) = yn7t
7y 5(1525)
7 £5(1525) — yKE K
f5(1525) — ynn

(116 + 022 )x 1079
<9 x 1076 CL=90%
< 15 x 1073 CL=90%
(356 + 017 ) x 1079
(115 + 0.05 ) x 1073
(28 + 05 )x1073 S=1.9
(95 + 1.7 )x1074
(82 +19 )x1074
(83 +31 )x1073
(81 + 04 )x1074
(7 +4 )x1074 s=2.1
(21 + 06 )x1073
(40 + 13 )x1073
( 1.085+ 0.018) x 10—3
(214 £ 031 )x107°
< 25 x 106 CL=95%
< 66 x 1076 CL=95%
(61 + 10 )x1073
(62 + 24 )x1074
(525 + 0.07 )x 1073 S=1.3
(45 + 08 )x1073
< 5.4 x 104 CL=90%
< 88 x 1073 CL=90%
(1.61 + 033 )x1073
(40 + 12 )x1074 s=2.1
(28 + 06 )x1073 S=1.6
(7.8 + 20 )x107° S=1.8
(30 +05 )x1074
(17 + 04 )x1073 S=1.3
< 82 x 1075 CL=95%
< 263 x 106 CL=90%
< 1.86 x 1076 CL=90%
(1.3 +09 )x1074
(1.98 + 033 )x10°3
< 4.80 x 106 CL=90%
(314 F 930 ) 5104
(164 + 012 )x1073 5=1.3
(258 = 989 )x 105
(61 + 08 )x1074
(42 + 15 )x1074
(11 + 04 )x107°
(79 + 13 )x1074
(1.09 + 024 ) x10~4
(17 * %8 yx10-5
(159 * 928 )x 1075
(45 + 12 )x1074
(57 * 98 yx10-4 S=15
(80 T 37 yx1075
(34 + 14 )x1075

1548
1548
1548
1546
1543
1517

752
1286

1283

1220
1183
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v£(1640) —» yww
~vfy(1710) —» y7mw
7f(1710) — yKK
v (1710) —» yww
Yi(1710) = ynn
vH(1710) = yw¢
v1(1750) = vKS K

71(1810) — ~ynn
v6H(1910) = yww
vH(1950) —
7 K*(892) K*(892)
~£,(2050)
71(2100) = ~ynn
y#(2100) — 7w
~vf(2200) - YKK
7 £(2200) — K% KY
yf;(2220) — ymm
~vf;(2220) - vKK
v1;(2220) — PP
7(2330) - vK$ K
71(2340) — ynn
75(2340) - vK% K
vX(1835) — ~yataTn
¥X(1835) = 7pPp
X(1835) = vKIKLy
¥ X(1835) = vy
vX(1835) — y3(nt77)
v X(2370) — 'yK(;L K(;n/
¥X(2370) - YK KL
YX(2370) = vy
PP
ypprt T
YAA
yA — ~invisible
YA = yptp

nlete

nete~

7'(958)eT e~

nU — nete~

7' (958) U — n/(958)et e~
pete

D~ et e+ c.c.
DYete™ + c.c.
Dy eTve+ cc.

N
I+ W+ R

N
el
I+ W

=N O 0O =hA NN O O

b
0
| +
wWo Lo o Lo MR N ®

N
I
1+

~
3
1+

I+

(33
< 356
(24

(18

(1.2

< 9.2

(38

< 79

< 13

[kkaa]l < 1.7
[llaa] < 5

H

Dalitz decays
(76 =+
(142 +
(659 +
[nnaa]l < 9.11
[nnaa]l < 2.0
< 1.2

Weak decays
< 71
< 85
< 13

w
bt

T+ W T+ BT+ R
- o =

N

o
HoH oo+
N

B oW+
o

0.7

0.60
0.30

1.0
1.3

0.19
0.50

o oo
N N

1.0

1.4
0.08
0.18

) x 107
) x 107
) x 107
x10~7
x10~7
x 10~7

X 1078
x 108
x 1076

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%

1546
1500
1400

1381

984
987
923
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Dy et we+ cc < 18 x 1076 CL=90% 828
D=7t + cc. < 15 x 1072 CL=90% 977
DOYKO+ c.c. < 17 x 1074 CL=90% 898
DOKO 4+ cc. < 25 x 1076 CL=90% 670
Dy nt + c.c. < 13 x 10~4 CL=90% 915
D; pt+cc < 13 x 1072 CL=90% 663
Charge conjugation (C), Parity (P),
Lepton Family number (LF) violating modes
vy c < 27 x 1077 CL=90% 1548
v c < 14 x 1076 CL=90% 1381
et ¥ LF < 16 x 10~7 CL=90% 1547
et LF < 15 x1078  CL=90% 1039
pErF LF < 20 x 106 CL=90% 1035
Ate +cc < 6.9 x 108 CL=90% -
Other decays
invisible <7 x 1074 CL=90% -
See Particle Listings for 3 decay modes that have been seen / not seen.
xco(1P) 16(JPC) =0t (0* )
Mass m = 3414.71 + 0.30 MeV
Full width ' = 10.8 4+ 0.6 MeV
Scale factor/ p
Xco(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic decays
2(rt ) (2:34+0.18) % 1679
POrta— (9.1 £2.9 ) x 1073 1607
15(980) 15(980) (6.6 £2.1 ) x10~% 1391
ot~ n0x0 (33 +£0.4 )% 1680
ptr 7%+ cc. (2.9 £0.4 )% 1607
470 (33 £0.4 ) x 1073 1681
ata~ KtK— (1.81£0.14) % 1580
K§(1430)°K5(1430)° — (98 139 ) x 1074 -
rta KtK—
K§(1430)°K3(1430)° + c.c. — (60 129 ) x10-4 -
atr- KV K=
K1(1270)t K=+ c.c. — (6.3 £1.9 ) x 1073 -
rtr  KtK™
K1(1400)t K~ + c.c. — <27 x 1073 CL=90% -
atr KTK—
1(980) £5(980) 6 119 ) x10-4 1391
1(980) f5(2200) (79 20 ) x 1074 586
fy(1370) £, (1370) <27 x 1074 CL=90% 1019
fo(1370) fp(1500) <17 x10~4 CL=90% 920
f(1370) (1710) (67 +33)x 1074 740
f0(1500) fp(1370) <13 x 1074 CL=90% 920
f5(1500) f5 (1500) <5 x107° CL=90% 804
fo(1500) f5(1710) <7 x107° CL=90% 581
KtK atr a0 (8.6 £0.9 ) x 1073 1545
KiKErFrtr— (42 £0.4 ) x 1073 1543
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Kt K= n070

Ktr= K70+ c.c.
pPK= K%+ cc.
K*(892)~ Kt x0 —

Kt~ KOn0+ cc.

K%K%W+W

Kt K=yl

3(ataT)

Kt K*(892)% 7~ + c.c.

K*(892)0 K*(892)°

T

pprt
pprn®
pp Kt K~ (non-resonant)
PPRSKS
pAT
pnrt
pnn— T
pnrt g0
AA
Azt
ANzt 7~ (non-resonant)
X(1385)T Ar~ + c.c.
>(1385)" AnT + c.c.
KTpA+ cc.

0

(5.6 £0.9 ) x 1073
(2.4940.33) %

)

)
(1.2140.21) %

)

(46 £12)x1073
(5.7 £1.1 ) x 1073
(3.0 £0.7 ) x 1073
(1.20+0.18) %
(7.5 £1.6 ) x 10
(1.7 £0.6 ) x 10
(8.5140.33) x 10*3
<18 x 1074
<11 x 1073
<16 x 1073
(3.0140.19) x 1073
(9.1 £1.1 ) x 103
(2.17£0.12) x 103
(9.7 £1.1 ) x 1074
(1.41£0.13) x 10~4
(1.9440.21) x 10~3
(6.05+0.31) x 103
(3.164+0.17) x 10~3
<20 x 104
<4 x 1074
<9 x 1075
<6 x 1075
<23 x 1074
(1.4 £05 ) x 1073
(5.8 +£0.5 ) x 1074
(2.8240.29) x 103
(9.7 £25 ) x 1074
(3.7 £0.6 ) x 1073
(1.9040.35) x 10~3
(1.184+0.15) x 1073
(8.0 £0.7 ) x 1074
(8.4 +£1.0 ) x 1074
(2.2140.08) x 10~4
(7.0 £0.7 ) x 10~%
(35 +£0.4 ) x 1074
(5.2 £0.6 ) x 1074
(6.0 £1.4 ) x 10>
(21 407 ) x 1073
(1.0440.28) x 10—3
(1.2240.26) x 104
<88 x10~4
(1.2740.11) x 1073
(1.37£0.12) x 1073
(2.3440.21) x 1073
(2.2140.18) x 1073
(3.59+0.15) x 10~4
(1.184+0.13) x 10~3
<5 x10~4
<5 x 1074
<5 x10~4

(1.254+0.12) x 1073

CL=90%

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

S=1.3

S=1.4

CL=90%

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

S=1.3

1582
1581
1458

1579
1468
1633
1523
1456
1702
1661
1570

1617
1521
1413
1517
1447
1457
1634
1633
1651
1560
1610
1611
1512
1331
1327
1333
1381
1326
1329
1525
1370
1100
1426
1379
1187
1043

876
1320
1324

890

884
1376
1376
1321
1321
1292
1153
1153
1083
1083
1132
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nKYA + cc. (6.6 £0.5 ) x 10—4 1129
K*(892) pA+ c.c. (4.8 £0.9 ) x10~% 845
K*TPA(1520)+ c.c. (29 +£07 )x 1074 859
/|(1520)/\(1520) (31 +12 )x 1074 780
0¥ (4.68+0.32) x 104 1222
X+pK5 + c.c. (3.52+0.27) x 104 1089
SOBKT + cc. (3.03£0.20) x 10—4 1090
)__+Z— (4.6 £0.8 ) x10~% $=26 1225
y—x+ (51 +£05 ) x 104 1217
5 (1385)T X(1385)~ (1.6 +0.6 ) x 104 1001
5 (1385)~ X (1385)* (23 £0.7 ) x 1074 1001
K=AZt+ cc. (1.94+0.35) x 104 873
=0=0 (31 £0.8 ) x 10~4 1089
==t (4.8 £0.7 ) x 1074 1081
nemtw <7 x 1074 CL=90% 307
Radiative decays

ny/q/)(ls) (1.404+0.05) % 303
70 <9 x 1076 CL=90% 1619
yw <8 x 106 CL=90% 1618
vé <6 x 106 CL=90% 1555
vy (2.04+0.09) x 104 1707
et e J/y(1S) (1.3340.29) x 10~4 303
pt = J/9(1S) <19 x 1075 CL=90% 226

Xc1(1P) GUPC =otat)

Mass m = 3510.67 + 0.05 MeV (S = 1.2)
Full width ' = 0.84 + 0.04 MeV
Scale factor/ p
Xc1(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic decays
3(nt ) (58 +1.4 )x1073 S=1.2 1683
2(nt ) (76 +26 )x103 1728
atw Vro 0 ( 1.1940.15) % 1729
pTm™ 70+ c.c. (11.45+£0.24) % 1658
ras (39 +£35)x10°3 1657
470 (5.4 +£08 )x10~4 1729
“KTK— (45 £1.0 )x1073 1632
Kt K= n070 ( 1.1240.27) x 1073 1634
KtK—rtr— =0 ( 1.15£0.13) % 1598
K K*aFratr (75 +£0.8 )x 1073 1596
Kta= KO0+ c.c. (86 +1.4)x1073 1632
" KTKY+ c.c. (5.0 £1.2 )x 1073 1514
K*(892)0 K070 — (2.3 406 )x 1073 -
Ktr= KO0+ c.c.

K+ K= nn0 ( 1.124£0.34) x 1073 1523
“KYKY (6.9 £29)x1074 1630
KJr K*n (32 £1.0 )x10~4 1566
KOKta—+ cc. (7.0 £06 ) x 1073 1661
K*(892)0 KO+ c.c. (10 +4 )x10~4 1602
K*(892)* K~ + c.c. (1.4 0.6 )x1073 1602
K*%(1430)°K% + c.c. — < 8 x1074  CL=90% -

K K+tm~+ cc.
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K*(1430)t K~ + c.c. —
KSK*Tn~+cc.

KtK=x0

n7r+ T
a(980) 7=+ c.c. — pat AT
a(1320)t 7=+ c.c. — pata~
a(1700) T 7~ + cc. = npata~
£(1270)n — nata~
7(2050)n — nrta~
m1(1400) 77+ c.c. —» AT
1 (1600) T 7+ c.c. = prt AT
m(2015)F 7+ cc. = prt AT

(1270)n

atr—n

KT K= 1/(958)
K§(1430)" K~ + c.c.

1(980)7/(958)

£(1710)7/(958)
£4(1525)1/(958)
70%(980) — n0xt 7~
KT K*(892)%7~ + c.c.
K*(892)° K*(892)°
KtK=K2KY
KSKSKSKS
KTK-KT K~
KTtK=¢
KOK*+n~ ¢+ c.c.
K*K=n%¢
¢7r+7r77r0
ww
wKt K=
we
oXe
oon
PP
ppr°
pon
ppw
ppo
pprt T
pprn®
pp K+ K~ (non-resonant)
pPKIKY
pAT
pnrt
pnm— T
ﬁn7r+7r0
AA
Nrt o™
AAzxt 7~ (non-resonant)
> (1385)F Ar~ + c.c.
X(1385)" AnT + c.c.
K*pA+c.c.

0

< 21 x 1073 CL=90%
( 1.81+0.24) x 1073
( 4.6240.23) x 1073
(32 +£0.4 )x103
( 1.764+0.24) x 10~4
(46 £0.7 )x 107>
(35 +06 )x1074
(25 409 )x107°
<5 x 107
< 15 x 1075
< 8 x 106
(67 £1.1)x10~4
(22 +04 )x1073
(88 +09 )x10~4

(64 T22 5104

(16 i’é% yx 1074
+7
(7 Is

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

) x 105
(9 +6 )x107%
(35 +09 )x10~7
(32 +21)x103
(1.4 +04 )x1073

< 4 x 1074
(35 +1.0 )x10~5
(5.4 +1.1)x1074
(41 £15)x10~4
(33 £05)x103
( 1.62+0.30) x 103
(75 +£1.0 )x10~4
(5.7 £0.7 )x 104
(7.8 £0.9 ) x10~4
(2.7 0.4 )x10~5
(42 +05 )x10~4
(3.0 £05 ) x1074
( 7.6040.34) x 10~5
( 1.554+0.18) x 10~4
( 1.454+0.25) x 10~4
(2.12+0.31) x 1074

< 17 x 107>
(5.0 £1.9 ) x 1074

<5 x 1074
( 1.27+£0.22) x 10~4

< 45 x10~4
(3.8 +05 )x1074
(3.9 +05 )x1074
( 1.03£0.12) x 103
( 1.0140.12) x 10~3
( 1.27+0.08) x 10—4
(2.9 +05 )x1074
(25 £06 ) x10~4

< 13 x 1074

< 13 x 1074
(42 +04 )x10~4

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%
S=1.2

1460

1118
1229

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
1203
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nKYA + cc. ( 1.66+0.17) x 1074 1200
K*(892) pA+ c.c. (49 £07 )x10~4 935
K+ PpA(1520)+ c.c. (1.7 £04 )x1074 951
A(1520)/A(1520) <9 x1075  CL=90% 880
0¥ (42 £06 )x 1075 1288
X+5K05+ c.C. ( 1.53+0.12) x 10~4 1163
SOBKT + cc. ( 1.46+0.10) x 10—4 1163
yty- (36 £07 )x107° 1291
y—x+ (57 +15)x 1075 1283
5 (1385)T X(1385)~ <9 x1075  CL=90% 1081
5 (1385)~ X (1385)* <5 x1075  CL=90% 1081
K=AZt+ cc. ( 1.354+0.24) x 1074 963
=0 < 6 x107%  CL=90% 1163
==t (80 £21)x107° 1155
atr” + KTK- < 21 x 1073 -
K% K9 < 6 x1075  CL=90% 1683
nentw < 32 x 1073 CL=90% 413
Radiative decays
~vJ/¥(1S) (343 £1.0 )% 389
0 ( 2.16+0.17) x 10—4 1670
yw (6.8 +£0.8)x107° 1668
v (24 £05)x107° 1607
vy < 63 x10~6 CL=90% 1755
et e J/y(1S) (3.46+0.22) x 1073 389
wt = J/w(1S) ( 233+0.29) x 104 335
he(1P) 16(PCY =01+ )
Mass m = 3525.38 + 0.11 MeV
Full width ' = 0.7 + 0.4 MeV
hc(1P) DECAY MODES Fraction (I';/T) Confidence level (MZV/C)
J/p(1S)mt < 23 x 1073 90% 305
pp < 15 x 1074 90% 1492
pprta~ (2.9+06) x 1073 1390
pprd70 <5 x10~4 90% 1394
ata= a0 ( 1.64+0.5) x 1073 1749
atr= a0y ( 7.242.3) x 1073 1695
2nt 2 70 (81+1.8) x 103 1716
3t 3n~ 70 <9 x 1073 90% 1661
KTK=atzn~ < 6 x 10~4 90% 1640
KtK=atz= a0 (3.240.8) x 10~3 1606
KtK-ntz =y < 23 x 1073 90% 1480
KtK—x0 < 6 x 104 90% 1670
KtK= 70, < 21 x 1073 90% 1532
KTK=n <9 x 104 90% 1574
2Kt 2K— 70 < 24 x 104 90% 1339
KYKE7F < 6 x 104 90% 1668
KYKErF ot ( 2.8+1.0) x 1073 1604
Radiative decays
v (47+21) x1074 1720
7' (958) (15+04)x1073 1633
Y (1S) (50 £9 )% 500
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See Particle Listings for 1 decay modes that have been seen / not seen.

xc2(1P) 16(PCY =0t 2t )

Mass m = 3556.17 &+ 0.07 MeV
Full width ' = 1.97 4+ 0.09 MeV

p
Confidence level (MeV/c)

Xc2(1P) DECAY MODES Fraction (I';/T)

Hadronic decays

2(nt7T) ( 1.0240.09) % 1751
ata= 7070 (1.83+£0.23) % 1752

ptr= 70+ cc. ( 2.1940.34) % 1682
470 (1.1140.15) x 103 1752
K+t K= 7070 (21 £04)x1073 1658
Ktr= Ko7z + c.c. ( 1.3840.20) % 1657

p~KTK 4+ cc. (41 £1.2 )x1073 1540

K*(892)° K~ nt —

K7t KO0+ c.c.

K*(892)0KO0x0 —

KTn K0+ c.c.

K*(892)~ Kt 70 —

KTn~ K°r0+ c.c.

K*(892)t KOn— —

KTa~K°r0+ c.c.

Kt K= nx?
KtK—zntzn~
KtK—ata— 0
K% KEnFrta—
KT K*(892)% 7~ + c.c.
K*(892)0 K*(892)°
3(ataT)

2]

oén

ww

wKt K=

wo

™

0

ata~

7t 7~ 79 (non-resonant)
p(7T70)E 7 F

xt

T n

K*(892) K
K*(892)° K+ c.c.
K3(1430)E KT

K

5(1430)° K%+ c.c.

K3(1780)* KT
K3(1780)°K%+ c.c.
a,(1320)0 70
a(1320)F 7 F
KOKtr + cc.

(2.9 +08)x10"3
(38 £0.9 )x103
(3.7 +08 )x1073
(29 0.8 )x103

(1.3 £0.4 )x1073
(8.4 +£09)x1073
(1.1740.13) %

(7.3 £0.8 )x103
(21 +1.1)x1073
(23 +04 )x1073
(86 £1.8 )x1073
( 1.0640.09) x 10—3
(53 +06 )x1074
(84 +1.0 )x1074
(7.3 £09 )x1074
(9.6 £27 ) x 107
( 2.234+0.09) x 10~3
(37 £16 )x1073
(2.0 £0.4 )x107°
(6 +4 )x1076
(48 +1.3)x1074
(5.0 £1.8 )x10~4
(5.4 +04 )x10~4
( 1.0140.06) x 10~3
(5.2 +£0.4 )x10~4
( 1.4440.21) x 1074
( 1.2440.27) x 1074
( 1.484+0.12) x 10~3
( 1.24+0.17) x 1073
(52 +08 )x1074
(56 £21)x1074
( 1.2940.34) x 1073
(1.8 +06 )x1073
(1.2840.18) x 10~3

1549
1656
1623
1621
1602
1538
1707
1457
1206
1597
1540
1529
1773
1682
1765

1724
1636
1692
1708
1707
1627
1627

1443

1274

1530
1685
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Kt K= 0 (30 £08 )x104 1686
KtK—n < 32 x 1074 90% 1592
KT K= 1/(958) ( 1.94+0.34) x 10~4 1488
nn' (22 £05)x107° 1600
'y (4.6 £06 )x107° 1498
mra” KY K (22 +£05)x1073 1655
KTK=KIKY < 4 x 1074 90% 1418
K k% kS kY ( 1.13£0.18) x 10—4 1415
KTK=KtK~ ( 1.65+0.20) x 103 1421
KTK=¢ ( 1.4240.29) x 1073 1468
KOK+n~ ¢+ c.c. (48 +£07)x1073 1416
KTtK=a% (27 £05)x1073 1419
¢t a0 (93 £12)x 1074 1603
PP ( 7.334+0.33) x 1075 1510
pp70 (47 £04 )x1074 1465
pP7 ( 1.7440.25) x 10~4 1285
pPw (3.6 £0.4 )x 1074 1152
pPd (2.8 £09 )x1075 1002
pprnta~ ( 1.3240.34) x 1073 1410
ppr0 0 (78 £23 )x10~4 1414
pP KT K~ (non-resonant) (1.91+0.32) x 1074 1013
ppKIKY < 79 x10~4 90% 1007
pAT™ (85 0.9 )x1074 1463
pnrt (89 +£08 )x104 1463
pin— 70 ( 2.17+0.18) x 1073 1411
pantal ( 21140.18) x 1073 1411
AA ( 1.83+0.16) x 10~4 1384
Nt g~ ( 1.25+0.15) x 103 1255
AAnt 7~ (non-resonant) (6.6 £1.5)x1074 1255
> (1385)T Ar~ + c.c. < 4 x 10~4 90% 1192
> (1385)" Ant + c.c. <6 x 1074 90% 1192
K*TpA + cc. (78 £05)x10~4 1236
nK3A + cc. (3.58+0.28) x 10~4 1233
K*(892)TpA+ c.c. (82 1.1 )x1074 976
K*TPA(1520)+ c.c. (28 £07 )x10~4 992
A(1520) A(1520) (46 +1.5)x104 924
3030 (3.7 £06 )x1075 1319
StpKY+ cc (82 £09 )x 1075 1197
SOBKT + cc. (91 +£08)x1075 1197
Tty- (34 £07 )x1075 1322
y-x+ (44 £18 )x1075° 1314
X (1385)" X(1385)~ < 16 x 1074 90% 1118
X (1385)” X(1385)F < 8 x 1075 90% 1118
K- A=*+cc ( 1.764+0.32) x 1074 1004
z0=0 < 10 x 1074 90% 1197
==t ( 1.42+0.32) x 10~4 1189
J/p(AS)rt 70 < 15 % 90% 185
7Onc < 32 x 10~3 90% 511
nc(1S)nt ™ < 54 x 1073 90% 459
Radiative decays
~vJ/¥(1S) (19.0 £0.5 )% 430
700 < 19 x 105 90% 1694
yw < 6 x 1076 90% 1692
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1) <7 x10~© 90% 1632
vy ( 2.854+0.10) x 10~ 4 1778
ete™J/p(15) (2.15+0.14) x 1073 430
utu=J/w(1S) ( 2.0240.33) x 1074 381
1c(2S) 16(UPC) =0t~ )
Quantum numbers are quark model predictions.
Mass m = 3637.5 + 1.1 MeV (S = 1.2)
Full width I = 11.373-2 MeV
p
1¢(2S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
KKn (1.9%1.2) % 1729
KKn (5 +4 )x1073 1637
KtK—at a0 (1.4£1.0) % 1667
vy (1.9+1.3) x 1074 1819
~vJ/¥(1S) < 14 % 90% 500
7t 77 ne(1S) <25 % 90% 537
See Particle Listings for 14 decay modes that have been seen / not seen.
¥(25) 16(UPC) =0=(17 )
Mass m = 3686.10 & 0.06 MeV (S = 5.9)
Full width ' = 294 + 8 keV
Scale factor/ p
v¥(2S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons (97.85 +£0.13 ) % -
virtualy — hadrons (173 £0.14 )% S=1.5 -
gegg (106 16 )% -
Y88 (1.03 £0.29 )% -
light hadrons (154 +£15 )% -
K% anything (160 +1.1 )% -
ete~ (7.93 £0.17 ) x 1073 1843
utp~ (80 +06 )x10-3 1840
rtr— (31 +04 )x1073 489
Decays into J/4(1S) and anything
J/¥(1S)anything (61.4 +06 )% -
J/¢(1S) neutrals (25.38 +0.32 ) % -
J/v(AS)ntn— (34.68 £0.30 ) % 477
J/p(1S) 7070 (1824 +0.31 ) % 481
J/¥(1S)n (1337 +£0.05 )% 199
J/9(18)7° (1.26840.032) x 10~3 528
Hadronic decays
rta~ (7.8 +26 )x107° 1838
at a0 (2.01 +0.17 ) x 10~4 S=17 1830
p(770)7 — 7T~ a0 (32 +12 )x1075 S=18 -
p(2150)7 — w70 (1.9 f(l)i yx 1074 -
2(nt7T) (24 +06 )x1074 $=2.2 1817
POrta— (22 +06 )x10~4 S=14 1750
2t )70 (29 +10 )x1073 S=4.7 1799
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pax(1320)
O S e o
at = 4n0

pEaF 7070
3(rt )
2(rt 7= 70)
3(rt a0
2(rt77)370
n7r+ T
777r+ a0
n2(nt77)
777r+ 070
nrta— 370
n2(nt 7~ 70)
P
nrtr x
n'p
wnd
wrta~

atx~ 270

bli i

wf,(1270)
w70
w3n0

b?ﬂ'o
w1
wn'
om0
orta~

#(980) — 7ta~

0

on
né(2170), $(2170) — ¢£(980),

fo = ntm™

on

61 (1285)

én(1405) — ot 7 n

¢ F5(1525)

K+ K~

KtK—nt

K+t K70
S™L

KL K970

Kt K= 7070

KtK=atn—x0
why(1710) = wKt K~
K*(892)9 K—ntn0 + c.c.
K*(892)* K= 7t 7~ + c.c.
K*(892)T K~ p% + cc.
K*(892)° K~ pt + c.c.

