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10 Summary Tables of Particle Properties

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Review of Particle Physics

M. Tanabashi et al. (Particle Data Group),
Phys. Rev. D 98, 030001 (2018)
Available at http://pdg.1bl.gov

(©2018 Regents of the University of California
(Approximate closing date for data: January 15, 2018)

GAUGE AND HIGGS BOSONS

7 (photon) 10PCy = 0,11 )

Mass m < 1 x 10718 eV
Charge g < 1x 107 e
Mean life 7 = Stable

g Py g
or gluon 1(J7) =00")
Mass m = 0 [2]
SU(3) color octet
graviton J=2
Mass m < 6 x 10732 eV
™

Charge = £1 e

Mass m = 80.379 + 0.012 GeV

W/Z mass ratio = 0.88153 + 0.00017
mz — myy = 10.803 £ 0.015 GeV
M+ — My— = —0.029 £ 0.028 GeV
Full width I' = 2.085 + 0.042 GeV
(N_+) =15.70 £ 0.35

(Ny=) =220+0.19

(Npy =0.92 +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)
tty [b] (10.86+ 0.09) % -
etv (10.714+ 0.16) % 40189
utv (10.63+ 0.15) % 40189
tu (11.38% 0.21) % 40170
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hadrons (67.41+ 0.27) % -
nty <7 x 1076 95% 40189
Di~y < 13 x 1073 95% 40165
cX (333 + 26 )% -

cs Gr B )% -
invisible [c] (14 +£29)% -
Charge = 0
Mass m = 91.1876 + 0.0021 GeV 4]
Full width T = 2.4952 + 0.0023 GeV
F(ete) = 83.984 + 0.086 MeV 0]
[ (invisible) = 499.0 + 1.5 MeV [€]
I(hadrons) = 1744.4 &+ 2.0 MeV
F(ptp)/T(ete™) = 1.0009 + 0.0028
F(r+r7)/r(ete”) = 1.0019 + 0.0032 [f]
Average charged multiplicity
(Nchargea) = 20.76 £ 0.16 (S = 2.1)
Couplings to quarks and leptons
gf/ = —0.03783 £ 0.00041
g =0.18 £ 0.05
gy = 0357058
gﬁ = —0.50123 £ 0.00026
g4 = 05055
g4 = —05147 5530
g¥t = 0.5008 £+ 0.0008
gV = 0.53 + 0.09
g’ = 0.502 + 0.017
Asymmetry parameters (€]
Ae = 0.1515 + 0.0019
A, = 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
ALY =171 + 0.10
I
AL — 98 +11
AL) — 7,07+ 035
(0b) _
Apg) =9.92+0.16
Scale factor/ p
Z DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
ete~ [ ( 3.3632+0.0042) % 45594
wtp~ [ ( 3.3662+0.0066) % 45594
Tt [ ( 3.3696+0.0083) % 45559
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(445
(20.000
(69.911
(11.6
(15.6
(12.03
(15.12
(36
11
2.01
5.1
6.5
4.2
8.3
1.46
1.52
2.2
7
8.3

(351

26
( 1.60
(29

3.2
(1.0

3.4
6.5
5.4

(20.7

(122

(11.4

(36

(58

( 6.08

(159

(154

(138
3.2
5.2
5.6
7.3
6.8
5.5
3.1
75
9.8
12
1.8
1.8

+0.32 )x107°
4+0.055 ) %
4+0.056 ) %
106 )%
+04 )%
+021 )%
+0.05 )%
+1.3  )x1074
%
x 1075
x 1075
x 10—4
x 1075
x10—6
x 1072
x 1075
x10~6
x 1075
x 1075
038 )x073
X 1076
+0.29 )x 103
+07 ) x1073
x 1073
+05 )x1074
x 1076
x 1076
X 1076
£20 )%
+1.7 )%
+13 )%
+08 ) x1073
+22 )x1073
+0.13 )%
+0.13 )%
+033 )%
£022 )%
x 1073
x 10—4
x 10™4
x 10~4
x 1076
x 1076
x 1076
x10~7
x10~©
x 1075
x 1076
x 10~

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=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%
CL=95%

See Particle Listings for 4 decay modes that have been seen / not seen.
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HO J=0

Mass m = 125.18 + 0.16 GeV
Full width ' < 0.013 GeV, CL = 95%

HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 + 0.11
Ww* = 1081012

77* =1.141013

vy =116 £ 0.18

bb = 0.95 + 0.22
ptp==00+13

T~ =1.1240.23

Zv < 6.6, CL =95%

tTHO Production = 2.375:7

P
HO DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete™ <19 x1073 95% 62592
J/y <15 x1073 95% 62553
T(1S)y <13 x1073 95% 62234
T(2S)y <19 x1073 95% 62190
T(35)y <13 x1073 95% 62163
#(1020)y < 14 x1073 95% 62587
en <35 x1074 95% 62592
er <69 x1073 95% 62579
nT < 1.43% 95% 62579
invisible <24 % 95% -

Neutral Higgs Bosons, Searches for

Searches for a Higgs Boson with Standard Model Couplings
Mass m > 122 and none 128-1000 GeV, CL = 95%

The limits for H? and A% in supersymmetric models refer to the mMa
benchmark scenario for the supersymmetric parameters.

HY in Supe etric Models
1 in Supersymmetri ('"H‘l' <’"Hg)
Mass m > 92.8 GeV, CL = 95%

A9 Pseudoscalar Higgs Boson in Supersymmetric Models [°]
Mass m > 93.4 GeV, CL = 95% tan >0.4

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

HE Mass m > 80 GeV, CL = 95%
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New Heavy Bosons
(W', Z, leptoquarks, etc.),
Searches for

Additional W Bosons
W’ with standard couplings
Mass m > 4.100 x 103 GeV, CL = 95% (pp direct search)
Wg (Right-handed W Boson)
Mass m > 715 GeV, CL = 90% (electroweak fit)

Additional Z Bosons

Z/SM with standard couplings

Mass m > 4.500 x 103 GeV, CL = 95% (pp direct search)
Z1r of SU(2); xSU(2)pxU(1) (with gz = gr)

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

Mass m > 1162 GeV, CL = 95%  (electroweak fit)
Z, of SO(10) — SU(5)xU(1), (with g, =e/cosfyy)

Mass m > 4.100 x 103 GeV, CL = 95% (pp direct search)
Zy of Eg — SO(10)xU(1),, (with g,=e/cosbyy)

Mass m > 3.800 x 103 GeV, CL = 95% (pp direct search)
Z, of Eg — SU(3)xSU(2)xU(1)xU(1),, (with g,=e/cosby)

Mass m > 3.900 x 103 GeV, CL = 95% (pp direct search)

Scalar Leptoquarks

Mass m > 1050 GeV, CL = 95% (1st generation, pair prod.)
Mass m > 1755 GeV, CL = 95% (1st generation, single prod.)
Mass m > 1080 GeV, CL = 95% (2nd generation, pair prod.)
Mass m > 660 GeV, CL = 95% (2nd generation, single prod.)
Mass m > 850 GeV, CL = 95% (3rd generation, pair prod.)

(See the Particle Listings in the Full Review of Particle Physics for
assumptions on leptoquark quantum numbers and branching frac-
tions.)

Diquarks

Mass m > 6000 GeV, CL = 95%  (Eg diquark)
Axigluon

Mass m > 5500 GeV, CL = 95%

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

The standard Peccei-Quinn axion is ruled out. Variants with reduced
couplings or much smaller masses are constrained by various data. The
Particle Listings in the full Review contain a Note discussing axion
searches.

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

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

[b] ¢ indicates each type of lepton (e, 4, 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 v¥ and any other
possible undetected modes.

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

[g] Here A = 2ngA/(g2V+g,24).

[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).

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

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

[0] The limits assume no invisible decays.
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LEPTONS
o

Mass m = (548.579909070 + 0.000000016) x 1074
Mass m = 0.5109989461 + 0.0000000031 MeV
[mey — m,|/m< 8x107%, CL = 90%
|ge+ + q-|/e < 4x1078
Magnetic moment anomaly
(g-2)/2 = (1159.65218091 = 0.00000026) x 106
(8e+ — 8e-) / Baverage = (0.5 £ 2.1) x 10712
Electric dipole moment d < 0.87 x 10728 ecm, CL = 90%
Mean life 7 > 6.6 x 1028 yr, CL = 90% [

Mass m = 0.1134289257 4+ 0.0000000025 u
Mass m = 105.6583745 + 0.0000024 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 107%s
T;ﬁ/T;r = 1.00002 £ 0.00008
¢r = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010
(8,+ — &,-) / Gaverage = (—0.11 £ 0.12) x 1078
Electric dipole moment d = (—0.1 + 0.9) x 1071% ecm

Decay parameters []
p = 0.74979 + 0.00026
n = 0.057 + 0.034
6 = 0.75047 + 0.00034
¢€P, =1.00097" 9006 [€]
P,/ = 10018 00016 (4
¢ =1.00 4+ 0.04
¢ =0.98 + 0.04
a/A=(0+4)x1073
o/ /A = (=10 4 20) x 1073
B/A = (4 +6) x 1073
B/A=(2+7)x1073

m = 0.02 £ 0.08
T modes are charge conjugates of the modes below.
p
p— DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
e Tevy ~ 100% 53
e Tevyy [d] (6.0+0.5) x 10~8 53
e Ty et e le] (3.4+0.4) x 1072 53
Lepton Family number (LF) violating modes
e~ el LF Ifl <12 % 90% 53
e~y LF <42 x 10~13 90% 53
e"ete~ LF <1.0 x 10712 90% 53

e~ 2y LF <72 x 10—11 90% 53
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J=13

Mass m = 1776.86 + 0.12 MeV
(m_+ — m__)/Mayerage < 2.8x 1074, CL = 90%
Mean life 7 = (290.3 + 0.5) x 10715 5
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 10716 ecm, CL = 95%

Weak dipole moment

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

Weak anomalous magnetic dipole moment

Re(a¥) < 1.1x 1073, CL = 95%

Im(e¥) < 2.7 x 1073, CL = 95%

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

Decay parameters

See the 7 Particle Listings in the Full Review of Particle Physics for a

note concerning 7-decay parameters.

p(e or p) = 0.745 + 0.008

p(e) = 0.747 £ 0.010

p(1) = 0.763 % 0.020

£(e or 1) = 0.985 + 0.030

£(e) = 0.994 + 0.040

£(p) = 1.030 + 0.059

n(e or ) = 0.013 + 0.020

n(w) = 0.094 + 0.073

(6€)(e or p) = 0.746 + 0.021
(6¢)(e) = 0.734 + 0.028

(6€)(1) = 0.778 £ 0.037

&(m) = 0.993 + 0.022

£(p) = 0.994 + 0.008

£(ap) = 1.001 % 0.027

£(all hadronic modes) = 0.995 + 0.007
7(1) PARAMETER = —1.3 £ 1.7
£.(e) PARAMETER = —0.4 + 1.2
£.(1) PARAMETER = 0.8 + 0.6

71 modes are charge conjugates of the modes below. “hE" stands for =% or

KE. “¢” stands for e or . “Neutrals” stands for v’s and/or x0's.
Scale factor/ p
7~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Modes with one charged particle

particle™ > 0 neutrals > 0K%u. (85.24 £ 0.06 ) % -
(“1-prong”)

particle™ > 0 neutrals > 0K v, (84.58 + 0.06 ) % -

W Uuvr [g] (17.39 + 0.04 )% 885

TR [e] (3.67 + 0.08)x103 885

e Vels [g] (17.82 + 0.04 )% 888
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€ Velr?y
h= > 0KY v,
h~ v,
T Uy
K v,
~ > 1 neutralsv,
- > 171' vy (ex.KO)

T 7r0 non-p(770) v,
K- v,
h= > 2n0u,
h=27%,
h= 2790 (ex.KO)
7279, (ex.KO0)
7270, (ex.KO),

scalar
7 2n0u, (ex.KO),
vector
K= 2700, (ex.K?)
h= > 370,
h= > 370, (ex. KO)
h= 30w

7~ 310w, (ex.KO)
K30 (ex.K9, 1)
h~ 4791, (ex.KO)
h= 470, (ex.K9,1)
a1(1260) v, — 7 v,
K= >01% >0K® >0y v,
K= >1(x%or KO orv) v,

Modes with K0's

K (particles)~ v,
h= KO,
777ROVT
7~ K% (non-K*(892) ) v,
K=Ky,
K= K% > 0n%,
h=KOx0u,
7T7RO7TOVT
Kop v,
K=KOn0u,
7~ KO > 170 vy
7~ K07r070 1 (ex.K?)
K= KO7070y,
7~ KOKOy,
T Kg K%VT
KK} v,
 KIKYv,
7~ KOKO 70y
7 K9 KSTF v,
K*_KOTFOV -
7 KY K57r vy
1‘1(1285)71' vy —
7~ K Ksﬂ' v,

[&]

lg]

8]

lg]

9.44

o
w
N

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

o I e T O T TS

HoH B H B H W

H

0.05 ) %
0.05 ) %
0.05 ) %
0.05 ) %
0.10 ) x 10—3
0.09 ) %
0.09 )%
0.09 )%
0.09 ) %
32 )x1073
0.15 ) x 1073
0.09 )%
0.10 ) %
0.10 ) %
0.10 ) %
x 1073

x 1073

22 )x107%
0.07 )%
0.07 )%
0.07 )%
0.07 )%
21 )x107%
04 )x1073
04 )x1073
15 )x1074
0.029) %
0.28 ) x10~3

0.28 ) x 1073
0.14 ) x10—3
0.14 ) x 10~3
21 )x107%
0.05 ) x10~3
0.08 ) x 1073
0.13 ) x 1073
0.13 ) x10~3
05 )x10~3
0.07 ) x10—3
0.25 ) x 1073
23 )x1074

x 104
0.24 ) x 1073
0.07 ) x 10~4
0.24 ) x10~3
0.07 ) x10~4
1.2 )x10~4
0.21 ) x 107>
0.21 ) x 1075

1.5 )x107©

CL=95%

CL=95%

CL=95%

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(1420) 7~ vr = (24 + 08 )x10°0 -
7 KY KS7T vy
7 K2 K(L]ﬂ' vy [e] (32 +12 )xi0~4 614
K0 K‘Zn vr (1.82 + 021 )x 1075 614
K- K0 LK%, < 63 x 1077 CL=90% 466
K~ K0 LKL, < 40 x10=7 CL=90% 337
KOht h— h > 0 neutrals v, < 17 x 1073 CL=95% 760
KOnth=h—w, [e] (25 +20 )xi0—4 760
Modes with three charged particles
h=h~ht >0 neutrals > 0K9v, (15.21 + 0.06 ) % 861

h=h~hT >0 neutrals v, (1455 + 0.06 ) % 861
(ex. K — 7tn7)

(“3-prong”)

h=h~ h+ vy (9.80 + 0.05 )% 861

h=h™ ht v (ex.K?) (946 + 0.05)% 861

h=h~ h vy (ex.K%w) (943 + 0.05)% 861

aata v, (931 &+ 0.05)% 861

a~at v (ex.K0) (9.02 + 0.05)% 861

- at v (ex.KO), < 24 % CL=95% 861
non-axial vector

-t v (ex.KOw) [g] (899 + 0.05)% 861

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

h=h=ht >172% (ex. KO) (509 £ 0.05)% -
h=h=ht (476 £ 0.05)% 834
h~h=h* 0 (ex K% (457 + 0.05)% 834
h=h—ht 01/ (ex. KO, w) (279 + 007 )% 834
- ata~ 7r°uT (462 + 0.05)% 834
aata 7 l/T(eX K%) (449 + 0.05)% 834
a~ata 10, (ex KOw) lg] (274 + 007 )% 834
h=h=ht > 22%_(ex. KO) (517 + 031 ) x10~3 -
h=h=ht 270y, (505 + 031 )x103 797
h=h= ht270u (ex.K®) (495 + 031 ) x 1073 797
h~ h om0y (ex.K%wm) [g] (0 +4 )xi074 797
h=h= ht370u, (212 + 030 ) x 1074 749
2~ 7t 3701, (ex. KO) (1.94 + 030 ) x 10~4 749
2~ 7t 370, (ex.K9, 1, (17 + 04 )x1074 -
f1(1285))
2t~ 3n0u, (ex.KO, 1, gl (14 + 27 )x1075 -
w, f,(1285))

K~ hth~ >0 neutrals v, (629 + 0.14 )x1073 794
K= ht = v, (ex.K?) (437 + 007 ) x 1073 794
K= hta= 7% (ex.K0) (86 + 12 )x1074 763
K~ ntx~ >0 neutrals v, (477 £ 014 )x10~3 794
K=nt 7= > 0n%u, (ex.K?) (373 + 013 ) x 1073 794

K ntn v, (345 + 007 )x1073 794
K= nt 7~ v (ex. KO) (2.93 + 007 ) x 1073 794
K= mt 7~ v (ex. KO w) [g] (293 + 0.07 )x1073 794
K=pPv, - K atr v, (14 + 05 )x1073 -
K-ntr=n0u, (131 + 012 ) x 1073 763
K= ata~ 70u, (ex.K?) (79 + 12 )x1074 763
K-ntn~ WOVT(GXK,U) (76 + 12 )x1074 763
K=rt 7~ 70, (ex.KOw) (37 +£09 )x1074 763
K=rtrn n0u, (ex KOQwn) [g] (39 + 1.4 )x10~4 763

K=t K~ >0 neut. v, < 9 x 1074 CL=95% 685
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K= K*7~ >0 neut. v,