T

Kg KIGTr by

KsKLn

(26
(53
(14
< 27
(35
(48
(35
(14
< 16
(95
(12
< 4
< 21
< 21
(22
(45

(19

(21
(73
(87
(4.0
(22
(11
< 8
(24
< 11

(32

< 4
(11
(75
(31
< 22

(15
(30
(85
(44
(75
(73
(4.0
< 46
(53
< 3.0
(26
(12
(59
(86
(96
(73
(61
(22
(13
(13

+0.9 )x1074
+0.9 )x1073
+1.0 )x1073
x 1073 CL=90%
+20 )x107% $=2.8
+15 )x1073
+1.6 )x1073
2 +031 )%
x 104 CL=90%
+1.7 )x 1074
+0.6 )x1073
x 1074 CL=90%
x1073  CL=90%
x 1073 CL=90%
+06 )x 107> s=1.1
+21 )x1074
1’%; ) x 103
+0.6 )x 1075
+12 )x 1074 $=2.1
+24 )x 1073
+06 )x 1074 S=1.1
+04 )x 1074
1 4035 ) x 1073
x1074  CL=90%
+0.6 )x1074
x 1073 CL=90%
+25 ) x1075
x 1077 CL=90%
8 +0.26 ) x 10~4 S=15
+33 )x1075 S=1.6
0 +0.31 ) x 1075
x 1076 CL=90%
4 +0.20 ) x 1075
+1.3 )x 1075
+17 )x107°
+1.6 )x107%
+05 )x107°
+05 )x 1074
7 +0.31 ) x 1075
x 1076
4 £0.33 ) x 107
x10™4  CL=90%
+13 )x 1074
6 +0.09 ) x 10~3
+22 )x107%
+22 )x1074
+28 )x 1074
+26 )x1074
+1.8 )x 1074
+0.4 )x1074
+0.6 )x1073
+05 )x 1073

1500
1800
1778
1737
1774
1776
1746
1748
1791
1778
1758
1760
1736
1705
1717
1692
1625
1757
1748
1715
1635
1515
1749
1736

1715
1623

1699
1690

1654

1555
1436

1325
1776
1754
1754
1775
1775
1753
1728
1694

1724
1726
1661
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KT K= pP
K*(892)0 K3(1430)°
KtK=ata—n
KTK=2(zt77)
KtK=2(zt 77 )a0
K+ K*(892)™ + c.c.
2(KtK™)
2(KtK—)n0
KtK=¢
Ky (1270)* KF
KTK*(892)%7~ + c.c.
nKtK=, no no
X(1750)n — KT K™n
K1 (1400)* KF
K3(1430)t KT
K*(892)° K%+ c.c.
wKt K=
wKY K
wK*(892)t K~ + c.c.
wK3(1430)T K~ + c.c.
wK*(892)0 KO
wK3(1430)° KO
wX(1440) » wKLK~ 7t + cc.
wX(1440) —» wKT K70
wf(1285) - wKLK~ 7T+ cc.
wf(1285) — wKT K70
PP
nn
ppm
N(940)p+ c.c. - ppn®

0

N(1440)p+ c.c.
N(1520)p+ c.c.
N(1535)p+ c.c.
N(1650)p+ c.c.
N(1720)p+ c.c.
N(2300)p+ c.c.
N(2570)p+ c.c.
pprta
PEKTK™
ppn
N(1535)p+ c.c. — ppn
0

N
o

pprta

ppp°

ppw

ppy

pp¢o
$X(1835) — pp¢o

pAT~ or c.C.

pnm— 70

(22
(19
(13
(19
( 1.00
(29
(63
(110
(7.0
( 1.00
(67
( 3.49
(48
< 31

(71

( 1.09
(162
(7.0
( 2.07
(6.1
(168
(5.8
(16
( 1.09
(3.0
(12
(2.94
(3.06
(153

(6.4
(73

(64
(25
(38

(179

(213

(6.0
(27
(6.0

(45

(73
(5.0
(6.9
(110
(6.1
< 1.8
(2.48
(32

+0.4 )x107%
+05 )x1074
+0.7 )x1073
+09 )x1073
+0.31 ) x 1073
+04 )x 1070
+13 )x107°
+0.28 ) x 1074
+1.6 )x 1073
+0.28 ) x 1073
+25 )x 1074
+0.17 ) x 1075
+28 )x1076

x 104

13 yx1075

+0.20 ) x 1074
+0.11 ) x 1074
+05 )x107°
+0.26 ) x 1074
+1.2 )x 1073
+0.30 ) x 1074
+22 )x107°
+04 )x 1073
4+0.26 ) x 1073
+1.0 )x 1076
+0.7 )x 1070
+0.08 ) x 104
+0.15 ) x 1074
+0.07 ) x 1074

+18 yx10-5

1y x 1075

v IR U

+1.0 )x107°

14y %1075

438 a0-s

tég ) x 1075

030 ) x 1078

+04 )x 1074
+0.7 )x107°
+04 )x 1073

0T yx1075

+0.7 )x 1074
+2.2 )x1073
+2.1 )x1075
+0.13 ) x 107°
+0.6 )x 1076

x 107
+0.17 ) x 1074
+0.7 )x 1074

CL=90%

CL=90%

1616
1417
1574
1654
1611
1698
1499
1440
1546
1588
1674
1664

1532

1491
1118
1373

1435
1252
1247
1141
1109

1492
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AA (381 £0.13 ) x 1074 S=1.4
AAr0 < 29 x 1076 CL=90%
Nn (25 404 )x1075
Nzt (28 406 )x10=4
APpK™T (1.00 £0.14 ) x 10~4
APK*(892)* + c.c. (63 +07 )x1075
ApKtata— (1.8 +04 )x1074
AnK% + cc. (81 +18 )x1075
ATt A= (128 £0.35 ) x 10~4
AZtr~+ cc. (1.40 £0.13 ) x 10~4
A~ 71+ c. (154 £0.14 ) x 10~4
AZ0+ cc. (1.6 +07 )x10~°
SOPKT + cc. ( 1.67 +£0.18 ) x 1075
sty- (243 £0.10 ) x 104 S=1.4
y050 (235 £0.09 ) x 10—4 s=1.1
X (1385)T X(1385)~ (85 £07 )x107°
X (1385)~ X(1385)* (85 408 )x1075
X (1385)0 T (1385)° (69 +£07 )x1075
==+ (287 +0.11 ) x 1074 S=1.1
Z0=0 (23 +04 )x1074 S=4.2
Z(1530)°=(1530)° (68 +04 )x1075
A=t K™+ cc. (39 04 )x1075
=(1530)~ =(1530)* (115 £0.07 ) x 10~4
=(1530)" = (7.0 +12 )x107©
2(1530)°=0 (53 +05 )x1076

Z(1690)" =t —» K~ A=++ (52 +16 )x107°

C.C.
Z(1820)"=F — K= A=t + (120 £0.32 ) x 107>
c.C.

SO0ZF K+ cc. (37 +04 )x1075
-0t (566 £0.30 ) x 107> s=1.3
nent w0 < 10 x 1073 CL=90%
he(1P) w0 (86 +13 )x1074
Afpete +cc < 17 x 106 CL=90%
6(1540)@(1540) - liiaa] < 8.8 x 1076 CL=90%

KSpK*ﬁ+ c.c.
O(1540)K~7 — KipK—n liiaa] < 1.0 x 1072 CL=90%
O(1540)K%p — KspK+ liiaa] < 7.0 X107 CL=90%
'©(1540) K+n — KYpK*n liaa] < 2.6 x 1075 CL=90%
O(1540)K%p — KSpK liiaa] < 6.0 x 1076 CL=90%

Radiative decays

YXco(1P) (19.79 £0.20 )%
YXc1(1P) (9.75 £0.24 )%
YXc2(1P) (1952 £0.20 ) %
v1c(1S) (34 405 )x1073 s=1.3
Y (2S) (7 45 )x1074
0 ( 1.04 £0.22 ) x 1076 S=1.4
y2(rta) (40 +06 )x1074
y3(rtaT) < 17 x 1074 CL=90%
1’ (958) (1.24 +£0.04 ) x 1074
v £(1270) (273 032 )x104 s=1.8
7£(1370) - YKK (31 +17 )x1075
~ f5(1500) (93 +19 )x107°

7 f5(1525) (33

+0.8 )x 1075

1467
1412
1197
1346
1327
1087
1167
1324
1371
1376
1379
1437
1291
1408
1405
1218
1218
1218
1284
1291
1025
1114
1025
1165
1169

1060
774
512

85
830

261
171
128
635
48
1841
1817
1774
1719

1622

1588
1535
1531
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yf(1710) — y7m_
vf(1710) —» vKK

(35 +06 )x107°
(6.6 +07 )x107°

7%(2100) —» y7w (48 +1.0 )x1076 1244
7£(2200) - YKK (32 +10 )x1076 1193
vf;(2220) = ~y7w < 58 x1076  CL=90% 1168
7£(2220) - YK K < 95 x107%  CL=90% 1168
v (92 +1.8 )x10~7 1802
ypata~ (87 +21 )x1074 1791

yn(1405) — yKK <9 x1075  CL=90% 1569

yn(1405) — ynwta~ (36 +25 )x107° -

yn(1405) — ~£(980)70 — < 5.0 x10~7  CL=90% -

77r+ T

yn(1475) — yKKm < 14 x 1074 CL=90% -

yn(1475) — vyt a~ < 8.8 x 1075  CL=90% -
yKOKT =+ cc. (37 +09 )x1074 1674
v K*OK*0 (24 +07 )x1074 1613
YKEK*t 7™+ cc (26 +05 )x10~4 1753
yKtK=atn™ (1.9 +05 )x10~4 1726
YKt K=2(ztn™) < 22 x 1074 CL=90% 1654
Y2(KTK™) < 4 x 1072 CL=90% 1499
vpP (3.9 +05 )x107° $=2.0 1586

v6H(1950) = ~vpp (1.20 £0.22 ) x 107 -

vH(2150) = vpp (72 +18 )x107° -

¥ X(1835) — ypp (46 18 )x1076 -

vX = vpPp [ooaa] < 2 x1076  CL=90% -
ypprta™ (28 +14 )x1075 1491
vy < 15 x107%  CL=90% 1843
Yy d/y (31 F19 )x10-4 542
ete nf (1.90 £0.26 ) x 10 1719
et e xco(1P) (1.06 £0.24 ) x 103 261
ete xca(1P) (85 +06 )x10~4 171
et e xe2(1P) (70 +08 )x10~4 128

Weak decays
DOete+ cc. < 14 x10=7  CL=90% 1371
Other decays

invisible < 16 % CL=90% -

¥(3770) 16UPCY =01~ )

Mass m = 3773.7 + 0.4 MeV (S = 1.4)
Full width ' = 27.2 4+ 1.0 MeV
Scale factor/ p

v(3770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
DD 3 &% 5=2.0 287

pODO G2 2 )% $=2.0 287

Dt D~ (41 +4 )% $=2.0 254
J/vX (5.0 +2.2 )x1073 -
Jjpntn (1.93+0.28) x 1073 561
J/pa0x0 (80 £3.0)x10~4 565
J/vn (9 +4 )x1074 361
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J/pr0 < 28 x1074  CL=90% 604
ete” (96 +0.7 )x107® s=13 1887

Decays to light hadrons

b1(1235) 1 < 14 x 1075 CL=90% 1684
on' < 7 x 1074 CL=90% 1607
wn' < 4 x 1074 CL=90% 1672
oo < 6 x10=%  CL=90% 1674
on (31 +£07 )x1074 1703
wn < 14 x 1075 CL=90% 1762
o7 <5 x10=%  CL=90% 1764
0 <3 x1075  CL=90% 1746
wr? < 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 1075 CL=90% 1745
K*(892)° K+ c.c. < 12 x1073  CL=90% 1745
KL K9 < 12 x1075  CL=90% 1820
2(rt ) < 112 x 1073 CL=90% 1861
2(rt 7)) < 1.06 x1073  CL=90% 1844
2t 7= 79) < 585 % CL=90% 1821
watr™ < 6.0 x 10~4 CL=90% 1794
3(rt ) < 91 x 1073 CL=90% 1820
3(rta)n0 < 137 % CL=90% 1792
3(ntam) 20 <1174 % CL=90% 1760
nata= < 124 x 103 CL=90% 1836
ata 270 < 89 x1073  CL=90% 1862
POrtr— < 69 x10~3  CL=90% 179
n3m < 134 x 1073 CL=90% 1824
n2(zt77) < 243 % CL=90% 1804
nplnt < 145 % CL=90% 1708
n'3m < 244 x 1073 CL=90% 1741
KTK=atzn~ < 9.0 x 1074 CL=90% 1773
onta~ < 41 x 1074 CL=90% 1737
K+t K= 270 < 42 x10~3  CL=90% 1774
4rtaT) < 167 % CL=90% 1757
4(nt )70 < 3.06 % CL=90% 1720
¢ 1y(980) < 45 x10~4 CL=90% 1597
KtK=rtn= a0 < 236 x1073  CL=90% 1741
KtK=p0n0 < 8 x1074  CL=90% 1624
KtK=ptn~ < 146 % CL=90% 1623
wKt K- < 34 x 1074 CL=90% 1664
ont 70 < 38 x 103 CL=90% 1723
KOK— 7t 20+ cc. < 162 % CL=90% 1694
K*K=at7™ + cc. < 323 % CL=90% 1693
Kt K= 7t 7270 < 267 % CL=90% 1705
KT K=2(zxt77) < 1.03 % CL=90% 1702
KtK=2(ztn=)70 < 360 % CL=90% 1661
nKt K= < 41 x 1074 CL=90% 1712
nKTK-7tn~ < 124 % CL=90% 1624
PO KtK™ < 50 x1073  CL=90% 1666
2(KTK™) < 6.0 x 1074 CL=90% 1552
OKT K™ < 75 x 1074 CL=90% 1598
2AKTK™)n0 < 29 x107%  CL=90% 1494
2AKT K )nt ™ < 32 x1073  CL=90% 1426
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KYK=at
K%K7ﬂ+7r0
KiK=p*
K%K72W+W7
K%K’Tr*po
K%K_W+77
K%K72W+W7WO
K%K*27T+7r’r]
K%K7ﬁ+2(7r+7r7)
K%K7ﬂ+271'0
KIK=KT K=t
KIK=KtK=rtq0
KYK-KtK=zty
KoK= nt+ cc.
ppm°
pprt T
A
pﬁﬂ'+‘n’7ﬂ'
wpp
NA70
pp2(nt )
npp
npprta”
P pp
pPKT K™
nppKt K~
O ppKT K~
opp
AMata—
ApKt
ApKtatn~

0

Y Xc2

Y Xc1l
YXco
Yc
¥1c(25)
v’

1
y®

ANNNANNANNNANNANNNNNNNANNNNNANNNNANNNANNNNNNNNNANNNNNA

A

Radiative decays

<

<
<
<
<
<

3.2
1.33
6.6
8.7
1.6
1.3
4.18
4.8
1.22
2.65
4.9
3.0
2.2
9.7
4
5.8
1.2
1.85
29
7
2.6
5.4
3.3
1.7
3.2
6.9
1.2
1.3
2.5
2.8
6.3
1.9
1.0
4
15
1.4

6.4

x 1073
%

x 10~3
x 1073
%

%

%

%

%

%

x 10~3
%

%

X 1073
x 1075
x 104
x10~4
x 1073
x 104
x 1075
x 1073
x 10~4
x 1073
x 1073
x10~4
x 1073
x 1073
x10~4
x10~4
x 1074
x 10—4
x10~4
x10~4
x 1075
x 104
x10~4

x10~4

( 2.4940.23) x 10~3
(6.9 +06 )x1073

7
9
1.8
1.5

x 104
x 104
x 104
x 1074
x 104

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%

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
1387
1234
1263
1465
1462
1347
1353

211
254
342
707
134
1765
1847
1884

1(3823)

was 1(3823), X(3823)

1I6(JPC)y =0—(2— )

I, J, P need confirmation.

Mass m = 3823.7 + 0.5 MeV (S = 1.1)

Full width ' < 5.2 MeV, CL = 90%
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Branching fractions are given relative to the one DEFINED AS 1.

p
¥(3823) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
J/p(AS)nt 7~ <0.06 90% 607
J/(18) 7070 <0.11 90% 610
J/¢(18) 70 <0.030 90% 646
J/¥(1S)n <0.14 90% 431
Xco7 <0.24 90% 387
Xc17Y DEFINED AS 1 300
Xe2Y 0.2 +014 258

¥3(3842) 16(PCY =037 ")
J, P need confirmation.
Seen by a single experiment only.
Mass m = 3842.71 + 0.20 MeV
Full width ' = 2.8 4+ 0.6 MeV
Xc1(3872) 16G(JPCy = ot + 1)
also known as X(3872)
Mass m = 3871.65 £+ 0.06 MeV
mX61(3872) — m_,/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~ < 28 x 106 90% 1936
ata= J/P(1S) (38+ 12)% 650
wne(1S) <33 % 90% 368
wd/Y(1S) (43+21)% i
DODO 70 (49 +18 ) 116
D*0po (37 £9 )% 1
vy <11 % 90% 1936
pODO <29 % 90% 519
Dt D~ <19 % 90% 502
70X eo < 4 % 90% 273
¥ xa ( 3.4+ 1.6)% 319
7 X0 <70 % 90% -
at a7 n(1S) <14 % 90% 745
a1t xa < 7 x 103 90% 218
pp < 24 x 1073 95% 1693

Radiative decays
~Dt D~ < 4 % 90% 502
4 DO DO < 6 % 90% 519
~Jd/Y (8 + 4 )x1073 697
YXc1 <9 x 1073 90% 344
YXc2 < 32 % 90% 303
y1(2S) (45+ 2.0)% 181
C-violating decays
nd/p < 18 % 90% 491
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See Particle Listings for 2 decay modes that have been seen / not seen.

Z(3900)

was X (3900)

/G(JPC) =1ta+t)

Mass m = 3887.1 + 2.6 MeV (S = 1.7)

Full width ' = 28.4 + 2.6

MeV

Xc0(3915)
was X (3915)

/G(JPC) — O+(O++)

Mass m = 3921.7 + 1.8 MeV (S = 1.5)

Full width ' = 18.8 + 3.5

MeV

Xc2(3930)

Full width ' = 35.2 + 2.2

/G(JPC) =ot@e*t™

Mass m = 39225 + 1.0 MeV (S =1.7)

MeV (S =1.2)

X (4020)*

/G(JPC) — 1+(??—)

Mass m = 4024.1 £ 1.9 MeV
Full width ' =13 £ 5 MeV (S =1.7)

¥(4040) 1+
Mass m = 4039 + 1 MeV

16UPCY =01 )

Full width ' = 80 + 10 MeV

Due to the complexity of the c¢T 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.

1(4040) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
ete” (1.07£0.16) x 1075 2019
J/prta~ <4 x 1073 90% 794
J/yp7070 <2 x 1073 90% 797
J/n (52 £0.7 ) x 103 675
J/pm0 <28 x 1074 90% 823
J/pat a0 <2 x 1073 90% 746
Xc17Y < 3.4 x 1073 90% 494
X2 <5 x 1073 90% 454
Xc1m o w <11 % 90% 306
Xcoam™ T < 32 % 90% 233
he(1P)rt 7~ <3 x 1073 90% 403
onta~ <3 x 1073 90% 1880
At~ <29 x 104 90% 1578
AAr0 <9 x 1075 90% 1636
AAn <30 x 1074 90% 1452
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AA <6 x 1076 90% 1683
sty- <13 x10~4 90% 1632
3030 <7 x 1075 90% 1630
=+=- <16 x 104 90% 1527
Z0=0 <18 x 1074 90% 1533
whp~ (9 +6 )x1076 2017
See Particle Listings for 13 decay modes that have been seen / not seen.
Xc1(4140) 16(PC) =0Tt )
was X (4140)
Mass m = 4146.5 &+ 3.0 MeV (S = 1.3)
Full width T = 1977 MeV
¥(4160) [Pp2a] 16UPC =017 ")
Mass m = 4191 + 5 MeV
Full width ' = 70 4+ 10 MeV
Due to the complexity of the ¢ 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.
p
v(4160) DECAY MODES Fraction (I';/T) Confidence level  (MeV/c)
ete~ (6.9 £3.3) x 1076 2096
J/prt <3 x 1073 90% 919
J/pm0x0 <3 x 103 90% 922
J/WKTK= <2 x 1073 90% 407
J/n <8 x 1073 90% 822
J/pm0 <1 x 1073 90% 944
J/bn' <5 x 1073 90% 457
J/pmta— a0 <1 x 10~3 90% 879
P(2S)nt <4 x 1073 90% 396
Xc1Y <5 x 1073 90% 625
Xc27 <13 % 90% 587
Xartr 7 <2 x 1073 90% 496
Xt x <8 x 1073 90% 445
he(1P)rt 7~ <5 x 1073 90% 556
he(1P) 700 <2 x 10~3 90% 560
he(1P)n <2 x 1073 90% 348
he(1P) w0 <4 x 10~ 90% 600
¢t <2 x 1073 90% 1961
vxc1(3872) <18 x 1073 90% 308
YXc0(3915) = yJ/pmta™ <136 x 1074 90% -
vX(3930) — yJ/yYrtaT <118 x 1074 90% -
v X(3940) — ~yJ/yYrt T < 147 x 1074 90% -
Yxc0(3915) = yvJ/¢ <126 x 1074 90% -
vX(3930) = vy J/¢ < 8.8 x 1075 90% -
vX(3940) = yyJ/y < 1.79 x 1074 90% -
AA <15 x 1076 90% 1774

See Particle Listings for 16 decay modes that have been seen / not seen.




148 Meson Summary Table

1(4230) 1I6(JPC)y =01~ )
also known as Y (4230); was 1(4260)

Mass m = 4222.7 + 2.6 MeV (S = 1.7)
Full width ' = 49 £ 8 MeV (S = 3.5)

1(4230) DECAY MODES Fraction (I';/T) p (MeV/c)

utu~ (3.142.8) x 107> 2107
See Particle Listings for 63 decay modes that have been seen / not seen.

Xc1(4274) 16(UPC) =0t t+ )

was X (4274)

Mass m = 428678 MeV (S = 1.7)
Full width I = 51 + 7 MeV

1(4360) 16(UPCy =01~ )
also known as Y (4360); was X (4360)

1(4360) MASS = 4372 £ 9 MeV (S = 2.9)
$(4360) WIDTH = 115 + 13 MeV (S = 2.2)

1)(4415) lpradl 1I6(JPCy =01 )

Mass m = 4421 + 4 MeV
Full width T = 62 4+ 20 MeV

Due to the complexity of the ¢ 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.

1(4415) DECAY MODES Fraction (I';/T) Confidence level (MIe’V/c)
DO D~ 7t (excl. D*(2007)0 DO < 23 % 90% -
+c.c., D*(2010)* D~ +c.c.
DD3(2460) —» DD~ nt +c.c. (10 4 )% -
DO D*~ 7t +c.c. <1 % 90% 926
J/yn < 6 x 1073 90% 1022
Xc17Y < 8 x10~4 90% 817
Xc2Y < 4 x 1073 90% 780
AA < 31 x 1076 90% 1908
ete~ (9.4+32)x106 2210
utu~ (2.0£1.0) x 107 2208

See Particle Listings for 16 decay modes that have been seen / not seen.
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Z.(4430) 16(JPC)y =1t + )
G, C need confirmation.

was X (4430)*
Quantum numbers not established.
Mass m = 4478715 Mev
Full width ' = 181 + 31 MeV

1(4660) 16(JPCy =01~ )
also known as Y (4660); was X (4660)

1(4660) MASS = 4630 £ 6 MeV (S = 1.4)
¥(4660) WIDTH = 72F13 Mev (S =1.7)

bb MESONS
(including possibly non-qq states)

n6(1S) 16(PCY =0t~ 1)

Mass m = 9398.7 + 2.0 MeV (S = 1.5)
Full width I = 1075 MeV

np(1S) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
utpu— <9x1073 90% 4698
Tt <8% 90% 4350
See Particle Listings for 5 decay modes that have been seen / not seen.

T(1S) 16UPC =0—1— )

Mass m = 9460.30 & 0.26 MeV (S = 3.3)
Full width ' = 54.02 £+ 1.25 keV
Scale factor/ p
T(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
rtr— (1260 £0.10 ) % 4384
ete~ (238 £0.11 )% 4730
whu~ (248 +0.05 )% 4729
Hadronic decays

888 (81.7 +£07 )% -
Y88 (22 +06 )% -
7(958) anything (294 £024 )% -
J/(1S) anything (54 +04 )x1074 S=1.4 4223

J/9(1S)ne < 22 x 1076 CL=90% 3623

J/9(1S) xco < 34 x1070  CL=90% 3429

J/(1S) X1 (39 +12 )x10-° 3382

J/P(1S) xc2 < 14 x 1076 CL=90% 3359

J/¥(1S)n(25) < 22 x1076  CL=90% 3317

J/9(15) X (3940) < 5.4 x 1070 CL=90% 3148

J/9(15) X(4160) < 5.4 x 1076 CL=90% 3020
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X(4350) anything, X —
J/p(15) ¢

Z.(3900)* anything, Z. —
J/p(18) 7+

Z.(4200)* anything, Z. —
J/$(18) 7+

Z.(4430)* anything, Z. —
J/0(18) 7

X% anything, X — J/vK*

1(4230) anything, ¢ —

J/p(1S) T~
1(4230) anything, ¢ —
J/Y(1S)KT K~
Xc1(4140) anything, xc1 —
J/p(1S) ¢

Xco anything
Xc1 anything
XCl(lP)Xtetra
Xc2 anything
1(2S) anything
»(25)nc
¥(25) xco
¥(25) a1
¥(25)Xc2
¥(25)nc(25)
¥(25) X(3940)
(2S5) X(4160)
1(4230) anything, ¢ —
P(2S)nt 7~
1(4360) anything, ¢ —
(2S)rt 7~
1(4660) anything, ¢ —
(S)rt
X(4050)% anything, X —
»(2S)nE
Z,(4430)* anything, Z. —
P(28)mE
Xc1(3872) anything
Z.(4200)* Z,(4200)~
Z,(3900)F Z(4200)F
Zc(3900)* Z,(3900)~
X (4050)F X(4050)~
X(4250)F X(4250)~
X (4050)* X (4250)F
Z,(4430)* Z.(4430)~
X (4055)F X (4055)F
X (4055)* Z.(4430)F
pm
w’/TO
rta~
KtK—
pp
ata— 70
OKT K™

wrtr~

< 81 x 100
< 13 x 1075
< 6.0 x 1073
< 49 x 1075
< 57 x10~6
< 38 x 1075
< 75 x 106
< 5.2 x10~6
< 4 x10—3

(1.90 +0.35 ) x 104
< 3.78 x 1073

(28 +08 )x10~4
(123 £0.20 ) x 10~4

< 3.6 x 100
< 65 x 106
< 45 x 1076
< 21 x 1076
< 32 x 1076
< 29 x 106
< 29 x10~6
< 7.9 x 1075
< 5.2 x 1075
< 22 x 1075
< 88 x 1075
< 67 x 1075
< 25 x 104
< 223 x 1073
< 81 x10~6
< 18 x10—6
< 158 x 1075
< 266 x 1073
< 4.42 x 1075
< 2.03 x 1075
< 233 x 1075
< 455 x 1073
< 368 x 1076
< 3.90 x 1076
<5 x 104
<5 x 104
<5 x10~4

(21 +08 )x1076
(24 +05 )x1076
(45 +1.0 )x1076

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%
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K*(892)° K~ nt + c.c.
¢ f5(1525)

wf(1270)

p(770) a5(1320)

K*(892)° K3(1430)% + c.c.

Ky (1270)* KF
K1(1400)E KT
by(1235)E o F
atr= 7070

KK+ 7=+ cc.
K*(892)° KO+ c.c.
K*(892)” K*+ c.c.
f1(1285) anything
D*(2010)* anything
fl_(1285)xtetra

2H anything

Sum of 100 exclusive modes

’y7r+ T
’yﬂ'o 70
7w (S-wave)
vy
YKt K=
0022
~2ht2h™
~v3ht3h™
~4ht4h—
vt Kt K™
’y27r7L 27~
737r+ 3r~
~yert o KT K=
yrtn” pp
~y2rt 2n~ pp
y2Kt2K=
11’ (958)
N
71 (980)
7 f4(1525)
~£,(1270)
77(1405)
7 f(1500)
f(1500) = yKT K~
7 f(1710)
yf(1710) — yKT K=
yR(1710) —» y7ta~
3 f(1710) — 7070
Yfo(1710) = ~ynn
7 £,(2050)
~7f(2200) - YKt K™
~vf(2220) - yYKT K~
~vf(2220) = yrta~
v1;(2220) — ~ypP
yn(2225) = v¢¢
Y1c(15)

(44 +08 )x10°°
< 1.63 x107%  CL=90%
< 179 x 1076 CL=90%
< 224 x 1076 CL=90%
(30 +08 )x107°
< 241 x 1076 CL=90%
(1.0 +04 )x107°
< 1.25 x1076  CL=90%
(1.28 £0.30 ) x 107
(1.6 +04 )x107°
(29 +09 )x107°
< 111 x 1076 CL=90%
(46 +£31 )x1073
(252 £0.20 ) %
< 6.24 x 1075  CL=90%
(2.85 +£0.25 ) x 1075
( 1.200+0.017) %
Radiative decays
(63 +£1.8 )x107°
(1.7 +07 )x107°
(46 +07 )x107°
< 24 x 1076 CL=90%
[ggaa] ( 1.14 £0.13 ) x 107>
[rraa]l < 6 x 1076 CL=90%
(70 +15 )x1074
(54 +£20 )x1074
(74 +35 )x1074
(29 +09 )x104
(25 +09 )x104
(25 +12 )x10~4
(24 +12 )x1074
(15 +06 )x1074
(4 +6 )x107°
(20 +£20 )x107°
< 19 x 1076 CL=90%
< 1.0 x107%  CL=90%
< 3 X107  CL=90%
(29 +06 )x107°
(1.01 +£0.06 ) x 104
< 82 x1075  CL=90%
< 15 x 1075 CL=90%
(1.0 404 )x107°
< 26 x1074%  CL=90%
(1.01 +£032 )x107°
(53 420 )x10°°
< 14 x 1076 CL=90%
< 18 x 1076  CL=90%
< 53 x 1073 CL=90%
< 2 x 104 CL=90%
< 8 x10~7  CL=90%
< 6 x10~7  CL=90%
< 11 x 1076 CL=90%
< 3 x 1073 CL=90%
< 29 X107 CL=90%
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vne(25) < 4 x1074  CL=90% 4031
YXco < 6.6 x1075  CL=90% 4114
¥Xel (47 28 )x1075 4079
/ X c2 < 76 x1076  CL=90% 4062
vxc1(3872) < 4 X107  CL=90% 3938

vxc1(3872), xc1 — < 28 x1076  CL=90% -

ata=xJ/y
Yxc0(3915) = wd /v < 3.0 x107%  CL=90% -
vxc1(4140) — o J/v < 22 x107%  CL=90% -
v X [ssaa] < 4.5 x107®  CL=90% -
XX (mx < 3.1 GeV) [ttaa] < 1 x 1073 CL=90% -
YXX(my < 4.5 GeV) luvaa) < 2.4 x1074  CL=90% -
vX = ~+ > 4 prongs [vaa] < 1.78 x 1074 CL=95% -
yal = yutps [xxaa) < 9 x 1076 CL=90% -
val » yrtro l[gqaal < 1.30 x10~4  CL=90% -
v - ~gg Iyyaa] < 1 % CL=90% -
yal —» 455 [yyaa] < 1 x 1073 CL=90% -
Lepton Family number (LF) violating modes
ptr LF < 6.0 x1076  CL=95% 4563
Other decays

invisible < 3.0 x107%  CL=90% -
hadrons 97 +£5 )% -

XbO(lP) [zzaa] /G(JPC) _ 0+(0 + +)

J needs confirmation.
Mass m = 9859.44 + 0.42 + 0.31 MeV

xpo(1P) DECAY MODES Fraction (I';/T) Confidence level (MgV/c)
v T(1S) (11.9440.27) % 391
DX < 10.4 % 90% -
ata” Kt K= 70 < 16 x 1074 90% 4875
2rt 7™ K~ KY <5 x 1075 90% 4875
ot ™ K= K% 2q0 <5 x 1074 90% 4846
2nt 25— 270 < 21 x 104 90% 4905
ontor KT K= (1.1 £0.6 ) x10~4 4861
2rtor” Kt K= 70 < 271 x 1074 90% 4846
2nt 2~ KT K= 220 <5 x 104 90% 4828
3rton™ K= K70 < 16 x 104 90% 4827
37t 3m < 8 x 1073 90% 4904
3t 3~ 270 < 6 x 104 90% 4881
3rt 3~ KT K- (24 £12)x1074 4827
3nt3r- Kt K==l < 1.0 x 1073 90% 4808
At an~ < 8 x 1075 90% 4880
4rtar— 270 < 21 x10~3 90% 4850
J/wJ /) < 7 x 1073 90% 3836
J/9(2S) < 12 x 1074 90% 3571
$(25)(2S) < 31 x 107> 90% 3273
J/¥(1S)anything < 23 x 1073 90% -
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Xb1 (1 P) [zzaa]

/G(JPC) _ 0+(1 + +)
J needs confirmation.

Mass m = 9892.78 + 0.26 + 0.31 MeV

Xp1(1P) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
v T(1S) (35.2 £2.0) % 423
DOXx (12.6 £2.2) % -
atr KtK— 70 (2.0 £0.6) x 10~4 4892
2t K~ KY (1.3 £05) x 1074 4892
ot K~ K% 2x0 < 6 x 1074 90% 4863
2rt 27— 270 (80 +25)x10~4 4921
ontor~ Kt K™ (15 £05) x10~4 4878
2t o~ Kt K= 70 (35 +£1.2) x 10~4 4863
2rton~ Kt K= 270 (86 £3.2)x 1074 4845
3rton~ K= K0 (9.3 £3.3) x 10~4 4844
3rt3n~ (1.9 £0.6) x10~% 4921
3rt 37~ 270 (1.7 £05)x 1073 4898
3rt3n~ Kt K~ (26 +08)x104 4844
3rt3r Kt K= 0 (7.5 £2.6) x 1074 4825
At an— (26 £0.9)x10~% 4897
4rtar— 270 (1.4 £06) x 1073 4867
wanything (49 £1.4)% -
W Xietra < 4.44 x 104 90% -
J/ /) < 27 x 1073 90% 3857
J/9(2S) < 17 x 1073 90% 3594
$(25)p(2S) < 6 x 1072 90% 3298
J/¥(1S)anything < 11 x 1073 90% -
J/(1S) Xietra < 227 x10~4 90% -
hy(1P) 16(JPCY =0t )

Mass m = 9899.3 + 0.8 MeV

hp(1P) DECAY MODES

Fraction (I';/T) p (MeV/c)

np(1S)~y

28y % 488

xb2(1P) [

/G(JPC) =ot(t+™)
J needs confirmation.

Mass m = 9912.21 £ 0.26 £+ 0.31 MeV

Xp2(1P) DECAY MODES Fraction (I';/T) Confidence level (MepV/c)
v T(1S) (18.041.0) % 442
DOXx < 79 % 90% -
atr Kt K=z (8 +5 )x1075 4902
ort T K= KY < 1.0 x 1074 90% 4901
2rt = K~ K% 2n0 (53+£2.4)x 1074 4873
2t 21~ 270 (3.5+£1.4) x 1074 4931
ontor KT K™ (1.1+0.4) x 1074 4888

2t o Kt K= 70

(2140.9) x 1074 4872
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2t o~ Kt K= 270

(3.9+1.8) x 1074 4855
3rtor™ K= K%q0 <5 x 10™4 90% 4854
3rt3n~ (7.0£3.1) x107° 4931
37t 37~ 270 (1.0+£0.4) x 10~3 4908
3rt3n~ KT K~ < 8 x 1073 90% 4854
3nt3r Kt K==l (3.6+£1.5) x 10~4 4835
At 4n— (8 +4 )x1075 4907
4t ar— 270 (1.8£0.7) x 1073 4877
J/wJ /) < 4 x 1075 90% 3869
J/p(2S) <5 x 1072 90% 3608
¥(25)(2S) < 16 x 1073 90% 3313
J/¥(1S)anything (1.5+04) x 1073 -
T(25) 1I6(JPC) =01~ )
Mass m = 10023.26 + 0.31 MeV
m'r(35) — mT(ZS) = 331.50 &+ 0.13 MeV
Full width I' = 31.98 + 2.63 keV
Scale factor/ p
T(2S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
TAS) 7t~ (17.85+ 0.26) % 475
T(1S)x%x0 (86 + 04)% 480
Tt (2.00+ 0.21) % 4686
whtp= (1.93+ 0.17) % s=22 5011
ete~ (1.91+ 0.16) % 5012
T(1S)7° < 4 x 1075 cL=90% 531
T(1S)n (29 + 04 )x104 $=2.0 126
J/¥(1S) anything < 6 x1073  CL=90% 4533
J/9(18)n¢ < 5.4 x1070  CL=90% 3984
J/%(1S) xco < 34 x1076  CL=9%0% 3808
J/¥(1S) X1 < 12 x1076  CL=90% 3765
J/9(1S) xc2 < 20 x1076  CL=90% 3744
J/¥(1S)nc(25) < 25 x1070  CL=90% 3707
J/(15) X (3940) < 20 x1076  cL=90% 3555
J/1(1S) X (4160) < 20 x1076  CL=90% 3442
Xc1 anything (22 + 05)x1074 -
Xe1(1P)? Xietra < 367 x107%  CL=90% -
Xc2 anything (23 + 08 )x1074 -
»(2S)ne < 51 x1076  CL=90% 3732
¥(25) xco < 47 x 1076 CcL=90% 3536
P(2S) Xe1 < 25 x1076  CL=90% 3488
(2S) X2 < 19 x 1076 CL=90% 3464
P(2S)nc(2S) < 33 %1076  cL=90% 3422
1(25) X (3940) < 3.9 x 1076 CL=90% 3250
¥(25) X (4160) < 39 x1076  CL=90% 3120
Z.(3900)* Z-(3900)~ < 10 x1070  CL=90% -
Z.(4200)F Z-(4200)~ < 167 x1075  CL=90% -
Z.(3900)* Z,(4200)F < 73 x 1076 CL=90% -
X (4050)F X(4050)~ < 1.35 x107%  CL=90% -
X(4250)T X (4250)~ < 267 X107  CL=90% -
X (4050)* X (4250)F < 272 x 1075 CL=90% -
Z.(4430)" Z,(4430)~ < 203 x107°  CL=90% -
X (4055)* X (4055)F < 111 x107%  CL=90% -
X (4055)* Z.(4430)F < 21 x 1075 CL=90% -
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2H anything (278F 830) 1075 S=1.2 -
hadrons (94 +£11 )% -

gg8 (588 + 1.2 )% -
vg8g ( 1.87+ 0.28) % -
OKT K~ (16 + 0.4 )x10° 4910
watr™ < 258 X107  CL=90% 4977
K*(892)° K—nt + c.c. (23 + 07 )x1076 4952
$15(1525) < 133 x1076  CL=90% 4842
wi(1270) < 57 x1077  CL=90% 4899
p(770) a»(1320) < 88 x1077  CL=90% 4894
K*(892)° K3(1430)° + c.c. (15 + 0.6 )x107° 4869
Kq(1270)F KT < 322 x1076  cL=90% 4921
K1 (1400)* KT < 83 x1077  CL=90% 4901
by (1235)F 7 F < 40 x1077  CL=90% 4935
pT < 116 x1076  CL=90% 4981
at a0 < 80 x10~7  CL=90% 5007
w? < 163 x1076  CL=90% 4980
ata= 7070 ( 1.30+ 0.28) x 1075 5002
K¢K*m~+cc. ( 1.14+ 0.33)x 1076 4979
K*(892)° K+ c.c. < 422 x1076  CL=90% 4959
K*(892) Kt + c.c. < 145 x1076  CL=90% 4960
f,(1285)anything (22 + 16 )x1073 -
£, (1285) Xietra < 647 x107%  CL=90% -
Sum of 100 exclusive modes ( 290+ 0.30) x 103 -
Radiative decays
Yxp1(1P) (69 +£04)% 130
Yxp2(1P) (7.15+ 0.35) % 110
Yxpo(1P) (38 £04)% 162
7 fo(1710) < 59 x1074  CL=90% 4867
7y 5(1525) < 53 x107%  CL=90% 4897
~£(1270) < 241 x10™4  CL=90% 4930
vnc(1S) < 27 x107%  CL=90% 4567
YXco < 1.0 x107%  CL=90% 4430
YXecl < 36 x1076  CL=90% 4397
YXc2 < 15 x 1075 CL=90% 4381
vXc1(3872) < 21 x107%  CL=90% 4264
vYxc1(3872), xe1 — < 24 x1076  CL=90% -
I e e VL)
YXc0(3915) = wJ/9 < 28 x1076  CL=90% -
Yxc1(4140) = ¢ J/v < 12 x1076  cL=90% -
v X(4350) — ¢J/¢ < 13 x1076  CL=90% -
ynp(15) (55 T 55 )x1074 S=1.2 605
vnp(1S) — ySum of 26 exclu- < 37 x1076  CL=90% -
sive modes
X pp = YSum of 26 exclusive < 49 x1076  CL=90% -
modes
vX — v+ >4 prongs < 1.95 x104  CL=95% -
~AY — ~yhadrons < 8 x1075  CL=90% -
yad = yptpm < 83 x1076  CL=90% -
Lepton Family number (LF) violating modes
et < 32 x1076  CL=90% 4854
pErF < 33 x1076  CL=90% 4854
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T»(1D) 1I6(JPC)y =027 )

was T(1D)

Mass m = 10163.7 + 1.4 MeV (S = 1.7)

T»(1D) DECAY MODES Fraction (T;/T) p (MeVc)

rtz= T(1S) (6.6+1.6) x 1073 623
See Particle Listings for 3 decay modes that have been seen / not seen.

xpbo(2P) 173 1G(UPCy = ot ++)
J needs confirmation.

Mass m = 10232.5 + 0.4 + 0.5 MeV

Xpo(2P) DECAY MODES Fraction (I';/T) Confidence level (MgV/c)
v T(2S) (1.38+0.30) % 207
v T(1S) (38 £1.7 ) x 1073 743
DO X <82 % 90% -
atr Kt K= =0 <34 x 1075 90% 5064
ot K~ KY <5 x 1075 90% 5063
27t ™ K~ K2 270 <22 x 10~4 90% 5036
27t 27~ 270 <24 x 10—4 90% 5092
ontor~ Kt K~ <15 x 1074 90% 5050
2rton~ KH K= #0 <22 x 104 90% 5035
2t 2n~ Kt K= 270 <11 x 1073 90% 5019
3rtor™ K= K% q0 <7 x 10~4 90% 5018
3nt 3~ <7 x 1075 90% 5091
3t 37 270 <12 x10~3 90% 5070
3rt3r KT K™ <15 x 10—4 20% 5017
3rt3n~ Kt K= 70 <7 x 10—4 90% 4999
Antan— <17 x 104 90% 5069
4rtar— 270 <6 x 104 90% 5039
Xbl(zP) [zzaa] ,G(JPC) _ O+(1 + +)
J needs confirmation.
Mass m = 10255.46 + 0.22 & 0.50 MeV
me(zp) — mXbO(ZP) = 23.5 4+ 1.0 MeV
Xp1(2P) DECAY MODES Fraction (I';/T) p (MeVjc)
w T(1S) (1637349 % 135
v T(2S) (181 £1.9 )% 230
v T(1S) (99 £1.0 )% 764
77 xp1(LP) (91 £13)x1073 238
DOX (88 £1.7)% -
atr Kt K= =0 (31 +£1.0 )x 1074 5075
2t K~ KY (11 +05 )x 1074 5075
ot ™ K~ K% 270 (7.7 £32 )x 1074 5047
27t 27— 270 (59 +£2.0 )x10~4 5104
ontor~ Kt K~ (10 +4 )x1075° 5062

2rton~ Kt K= #0 (55 +£1.8 )x10~4 5047
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2nton™ K+ K= 270 (10 +4 )x1074 5030
3rton= K= K0 (6.7 £2.6 )x 1074 5029
3rt3n~ (1.2 £0.4 )x 1074 5103
3rt 37~ 270 (1.2 +04 )x 1073 5081
3rt3r Kt K™ (2.0 +£08)x10~4 5029
3rt3r Kt K==l (61 +£22)x1074 5011
At an— (1.7 06 ) x 1074 5080
4rt ar— 270 (1.9 £07 )x 1073 5051
hy(2P) 16PC =0t )
Mass m = 10259.8 £+ 1.2 MeV
hp(2P) DECAY MODES Fraction (I';/T) p (MeV/c)
np(1S)y (22+ 5% 825
np(2S)y (48+13) % 257
See Particle Listings for 1 decay modes that have been seen / not seen.
xp2(2P) 177 1G(JPCy = ot2t 1)
J needs confirmation.
Mass m = 10268.65 + 0.22 4+ 0.50 MeV
mXb2(2p) — mXb1(2P) = 13.10 £ 0.24 MeV
p
Xp2(2P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
wT(1S) 1101338y % 194
v T(2S) (89 £12 )% 242
v T(1S) (6.6 £0.8 )% 777
7 xp2(1P) (51 £0.9 ) x 103 229
DOXx <24 % 90% -
ata- KtK— 70 <11 x 10~4 90% 5082
2t K= KY <9 x 1075 90% 5082
ot~ K~ K% 2n0 <7 x 10~4 90% 5054
2rt 27— 270 (3.9 +1.6 ) x 104 5110
ontor~ KT K= (9 +4 )x107° 5068
2t o~ Kt K= 70 (24 £1.1 ) x 10~4 5054
2rtor Kt K= 20 (47 £23 ) x 10~4 5037
3rton™ K= K0 <a x 104 90% 5036
3nt3r~ (9 +4 )x107° 5110
3rt 37~ 270 (1.2 £0.4 ) x 1073 5088
3nt3r KT K™ (14 £07 )x 1074 5036
3rt3r- Kt K= 70 (42 £1.7 ) x 1074 5017
At 4= (9 45 )x107° 5087
4xtax— 270 (1.3 £05 ) x 1073 5058
T(3S) 16(JPCy =01~ )

Mass m = 10355.2 & 0.5 MeV
m—r(as) — m'r(25) = 331.50 + 0.13 MeV
Full width I = 20.32 + 1.85 keV
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Scale factor/ p

T(3S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T(2S)anything (10.6 + 0.8 )% 296

TES)rt ™ (2824 0.18) % S=1.6 177

7(28)70x0 (1.85+ 0.14) % 190

T(2S)vy (50 £07)% 327
T(25)7° < 51 x1074  CL=90% 298
TAS) 7t~ ( 437+ 0.08) % 813
T(1S) 00 (2.20+ 0.13) % 816
T(1S)n <1 x 1074 CL=90% 677
T(18)7° <7 x 1075  CL=90% 846
hp(1P) 70 < 12 x 1073 CL=90% 426

hp(1P)70 — ynp(1S) 70 (43 + 14 )x1074 -
hp(1P)mt 7~ < 12 x1074  CL=90% 353
o ( 229+ 0.30) % 4863
wtp= (2184 0.21) % s=2.1 5177
ete™ ( 218+ 0.20) % 5178
hadrons (93 12 )% -
ggg (35.7 + 26 )% -
188 (9.7 + 1.8 )x1073 -
2[ anything (2.33+ 0.33) x 107 -

Radiative decays
Yxp2(2P) (131 £ 1.6 )% S=3.4 86
Yxp1(2P) (126 + 1.2 )% S=2.4 99
Yxpo(2P) (59 £06)% S=1.4 122
Yxb2(1P) (10.0 + 1.0 ) x 1073 S=1.7 434
Yxp1(1P) (9 +5 )x1074 S=1.8 452
vXbo(1P) (27 + 04 )x103 484
vnp(25) < 6.2 x 1074 CL=90% 350
v1p(1S) (51 + 07 )x107% 912
yA® — ~yhadrons < 8 x1075  CL=90% -
vX — v+ > 4 prongs [bbbb] < 2.2 x1074%  CL=95% -
yal = yutps < 55 x 1076  CL=90% -
vad - yrtro [cchb] < 1.6 x 1074 CL=90% -
Lepton Family number (LF) violating modes

et ¥ < 42 x1076  CL=90% 5025
pErF < 31 x1076  cL=90% 5025

Xb1 (3P) [zzaa]

J needs confirmation.

/G(JPC) — O+(1++)

Mass m = 10513.4 £+ 0.7 MeV

Xb2 (3P) [zzaa]

J needs confirmation.

IG(JPC) — O+(2++)

Mass m = 10524.0 & 0.8 MeV
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T(4S) 1GUPC =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 (Mgv/c)
BB > 96 % 95% 326
BtB~ (51.4 £0.6 )% 331
D} anything + c.c. (17.8 £26 )% -
BOBO (48.6 £0.6 )% 326
JIWKY + (J/Y, ne) KL < 4 x10~7 90% -
non-BB < 4 % 95% -
ete~ ( 1.57+0.08) x 107 5290
ptp” < 5.7 x 106 90% 5233
K*(892)0 KO < 20 x 106 90% 5240
J/¥(1S) anything < 19 x 10~4 95% -
D** anything + c.c. < 74 % 90% 5099
¢ anything (7.1 £06 )% 5240
on < 18 x 1076 90% 5226
on' < 43 x 1076 90% 5196

pn < 13 x10—© 90% 5247
o’ < 25 x 1076 90% 5217
T(1S) anything < 4 x 1073 90% 1053
TAS) T~ (82 +£0.4)x107° 1026
T(1S)n ( 1.81£0.18) x 10~4 924
TSy (3.4 £09 )x 1075 -
TRS)rt 7~ (82 +£08)x1073 468
hp(1P)n ( 2.18+0.21) x 103 390
np(1S)w < 18 x 10~4 90% -
2H anything < 13 x 1075 90% -

Double Radiative Decays
¥y T(D) = ~vynT(1S) < 23 x 1075 90% -
See Particle Listings for 1 decay modes that have been seen / not seen.

Z5(10610) 16(PCy =1+ )

was X(10610)

Mass m = 10607.2 4+ 2.0 MeV
Full width ' = 18.4 4+ 2.4 MeV

2),(10610) DECAY MODES Fraction (I;/T) p (MeVe)
T(1S) 7t (54112 %1073 1077
T(2S)rt (36F 21 % 551
T(3S)rt (21108 % 207
hp(1P) 7t (35%12)% 671
hp(2P) wt (4711 % 313
B*B*0 + B*+ B @56723) % -

See Particle Listings for 4 decay modes that have been seen / not seen.
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Z5(10650)

was X (10650)+

/G(JPC) _ 1+(1 + )
I, G, C need confirmation.

Mass m = 10652.2 + 1.5 MeV
Full width T = 11.5 4 2.2 MeV

Z},(10650) ~ decay modes are charge conjugates of the modes below.

Z,,(10650) DECAY MODES Fraction (I';/T) p (MeVjc)
TAS)xt (17408 x 103 1117
T(2S)xt (14F38) % 595
T@3S)xt (16730 % 259
hp(1P) 7t (84729 % 714
hp(2P) 7+ (15 +4 )% 360
B*+B*0 (7 T )% 122
See Particle Listings for 2 decay modes that have been seen / not seen.
7(10860) 16UPCY =01~ )
Mass m = 10885.2 726 MeV
Full width ' = 37 £ 4 MeV
P
T(10860) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
BBX (762 20y % -
BB ( 55 +1.0)% 1322
BB* + cc. (137 £16 )% -
B*B* (381 £34)% 1127
BBM < 197 % 9% 1015
BBwm B (00 £1.2)% 1015
B*Bm + BB*m (73 £23)% -
B*B*m (1.0 £14)% 739
BBrm < 89 % 90% 551
Bg*)Eg*) (201 +£31)% 905
BsBs (5 45 )x1073 905
BsBy + c.c. ( 1.3540.32) % -
B:B: (176 £2.7 )% 543
no open-bottom ( 38 50)% -
etem ( 83 +£2.1)x106 5443
K*(892)0K® < 10 x 1075 90% 5395
TAS)rt ( 53 +06)x1073 1306
T(1S)n ( 85 £1.7 )x 1074 1229
T@1S)y < 69 x 1073 90% 985
TES)rt ™ (78 +13)x103 783
T(2S)n ( 41 £06 )x 1073 639
T@S)rt ( 48 F19)x1073 440
TAS)KT K~ (61 £1.8)x10~% 959
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nT,(1D) ( 48 £11)x1073 -
hy(1P) 7t 7w~ ( 35 19 )x1073 903
hy(2P) 7t 7w~ ( 57 t1T)x1073 544
xp(1P)nt ™ 70 ( 25 £23)x1073 894
xpo(1P) 7t 770 < 63 x 1073 90% 894
Xpo(1P)w < 39 x 1073 90% 631
xpo(1P) (7™ 1) non—c < 48 x10-3 90% -
xp1(1P) 7t 7~ =0 ( 1.85+0.33) x 10~3 861
Xp1(1P)w ( 1.57£0.30) x 103 582
xp1(1P) (7t 7~ 7% non—w ( 52 +1.9 )x1074 -
xp2(1P) 7t 7= 70 ( 1.17+0.30) x 103 841
Xp2(1P)w ( 6.0 £27 )x 1074 552
Xb2(1P) (x+ 7~ 7% non—o (6 +4 )x1074 -
¥Xp = 7 T(1S)w < 38 x 1075 90% -
np(1S)w < 13 x 1073 90% 1177
np(2S)w < 56 x 1073 90% 399

Inclusive Decays.

These decay modes are submodes of one or more of the decay modes

above.
¢ anything (1358 Jj%:‘?‘ )% -
DO anything + c.c. (108 +8 )% -
Ds anything + c.c. (46 +6 )% -
J/4 anything ( 2.06£0.21) % -
BY anything + c.c. (77 +8 )% -
Bt anything + c.c. (72 +6 )% -
7(11020) 16PCY =01 )

Mass m = 11000 + 4 MeV
Full width T = 2478 Mev

7(11020) DECAY MODES Fraction (';/T) p (MeV/c)
ete~ (54739 x 1076 5500
oy (1P) 7t 7~ 70 (0 F§ )x1073 1007

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

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.
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[b] Measurements of (et ve)/T(ut v,) always include decays with +'s,
and measurements of (e ve) and ['(u*w,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(et ve) + M(p* )]/ Ttotal = 100%.

[c] See the = 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.

[e] Astrophysical and cosmological arguments give limits of order 1013,
but they are model dependent and for the summary value we use the
best laboratory limit, which includes any final state of invisible particles.

[f] Forbidden by angular momentum conservation.
[g] C parity forbids this to occur as a single-photon process.
[h] The wp interference is then due to wp mixing only, and is expected to

be small. If e universality holds, ['(0® — ptp=) =T(p® — ete™)
x 0.99785.

[i] 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).
[7] 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 — 37 Dalitz plot is as
follows (see also “Note on Dalitz Plot Parameters for K — 37 Decays”
in the K+ Particle Listings in the Full Review of Particle Physics):

IM> =1+ g(s3 — so)/m?, + .
[g] 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.

[x] Derived from measured values of ¢ _, ¢qo, |n],

My — My, and
L S

T 0+ aS described in the introduction to “Tests of Conservation Laws.”
s

y] The CP-violation parameters are defined as follows (see also “Note on
The CP-violati t defined as foll Iso “Not
CP Violation in Ks — 37" and “Note on CP Violation in K(L’ Decay”
in the Particle Listings in the Full Review of Particle Physics):

) A(KE — 7ta7)

Ny = |n+,‘ei¢+* =

) AK9 - 7070
700 = |nooe’®00 = ¥ =€—2
A(KOS — 7070)
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NKY = 7= tty) = T(K) —» 7te—v)
COT(KY = o ty) + T(KY = atey)
r(K% N 7T+7T77r0)CP viol.

r(K% — ata70)

Im(14—0)?

M(K% — 7070x0)

|m(77000)2 = 8 0 n n.-
r(K(Z — TI'O7TO7T0)

where for the last two relations CPT is assumed valid, i.e., Re(n_g) ~
0 and Re(noog) ~ 0.
[2] See the K% 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) = €' /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 K¢ — 7+ 7~ ~(DE).

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

[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.

See our minireview under the K,(1770) in the 2004 edition of this

88
Review.

[hh] This result applies to Z9 — ¢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.

[ij/] 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.

[/ Submodes of the Dt — K~ 27770 and K%2xt 7~ modes were
studied by ANJOS 92C and COFFMAN 92B, but with at most 142
events for the first mode and 229 for the second — not enough for
precise results. With nothing new for 18 years, we refer to our 2008
edition, Physics Letters B667 1 (2008), for those results.

[nn] The unseen decay modes of the resonances are included.

[oo] This is not a test for the AC=1 weak neutral current, but leads to the
at et e~ final state.

[pp] This mode is not a useful test for a AC=1 weak neutral current because
both quarks must change flavor in this decay.

[qq] 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.
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[ss] This is the sum of our K 2rtz—, K 2xtz— a0,
Koot on—, Kt2K—nt, 2zt 27—, 27t 27~ 70, Kt K= 7t 7, and
K+ K=t 7~ 70, branching fractions.

[tt] This is the sum of our K~ 37+ 27~ and 371 37~ branching fractions.

[uu] The branching fractions for the K~ et ve, K*(892)" et ve, 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 D% — K%+ 7~ x% 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 is for either D® or DO to pe~.

[aaa] This limit is for either D9 or DY to pet.

[bbb] This is the purely e semileptonic branching fraction: the et fraction
from 71 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 %.

[ccc] This fraction includes n from 7’ decays.

[ddd] The sum of our exclusive 5 fractions — 1’ ™ ve, o/ pt v, o' o, o/ pT,
and ’ Kt —is 11.8 & 1.6%.

[eee] This branching fraction includes all the decay modes of the final-state
resonance.

[fff] 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,

[ggg] We decouple the D;" — ¢7t branching fraction obtained from mass
projections (and used to get some of the other branching fractions)
from the D} — ¢n%, ¢ — K* K~ branching fraction obtained from
the Dalitz-plot analysis of DY — K*K~z+. That is, the ratio of

these two branching fractions is not exactly the ¢ — K¥ K~ branching
fraction 0.491.

[hhh] 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.

[iiif] An ¢ indicates an e or a x mode, not a sum over these modes.
Lii/l An CP(+£1) indicates the CP=+1 and CP=—1 eigenstates of the DO
DO system.
[kkk] D denotes D® or DO,
[l D% decays into DO7° with the DO reconstructed in CP-even eigen-
states KT K~ and ntn—.
[nnn] D** represents an excited state with mass 2.2 < M < 2.8 GeV/c?.
[000] x¢1(3872)T is a hypothetical charged partner of the x(1(3872).

[ppp] ©(1710)T+ is a possible narrow pentaquark state and G(2220) is a
possible glueball resonance.

[qqq] (ﬂc_ p), denotes a low-mass enhancement near 3.35 GeV/c?.

[rrr] Stands for the possible candidates of K*(1410), K{(1430) and
K3(1430).



Meson Summary Table

[sss] BY and Bg contributions not separated. Limit is on weighted average
of the two decay rates.

[ttt] This decay refers to the coherent sum of resonant and nonresonant JP
=0T K components with 1.60 < mg, < 2.15 GeV/c2.
[uuu] X(214) is a hypothetical particle of mass 214 MeV/c? reported by the
HyperCP experiment, Physical Review Letters 94 021801 (2005)
[vvv] ©(1540)* denotes a possible narrow pentaquark state.
[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 ;) value.
[bbaa] D** stands for the sum of the D(1 Py), D(13Py), D(13P;), D(13%P,),
D(215p), and D(21S;) resonances.
[ccaa] DD stands for the sum of D*D*, D*D, DD*, and DD.
[ddaa] X(3915) denotes a near-threshold enhancement in the wJ/¢ 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/c2 mass and
a width of less than 25 MeV/c2.
[ijaa] Includes ppnt 7=~ and excludes ppn, ppw, pp7 -
[kkaa] For a narrow state A with mass less than 960 MeV.
[llaa] 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.
[o0aa] For a narrow resonance in the range 2.2 < M(X) < 2.8 GeV.
|

[ppaa JPC known by production in et e~ via single photon annihilation.

1G 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.