1.496+ 0.033) x 10~3

(
K Ktn v, [g] ( 1.4354 0.027) x 10—3
K-Ktr=x0u_ l[e] (61 18 )x1075
K-KTK~ v, (22 + 08 )x107° S=54
K= KT K~ v, (ex. ¢) < 25 x 1076 CL=90%
K=KtK= 70, < 48 x 1076 CL=90%
7~ KT7~ >0 neut. v, < 25 x1073 CL=95%
e~ e et T, (28 + 15 )x10°°
pme ety < 36 x107% CL=90%
Modes with five charged particles
3h~2ht >0 neutrals v, (99 + 04 )x10—4
(ex. KOS — 7 t)
(“5-prong”)
3h~2ht v, (ex.K®) (822 + 032 )x10~4
3727t v, (ex. KO, w) (821 + 031 )x1074
3727t v, (ex.KO, w, lg] (769 + 030 )x10~4
f,(1285))
K=2n 2nt v, (ex.KO) el (6 12 )x1i0~7
Kt3n~ntu, < 5.0 %1070 CL=90%
KtK=2r—ntu, < 45 x10~7 CL=90%
3h=2nt 70w, (ex.KO) (164 + 011 )x10~4
3r~ 27t 70u, (ex.KO) (162 + 011 ) x 1074
3r~2nt 70u, (ex. KO, 7, (111 + 0.10 ) x 10~4
f,(1285))
3r2nt n0u (ex.KO, m, w, [g] (38 + 09 )x1075
f,(1285))
K=2r 2nt 7%, (ex.KO) lg] (11 + 06 )x10-6
Kt3r—at a0y, < 8 x10~7 CL=90%
3h—2ht 270, < 34 x10-6 CL=90%
Miscellaneous other allowed modes
(57) v, (78 + 05 )x1073
4h~3hT >0 neutrals v, < 3.0 x10~7 CL=90%
(“7-prong”)
4h=3htu, < 43 x10~7 CL=90%
4h=3ht 70y < 25 x10=7 CL=90%
X~ (S=-1)v, (292 £ 004)%
K*(892)~ > 0 neutrals > (142 £ 018 )% S=1.4
0K v,
K*(892)" v, (120 £ 007 )% S=1.8
K*(892)" v, — 7~ Klu, (783 £ 0.26 )x 1073
K*(892)° K~ > 0 neutrals v, (32 + 14 )x1073
K*(892)° K~ v, (21 + 04 )x1073
K*(892)% 7~ > 0 neutrals v, (38 + 1.7 )x1073
K*(892)°0 7~ v, (22 +05 )x10-3
(K*(892)7) vy — 7~ Koxlu, (10 + 04 )x1073
K1(1270)" v, (47 + 11 )x1073
K1(1400) v, (17 426 )x1073  s=17
K*(1410)~ v, (15 T 14 )x1073
K3(1430)" v, < 5 x 1074 CL=95%
K3(1430)~ vy < 3 x1073 CL=95%
N vy < 99 x107% CL=95%
nr— 10w, lg] (139 + 0.07 )x10~3
nr w070y lg] (19 + 04 )x10~4

685
685
618
472

345
794
888
885

794

794
794

716
716
528
746
746

657
657
687

800
682

682
612

665

665

542
542
655
655

433
335

320
317
317
797

778
746
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nK v, l[g] (155 + 0.08)x107% 719
nK*(892) v, (138 + 015 ) x 1074 511
nK= 10w, lg] (48 + 12 )x10=5 665
n K~ 7% (non-K*(892)) v, < 35 x 1075 CL=90% -
nKOr~ v, l[e] (94 + 15 )x10°5 661
nKOr~ 70w, < 5.0 x 1075 CL=90% 590
nK= Ko, < 9.0 x 1076 CL=90% 430
nrta~ 7~ >0 neutrals v, < 3 x 1073 CL=90% 744
nr—antr v, (ex.K9) [e] (219 + 013 )x10~4 744
nr~ w1 v, (ex. KO, £ (1285)) (99 + 16 )x1075 -
na1(1260)" v, — na~ v, < 3.9 x 1074 CL=90% -
T v, < 74 x 1076 CL=90% 637
T w v, < 20 x 1074 CL=95% 559
K~ v, < 3.0 x107® CL=90% 382
n'(958) 7~ v, < 40 x107® CL=90% 620
7' (958) 7~ w0 v, < 12 x 1075  CL=90% 591
7' (958) K~ v, < 24 x 1076 CL=90% 495
T v (34 +06 )x107° 585
dK v, [g] (44 + 16 )x107> 445
f1(1285) 7~ v, (39 +05 )x107% s=19 408
f,(1285) 1~ v, — (118 + 007 )x1074  s=13 -
K e 2
f(1285) 7~ v, — 37 277w, [g] (52 + 04 )x107° -
w(1300)" v, — (pm) " vy — < 10 x 1074 CL=90% -
(3m) " v,
7(1300) " v — < 19 x 1074 CL=90% -
((r7)s-wave ™) vy —
(B3m) " vy
h~™w > 0 neutrals v, (240 £ 0.08 )% 708
h~wv, (199 £ 0.06 )% 708
T wyy le] (1.95 + 0.06 )% 708
K- wr, [g] (41 +09 )x1074 610
h~wnlu, l[g] (41 + 04 )x10-3 684
h~w2r0u, (14 + 05 )x10~4 644
7 w2nlu, lg] (71 + 16 )x10~5 644
h~2wv, < 5.4 x 1077 CL=90% 250
2h~ htwu, (120 £ 022 )x 104 641
2wt wr, (ex.K9) [g] (84 = 06 )x1075 641
Lepton Family number (LF), Lepton number (L),
or Baryon number (B) violating modes
L means lepton number violation (e.g. 7~ — et x~x~). Following
common usage, LF means lepton family violation and not lepton number
violation (e.g. 7~ — e xt 7). B means baryon number violation.
ey LF < 33 x 1078 CL=90% 888
woy LF < 44 x 1078  CL=90% 885
e~ 70 LF < 80 x 1078 CL=90% 883
=m0 LF < 11 x 1077 CL=90% 880
e” K LF < 26 x 108 CL=90% 819
pno K LF < 23 x10-8  CL=90% 815
e n LF < 9.2 x 1078 CL=90% 804
won LF < 65 x 1078 CL=90% 800
e p? LF < 18 x 1078  CL=90% 719
wp° LF < 12 x 1078 CL=90% 715
e w LF < 48 x 1078 CL=90% 716
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0w LF < 47 x 1078 CL=90% 711
e K*(892)° LF < 32 x1078  CL=90% 665
= K*(892)° LF < 59 x1078 CL=90% 659
e~ K*(892)° LF < 34 x 108 CL=90% 665
p K*(892)° LF < 70 x 1078 CL=90% 659
e 1/(958) LF < 16 x 1077 CL=90% 630
w1’ (958) LF < 13 x 1077 CL=90% 625
e 7(980) — e~ xtw™  LF < 32 x1078 CL=90% -
up(980) — pmatwT LF < 34 x 1078 CL=90% -
e o LF < 31 x 1078 CL=90% 596
) LF < 84 x 1078 CL=90% 590
e~ ete- LF < 27 x 1078 CL=90% 888
e~ ptu~ LF < 27 x10~8 CL=90% 882
etpu=p~ LF < 17 x 1078 CL=90% 882
M ete~ LF < 18 x 1078 CL=90% 885
utee” LF < 15 x 1078 CL=90% 885
pwopt T LF < 21 x 1078  CL=90% 873
e~ LF < 23 x 1078 CL=90% 877
etrn L < 20 x1078 CL=90% 877
pwortw LF < 21 x1078 CL=90% 866
wra—m L < 39 x 1078 CL=90% 866
et K™ LF < 37 x 108 CL=90% 813
e~ Kt LF < 31 x 1078 CL=90% 813
etT K™ L < 32 x 1078 CL=90% 813
e” KIKY LF < 71 x10~8  CL=90% 736
e"KtK— LF < 3.4 x 1078 CL=90% 738
et K=K~ L < 33 x 1078 CL=90% 738
port K= LF < 86 x1078 CL=90% 800
o Kt LF < 45 x 1078 CL=90% 800
pwrn= K= L < 48 x 1078 CL=90% 800
KL KS LF < 80 x 1078 CL=90% 696
umKTK— LF < 44 x1078 CL=90% 699
K= K= L < 47 x 1078 CL=90% 699
e~ 7070 LF < 65 x10=6  CL=90% 878
7070 LF < 14 x 1075 CL=90% 867
e nn LF < 35 x 107> CL=90% 699
wonn LF < 6.0 x 1073 CL=90% 653
e~ 70 LF < 24 x 1075 CL=90% 798
p w0y LF < 22 x 1075 CL=90% 784
P LB < 44 x10~7 CL=90% 618
putp LB < 33 x10~7 CL=90% 618
Py LB < 35 x 1076 CL=90% 641
prl LB < 15 x 1072 CL=90% 632
p2r0 LB < 33 x 1075 CL=90% 604
Pn LB < 89 x 1076 CL=90% 475
prln LB < 27 x 1072 CL=90% 360
Ar~ LB < 72 x10~8 CL=90% 525
An— LB < 14 x 107 CL=90% 525
e~ light boson LF < 27 x1073 CL=95% -
u~ light boson LF <5 x1073  CL=95% -
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Heavy Charged Lepton Searches

LE — charged lepton
Mass m > 100.8 GeV, CL = 95% []

LE — stable charged heavy lepton
Mass m > 102.6 GeV, CL = 95%

Decay to v W.

Neutrino Properties

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

Mass m < 2 eV

(tritium

decay)

Mean life/mass, 7/m > 300s/eV, CL = 90% (reactor)

Mean life/mass, 7/m > 7 x 109 s/eV

(solar)

Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment 1 < 0.29 x 10710 5, CL = 90%  (reactor)

Number of Neutrino Types

Number N = 2.984 + 0.008

data)

Number N = 2.92 + 0.05
invisible Z width)

(S=12)

(Standard Model fits to LEP-SLC

(Direct measurement of

Neutrino Mixing

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov

in this Review.

sin2(f1,) = 0.307 + 0.013
Am3; = (7.53 £ 0.18) x 1075 eV?
sin?(023) = 0.421 73032 (
sin?(f3) = 0.592+0-023

—0.030
sin2 (923) = 0417t

(
00
(

sin?(6p3) = 0.597 73928

Am32, = (—2.56 £ 0.04) x 1073 eV?2

S =13)
S=11)
S=12)
S=12)

(Inverted order, quad. I)
(Inverted order, quad. Il)
(Normal order, quad. I)
(Normal order, quad. II)
(Inverted order)

Am§2 = (251 £0.05) x 1073 eV?2 (S =1.1) (Normal order)
sin?(f13) = (2.12 + 0.08) x 1072

Stable Neutral Heavy Lepton Mass Limits

Mass m > 45.0 GeV, CL = 95%
Mass m > 39.5 GeV, CL = 95%

Neutral Heavy Lepton Mass Limits

Mass m > 90.3 GeV, CL = 95%
(Dirac v; coupling to e, yu, 7; conservative case(7))
Mass m > 80.5 GeV, CL = 95%
(Majorana v coupling to e, p, T; conservative case())

(Dirac)
(Majorana)
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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 “electron
disappearance” is 6.4 x 1024 yr.

[b] See the “Note on Muon Decay Parameters” in the p Particle Listings in
the Full Review of Particle Physics for definitions and details.

[c] P, is the longitudinal polarization of the muon from pion decay. In
standard V—A theory, P, = 1 and p = § = 3/4.

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

7 > 40 MeV. Since the e~ Vo), and e~ e,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 wu-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as MS
at a scale u ~ 2 GeV. The c- and b-quark masses are the “running”
masses in the MS scheme. This can be different from the heavy quark
masses obtained in potential models.

[«] 10P) = 33H)

my = 22192 Mev Charge=2¢e I, =+3

0.07
my/myg = 0.487:008

mg = 47133 Mev Charge = —
mg/mg = 17-22
m= (my+mg)/2 = 35733 Mev

[5] 1UP) =03 %)

ms =953 MeV  Charge = —} e Strangeness = —1
ms [ ((my + mg)/2) = 27.3 £ 0.7

1Py = 0(3 )

me = 1.2751’8:8%? GeV Charge = % e Charm = +1

me/ms = 11.72 £ 0.25
mp/me = 4.53 + 0.05
mp—m¢ = 3.45 £+ 0.05 GeV

[6] 1UP) = 03 )

mp=41875004 Gev  Charge= —} e Bottom = -1

[t] 1UP) = 03 )

Charge = % e Top = +1

[
@
K
Il
|
NI=

Mass (direct measurements) m = 173.0 + 0.4 GeV [20] (S = 1.3)
Mass (from cross-section measurements) m = 160f2 Gev 4]

Mass (Pole from cross-section measurements) m = 173.1 & 0.9 GeV
my — my = —0.16 &+ 0.19 GeV

Full width T = 1.417512 Gev (S = 1.4)
F(Whb)/T(Wq(g=b,s, d)) =0.957 +£0.034 (S=1.5)
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t-qu

ark EW Couplings

Fy = 0.687 £ 0.018

F_ =0.320 + 0.013

F, =0.002 + 0.011
Fyya < 0.29, CL = 95%

t DECAY MODES Fraction (I';/T) Confidence level
t— Wq(q=>b,s,d)
t— Wb
t— eveb (13.3£0.6) %
t— pv,b (13.4£0.6) %
t— Tu b (7.1£0.6) %
t— qqgb (66.5+1.4) %

t— Zq(q=u,c)

t— Hu

t— Hc

t— (tqq
q'=u,c)

AT =1 weak neutral current (71) modes

T1 [c]< 5
T1 < 24
T1 < 22
(g=d,s,b; T1 < 16

x 1074 95%
x 1073 95%
x 1073 95%
x10—3 95%

4 (4"' Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95%
Mass m > 755 GeV, CL = 95%
Mass m > 880 GeV, CL = 95%
Mass m > 46.0 GeV, CL = 95%

(PP, quasi-stable b')
(pp, neutral-current decays)
(pp, charged-current decays)
(et e, all decays)

t' (4" Generation) Quark, Searches for

m(t'(2/3)) > 1160 GeV, CL = 95%
m(t'(2/3)) > 770 GeV, CL = 95%
m(t'(5/3)) > 990 GeV, CL = 95%

(neutral-current decays)
(charged-current decays)

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-land Run-1l and LHC at /s = 7 TeV. Including the most recent un-
published results from Tevatron Run-Il, the Tevatron Electroweak Work-
ing Group reports a top mass of 173.2 & 0.9 GeV. See the note “The
Top Quark’ in the Quark Particle Listings of this Review.

[c] This limit is for [(t — Zq)/T(t — Wb).

p
(MeV/c)
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LIGHT UNFLAVORED MESONS
(S=C=B=0)

For I =1 (m, b, p, a): ud, (vT—dd)/V?2, dT;
for =0, v, h W, w, ¢ f, ) c(uT+ dd) + &(s3)

ot 6Py =17(07)

Mass m = 139.57061 + 0.00024 MeV (S = 1.6)
Mean life 7 = (2.6033 £ 0.0005) x 1078 s (S=1.2)
cr = 7.8045 m
7t — ¢y form factors []
Fy = 0.0254 £ 0.0017
Fa = 0.0119 &£ 0.0001
Fy, slope parameter a = 0.10 + 0.06
R = 0059500
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
=t DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
wuy, [b] (99.98770+0.00004) % 30

v,y [c] (200 +025 )x10~4 30
etve [b] (1.230 +£0.004 )x10~4 70
et vey [l (739 £005 )x10~7 70
et yen? (1.036 +£0.006 )x 10~8 4
etveete (3 +05 ) x1079 70
et vy <5 x 1076 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
utoe L [d < 15 x 1073 90% 30
utve LF  [d < 80 x 1073 90% 30
u"etety LF < 16 x 1076 90% 30
PCy _ 1—/n—
0 16UPCG =170 1)
Mass m = 134.9770 + 0.0005 MeV (S = 1.1)
m, . —m_o = 4.5936 £ 0.0005 MeV
Mean life 7 = (8.52 + 0.18) x 10717 s (S =1.2)
cr = 25.5nm
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
=0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
2y (98.823+0.034) % S=1.5 67
ete vy ( 1.174+0.035) % S=1.5 67

~ positronium (1.82 +£0.29 ) x 1079 67
etete e~ (1334 £0.16 ) x 1075 67
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ete™ (646 £0.33 ) x 10~8 67
4y <2 x1078  CL=90% 67
v le] < 27 x 1077 CL=90% 67
VeTe < 17 x1076  CL=90% 67
VpVp < 16 x1076  CL=90% 67
Vs < 21 x 1076 CcL=90% 67
VT < 6 x1074  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 < 34 %1079  CL=90% 26
ptem + p~et LF < 36 x 10710 cL=90% 2
IG(JPC) :0+(0*+)
Mass m = 547.862 + 0.017 MeV
Full width ' = 1.31 4+ 0.05 keV
C-nonconserving decay parameters
mta= a0 left-right asymmetry = (0.09 F31%) x 1072
7r+7r‘7r° sextant asymmetry = 0.12"’010 x 1072
Y y
at 7~ 70  quadrant asymmetry = (—0.09 + 0.09) x 1072
ata~=~  left-right asymmetry = (0.9 + 0.4) x 1072
atr=y B (D-wave) = —0.02 + 0.07 (S = 1.3)
CP-nonconserving decay parameters
mta~ et e decay-plane asymmetry Ay = (—0.6 + 3.1) x 102
Dalitz plot parameter
07070 o = -0.0318 + 0.0015
Parameter A in  — (£t ¢~ decay = 0.716 = 0.011 GeV/c?
Scale factor/ p
n DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Neutral modes
neutral modes (72.124+0.34) % S=1.2 -
2y (39.41+0.20) % S=1.1 274
30 (32.680.23) % s=1.1 179
702y ( 2.56+0.22) x 10~4 257
2702y < 12 x1073  CL=90% 238
4ry < 28 x 1074 CL=90% 274
invisible < 1.0 x 104 CL=90% -
Charged modes
charged modes (28.10+0.34) % S=1.2 -
ata= 70 (22.92+0.28) % S=1.2 174
rtr y ( 4.2240.08) % S=1.1 236
ete vy (69 +£04 )x1073 S=1.3 274
utu~y (31 +£04 )x1074 253
ete~ < 23 x 1076 CL=90% 274
wtp~ (58 £0.8 )x1076 253
2et2e~ ( 2.40+0.22) x 107 274
ataete () (2.68+0.11) x 104 235
eteputp~ < 16 x 10~4 CL=90% 253
outop~ < 36 x 1074 CL=90% 161
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pwrp—atn— < 36 x10~4 CL=90% 113
7t e Ue+ cc. < 17 x107%  CL=90% 256
at T2y < 21 x 1073 236
at a0y <5 x 1074 CL=90% 174
70 ;f“ noy < 3 x 1076 CL=90% 210
Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or
Lepton Family number (LF) violating modes
0 c <9 x1075  CL=90% 257
ata~ P,CcP < 13 x 1072 CL=90% 236
2790 P.CP < 35 x10~4  CL=90% 238
270 c <5 x10~4 CL=90% 238
370~ c < 6 x1075  cL=90% 179
3y C < 16 x 1073 CL=90% 274
470 P.CP < 6.9 x10~7 CL=90% 40
wlete c If] < 4 x1075  CL=90% 257
O ut c If1< 5 x1076  CL=90% 210
pre ™ + p-et LF <6 x1076  CcL=90% 264
f(500) ¢! 1G(UPCY = ot + )
Mass (T-Matrix Pole /s) = (400-550)—4(200-350) MeV
Mass (Breit-Wigner) = (400-550) MeV
Full width (Breit-Wigner) = (400-700) MeV
f(500) DECAY MODES Fraction (I';/T) p (MeVc)
T dominant -
See Particle Listings for 1 decay modes that have been seen / not seen.
p(770) 1 16UPC =1t )
Mass m = 775.26 + 0.25 MeV
Full width ' = 149.1 + 0.8 MeV
Fee = 7.04 & 0.06 keV
Scale factor/ p
p(770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T ~ 100 % 363
p(T70)* decays
atny ( 45 £05 ) x 10~4 5=2.2 375
aty < 6 x 1073 CL=84% 152
atatr— a0 < 20 x 1073 CL=84% 254
p(770)° decays
at oy (9.9 £1.6 yx 10—3 362
70 ( 47 +06 ) x 10~4 S=1.4 376
ny ( 3.00+0.21 yx 1074 194
w070 ( 45 +0.8 ) x 10~5 363
wtp~ [ ( 455+0.28 ) x 1075 373
ete~ [l ( 472+0.05 ) x 1073 388
ata— 70 ( 101753¢+034) x 1074 323
atr—ntn ( 1.8 £0.9 ) x 1073 251
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7r+7r 7070 ( 1.6 £038 ) x 10~5 257
mOete” < 12 x 1073 CL=90% 376
w(782) 1I6JPCy =0—1— )