[gqaa) 2m,; < M(7+77) < 9.2 GeV

[rraa] 2 GeV < my o < 3 GeV

[ssaa] X = scalar with m < 8.0 GeV

[ttaa] X X = vectors with m < 3.1 GeV

[uvaa] X and X = zero spin with m < 4.5 GeV
[vvaa] 1.5 GeV < mx < 5.0 GeV

[xxaa] 201 MeV < M(p* ™) < 3565 MeV

[yyaa] 0.5 GeV < myx < 9.0 GeV, where my is the invariant mass of the
hadronic final state.

[zzaa] Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[aabb] 1.5 GeV < mx < 5.0 GeV
[bbbb] 1.5 GeV < mx < 5.0 GeV
[ccbb] For m . in the ranges 4.03-9.52 and 9.61-10.10 GeV.

T



166 Baryon Summary Table

N BARYONS
(S=0,/=1/2)

p. Nt =uud; n, NO = udd

[7] 1UP) = 337)
Mass m = 1.007276466621 + 0.000000000053 u
Mass m = 938.27208816 + 0.00000029 MeV [
|mp — mp|/mp < 7x 10710, CL = 90% [l
|,‘,’7—5ﬁ\/(,‘,’1—’;) = 1.000000000003 £ 0.000000000016
lap + ap|/e < 7x 10710, CL = 90% 2]
lap + ge|/e < 1x 10721 [c]
Magnetic moment y = 2.7928473446 + 0.0000000008 1y
(p + 1p) / pp = (0.002 £ 0.004) x 10-°
Electric dipole moment d < 0.021 x 10723 ecm
Electric polarizability o = (11.2 4 0.4) x 1074 fm3
Magnetic polarizability 5 = (2.5 + 0.4) x 1074 fm3 (S = 1.2)
Charge radius, up Lamb shift = 0.84087 = 0.00039 fm [d]
Charge radius = 0.8409 + 0.0004 fm [7]
Magnetic radius = 0.851 =+ 0.026 fm [€]
Mean life 7 > 3.6 x 1022 years, CL = 90% [l (p — invisible
mode)
Mean life 7 > 1031 to 1033 years [l (mode dependent)

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.

Partial mean life

p
p DECAY MODES (1030 years) Confidence level  (MeVjc)

Antilepton + meson

N— etn > 5300 (n), > 16000 (p) 90%
N— ptr > 3500 (n), > 7700 (p) 90%
N — vrm > 1100 (n), > 390 (p) 90%
p— etnp > 10000 90%
p— u+ n > 4700 90%
n— vn > 158 90%
N— etp > 217 (n), > 720 (p) 90%
N — utp > 228 (n), > 570 (p) 90%
N — vp > 19 (n), > 162 (p) 90%
p— etw > 1600 90%
p— utw > 2800 90%
n— rvw > 108 90%
N — etK > 17 (n), > 1000 (p) 90%
N—= utK > 26 (n), > 1600 (p) 90%
N— vK > 86 (n), > 5900 (p) 90%

n— vK% > 260 90%
p— et K*(892)° > 84 90%

N — vK*(892) > 78 (n), > 51 (p) 90%

459
453
459
309
297
310
149
113
149
143
105
144
339
329
339
338

45

45
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Antilepton + mesons

p— etrta— > 82 90% 448
p— etalz0 > 147 90% 449
n— eta a0 > 52 90% 449
p— ptatza™ > 133 90% 425
p— pta0x0 > 101 90% 427
n— ptr a0 > 74 90% 427
n— etKOx— >18 90% 319

Lepton + meson
n— e nt > 65 90% 459
n— p ot > 49 90% 453
n— e pt > 62 90% 150
n— ppt >7 90% 115
n— e Kt >32 90% 340
n— p Kt > 57 90% 330

Lepton + mesons
p— e ntrt > 30 90% 448
n— e ntql > 29 90% 449
p— pu atat >17 90% 425
n— patal >34 90% 427
p— e atK* > 75 90% 320
p— u-atKt > 245 90% 279

Antilepton + photon(s)
p— etry > 670 90% 469
p— uty > 478 90% 463
n— vy > 550 90% 470
p— ety > 100 90% 469
n— vyy > 219 90% 470
Antilepton + single massless
p— et X > 790 90% -
p— putX > 410 90% -
Three (or more) leptons

p— etete™ > 793 90% 469
p— etutpu~ > 359 90% 457
p— etvr > 170 90% 469
n— ete v > 257 90% 470
n— pute v > 83 90% 464
n— putp v >79 90% 458
p— ptete > 529 90% 463
p— petet >1.90 x 1034 463
p— ptutp~ > 675 90% 439
p— ptov > 220 90% 463
p— e putput >6 90% 457
n— 3v >5x 1074 90% 470

Inclusive modes
N — et anything > 0.6 (n, p) 90% -
N — ptanything >12 (n, p) 90% -
N — et n0anything > 0.6 (n, p) 90% -
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AB = 2 dinucleon modes

The following are lifetime limits per iron nucleus.

pp — ntat > 722 90% -
pn— wtz0 > 170 90% -
nn— wta~ >07 90% -
nn— a0x0 > 404 90% -
pp — KTKt > 170 90% -
pp — etet >58 90% -
pp — et put >36 90% -
pp — whut >17 90% -
pn— etw > 260 90% -
pn— pto > 200 90% -
pn— 7TD, > 29 90% -
nn — VelVe > 1.4 90% -
nn— v,v, > 1.4 90% -
pn — invisible >21x1073 90% -
pp — invisible >5x1072 90% -

p DECAY MODES

Partial mean life p
Mode (years) Confidence level (MeV/c)
pP— e~ >7x10° 90% 469
P — >5x 104 90% 463
p— e xl >4 %105 90% 459
p— p > 5 x 104 90% 453
p— e n >2x10% 90% 309
P— um > 8 x 103 90% 297
p— e K% > 900 90% 337
P pKY >4 x 103 90% 326
p— e K >9x103 90% 337
P pKY >7x103 90% 326
P— e vy >2x10% 90% 469
P— uvy >2x10% 90% 463
P € w > 200 90% 143
Py _ 1,1
[-] 100P) = 3%

Mass m = 1.0086649160 + 0.0000000005 u
Mass m = 939.5654205 = 0.0000005 MeV [l
(mp —mz )/ my=(9+6)x107°
mp — mp = 1.2933324 % 0.0000005 MeV
= 0.00138844919(45) u

Mean life 7 = 878.4 £ 0.5s (S =1.8)

cr = 2.6335 x 108 km
Magnetic moment = —1.9130427 = 0.0000005 11y
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 -39 fm

Electric polarizability o = (11.8 4 1.1) x 10~ fm3
Magnetic polarizability 5 = (3.7 & 1.2) x 10~% fm3

Charge g = (-02 +0.8) x 107! ¢

Mean nT-oscillation time > 8.6 x 107 s, CL = 90% (free n)
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Mean n7i-oscillation time > 4.7 x 108 s, CL = 90% 8] (bound n)

Mean nn'-oscillation time > 448's, CL = 90% L]

pe~ v, decay parameters [l
A=ga /gy = —1.2754 £ 0.0013 (S =2.7)
A= —0.11958 £ 0.00021 (S = 1.2)
B = 0.9807 % 0.0030
C = —0.2377 £ 0.0026
a=—0.1049 £+ 0.0013 (5 = 1.8)
day = (180.017 = 0.026)° Ul
D=(-12+20)x10"4
R = 0.004 + 0.013 [X]
FIERZ INTERFERENCE TERM b = 0.017 + 0.020

p
n DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
pe T 100 % 1
pe ey N ( 92+07)x10~3 1
hydrogen-atom 7, < 27 x 1073 95% 1.19
Charge conservation (Q) violating mode
PVeVe Q < 8 x 1027 68% 1
N(1440) 1/2t 10P) = 33
Re(pole position) = 1360 to 1380 (=~ 1370) MeV
—2Im(pole position) = 160 to 190 (=~ 175) 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 (MeV/c)
Nm 55-75 % 398
Nn <1% i
Nz 17-50 % 347
A(1232) 7, 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~ 10P) = 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 (MeVc)
N 55-65 % 453
Nn 0.07-0.09 % 142
Nrm 25-35 % 410
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A(1232)w 22-34 % 225
A(1232)m, S-wave 15-23 % 225
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 % 1

No <10 % -

Py 0.31-0.52 % 467
Py, helicity=1/2 0.01-0.02 % 467
p~y, helicity=3/2 0.30-0.50 % 467

nvy 0.30-0.53 % 466

n+y, helicity=1/2 0.04-0.10 % 466

n+y, 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) = 110 to 150 (~ 130) 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 (MeV/c)

N 32-52 % 464

N7 30-55 % 176

N7 4-31% 422

A(1232) 7, D-wave 1-4 % 240

Np 2-17 % 1
Np, S=1/2, S-wave 2-16 % t
Np, S=3/2, D-wave <1% t

No 2-10 % -

N(1440)m 5-12 % i

p~y, helicity=1/2 0.15-0.30 % 417

n~, helicity=1/2 0.01-0.25 % 477

N(1650) 1/2—, N(1675) 5/2—, N(1680) 5/2F, N(1700) 3/2—, N(1710) 1/2F,
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) 9/2+
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 =uwud, A% =udd, A~ =ddd

A(1232) 3/2t 1Py = 3631

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 (I'; /T) p (MeVc)

N7 99.4 % 229

N~ 0.55-0.65 % 259
N+, helicity=1/2 0.11-0.13 % 259
N+, helicity=3/2 0.44-0.52 % 259

pete~ (42+0.7) x 1075 259
A(1600) 3/27F 10P) = 33h)

Re(pole position) = 1460 to 1560 (~ 1510) MeV
—2Im(pole position) = 200 to 340 (= 270) 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 (;/T) p (MeV/c)
N7 8-24% 492
Nrm 58-84 % 454
A(1232) 7 58-82 % 276
A(1232) 7, P-wave 72-82% 276
A(1232)m, F-wave <2% 276
N(1440)7 17-27% i
Ny 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~ 10P) = 3G37)

Re(pole position) = 1590 to 1610 (= 1600) MeV
—2Im(pole position) = 100 to 140 (=~ 120) MeV
Breit-Wigner mass = 1590 to 1630 (~ 1610) MeV
Breit-Wigner full width = 110 to 150 (~ 130) MeV
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The following branch

ing fractions are our estimates, not fits or averages.

A(1620) DECAY MODES Fraction (I';/T) p (MeV/c)
Nm 25-35 % 520
N7 >67 % 484
A(1232)w, D-wave 44-72% 311
Np 23-32% f
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) 5/2, A(1910) 1/2%, A(1920) 3/2F,
A(1930) 5/2—, A(1950) 7/2t, 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=-1,1=0)

A0 = uds

10P) =03 1)

Mass m = 1115.683 + 0.006 MeV

(mp—mz) / mp=(-01+£11)x1075 (S=16)
Mean life 7 = (2.632 + 0.020) x 107105 (S = 1.6)
(ta — 77) / 7a = —0.001 % 0.009

cr=17.8

9 cm

Magnetic moment p = —0.613 £ 0.004 upy

Electric dipole moment d < 1.5 x 1071¢ ecm, CL = 95%

Decay parameters

pr—
prt

@ FOR A — 7r

pr

a_ = 073240014 (S=23)

oy = —0.758 + 0.012
0= _0.692+0.017
¢_ = (—6.5 =+ 3.5)°
y_ = 0.76 [

A_=(8+4)r M

@/ ayinA— Ar%, A — prt =0.913 £ 0.030

R=1|Gp/Gy|In A= prn=, A= Prt =096+ 0.14

Ad =dp — &y in A= pr, A— prt =37 £ 13 degrees

I17TO

pe e

A DECAY MODES

ag = 0.74 + 0.05
ga/gy = —0.718 £ 0.015 [']

p
Fraction (I'; /T) Confidence level (MeV/c)

pr-
n7r0
ny

(63.9 +£0.5 )%
(35.8 +£0.5 )%
( 1.75+0.15) x 103

101
104
162
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Py (84 £1.4)x1074 101
pe  ve ( 8.32+0.14) x 10~4 163
pu- 7, ( 1.57+0.35) x 1074 131
Lepton (L) and/or Baryon (B) number violating decay modes
ate” LB < 6 x 1077 90% 549
atu~ LB <6 x 1077 90% 544
aet LB < 4 x 107 90% 549
Tt LB < 6 x 1077 90% 544
Kte~ LB < 2 x 1076 90% 449
Ktu~ LB <3 x 1076 90% 441
K-et LB < 2 x 1076 90% 449
K=t LB < 3 x 1076 90% 441
K%v LB < 2 x 1075 90% 447
prt B <9 x 1077 90% 101
A(1405) 1/2~ 1Py =0(3~
Mass m = 1405.1 713 Mev
Full width ' = 50.5 £ 2.0 MeV
Below K N threshold
/A(1405) DECAY MODES Fraction (';/T) p (MeVjc)
I 100 % 155
A(1520) 3/2~ 1Py =0(37)

Mass m = 1518 to 1520 (~ 1519) MeV (/]

Full width T = 15 to 17 (= 16) MeV [Pl
A(1520) DECAY MODES Fraction (I';/T) p (MeV/c)
NK (45 +1 )% 242
X7 (42 +1 )% 268
Arm (10 +1 )% 259
X (09 £01)% 168
Ny ( 0.854+0.15) % 350

A(2350) 9/2F

A(1600) 1/2F, A(1670) 1/2—, A(1690) 3/2—, A(1800) 1/2—, A(1810) 1/2t,
A(1820) 5/2F, A(1830) 5/2—, A(1890) 3/2%, A(2100) 7/2—, A(2110) 5/2,

The A resonances listed above are omitted from this Booklet but not

from the Summary Table in the full Review.
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> BARYONS
(S=-1,1=1)

>t =yus, X0=uds, ¥~ =dds

I+ 10F) =13
Mass m = 1189.37 £+ 0.07 MeV (S =2.2)
Mean life 7 = (0.8018 + 0.0026) x 10710 s
cr = 2.404 cm
(rs+ — 75-) / 75+ = —0.0006 % 0.0012
Magnetic moment p = 2.458 £ 0.010 upy (S = 2.1)
(e + py-) [/ pse = 0.014 £0.015
FNEZt — nlty)/T(Z~ = nl"v;) < 0.043
Decay parameters
pr® ap = —0.982 + 0.014
@y FORZ~ — p7n% =0.99 4+ 0.04
(Dzo + Eo) / ((1’0 — 60) = 0.00 £+ 0.04
" b0 = (36 & 34)°
" 70 = 0.16 7
" D = (187 + 6)° [
nmt ay = 0.068 £ 0.013
" 6y = (167 £20)° (S =1.1)
n ’Y+ - _097 [n]
" Ay = (773*_'1?(3))0 [n]
Py a, = —0.76 £ 0.08
p
x+ DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
pr® (51.57+£0.30) % 189
nat (48.3140.30) % 185
Py ( 1.23£0.05) x 103 225
nrty [o] (45 +05)x10~% 185
Net e (2.0 £05)x107° 71
AS = AQ (SQ) violating modes or
AS =1 weak neutral current (S1) modes
net v, s5Q <5 x 1076 90% 224
nutu, 5Q < 3.0 x 1075 90% 202
pete~ s1 < 7 x 1076 225
put 51 (24 T11yx10-8 121
50 1Py =13

Mass m = 1192.642 + 0.024 MeV

My — mygo = 4.807 £0.035 MeV (S =1.1)

Mmsq — My = 76.959 + 0.023 MeV

Mean life 7 = (7.4 £ 0.7) x 10720 s
cor=222x10"1m

Transition magnetic moment |ux 4| = 1.61 & 0.08
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p
0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Ny 100 % 74
Ay < 3% 90% 74
Nete™ [q] 5x1073 74
I- 1Py =13 %)
Mass m = 1197.449 + 0.030 MeV (S = 1.2)
Mg — myg, =808+ 0.08 MeV (S =1.9)
my_ — my = 81.766 + 0.030 MeV (S = 1.2)
Mean life 7 = (1.479 + 0.011) x 107105 (S = 1.3)
cr = 4.434 cm
Magnetic moment p = —1.160 £ 0.025 ppy (S = 1.7)
X~ charge radius = 0.78 & 0.10 fm
Decay parameters
nm— a_ = —0.068 + 0.008
" ¢_ = (10 + 15)°
" y_ =098 1
" A = (2497 T2ye [n]
ne ve ga/gy = 0.340 £ 0.017 1]
" (0)/f(0) = 0.97 +£ 0.14
" D =10.11 +£0.10
Ne"7e  gy/ga=001+£0101 (S=15)
" gwm/ga =24+ 171
P
X~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
nm~ (99.848:0.005) % 193
nTy [o] (46 +06 )x10~% 193
ne” e ( 1.017+0.034) x 10~3 230
nu~ T, (45 +04 )x10~4 210
Ne™ Ve (573 £027 ) x 107° 79
rtXx < 12 x10~4 90% -
Lepton number (L) violating modes
pe e~ L < 6.7 x 107> 90% 231
x(1385) 3/2+ 1Py =13%)
5(1385) " mass m = 1382.83 + 0.34 MeV (S = 1.9)
(1385)0 mass m = 1383.7 + 1.0 MeV (S = 1.4)
5 (1385)"mass m = 1387.2 £ 0.5 MeV (S = 2.2)
S (1385)Ffull width T = 36.2 £ 0.7 MeV
5(1385)° full width [ = 36 = 5 MeV
>(1385)~full width [ = 39.4 + 2.1 MeV (S = 1.7)
Below K N threshold
p
¥(1385) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
A (87.0 £1.5 )% 208

PRy (1.7 £1.5 )% 129
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Ay (125F313) 9 241

Ity (7.0 £1.7 )x 1073 180

Iy < 24 x 104 90% 173
¥ (1660) 1/27+ 1Py =13%)

Re(pole position) = 1585 + 20 MeV
—2Im(pole position) = 2901'128 MeV
Mass m = 1640 to 1680 (~ 1660) MeV
Full width I = 100 to 300 (~ 200) MeV

X(1660) DECAY MODES Fraction (I';/T) p (Mevjc)
NK 0.05 t0 0.15 (~ 010) 405
A (35 £12 )% 440
I (37 +10 )% 387
Yo (20 +8)% -
A(1405) 7 (4.0 £20)% 199

£(1670) 3/2—, £(1750) 1/2—, X(1775) 5/2—, £(1915) 5/2t,
3(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) =3

Pis not yet measured; + is the quark model prediction.
Mass m = 1314.86 + 0.20 MeV

m=_ — mzy = 6.85 + 0.21 MeV
Mean life 7 = (2.90 + 0.09) x 10710 s
cr =8.7lcm

Magnetic moment p = —1.250 + 0.014 pp
Decay parameters

Ar® a = —0.356 & 0.011

" ¢ = (21 + 12)°

" v =0.85 [

" A= (218t 12y I
Ny a=—0.70+ 0.07
Nete™ a=-08=+02
30y a=—0.69 + 0.06

Ste T g(0)/f(0) =1.22 + 0.05
Ite we £(0)/f(0)=2.0+£09
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p
=0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Ar© (99.52440.012) % 135
Ay (117 £0.07 ) x 103 184

Nete~ (76 406 )x107° 184
30, (3.33 £0.10 ) x 1073 117
Ste v, (252 £0.08 ) x 10~4 120
TtuTo, (233 £0.35 ) x 106 64

AS = AQ (SQ) violating modes or
AS = 2 forbidden (52) modes
S et 5Q < 9 x10~4 90% 112
Ity Q@ < 9 x 10~4 90% 49
pr 52 < 8 x 106 90% 299
pe T, s2 < 13 x 1073 323
pu- 7, 2 < 13 x 1073 309
=- 1Py = 3G
P is not yet measured; + is the quark model prediction.
Mass m = 1321.71 + 0.07 MeV
(mz=— —m=y) / m=_ = (-=3£9)x1075
Mean life 7 = (1.639 + 0.015) x 10710 s
cr =491 cm
(T=— — 7=¢)/7=- =-0.01+0.07
Magnetic moment p = —0.6507 + 0.0025 pupy
(W= + p=4) / |n=—| = +0.01 £ 0.05
Decay parameters
a = —0.401 £ 0.010
[(Z)a—(A) — a(EH)ay(A)] / [sum] = (0 £ 7) x 1074
" ¢ =(-2.1=+08)°
v =0.89 "
A = (175.9 + 1.5)° 7]
ga/gy = —0.25 £ 0.05 [

p
=~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
A~ (99.887+0.035) % 140
Iy (127 £0.23 ) x 104 118
Ne™ T (563 £0.31 ) x 104 190
A= v, (35 35 )x104 163
S0e~ 7, (87 +17 )x107° 123
SOuw, < 8 x 1074 90% 70
Ve~ v < 259 x10~4 90% 7

AS = 2 forbidden (52) modes
nm~ 52 < 19 x 1075 90% 304
ne~ ve 52 < 32 x 1073 90% 327
T $2 < 15 % 90% 314
prT s2 < 4 x 1074 90% 223
pr e Te 52 < 4 x 10~4 90% 305
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prpT T, $2 < 4 x 1074 90% 251
pu 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
=(1530)° full width I = 9.1 + 0.5 MeV
=(1530)~ full width T = 9.9717 MeV
P
=(1530) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
= 100 % 158
=y <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.
(5=-3,1=0)
2~ =sss
Q- 1Py =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)x107°
Mean life 7 = (0.821 + 0.011) x 10710 s
cr = 2.461 cm
(Tg- — 7g+) / To- =0.00 £ 0.05
Magnetic moment y = —2.02 + 0.05 puy
Decay parameters
a(27) a_(A) FOR 2= — AK~ =0.0115 + 0.0015
NK™ a = 0.0157 + 0.0021
AK=, AKT (a + @)/(a —@) = —0.02 £ 0.13
=0, a=0.09+0.14
=7 a = 0.056+0.21
p
2~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
AK™ (67.84+0.7) % 211
=05 (23.6+0.7) % 294
= x0 (8.6+0.4) % 289
= atao (37150 x 1074 189
=(1530)% 7~ <7 x 1075 90% 17
e v, (5.6+28) x103 319
=7y < 46 x 1074 90% 314
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AS = 2 forbidden (52) modes

A~ s2 < 29 x 1076 20% 449
02(2012)~ 1Py = 0(27)
Mass m = 2012.4 + 0.9 MeV
Full width I = 6.4 32 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
=-KO 0.83+0.21 392
00K <0.30 90% 245
07— KO <0.21 90% 230
=—x0KO <0.7 90% 226
ZatK- <0.08 90% 224

2(2250)~ 1JPy = 0(z%)
Mass m = 2252 + 9 MeV
Full width ' = 55 + 18 MeV
A =ude, Tt =uue, £f =udc, £%=ddc,
Zf=usc, 0=dsc, NV =ssc
Ar 1UP) = 0(3H)

Mass m = 2286.46 + 0.14 MeV
Mean life 7 = (201.5 + 2.7) x 1071%s (S = 1.6)
cr = 60.4 um

Decay asymmetry parameters

Art a = —0.84 +0.09

Ttq0 a=-055+011

a FORAf — 307+ = —073£0.18

Aty a = —0.86 + 0.04

a FORAL — pK% =02+05

(a+@)/(a—q) in AT = Azt A7 = Az~ =—0.07 £ 0.31

(o +@)/(a—a)in AL = Netve, A7 — Ae” e = 0.00 + 0.04

Acp(AX)in Ac = AX, Ac = AX = (2+7)%

AAcp = Acp(Af = pKTKT) — Agp(Al = prtr) =
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
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fraction Az' — p?*(892)0 seen in Az' — pK— 7T has been multiplied up
to include K*(892)0 — K970 decays.

Scale factor/ p

A:' DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
Hadronic modes with a p or n: S = —1 final states
pKY (1.59+ 0.08) % s=1.1 873
pK— 7t (6.28+ 0.32) % S=1.4 823
pK*(892)° [l (1.96% 0.27) % 685
A(1232)T T K= ( 1.08+ 0.25) % 710
A(1520) 7t [l (22 +05)% 628
p K~ w1 nonresonant (35 +04)% 823
pKL7O (1974 0.13) % s=1.1 823
K3t ( 1.82+ 0.25) % 821
pKOp (83 + 1.8 )x1073 568
pKYzta— ( 1.60+ 0.12) % S=1.1 754
pK—atz0 ( 446+ 0.30) % S=15 759
pK*(892)~ 7t Il (1.4 +05)% 580
P(K™ 7 nonresonant 7° (46 +£08)% 759
pK=2ntn~ (1.4 + 09 )x1073 671
pK~nt2x0 (1.0 £ 05)% 678
Hadronic modes with a p: S = 0 final states
pr? < 8 x107%  CL=90% 945
pn ( 1.42+ 0. 12) x 1073 856
puw(782)0 (83 + 1.1 )x10~% 751
prt o~ (461 0. 28) x 103 927
p f(980) [l (35 + 23)x1073 614
p2rt2n~ (23 + 1.4 )x103 852
pKt K~ ( 1.06% 0. 06) x10~3 616
po [l (1.06+ 0. 14) x 1073 590
pK*t K~ non-¢ (53 + 12 )x10~4 616
por? (10 +4 )x1075 460
pK* K~ 7% nonresonant < 63 x107%  CL=90% 494
Hadronic modes with a hyperon: S = —1 final states
At ( 1.30+ 0.07) % S=1.1 864
A(1670) 7+, A(1670) — nA (35 + 05)x103 -
At r (71 £ 04)% s=1.1 844
Apt < 6 % CL=95% 636
Ar—2rt (3.64+ 0.29) % S=1.4 807
r(1385)tatr—, ¥t (1.0 £ 05)% 688
Art

¥ (1385)"27t, ¥ — Am— (76 + 1.4 )x 1073 688
Ant g0 (15 + 06 )% 524
>(1385)1 p0, =+t — Axt (5 +4 )x1073 363
Az~ 2t nonresonant < 11 % CL=90% 807
An—n02xt total (23 +£08)% 757
Antn Il (1.84% 0.26) % 691
> (1385)Tq [l (91 + 20)x10-3 570
At w Il (15 +05)% 517
An— 7027t non orw < 8 x 1073 CL=90% 757
AKTKO (57 + 1.1 )x103 5=1.9 443
Z(1690)°K*, =0 . AKO (16 + 05)x1073 286

X0zt ( 129+ 0.07) % s=1.1 825
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S0qty (75 + 0.8 )x1073 635
>tq0 ( 1.25+ 0.10) % 827
>ty (44 +20)x1073 713
>ty (15 +06)% 391
Stota— ( 450+ 0.25) % S=1.3 804
0 < 17 % CL=95% 575
r—ont (1.87+ 0.18) % 799
S0pt 0 (35 +04)% 803
Ttp0n0 ( 1.55+ 0.15) % 806
0= 2nt ( 111+ 0.30) % 763
Stata— g0 — 767
Stw [rl (1.70+ 0.21) % 569
> alogt (21 +£04)% 762
StKTK- (35 + 04 )x1073 S=1.1 349
Ite¢ [l (39 + 06 )x103 S=1.1 295
Z(1690)°K*, =0  ytK-— ( 1.02+ 0.25) x 1073 286
Y+ Kt K~ nonresonant < 8 x1074  CL=90% 349
0K+ (55 + 0.7 )x1073 653
= Ktat (62 + 06 )x1073 S=1.1 565
Z(1530)0K* (43 + 09 )x1073 s=11 473

Hadronic modes with a hyperon: S = 0 final states
AKT (61 + 1.2 )x107% 781
AKTnta~ <5 x1074  CL=90% 637
SOkt (52 + 08 )x10~4 735
SOK+pta— < 26 x1074  CL=90% 574
StKtn— (21 + 06 )x1073 670
>+ K*(892)0 [l (35 + 1.0 )x10~3 470
SKtat < 12 x1073  CL=90% 664
Doubly Cabibbo-suppressed modes
pK*T ™ ( 111+ 0.18) x 10~4 823
Semileptonic modes
Net v, (36 +04)% 871
Apty, (35 +05)% 867
Inclusive modes
et anything ( 3.95+ 0.35) % -
p anything (50 +16 )% -
n anything (50 £16 )% -
A anything 3821 29)% -
Kganything (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 p~ non-resonant c1 < 77 x10~8  CL=90% 937
petu~ LF < 9.9 x1076  cL=90% 947
pe~ut LF < 19 x107%  CL=90% 947
p2et LB < 27 x1076  CL=90% 951
p2ut LB < 94 x1076  CL=90% 937
petut LB < 16 x107%  CL=90% 947
Soutput L < 70 x107%  CL=90% 812

See Particle Listings for 1 decay modes that have been seen / not seen.
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Ac(2595)* 1Py =0(37)

The spin-parity follows from the fact that X.(2455)7 decays, with
little available phase space, are dominant. This assumes that JP =
1/27% for the £.(2455).
Mass m = 2592.25 + 0.28 MeV
m —m,, = 30579 + 0.24 MeV
Full width T = 2.6 & 0.6 MeV
/\szr and its submode ¥ -(2455)7 — the latter just barely — are the only

strong decays allowed to an excited /\2’ having this mass; and the submode
seems to dominate.