Mass m = 782.65 + 0.12 MeV (S = 1.9)

Full width ' = 8.49 + 0.08 MeV

lee = 0.60 £ 0.02 keV

Scale factor/ p
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
atr 70 (892 £0.7 ) % 327
70 ( 8.40+0.22) % 5=1.8 380
ata— (1531010 5=1.2 366
neutrals (excludingz®~) (7 *7 yx1w73 s=1.1 -
ny (45 +0.4 )x 1074 s=1.1 200
nlete~ (77 +06 )x 1074 380
a0t (1.34+0.18) x 10~4 S=15 349
ete™ ( 7.36£0.15) x 105 S=1.5 391
ata= 7070 < 2 x1074  CL=90% 262
ata=y < 36 x 1073 CL=95% 366
atantr <1 x 1073 CL=90% 256
w070 (67 +£1.1 )x 1053 367
naly < 33 x1075  CL=90% 162
whp~ (7.4 £1.8)x107° 377
3y < 19 x 1074 CL=95% 391
Charge conjugation (C) violating modes
nm0 C < 22 x1074  CL=90% 162
270 c < 22 x10~%  CL=90% 367
370 c < 23 x1074  CL=90% 330
7'(958) 16(PCY =0t (0~ )
Mass m = 957.78 + 0.06 MeV
Full width ' = 0.196 + 0.009 MeV
P
7/ (958) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
atan (426 £0.7 )% 232
o2~ (including non-resonant (289 +0.5 )% 165
7t T )

70707 (22.8 +£0.8 ) % 239
w7y ( 2.62+0.13) % 159
wete™ (20 £04 )x10~4 159
vy ( 2.2240.08) % 479
370 ( 2.54+0.18) x 103 430
whp=~ ( 1.09+£0.27) x 10~4 467
atrutu~ < 29 x 1072 90% 401
ata— 70 (3.614£0.17) x 1073 428
(xt 7= 7% S-wave (38 £05)x1073 428
T pt (7.4 £23)x1074 106
70 p0 < 4 % 90% 111
2nt o) (86 +0.9)x107° 372
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atr— 270 (1.8 +£04 )x 1074 376
2(nt 77) neutrals <1 % 95% -
2rt )0 < 18 x 103 90% 298
2(rt n) 20 <1 % 95% 197
3(rt ) < 31 x 1075 90% 189
KErF < 4 x 1075 90% 334
atrete™ (24 ﬂ:g )x 103 458
7t e ve+ c.C. < 21 x 10~4 90% 469
~vete™ ( 4.73+0.30) x 10~4 479
70y (3.2040.24) x 1073 469
70~ (non resonant) (6.2 £09 )x10~4 -
470 < 32 x 10~4 90% 380
ete~ < 56 x 1079 90% 479
invisible <5 x 1074 90% -
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
ata~ P,cCP < 18 x 105 90% 458
7070 P,cP <5 x 10~4 90% 459
nlete~ c [fl < 1.4 x 1073 90% 469
nete~ c [f] < 24 x 1073 90% 322
3y c < 11 x 1074 90% 479
wtp~ 70 C [fl < 6.0 x 1075 90% 445
/1,"' nwon C [fl]< 15 x 107 90% 273
en LF < 47 x 1074 90% 473
fo(980) U 16(PC) =0t + )

Mass m = 990 + 20 MeV

Full width ' = 10 to 100 MeV
fo(980) DECAY MODES Fraction (I';/T) p (MeV/c)
T dominant 476
See Particle Listings for 2 decay modes that have been seen / not seen.

a0(980) U] 16UPG =1—(0+ )

Mass m = 980 4+ 20 MeV

Full width ' = 50 to 100 MeV
a0 (980) DECAY MODES Fraction (I';/T) p (MeVjc)
nm dominant 319

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

$(1020)

16UPGY =01~ )

Mass m = 1019.461 + 0.016 MeV
Full width ' = 4.249 £+ 0.013 MeV (S =1.1)

$(1020) DECAY MODES

Fraction (T';/T)

Scale factor/

p
Confidence level (MeV/c)

KT K~
0 0
KL Ks

(492 +05 )%
(340 +04 )%

S=1.3 127
S=1.3 110
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+ 0

prT+ T (15.24 +0.33 ) % S=1.2 -
ny ( 1.303+0.025) % s=1.2 363
70 (1.30 £0.05 ) x 10~3 501
Il — 510
ete~ ( 2.973£0.034) x 104 s=1.3 510
whp~ (286 +£0.19 ) x 1074 499
nete~ (1.08 £0.04 ) x 104 363
T~ (73 +£13 )x107° 490
wnl (47 +05 )x1075 171
wy < 5 % CL=84% 209
Py < 12 x 1075 CL=90% 215
ata=y (41 +13 )x107° 490
5(980)~ (322 £0.19 ) x 1074 S=1.1 29
70m0n (112 +0.06 ) x 10~4 492
ata—atn (39 *28 yx1076 410
atata a0 < 46 x 1076 CL=90% 342
mlete (133 T390 ) <1075 501
w0y (7.27 £0.30 ) x 1075 S=15 346
a9(980) (76 406 )x107° 39
KOKO < 19 x 1078  CL=90% 110
7'(958) (622 £0.21 ) x 1075 60
nm07r0y < 2 %1075 CL=90% 293
uwtuy (14 £05 )x107° 499
PYY < 12 x 1074 CL=90% 215
nrta~ < 18 x107%  CL=90% 288
nut = < 94 x1076  CL=90% 321
nU — nete™ <1 x 1076 CL=90% -
Lepton Family number (LF) violating modes
et T LF < 2 x 1076 CL=90% 504
hy(1170) 16UPC =0t )
Mass m = 1170 4+ 20 MeV
Full width ' = 360 + 40 MeV
by(1235) 16(JPCy =1t + )
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)
wTm dominant 348

[D/S amplitude ratio = 0.277 & 0.027]
ey (1.640.4) x 1073 607
atrta—x0 < 50 % 84% 535
(KK)* 70 < 8 % 90% 248
KK nt < 6 % 90% 235
K KO nt < 2 % 90% 235
om < 15 % 84% 147

See Particle Listings for 2 decay modes that have been seen / not seen.
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a;(1260) 1

IG(JPC) =1—(1t%

Mass m = 1230 + 40 MeV [l
Full width I = 250 to 600 MeV

£(1270)

IG(JPC) — 0+(2++)

Mass m = 1275.5 & 0.8 MeV
Full width T = 186.7722 MeV (S = 1.4)

Scale factor/ p

f,(1270) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T (842 *23)% s=11 623
ot o270 (77 *3ly% S=1.2 563
KK (46 0%y % 5=27 404
onton— (28 0.4 )% S=1.2 560
nn (40 +08 )x1073 s=2.1 326
470 (3.0 £1.0 )x 103 565
vy ( 1.42+0.24) x 105 s=1.4 638
nww < 8 x 1073 CL=95% 478
KOK—nt + c.c. < 34 x1073  CL=95% 203
ete < 6 x 10710 cL=00% 638

f;(1285) 16(UPCY = ot + )

Mass m = 1281.9 + 0.5 MeV (S =1.8)
Full width ' = 22.7 + 1.1 MeV (S = 1.5)
Scale factor/ p
f; (1285) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
47 3357 2% 5=13 568
w0n0nt (223% 13y % 5=13 566
ot o~ 2t 3% 5=13 563
POt 2t 3% s=13 336
470 < 7 x 104 CL=90% 568
nat (35 +15 )% 479
nTT (520" 18 % s=1.2 482
a0(980) 7 [ignoring ag(980) — (38 £4)% 238
KK]

nm [excluding ap(980) ] (14 £4)% 482
KKn (91+ 04)% s=1.1 308
7r+7r 70 (3.0+ 09)x 1073 603
pEr¥ < 31 x 1073 CL=95% 390
7 p° (53+ 12)% 5=2.9 406
oy (75+ 2.7) x 1074 236

See Particle Listings for 2 decay modes that have been seen / not seen.
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n(1295) 16(UPCY =0t~ )

Mass m = 1294 + 4 MeV (S = 1.6)
Full width ' = 55 £ 5 MeV

7(1300) 16UPG =170~ )

Mass m = 1300 + 100 MeV [l
Full width T = 200 to 600 MeV

a3,(1320) 16UPG =172+ +)

Mass m = 13183702 MeV (S = 1.2)
Full width T = 107 + 5 MeV [

Scale factor/ p
35(1320) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
37 (70.1 £2.7 )% S=1.2 624
nm (145 £1.2 )% 535
wrT (106 +32 )% S=1.3 366
KK (49 +08)% 437
7' (958) (55 +0.9 )x10~3 288
aty ( 291i027)x10 3 652
Ty (9.4 +0.7)x10~© 659
ete~ <5 x 1079 CL=90% 659
f(1370) U] 16(PCy = ottt

Mass m = 1200 to 1500 MeV
Full width ' = 200 to 500 MeV

f(1370) DECAY MODES Fraction (I';/T) p (MeVjc)

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

1(1400) "] 1IG6UPC =1—a1—*)

Mass m = 1354 £ 25 MeV (S = 1.8)
Full width I = 330 £ 35 MeV

n(1405) (9] 16(JPCy =0t~ 1)

Mass m = 1408.8 = 1.8 MeV [ (5 = 2.1)
Full width T = 51.0 +£ 2.9 Mev [1 (5 = 1.8)

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

pp <58 % 99.85% i
See Particle Listings for 9 decay modes that have been seen / not seen.
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f1(1420) 7] 16(UPCY = ot + )

Mass m = 1426.4 + 0.9 MeV (S =1.1)
Full width ' = 54.9 £ 2.6 MeV

,(1420) DECAY MODES Fraction (I;/T) p (MeVo)
KKm dominant 438
K K*(892)+ c.c. dominant 163

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

w(1420) 19 16UPC =0=(177)

Mass m (1400-1450) MeV
Full width ' (180-250) MeV

w(1420) DECAY MODES Fraction (I';/T) p (MeV/c)

p dominant 486
See Particle Listings for 3 decay modes that have been seen / not seen.

ap(1450) U1 16(UPC =170+ )

Mass m = 1474 + 19 MeV
Full width ' = 265 + 13 MeV

ag(1450) DECAY MODES Fraction (I';/T) p (MeVjc)
wn 0.093£0.020 627
m1'(958) 0.033£0.017 410
KK 0.082+0.028 547
wmTT DEFINED AS 1 484

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

p(1450) ['] 16(JPCy =1ta1— )

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

n(1475) (9] 1G(PCY = 0+~ )

Mass m = 1476 +£ 4 MeV (S = 1.3)
Full width T = 85+ 9 MeV (S = 1.5)

n(1475) DECAY MODES Fraction (T';/T) p (MeVjc)

KK dominant 477
See Particle Listings for 4 decay modes that have been seen / not seen.
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f(1500) ("] 16(PC =0+ 0+ )

Mass m = 1504 £ 6 MeV (S = 1.3)
Full width T' = 109 + 7 MeV

fo(1500) DECAY MODES Fraction (I';/T) Scale factor (M!e)v/c)
T (34.9+2.3) % 12 740
47 (49.54+3.3) % 1.2 691
nn (51+0.9)% 1.4 515
n1’ (958) (1.9+0.8) % 1.7 t
KK (86+1.0)% 1.1 568

See Particle Listings for 9 decay modes that have been seen / not seen.

%(1525) 16(UPCY = ot + )

Mass m = 1525 + 5 MeV [l
Full width T = 73+¢ Mev [

f'2(1525) DECAY MODES Fraction (I';/T) p (MeV/c)

KK (88.7 22 )% 581

nn (10.4 +22 )% 530

T (82 +15)x1073 750

vy ( 1.10+0.14) x 106 763
m1(1600) [7] 1I6UPCY =11~ 1)

Mass m = 16625 MeV
Full width I = 241 £ 40 MeV (S = 1.4)

72(1645) 16(JPCy =0t~ 1)

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

w(1650) L] 16UPCY =017 )

Mass m = 1670 + 30 MeV
Full width ' = 315 + 35 MeV

w3(1670) 16UPGY =0-3— )

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

m(1670) 1I6UPG =172~ )

Mass m = 1672.2 = 3.0 MeV [l (S = 1.4)
Full width T =260 + 9 MeV [1 (S =1.2)
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p
mo(1670) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
3r (95.8+1.4) % 809

£ (1270) 7 (56.3£3.2) % 328
p (31 +4 )% 648
o (10.9+3.4) % -
7 (77)s-wave (87+34)% -
K K*(892)+ c.c. (4.2+1.4)% 455
wp (27£1.1)% 304
nty ( 7.0£1.1) x 10~4 830
vy < 2.8 x10~7 90% 836
p(1450) 7 < 36 x 1073 97.7% 147
by (1235)7 < 19 x 1073 97.7% 365
See Particle Listings for 2 decay modes that have been seen / not seen.
#(1680) 1I6UPCYy =0—(1— )
Mass m = 1680 + 20 MeV U]
Full width I = 150 + 50 MeV [
¢(1680) DECAY MODES Fraction (I';/T) p (MeVc)
K'K*(892) + c.c. dominant 462
See Particle Listings for 7 decay modes that have been seen / not seen.
03(1690) 16UPC =1t3— )
Mass m = 1688.8 + 2.1 MeV U]
Full width T = 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
wm (16 +£6 )% 655
T (236 + 1.3 )% 834
KKm (38 +12)% 629
KK (1.58+ 0.26) % 1.2 685
See Particle Listings for 5 decay modes that have been seen / not seen.
p(1700) 1 16(PCYy =11~ )
Mass m = 1720 = 20 MeV 1 (5 and 7+ 7~ modes)
Full width I = 250 = 100 MeV I (57, and 7+ 7~ modes)
p(1700) DECAY MODES Fraction (I';/T) p (MeVc)
2(nt ) large 803
pPTT dominant 653
po atn— large 651
pEaF a0 large 652

See Particle Listings for 12 decay modes that have been seen / not seen.
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f(1710)

[t IG(JPC) =ot@t

Mass m = 17231'2 MeV (S =1.6)
Full width ' =139 £ 8 MeV (S =1.1)

(1800)

IG(JPC) — 1*(0*+)

Mass m = 1812 £ 12 MeV (S = 2.3)
Full width ' = 208 + 12 MeV

$3(1850)

16UPCY =0=(3— )

Mass m = 1854 + 7 MeV
Full width I = 87+38 MeV (S =1.2)

5(1880)

IG(JPC) — 1—(2—+)

Mass m = 1895 + 16 MeV
Full width ' = 235 + 34 MeV

£,(1950)

IG(JPC) — 0+(2++)

Mass m = 1944 £ 12 MeV (S = 1.5)
Full width ' = 472 + 18 MeV

£(2010)

IG(JPC) =0ttt

Mass m = 20111’38 MeV
Full width ' = 202 + 60 MeV

a4(2040)

IG(JPC) =1=(at )

Mass m = 1995710 Mev (S = 1.1)
Full width I = 257733 MeV (S = 1.3)

£,(2050)

IG(JPC) — 0+(4++)

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

(2050) DECAY MODES Fraction (I;/T) p (MeVjc)
e (17.0£1.5) % 1000
KK (687 34) %103 880
nn (21+0.8) x 1073 848
470 < 12 % 964

See Particle Listings for 2 decay modes that have been seen / not seen.
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#(2170) 1I6PC =01 )

Mass m = 2188 + 10 MeV (S = 1.8)
Full width ' = 83 £ 12 MeV

£(2300) 16(PC) =0t + )

Mass m = 2297 + 28 MeV
Full width T = 149 + 40 MeV

(2340) 16(UPCYy = ot + )

Mass m = 2345730 MeV
Full width I = 322770 MeV

STRANGE MESONS
(S=+1,C=B=0)

Kt =us, KO =ds, KO =ds, K~ =1s, similarly for K*'s

K* 1Py = 3(07)

Mass m = 493.677 + 0.016 MeV [U (S = 2.8)
Mean life 7 = (1.2380 + 0.0020) x 108 s (S = 1.8)
cr =3711m

CPT violation parameters (A = rate difference/sum)
AKE = pty,) = (-0.27 £0.21)%

AKE - 7E70) = (0.4 £ 0.6)% V]

CP violation parameters (A = rate difference/sum)
AKE — nFete ) =(-22+16)x1072
A(KE — 7t ptp~) =0.010 £ 0.023
AKE — 7t704) = (0.0 £ 1.2) x 1073
A(K* — afrtr™) = (0.04 + 0.06)%

AKE — 7t 70720) = (—=0.02 + 0.28)%

T violation parameters
Kt — n%utv, Pp=(-17+25)x10"3
Kt — ptuy,y  Pp=(—06=%19)x1072
K+ — 7%tv, Im(¢) = —0.006 + 0.008

Slope parameter g [*]

(See Particle Listings for quadratic coefficients and alternative

parametrization related to w7 scattering)

K+ - gEatr— g=—0.21134 + 0.00017

(g &)/ (gs +g)=(-15+22)x 107"
K+ — 7t 72070 g =0.626 + 0.007

(g —&-)/(gy +8-)=(1.8+ 18 x107*
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K* decay form factors (Y]
Assuming i-€ universality
A4 (Kif3) = AL (K3;) = (2.97 £ 0.05) x 1072

/\0(K2f3) = (1.95 + 0.12) x 1072

Not assuming p-e universality
A (KL) = (2.98 £ 0.05) x 1072
Ay (Kf5) = (2.96 £ 0.17) x 1072

AO(;%) = (1.96 + 0.13) x 1072

Ke3 form factor quadratic fit

Ny (KE) linear coeff. = (2.49 + 0.17) x 1072
X", (K%) quadratic coeff. = (0.19 + 0.09) x 1072

K& |fs/fi] = (-03108) x 1072
KL |fr/fi] = (-1.2£23)x 1072
Ky |fs/fi] = (0.2 £ 0.6) x 1072

Ky |fr/fi]=(-01+07)x 1072

KT — etwey |Fa+ Fy|=10133+£0.008 (S=13)

Kt — ptv,y |Fa + Fy| =0.165 £ 0.013
Kt — etvey |Fa— Fy| < 049, CL = 90%
Kt — /J+Vp’)/ }FA — FV‘ = —0.21 £ 0.06

Charge radius
(r) = 0.560 + 0.031 fm

Forward-backward asymmetry

+ ~ T(cos(0k ,,)>0)—T(cos(0k ,,)<0)
AFB(KTruu) - r(cos(GK:)>O)+r(cos(9KZ)<0)
90%

K™ modes are charge conjugates of the modes below.