Ac(2595)+ DECAY MODES Fraction (I';/T) p (MeV/c)
/\? atn= [s] — 117
X (2455) Tt 7~ 24+7% 3
5. (2455)0 7t 2 £7% 3
Afnt 7~ 3-body 18 £10% 117

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

Ac(2625)* 1Py =0(37)

JP has not been measured; % is the quark-model prediction.

Mass m = 2628.11 + 0.19 MeV (S = 1.1)
m—m,. =341.65+ 013 MeV (S =11)
c

Full width ' < 0.97 MeV, CL = 90%

A?mr and its submode X (2455)7 are the only strong decays allowed to an

excited /\2’ having this mass.

p
Ac(2625)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Arrtre ~67% 184
X (2455) Tt 7~ <5 90% 103
X (2455)0 7t <5 90% 103
Af 7zt 7~ 3-body large 184

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

Ac(2860)* 1Py =0(3%)

Mass m = 2856.1 723 Mev
Full width T = 68722 MeV

Ac(2880)* 1UP) =03

Mass m = 2881.63 + 0.24 MeV
m-—m, = 595.17 4 0.28 MeV
C

Full width I = 5.6+ 08 Mev
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Ac(2940)* 1Py =0(37)

JP = 3/27 is favored, but is not certain

Mass m = 2939.6 " 1-3 MeV
Full width [ = 208 MeV

X(2455) 1Py =13%)

X (2455)T Tmass m = 2453.97 + 0.14 MeV
5(2455)T mass m = 2452.65 7332 MeV
(2455)° mass m = 2453.75 + 0.14 MeV

My (ussy++ — Mys = 167.510 + 0.017 MeV

— +0.16
My (2455)+ — mA? =166.197 555 MeV
myo —m,; =167.290 + 0.017 MeV
2455 c
My oassyr+ — M (2assy0 = 0220 £ 0.013 MeV
— +0.16

My (2a55)+ — M, (24550 = —1-107¢ 05 MeV

o (2455) T Hull width T = 1.897999 Mev (S = 1.1)

—-0.18

X (2455)F full width T = 2.3 £ 0.4 MeV
5(2455)° full width I = 1.83F7313 Mev (S = 1.2)

A'C"n is the only strong decay allowed to a X having this mass.

X (2455) DECAY MODES Fraction (I';/T)

p (MeVjc)

At ~ 100 %

94

X.(2520) 10P) =13h)

JP has not been measured; %"‘ is the quark-model prediction.

T(2520)**mass m = 2518.41 022 MeV (S = 1.1)
(2520 mass m = 2517.4+ 0L Mev
5(2520)° mass m = 2518.48 + 0.20 MeV (S = 1.1)
My (os20)++ ~ My = 231.957 018 Mev (S =1.3)
My (as20)+ ~ Mps = 230.97 31 Mev
My (5200 = Mps = 232.027 018 Mev (S =1.3)
My (2520)++ — My (2520y0 = 0.01 % 0.15 MeV
T(2520)TF full width T = 14.7875:3% Mev
T.(2520)F  full width T = 17.2735 Mev
5(2520)°  full width T = 153702 Mev

At

e is the only strong decay allowed to a X having this mass.

£(2520) DECAY MODES Fraction (';/T)

p (Mev/e)

Nr ~ 100 %

179
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X.(2800) 1JPy = 1(2%)
5:(2800)t* mass m = 28011 ¢ MeV
5(2800)F mass m = 27921 1% Mev
5(2800)° mass m = 2806 +3 MeV (S = 1.3)
_gqgt4
My (2800)++ — mAzL = 5147 ¢ MeV
_ o t+14
My (2800)+ — m/\j = 5057 " MeV
_E19+5 _
My (2800)0 ~ m/\Zr =51977 MeV (S =13)
5(2800) T full width I = 7522 MeV
5(2800)T full width T = 62759 MeV
5¢(2800)° full width I = 7232 MeV
= 1Py =3G7T)
JP has not been measured; 37 s the quark-model prediction.
Mass m = 2467.71 &+ 0.23 MeV (S = 1.3)
Mean life 7 = (453 £ 5) x 10715 5
cr = 135.8 um
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 E'C" — X+7*(892)0 seen in :_;__" — =T K~ 7% has been multiplied
up to include K*(892)0 — KO0 decays.
Scale factor/ p
:‘;_!' DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Cabibbo-favored (S = —2) decays
p2KY (25+1.3) x 1073 766
AKOzt — 852
5 (1385)T KO [l (29+2.0)% 746
AK™ 27t (9 +4 )x1073 787
AK*(892)0 ot <5 x 1073 CL=90% 608
X (1385)T K~ 7t <6 x 1073 CL=90% 678
StK— ot (27£12) % 810
>+ K*(892)0 [l (23+1.1) % 658
SO~ 27t (8 +5 )x10~3 735
0.+ (1.6+0.8) % 876
Z—ort (29+1.3) % 851
=(1530)° 7+ [r] <29 x 1073 CL=90% 749
205+ 70 (6.743.5) % 856
Z0g—og+t (5.0£2.6) % 818
Z0ety, (7 +4 )% 884
N~ Ktat (2.0£1.5) x 1073 399
Cabibbo-suppressed decays
pK—at (62+3.0) x 103 s=15 944
pK*(892)° [l (3.3+1.7) x 1073 828
Stoatro— (L.4+0.8) % 922
Y ont (5.1+3.4) x 1073 918
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STKTK- (4.3425) x 1073 579
rte [r] <32 x 1073 CL=90% 549
Z(1690)° KT, =0 — Xt K- <13 x 1073 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.

=2 10P) =33
JP has not been measured; %"‘ is the quark-model prediction.
Mass m = 2470.44 £ 0.28 MeV (S =1.2)
Mzg = m_. = 2.72 & 0.23 MeV (S=11)
Mean life 7 = (151 9+24)x107 15
cr =455 um
Decay asymmetry parameters
S o a=—0.64 +0.05
aFOREY —» =+7~ =061+ 0.05
o FOR =¥ - AK*(892)° = 0.15 + 0.22
o FOR _:2 — Y TK*(892)" = —0.52 + 0.30
p
E“)__ DECAY MODES Fraction (I';/T) Scale factor (MeV/c)
Cabibbo-favored decays

pK~ K- nt (48 £12 )x 1073 1.1 676
pK~K*(892)° K* - K-zt (20 06 )x1073 413
pK~ K~ 7t (no K*0) (3.0 +£0.9 ) x 103 676

AKS (3.2 £0.7 ) x 1073 906

AK—nt (1.45+0.33) % 1.1 856

AK*(892)° (2.6 £0.7 ) x 1073 77

S0KY (5.4 +£1.6 ) x10~4 864

YtK- (1.8 +0.4 ) x 1073 868

>0K*(892)° (9.8 +£2.3 ) x 1073 658

Tt K*(892)~ (49 +1.4 )x 1073 661

=7 (1.43+£0.32) % 1.1 875

Zoatata- (4.8 +£2.3 )% 816
Z0¢, ¢ - KTK— (51 £1.3 ) x10~4 -
Z0K+ K~ nonresonant (5.6 £1.4 ) x 1074 444

- Kt (42 +1.0 ) x 1073 522

ety (1.04£0.24) % 882

Zuty, (1.0140.25) % 878

Cabibbo-suppressed decays

Ao (55 £1.8 ) x 103 115

=Kt (39 £1.2 ) x 1074 789

AKT K~ (no ¢) (41 +1.4 )x 1074 648

Ao (49 +15 ) x 1074 621

See Particle Listings for 2 decay modes that have been seen / not seen.
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= 1P =3G7T)

JP has not been measured; %+ 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

=¢ 1P =36

JP has not been measured; %+ is the quark-model prediction
Mass m = 2578.7 + 0.5 MeV
M-y — M=y = 108.3 + 0.4 MeV

—c ~c

Zc(2645) 1Py = 3G

JP has not been measured; %* is the quark-model prediction.

=.(2645)T mass m = 2645.10 & 0.30 MeV
Z.(2645) mass m = 2646.16 + 0.25 MeV
M= (oeasyr — Mz0 = 174.67 & 0.09 MeV
M= (2645)0 — m_:? = 178.45 + 0.10 MeV

(S =12)
(S =1.3)

M= (o6asy+ — Mz (26450 = —1.06 £ 027 MeV (S =1.1)
Z-(2645)F full width I = 2.14 £ 0.19 MeV (S = 1.1)
Z,(2645)0 full width I = 2.35 & 0.22 MeV

=.(2790)

0Py =137)

JP has not been measured; % is the quark-model prediction.

Z£(2790) mass = 2791.9 & 0.5 MeV
Z,(2790)° mass = 2793.9 + 0.5 MeV
M= 2790+ ~ Mzo = 213.20 4 0.22 MeV
m= (2790)0 - M = 215.70 + 0.22 MeV

= (2790)+ — m (27900 = —2.0 & 0.7 MeV
_6(2790)+ width = 8.9 & 1.0 MeV
Z.(2790)° width = 10.0 + 1.1 MeV

=.(2815)

1P =3G37)

JP has not been measured; 3~ is the quark-model prediction
Z.(2815)" mass m = 2816.51 & 0.25 MeV
Ec(2815)° mass m = 2819.79 + 0.30 MeV

=.(2815)+ m—+ = 348.80 £+ 0.10 MeV
= (2815)0 T M=0 = = 349.35 £ 0.11 MeV
=, (2815)+ — M= (2815)0 = = —3.27 £ 0.27 MeV

_6(2815)+ full width I = 2.43 + 0.26 MeV
Z.(2815)0 full width I = 2.54 + 0.25 MeV

(S =12)
(S=11)
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Zc(2970) 10P) = 3G
was =.(2980)
Z0(2970)T m =2964.3 + 1.5 MeV (S = 3.9)
Z:(2970)° m = 2967.1 + 1.7 MeV (S = 6.7)
M= (o0t — M=+ = 496.6 £ 1.5 MeV (S = 37)
m_:c(2970)0 — m_:g = 496.7 &+ 1.8 MeV (S = 53)
M= 29700+ — M= (20700 = —28 £ LIMeV (S = 4.8)
Z.(2970)F width T =20.9F2% Mev (S =1.2)
=(3055) 1(JP)y =22
Mass m = 3055.9 + 0.4 MeV
Full width ' = 7.8 + 1.9 MeV
=(3080) 1Py = 3(2%)
=.(3080)T m = 3077.2 + 0.4 MeV
Z.(3080)° m = 3079.9 4+ 1.4 MeV (S = 1.3)
=.(3080)t width I = 3.6 + 1.1 MeV (S = 1.5)
=.(3080)° width ' = 5.6 + 2.2 MeV
20 10y = 03")
JP has not been measured; %* is the quark-model prediction.
Mass m = 2695.2 + 1.7 MeV (S = 1.3)
Mean life 7 = (268 & 26) x 1071% s
cr = 80 um
No absolute branching fractions have been measured. The following are branch-
ing ratios relative to 2 at.
p
ﬂg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Cabibbo-favored (S = —3) decays — relative to 2~ =+
-zt DEFINED AS 1 821
Q atxl 1.80+0.33 797
= pt >1.3 90% 532
- r 2rt 0.31+£0.05 753
N et 24 £1.2 829
Z0KO 1.64+0.29 950
Kk—at 1.2040.18 901
=00, KO 5 K-t 0.68+0.16 764
2(2012)~7t, 2(2012) — 0.12:0.05 -
=0 y—
== KOgt 2.12:40.28 895
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2(2012)~ 7, 2(2012)~ — 0.1240.06 -
= KO
=K 2zt 0.6340.09 830
Z(1530)°K—7t, =0 » =—xt 0214006 757
=Kt 0.34+0.11 653
YtTK-K—rnt <0.32 90% 689
ANKOKO 1.7240.35 837

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

2.(2770)° 1UP) =0(31)

JP has not been measured; %+ is the quark-model prediction.

Mass m = 2765.9 + 2.0 MeV (S = 1.2)
_ +0.8
mﬂc(2770)0 — mn(c) = 70.7_09 MeV

The _QC(2770)0—3’22 mass difference is too small for any strong decay to occur.

.fl‘_.(2710)0 DECAY MODES Fraction (I'; /T) p (MeV/c)
2% presumably 100% 70
2,(3000)° 1Py = 2(2%)

Mass m = 3000.41 + 0.22 MeV
Full width ' = 4.5 4+ 0.7 MeV

2(3050)° 1Py =2(2")

Mass m = 3050.19 + 0.13 MeV
Full width ' < 1.2 MeV, CL = 95%

2,(3065)° 1Py =2(7")

Mass m = 3065.54 + 0.26 MeV
Full width ' = 3.3 + 0.6 MeV (S = 1.5)

2:(3090)° 1UP) =279

Mass m = 3090.1 £+ 0.5 MeV
Full width ' = 8.7 & 1.3 MeV

2:(3120)° 1Py =279

Mass m = 3119.1 + 1.0 MeV
Full width ' < 2.6 MeV, CL = 95%
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DOUBLY CHARMED BARYONS

(C=+2)
=t =uce, =F =dcc, QF =scc
=++ Py = 7(2?
=* 1UP) = 2(2%)

Mass m = 3621.6 + 0.4 MeV
Mean life 7 = (256 + 27) x 1071% s

BOTTOM BARYONS
(B=-1)

N =udb, =9 = usb, =, = dsb, 2, = ssb

A 1UP)y = 0(3%)

I(JP) not yet measured; 0(%*) is the quark model prediction.
Mass m = 5619.60 + 0.17 MeV
my — Mpo = 339.2 + 1.4 MeV
b

"= Mgy = 339.72 £ 0.28 MeV

Mean life 7 = (1.471 + 0.009) x 10712 s

cr = 441.0 um
Acp(Ap — p7m~) = —0.025 £ 0.029 (S = 1.2)
Acp(Ap — pK™) = —0.025 £ 0.022
Acp(Ay = DpK™) =0.12+0.09
AAcp(pK~/77) = 0.014 £ 0.024
Acp(Ap = pKO7m™) =022 + 0.13
AAcp(J/opr~/K™) = (5.7 + 2.7) x 1072
Acp(Ap — AKT77) = —0.53£0.25
Acp(Ap = AKTK™) = —-0.28 +0.12
AA(;P(/\g — pK putpuT) = (—445)x1072
AAcp(A) — pr=rtaT) = (1.1 £2.6) x 1072

m

AACP(Ag — (p7T77T+7r7)LB]\,[) = (4 £4)x 102
AAcp(A) — pag(1260)7) = (—1 + 4) x 1072
AAcp(A) = N(1520)°p(770)%) = (2 £ 5) x 1072
AAcp(A) — A(1232)TH 7~ 77) = (0.1 £ 3.3) x 1072
AAcp(A) — pK—at7r™) = (3.2 £ 1.3) x 1072
AAcp(A) — (PK~ 7t 77 ) ppa) = (3.5 £ 1.6) x 1072
AAcp(AY — N(1520)° K*(892)%) = (5.5 & 2.5) x 1072
AAcp(A) — A(1520)p(770)%) = (1 + 6) x 1072
AAcp(A) — A(1232)TH K= 77) = (4.4 £2.7) x 1072
AAcp(A) — pKi(1410)7) = (5 + 4) x 1072
AAcp(N = pK=KTn™) = (=7 £ 5) x 1072
DAcp(A) — pK=KYK™) = (0.2 £1.9) x 1072
AAcp(AS — A(1520)(1020)) = (4 + 6) x 1072
AACP(Ag — (pKi)hig}mLass 0(1020)) = (_0'7 + 34) X 1072
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AAcp(A) = (DK~ KT K™)ppa) = (2.7 £ 2.4) x 1072

AL p(up) in Ap — Aptp~ = —0.39 £ 0.04
A(A%B(u,u)) in Ay = Aptp~ = —0.05 4 0.09
B(pﬂ') in Ap = A(pm)putpu~ = —0.30 £ 0.05

AéBm Ap = Aptp~ =0.25 4 0.04

The branching fractions B(b-baryon — AL~ yanything) and B(A?7 —

/\'C" o Féanything) 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 — ﬁcanything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p

/lg DECAY MODES Fraction (I'; /T) Confidence level (MeV/c)
J/p(1S)Ax B(b — AD) (58 +08)x1073 1740
pDOn— (63 +06 )x10~4 2370
pDOK— (46 +£0.8 )x 1075 2269
pJ/pm~ (26 733 )x1075 1755
prn=J/w, I/ — ptpu~ (1.6 £0.8 )x 106 -
pJ/p K™ (32 738 )x104 1589
pnc(1S)K— ( 1.061026) x10~4 1670

P (4312)Y K—, P (4312)F — < 25 x 1073 CL=95% -

pnc(1S)

P.(4380)T K—, P. — pJ/Y [t] (27 +£1.4)x107° -
P(4450)Y K=, Pc — pJ/i [t] (13 £0.4)x107° -

Xc1(1P)pK~ (76 T35 )x105 1242
Xc1(1P)pr~ (50 T13)x10-6 1462
Xe2(1P)p K~ (79 18 )x105 1198
Xc2(LP)pr— (48 £1.9 )x107° 1427
pJ/v(1S)nt ™ K~ (66 T13)x105 1410
pY(2S)K~ (66 12 )x105 1063
Xc1(3872)p K~ (32 +1.4 )x1075 837
Xc1(3872) A(1520) (1.9 £0.9 )x 107 721
»(2S) pr— (75 T18)x10-6 1320
pKOm— (13 +£0.4 )x 1075 2693
pKOK— < 35 x10~6 CL=90% 2639
A= (49 +£04)x1073 S=12 2342
/\2r K~ (3.56+0.28) x 10~4 S=1.2 2314
Af D (46 +£06)x1074 1886
AL DY (1.10+0.10) % 1833
Arrtr= (7.6 £1.1 )x 1073 S=1.1 2323

Nc(2595)F 7, Ac(2595)F — (34 +1.4)x1074 2210

/\3'71'7L T
Nc(2625) T 17, AL (2625)F — (33 £13)x1074 2193
/\2’71"" T
o (2455)0 7t n—, 59 (57 +22 ) x10~% 2265

+ —
s
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Tc(2455) o, IH = (32 +15 )x 1074 2265
At
c
A KT K= m ( 1.02+0.11) x 1073 2184
Al ppr™ ( 2.63+0.27) x 1074 1805
. (2455)°pp, £9 = Abw (23 +£05)x 105 -
3.(2520)% pp, £.(2520)° — (31 £07 )x 1075 -
/\? T

AY ¢~ Dganything W] (109 £22 )% -
s (62 T1% )y 2345
Nrtr= 7, (56 £31)% 2335
Ac(2595)F 07, (79 739 )x1073 2212
Ac(2625)t 1~ 7, (13 T3¢ )% 2195
ph~ vl < 23 x 1075 CL=90% 2730
pr— (45 +08 )x107° 2730
pK~ (5.4 +1.0 )x 1076 2709
pDy < 48 x 1074 CL=90% 2364
puT T, (41 £1.0 )x1074 2730
At ( 1.084+0.28) x 1076 2695
prutp (69 £25)x108 2720
pK-ete~ (31 06 )x107 2708
pKptp (26 108 )% 1077 2685
Ny (71 £1.7 )x 1076 2699
An (9 1 )x106 2670
A1 (958) < 31 x 1076 CL=90% 2611
Art o~ (46 £1.9 )x10° 2692
AKT 7~ (56 +1.2 )x1076 2660
AKT K™ ( 1.60+£0.22) x 1075 2605
N (98 £26 )x106 2599
pr - wta~ ( 21040.22) x 1073 2715
pK~K*tn™ (4.0 £06 )x10-6 2612
pK-ntm™ (5.0 £05)x107° 2675
pK~ KT K~ (1.264+0.13) x 1075 2524

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

Np(5912)°

JP

=1
=2

Mass m = 5912.19 + 0.17 MeV
Full width ' < 0.25 MeV, CL = 90%

Np(5920)°

JP

Nw

Mass m = 5920.09 + 0.17 MeV
Full width ' < 0.19 MeV, CL = 90%
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Ap(6070)° JP =1+

N

Quantum numbers based on quark model expectations.

Mass m = 6072.3 4+ 2.9 MeV
Full width T = 72 + 11 MeV

Np(6146)° JP =3+

Nlw

Mass m = 6146.2 £+ 0.4 MeV
mAD(6146)0 — on = 526.55 + 0.34 MeV

Full width T = 2.9 + 1.3 MeV

Ap(6152)° JP =35+

Mass m = 6152.5 4+ 0.4 MeV
Mpp(6152)0 — M0 = 532.89 + 0.28 MeV

mp, (6152)0 — m/lb(6146)0 = 6.34 + 0.32 MeV
FulPwidth T = 2.1 + 0.9 MeV.

Ty 10P) =131)
I, J, P need confirmation.
Mass m(X}) = 5810.56 & 0.25 MeV
Mass m(X ) = 5815.64 + 0.27 MeV
My —my = —5.06 + 0.18 MeV
M(X}) =5.0=%05MeV
M(£,) =5.3=%05 MeV

X}, DECAY MODES Fraction (I';/T) p (MeVjc)
Am dominant 133
I 1Py =1371)
I, J, P need confirmation.

Mass m(Z}") = 5830.32 £ 0.27 MeV

Mass m(Z} ") = 5834.74 + 0.30 MeV

My — My, = —437 4+ 033 MeV (S =1.6)
b b

m)__ber - m}__; =19.73 £ 0.18

5~ My = 19.09 + 0.22

M(Z;") =9.4£05Mev

M(Z}7) =104 £08MeV (S=13)

Mg, — my, =212+ 2.0 MeV

m

b

X} DECAY MODES Fraction (';/T) p (Mev/)

/\gﬂ' dominant 159
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X5(6097)+ JP =77

Mass m = 6095.8 + 1.7 MeV
Full width ' = 31 4+ 6 MeV

X5(6097)~ JP =77

Mass m = 6098.0 + 1.8 MeV
Full width ' = 29 4+ 4 MeV

= 1UPy = 13

=b
I, J, P need confirmation.
m(=,) = 5797.0 £ 0.6 MeV (S = 1.7)
m__ — my =177.46 £ 0.31 MeV (S = 1.3)
~b b
m—_ — m—y =59 =£0.6 MeV
~b ~b
Mean life 7 __ = (1.572 & 0.040) x 107125
~b
=, DECAY MODES Fraction (I';/T") p (MeVfc)
JJWE"xB(b— =}) (1.0219:28) x 105 1782
JJWAK™x B(b— =) (25 +0.4 )x107° 1631
pPK~= K= xB(b— Z}) (3.7 +£0.8 ) x10~8 2731
Ma=xB(b— Z,)/B(b— A) (5.7 £20)x1074 99
X (1385)K— (26 +23 ) x 107 2707
A(1405) K~ (1.9 +1.2 ) x 10~/ 2702
A(1520) K~ (7.6 +3.2 ) x 1077 2673
A(1670) K~ (45 +£2.3 )x 1077 2629
X(1775) K~ (22 +1.5 ) x10~7 2599
X(1915) K~ (26 25 ) x 1077 2553
See Particle Listings for 3 decay modes that have been seen / not seen.
= 10P) = 3(3%)
I, J, P need confirmation.
m(=Z9) = 5791.9 + 0.5 MeV
m— — mAO = 172.5 + 0.4 MeV
~b b
Mean life 7 o = (1.480 + 0.030) x 10712 s
~b
P
Eg DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
pD°K=x B(b — =9) (1.7 +£05 ) x 1076 2374
pKOr~x B(b— =Z9)/B(b — B%) <18 x 106 90% 2783
pKOK=x B(b — =9)/B(b — <11 x 1076 90% 2730
BY)
Artr=x B(b — Z9)/B(b— AY) <171 x 1076 90% 2781
AK= 7t x B(b— Z9)/B(b — <8 x 107 90% 2751

%)
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AKTK=x B(b— =9)/B(b — <3 x10~7 90% 2698
)
ATK=x B(b— Z9) (6 +4 )x1077 2416
pK=mta=x B(b— Z9)/B(b — (1.9 +0.4 ) x 1076 2766
A9
pK= K~ 7t x B(b—» =9)/B(b —  (L71+0.31) x 106 2704
A9)
pK=Kt*K=x B(b— Z9)/B(b—» (1.7 1.0 )x 1077 2620
A9)
See Particle Listings for 2 decay modes that have been seen / not seen.
52(5935)_ JP = %4'
Mass m = 5935.02 + 0.05 MeV
m52(5935), — msg — m_- =3.653 £ 0.019 MeV
Full width ' < 0.08 MeV, CL = 95%
E’b(5935)' DECAY MODES Fraction (I';/T) p (MeVc)
=97~ x B(b — (11.8+1.8) % 31
=1(5935)7)/B(b — =9)
= 0 P _ 3+
=p(5945) JT =5
Mass m = 5952.3 + 0.6 MeV
Full width T = 0.90 + 0.18 MeV
= - P _ 3+
=p(5955) Jm =3
Mass m = 5955.33 £ 0.13 MeV
M=, (s085)~ — M=o — My = 23.96 + 013 MeV
Full width ' = 1.65 + 0.33 MeV
=p(5955)~ DECAY MODES Fraction (I'; /T) p (MeV/c)
Zamx B(b — (20.7+3.5) % 84

=3(5955)7)/B(b —» =9)

=p(6100)~ JP =3
J, P need confirmation.
Mass m = 6100.3 £ 0.6 MeV

mE,,(eloo)* — mEE -2 m . = 24.14 + 0.24 MeV
Full width I < 1.9 MeV, CL = 95%
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=p(6227) JP =77

Mass m = 6227.9 + 0.9 MeV
Full width ' = 19.9 4+ 2.6 MeV

P
Zp(6227)~ DECAY MODES Fraction (I';/T) Scale factor  (MeV/c)
ADK=x B(b — Zp(6227))/B(b — (3.20+0.35) x 1073 336
A%)
2077 x B(b — Zp(6227))/B(b — (2.8 £1.1)% 1.8 398
=9
=p(6227)° JP =77
Mass m = 6226.8 + 1.6 MeV
Full width T = 1973 MeV
E‘,(6221)o DECAY MODES Fraction (I';/T) p (MeV/c)
7t x B(b — (45+0.9) % 398
Zp(6227)0)/B(b — =})
2, 1UP) = 03 %)
I, J, P need confirmation.
Mass m = 6045.2 + 1.2 MeV
mQE — mA% = 426.4 £+ 2.2 MeV
m,- — m__ = 247.3 + 3.2 MeV
‘Qb ~b
Mean life 7 = (1.641’8:%?) x 10712
7(£2,)/7(Z,) mean life ratio = 1.11 + 0.16
P
ﬂb_ DECAY MODES Fraction (I';/T) Confidence level  (MeV/c)
J/p 27 xB(b — 2p) 29132y x 1076 1805
pPK™ K= xB(b — 2p) <23 x 1079 90% 2865
pr 7 xB(b = (%) <15 x 1078 90% 2943
pK=m~ xB(b — 2) <7 x 1079 90% 2915

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

b-baryon ADMIXTURE (A, 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£™ T anything) and B(Ag —

Aé’é‘wanything) 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.”
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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 P

(Ap:=p2p) Fraction (I';/T) Scale factor  (MeVjc)
pp~ Tanything (58t 23)% -
p{vyanything (564 1.2)% -
panything (70 £22 )% -
AL~ Dpanything (3.84 0.6)% -
ALt yyanything (3.2+ 0.8)% -
Aanything (39 £7)% -
=~ (" Dpanything (4.6+ 1.4)x1073 1.2 -

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 |gp, + qp|/e are not independent, and both use
the more precise measurement of |q5/mp|/(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.

[e] There is a lot of disagreement about the value of the proton magnetic
charge radius. See the Listings.

[f] The first limit is for p — anything or "disappearance” modes of a bound
proton. The second entry, a rough range of limits, assumes the dominant
decay modes are among those investigated. For antiprotons the best
limit, inferred from the observation of cosmic ray p's is 75 > 107
yr, the cosmic-ray storage time, but this limit depends on a number of
assumptions. The best direct observation of stored antiprotons gives
T5/B(P — e 7) >7x10%yr.

[g] 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.

[h] 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
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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).

[i] The parameters ga, gy, and gy for semileptonic modes are defined by

Brln(gv + gars) + i(gwm/mg;) ox, q°]Bi, and gay s 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.

[/] Time-reversal invariance requires this to be 0° or 180°.

[k] This coefficient is zero if time invariance is not violated.

[/] This limit is for y energies between 0.4 and 782 keV.

[n] The decay parameters v and A are calculated from « and ¢ using

v = V1-a? cos¢, tanA = 7é 1—a? sing .
See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings in the Full Review of Particle Physics.

[0] See Particle Listings in the Full Review of Particle Physics for the pion
momentum range used in this measurement.

[p] Our estimate. See the Particle Listings for details.
[g] A theoretical value using QED.

[r] This branching fraction includes all the decay modes of the final-state
resonance.

[s] See AALTONEN 11H, Fig. 8, for the calculated ratio of Al 7070 and

AF 7+ 7 partial widths as a function of the A(2595)" — AT mass
difference. At our value of the mass difference, the ratio is about 4.

[t] PZ’ is a pentaquark-charmonium state.
[u] Not a pure measurement. See note at head of /\?7 Decay Modes.
[

v] 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:
< 14x107% ecm= 21571 for1.1x 1074 <8< 1

Supersymmetric Particle Searches

All supersymmetric mass bounds here are model dependent.
The limits assume:

1) )?(1’ 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.

<0 ; : z 70 50
X; — neutralinos (mixtures of 7, Z°, and H})

Mass mo > 0 GeV, CL = 95%

1
[general MSSM, non-universal gaugino masses]
Mass m;(o > 46 GeV, CL = 95%

[all tan/} all mo, all meo — m)wcg]
2

Mass m~0 > 62.4 GeV, CL = 95%
[1<tan/5 <40, all mg, all M~ m;(o]
1

Mass msg > 99.9 GeV, CL = 95%
[1<tan8 <40, all mg, all m_y — m_o]
X2 X1

Mass myo > 116 GeV, CL = 95%
4

[I<tang <40, all mg, all m—y — m_y]
X2 X1

)zi — charginos (mixtures of W= and Flli)
Mass M > 94 GeV, CL = 95%
[tan/} < 40, mNi - myo > 3 GeV, all mg]
Mass mf(i > 1000 GeV CL = 95%

[2€+ET, TchilchilC, m;(o:O GeV]
1

X+ — long-lived chargino
Mass my. > 620 GeV, CL = 95% [stable Y]

v — sneutrino
Mass m > 41 GeV, CL = 95% [model independent]
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tang < 40, Mg, — Mo >10 GeV]
1
Mass m > 3400 GeV, CL = 95%  [R-Parity Violating]
[’VVT — €U, )\312 = )\321 = 0.07, /\/311 = 011]
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€ — scalar electron (selectron)
Mass m > 107 GeV, CL = 95%  [all mz —m_q]

X1
Mass m > 700 GeV, CL = 95%

20+, my = mg and 1=%, i, ~0_0 GeV]

Mass m > 250 GeV, CL = 95%
[(*(F + Er, ér, m 2 =0 GeV]
Mass m > 410 GeV, CL = 95% [R-Parity Violating]
[>4% 0 IR0, X0 — £6Fy
1t — scalar muon (smuon)
Mass m > 700 GeV, CL = 95%
[20+E7p, my. = mg, and (=€, L, mi?:O GeV]
Mass m > 210, CL = 95%
[(X0F + Er, fig, m =0 GeV]
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tang < 40, Miip=M0 > 10 GeV]
1
Mass m > 410 GeV, CL = 95%  [R-Parity Violating]
[>4t, 0 — IR0, X0 —» 26Ty
7 — scalar tau (stau)

Mass m > 81.9 GeV, CL = 95%
[mz, — mso >15 GeV, all 6., B(F — 7x%) = 100%]
Mass m > 90 GeV CL = 95%
[RPV, 7R, indirect, Am >5 GeV]

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%
[lets + B, Tsqkl, 1 non-degenerate g, m Q= =0 GeV]
Mass m > 1.600 x 10% GeV, CL = 95% [R- Parlty Violating]
[@— ax?, X§ = €lv, Ma1 Moo # 0, mg=2400GeV]
q — long-lived squark
Mass m > 1340, CL = 95% [E R-hadrons]
Mass m > 1250, CL = 95% [b R-hadrons]

b — scalar bottom (shottom)
Mass m > 1.270 x 103 GeV, CL = 95%
[b-jets + Ep, Tsbotl, m~0_0 GeV]
Mass m > 307 GeV, CL = 95% [R-Parity Violating]
[b— tdorts, N3, 0r sy coupling]

T — scalar top (stop)
Mass m > 1.310 x 103 GeV, CL = 95%
[jets + Er, Tstopl, m%(l] < 300 GeV]
Mass m > 1100 GeV, CL = 95%  [R-Parity Violating]
[t — be, Tstop2RPV, prompt]
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g — gluino
Mass m > 2.300 x 103 GeV, CL = 95%
[lets + Ep, TglulA, Me < 200 GeV]
1
Mass m > 2.260 x 103 GeV, CL = 95%  [R-Parity Violating]
[>44, Mo # 0, mzo > 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
gi A A "
£ A2 wL')"quva wL
(with g2/47 set equal to 1), then we define A = AJ;. 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.

A (eeee) 8.3 TeV, CL = 95%
10.3 TeV, CL = 95%
8.5 TeV, CL = 95%
9.5 TeV, CL = 95%
7.9 TeV, CL = 95%
7.2 TeV, CL = 95%
9.1 TeV, CL = 95%
Ap,(eeeey 10.3 TeV, CL = 95%
A (eeqq) 24 TeV, CL = 95%

>
N (eeee) >
>
>
>
>
>
>
>
A (eeqq) > 37 TeV, CL = 95%
>
>
>
>
>
>
>
>
>

N (eepp)
N (eepp)
/\'L"L(e erT)
A (eeTT)
Af (eeeo)

N (eeuu) 23.3 TeV, CL = 95%
A, (eeuu) 12.5 TeV, CL = 95%
11.1 TeV, CL = 95%
26.4 TeV, CL = 95%
9.4 TeV, CL = 95%
5.6 TeV, CL = 95%
9.4 TeV, CL = 95%
10.2 TeV, CL = 95%
22.3 TeV, CL = 95%

N (eedd)
A (eedd)
N (eecc)
A (eecc)
Af,(eebb)
A (eebb)
A (niqq)
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A (ppgq) > 40.0 TeV, CL = 95%

A(tviv) > 3.10 TeV, CL = 90%

Nevqq) > 2.81 TeV, CL = 95%

AZLL(qqqq) > 13.1 none 17.4-29.5 TeV, CL = 95%
A (ggqq) > 21.8 TeV, CL = 95%

A (vvqq) > 5.0 TeV, CL = 95%

A (vvqgq) > 54 TeV, CL =95%

Excited Leptons

The limits from £** ¢*~ do not depend on A (where X is the ££*
transition coupling). The A-dependent limits assume chiral coupling.

*+ __ 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*E — excited muon

Mass m > 103.2 GeV, CL = 95%  (from p* pu*)
Mass m > 5.700 x 103 GeV, CL = 95%  (from pp*)

e

7% — excited tau

Mass m > 103.2 GeV, CL = 95%  (from 7*7%)
Mass m > 2.500 x 103 GeV, CL = 95%  (from 77*)
v* — excited neutrino
Mass m > 1.600 x 103 GeV, CL = 95%  (from v*v*)
Mass m > 213 GeV, CL = 95%  (from v*X)
g* — excited quark
Mass m > 338 GeV, CL = 95% (from g*g*)
Mass m > 6700 GeV, CL =95% (from g* X)
Color Sextet and Octet Particles

Color Sextet Quarks (gg)

Mass m > 84 GeV, CL = 95%  (Stable gg)
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)
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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< 38pum,CL=95% (pp— jG)
R < 0.16-916 nm  (astrophysics; limits depend on technique and as-
sumptions)
Constraints on the fundamental gravity scale
Mpp > 9.02 TeV, CL =95% (pp — dijet, angular distribution)
M, > 416 TeV, CL = 95% (pp — (7)
Constraints on the Kaluza-Klein graviton in warped extra dimensions
Mg > 478 TeV,CL =95% (pp — ete, putpu)
Constraints on the Kaluza-Klein gluon in warped extra dimensions

Mg re > 38TeV,CL=95% (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 May 2022 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, CPT, 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 K% — 777~ decays. The non-zero ratio |ny_| =
IM(KY — 7Fn=)/M(KY — ntr~)| = (2.232+£0.011) x 1073 could be
explained as a K9-K©° mixing effect (ns_ = ¢), which would imply an
identical ratio noo = M(K9 — 7970)/M(KS — 707%) in the neutral
decay mode and successfully predicts the observed C P-violating semilep-
tonic asymmetry [['(K? — m~etve) — N(K? — nte ic)]/[sum] =
(3.3440.07) x 1073, A tiny difference between 74 _ and ngo was reported
for the first time in 1988 by the CERN NA31 experiment, and later es-
tablished at the 7.20 level with the full data samples from the NA31,
E731, NA48 and KTeV experiments: Re(e'/e) = % (1= |noo/n+—1) =
(1.66 & 0.23) x 10~3. 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(e’/e) =
(1.4 £0.5) x 1072, 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 CP violation
(see the review on C'P violation in the quark sector). Prominent signals
of direct C'P violation have been also clearly established in several B¥,
Bg 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,
BY — ¢(=X) and CP (By — J/YK?, B_ — J/$KY2) tagging. Com-
paring the rates of the B — By and B° — B4 transitions with their
T-reversed B+ — BY and B+ — B processes, the BABAR experiment
has reported the first direct observation of T' violation in the B system,
with a significance of 140.

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| < 1.1 x 10729, mercury atom, |dpg| < 7.4 X
10730 (95% C.L.), and neutron, |dy| < 1.8 x 10726,
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3 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 |m o —m3zo|/(Mmgo +mzz) < 6% 10712 and

2| o —I'gzo |/ (I'go +1T550) = (848) % 10~ 18, The measured masses and
electric charges of the electron, the proton and their antiparticles provide
also strong limits on CPT violation: 2|mg+ — mg—|/(me+ + m,-) <
8% 1077, |got +q.-|/e <4x 1078 and |gzmp/(gpmp)| —1 = (0.14£6.9) x
10~11. Worth mentioning are also the tight constraints derived from the
lepton and antilepton magnetic moments, 2 (g.+ — go— )(got + go—) =
(=0.5£2.1) x 1071% and 2 (g,+ — g,,- )(g,+ +9,-) = (—0.11£0.12) x
10~8, those of the proton and antiproton, (up + up) /up = (2 +4) x
1079, and the recent 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.

4 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 — preve (Br < 8 x 10727, 68% C.L.).

5 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 1 — (VO 1 — ¢PYPO 7 — (Pt P'~) neutrinoless LFV decays.
Interesting limits on LFV are also obtained in meson decays. The best
bounds come from kaon experiments, e.g., Br(K% — ei;ﬂ:) < 4.7 x
10712 and Br(K+ — 7mtpte™) < 1.3 x 10711,

The LFV decays of the Z boson were probed at LEP at the 10~°
to 106 level. The ATLAS collaboration has recently put the stronger
(95% C.L.) bounds Br(Z — e*uF) < 7.5 x 1077, Br(Z — e*7¥F) <
5.0 x 1076 and Br(Z — p®7F) < 6.5 x 1075, LHC is now starting to
test LFV in Higgs decays. The current (95% C.L.) experimental upper
bounds, Br(H® — e*pu¥) < 6.1 x 1072, Br(H? — e*7F) < 0.22% and
Br(H® — p*7F) < 0.15%, constrain the LFV Yukawa couplings of the
Higgs boson.

6 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
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the KamLAND-Zen experiment with 36Xe. Stringent constraints on vi-
olations of L have been also set in 4~ — eT conversion in muonic atoms,
the best limit being o(u~Ti — etCa)/o(u~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(7— — eTn~7") < 2.0 x 1078,
Br(Kt — 7~ putput) < 4.2 x 1071, Br(Dt — n—ptpt) < 1.4 x 1078
and Br(B~ — 7tu~p7) < 4.0 x 1079 (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 3.6 x 1029 yr. Stronger limits have been set for particular
decay modes, such as 7(p — eT70) > 1.6 x 1034 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 (2.7 x 10® 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,pp) < 1.8 x 107 (95% C.L.), Br(r— —
pupt) < 1.8 x 1078 and Br(Bt — Aet) < 3.2 x 1078,

7 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(Kt — ntrte ™ 0.) < 1.3 x 1078,
and (Rex,Imz) = (—0.00240.006,0.00124-0.0021) where z = M(K°? —
7TV M(K® — = etw).

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, these transitions are
also sensitive to the heavy-quark mass scales and have played a crucial
role identifying the size of the charm (K°-K©° mixing) and top (BB
mixing) masses before the discovery of those quarks. In addition to the
well-established AF = 2 mixings in neutral K and B mesons, there is
now strong evidence for the mixing of the DY 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 27y ab-
sorptive contribution, leaving very little room for new-physics. Another
very clean test of FCNCs is provided by the decay KT — ntvir. The
CERN NAG62 experiment has already observed 20 signal candidates, pro-
viding the first evidence of this decay. This leads to Br(K+ — ntvi) =
(1.14 + 8:%2)) x 10710 in agreement with the predicted SM branching frac-

tion of (7.73 4 0.61) x 10~ !, Even more interesting is the C P-violating
neutral mode Kg — 790, but the current upper bound of 3.0 x 10~ is
still far away from the SM prediction.

The LHC experiments have recently measured Br(B? — putu=) =
(3.01 4 0.35) x 1079, consistent with the SM expectation. At present,
there is a lot of interest on the decays B — K ) ¢+¢~ where sizable
discrepancies between the measured data and the SM predictions have
been reported. In particular, the LHCb experiment has found the ratios
of produced muons versus electrons to be around 3.10 (2.40) below the
SM predictions in Bt — K+¢t¢~ (B — K*¢t4™), suggesting a signifi-
cant violation of lepton universality. The current Belle-II measurements
of these ratios are consistent with the SM and the LHCb results.
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9. Quantum Chromodynamics

Revised August 2021 by J. Huston (Michigan State U.), K. Rabbertz
(KIT) and G. Zanderighi (MPI Munich).

For our world average we combine the determinations from the up-
per six sub-fields shown in Fig. 9.2 as discussed in the main review.
The unweighted average of this combination with the lattice result from
FLAG2019 gives our final result of as(M2) = 0.1179 + 0.0009.
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Figure 9.2: Summary of determinations of aS(M%) from the seven sub-
fields 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%) = 0.1179 + 0.0009.
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10. Electroweak Model and Constraints on New
Physics

Revised April 2022 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 W, 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’.

80.40
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80.38
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80.36
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mmmm  indirect (10)
mmm  all data (90%)

170

Figure 10.5:

171 172 173 174

175 176 177 178

m¢ [GeV]

179 180

One-standard-deviation (39.35%) regions in My as a

function of m; for the direct and indirect data, and the 90% CL region
(Ax? = 4.605) allowed by all data.

Table 10.5: A selection of Z pole observables and their SM predictions.
The first 53 is the combined value from the Tevatron [279], and the
second is from the LHC [280-283]. The values of A, is from App for
hadronic final states [284]. 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
Mz [GeV]  91.1876+0.0021  91.1882+0.0020  —0.3
Tz [GeV]  2.495540.0023  2.4941+0.0009 0.6
Ohaa [0b]  41.481 +0.033 41.482 + 0.008 0.0
Ry 20.784 + 0.034 20.736 + 0.010 14

R, 0.21629 + 0.00066  0.21582 +0.00002 0.7
A0 0.0996 £0.0016  0.1029+0.0002  —2.0
52 0.23148 4+ 0.00033  0.23155 +0.00004  —0.2
0.23129 + 0.00033 -0.8

Ae 0.15138 4 0.00216  0.1468 £0.0003 2.1
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Table 10.8: Values of /s\%, s%v, as, me and My for various data sets.
In the fit to the LHC data, the as constraint is from a combined NNLO
analysis of inclusive electroweak boson production cross-sections at the
LHC [327]. Likewise, for the Tevatron fit we use the a, result from the
inclusive jet cross-section at DO [328].

0.22352(46)  0.1234(29) 178 +11 1957257
5

21
A LMy 4+ Ty +my 023176(27)  0.22465(66)  0.1267(45)  172.8 £0.6 273140
MW,Z + I'w,z +mt 0.23106(12

0.22306(25)  0.1201(42) 1728 £ 0.6 861 gg
low energy + My 7z 0.23174(94

data set 52 s, as(Mz) my [GeV] My [GeV]
all data 0.23122(4)  0.22339(10) 0.1185(16)  173.1 £ 0.6 125
all data except Mgy 0.23109(9)  0.22312(19) 0.1189(17) 1728 £ 0.6 91+ 1%
all data except My 0.23113(6)  0.22335(10)  0.1185(16)  172.8 + 0.6 125
all data except My 0.23125(4)  0.22346(11) 0.1189(17) 172.9 £ 0.6 125
all data except my 0.23115(6)  0.22307(21)  0.1190(17)  176.2 4+ 1.9 125
Mp,z + T,z +me 0.23128(8)  0.22353(16) 0.1218(45) 172.8 £ 0.6 125
LHC 0.23116(10)  0.22340(12) 0.1187(16)  172.6 £ 0.6 125
Tevatron + My 0.23103(14)  0.22294(30)  0.1160(45) 1743 £ 0.8 99 31
LEP 1 4+ LEP 2 0.23137(18 ( 5200
LEP 1 + SLD 0.23116(17)  0.22345(58)  0.1221(27) 169 +10 797100

( (

( (

( (

(

)
)
)
)
SLD + Mz + 'z +me  0.23064(28)  0.22226(54) 0.1191(48)  172.8 + 0.6 367 b
)
)
)

0.2253(35)  0.1172 (18) 157 +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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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 'y are insensitive to U. With the exception
of the fit to all data, we fix s = 0.1185. The black dot indicates the
Standard Model values S =T = 0.
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11. Status of Higgs Boson Physics

Revised November 2021 by M. Carena (FNAL; Chicago U.; Chicago U.,
Kavli Inst.), C. Grojean (DESY, Hamburg; Physik, Humboldt U.), M.
Kado (Rome U. Sapienza; INFN, Rome; U. Paris-Saclay, IJCLab) 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. New landmark
results have been achieved in the direct observation of the couplings of
the Higgs boson to the third generation fermions (the 7% and the b and
top quarks) and sensitivity to the couplings to the second generation is
being reached.

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
o3 T™V(H) = 55.1+3.3pb

e

o(ggH) = 48.6 £ 2.8 pb o(VBF) = 3.78 £ 0.08 pb
q W,z 9 555550 —r— t
. ___H
q \\ H gIM+ z

o(WH,ZH) = 1.374+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 10~' Br(H — WW) = (2.14 + 1.5%) x 10~}
Br(H — 77) = (6.27 + 1.6%) x 1072 Br(H — ZZ) = (2.62 £ 1.5%) x 1072
Br(H — vy) = (2.27£2.1%) x 107 Br(H — Zv) = (1.53 £ 5.8%) x 1073
Br(H — c¢) = (2.89 £ 3.75%) x 1072 Br(H — pfg) = (2.18 £ 1.7%) x 1074

Py

=~

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.
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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, my = 125.25 + 0.17 GeV. The quantum numbers of the Higgs
boson have been probed in greater detail and show an excellent consis-
tency with the JF¢ = 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 and searches for rare and
exotic production and decay modes, including invisible decays.

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).
Results for the rare modes are reported in the column
corresponding to the primary production mode, while
the secondary production modes used in the analyses
are indicated as “Incl.”. Limits on the invisible (“Inv.”)
are set at 95% confidence level, and the expected sen-
sitivities are given in parentheses.

Decay mode ggH VBF VH ttH
a1+0.26 20+0.33 +0.27

v (A) 1.0340.11 1317058 1.3270:33 0.9019-27

77 (C) L09¥0NE  0.77EgES 2357, 1627053
+0.11 +0.50 +1.13 +0.56

40 (A) 094757594 1.257 0741 1.5355 92 17270753
+0.12 +0.46 +0.96 +1.093

4¢ (C) 0.987012 0.57+0-46 1.10%9:96 0.25+1-92

WW* (A) 1.087019 0.6079-3¢ 25709 1.56+0.42
+0.20 +0.65 +.20 +0.48

WW* (C) 1287020 0.6319:% 2.85770, 0.93704%

tr= (A) 1.0275-59 1151637 1201507

7+ (C) 0391535 105155 25005 081G

bb (A) 0.7+£33 0994035 1024018  0.79+0.60

bb (C) 3.7+ 1.6 13412  1.01+£022 1494044

ptp= (A) 1.2+0.6

ptu= (C) 1.24+04

Zv,v*y (A) 2.0+ 1.0, 1.5+ 0.5

Zv,v*y (C) < 3.9 at 95% CL

Tnv. (A) — <13% (13%)  <18% (18%)  <40% (36%)

Inv. (C) <66% (59%) <33% (25%) <40% (42%) <46% (48%)
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12. CKM Quark-Mixing Matrix

Revised March 2022 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and
Y. Sakai (KEK).

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 Vup 1 0 0 C1s 0 55770 Ci5 815 0

Vokm = | Ved Ves Veb | = | 0 coy 523 0o 1 0 —S12 €12 0.
Via Vis Vip 0 =555 Co3 —513516 0 ey 0 01

(12.3)

Here s;; = sinf;;, ¢;; = cosf;;, and J is the phase responsible for all
C P-violating phenomena in flavor-changing processes in the SM. The
angles 0;; can be chosen to lie in the first quadrant, so s;;,¢;; > 0.

Motivated by the Wolfenstein parameterization to exhibit the hierar-
chical structure of the CKM matrix, we define [4-6]

Vus Ve
812:)\:%, 523:14)\2:)\‘ b
VI Vudl? + [Vus |? Vus

AN3(p+in)V1 — A2\E

1) * 3 .
s13e” =V = A\ +1in) = . 12.4
ub o+ ) V1= N2 [1 — A204(p + i7)] (12.4)
These ensure that p + i = —(VuqV,5)/(VeaV};) is phase convention

independent, and the CKM matrix written in terms of A, A, p, and 7 is
unitary to all orders in A\. To O(A*) one can write Vogn as

1-A%2/2 A AN3(p — in)
Vorm = A 1—22%/2 AN2 +00Y).
AN (1 —p—in)  —AN? 1

(12.5)

The unitarity implies ZZ Vij V3, = 0k and Zj Viij*j = ;5. 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 C P
violation, defined by Im[V;; ViV V*] = sz  EikmEjin. The most

commonly used unitarity triangle arises from

Vud Vo +Vea Vi +Via Vi, = 0, (12.6)

by dividing each side by the best-known one, V.qV}; (see Fig. 12.1).

(CR))

(0,0) (1,0)
Figure 12.1: Sketch of the unitarity triangle.
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The magnitudes of the independently measured CKM elements are

0.97373 £ 0.00031  0.2243 £+ 0.0008 0.00382 £ 0.00020
|VCKM | = 0.221 £ 0.004 0.975 £ 0.006 0.0408 £ 0.0014 |,
0.0086 £ 0.0002 0.0415 £ 0.0009 1.014 £ 0.029

and the angles of the unitarity triangle are
: 4.8\° 3.3)°
sin(28) = 0.699 + 0.017, a= (85.2f4‘3) , v = (65.9f3‘5) )

Using those values, one can check the unitarity of the CKM matrix:
[Vaal? + [Vus|? + |[Vap|? = 0.9985 4 0.0007 (1st row), |Veg|? + |Ves|? +
[Vep|? = 1.00140.012 (2nd row), |Vaal? +[Vea|? +|Vial? = 0.9972+4£0.0020
(1st column), and |Vis|? 4 |Ves|? 4 [Vis|? = 1.004 £0.012 (2nd column).

12.4 Global fit in the Standard Model

A global fit with three generation unitarity imposed gives

A = 0.22500 £ 0.00067, A =0.8267001%
7 = 0.159 +0.010, 7j = 0.348 + 0.010. (12.26)

[Voxa| = | 0-22486 2+ 0.00067  0.97349 4 0.00016  0.04182F (00075
+0.00020 +0.00083 +0.000031
0'00857—0‘00018 0'04110—0.00072 0'999118—0.000036

(12.27)

and the Jarlskog invariant, J = (3.08J_r8'&g) x 1073, The parameters in

Eq. (12.3) are

0.97435 + 0.00016  0.22500 £ 0.00067  0.00369 £ 0.000H)

sin 012 = 0.22500 £ 0.00067 , sin 013 = 0.00369 £ 0.00011,

sin B3 = 0.04182700008° §=1.144£0.027.  (12.28)

1.5\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\

excluded area has CL > 0.95
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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 2021 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 MY to represent generically one of the K0, D9,
BO or B? particles, we denote the state of an initially pure |M°) or |[M9)
after an elapsed proper time t as ‘Mghys (t)) or |Mghys (t)), respectively.
Defining * = Am/I" and y = AI'/(2I'), where Am and AI are the
mass and width differences between the two eigenstates of the effective
Hamiltonian, |[Mp) o p|M°) + q|M°) and |My) o< p|MO°) — q|MP),
and I is their average width, one obtains the following time-dependent
rates for decay to a final state f:

Wdr (Mo (8) — £] /dt =

[ A2 { (1+ [Af[?) cosh(yIt) + (1 = |As[?) cos(xIt)
+2Re(Ap) sinh(yI't) — 2Tm(\s)sin(zIt) } ,
1
e~TtN;
((p/@)Af|* { (1 + [Af]?) cosh(yIt) — (1= [Af]?) cos(zT't)
+2Re(Af) sinh(yI't) +2Im(Ay) sin(th)} ,

Al [M, () — f]/dt =

where Ny is a normalization factor and Af = (q/p)(Af/Ay) with Ay
(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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I. CP violation in decay, defined by |27/Af| # 1.

I1. CP violation in mixing, defined by |q¢/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),

2 2 2
where Sy = 2Zm(\s)/ <1+ As] ) Cy= (1 = [As] )/<1+ |As] )
e Indirect CP violation in K — 7 and K — wlv decays, given by
le] = (2.228 £0.011) x 1073
e Direct CP violation in K — 77 decays, given by
Re(€ Je) = (1.65 £ 0.26) x 1073

e Direct CP violation has been established in the difference of asym-
metries for D9 — K+ K~ and D° — 7t 7~ decays

Aacp = (—0.164 £ 0.028) x 10~ 2.

e CP violation in the interference of mixing and decay in the tree-
dominated b — c€s transitions, such as B? — 9 Kg, given by

Syro = +0.699 £ 0.017.

Within the Standard Model, this result can be interpreted with low
theoretical uncertainty as measurement of sin(28), where g is an
angle of the unitarity triangle.

e Direct CP violation in B — K+7~ and B? — K~ 7T decays is
given by

Ao gt p— = —0.0824£0.006, Apo g+ = +0.225+0.012.

e The CP violation parameters in the B — 717~ mode,
Sitn— =—-067£0.03, C 4+, =-031£0.03.

Together with measurements of other B — 7w 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 D and Dyp—  +
represent that the D meson is reconstructed in a CP-even and the
suppressed K~ 1 final state respectively,

Aptp, st = +0.139£0.009, Api_p | g+ = —0.4530.026.

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 October 2021 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;) (i = 1,2,3) (eigenvalues m;)

n
va) = Uil (14.35)
=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) m3 > mg >
my, or “inverted” (IO0) mg > mj > mg. Experiments show that |Ue1| >
|Ue2| > |Ues|. The mixing matrix is given by

U=
c12 €13 $12 €13 s13e” %
—s12co3 —ci2s13523€ 12023 —s12s13 5230 ci3s23 X
812 823 — c12 813 C23 € —c12823 — s12 813 23 €0 ci3Co3
x diag(e e 1) (14.33)

where ¢;; = cos0;j, s;; = sinf;;, § = dcp. The phases 71 and 2 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 |vo(t) > to
be a plane monoenergetic ultra-relativistic wave (namely p ~ E), the
oscillation probability between two flavours « and S is

n
Pag = dap =4 Y _ RUaiU3,Us;Usy]sin? X

i<j

n
+2) " S[Uail3,Us;Uss sin 2X, (14.39)

i<j

where
m2 —m?)L Am2. L/E
Xij = fmi —my)E =1.267 —2 _L/E_ (14.40)
4FE 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(x), is

V = diag (+V2Gp ne(2), 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
vy, and vy, which is arbitrary because v, and v; have only NC that are
equal). If 6 is the mixing angle (in vacuum) and Am? the square mass
difference, the instantaneous mixing angle in matter 6,,(z) is given by

_ Am? sin 20
T Am2cos20 — 2EGpne(z)

tan 20, (z) (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-at BARI VALENCIA
NO
sin? 612/10~ 1 3.1070 15 3.04757% | 3.207570
sin? 03/10~ 1 5.587020 5517050 [ 5.477020
sin® f13/10~2 2.24170058 2.147007 [ 2.16075 007
Scp/° 222755 238732 218758
AmZ, /meV? 73.9750 734717 755770
AmZ, /meV? 2449757 241975 2424750
10 AxZ =62 AxZ =95 | AxZ =117
sin® 012/1071 3.107015 3.037073 | 3.2070%0
sin® 23/10~! 5.6370 %0 5577007 | 5517058
sin® f13/10~2 2.26170007 2187005 [ 2.2207507¢
ocp/° 285755 247728 281757
AmZ, /meV? 73.975°0 734717 755770
Am?Z, /meV?2 —2509733 2478750 | —2500730

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 m2|Ue;|2. First result released

Ve
i=1
by the KATRIN experiment provide m‘f,g < 1.1eV at 90% CL.



14. Neutrino Masses, Mizing, and Oscillations 217

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 T1O/Vz of different isotopes give information

3
on Mee = | E m;UZ|. The sensitivity reached by experiments on
i=1

136Xe and 76Ge, Tf/g > 1.07 x 1026 yr, and Tl% > 1.8 x 1026

yr, give bounds of mee < 61 — 165 meV and mee < 79 — 180 meV
respectively.

Re(z)
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. [184,185].
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15. Quark Model

Revised August 2021 by C. Amsler (Stefan Meyer Inst.), T. DeGrand
(Colorado U., Boulder) and B. Krusche (Basel U.).