< 23x1072,CL=

Scale factor/  p
K+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Leptonic and semileptonic modes
etve ( 1.582£0.007) x 105 247
uwty, ( 6356 £0.11 )% s=12 236
et v, (507 £0.04 )% s=21 228
Called K.
uty, ( 3.35240.033) % s=19 215
Called K 1.
w0n0etu, ( 255 £0.04 ) x 105 S=1.1 206
ata et ( 4.247+0.024) x 1075 203
mta~uty, ( 14 £09 )x1075 151
w0070ty < 35 x1076  CL=90% 135
Hadronic modes
ot ( 2067 +£0.08 )% S=12 205
7t 070 ( 1.760+0.023) % s=11 133
atata™ ( 5.5830.024) % 125



Meson Summary Table 41
Leptonic and semileptonic modes with photons
W,y [zaa] ( 6.2 +0.8 )x1073 236
wFv,v(SDY) [a,bb] ( 1.33 £0.22 )x 107° -
wF v, (SDTINT) [a,bb] < 27 x1075  CL=90% -
wFv,7(SD™ + SDTINT) [abb] < 26 x 1074 CL=90% -
etvey ( 94 +04 )x107° 247
m0et ey [zaa) ( 256 £0.16 ) x 10~4 228
70et v~ (SD) labb] < 53 %1075 cL=90% 228
O utv,y [zaa) ( 1.25 £0.25 )x 10~ 215
w070 et ey < 5 x1076  CL=90% 206
Hadronic modes with photons or £Z pairs
T 70~ (INT) (- 42 +09 )x1076 -
7t 70~ (DE) [zcc] ( 60 +04 )x1076 205
at a0 7r0'y [zaa] ( 7.6 fgg ) X 106 133
atrtr=y [zaa] ( 1.04 £0.31 ) x10~4 125
7ty [Z] ( 1.01 +£0.06 )x10~® 227
7t 3y [Z1< 10 x10~4  CL=90% 227
ntete vy ( 119 £0.13 )x 1078 227
Leptonic modes with £Z pairs
et vy < 6 x107%  CL=90% 247
v < 24 x1076  CL=90% 236
etveete” ( 248 £020 )x 1078 247
pwhru,ete” ( 7.06 £0.31 )x1078 236
etveptu~ ( 17 405 )x1078 223
v, ptp < 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
atrte g 5Q < 13 x1078  cL=90% 203
rtatuT o, 5Q < 30 x1076  CL=95% 151
ntete s1 ( 3.00 £0.09 ) x 10~ 7 227
atutp~ s1 ( 94 +06 )x1078 S=26 172
7 s1 ( 17 +11 )x10710 207
atalup s1 < 43 x1075  CL=90% 205
pvetet LF < 21 x1078  CL=90% 236
ptve LF  [d< 4 x1073  CL=90% 236
atute LF < 13 x10711 cL=90% 214
atp~et LF < 52 x10710  cL=90% 214
autet L < 50 x10710  cL=90% 214
netet L < 6.4 x10710  cL=90% 227
autut L [d < 86 x10711  cL=90% 172
ut e L [d < 33 x1073  CL=90% 236
et v, L < 3 x1073  CL=90% 228
nty [dd] < 23 x1079  CL=90% 227
KO 1Py =307)

50% Ks, 50% K|
Mass m = 497.611 £+ 0.013 MeV (S = 1.2)
Mo — Myex = 3.934 £ 0.020 MeV (S = 1.6)
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Mean square charge radius
() = =0.077 £ 0.010 fm?

T-violation parameters in K%-K° mixing [¥]

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

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

CPT-violation parameters [V]
Red = (25 +2.3) x 107
Imdé = (—15+1.6) x 1075
Re(y), K.3 parameter = (0.4 + 2.5) x 1073
Re(x_), Ke3 parameter = (—2.9 4 2.0) x 1073
|myo — Mzo| / Maverage < 6 x 10719, CL = 90% [ee]
(rKO - rRO)/maverage =(8+8)x 10718
Tests of AS = AQ
Re(xy), Ke3 parameter = (—0.9 + 3.0) x 1073

K2 1JP) = 3(07)
Mean life 7 = (0.8954 + 0.0004) x 1071%s (S =1.1) Assuming
CPT
Mean life 7 = (0.89564 4 0.00033) x 10715 Not assuming CPT
cr = 2.6844 cm  Assuming CPT
CP-violation parameters ]

Im(n4—o) = —0.002 = 0.009

Imooo| = |A(KE — 370)/A(K? — 3x0)| < 0.0088, CL = 90%

CP asymmetry Ain 7t n~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
Tt~ (69.2040.05) % 206
atr— 70 (35 T3l ) %107 133
Modes with photons or £¢ pairs
ata [aa.gg] ( 1.794£0.05) x 10—3 206
ataeter ( 4.7940.15) x 10~5 206
70y lgg] (49 +1.8)x10~8 230
vy ( 2.63+0.17) x 10~6 5=3.0 249
Semileptonic modes
nteTu, [nh] ( 7.04+0.08) x 10~4 229
CP violating (CP) and AS = 1 weak neutral current (51) modes

3n0 cP < 26 x1078  CL=90% 139
wtp~ s1 < 8 x 10710 cL=90% 225
ete~ S1 < 9 x 1079 CL=90% 249
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nlet e~ s1 [ggl (30 F15)x1079 230
aOut s1 (29 *15)x1079 177
K} 1Py = 3007
mKL - mKS

(0.5293 + 0.0009) x 1010 s~ (S =1.3) Assuming CPT
= (3.484 £ 0.006) x 10712 MeV  Assuming CPT
= (0.5289 + 0.0010) x 101% A s=1  Not assuming CPT
Mean life 7 = (5.116 £ 0.021) x 1078 s (S = 1.1)
cr = 1534 m

Slope parameters []

(See Particle Listings for other linear and quadratic coefficients)
K — 7tr a0 g=0.678 £0.008 (S =1.5)

K — 7tx= a0 h=0.076 + 0.006
K9 — mtn= % k=0.0099 % 0.0015
KO — 707970 h=(0.6 +1.2) x 1073

K decay form factors [V]

Linear parametrization assuming p-e universality
A (KT3) = Ay (K3;) = (2.82£0.04) x 1072 (S = 1.1)
Mo(K%3) = (1.38 £0.18) x 1072 (S = 2.2)
Quadratic parametrization assuming u-e universality
N (KDg) = N (K%)= (240 £0.12) x 1072 (S =1.2)
N (KDg) = N1 (K23) = (020 £ 0.05) x 1072 (S = 1.2)
Mo(KY%3) = (1.16 £ 0.09) x 1072 (S = 1.2)

Pole parametrization assuming p-e universality
MY, (K93) = M§, (KQ3) = 878 £ 6 MeV (S = 1.1)
Mg (KD3) = 1252 4 90 MeV (S = 2.6)
Dispersive parametrization assuming p-e universality
Ay = (0.251 4 0.006) x 10~ (S = 1.5)
In(C) = (1.75 £ 0.18) x 1071 (S = 2.0)
K |fs/fi] = (15115) x 1072
K% |fr/fi] = (512) x 1072

KOs |fr/fy| =(12+£12)x 1072

KL — (07, K — tte ot Qe = —0.205 +
0.022 (S =1.8)

KO — tt07y, KO — ¢t 0H 0~ app=—169 +
0.08 (S=17)

K, — wtn—ete™: aj/ap = —0.737 + 0.014 GeV?
K, — 702y ay = —0.434+0.06 (S=1.5)
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CP-violation parameters (7]
A; = (0.332 + 0.006)%
00| = (2220 £ 0.011) x 1073 (S = 1.8)

[n4—| = (2232 £0.011) x 1073 (S =1.8)
e] = (2228 £0.011) x 1073 (S = 1.8)
[00/7+—| = 0.9950 % 0.0007 (11 (S = 1.6)
Re(e'/e) = (1.66 =+ 0.23) x 1073 [l (S = 1.6)
Assuming CPT
by = (4351 £0.05)° (S=12)
doo = (43.52 +0.05)° (S = 1.3)
be=psw = (43.52 £ 0.05)° (S =1.2)
Im(¢'/e) = —(¢o0 — &4_)/3 = (—0.002 £ 0.005)° (S = 1.7)
Not assuming CPT
byp_ = (434+05)° (S=1.2)
boo = (43.7 £ 0.6)° (S=12)
be = (435 £ 05)° (S =13)
CPasymmetry Ain K9 — ntr~ete™ = (137 £ 1.5)%
Bcp from KY — ete"ete™ = —0.19 £ 0.07
vcp from K — ete ete™ =0.01£0.11 (S=1.6)
jfor K — 7+ 7= 70 = 0.0012 + 0.0008
ffor K — at 7= 7% =0.004 & 0.006
[74—| = (2.35 £ 0.07) x 1073
Gy = (44 £ 4)°
€, |/e < 03, CL=90%
lgp1] for K¢ — 7t77y < 021, CL = 90%
T-violation parameters
Im(¢) in KO3 = —0.007  0.026
CPT invariance tests
doo — ¢+— = (0.34 £0.32)°
Re(2n,_ + Lngo)—2F = (—3+35)x 1076
AS = -AQin K9 decay
Re x = —0.002 + 0.006

Im x = 0.0012 + 0.0021
Scale factor/  p

K(z DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic modes
nteTu, [hh] (4055 +£0.11 )% S=17 229
Called KY;.
mtuFy, [hh] (27.04 £0.07 ) % s=11 216
0
Called K‘L3.
(mpatom)v ( 1.05 +0.11 ) x 10~7 188
mOrfefy [hh] (520 £0.11 )x 10~5 207

nteFrete [hh] ( 1.26 +£0.04 )x 10~5 229
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Hadronic modes, including Charge conjugationx Parity Violating (CPV) modes

370 (19.52 +£0.12 ) % s=16 139
ot 70 (12.54 +0.05 ) % 133
ata~ cPV [f] ( 1.967+0.010) x 103 S=15 206
7070 cPv (864 £0.06 ) x 10~4 S=1.8 209
Semileptonic modes with photons
nt e;l/e’y [aa,hh,kk] ( 3.79 £0.06 ) x 10-3 229
mtuFu,y (565 £023 ) x10~4 216
Hadronic modes with photons or £Z pairs
70m0~ < 243 x 10~7 CL=90% 209
atry laa,kk] ( 4.15 £0.15 ) x 10~5 s=28 206
7t 7~ (DE) (284 £0.11 ) x 107> S=2.0 206
702 [kk] ( 1.273+0.033) x 10—6 230
nOyete~ (162 £0.17 ) x 1078 230
Other modes with photons or £Z pairs
2y ( 5.47 +£0.04 ) x 1074 S=1.1 249
3y < 74 x 108 CL=90% 249
ete vy (94 +04 )x107° S=2.0 249
utpu=~ (359 £0.11 ) x 10~7 S=13 225
ete vy [kk] ( 5.95 +0.33 ) x 10~7 249
wtp=yy kel (10 38 )18 225
Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes
wtp~ s1 (684 £0.11 )x 1072 225
ete” s1 (o T§ yxw0712 249
atr~ete™ S1 [kk] ( 3.11 £0.19 ) x 10—/ 206
a0nlet e~ s1 < 66 x 1079 CL=90% 209
w00t s1 < 92 x 10711 CL=90% 57
putp—ete” s1 (269 £0.27 ) x 1072 225
eteete™ s1 (356 £0.21 ) x 108 249
aOut CP,SI [Il] < 3.8 x 1010 CL=90% 177
nlete CP,SI [l < 2.8 x 10~10 CL=90% 230
%7 CP,S1 [nn] < 26 x 10~8 CL=90% 230
0x0vs s1 < 81 x 10=7 CL=90% 209
et uF LF  [hh] < 47 x 10712 CL=90% 238
et et yF uF LF  [hh] < 412 x 1011 CL=90% 225
a0t eF LF  [mh] < 76 x 10~ 11 CL=90% 217
070yt e LF < 17 x10710  cL=90% 159
K3 (700) 1JP) = L(ot)

Mass (T-Matrix Pole /s) = (630-730) — i (260-340) MeV
Mass (Breit-Wigner) = 824 £+ 30 MeV
Full width (Breit-Wigner) = 478 + 50 MeV
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K*(892) 1Py = 3017)

K*(892)* hadroproduced mass m = 891.76 + 0.25 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 = 50.3 + 0.8 MeV
K*(892)* 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 % 290
KO~ ( 2.4640.21) x 1073 307
KE~ ( 1.00+0.09) x 10~3 309
Knm < 7 x 1074 95% 223
K1(1270) 1Py = 3at)

Mass m = 1272 &+ 7 MeV [1]
Full width T = 90 =& 20 MeV []

Kj(1270) DECAY MODES Fraction (I';/T) p (MeV/c)
Kp (42 +6 )% 46
K5(1430) (28 +4 )% t
K*(892) (16 +5 )% 302
Kw (11.0+£2.0) % i
K 15(1370) (3.0£2.0)% i

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

K1(1400) 1UP) = 1)

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

K7 (1400) DECAY MODES Fraction (I';/T) p (MeV/c)
K*(892) 7 (94 +6 )% 402
Kp (3.0£3.0) % 293
K f(1370) (2.0+£2.0)% i
Kw (1.0+£1.0)% 284

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

K*(1410) 1Py = 37)

Mass m = 1421 + 9 MeV
Full width ' = 236 + 18 MeV

p
K*(1410) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K*(892) 1 > 40 % 95% 416
K (6.6+1.3)% 617
Kp < 7 % 95% 313

v KO < 22 x 104 90% 623
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K?5(1430) [oc] 1Py = 3(0™)

Mass m = 1425 + 50 MeV
Full width ' = 270 + 80 MeV

K5(1430) DECAY MODES Fraction (T';/T) p (MeVjc)
Km (93 +£10 )% 619
Kn (86t 219 486

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

K3(1430) 10P) = 302h)

K3(1430)* mass m = 1425.6 & 1.5 MeV (S = 1.1)
K3(1430)° mass m = 1432.4 & 1.3 MeV

K3(1430)* full width I = 98.5 £ 2.7 MeV (S = 1.1)
K3(1430)0 full width I =109 £ 5 MeV (S = 1.9)

Scale factor/ p
K;(1430) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
Km (49.9+1.2) % 619
K*(892)w (24.7£1.5) % 419
K*(892) 7w (13.4+2.2) % 372
Kp (8.7+0.8) % S=1.2 318
Kw (2.9+0.8) % 311
Kt~y (2.4+05) x 103 S=1.1 627
Kn (15F30)x 1073 s=13 486
Kuwm < 72 x 1074 CL=95% 100
KO~y <9 x 104 CL=90% 626
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 (MeV/c)
Kr (38.7+2.5) % 782
Kp (314459 % 571
K*(892)m (20.9+22) % 618

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

Ka(1770) 1o7! 1Py =4(27)

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

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

Krm 794
K35(1430)m dominant 288
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See Particle Listings for 4 decay modes that have been seen / not seen.

K3%(1780) 1UP) = 1(37)

Mass m = 1776 £ 7 MeV (S =1.1)
Full width ' = 159 + 21 MeV (S = 1.3)

P
K;(HBO) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
Kp (Bl £9)% 613
K*(892) 1 (20 £5)% 656
K (18.8+ 1.0) % 813
Kn (30 +13 )% 719
K3(1430) 7 < 16 % 95% 291

K»(1820) 941 1UP) = 427)

Mass m = 1819 + 12 MeV
Full width ' = 264 + 34 MeV

%(2045) 1JP) = Lty

Mass m = 2045 £ 9 MeV (S =1.1)
Full width T = 198 + 30 MeV

K:(2045) DECAY MODES Fraction (I';/T) p (MeVjc)
K (9.9+1.2) % 958
K*(892)mm (9 £5 )% 802
K*(892)mmm (7 +5 )% 768
pKm (5.7£3.2) % 741
wKm (5.0+3.0) % 738
oKT (2.8+1.4) % 594
»K*(892) (1.4+0.7) % 363
CHARMED MESONS

(C=+1)

Dt =cd, DO = ¢G, D° = Cu, D~ =Td, similarly for D*'s

D* 1Py = }(07)
Mass m = 1869.65 & 0.05 MeV
Mean life 7 = (1040 + 7) x 10715 s
cr = 311.8 pm
c-quark decays
F(c — £Tanything)/T(c — anything) = 0.096 + 0.004 [7]
M(¢c — D*(2010)*anything)/I(c — anything) = 0.255 + 0.017

CP-violation decay-rate asymmetries
Acp(uTv) = (8 + 8)%
Acp(K%etv) = (0.6 £1.6)%
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Acp(K&rt) = (—0.41 £ 0.09)%
Acp(KF2r%) = (-0.18 + 0.16)%
Acp(KF 7% 70) = (—03 £ 0.7)%
Acp(K&nt %) = (—0.1 £ 0.7)%
Acp(KSrtrtn™) = (0.0 £ 1.2)%
Acp(n*n0) = (2.4 £1.2)%
Acp(nn) = (1.0 +15)% (S=1.4)
Acp(mE1/(958)) = (—0.6 + 0.7)%
Acp(KO/KOKE) = (0.11 £ 0.17)%
Acp(KSK*) = (-0.11 £ 0.25)%
Acp(KTK—7%) = (0.37 £ 0.29)%
Acp(KEK*0) = (0.3 + 0.4)%
Acp(on®) = (0.09 £ 0.19)% (S = 1.2)
Acp(K*K§(1430)°) = (81()%
Acp(KT K3(1430)%) = (43730)%
Acp(KEKy(700) = (—=12715)%
Acp(a9(1450)° %) = (—19718)%
Acp(4(1680) %) = (-9 + 26)%
Acp(rta=nt) = (-2 + 4)%
Acp(KYKEnt ™) = (-4 £ )%
Acp(K=70) = (-4 £ 11)%

X2 tests of CP-violation (CPV)
Local CPV in D* — zt7r— 7% =78.1%
Local CPV in D* — Kt K~ 7% =31%

CP violating asymmetries of P-odd ( 7-odd) moments
Ar(KYKEatr™) = (12 £ 11) x 1073 []

D* form factors
£1(0)|Ves| in KO0t up = 0.719 £ 0.011 (S = 1.6)
rn=ai/ain KOty = -213+0.14
rm=ay/agin KOty =—-3+12 (S=1.5)
£1(0)| Veg| in 700+ v, = 0.1407 + 0.0025
n=ay/ain 700ty = -2.00+0.13

h = 22/20 in W0f+ug =—4+5

£1(0)|Veq| in DY — net v =0.086 & 0.006

n=ay/ain Dt — netye=-18+22

r, = V(0)/A1(0) in Dt — wet v =1.24 £0.11

ry = A(0)/A1(0) in Dt — wet v, =1.06 + 0.16

ry = V(0)/A1(0) in DT,D° — pet v, =1.48+0.16

ry = Ay(0)/A1(0) in DT,D° — petuy, =0.83 +0.12

r, = V(0)/A1(0) in K*(892)° ¢ty = 1.49 + 0.05 (S = 2.1)

ry = A»(0)/A1(0) in K*(892)0 ¢+ 1, = 0.802 + 0.021

ry = A3(0)/A1(0) in K*(892)%¢+ 1y = 0.0 + 0.4

Fy/Tin K*(892)%¢% v, = 1.13 + 0.08

F/T_in K*(892)%¢T 1, = 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 Kg modes, not as KO modes. Nearly always it is
a K% that is measured, and interference between Cabibbo-allowed and dou-
bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(K%) =
r(KO).
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Scale factor/ p
D+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Inclusive modes
et semileptonic (16.070.30) % -
uT anything (176 +3.2 )% -
K~ anything (25.7 £1.4)% -
KOanything + K%anything (61 +5 )% -
K™ anything (59 £0.8)% -
K*(892)~ anything (6 £5 )% -
K*(892)0 anything (23 £5 )% -
K*(892)% anything < 66 % CL=90% -
n anything (63 +£07)% -
n' anything ( 1.0440.18) % -
¢ anything (1 1.034+0.12) % -
Leptonic and semileptonic modes
etve < 88 x 1076 CL=90% 935
vetuve < 30 x 1072 CL=90% 935
whu, (3.74+0.17) x 10~4 932
. < 12 x1073  CL=90% 90
Koetu, ( 8.73+0.10) % 869
Koutu, ( 8.74+0.19) % 865
K-t etu, ( 3.8940.13) % s=2.1 864
K*(892)%et ve, K*(892)0 — (3.66+0.12) % 722
K—rt
(K~71) [0.8-1.0/Gev €T Ve ( 3.3940.09) % 864
(K~ )5 wave €1 Ve ( 2.2840.11) x 10~3 -
K* (1410) et e, < 6 x 1073 CL=90% -
K*(1410)° - Kot
K3(1430)% et e, <5 x10=4  CL=90% -
?;(1430)0 — K- rxt
K~ 7t et v, nonresonant <7 x 1073 CL=90% 864
K- ntuty (3.65+0.34) % 851
K*(892)°u+ Vs ( 3.52+0.10) % 717
?*(892)0 — K= at
K~ 7t ut v, nonresonant (1.9 +£05)x1073 851
K=rtrOutu, < 15 x1073  CL=90% 825
ety ( 3.72+£0.17) x 1073 $=2.0 930
net v, ( 1.1440.10) x 10~3 855
et (218F33) x 1073 774
PTas (24 £04 )x1073 770
wet e ( 1.6940.11) x 1073 771
7' (958) e vg (22 405 )x 1074 690
pet e < 13 x1075  CL=90% 657
DVt u, < 10 x10~4  CL=90% 5
Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.
K*(892)0 et v ( 5.404:0.10) % S=1.1 722
K*(892)%ut v, ( 5.25+0.15) % 717
K;(1430)° ut v, < 23 x10=4  CL=90% 380
K*(1680)° T v, < 15 x1073  CL=90% 105



Meson Summary Table 51
Hadronic modes with a K or KKK
K%nt (1.47+0.08) % $=3.0 863
KO+ ( 1.46£0.05) % 863
K= 2rt [tr] ( 8.9840.28) % S=22 846
(K= 7)) s_wave®™ ( 7.2040.25) % 846
Ky(1430)07F, [uu] ( 1.1940.07) % 382
K5(1430)0 — K—xt
K*(892)0x+, (100 +1.1 )x 1073 714
K*(892)° — K=t
K3(1430)0 7, [us] (22 407 )x10~4 371
K3(1430)° — K~ xt
K*(1680)% 7, [uu] (21 £1.0 ) x10~4 58
K*(1680)° — K~ xt
K= (2rT) 120 ( 1.39+0.26) % -
K nt 70 [tt] ( 7.05+£0.27) % 845
K% p* (59 F38)% 677
Kosp(1450)+, pt — 7ta0 (15 f%‘l‘ yx 1073 -
K*(892)0x+, (25240.31) x 103 714
K*(892)0 — K%x0
K;(1430)° 7%, K0 — K%n® (26 £0.9 )x1073 -
K;(1680)° 7T, K — K%x0 (9 & )x104 -
Art, 70— Kn0 (54 T3 )x1073 -
K% 7t 70 nonresonant (3 +4 )x1073 845
K% 7t 7%nonresonant and (1311325 -
”Ort
(K% 7% s _wavert (122%3%) 5 845
K~ 2nt 70 [w] ( 5.98+0.23)% 816
K2ntm~ [w] (297£0.11)% 814
K= 3nt7n~ [tr] (55 +0.5)x1073 S=1.1 772
K*(892)027F 7, (12 +0.4 )x1073 645
K*(892)° — K—xt
K*(892)0 p0 7, (22 +0.4 )x 1073 239
K*(892)0 — K~ 7t
K*(892)0 a1 (1260)+ xx] (89 +£1.8)x10-3 t
K= pP2xt ( 1.6540.27) x 10~3 524
K~ 37t 7~ nonresonant (39 £28)x1074 772
K*2K% ( 2.54+0.13) x 10~3 545
KTK=KYnt (2.3 +£05)x 1074 436
Pionic modes
atrl (1.17+0.06) x 10~3 925
onta— (3.1340.19) x 10~3 909
aras (80 +1.4 )x10~% 767
7t (7T 77) s_wave ( 1.75+0.16) x 103 909
ort, o — wta~ (1.3240.12) x 1073 -
(980) 7, (1.50+0.32) x 1074 669
£(980) — mtm~
fo(1370) 7+, (8 +4 )x107° -
f(1370) — 7ta~
f(1270) 7+, (48 +08)x107% 485

£ (1270) — 7t~
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p(1450)0 7, < 8 x1075  CL=95%
p(1450)° — 7t x
f5(1500) 7+ (11 +0.4 )x 1074
f(1500) — 7t 7
fo(1710) 7t <5 x1075  CL=95%
fo(1710) — =+
fo(1790) 7+ < 6 x 1072 CL=95%
f(1790) — 7+
(7t 7 ) s _wave ™ < 12 x 10~4 CL=95%
27 = nonresonant < 11 x10~4 CL=95%
nt2n0 (45 +04 )x103
2t 70 (1.110.08) %
3rton~ ( 1.59+0.16) x 103 S=1.1
nrt ( 3.3340.21) x 1073 S=1.4
nat a0 (1.38+0.35) x 103
wT (28 406 )x1074
7' (958) 7t ( 4.60+0.31) x 10~3
7' (958) 7t 70 (16 +£05)x103
Hadronic modes with a KK pair
K+ K% (2.83+0.16) x 1073 5=2.8
KtK— ot [tt] ( 9.514+0.34) x 10—3 S=1.6
ort, ¢ — KTK™ ( 2.64+£0.11) x 103
K+ K*(892)°, ( 2441311y 51073
K*(892)0 — K—nt
K+ K;(1430)°, K§(1430)° — (1.7940.34) x 10-3
Kot
KT K5(1430)°, K3 — K~ x*t (16 T32)x104
KTK§(700), K — Kot (67 T34 )x104
a0(1450)0 7+, & — KTK~ (44 T19 ) x 104
#(1680)7t, ¢ — KT K~ (49 T35 )x10-5
KK nt (270:&013)><10 3
K¥KQnta™ (1.67+0.18) x 1073
K%K~ 2nt ( 2.284+0.18) x 10~3
KtK—2rtn (22 £12 )x1074
A few poorly measured branching fractions:
ont 0 (23 £1.0)%
dpt < 14 % CL=90%
Kt K= 7t 70non-¢ (15 +07)%
K*(892)* K¢ (1.6 £0.7 )%
Doubly Cabibbo-suppressed modes
K+t 70 (1.814£0.27) x 10~4 S=1.4
K*n ( 1.02+0.16) x 104
Kt 1/(958) ( 1.73£0.22) x 10~4
Kt rntn~ ( 5.1940.26) x 10~4
K+ p0 (2.0 £05 ) x10~4
(

K*(892)% 7, K*(892)° —
+ -

K™m
K™ £,(980), f,(980) — =t x

2.4 +0.4 )x 1074

(46 +2.8)x1073

338

909
909
910
883
845
848
831
764
681
654

793
744
647

613

741
678
678
601

619
260

682
611

864
776

846
679
714
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K3(1430)° 7+, K3(1430)° — (42 +2.8 )x1075 -
Ktn—
2Kt K~ (85 +£2.0)x107° 550
AC = 1 weak neutral current (C1) modes, or
Lepton Family number (LF) or Lepton number (L) violating modes

ntete” c1 < 11 x1076  CL=90% 930
ate, ¢ — ete byl (17 *1d)x10-6 -
ottt c1 < 73 x 1078 CL=90% 918
ate, ¢ — ptp~ vl (1.8 £08)x10-6 -
ptutu~ 1 < 56 x 1074 CL=90% 757
Ktete~ [zz] < 1.0 x 1076 CL=90% 870
Kt putu~ [zz] < 43 x 106 CL=90% 856
atetu~ LF < 29 x1076  CL=90% 927
ate put LF < 36 x1076  CcL=90% 927
Ktetu~ LF < 12 x 1076 CL=90% 866
Kte ut LF < 28 x 1076 CL=90% 866
m~2e" L < 11 x 1076 CL=90% 930
7 2ut L < 22 x10~8 CL=90% 918
r-etut L < 20 x 1076 CL=90% 927
p—2ut L < 5.6 x10~4 CL=90% 757
K~ 2et L <9 x 107 CL=90% 870
K= 2ut L < 1.0 x 1075 CL=90% 856
K= et put L < 19 x 1076 CL=90% 866
K*(892)~ 2p™ L < 85 x1074  CL=90% 703

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

D° 1Py = 3(07)
Mass m = 1864.83 4+ 0.05 MeV
Mpe — Mpo = 4.822 % 0.015 MeV
Mean life 7 = (410.1 = 1.5) x 10715 5
cr = 122.9 pm

Mixing and related parameters
_ +0.41 10 7 —1
|mD[1) - ng| =(0.95T ¢34 x 1010 7 s
— oy — +0.14 -2
(ng - ng)/rO_uzy_ (1.297514) < 10
la/p| = 0.925 57
Ar = (—0.125 + 0.526) x 1073
KT 7~ relative strong phase: cos § = 0.97 + 0.11
K~ nt n0 coherence factor R o = 0.82 £ 0.06
K~ 7t 70 average relative strong phase P (199 + 14)°
K~ m~ 27T coherence factor Rg3, = 0453*_'85?
K~7n~ 27t average relative strong phase §K37 = (125F22)°
DY — K=z~ 2rt, Rgay (y cosdX3™ — x singK37) = (=3.0 +
0.7) x 1073 Tev—!

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

KiKm
K% K+~ average relative strong phase gKSKm _ (0 + 16)°
K* K coherence factor R, = 0.94 £ 0.12

K* K average relative strong phase 6K K = (=17 + 18)°
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CP-violation decay-rate asymmetries (labeled by the D° decay)

Acp(KTK™) = (-0.07 £ 0.11)%

Acp(2KY) = (0.4 £ 1.5)%

Acp(rt77) = (0.13 £ 0.14)%

Acp(n®7%) = (0.0 + 0.6)%

Acp(p7) = (6 £ 15) x 1072

Acp(¢7) = (=9 £7) x 1072

Acp(K*(892)%4) = (—0.3 £ 2.0) x 1072

Acp(rT 7~ 70) = (0.3 + 0.4)%

Acp(p(T70)t 7= — 7t 20) = (1.2 + 0.9)% [2aa]

Acp(p(770)°70 — 7t 7= 20) = (—3.1 + 3.0)% (23]

Acp(p(T70)" 7t = ata=70) = (—1.0 £ 1.7)% (232l

ACP(/)(1450)+ 71'7 — atr=a0) = (0 + 70)% [224]

Acp(p(1450)070 — mtg— 71'0) = (=20 =+ 40)% [a2a]

Acp(p(1450)~ 7+ — 7r+ 70) = (6 + 9)% 224l

Acp(p(1700)+7r . 7r T 7r0) = (=5 + 14)% [222]

Acp(p(1700)° 71' -t 71' 70) = (13 + 9)% [222]

Acp(p(1700)~ 7t — Tr T WO) = (8 & 11)% [224]
Acp(f(980)70 — ata—=0) = (0 + 35)% [a23]
Acp(f(1370)70 — 77~ 2%) = (25 + 18)% [2@d]
Acp(f(1500)70 — 77~ x0) = (0 & 18)% [22al
Acp(f(1710)70 — a7~ x0) = (0 + 24)% [324]
Acp(£(1270)70 — 7t 7= 7%) = (—4 + 6)% [224]
Acp(o(400)7° — 7t r—70) = (6 + 8)% 22d
Acp(nonresonant 7 7~ %) = (=13 + 23)% [2a2]
Acp(a1(1260) 7~ — 277 277) = (5 £ 6)%
Acp(a1(1260)" 7T — 27t 2r7) = (14 + 18)%
Acp(m(1300)t 7~ — 27t 277) = (=2 £ 15)%
Acp(m(1300)~ 7t — 27t 277) = (-6 + 30)%
Acp(ar(1640)T 7~ — 277 277) = (9 £ 26)%
Acp(m(1670) 7~ — 27T 277) = (7 £ 18)%
Acp(ofy(1370) — 277 277) = (—15 £ 19)%
Acp(op(770)° — 27t277) = (3 £ 27)%
Acp(2p(770)° — 27277 ) = (-6 £ 6)%
Acp(26,(1270) — 27t 277) = (—28 + 24)%
Acp(KtK=70) = (=1.0 £ 1.7)%
Acp(K*(892)t K= — K+ K= x0) = (=0.9 + 1.3)% [l
Acp(K*(1810) K~ — K+ K= 70) = (=21 + 24)% [234]
Acp((KF70)s wave K~ — KT K= 70) = (7 + 15)% 1234]
Acp(¢(1020)70 — KT K~ 70) = (1.1 + 2.2)% la2al
Acp(f(980)70 — K+ K= 70) = (=3 £ 19)% [2a4]
Acp(ag(980)°070 — K+ K= 70) = (=5 + 16)% (224
Acp(F5(1525)70 — KT K~ x%) = (0 + 160)% [997]
Acp(K*(892)~ Kt — Kt K= x0) = (=5 + 4)% [223]
Acp(K*(1410)" K+ — K+t K= a0) = (=17 + 29)% [2d]
Acp((K™7%)s wave K+ — KT K=70) = (=10 + 40)% 1224]
Acp(KY70) = (—0.20 + 0.17)%
Acp(K%n) = (0.5 £ 0.5)%
Acp(K%n') = (1.0 £0.7)%
Acp(K$9) = (=3 £ 9)%
Acp(K=7t) = (0.3 £ 0.7)%
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ACP(K+7T_) = (—09 + 1.4)%

Acp(Dop(e1) — KFrt) = (127 £ 1.5)%
Acp(K~ 7t 79) = (0.1 £ 0.5)%

Acp(Ktr=79) = (0 £ 5)%

Acp(Kimtr™) = (-0.1 £ 0.8)%
Acp(K*(892)~ 7t — Krtn~) = (0.4 £ 05)%
Acp(K*(892) ™ — Kntn™)=(1+6)%
Acp(KOp? — K§ntr) = (-0.1+05)%
Acp(K'w — Kirtn™)=(-13£7)%
Acp(K°15(980) — K3ntr™) = (—0.4 +2.7)%
Acp(KP£(1270) — K§ntr—) = (4 £5)%
Acp(K°£(1370) — KSatr) = (-1+9)%
Acp(K0p0(1450) — K%rtr~) = (—4 £10)%

Acp(KOf(600) — Kinta™)=(-3+5%
Acp(K*(1410)" 7T — Ke7nt77) = (-2 + 9)%
Acp(K§(1430)" 7t — Kentrn™) = (4 £ 4)%

Acp(K3(1430) 7~ — Kintn) = (12 £ 15)%
Acp(K5(1430)" 7t — Kirtn)=(3+6)%
Acp(K3(1430)F 7~ — K2ntn~) = (10 £ 32)%
Acp(K—ntata™) = (02+0.5%
Acp(Ktn—nta™) = (-2 +4)%

ACP(K+ K771'+7T7) = (13 + 1.7)%

Acp(K3(1270)Y K~ — KT K= ntn™) = (25 £ 16)%
Acp(Ki(1270)F K= — K0t K™) = (-1 + 10)%
Acp(Kj(1270)" KT — K07~ KT) = (-10 £ 32)%
Acp(K3(1270)” KT — KT K= nt77) = (—50 £ 20)%
Acp(Ki(1270)Y K~ — pPKTK™) = (-7 £ 11)%
Acp(Ki(1270)" K+ — 0K~ K*) = (10 £ 13)%
Acp(Ki(1400)T K~ — KTK=atn™) = (9 £ 25)%
Acp(K*(1410)T K~ — K0zt K=) = (=20 £ 17)%
Acp(K*(1410)" Kt — KOr—KT) = (-1 + 14)%
Acp(K*(1680)T K~ — Kt K- wtn) = (-17 + 29)%
Acp(K*OK*0)in DO, D0 — K*OK*0 = (-5 + 14)%
Acp(K*OK*0 Swave) = (10 + 14)%

Acp(dp®) in DO, D — ¢p® = (1+9)%

Acp(pp® Swave) = (-3 + 5)%

Acp(ép® D-wave) = (—37 + 19)%

Acp(o(7T 77 )s_wave) = (0 £ 50)%
Acp(K*(892)° (K™ 7T ) s _wave) = (—10 + 40)%
Acp(Kt K~ nt 7~ non-resonant) = (8 + 20)%
Acp((K~ ) pwave (KY77) s wave) = (3 £ 11)%

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 D® — K+ K~ 70 decays = (73 + 6)%
CP-even fraction in D® — 7t~ 7T 7~ decays = (73.7 + 2.8)%
CP-even fraction in D® — K+ K~ nt 7~ decays = (75 = 4)%
CP-violation asymmetry difference
AAcp = Acp(KTK™) — Agp(ntn™) = (=012 +
0.13)% (S =1.8)
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X? tests of CP-violation (CPV)
Local CPV in D%, D° — zta— 70 = 4.9%
Local CPV in D%, D® — 77—zt 7~ = (0.6 + 0.2)%
Local CPV in D%, D® — K%rt7~ =96%
Local CPV in D%, D% — KtK— 70 =16.6%
Local CPVin D9, D% — K+ K- ntn~ =9.1%
T-violation decay-rate asymmetry
Ar(KT K= xtn™) = (1.7 £ 2.7) x 1073 [s9]
Atviol(Ksmt 7= 79) in D, D% — Kgntrn— 0 = (—0.31’%:2) X
1073
CPT-violation decay-rate asymmetry
AcpT (KT nt) = 0.008 + 0.008