Quarks (g) are strongly interacting fermions with spin % and, by
convention, positive parity. Antiquarks (¢) have negative parity. Quarks
have the additive baryon number B = %, 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 Bt S c B T
Q=t. 42ttt 0 (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 —% +% 0 0 0 0
S — strangeness 0 0o -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 41

5
Figure 15.1: SU(4)f 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 + S
— € 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



15. Quark Model 219

charge conjugation,or C, of meson is (—1)**% while its parity is (—1)¢t1.
Mesons made of a quark and its antiquark are G-parity eigenstates with
G = (71)I+Z+s'

Following flavor SU(3), the nine possible ¢’ combinations contain-
ing the light u, d, and s quarks are grouped into an octet and a singlet
of light quark mesons:

3R3=8¢1. (15.2)

A fourth quark such as charm ¢ can be included by extending SU(3) ¢
to SU(4) . However, SU(4)¢ is badly broken owing to the much heavier
¢ quark. Nevertheless, in an SU(4)s 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 (177) mesons are depicted in Fig. 15.1.

Baryons are made of three quarks. The SU(3)s content of baryons
made of u, d, and s is governed by

30393=1086888¢1. (15.31)

The intrinsic spin of the three quarks yields either s = % or s = % 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.

Qi c
b) Y

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)

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 ¢t quark. Meson candidates which cannot be (or
are hard to be) described as ¢g’ pairs have been reported (e.g. with
the non-¢§ quantum number JF¢ = 1-+ ). Given the successes of
the quark model, these are classified as ‘tetraquarks’ (¢qqq), hybrids (qq
pairs with an additional gluon) or ‘glueballs’ (bound states of the gluons).
Candidate baryons for ‘pentaquarks’ (¢gqqq) have also been reported.
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22. Big-Bang Cosmology

Revised August 2021 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:

d: 2
ﬁ 412 (d6? +sin2 0 do?) | . (22.1)

ds? = dt? — R2(t)
Note that we adopt ¢ = 1 throughout. By rescaling the radial coordinate,
we can choose the curvature constant k to take only the discrete values
+1, —1, or 0 corresponding to closed, open, or spatially flat geometries.

22.1.83 The Friedmann equations of motion
The cosmological equations of motion are derived from Einstein’s
equations
Ruv — 59 R = 87GxTpw + Mg (22.6)
It is common to assume that the matter content of the Universe is a
perfect fluid, for which

Tuw = —pguv + (p + p) upuv, (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 equations

L\ 2
R 8w Gn p k A

and

R A 47TGN
== — + 3p), 22.9
R 3 3 (p D) ( )

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“Z: =0, leads to a third useful equation

p=—3H(p+p). (22.10)

Eq. (22.10) 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 4+ w)pR/R and is easily integrated to yield
poc RT30Fw), (22.16)

Curvature domination occurs at rather late times (if a cosmological con-
stant term does not dominate sooner). For w # —1,

R(t) oc ¢2/30+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 o R™4.
Similarly, one can substitute w = 1/3 into Eq. (22.17) to obtain

R(t) x t'/%;  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
p o< R73, and, if k = 0, we obtain

R(t) o t2/3; 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)  eVA/3E, (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

2

7 w2 4T "
p= EB:gB—‘rng:gp STt = N 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

1/2
= (e ) e (22.43
32m3GNN(T)

Put into a more convenient form
t ey = 24IN(T)] 72, (22.44)

where t is measured in seconds and Tyjey in units of MeV.
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Revised August 2021 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 [91-95]. 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 2021 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 armYem (0 9) (29.1)

m

(with the linear polarization pattern written in a similar way using the so-
called spin-2 spherical harmonics). Increasing angular resolution requires
that the expansion goes to higher multipoles. Because there are only
very weak phase correlations seen in the CMB sky and since we notice
no preferred direction, the vast majority of the cosmological information
is contained in the temperature 2-point function, 7.e., the variance as a
function only of angular seg)aration. 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, agg-
Since 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 10719 mec2. A blackbody of the measured temperature has a
number density n, = (2@'(3)/7r2)T:;3 ~ 411cm™3, energy density p, =
(n2/15) T;‘ ~ 4.64 x 10734 gem™3 ~ 0.260eVcm™3, and a fraction of
the critical density Q ~ 5.38 x 1075.

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 interpreted as being mostly the result of perturbations in the
density of the early Universe, manifesting themselves at the epoch of the
last scattering of the CMB photons.
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Revised October 2021 by J.J. Beatty (Ohio State U.), J. Matthews
(Louisiana State U.) and S.P. Wakely (Chicago U.; Chicago U., Kavli
Inst.).

Cosmic ray spectra are expressed in terms of differential intensity I
with units [m~2 s~ tsr~1£71], where the unit for £ is chosen from energy
per nucleon, energy per nucleus, and magnetic rigidity depending on the
application.

Primary Cosmic Rays

The intensity of primary nucleons in the energy range from several
GeV to somewhat beyond 100 TeV is given approximately by

nucleons

In(E) =~ 1.8 x 10*(E/1 GeV) ¢ —————
~(E) (B/1 GeV) m? s sr GeV

(30.2)

where E is the energy-per-nucleon (including rest mass energy) and a =
2.7 is the differential spectral index. About 74% of the primary nucleons
are free protons and about 70% of the rest are bound in helium nuclei. At
higher energies, the all-particle spectrum in terms of energy per nucleus
is used. Above a few times 101° eV the spectrum steepens at the ‘knee’,
again steepens at a ‘second knee’ near 1017 eV, and flattens at the ‘ankle’
near 10185 eV. Above 5 x 10'? eV the spectrum steepens rapidly due to
the onset of inelastic interactions with the cosmic microwave background.

Secondary Cosmic Rays at Sea Level

Cosmic rays at sea level are mostly muons from air showers induced
by primary cosmic rays. The integral intensity of vertical muons above
1 GeV/c at sea level is &~ 70 m~2s~!sr~1. The overall angular distribu-
tion of muons at the ground as a function of zenith angle 6 is o cos? 6.
This results in a muon rate of about 1 cm~2 min~—! for a thin horizontal
detector. In addition to muons, there is a significant component of elec-
trons and positrons with an integral vertical intensity very approximately
30, 6, and 0.2 m~2s~Lsr—! above 10, 100, and 1000 MeV respectively,
with a complicated angular dependence. The integral intensity of verti-
cal protons above 1 GeV/c at sea level is ~ 0.9 m~2sr—1, accompanied
by neutrons at about 1/3 of the proton flux.

Particles in the Atmosphere and Underground

At altitudes h between 1 and 6 km above sea level the vertical flux
of particles with £ > 1 GeV is dominated by muons with a flux of
~ 100 m™2s~tsr~! x (h/km)0-42.

The underground charged particle flux is predominantly muons. For
ice or water at depth d > 1 km the vertical flux is & 2.2 x 1072 m—2s~1!
st x (d/km)~*5. Below depths of ~ 20 km w.e., most remaining
muons are produced by neutrino interactions. The upward-going verti-
cal intensity of muons above 2 GeV is ~ 2 x 1072 m~2s~1sr—1. The
horizontal intensity below 20 km w.e. is about twice the upward-going
vertical intensity.

For details and references see the full Review of Particle Physics.
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Revised October 2021 by V. Shiltsev (FNAL) and F. Zimmermann (CERN).

Collisions of two beams of particles accelerated to high energies 1 2
provide access to center-of-mass energies (c.m.e.) Ecme =~ 2v/E1 F2, that
is twice the beam energy Ecme = 2Ejy, 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 Ey[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 Nb3Sn conductor.

For the cross section of the process of interest, gexp and the instan-
taneous luminosity, £, the event rate is dNeXp/dt = 0oexpL. Today’s
colliders all employ bunched beams tightly focused at the interaction
points to minimal rms transverse beam sizes o7 and . If two of beams
of ny, bunches, each containing N particles collide head-on with frequency
feoll = np fo, a basic expression for the luminosity is

N2 N2
L= feon———F = foynp——F—==———F . (31.15)

* *
47r0950y 477\ / Enzﬁzanyﬂ;

where fo is the revolution frequency (or repetition rate in case of lin-
ear colliders), « 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 B* at
the IP as O’;?y = B yEnzy/7-

Ultimate collider luminosity calls for high beam currents Iy, = Ze fon, N
resulting in growing RF demands to compensate the synchrotron-radiation
(SR) power loss P = I, AEgR in et /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 ete™
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

ToNﬁ;y

~ 2my03 (03 + o)

o,y s (31.16)

where 79 = Z2e?/(4megmc?) is the classical radius of the colliding par-
ticle. Beam-beam limits of £, < 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 2021 by D.E. Groom (LBNL) and S.R. Klein
LBNL; UC Berkeley).

(NSD

This review covers the interactions of photons and electrically charged

Table 34.1: Summary of variables used in this sec-
tion. The kinematic variables 5 and v have their usual
relativistic meanings.

particles in matter, concentrating on energies of interest for high-energy
physics and astrophysics and processes of interest for particle detectors.

Symb. Definition Value or (usual) units
mec? electron mass X ¢? 0.510998 950 00(15) MeV
Te classical electron radius
€2 /4meomec? 2.8179403227(19) fm
o fine structure constant
€2 /4meghe 1/137.035999 139(31)
N4  Avogadro’s number 6.022140857(74)
%1023 mol~1!

p density g cm ™3
z mass per unit area g cm™2
M  incident particle mass MeV/c?
E incident part. energy yMc? MeV
T kinetic energy, (v — 1)Mc? MeV
w energy transfer to an electron MeV

in a single collision
Wax Maximum possible energy transfer MeV

to an electron in a single collision
k bremsstrahlung photon energy MeV
z charge number of incident particle
Z atomic number of absorber
A atomic mass of absorber g mol !
K 47N gr2mec? 0.307075 MeV mol~! cm?

(Coefficient for dE/dx)
I mean excitation energy eV (Nota bene!)

6(B7) density effect correction to ionization energy loss

hwp  plasma energy \/P(Z]A) x 28.816 eV
\/47Ner3 mec? /o pingcm™3

N,  electron density (units of re) ™3

w;  weight fraction of the jth element in a compound or mixt.

n; o number of jth kind of atoms in a compound or mixture

Xo radiation length g cm™?

E. critical energy for electrons MeV

E,c critical energy for muons GeV

Es  scale energy y/4m/a mec? 21.2052 MeV

Rps  Moliére radius g cm—2

34.2.2 Mazximum energy transfer in a single collision

For a particle with mass M,

2o 242
14 2yme/M + (me/M)2

Wmax =

(34.4)



230 34. Passage of Particles Through Matter

—_ L I I I I I I /]
o0 [ . /]
T " /]
2 100 = / =
; F Bethe Radiative ]
— L Andersen- N
43) = Ziegler 8
=} FBe Radiative q
S“O £2 effects Eyce
a 10 ?Em’ Mini reach 1% Radiative E
) F inimum losses ]
% F ionization ‘7//“», ,,,,, -
2 [ Nuclear ‘—: SRR, PR
B Foplosses  + 0 N\U | om0 - Without 5 |
1thou
—a
0001 001 01 1 10 100 1000 10* 10
By
L | | | | | | | | |
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum
Figure 34.1: Mass stopping power (= (—dFE/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,”

dFE
() net
dx A B2

This is the mass stopping power; with the symbol definitions and
values given in Table 34.1, the units are MeV g~ !cm?2. As can be seen
from Fig. 34.2, (—dFE/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/dz) p, where p is the density in g/cm3.

As the particle energy increases, its electric field flattens and extends,
so that the distant-collision contribution to Eq. (34.5) increases as In 3.
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/dx). 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 2777,50252 2Wmax 6 /B
5 1; ;e (27) . (34.5)
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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(A4;Bv,x) is adequately de-
scribed by the highly-skewed Landau (or Landau-Vavilov) distribution
[30] [29]. The most probable energy loss

2 2322
me?p?

Ay =€ |m = >+ B2 - 58| (34.12)

where ¢ = (K/2) (Z/A) 22(x/B?) MeV for a detector with a thickness =
in g cm™2, and j = 0.200 [31].While dE/dx is independent of thickness,
Ap/x scales as aln z+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 e+

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 Xp, usually measured in g cm~2. Xg has
been calculated and tabulated by Y.S. Tsai [42]:

1 N,
5 =102 S 22 (Lo — 1(2)] + 2 La}) (84.25)
For A =1gmol™!, 4ar2Ns/A = (716.408 g cm™2)71. L;aq 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)4ar{(5 — 3y + y*)[Z2(Lraa — £(2)) + Z L/ ]
+30-y)(22+2)}, (34.28)
where y = k/E 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 Xy given in
Eq. (34.25), we have

do A 4 a4 9
@=m(§f§y+y) . (34.29)

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/dz|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 + 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.1lbl.gov/AtomicNuclearProperties.

34.4.5 Energy 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.

0125 T T T T ‘ T T T T ‘ T T T T ‘ T T T T 100
L .
+ 7 30 GeV electron
0.100 — o gos incident on iron 30
I o
r o o o \O g
- i ° +Na =
s 0075 = o eNo 60 o
= L ol o 8=
= + e Energy o 4
=) L .\ o S
S 0.050 T D\ .- 40 :
= r ! Photons . “q 8
r x1/68 N0 E
0025 — *et "o 20 Z
L - Electrons / ®e ®g
C [ s o Bog o
OOOO 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 ? 0
0 5 10 15 20

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]:

(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/dx = a(E) + b(E) E. (34.39)

Here a(FE) 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(E) and b(E)
are constant, the mean range zg of a muon with initial energy FEy is given
by

zo ~ (1/b)In(1 + Eo/Euc), (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
Euc = a(Eue)/b(Eue). 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.=+/f?n?2 -1
~ 1/2(1—1/nB) for small O, e.g. in gases.  (34.41)

The threshold velocity B¢ 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. = —
dEdx he Te MeC2 B2n2(E)
~ 370 sin? 6.(E) eV~ lem™! (z=1), (34.43)
or, equivalently,
d’N _ 2maz? ( 1 ) (34.44)
dedh A2 B82n2()) ‘

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 eV; 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?~yhwp /3, (34.45)

The plasma energy fwwp is defined in Table 34.1.

For styrene and similar materials, fiwp, ~ 20 eV; for air it is 0.7 eV. The
number spectrum dN /d(fw diverges logarithmically at low energies and
decreases rapidly for iw/vyhw, > 1. Inevitable absorption in a practical
detector removes the divergence. About half the energy is emitted in the
range 0.1 < fw/vyhwp < 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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Figure 34.27: X-ray photon energy spectra for a radiator consisting of
200 25 um thick foils of Mylar with 1.5 mm spacing in air (solid lines)
and for a single surface (dashed line).

The number of photons with energy fiw > fuwg is given by the answer
to problem 13.15 in [3],

2 Fiw 2 2
Ny (hw > hwo) = % Kmvmop - 1) + 17;} , (34.47)

within corrections of order (hwo/vhwp)2. The number of photons above
a fixed energy hwo < vhiwyp thus grows as (In+)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)(1/72% + 62 + wg/aﬂ)’l. Most of the
radiation is produced in this distance. Here 6 is the x-ray emission angle,
characteristically 1/7. For 6 = 1/~ the formation length has a maximum
at d(ywp/V2) = y¢//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 2021. 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 November 2021.

Intrinsic Spatial . § . Dead
Detector Type Resolution (rms) Time Resolution Time
Resistive plate chamber 50pm 50-1000 ps* 10 nsf
Liquid argon TPC 0.5-1 mm?¥ 0.01-1 psS —1
Scintillation tracker ~100 pm 100 ps/nll 10 ns
Bubble chamber 10-150 pm 1 ms 50 ms**
Wire chambers .

. 10 nstt 200 nstt

(proportional and drift chambers) 50-100 pm 5-10ns 2-200 ns
Micro-pattern gas detect. 30-40 pm 5-10 nstf 2-200 nstt
Silicon strips/pixels < 10 um$8 few ns¥Y < 50 nstt

*LHC: ~ 2mm gap, ~1ns. HL-LHC: ~ lmm gap, ~350ps. Timing RPC: ~50ps
TLimited by amplifier and discriminator bandwidth, usually around 100MHz
fDetector geometry dependent
SUsing the scintillation signal
9No deadtime for medium
Iln = 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 pum have been achieved
Y9 Resolutions < 100 ps are reached in dedicated pixel developments
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37. Radioactivity and Radiation Protection
Revised August 2021 by S. Roesler (CERN) and M. Silari (CERN).
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 + 18.2 x exp[—(In E,,)2/6]
1 MeV < E,, <50 MeV 5.0 + 17.0 x exp[—(In(2E,))2/6]
Eyp > 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 D r in the organ or tissue caused by different
radiation types R weighted with so-called radiation weighting factors wg:

HT :ZwR X DT,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 wp (ZT wp = 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 cm® of air at standard temperature and
pressure (STP)
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organs and tissues 7" of the body that are considered to be most sensitive
[2], is called “effective dose” E:

E:ZwaHT.
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):
~1min~! em~2 sr~!. For more accurate estimates and details, see the
Cosmic Rays section (Sec. 30 of this Review).
e 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):T

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.

TThe ICRP recommendation [3] is 20 mSv yr71 averaged over 5 years, with the
dose in any one year < 50 mSv.

IMany laboratories in the U.S. and elsewhere set lower limits.
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38. Commonly Used Radioactive Sources

Table 38.1: Radioactive sources

Type of Particle Photon
. . ' Energy Emission Ener, Emission
Nuclide Half-life Decay (Mc\g/;j prob. (Mc\%g] 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
5iMn 0.855 y EC 0.835 100%
Cr K x rays 26%
ggFe 2.747 y EC Mn K x rays:
0.00590 24.4%
0.00649 2.86%
37Co 271.8 d EC 0.014 9%
0.122 86%
0.136 11%
Fe K x rays 58%
59Co 5271y B~ 0.317 99.9% 1.173 99.9%
1.333 99.9%
88Ge 271.0d EC Ga K x rays 42%
— $5Ga
67.8 m B+, 1.899 90% 0.511 Annih
EC 1.077 3%
29Sr 28.8 y 8- 0.546 100%
= 9y 2.67 d B8~ 2.279 100%
1%°Ru 371.5d B 0.039 100%
— 19°Rh
30.1s B~ 3.546 79% 0.512 21%
0.622 10%
19¢d 1.265 y EC 0.063 e~ 42% 0.088 3.7%
0.084 e~ 44%  Ag K x rays 100%
1138n 115.1d EC 0.364 e~ 28% 0.392 65%
0.388 e~ 6% In K x rays 97
87Cs 30.0 y B~ 0.514 94% 0.662 85%
1.176 6%
133Ba 10.55 y EC 0.045 e~ 50% 0.081 33%
0.075 e~ 6% 0.356 62%
Cs K x rays 121%
PEu 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 75%
1.047 e~ 2% 1.770 %
Pb K x rays 78%
2Z8Th 1912y 6a: 5.341 - 8.785 0.239 44%
387:  0.334-2246 0.583 31%
2.614 36%
—22'Ra -5 2°Rn - 2%Po - 22Pb  —212Bi - 2%Po >
361 d 55.8 s 0.148 s 1064h  60.54 m 300 ns
28 Am 432.6 y @ 5.443 13% 0.060 36%
5.486 84% Np L x rays 38%
21TAm/Be 432.6y neutrons ((E) = 4 MeV) and
7’s (4.43 MeV from 9Be(a, n))
28Cm 1811y o 5.763 24% PulLxrays ~ 9%
5.805 76%
232ct 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

239
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“Emission probability” is the probability per decay of a given emis-
sion; because of cascades these may total more than 100%. Only principal
emissions are listed. EC means electron capture, and e~ means mo-
noenergetic internal conversion (Auger) electron. The intensity of 0.511
MeV ete™ annihilation photons depends upon the number of stopped
positrons. Endpoint £ energies are listed. In some cases when energies
are closely spaced, the ~-ray values are approximate weighted averages.
Radiation from short-lived daughter isotopes is included where relevant.

Half-lives, energies, and intensities may be found in www-pub.iaea.org/
books/TAEABooks/7551/Update-of-X-Ray-and-Gamma-Ray-Decay-Data-
Standards-for-Detector-Calibration-and-Other- Applications, IAEA (2007)
or Nuclear Data Sheets www.journals.elsevier.com/nuclear-data-sheets
(2007).

Neutron sources: See e.g. “Neutron Calibration Sources in the Daya
Bay Experiment,” J. Liu et al., Nuclear Instrum. Methods A797, 260
(2005) (arXiv.1504.07911).

g}lCr calibration of neutrino detectors is discussed in e.g. J.N. Ab-
durashitov et al. [SAGE Collaboration], Phys. Rev. C59, 2246 (1999).
The use of giSe and other isotopes has also been proposed.
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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.): z is a random variable.
Continuous:  f(x;0)dz = probability z is between = to x + dz, given
parameter(s) 6;
Discrete: f(z;0) = probability of = given 6.

o Cumulative distribution function:
a
F(a) = / f(z) dx. (39.6)
—o00

Here and below, if z 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:

Elu(x)] = / u(z) f(z) de. (39.7)

oo

e Moments:

n** moment of a random variable: a, = E[z"], (39.82)
nt? central moment: m, = E[(z — a1)™]. (39.8b)
Mean: p = aq (39.9a)
Variance: 02 = V[z] = ma = ag — pu? . (39.9b)

Coefficient of skewness: y1 = mg/o>.
Kurtosis: 72 = my/o* — 3.
Median: F(Zpeq) = 1/2.

e Marginal p.d.f.: Let x,y be two random variables with joint p.d.f.
flz,y).

fi(z) = / f(z,y) dy; fa(y) = / f(z,y) dz. (39.10)
e Conditional p.d.f.:

fa(zly) = f(z,v)/ f2(y); f3(ylz) = f(z,y)/f1(z).

e Bayes’ theorem:

fsyle)fi(z) —  fs(ylz)fi(z)

fa(zly) = ) [ fs(yla) fi(a) dat

(39.11)
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o Correlation coefficient and covariance:

L —/ / zf(z,y) dz dy, (39.12)

pey = E(z — pa)(y — py)l Jow oy = covlz,y]/ow oy,

oz —/ / (z — pz)? f(z,y) dz dy. Note sz <1.

e Independence: z,y are independent if and only if f(z,y) = f1(z)- f2(y);
then pry = 0, E[u(z) v(y)] = Elu(w)] Blo(y)] and Viz-ry] = Vi) +Viy)
e Change of variables: From x = (z1,...,2n) to € = (Y1,...,Yn):

g(y) = f (x(y)) - |J| where |J] is the absolute value of the determinant
of the Jacobian J;; = dx;/dy;. 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 x by (31.7).

o(u) =F [ei“z] = / e f () da . (39.19)
i ﬁ = / 2" f(z)dx = am . (39.20)
du™ u=0 —o0

If the p.d.f:s 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)p2(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 x (e.g., space or time) when the
events occur independently of one another and of z 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 yu and variance o2, replace x by (z — u)/o.
P(z in range p + o) = 0.6827,
P(z in range p £ 0.67450) = 0.5,

El|lz — pl]] = v/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:

Flaip V) = xp [~ @ =TV @ -] V>0,

1
N
(39.27)

V is the n x n covariance matriz; Vi; = El(x; — i) (x5 — p1y)] = pij 04 0,
and V;; = V[z;]; |V] is the determinant of V. For n =2, f(z; pu, V) is

1 —1
f(z1, @25 p1,p2,01,02,p) = —————— X exp{i2
2wo1024/ 1 — p? 2(1 - p?)

2 B + 2

(x1 —p1)? 2p(x1 — p1)(x2 — p2) (w2 — ”2)2] } . (39.28)
o2 0109 g3

The marginal distribution of any z; is a Gaussian with mean p; and
variance V;;. 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; = x; — pu;,
then C is a random variable obeying the x2 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 —
F\2 (C;n), where F,2 is the cumulative x? 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 pu and V are
correct.

39.4.5 x? distribution

If 1,...,zy are independent Gaussian random variables, the sum z =
Z?:l (x5 —ps)?/o? follows the x? 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;), Zzi follows x2 (Z n;). For large n, the x2 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 z (e.g., space or time)
according to a Poisson distribution, the distance in  from an arbitrary
starting point (which may be some particular event) to the kth event
follows a gamma distribution, f(z; A, k). The Poisson parameter p is A
per unit . The special case k = 1 (i.e., f(2; ), 1) = Ae~*?) is called the
exponential distribution. A sum of k¥’ exponential random variables z; is
distributed as f(3_ @i; A, 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 x?(n) distribution.

See the full Review for further discussion and all references.
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Table 39.1: Some common probability density functions, with corresponding characteristic functions and means
and variances. In the Table, I'(k) is the gamma function, equal to (k — 1)! when k is an integer.

Probability density function Characteristic
Distribution f (variable; parameters) function ¢(u) Mean Variance
1/(b—a) a<z<b b ) N
) >4 > ibu_ jiau b—
Uniform f(z;a,b) = . x@% % %
0 otherwise
Binomial FriN,p) = syenyr PTaN " (q+ pe)N Np Npg
r=0,1,2,...,N; 0<p<1l; g=1-p
Poisson f(nv) = %a n=0,1,2...; v>0 exp[v(e’™ — 1)] v v
Normal ) o 1 9 9 9 9
(Gaussian) flzyp,0%) = Vo exp(—(x — p)?/20%) @%?tﬁ\ T0%u?) I o
Multivariate . 1 . 17
Gaussian flxsp, V) = RN exp Tt Cu— Su <~L u Vik
xexp [~ 5 (@ — )TV (@~ )]
—00 < x5 < 005 —oo < pj < oo0; [V >0
n/2—1_—z/2 . —
X2 ZNZ)LH%w z>0 (1 — 2iu) n/2 n 2n
—(n+1)/2 0 n/(n—2)
M
Student’s ¢ flt;n) = A= Lilnt1)/2] AH+ v —
(tn) vam - I(n/2) forn>1 forn>2
—o0 < t < o0 n not required to be integer
F=T k=X
Gamma flz N k) = % 0<z<00; (1 —du/N)~"F k/X k/)2

k not required to be integer
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Revised November 2021 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

n
~ 1
p=— Z z; (40.5)

= - (40.6)

are unbiased estimators of y and 2. The variance of ﬁ is 02 /n and the

variance of o/'\2 is
-~ 1 -3
v {02} == (m4 - "—04) , (40.7)
n n—1

where my is the 4*" central moment of = (see Eq. (39.8)). For Gaussian
distributed z;, this becomes 264/(n — 1) for any n > 2, and for large n
the standard deviation of & is o/+/2n.

If the z; have different, known variances a?, then the weighted average

n
~ 1
p=— Zwixi , (40.8)
i=1

where w; = l/cr%.2 and w = ZZ wj, is an unbiased estimator for p with a
smaller variance than an unweighted average. The standard deviation of

nis 1/ y/w.

40.2.2 The method of maximum likelihood

Suppose we have a set of measured quantities  and the likelihood
L(6) = P(z|0) for a set of parameters 8 = (01,...,0x). The mazimum
likelihood (ML) estimators for 6 can be found by solving the likelihood

equations,

dln L
" _0o, i=1,...,N. (40.9)
0

In the large sample limit, s times the standard deviations o; of the
ML estimators can be obtained from the distances in 6; to the planes
tangent to the surface defined by

InL(8) = In Lipax — s2/2 . (40.13)
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40.2.3 The method of least squares
For Gaussian distributed measurements y; with mean u(z;;0) and
known variance 022, the log-likelihood function contains the sum of squares

N
. .. 2
x2(8) = —2In L(0) + constant = Z w .

[ogn
i=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

X2 (0) = (y — n(0)"V "y — p(9)), (40.20)

40.3 Statistical tests

40.3.1 Hypothesis tests

A frequentist test of a hypothesis (often called the null hypothesis, Ho)
is a rule that states for which data values & the hypothesis is rejected.
A critical region w is specified such that there is no more than a given
probability «, called the size or significance level of the test, to find « €
w. If the data are discrete, it may not be possible to find a critical region
with exact probability content «, and thus we require P(x € w|Hp) < a.
If the data are observed in the critical region, Ho is rejected.

The critical region is not unique, and generally defined relative to
some alternative hypothesis (or set of alternatives) Hy. To maximize the
power of the test of Hy 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

M) = L@H) (40.44)

Jf(z[Ho)

is greater than or equal to a given constant co, and everywhere outside
the critical region one has A(z) < cq, where the value of ¢, is determined
by the size of the test . Here Hp and H; must be simple hypotheses,
i.e., they should not contain undetermined parameters.

40.3.2 Tests of significance (goodness-of-fit)

Often one wants to quantify the level of agreement between the data
and a hypothesis without explicit reference to alternative hypotheses.
This can be done by defining a statistic ¢ whose value reflects in some way
the level of agreement between the data and the hypothesis. For example,
if ¢ is defined such that large values correspond to poor agreement with
the hypothesis, then the p-value would be

p= / f(tHo) dt (40.45)
tobs

where top,s is the value of the statistic obtained in the actual experiment.