Form factors
ry = V(0)/A1(0) in D — K*(892)" ¢ty =17+ 08
try = Ay(0)/A1(0)in D° — K*(892)" (T v, = 0.9 £ 0.4
£.(0)in D® — K~ ¢+u, = 0.736 + 0.004
f1(0)|Ves| in DO — K=+ y, = 0.719 + 0.004
rn=a/ain D® - K—¢tuy, = —2.40 +0.16
rn = 22/30 in D0 — K7€+l/g =5+4
f.(0) in D® — 7~ ¢+, = 0.637 + 0.009
£1(0)|Veg| in DO — 7~ 0% 1, = 0.1436 £ 0.0026 (S = 1.5)
n=a/ainD® - 7 ¢ty =—-197+028 (S=14)
n=a/ainD’ — 7 ¢ty = -02+£22 (S=17)

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 KOS that is measured, and interference between Cabibbo-allowed and dou-
bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(K%) =

r(KO).
Scale factor/ p
DO DECAY MODES Fraction (I';/T) Confidence level(MeV/c)
Topological modes
0-prongs [bbb] (15 +6 )% -
2-prongs T +6 )% -
4-prongs [ccc] (145 £ 05 )% -
6-prongs [ddd] ( 6.4 + 1.3 )x10~4 -
Inclusive modes
et anything leee] ( 6.49 + 0.11 )% -
utanything (67 +£06 )% -
K~ anything (547 + 28 )% S=1.3 -
KOanything + KO%anything (47 +4 )% -
K™ anything (34 +£04 )% -
K*(892)~ anything 1’ +£9 )% -
K*(892)%anything (9 +4 )% _
K*(892)T anything < 36 % CL=90% -
K*(892)%anything (28 +13 )% -
7 anything (95 +£09 )% -
n' anything (248 + 027 )% -
¢ anything (1.05 £ 011 )% -

invisibles < 94 x 1075 CL=90% -
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y
Semileptonic modes
K= et v, ( 3.530+ 0.028) % S=1.1 867
K~ uty, (331 + 013 )% 864
K*(892)" et v (215 + 0.16 )% 719
K*(892)~ putu, (186 = 024 )% 714
K=m0et, (16 * 33 )% 861
KOr~etu, (27 733 )y 860
K-atr=etu, (28 * 1 )xi04 843
K1(1270)~ et e (76 * %9 )yx10* 498
K- atrpty, < 12 x 1073 CL=90% 821
(K*(892)m) "t v, < 14 x1073  CL=90% 692
7" etu, (2,91 £ 0.04 )x 1073 S=1.1 927
Tty (237 + 024 ) x 1073 924
p et (177 + 0.16 ) x 1073 771
Hadronic modes with one K
K—nt (13.89 £ 0.04 )% S=1.1 861
Km0 (119 + 0.04 )% 860
K970 (100 + 0.7 )x10~3 860
Kintn [t] (275 + 0.18 )% S=1.1 842
K% p0 (62 T 98 yx103 674
Klw, w— atz~ (20 + 06 )x10~4 670
K2 (7 77) s—wave (33 £ 07 )x1073 842
K% %(980), fo — mta~ (118 + 949 ) x 1073 549
Kf(1370), fy — =t x (27 T 98 )x10-3 t
K2 5(1270), f, — a7~ (9 T )x10S 262
K*(892)~7t, K*~ — (1627 %1% )% 711
K%ﬂ7
K§(1430)~7F, K§~ — (263 T 333 )x1073 378
K%ﬂ_
K3(1430)~7F, K3~ — (33 T 18 )x104 367
K%ﬂ7
K*(1680)~7F, K*~ — (43 +35 )x1074 46
K%ﬂ_
K*(892)tn—, K*t — (] (111 F 989 ) x 104 711
K%Tr+ ’
K5(1430)F 7, Kit — [fff] < 1.4 x 1075 CL=95% -
K%ﬂ+
K3(1430)t 7~ K3t — [fff] < 3.3 x107%  CL=95% -
K%F+
K% nt 7~ nonresonant (25 * 80 )x104 842
K= atz0 [tt] (142 + 05 )% S=1.9 844
K= pt (11 + 07 )% 675
K= p(1700)t, pt — 7t 470 (81 +17 )x1073 1
K*(892)~ nt, K*(892)~ — (221 + 040 )% 711

K~ x0
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K*(892)0 0, K*(892)0 —

K~
K*(1430) Tt Ky —
K~ 0
Ky(1430)07°, K30 — K-
K*(1680)~nF, K*~ —
K~ a0
K~ 7% nonresonant

K2270
K05 (QWO)waave

K*(892)°7%, K0 — K%r
K*(1430)07°, K*0 — Kgﬂ'
K*(1680)°7%, K0 — K4r

K2£5(1270), £, — 270
2K°5, oneKOS — 270
K= 2rtm
K~ =t pOtotal
K~ p03-body
7*(892)0110’ KO _,
+

Ko 0,0
(K*(892) P )S—wavev

at

0
0
0

K*(892)°0 - K~ ot

(?* (892)0 pO ) P—waver

K*(892)0 — K-t

(R* (892)0 ﬂO)D—wavev

K*(892)° — K~ ot

K*(892)0 pOtransverse,
KO K—gt
K~ a(1260)F, af —
POt
K~ a1(1260)*,
a1 (1260)T —
(pO 7T+)5—wave
K~ a,(1260)F,
a;(1260)t —
(pO 7T+)D7wa'ue
Ki(1270)~ xF, K] —
Kt 7 total
K*(892)0 7+ 7~ 3-body,
KO K gt
Ki(1270)~ =+, K| —

K*(892)07—, K0 —

K- rt
K1 (1270)~
Ky (1270)" —
(K*O ﬂ—i)watwev

K*(892)0 — K—xt

K1(1270)~ 7T,
K1 (1270)" —
(K*O ﬂ—i)D—wavev

K*(892)0 — K—nt

K1(1270)~ 7F, Kq(1270)~
(K7 pO)waave
K~ 27t 7~ nonresonant

—

[t1]

(193 +

(58 *t
(18 =+

(114

(26
(78
(4 =+
(1.0 +
(23 =
(32 +
(811 +
+
+
+

+
(91 +
+
+

(677
(6.0
(10.0

(58 +

(186 +

(426 +

23

0.24 )%
22 )x1073

5.0
1.6

0.7 )x1073

) x 103

0.50
020 )%

11 )x1073
0.7 )x1073
0.7 )x1073
x 1075
x 1073
x10~4
x 10—4
%

%

x 1073
x 1073

0.4
1.1
11
0.15
0.31
1.6
0.5

)
)
)
)
)
)
)
)
)
)
0.8 )x1073
0.18 ) x 1073

07 )x1073

04 )%

032 )%

04 )%
11 )x1074

1.6 )x1073
05 )x1073

23 )x1074

(8 #11 )x107°

(57 =+

(28 +

(178 +

23 )x1074

05 )x1073

0.07 )%

711

378

$=2.2 843

417

327

685

484

813
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K%nt 7= q0 lggg]l (51 £ 06 )% 813
K%n n— ata= a0 (110 £ 0.07 ) x 1073 772
Klw, w— ata= 70 (9.9 + 06 )x10~3 670

K~ 2rtn= a0 _ (42 +04 )% 771
K*(892)% 7t 7= #0, K*0 — (13 +06 )% 643

K=t
K- ntw, w— ata=al (27 +£05 )% 605
K*(892)%w, K*0 — (65 + 30 )x1073 410
K-nt, w— atax0
K%nn® (55 £ 11 )x1073 721
K%a0(980), ag — nn° (65 + 20 )x10-3 -
K*(892)%, K0 — K%70 (16 + 05 )x1073 -
K% 2rt2r— (261 + 029 )x 1073 768
K05p071'+7r no K*(892)~ (1.0 + 07 )x10-3 -
K*(892)~ 27t 7, (4 +7 )x1074 642
K*(892)~ — K%m~, no
0

K*(892)~ 07T, K*(892)~ — (16 + 06 )x1073 230
K%W‘

K%27F 27~ nonresonant < 12 x 1073 CL=90% 768

K~ 3rt2n— (22 +06 )x1074 713

Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes. These
nine modes below are all corrected for unseen decays of the resonances.

K%n (480 + 030 )x 1073 772
Kiw (111 + 0.06 )% 670
K$11'(958) (94 +05 )x1073 565
K*(892) 7t 7~ 70 (19 +09 )% 643
K- 7ntw (30 £06 )% 605
K*(892)%w (11 +05 )% 410
K~ 7t 1/(958) (75 + 19 )x1073 479
K*(892)%1/(958) < 11 x1073  CL=90% 119
Hadronic modes with three K's
KYKT K= (435 + 032 )x1073 544
K% a9(980)°, aJ — K+tK~ (29 + 04 )x1073 -
K~ ap(980)*, aj — K+K% (58 + 17 )x1074 -
K+ap(980)~, a; — K~ K% < 11 x1074  CL=95% -
K2 %(980), fy —» KtK~ <9 x1075  CcL=95% = —
K%¢, ¢ — KTK~ (2.00 £ 0.15 ) x 10~3 520
K% £(1370), fy —» KTK~ (17 +11 )x1074 -
3KY (75 + 06 )x1074 S=1.3 539
KT2K=nt - (222 £ 031 )x1074 434
Kt K-K*(892)%, K*0 — (44 + 17 )x1075 t
K- nt
K nteg, ¢ — KTK™ (40 + 17 )x107° 422
PK*(892)°, ¢ — KtK—, ( 1.06 £ 0.20 ) x 10~4 t
KO K7t
K+ 2K~ 7% nonresonant (33 £ 15 )x107° 434

2KY K+ ¥ (58 + 12 )x10~4 427
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Pionic modes
ata— ( 1.4074 0.025) x 10~3 s=11 92
270 (822 + 025 ) x10~4 923
ata— 70 (147 + 0.06 )% S=21 907
pta~ (100 + 04 )x10-3 764
pOx0 (381 + 023 )x1073 764
—rt (5.08 £ 0.25 ) x 103 764
p(1450) T 7=, pt — atal (16 + 20 )x1075 -
p(1450)079, p0 — 7ta— (44 +19 )x1075 -
p(1450)~7F, p~ — a0 (26 + 04 )x10~4 -
p(1700)t 7=, pt — ata0 (60 + 15 )x1074 -
p(1700)079, p0 — 7ta— (73 + 17 )x1074 -
p(1700)~7F, p~ — 7 a0 (47 + 11 )x1074 -
£(980)70, fy — atx— (37 +08 )x1075 -
f(500)7%, fy — atx~ (1.20 £ 021 ) x10~4 -
£ (1370)7°, fy — ata— (54 +21 )x1075 -
f(1500)70, fy — 7Fx— (57 + 16 )x107° -
f(1710)7°, fy — ata— (45 + 16 )x107° -
£(1270)7°, o — ata— (1.94 + 021 ) x10~4 -
7t 7~ 70 nonresonant (12 + 04 )x10~% 907
370 < 35 x 1074 CL=90% 908
ontor— (745 £ 020 ) x1073 880
a(1260)t 7=, af — (447 + 031 )x 1073 -
27t 7 total
ay(1260) 7, af — (3.09 £ 021 )x1073 -
07t Swave
a(1260)* 7=, af — (19 + 05 )x1074 -
07t D-wave
a(1260)* 7=, af — ort (63 =07 )x1074 -
a1(1260)~«t, ay — (23 +09 )x1074 -
P21~ S-wave
a1(1260)~ 7, ay — o7~ (60 + 33 )x1075 -
7(1300)T 7=, w(1300)" — (51 +26 )x1074 -
am
7(1300)~ 7+, 7(1300)" — (22 +21 )x10~4 -
aTm
a(1640)* 7=, af — (31 + 16 )x10~4 -
07t D-wave
a1(1640)* 7=, af — ont (18 + 14 )x1074 -
m(1670) 77, 7 — (20 +09 )x1074 -
£(1270)%7F, 9 —
atr™
m(1670)t 77, 75 — ont (26 + 10 )x10~% -
2p%total (183 + 013 )x10~3 518
2o, parallel helicities (82 =+ 32 )x1075 -
209, perpendicular helicities (48 + 06 )x1074 -
o0, longitudinal helicities (125 + 0.10 ) x 10~3 -
2p(770)°, S-wave (18 + 12 )x1074 -
2p(770)°, P-wave (52 + 13 )x10~4 -
2p(770)°, D-wave (61 + 30 )x10~4 -
Resonant (7t 77 )nta~ (149 + 012 )x 103 -
3-body total
onta~ (61 + 09 )x10~4 -

o p(770)° (49 + 25 )x1074 -
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f(980)nt 7=, fy — ntrw (18 + 05 )x1074 -
fL(1270) 7t 7=, £ — (37 + 06 )x1074 -

T
26, (1270), f, — 7wt (1.6 + 18 )x1074 -
f(1370)0, fy — atx (1.6 + 05 )x1073 -
ata— 270 (1.00 £ 0.09 )% 882
nm0 [hhh] (67 + 06 )x10~4 846
wnd [hhh] (117 + 0.35 ) x 10~4 761
27t 27~ 70 (42 + 05 )x1073 844
natn™ [hhh] ( 1.09 + 0.16 ) x 10~3 827
wrtw [hhh] (1.6 + 05 )x 1073 738
3nt3n~ (42 +12 )x1074 795
7 (958) 70 (90 + 14 )x1074 678
7' (958) 7t 7 (45 + 17 )x1074 650
2n (1.68 + 0.20 ) x 10~3 754
nn’ (958) ( 1.05 + 0.26 ) x 1073 537
Hadronic modes with a KK pair
KT K= (397 + 0.07 )x 1073 s=1.4 791
2KY (170 £ 0.12 ) x 10~4 789
K K= at (33 + 05 )x1073 S=1.1 739
K*(892)°KY, K0 — K—at (81 + 16 )x107° 608
K*(892)T K—, K*t — (1.86 + 0.30 ) x 103 -
K%Tr+
K*(141000K2, K*0 — (12 + 18 )x1074 -
K- nt
K*(1410)0tK—, K*t — (31 +19 )x1074 -
KOSTr+
(K= 7)) s—wave K (59 + 28 )x1074 739
(K% mH) s _wave K= (38 + 10 )x10~4 739
a0(980)~7t, ag — K2IK- (13 £ 14 )x1074 -
ap(1450)~x+, ag — KLIK- (24 +20 )x107° -
a(1320)~ 7+, ay — KIK~ (5 +£5 )x107® -
p(1450)~7t, p~ — KIK— (46 +25 )x107° -
K K+ m™ (213 + 034 ) x 1073 S=11 739
K*(892)° K%, K*® — Ktna~ (110 £ 021 ) x 104 608
K*(892)" KT, K*~ — (61 + 10 )x1074 -
K%F_
K*(1410)° K2, K*0 — (5 +8 )x107° -
Ktznt
K*(1410)~ K+, K*~ — (25 +20 )x1074 -
K%ﬂ’
(KT 77 ) s—wave K (36 + 19 )xi0~4 739
(K% 7 )s—wave KT (13 + 06 )x10~4 739
a(980)* 7, aj — KIk* (6 +4 )x1074 -
ao(1450)* 7=, af — KIK* (32 +25 )x1075 -
p(1700)* 7, pt — KIK+ (1.1 + 06 )x1075 -
KT K= 0 (1337 £ 015 ) x 1073 743
K*(892)T K—, K*(892)" — (150 + 0.07 ) x 1073 -
+ .0
K*(892)~ KT, K*(892)~ — (54 + 04 )x1074 -
K~ x0
(KT 70) s _wave K~ (240 £ 017 ) x 1073 743
(K~ 70 s_wave KT (13 £ 05 )x10~4 743
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£(980)79, fy — Kt K- (35 + 06 )x10~4
om0, ¢ — KTK— (65 + 04 )x10~4
2Ky =0 < 59 x 104
KtK=atzn— (244 + 011 )x 103
(T T7) s —waves ¢ — (1 +5 )x107>
KtK—
((]5;)0)5,1”(1@6, ¢ — KtK= (68 +£06 )x10™
(¢pO)P—wave, ¢ — KTK~ (39 +£19 )x107°
(¢p0)D7w(ﬁE! ¢ - K+ K™ (41 £ 14 )x10"
(K*(892)°K*(892)%) 5 _wave- (11 + 05 )x10~
K* — K*g¥
(K*(892)°K*(892)%) p_wave: (9 +4 )x107°
K* — KEaT
(K*(892)°K*(892)%) p_wave: (97 +23 )x10-
K* — KtgF
K*(892)° (K~ 77) s _wave 3- (14 + 06 )x10~4
body, K*0 — K*tz—
Ki(1270)* K=, K{ — (13 +09 )x1074
K0t
Ki(1270)* K=, K{ — (15 + 05 )x1074
K*(1430)%7F, K*0 —
Ktr—
Ki(1270)* K=, K — p0K* (22 + 06 )x10~4
Ki(1270)* K=, K{ — (15 + 12 )x1075°
w(782)K*t, w— wta~
K1(1270)~ K+, Ky — pOK~ (13 + 04 )x10~4
K1(1400)* K=, K{ — (30 + 17 )x10~4
K*(892)° 7+, K*O —
Kt~
K1(1680)* K=, K{ — (88 + 31 )x1075
K¥Qnt, KO o Kto—
Kt K~ 7t 7~ non-resonant (27 +£06 )x1074
2Kt m (120 + 0.23 ) x 1073
KYK=2rt 7~ < 14 x 1074
KTK=ata= a0 (31 + 20 )x1073

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

on (14 £ 05 )x1074

ow < 21 x 1073
Radiative modes

Oy (176 + 031 ) x 10~5

wy < 24 x 1074

oy (274 + 019 ) x 107°

K*(892)0 (41 + 07 )x10~%

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

K+ ¢~ 7yvia DO < 22 x 1075

KT or K*(892)t e~ 7, via < 6 x 1073
70

Ktn~ DC (148 + 0.07 ) x10~4

K* 7~ via DCS ( 1.366+ 0.028) x 10—4

Kt 7~ via DO < 16 x 1075

K%Tr"'fr*in p°® — D° < 17 x 10~4

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

5=2.8

CL=95%
CL=95%

740
677
614

250

673
595
600

489
238

771
768
654
719

861

861
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K*(ﬁgz)iw*, K*t - DC (11 + 382 ) 104 711
STI'
K§(1430)T 7, Kyt —  bC < 14 x 1075 -
K057r+
K3(1430)F7n~, K3t —  bC < 33 x 1075 -
K?;Tr7L
Kta— 70 DC (3.01 £ 0.15 ) x 10~4 844
K* 7~ 7%via D° (75 + 05 )x10~4 -
K+t 27~ via DCS (245 + 0.07 )x 1074 -
Kt rnton— DC (2.61 + 0.06 ) x 104 813
K*at 27~ via DY (78 +29 )x1076 812
u~ anything via D° < 4 x 1074 CL=90% -
AC = 1 weak neutral current (C1) modes,
Lepton Family number (LF) violating modes,
Lepton (L) or Baryon (B) number violating modes
vy c < 85 x 1077 CL=90% 932
ete~ c1 < 79 x 1078 CL=90% 932
wtu~ c1 < 62 x 1079 CL=90% 926
nlete c < 45 x107%  CL=90% 928
wOptp c < 18 x1074  CL=90% 915
nete” c1 < 11 x 1074 CL=90% 852
nptu~ c1 < 53 x 1074 CL=90% 838
rtr-ete c1 < 3.73 x 1074 CL=90% 922
Pete c < 10 x1074  CL=90% 771
ata~utp~ c1 (96 + 12 )x10~7 894
7t 7= ut = (non-res) < 55 x 1077 CL=90% -
POutu~ c < 22 x1075  CL=90% 754
wete~ c1 < 18 x 1074 CL=90% 768
wutp~ c1 < 83 x 104 CL=90% 751
K- Ktete~ c1 < 3.15 x 1074 CL=90% 791
pete~ c1 < 52 x 1073 CL=90% 654
K- Ktutpu~ c1 (154 + 032 )x107 710
K= KTt p= (non-res) < 33 x 1073 CL=90% -
out c1 < 31 x 1075 CL=90% 631
KOet e~ [zz] < 11 x 10—4 CL=90% 866
KOut = [zz] < 2.6 x1074  CL=90% 852
K- ntete™ c1 < 385 x 104 CL=90% 861
K*(892)0et e~ [z < 47 x1075  CcL=90% 719
K-atptu~ c1 < 359 x 1074 CL=90% 829
K= mtutu=, 675 < (42 + 04 )x10° -
my,, < 875 MeV
K*(892)0 put i~ [zz] < 24 x 1075 CL=90% 700
atam Ot~ c < 81 x1074  CL=90% 863
pteF LF  [ph] < 13 x1078  CL=90% 929
w0et T LF  [hh] < 856 x 1075 CL=90% 924
ne* ¥ LF  [ph] < 1.0 x 104 CL=90% 848
ata~ et F LF  [ph] < 15 x107%  CcL=90% 911
et uF LF  [nh] < 4.9 x1075  CL=90% 767
wed ,F LF  [hh] < 12 x 10—4 CL=90% 764
K~ KtetuT LF  [nh] < 18 x10=4  CL=90% 754
pet uF LF  [nh] < 3.4 x 1075 CL=90% 648
KOeE T LF  [hh] < 1.0 x 1074 CL=90% 863
K- atet F LF  [hh] < 553 x 10~4 CL=90% 848
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K*(892)0 et ¥ LF  [hh] < 83 x1075  CL=90% 714
2r~2et + c.c. L < 112 x10~4 CL=90% 922
2~ 2ut + c.c. L < 29 x 1073 CL=90% 894
K—n2et+ cc. L < 2.6 x 1074 CL=90% 861
K- 2ut+ cc L < 39 x10~4 CL=90% 829
2K~ 2et + cc. L < 152 x 1074 CL=90% 791
2K~ 2ut + c.c. L < 9.4 x 1073 CL=90% 710
T r etut+ cc. L < 79 x 1075 CL=90% 911
K-n~etut+cc. L < 218 x 10—4 CL=90% 848
2K~ et ut + coc. L < 57 x 1072 CL=90% 754
pe~ LB il < 1.0 x 1075 CL=90% 6%
pet LB [l < 11 x 1075 CL=90% 696
D*(2007)° 1Py =3(17)
I, J, P need confirmation.
Mass m = 2006.85 £+ 0.05 MeV (S =1.1)
Mo — Mpo = 142.016 £ 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*(2007)% DECAY MODES Fraction (I';/T) p (MeVjc)
DO 70 (64.7£0.9) % 43
D%~ (35.3+0.9) % 137
D*(2010)* 10P) = 307)
I, J, P need confirmation.
Mass m = 2010.26 + 0.05 MeV
Mp(2010)+ — Mp+ = 140.603 + 0.015 MeV
My a010)+ — Mpo = 145.4257 + 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 (I';/T) p (MeVjc)
DOrt (67.7+0.5) % 39
D+ 70 (30.7+£0.5) % 38
Dt~ ( 1.6£0.4) % 136
D}(2400)° 10P) = 5(0™)
Mass m = 2318 £ 29 MeV (S =1.7)
Full width ' = 267 + 40 MeV
D, (2420)° 1Py = 3a)
I needs confirmation.

Mass m = 2420.8 + 0.5 MeV (S = 1.3)

mp

0 = Mp.y = 4106 £05 (S =13)
1

Full width T = 31.7 + 2.5 MeV (S = 3.5)
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D3(2460)° 1JP) = 3(2h)

=2t assignment strongly favored.

Mass m = 2460.7 + 0.4 MeV (S = 3.1)
Mps = Mp+ = 591.0 4+ 0.4 MeV (S =2.9)

Mpgo = Mpey = 4504 + 0.4 MeV (S = 2.9)
Ful width T = 47.5 + 1.1 MeV (S = 1.8)

3(2460)% 1UP) = 12h)

= 271 assignment strongly favored.

Mass m = 2465.4 + 1.3 MeV (S = 3.1)
mD;(2460)i - mD§(2460)0 =24+ 1.7 MeV
Full width ' = 46.7 + 1.2 MeV

CHARMED, STRANGE MESONS
(C=S= +1)

+ e - —F P 0
DS = (5, DS =Ts, similarly for Ds S

1(JPy = 0(07)

Mass m = 1968.34 + 0.07 MeV

Mp+ — Mps = 98.69 £ 0.05 MeV

s
Mean life 7 = (504 £ 4) x 107155 (S =1.2)
cr = 151.2 um

CP-violating decay-rate asymmetries

Acp(ptv) = (5+6)%
Acp(KTK2) = (0.08 + 0.26)%
Acp(KT K= 7%) = (=05 4+ 0.9)%
Acp(pnt) = (—0.38 £ 0.27)%
Acp(KEKLT0) = (=2 £ 6)%
Acp(2Kin%) = (3 £5)%
Acp(KT K= 7% 7% = (0.0 £ 3.0)%
Acp(KEKLrtr™) = (-6 £ 5)%
Acp(KYKTort) = (4.1 £2.8)%
Acp(rta—n%) = (0.7 £ 3.1)%
Acp(rtn) = (1.1 £3.1)%
Acp(rtn’) = (—0.9 £ 0.5)%
Acp(nmEn®) = (-1 + 4)%
Acp(' 7% = (0 + 8)%
Acp(KEn0) = (=27 + 24)%
Acp(KO/KO7%) = (0.4 £ 0.5)%
Acp(Kln%) = (31+26)% (S=17)
ACP(K 7T+ﬂ'7) = (4 + 5)%
Acp(KEn) = (9 + 15)%
Acp(KE1/(958)) = (6 + 19)%
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CP violating asymmetries of P-odd (7-odd) moments
AT(KYKFnta~) = (—14 + 8) x 1073 [%]]

D} — ¢£+ v, form factors
rp,=0.84+011 (S=24)
r, = 1.80 + 0.08
M /Tt =072=+0.18
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 [kkk] ( 6.5 +£0.4 )% -

7t anything (1193 £1.4 )% -
7~ anything (432 £09)% -
70 anything (123 +£7 )% -
K~ anything (187 £05)% -
K™ anything (289 £0.7 )% -
K% anything (190 £1.1 )% -
7 anything [ (299 £28)% -
w anything (61 £1.4)% -
n' anything [nnn]  ( 10.3 +1.4 )% S=1.1 -
,(980) anything, fy — 77~ < 13 % CL=90% -
¢ anything (157 £1.0)% -
K+ K~ anything (158 £0.7 )% -
K% K+ anything ( 58 £05)% -
KOS K™ anything (1.9 £04)% -
2KY anything ( 1.70£0.32) % -
2Kt anything < 26 x1073  CL=90% -
2K~ anything < 6 x107%  CL=90% -
Leptonic and semileptonic modes

et vg < 83 x107%  CL=90% 984
wtu, ( 5.50+0.23) x 10~3 981
o, ( 5.48+0.23) % 182
KT K= etu, — 851

det v, [ooo] ( 2.39+0.16) % S=1.3 720
ot vy, (19 £05)% 715
netve + 1/(958) et v [ooo] ( 3.03+£0.24) % -

netve [ooo] ( 2.29+0.19) % 908

7'(958) e ve [ooo] ( 7.4 +1.4 )x10~3 751
nutu, ( 24 £05)% 905
7'(958) 't v, (11 +05 )% 747
wet v [ppp] < 2.0 x1073  CL=90% 829
KOety, ( 39 £09 )x 103 921
K*(892)% e v [ooo] ( 1.8 £0.4 )x10-3 782

Hadronic modes with a KK pair

K+ K ( 1.5040.05) % 850
KtKO ( 2.9540.14) % 850
KTK=nt [tt] ( 5.45+0.17) % S=1.2 805

ot [o00,qqq] ( 45 0.4 )% 712
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ont, ¢ - KTK- lqqq] ( 2.2740.08) % 712
KtK*(892)°, K0 — K-zt ( 2.61+0.09) % 416
f(980)7 T, fy, - Kt K~ ( 1.1540.32) % 732
fo(1370) 7+, fy — KT K~ (7 45 )x1074 -
f(1710)7t, fj — KT K~ (67 +£29)x107% 198
KT K3(1430)°, K — K~ ( 1.9 404 )x1073 218
K+ Kk%n0 ( 1.5240.22) % 805
2Kt ( 7.7 £06 )x 1073 802
KOKO 7+ — 802
K*(892)1 K? [ooo] ( 5.4 £1.2)% 683
KtK= 7t x0 ( 63 £06)% 748
opt looo] ( 84 F13)% 401
K% K= 2ont ( 1.68+0.10) % 744
K*(892)* K*(892)° looo] ( 7.2 £2.6 )% 416
KT KYata~ ( 1.0040.08) % 744
KtK=2ntn— ( 87 £15)x10~3 673
prt [ooo] ( 1.2140.16) % 640
K+t K~ pOnt non-¢ < 26 x1074  CL=90% 249
o7t 6 — KTK— ( 65 +1.3)x10~3 181
par(1260)F, ¢ — KTK—, (75 £1.2 )x 1073 f
af — Pt

KT K~ 27 7~ nonresonant (9 +£7 )x1074 673
2K ort 7= (9 +4 )x1i0~4 669

Hadronic modes without K's
at a0 < 35 x10=4  CL=90% 975
ot ( 1.09+40.05) % S=1.1 959
iy as (20 12 )x104 825
7t (7t 717) s_wave [rrrl (9.1 +0.4 )x 1073 959
(12707t , b — 7t o~ ( 1.1040.20) x 10~3 559
p(1450)07F, p0 — mta— (3.0 £2.0 )x 1074 a1
at 270 ( 65 +13)x10"3 961
2t a0 — 935
nat [o00] ( 1.7040.09) % s=1.1 902
wrt [ooo] ( 2.4 +0.6 )x 1073 822
3rtom~ . ( 80 +£0.8)x1073 899
2ntn2n — 902
npt [ooo] ( 89 +0.8)% 724
nat a0 (92 +12)% 885
wrt a0 looo] ( 2.8 £0.7 )% 802
3rt2on— 0 (49 £32)% 856
w2nta~ [ooo] ( 1.6 +05)% 766
7'(958) nt [nnn,000] ( 3.94+0.25) % 743
3rtog— 270 — 803
wnnt [ooo] < 2.13 % CL=90% 654
7' (958) pT [nnn,000] ( 5.8 +1.5)% 465
7' (958) 7t 70 ( 56 +0.8)% 720
7/ (958) 7T 70 nonresonant < 51 % CL=90% 720

Modes with one or three K's
K+ 0 (63 +21)x104 917
K%nt ( 1.2240.06) x 10~3 916
Ktn [ooo] ( 1.77+0.35) x 103 835
Ktw [ooo] < 2.4 x1073  CL=90% 741
K+ n/(958) [ooo] ( 1.8 £0.6 )x 103 646
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Ktata~
Kt p0
K+ p(1450)0, p0 — 7t o~
K*(892)%xt, K¥0 — Ktz—
K*(1410)07F, K*0 — Kt~
K*(1430)0 7%, K*0 — Ktg—
K+ m* 7~ nonresonant

6.6 £0.4 ) x 1073
25 +0.4 ) x 1073
7.0 £2.4 ) x 1074
1.4240.24) x 10~3
1.24+0.29) x 103
50 +35 )x 1074
1.0440.34) x 10—3

KOrt 70 1.00£0.18) %

K%onta~ 3.0 £1.1 ) x 1073
Ktwnl [ooo] < 8.2 x 1073
Ktwrtn~ [ooo] < 5.4 x 1073
Ktwny [ooo] < 7.9 x 103
2Kt K~ ( 218+0.21) x 10~4

oK', ¢ — KTK~ ( 89 +2.0)x 1075

Doubly Cabibbo-suppressed modes
( 1.27+0.13) x 10~4
( 6.0 £3.4 )x107°

2K+~
K+ K*(892)0, K*® — K*r~
Baryon-antibaryon mode
p7 ( 1.3 +£0.4 )x1073

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

ntete [zz] < 1.3 x 1075
o, ¢ — ete” vl (6 13 )x1076
atptu~ [z2] < 41 x 1077
Ktete~ c1 < 37 x 1076
Kt utu~ c1 < 21 x 1075
K*(892)t it ™ c1 < 14 x 1073
atet LF < 12 x 1072
ateput LF < 20 x 1075
Ktetu~ LF < 14 x 1075
Kte ut LF < 97 x 1076
7~ 2et L < 41 x 1076
n2ut L < 12 x 1077
ettt L < 84 x 106
K~ 2et L < 52 x 1076
K= 2ut L < 13 x 1079
K=etut L < 61 x 1076
K*(892)~ 2ut L < 14 x 1073

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%

900
745

775

900
899
870
684
603
366
628

805

295

979

968
922
909
765
976
976
919
919
979
968
976
922
909
919
765

D:* 1JP) = 0(2%)

JPis natural, width and decay modes consistent with 1.

Mass m = 2112.2 + 0.4 MeV
szi — mDSi = 143.8 + 0.4 MeV

Full width ' < 1.9 MeV, CL = 90%
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D;‘* modes are charge conjugates of the modes below.

D;+ DECAY MODES Fraction ([;/T) p (MeVc)
D¥~ (93.5+0.7) % 139
D x0 (5.8%0.7) % 48
Dfete- ( 6.7+1.6) x 10~3 139
D%y(2317)* 14P) = o0™)
J, P need confirmation.
JP is natural, low mass consistent with ot.
Mass m = 2317.7 £ 0.6 MeV (S =1.1)
Mpy (2317 ~ Mpe = 349.4 £ 0.6 MeV (S =1.1)
Full width ' < 3.8 MeV, CL = 95%
Ds; (2460)% 1Py = ot)
Mass m = 2459.5 + 0.6 MeV (S =1.1)
Mp,(aas0) ~ Mp = 347:3 £ 0.7 MeV (S =12)
Mp (2460)= ~ mDsi =4912+ 0.6 MeV (S=11)

Full width ' < 3.5 MeV, CL = 95%

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

Scale factor/ p
D51(2460)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Dit A0 (48 +£11 )% 297
Di~y (18 +4 )% 442
Dinta- (43+ 1.3)% s=1.1 363
Dity < 8 % CL=90% 323
D%y(2317) 1y (377 39 % 138
Ds1(2536)% 1Py =0(1)
J, P need confirmation.
Mass m = 2535.10 + 0.06 MeV
Full width T' = 0.92 + 0.05 MeV
Dg1(2536) ™ modes are charge conjugates of the modes below.
P
D51(2536)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
D*(2010)* K° 0.85 +£0.12 149
(D*(2010)F K%Y g_pave 0.61 +0.09 149
Dtr= Kt 0.028+0.005 176
D*(2007)° K+ DEFINED AS 1 167
Dt KO <0.34 90% 381
DO K+ <0.12 90% 391

See Particle Listings for 2 decay modes that have been seen / not seen.
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52(2573) 1JP) = o(2)

JPis natural, width and decay modes consistent with 2.

Mass m = 2569.1 + 0.8 MeV (S = 2.4)
Full width I = 16.9 + 0.8 MeV

Dz, (2700)* 1UPy = 0(17)

Mass m = 2708.3f§:2 MeV
Full width ' = 120 + 11 MeV

BOTTOM MESONS
(B = +1)

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

B* 10P) = 3(07)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass mg. = 5279.32 £ 0.14 MeV (S = 1.1)
Mean life 7 5. = (1.638 & 0.004) x 10712 s
cr = 491.1 um
CP violation
Acp(BT — J/¢Y(1S)KT) = (1.8 £3.0) x 1073 (S = 1.5)
Acp(BT — J/9(1S)7T) = (1.8 £1.2) x 1072 (S = 1.3)
Acp(Bt — J/vpt) = —0.11£0.14
Acp(BtT — J/9pK*(892)F) = —0.048 & 0.033
Acp(BT — ncKT)=0.014007 (S=22)
Acp(BT — (2S)nt) = 0.03 + 0.06
Acp(Bt — ¢(2S)Kt) =0.012 £ 0.020 (S = 1.5)
Acp(BT — (25)K*(892)T) = 0.08 £+ 0.21
ACP(B+ — XCI(IP)W+) = 007 + 018
Acp(BY — xcoK*T)=-020+018 (S=15)
Acp(BT — xc K1) = —0.009 + 0.033
Acp(BT — xc1 K*(892)1) = 0.5+ 05
Acp(BY — DOrtuy) = (—0.14 + 0.20) x 1072
Acp(BT — D%zt) = —0.007 4 0.007
Acp(BY — Dgp(y1ymt) = —0.0080 + 0.0026
ACP(B+ — DCP(—I)W+) = 0017 + 0026
Acp([KFrEata=|prt) = 0.02 + 0.05
Acp(BY — [rTatr—a~]pK*) =0.10 £ 0.04
Acp(BY — [rF a7t 7 ]pK*(892)") = 0.02 & 0.11
Acp(BT — DY°Kt) = —0.017 + 0.005
Acp([KFrEata~|pKt) = —0.31 + 0.11
Acp(BT — [atata n |pnt) =(—4+8)x 1073
Acp(BY — [K~at]pK*) = —0.58 & 0.21
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Acp(Bt
Acp(B*
Acp(Bt
Acp(Bt
Acp(Bt
Acp(BT
Acp(B*
Acp(B*
Acp(B*t
Acp(B*
Acp(B*
Acp(B*
Acp(B*
Acp(B*
Acp(Bt
Acp(B*
Acp(B*t
Acp(B*
Acp(B*t
Acp(B*
Acp(B*t
Acp(B*
Acp(BT

e

—

Acp(Bt —
Aups(Bt — DK*) = —0.40 £ 0.06
Aups(Bt — Drt) = 0.100 + 0.032

Aaps(BY —
Aaps(BT —

Acp(B*
Acp(Bt
Acp(B*
Acp(B*t
Acp(B*
Acp(Bt
Acp(B*t
Acp(B*
Acp(Bt
Acp(B*t
Acp(B*
Acp(B*
Acp(B*t
Acp(B*
Acp(B*t
Acp(Bt
Acp(Bt
Acp(B*
Acp(B*
Acp(Bt
Acp(B*