40.3.2.3 Goodness-of-fit with the method of least squares
For Poisson measurements n; with variances 0'1.2 = pi, the x? (40.19)
becomes Pearson’s x2 statistic,

N
2 (ni — pg)?
=y 40.54)
— 1223 (
1=
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Assuming the goodness-of-fit statistic follows a x2 p.d.f., the p-value
for the hypothesis is then

p=/ f(z;nq) dz (40.55)
X2

where f(z;nq) is the x? p.d.f. and nq is the appropriate number of de-
grees 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.

ES N

n=
0.100
0.050
| L A VI W I WA
2 345 7 10 20 30 4050 70 100
2

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).

/

0.020

p-value for test
o for confidence intervals

0.010
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0.001.
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2.0 [— —
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0.0 LA HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH

0 10 20 30 40 50
Degrees of freedom n

Figure 40.2: The ‘reduced’ x?, equal to x2/n, for n degrees of freedom.
The curves show as a function of n the x?/n that corresponds to a given
p-value.

40.3.3 Bayes factors

In Bayesian statistics, one could reject a hypothesis H if its posterior
probability P(H|z) is sufficiently small. The full prior probability for
two models (hypotheses) H; and H; can be written in the form

n(H;, 0;) = P(H;)m(0;|H;) . (40.56)
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The Bayes factor is defined as

[ P(|6;, H;)x(6;|H;) d6;
[ P(x|6;, H;)m(0,|H;)d6;

i (40.59)

This gives what the ratio of posterior probabilities for models i and j
would be if the overall prior probabilities for the two models were equal.

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 . (40.61)

010

40.4.2 Frequentist confidence intervals
40.4.2.1 The Neyman construction for confidence intervals

Given a p.d.f. f(x;6), we can find using a pre-defined rule and proba-
bility 1 — « for every value of 6, a set of values z1(0, ) and x2(0, ) such
that

2
P(x1 <x<x2;9):/ flz;0)de >1—a. (40.68)
z1

40.4.2.2 Gaussian distributed measurements

When the data consists of a single random variable = that follows a
Gaussian distribution with known o, the probability that the measured
value z will fall within 46 of the true value u is

pu+o
l—a= ! / 67(””7”)2/202 dx
w

-8

= erf (\/;) =20 (g) -1, (40.71)

Fig. 40.4 shows a § = 1.640 confidence interval unshaded. Values of «
for other frequently used choices of § are given in Table 40.1.

Table 40.1: Area of the tails a outside +§ from the
mean of a Gaussian distribution.

o 4 o 0
0.3173 1o 0.2 1.28¢
4.55 x10~2 20 0.1 1.640
2.7 x1073 30 0.05 1.960
6.3x10° 4o 0.01 2.580
5.7x10~7 50 0.001 3.290
2.0x107Y 60 10— 3.890

We can set a one-sided (upper or lower) limit by excluding above xz +§
(or below = — §). The values of a for such limits are half the values in
Table 40.1. Values of Ax? or 2A1In 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; 1,0)

o/2 o/2

-3 -2 -1 0 3

(x—)/o

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 40.2: 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—a) (%) 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
o = EFX; (a10;2n) , (40.77a)

1
fup = §Fx21(1 — aup; 2(n + 1)) , (40.77b)

For the case of binomially distributed n successes out of N trials with
probability of success p, the upper and lower limits on p are found to be

nF}:l[alo;Qn,2(N7n+1)]
N-n+1+ nFEl[alo;Zn,Z(anJrl)] ’
(n+1)Fp'[1 — aup; 2(n+1),2(N — n)]

PPN )+ (4 DF (1 — aupi2(n+ 1),2(N — )] (40.78b)

Plo = (40.78a)

Here Fp !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 [33]. Properties of these intervals are
described further in the Review. Table 40.4 gives the unified confidence
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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%
Mlo Hup Hlo Hup
— 2.30 - 3.00

0.105 3.89  0.051 4.74
0.532 5.32  0.355 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

S©0o-ou s wN = o3

intervals [p1, p2] 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, p2] 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__ p2 B2
0 0.00 2.44  0.00 3.09
1 0.11 4.36  0.05 5.14
2 0.53 591 0.36 6.72
3 1.10 7.42 0.82 8.25
4 1.47 8.60 1.37 9.76
5 1.84 999 1.84 11.26
6 2.21 11.47 2.21 12.75
7 3.56 12,563 2.58 13.81
8 396 1399 294 15.29
9 436 1530 4.36 16.77
10 5.50 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 2021 by F. Krauss (Durham U.), S. Navas (Granada U.),
P. Richardson (Durham U.) and T. Sjostrand (Lund 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 neng ng ngy Ngz N -

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.

QUARKS SPECIAL T 2000015
—_— PARTICLES <
d 1 P T — g 1000021
G (graviton) 39 =
: i RO a1 X9 1000022
c ~0
¢ 4 LQ 42 32 1000023
b 5 DM (S:Ol) 51 Xy 1000024
t 6 DM {(5=2) 52 X9 1000025
I 7 DM (S=1) 53 ~g
¢ s reggeon 110 Xy 1000035
pomeron 990 '{;r 1000037
LEPTONS odderon 9990 Vel
— 1 for MC internal use @ 1000039
e -
81-100, 901-930, —
Ve 12 998-999, DIQUARKS
w 13 1901-1930, (dd)1 1103
vy 14 2901-2930, and (ud)g 2101
T 15 3901-3930 (ud)1 2103
vr 16 = (uu)q 2203
7' 17 SUSY (sd)o 3101
PARTICLES d
v 18 1 1000001 (sd)1 3103
- L 000 (su)o 3201
GAUGE AND wy 1000002 (su)1 3203
HIGGS ~ .
P 1 s8)1 3303
__ BOSONS S rooo0s )
g (9) 21 °r 1000004 LIGHT I =1
v 22 by 1000005 ~_ _MESONS
z° 23 ?1 1000006 w0 111
wr 24 e 1000011 i 211
n0/H? 25 L a(980)° 9000111
Z//Z% 32 Vel 1000012 a0 (980)T 9000211
z"/z3 33 Wy 1000013 a0(1450)° 10111
W’/W% 34 T 1000014 a(1450)F 10211
HO/H 35 b 1000015 p(770)° 113
A%/ HY 36 1 p(770)F 213
HT 37 VoL 1000016 b1(1235)° 10113
HT+ 38 dp 2000001 51(1235)j; 10213
0 /10 ~
a®/HY 40 o 2000002 a2(1320) 115
~ az(1320)1 215
SR 2000003 £5(1690)0 7
°p 2000004 p3(1690) 1 217
by 2000005 0,4(2040)?r 119
%, 2000006 a4(2040) 219
s 2000011

,u,}; 2000013
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LIGHT I =0

MESONS

(uw, dd, ss
admixtures)

n 221
n'(958) 331
fo(500) 9000221
fo(980) 9010221

w(782) 223
#(1020) 333
£1(1285) 20223
f2(1270) 225
fé(1525) 335
w3 (1670) 227
¢3(1850) 337
f4(2050) 229
STRANGE

__ MESONS
K9 130
KB 310
Kg 311
Kt 321

Kg(1430)0 10311
K;(1430)T 10321
K*(892)° 313
K*(892)1 323
K1(1270)° 10313
K1(1270)T 10323
K*(1680)° 30313
K*(1680)T 30323
K3 (1430)° 315
K3 (1430)T 325
K2(1770)° 10315
Ko (1770)T 10325

K; (1780)0 317
K3 (1780)T 327
K} (2045)° 319
K} (2045)T 329
" CHARMED
_ MESONS

Dt 411

DO 421

Dy (24000t 10411
D§(2400)° 10421
D*(2010)1 413
D*(2007)° 423
D1 (2420)T 10413
D1(2420)° 10423

Dy(H)T 20413
D1(2430)° 20423
D3 (2460) " 415
D3 (2460)° 425

Df 431
D30(2317)T 10431

Dit 433

s
Ds1(2536)T 10433
Dg1(2460)T 20433
DX,(2573)T 435

BOTTOM STRANGE

MESONS BARYONS
B 511 A 3122
Bt 521 =+ 3222
By 10511 50 3212
B;+ 10521 pohe 3112
B0 513 >t 3224
B*t 523 z*0 3214

By (L)° 10513 o*— 3114
By(L)* 10523 0 3322
By (H)° 20513 =- 3312
By(H)*t 20523 =*0 3324
B3° 515 == 3314
B3t 525 o= 3334

Bg 531 =
B*0 533 CHARMED

%0 BARYONS
Bsf o 4122
B 541
Bt 543 4222
o o

__cc MESONS 4224
"lc(ls) 441 4214
Xco(1P) 10441 4114
nc(25) 100441 4232
J/$(18S) 443 4132
he(1P) 10443 4322
Xe1(1P) 20443 4312
P(2S) 100443 4324
% (3770) 30443 4314
Xc2(1P) 445 4339
—_— 4334
___bb MESONS 4422
np(1S) 551
Xbo (1P) 10551 BOTTOM
Xv0 (2P) 110551 BARYONS
r(1S) 553 5122
hy (1P) 10553 5112
Xp1(1P) 20553 5212
Y1 (1D) 30553 5222
r(29) 100553 5114
hy(2P) 110553 5214
Xp1(2P) 120553 224
r(3S) 200553 o132
r(4S) 300553 .
7(10860) 9000553
T(11020) 9010553 5312
Xp2(1P) 555 5322
T2(1D) 20555 5314
Xp2(2P) 100555 5324
_— 5332
LIGHT 5334

BARYONS

p 2212 PENTA-

" 2112 __ QUARKS
Att 2224 ot 100221132
At 2214 ST 100331122
A9 2114
AT 1114
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Clebsch-Gordan Coefficients

46. Clebsch-Gordan Coefficients, Spherical
Harmonics, and d Functions
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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: ic = 197.3 MeV fm, (fic)? = 0.3894 (GeV)? 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 B are given by

(5)-Cit ) G) - oo

where vy = (1 75%)—1/2 and p,. (p) are the components of p perpendic-
ular (parallel) to ,Hf. 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 p1 -p2 = E1 E2 —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
Eem = [(El + E2)* — (py +P2)2} )

= [m? +m3 + 2B Ba(1 — B1 B2 cos0)]/*
(49.2)

where 6 is the angle between the particles. In the frame where one
particle (of mass mg2) is at rest (lab frame),

Eem = (mf +m3 + 2B1 10 m2)"/? . (49.3)

The velocity of the center-of-mass in the lab frame is
Bem = Plab/ (E11ab +m2) , (49.4)

where pj,;, = P14 and
Yom = (E11ab +m2)/Eom - (49.5)
The c.m. momenta of particles 1 and 2 are of magnitude
m2

Pem = plabETn . (49.6)

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

Ecm dEcm = ma dE1 121, = 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.#. As an example, the S-matrix for
2 — 2 scattering is related to .#Z by
(P1Ph |S — 1] pip2) = i(2m)* 5% (p1 + p2 — P} — Pb)-# (1, p2; Py, P) -
(49.8)
The state normalization is such that

®'Ip) = (27)*2E, 8*(p' — p) , (49.9)
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with Ep = /p? + m2.
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
(2m)*
2M
where d®,, is an element of n-body phase space given by

ar = |%|2 d®, (P; p1y -+, Pn), (49.11)

d®n(P; p1, ..., pn) = 6* (P — Zpl H (27r 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®;(q; p1, -, pj)
X d®n_ji1 (P; q, pjt1, -5 pn)(2m)3dg® (49.13)
) ) 2
2 _ J 2 J
where ¢ = (Zizl E;)* — |Zi:1 P;
useful in the case where a particle decays into another particle that sub-
sequently decays.

This form is particularly

49.4.1 Swurvival 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(zg) = e~ M=o I/lpl (49.15)
49.4.2 Two-body decays

p,my
P.M

Py, My
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? — m% + m%

By = o , (49.16)
1
[Pl = Ips| = 537 V/AQLZ i m) | (19.17)
and
dr = —— | ! |p1| a (49.18)

where \(a, 8,7) = a? + (2 +'y —2aB— 2047— 23~ is the Kallén 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.



49. Kinematics 257

49.4.3 Three-body decays
/\//pl, "
P, M \-A\ p27 m2

Pg, mg
Figure 49.2: Definitions of variables for three-body decays.

Defining p;; = p; + p; and m?j = p?j, then m2, + m2, + m?; =
M2 +m2 4+ m3 +m2 and m2, = (P — p3)? = M2 + m2 — 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 («, 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, 8) while a third angle, 7, can be set as the
azimuthal angle of a second particle around the first [1]. Then

11
ar = @y 1601 || dE1 dE3 do d(cos B) dry . (49.19)
Alternatively
1 1
ar = @ 61 |.#)% |p}| P3| dmaz dQF dQs (49.20)

where (|p7], ©F) is the momentum of particle 1 in the rest frame of 1
and 2, and 23 is the angle of particle 3 in the rest frame of the decaying
particle. |p}| and |p3| are given by

1
[p| = s——+/A(m3y, m}, m3) , (49.21a)

2mi2

and

1
lpsl = 507 A(M?,m2,,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

11
dr = P 80 |.#|2 dE1 dE3
1 1T —
= @ e | 4|2 dm?, dm2, . (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%S is determined by its values
when p, is parallel or antiparallel to ps:

2
M3 max = (B3 + EX)?— (V/E2 —m2 — \/E:2 —m2) , (49.23a
23 2 3 2 2 3 3

2
(m33)min = (E3 + E3)%— (\/E;2 —m2+\/E32 - m§> . (49.23b)
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Here E5 = (m2, — m? + m2)/2m12 and E} = (M2 —m?2, — m2)/2m12
are the energies of particles 2 and 3 in the mj2 rest frame. The scatter

plot in m%z and m§3 is called a Dalitz plot. If |.#|? 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 |///|2 For example, in the case of D — Krm, bands appear when
M(Kx) = Mi+(892), reflecting the appearance of the decay chain D —
K*(892)w — Knr.

10

111}1111}1111}1111}111

0 1 2 3 4 5
m3y (GeV?)
Figure 49.3: Dalitz plot for a three-body final state. In this example,
the state is 77 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 mia = m1 + ma, i.e., particles 1 and 2
have the same vector velocity in the rest frame of the decaying particle.
If, in addition, m3 > mj,ms2, then nglmax > |p1‘maxy ‘pz‘max- The
distribution of mi2 values possesses an end-point or maximum value at
mi2 = M — ms3. 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 psjx... = pi +pj + g + ..., then

Myjk... = M1 (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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| STRUST p3 mg

m
Py, My Pri9 Myig
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

om)4 | |?
do — (2m)* ||
44/ (p1 - p2)? — m3m2
X d®n(p1 +p2; P3, ..., Pnt2) - (49.27)

[See Eq. (49.12).] In the rest frame of ma(lab),

2

(p1 - p2)? — m2m2 = map1 1ab ; (49.28a)

while in the center-of-mass frame

\/m = plemV's - (49.28b)

49.5.1 Two-body reactions

by, 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 ps and masses mi and mso scatter to
particles of momenta p3 and ps and masses m3 and my; the Lorentz-
invariant Mandelstam variables are defined by

s=(p1+p2)® = (p3 +pa)®

=m? +2E1F> — 2p, - py +m3 (49.29)

t=(p1 —p3)® = (p2 — pa)?
=mi — 2E1F5 + 2p, - p3 +m3 , (49.30)

u=(p1 —pa)® = (p2 — p3)°
=m? — 2E1E4 + 2p; - py +m2 (49.31)

and they satisfy

s+t+u=m34+m3+m3+m?. (49.32)

The two-body cross section may be written as
do_ 1 v e (49.33)

dt B 64ms ‘plcm|2
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In the center-of-mass frame
t= (Elcm - EScm)2 - (plcm - p3cm)2 —4p1cm P3em Sin2(0cm/2)
=t0 — 4P1icm P3cm sin? (ecm/2) s
(49.34)
where Ocm is the angle between particle 1 and 3. The limiting values
to (Becm = 0) and ¢1 (6em = 7) for 2 — 2 scattering are

2 2 2 2
ml—m3—m2+m4

2./s
In the literature the notation ¢min (tmax) for to (¢1) is sometimes used,

which should be discouraged since to > t1. The center-of-mass energies
and momenta of the incoming particles are

to(t1) = — (P1om FP3em)? - (49.35)

2 2
s+ my; —m3

2Vs

For FE3cm and E4cm, change mi to ms and ma to my4. Then
R 2 2 _ P1lab M2
piem = /B2, —m? and prem = R (49.37)

Here the subscript lab refers to the frame where particle 2 is at rest. [For
other relations see Egs. (49.2)—(49.4).]

Elcm = = E2cm = 5 (4936)

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 =mgjcoshy, pz, py , p- = mysinhy , (49.38)
where m.., conventionally called the ‘transverse mass’, is given by
m2 =m®+p} +p . (49.39)
and the rapidity y is defined by

1 <E+Pz)
y=—In
2 Efpz

E
—In (JF]DZ) = tanh~! (&) . (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 S,
y — y—tanh~! 3. 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 _ d*o — d%c

d®p  d¢dyprdpy mdyd(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

Pz E+p.
T = =~ < . 49.42
Pz max (E +pz)max (pT ‘pZD ( )

In the c.m. frame,

2pz cm 2mT sinh Yem
~ = 49.43
Vs Vs ( )
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and
= (ycm)max = ln(\/g/m) . (4944)

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? =m7 +mj + 2[Er(1)Er(2) cosh Ay — pr(1) - pr(2)] ,  (49.45)

Er(i) = \/Ipr(i)]? +m7 (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

1l cos?(0/2) +m2/4p® + ...
=—In
Y=3 sin?(0/2) +m2/4p2 + ...

~ —In tan(0/2) =n (49.47)

where cos = 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

EPs = -3 "pr(i) (49.49)
i

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 Mp defined by

M3 = [Er(1) + Er(2)]* = [pr(1) + pr(2)]°
=mi +m3 +2[Er()Er(2) —pr(1) -pr(2)],  (49.50)
where
pr(l) = EF™ . (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 M values possesses an end-point at M?* = M. If m; =mg =0
then

M2 = 2|pr()llpr(2)](1 - cos é12) | (49.52)

where ¢;; is defined as the angle between particles ¢ and j in the trans-
verse plane.
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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 m1 together with an additional visible particle. M
and mj can be constrained with the variables My and Mo which are
defined in Refs. [4] and [5]. !

pl)ml pﬁ)ml

M M

()
N
p21 m, p4 5 m4
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.

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™, vy, qq, 9q , 99, etc., where g and q 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).
2
o(E) = 2J+1 4m I</4

(251 +1)(2S2+ 1) k2 | (E— Ep)2 +1I2/4
where F is the c.m. energy, J is the spin of the resonance, and the
number of polarization states of the two incident particles are 251 + 1
and 2S2 + 1. The c.m. momentum in the initial state is k, Ep 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 Boqyz¢.

For a narrow resonance, the factor in square brackets may be replaced
by nI'6(E — Ep)/2.

BinBout, (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™ — 4* — ff, at c.m. energy squared s is
do a?
=~ = N.—pB[1 +cos?0 + (1 — B?)sin?0]Q32 , 51.2
o = Nl (-0t (512)
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,
N.O 2 N.Q? 86.8 nb (51.3)
o= —_— = o :
¢ s = NeQs s (GeV?)
The cross section for the annihilation of a gg pair into a distinct pair
q'q through a gluon is completely analogous up to color factors, with
the replacement @ — as. Treating all quarks as massless averagmg
over the colors of the initial quarks and defining t = —ssin?(6/2), u
—sc0s2(6/2), one finds

2 42 2
o, _ 1—r af t® +u
- - == 51.4
qo\ @ dT) =g (51.4)
Crossing symmetry gives
do ag 52 +u?
— = _— 51.5
a2 ——(aq" = aq') = 0 2 (51.5)
If the quarks q and ¢’ are identical, we have
do ag 2 +u? 82+ u? 2u
N , 51.6
dQ( 7= q3) = 9s |: 52 + 2 35t ( )
and by crossing
2 [42 2 2 2 2]
af [ t°+s s“+u 2s
— — + - 51.7
dn (qq 99) = 9s |: u? 2 3ut ( )
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Annihilation of ete™ into vy has the Cross section
do a? u? +t?
+
—(eTe” — 51.8
10" =S (51.8)
The related QCD process also has a triple-gluon coupling. The cross
section is

do 8aZ , 5,1 9
— t —— ). 51.9
dn a0 (94— 99) = 27s (# +u)( tu 482 ) ( )
The crossed reactions are )
o « 1 9
2029 = 99) = (2 fu)(——+ ), (51.10)
9s su  4t2
2
ag o 9y, 1 9
— —(t — = —=), 51.11
d(Z( 9= aq) = 5 - (" +ut) (- = ) ( )
do 2 ut  su st
W@ = GGt L)

Lepton-quark scattering is analogous (neglecting Z exchange)
do 2 582 4+u?
—(eq = eq) = —e s 51.13
2 (e eq) = 52T (51.13)
eq is the quark charge. For v-scattering with the four-Fermi interaction
do G’%s
—(vd = 0" u) = , 51.14
0 u =3 (51.14)
where the Cabibbo angle suppression is ignored. Similarly
G2 (1 )2
F ﬂ . (51.15)
472 4

For deep inelastic scattering (presented in more detail in Section 19)

we consider quarks of type i carrying a fraction = 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

99 s d) =
T7}

1+4cosf —2(1—vy), dQcm — An fi(z)dx dy | (51.16)
where the latter incorporates the quark distribution, f;(z). We find
do dmalrs 1
N —eX 1+(1-

Zmay N eX) = =55 [1+ (-7

4 1 -

g (0(e) + (@) + ) 5 () + () )

(51.17)

where now s = 2M FE is the cm energy squared for the electron-nucleon
collision and we have suppressed contributions from higher mass quarks.
Similarly,

do _ G2as 9

T (N = 7 X) = I [(d@) )+ (1 -y @@) ) (5118)
T dy ™

dd‘; N = 07 X) = “E22 (@) 4. )+ (1— )2 (u(@)+...)] . (51.19)
z dy

Quasi-elastic neutrino scattering (vyn — p~p, Vup — ptn) is directly
related to the crossed reaction, neutron decay.

51.3 Hadroproduction of heavy quarks
For hadroproduction of heavy quarks Q = ¢, b, t, it is important to
include mass effects in the formulae. For qqg — QQ, one has

a2 4mé

do
To(ad = QQ) = 2 [(mgy = 1) + (m) — u)® + 2mys]
(51.20)

while for gg — QQ one has
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2 4m?2

do = asg Q6
599 QQ) = 1 - — [87(77@ —tym2, —w)

B m%(s—llm%) +é(m2 —t)(m% —u)—2m2Q(m2Q+t)
3(mg —t)(mg —u) 3 (mg, —1)?

s (mQ — t)(mz2 — u) +m%(u —1) . (mé - t)(mé —u) +mé(t —u)

s(mQQ —t) s(sz —u)
(51.21)

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

2Gpm?
(W = i5;) = VaGrmiy (51.22)
127
2GF|Vi;|2m?
(W — ;) = 3% (51.23)
127
- 2Gpm?
Iz - ff)= Nc%
s

x [(T5 — Qg sin? 0w )* + (Qy sin? Ow)?] .(51.24)

The weak mixing angle is fy,. The CKM matrix elements are V;;. N is 3
for ¢gg 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(T3 — Qzw ), r =
—2Qxw, 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? Oyy:

d, 2wa? L+ s 2 L—r s 2

o T _

9 _ Als, t,
dt Ncs2{ (Q+4st—m2z> +(4:cws—m2z) (s, u)

+ = (Q+ s )(@(Q)I@,t,m@(Q)I(s,u,t»

2
2w 2zw s —my,

1

2
8z,

+ (@(_Q)E(S’tv u) +@(Q)E(57u7t))} )

(51.26)
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where ©(x) is 1 for > 0 and 0 for < 0, and where

t 1 m2 m4
A(s,t,u) = (Z - 1) ( - +3g") + 4,
My, 4 s s miy,
tu 1 my myy, s m¥,
W%”(m4‘0(4‘zs‘st T, TR
w

¢ 1 mj
Bls,tou) = [ ———1) [+ 20 ) 4 =, (51.27)
My, 4 t My,

and s, t,u are the usual Mandelstam variables with s = (py + pf)Q,t =

(py — pW_)z,u = (py pr+)2. The factor N, is 3 for quarks and 1 for
leptons.
The analogous cross-section for ¢;q; — W*2z0 s

2
L T R VA
dt 6s2w€V s — m%/v 4 wz

+ (Bzw —6) s (m%v +m22)]

. {“t —mym? = s(m, +m22)] (4 4]
sfm‘%v

t u

2 2 2 2 2 2
ut —mg,my, Ki & s(m3y, +m7) L5 (51.28)
41 —zw) |2 w2 2(1 —zw) tu [’

where £; and ¢; are the couplings of the left-handed ¢; and g; as defined
above. The CKM matrix element between g; and g; is V.

The cross section for ¢;qG; — Z°Z° is

do  ma? o+t t  u  4mZs 4 (1 1

o w2 a_2ee et “mz\E Tz

dt 96 z3, (1 —x3,)%s? |u t tu t U

(51.29)

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

_ Grm2mp Ne .
_ f 2, 2\3/2
I'(H— ff)= s (1 — 4mf/mH) , (51.30)
Gpm$; Bw

F'HoWw )= —H" (4 4ap, +3d3,), 51.31
( ) 3272 ( w o+ Sajy ) (51:31)

GFmSHBZ 5
I'H = 27Z) = o3 (4—4az +3d%). (51.32)

where N, is 3 for quarks and 1 for leptons and where ay = 1 — ,B‘%V =
4m‘2/V/m%I and ay = 1 — 6% = 4m2z/m%{. The decay to two gluons
proceeds through quark loops, with the ¢ quark dominating. Explicitly,

2

o2Grm?3

I'H—gg)= —>——H I(m2/m2)| , 51.33

(H — g9) 36ﬂ:,,\/i}:(q/},) (51.33)
q
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where I(z) is complex for z < 1/4. For z < 2 x 1072, |I(2)| is small so
the light quarks contribute negligibly. For mg < 2my, z > 1/4 and

1 2
I(z)=3[22+22(1—4 (s‘ *1—> , 51.34
(2) [ (1 -42) (s~ o (51.34)
which has the limit I(z) — 1 as z — oo.
51.5.2 Higgs Boson Production in W* and Z* decay

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,
ma|Vi |2 2k k% 4+ 3m2,
36sint Oy /s (s —m3,)?

_ 2ma(62 +r2) 2k k2 + 3m2
o(ff = ZH) = L =

48N sin? Oy cos? 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

f = 251 (51.37)

AT y ’

where g = e/sinfyy. In the limit s > mpy > my, the rate I'(H —
WL W) = (92/64w)(m?, /m%,) and in the equivalent W approximation

o(giq; - WH) =

(51.35)

(51.36)

1 « 3
olete” 5 VeveH) = —5— (27)
16my;, \sin® 0w
m?% s m?
X 1+—= |log—5 —2+2—= . (51.38)
s my, s

There are significant corrections to this relation when mp is not large
compared to myy. For my = 150 GeV, the estimate is too high by 51%
for /s = 1000 GeV, 32% too high at /s = 2000 GeV, and 22% too high
at y/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 W+ 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 myy. 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 2021 by G.P. Zeller (FNAL).

Highlights from full review.

Neutrino cross sections are an essential ingredient in all neutrino ex-
periments. This work summarizes accelerator-based neutrino cross sec-
tion measurements performed in the ~ 0.1 — 300 GeV range with an
emphasis on inclusive, quasi-elastic, and pion production processes, ar-
eas where we have the most experimental input at present.

Table 52.1: List of beam properties, nuclear targets,
and durations for modern accelerator-based neutrino
experiments studying neutrino scattering.

(Ev), (Ev) neutrino run
Experiment beam GeV target(s) period
ArgoNeuT v, U 4.3, 3.6 Ar 2009 — 2010
ICARUS v 20.0 Ar 2010 — 2012
(at CNGS)
ICARUS v 0.8 Ar 2021 —
(at FNAL)
K2K v 1.3 CH, H2O 2003 — 2004
MicroBooNE v 0.8 Ar 2015 — 2020
MINERvA v, 35 (LE), He C,CH, 2009 2019
55 (ME)  H0, Fe, Pb
MiniBooNE v, U 0.8, 0.7 CHa 2002 - 2019
MINOS v,V 3.5, 6.1 Fe 2004 — 2016
NOMAD v, U 23.4, 19.7 C—based 1995 — 1998
NOvA v, 7 2.0, 2.0 CHa 2010 —
SciBooNE v, U 0.8, 0.7 CH 2007 — 2008
T2K v, T 0.6,0.6  CH, HoO, Fe 2010 —
* S o oo
161 VINERuA, PRD 8 076009 (o017) O CDHS, 2P C35, 443 (1987)
4 T2K, PRD 93, 072002 (2016) A BNL, PRD 25, 617 (1982)
& T2K(CH), PRD 90, 052010 (2014) m  GGM-SPS, PL 1048, 235 (1981)
af y = REea
T NITREE  C
& NuTeV, PRD 74, 012008 (2006) %  SKAT, PL 81B, 255 (1979)

o
©
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Figure 52.1: Measurements of per nucleon v, and 7, 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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