—

illllillllllllllllil

[K-at79pKt) =0.07 £ 030 (S=1.5)
[KTK=n%]p KT) = 0.30 + 0.20
[t 7= 70]p K1) = 0.05 & 0.09

DO K*(892)*F) = —0.007 + 0.019

[K~7t]5K*(892)") = —0.75 £ 0.16

(K7t~ xt]5 K*(892)") = —0.45 + 0.25

[K~7t]pnt) = 0.00 + 0.09

[K-7t7%]pnt) =0.35+0.16

[K+ K=n%lp7t) = —0.03 £ 0.04
a~m0]pat) = —0.016 & 0.020

K 7T+](D7'r) 7T+) = —009 + 0.27

K= nt]pyyt) = 0.7 £ 06

K~ 7T+](D7'r) K+) = 08 + 0.4

K= nt]pyKt) =04 + 1.0

ata= 70 pKt) = —0.02 £ 0.15

KK+~ ]pK*) = 0.04 £ 0.09

K° K-at]pK*t) =023 +£013

K° K—at]pnt) = —0.052 + 0.034

KO K*t7~1pnt) = —0.025 + 0.026

[K*(892) K+t]pK*) =0.03+0.11

[K*(892)TK~]pKT) = 0.34 £ 0.21

[K*(892)T K~ ]p7T) = —0.05 + 0.05

[K*(892)" KT]pnt) = —0.012 4 0.030

Dcp(+1)K*) = 0120 £ 0014 (S =1.4)

[7*
[
[
[
[
[
[
[
[
[

[K—at]pKtm~at) = -0.33 £ 0.35

[K-at]prtr—at) = —0.01 £ 0.09
Dop(-1)Kt) = —0.10 £0.07
[K+ K- lpK*= *7r+) = —0.04 £ 0.06
[7t 7~ pKt7~7t) = -0.05 £ 0.10
[K~7t]pKta~at) = 0.013 + 0.023
[K+K Iprta™ 7r+) —0.019 + 0.015
[x* ]D7r 7~ 7+) = —0.013 £+ 0.019
[K—nT]prtn~7T) = —0.002 + 0.011
D*0 +) = 0.0010 + 0.0028
(D*CP(+1))°7T+) =0.016 £0.010 (S=1.2)
(D*Cp(fl))%ﬂ = —0.09 £ 0.05
D*9K*) = —0.001 £ 0.011 (S =1.1)

Dgp(+1 K*)=-0.11+0.08 (S=27)
D p(-1y K*) =0.07 £0.10

Dep(+1) K*(892)1) = 0.08 + 0.06
Dep(—1)K*(892)1) = —0.23 +£0.22
Ds+¢) =0.0+04

D*tD*0) = —0.15 + 0.11

D**+ D% = —0.06 + 0.13

D+D*0) = 0.13 + 0.18

Dt D% = —0.03 £ 0.07

K%mt) = —0.017 £ 0.016
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Acp(BT — Ktx0) =0.037 + 0.021
Acp(BT — n'K*T) =0.004 + 0.011
Acp(BtY — 7/ K*(892)T) = —0.26 + 0.27
Acp(BT — 7' K§(1430)™) = 0.06 & 0.20
Acp(BT — 7' K5(1430)") = 0.15 + 0.13
Acp(Bt — nK*) = —0.37 + 0.08
Acp(Bt — nK*(892)1) = 0.02 + 0.06
Acp(BY — nK3(1430)F) = 0.05 £ 0.13
Acp(BT — nK3(1430)%) = —0.45 £ 0.30
Acp(BT — wKT) = —-0.02 + 0.04
Acp(BT — wK*t) =0.29 £ 0.35
Acp(BY — w(Km)§T) = —0.10 + 0.09
Acp(BT — wK3(1430)%) = 0.14 £ 0.15
Acp(BT — K*O0xt) = —0.04 +£0.09 (S=2.1)
Acp(BT — K*(892)T7%) = —0.39 £ 021 (S = 1.6)
Acp(BT — Kta—xt) =0.027 + 0.008
Acp(Bt — KT K= K*nonresonant) = 0.06 & 0.05
Acp(BT — £(980)°K*+) = —0.08 + 0.09
Acp(Bt — £(1270)K*) = —0.68 312
Acp(Bt — f5(1500)K*) = 0.28 + 0.30
Acp(BT — f4(1525)0K*) = —0.08 F3. 0
Acp(BT — pPKt) =037 +0.10
Acp(BY — KOxtx0) =0.07 + 0.06
Acp(BT — K§(1430)°7%) = 0.061 + 0.032
Acp(BT — K3(1430)t7%) = 0.26 7018
Acp(BT — K35(1430)°7t) = 0.05 322
Acp(BT — Kt707%) = —0.06 + 0.07
Acp(BT — KOpt) = —-0.03+0.15
Acp(BY — K*trtz=) =007 +0.08
Acp(BT — pOK*(892)") = 0.31 +£0.13
Acp(BT — K*(892)T £,(980)) = —0.15 4 0.12
Acp(BY — af K% =012+ 011
Acp(BY — bf K% = —0.03 £ 0.15
Acp(BT — K*(892)%p1) = —0.01 + 0.16
Acp(BY — BYKT) = —0.46 £+ 0.20
Acp(BT — KOK*) =0.04 +0.14
Acp(BT — KIK*)=-021+014
Acp(BY — KT KEKS) = 004100
Acp(Bt = KtK—nt) = —0.122 £ 0.021
Acp(BT = KT K~ K*) = —0.033 + 0.008
Acp(BT — ¢K*t) =0.024 £0.028 (S=23)
Acp(BT — Xp(1550)K1) = —0.04 + 0.07
Acp(BY — K*FKtK=) =0.11 + 0.09
Acp(Bt — ¢K*(892)1) = —0.01 + 0.08
Acp(BY — ¢(Km)5T) =0.04 £ 0.16
Acp(BT — ¢Ky(1270)1) = 0.15 £ 0.20
Acp(BT — ¢K3(1430)%) = —0.23 £ 0.20
Acp(BT — Ktge) = —0.10 + 0.08
Acp(BY — KT[¢¢], ) = 0.09 £ 0.10

—

Acp(Bt — K*(892)*~) = 0.014 & 0.018
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Acp(Bt
Acp(B*
Acp(Bt
Acp(B*
Acp(B*
Acp(B*
Acp(B*
Acp(B*t
Acp(B*
Acp(BT
Acp(BT
Acp(BT
Acp(B*t
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(B*t
Acp(BT
Acp(Bt
Acp(BT
Acp(BT
Acp(Bt
Acp(Bt
Acp(BT
Acp(BT
Acp(BT
Acp(B*t
Acp(BT

L e e

nKty) = -0.12 £ 0.07

¢KtH) = -0.13+0.11 (S=1.1)
pTy) =-0.11+033

at70) = 0.03 + 0.04

ata~xt) = 0.057 + 0.013

Pat) =018+09

£(1270)7+) = 0.41 + 0.30
P0(1450)7t) = —0.11 52
f(1370)7t) = 0.72 £ 0.22

7t 7~ 7t nonresonant) = —0.14* 323
ptn0) =0.02+0.11

ptp%) = —0.05 +0.05

wrt) = —0.04 £ 0.06

wpt) = —0.20 £ 0.09
nrt)=-0.14 £ 007 (S=14)
npt) =0.11+0.11

n'nt) = 0.06 +0.16

7' pt) =0.26 £ 0.17

Bynt) =0.05+0.16

pprt) =0.00 + 0.04

pPKT) =0.00 £ 0.04 (S=22)
pPK*(892)1) = 0.21 £ 0.16 (S = 1.4)
pAy) = 0.17 £ 0.17

pAn®) = 0.01 4+ 0.17

KTete) = —0.02+0.08
KTete™) =0.14 £+ 0.14

K+t p~) =0.011 £ 0.017
atutp™) =-01140.12
K*t et em) = —0.09 £ 0.14
K*ete™) = —0.14 4+ 0.23

Acp(BT — K*utp=)=-012+0.24
v =(735%39)°

FB(B+ —
op(BT —
FB(B+ —
op(B* —
rp(BT —
F(BT —

DOK*) = 0.103 + 0.005
DOKT) = (136.9F¢5)°

DO K* — +0.017
DO K*+) = 0.075+ 5917

DO K*+) = (1067 5¢)°
0 — +0.019

D*0K*) =0.142 “0020

D*K+) = (3211§)°

B~ modes are charge conjugates of the modes below. Modes which do not
identify the charge state of the B are listed in the B:E/B0 ADMIXTURE sec-

tion.

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.
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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+ DECAY MODES

Fraction (T';/T)

Scale factor/

p

Confidence level (MeV/c)

Semileptonic and leptonic modes
( 10.99
(108

¢+ ypanything [sss]
et ve Xo
D 0F yyanything
20 tty, [sss]
DOrtu,
2*(2007)0 Ty [sss]
D*(2007)% 7% v,
Dl‘n’* tty, o
Dy (2420)%¢* vy, D0 —
_ D rt -
D3(2460)%¢* vy, D30 —
Dt
DEnmety(n > 1)
D*~ atety, _
D;(2420)%¢* vy, DY —
_ D*rt _
D (2430)%¢+ vy, D —
_ D* gt —
D3(2460)° + vy, D30 —
_ D¥ gt
90 atr=tty,
D0t a— ity
DY K+ ity
Dy Kttty
OD“;* Ktety,
700ty
ian”.
'ty
wtty, [sss]
P20ty [sss]
pplt Yy
pBut Y,
ppet e
et ve
wtu,
Tt
ot

VT

vy
et vey
v,y

(

—~ e~~~ o~ —~

~ e~~~ o~~~ o~ o~~~

8.4
2.20
7.7
4.88
1.88
4.1
2.5

1.53

1.60
6.1
3.03

2.7

1.01

1.56
7

6.1

3.0

29
7.80
3.9
2.3
1.19
1.58

5.8
8.5
8.2
9.8
1.0
1.09
35

6.1
3.4

Inclusive modes

Dox
DO X
Dt X
D~ X
+
Dix

(

8.6

(79

(
(

(

2.5
9.9

7.9

=+
=+
+
+
=+
=+
+
+
+

H

I+ B H W OHOH K I+ H H W

I+

I+ B H W

028 )%
04 )%
05 )%
0.10 ) %
25 )x1073
0.10 ) %
020 )%
05 )x1073
05 )x1073

0.16 ) x 1073

022 )%
06 )x1073
020 ) x 1073

06 )x1073
024 )x 1073

0.34 ) x 1073
4 )x1074
1.0 )x10~4

1% )x1074

1.9 )x10~4
0.27 ) x 1073
05 )x107°
0.8 )x107°
0.09 ) x 104
0.11 ) x 10~4

2.6

25 )x1076

x 1076

) x 1076

W
wo

x10~7
x 10—6
024 )x 1074
x10~6
x 1076
x 10—6

0.7 )%
4 Y%
05 )%
1.2 )%

13 )%

$=2.0

CL=90%

CL=90%
CL=90%

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

2310
1911
2258
1839
2306

2065

2254
2084

2065

2301
2248

2242

2185
2638
2611
2553
2582
2583

2467
2446
2467
2640
2639
2341
2640

2640
2639
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D; X ( 110+ 349)% -
AT X (21 232 )% -
AZX (28 t1ly% -
X (97 +4 )% -
cX (234 22 9 -
c/cX (120 +6 )% -
D, D*, or Ds modes
DOrt ( 468 + 013 )x 1073 2308
Dep(r1)m™ [tt] ( 2.05 + 0.18 ) x 1073 -
DCP(,I)WJF [tt] (20 + 04 )x103 -
DOyt (134 +018)% 2237
DOK* ( 363 £ 012 )x1074 2281
DCP(H)KJr [tte] ( 1.80 + 0.07 ) x 10~4 -
DCP(—I)K+ [te] ( 1.96 + 018 )x 104 -
[K—nT]pK™ [oud] < 2.8 x10~7  CL=90% -
[Ktn~pKT o] < 15 x1075  CL=90% -
[K—nt]prt [owu] ( 63 + 11 )x1077 -
[Ktn]pnt (178 + 032 )x 1074 -
[t~ xO)p K~ ( 46 +09 )x1076 -
DY K*(892)t ( 53 +04 )x104 2213
Dep(-1)K*(892)* [ete] (27 + 08 )x10~4 -
Dep(+1) K*(892)F [tt] ( 62 =+ 06 )x10~4 -
DOK+gtr— ( 52 +21 )x1074 2237
DOK+KO (55 +16 )x1074 2189
DOK*TK*(892)° (75 + 17 )x10~4 2071
Dortatr— ( 56 +21 )x1073 S=3.6 2289
D7t 7+ 7~ nonresonant (5 +4 )x1073 2289
DOrt p0 (42 430 )x1073 2208
DY a;(1260)+ (4 +£4 )x1073 2123
Dowr (41 +£09 )x1073 2206
D*(2010)~ 7t 7t ( 135 + 022 )x10°3 2247
D*(2010)~ Kt nt ( 82 + 14 )x1075 2206
D1(2420)% 7+, DY — ( 52 +22 )x1074 2081
D*(2010)~ 7*
D~ rtnat 1.07 + 0.05 ) x 103 2299
D~ Ktxt (77 +£05 )x1075 2260
D} (2400)° K+, D0 ( 61 +24 )x1076 -
D~ rt
D3(2460)° K+, D30 ( 232 + 023 )x1075 -
D~ rt
D;(2760)° K+, D30 (36 +12 )x1076 -
D~ rt
Dt KO < 29 x1076  CL=90% 2278
Dt Ktzn~ ( 56 +11 )x106 2260
D3(2460)° K+, D30 < 63 x10=7  CL=90% -
Dt n
DK " < 49 x1077  CL=90% 2211
D+ K*0 < 14 x1076  CL=90% 2211
D*(2007)0 7t ( 490 £ 017 )x 1073 2256
529P(+1)7r+ [wv] ( 27 + 06 )x1073 -
DZ?P(AVﬁ wv] ( 24 + 09 )x1073 -
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D*(2007)° wrt
D*(2007)° p*
D*(2007)° K+

D41y K
BZ‘DP(—I) K*
D*(2007)0 K*(892)*
D*(2007)° K+ KO
D*(2007)° K+ K*(892)°
D*(2007)%nt wt
D*(2007)% a1 (1260)*
D*(2007)0 r— 7t 7t 70
D*03rton—
D*(2010)* #°
D*(2010)* K°
D*(2010)~ 7t 7t =0
D*(2010)~ 7t 7t~
5**0 7r+
Dj;(2420)0 7+
D1(2420)° 7+ x B(DY —
DOnt 7))
D (2420)° 7+ x B(DY —
DOzt 7~ (nonresonant))
D3 (2462)0 7+
x B(D5(2462)° — D~ 7t)
D3(2462)0 7+ xB(D30 —
DO 7t)
D3(2462)0 7+ xB(D30 —
DOz~ 7t (nonresonant))
D3(2462)0 7+ xB(D30 —
D*(2010)~ 7 1)
D;;(2400)0 7+
x B(D}(2400)°
Dy (2421)% 7 F
x B(Dy(2421)°
D3(2462)% nt
x B(D3(2462)°
D (242707t
x B(D}(2427)°
D (2420)% 7+ xB(D?
DOxt )
Dy (2420)° p*
D3(2460)% 7t
D3(2460)0 7+ xB(D30 —
DOrt )
D;(2680)% 7+, D%(2680)° —

D~ 7t)

D*~ )
D*~ 71'*)
N

D*~ )

—

_Dmn _
D3(2760)%7F, D3(2760)0 7+ —
_ D nt _
D3(3000)° 7+, D3(3000)0 7+ —
_ D xt

D3(2460)° p*

[vwv]

[vwv]

[ocx]

4.5
9.8

3.97
2.60
2.19

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

2.5

2.2

3.56

2.2

1.7

2.2

6.4

6.8

1.8

5.0

1.4
1.3
2.2

I+ W W W o o e e O O R

H

H

+

12 )x1073
17 )x1073

0.31
0.28

033 )x 104

) x 1074

0.30 ) x 1074

14 )x1074
x 1073

04 )x1073

012 )%

05 )%

04 )%

12 )x10-3
x 1076
x 106

) %

) x 10—3

yx 1073

) x 1073

0.7
0.4
1.2
0.6

1.6

1a )x1074

1.0 )x10~4
0.24 ) x 1074
1.0 )x107%
x 1074
11 )x107%
14 )x1074
15 )x10~4
05 )x1074
12 )x107%
x 1076
x 1073
x 1073
x 1075
21 )x 1073
0.22 ) x 1073
14 )x10=6

x 1073

CL=90%

CL=90%

S=1.3

$=3.9

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

2149
2181

2227

2156
2132
2009
2236
2063
2219
2196
2255
2225
2235
2217

2082
2082

2082

2128

2082

1996

2063
2063

1977
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DD} ( 90 + 09 )x1073 1815
D%(2317)TD°, Dif — D0 (79 t 1% )%t 1605
Dso(2317)1 DO x 76 x10~4  CL=90% 1605
B(Dso(2317)" — D;*)
Dso(2317)+ D*(2007)° x (9 +7 )xiw* 1511
B(Ds(2317)F — D} x0)
Dy 7(2457) D0 (31 t 1% yxi03 -
D, 7(2457)+ DY x (46 T 13 yx104 -
B(D;,;(2457)% — DY)
D, (2457)1 DO x 22 x1074  CL=90% -
B(DSJ(2457)+ —
D:‘ atrT)
D, ;(2457)+ DO x 27 x 1074 CL=90% -
B(D,;(2457)F — D x0)
D, 7(2457)1 DO x 9.8 x 1074  CL=90% -
B(Ds,(2457)t — Dif )
D, 7(2457)* D*(2007)° ( 120 + 030 )% -
D, ;(2457)t D*(2007)0 x (14 + 0T yx103 -
B(Dss(2457)+ — D)
DO Dg; (2536)F x (40 + 10 )x1074 1447
B(Ds1(2536)F —
D*(2007)° K+ +
D*(2010)* K9)
DO Dy (2536)F x (22 +07 )x10~4 1447
B(Dg1(2536)F —
D*(2007)° K )
D*(2007)° Dy (2536) x ( 55 +16 )x10~4 1339
B(Ds1(2536)T —
D*(2007)° K+)
DO D, (2536) T x (23 +11 )x1074 1447
B(Ds;(2536)t — D*t K9)
DOD, ;(2700)* x ( 56 +18 )x1074 S=1.7 -
B(D,;(2700)t — DOKT)
D*0 Dy (2536)F, D, — (39 +26 )x1074 1339
D*t KO
DO D, ;(2573)*, D, — DOK* (8 +15 )x10°6 -
D*0D,;(2573), DY, — DOk+ 2 x10~%  CL=90% 1306
D*(2007)° D, ;(2573), DY, — 5 x107%  CL=90% 1306
_ DOkt
DOD%+ (76 + 16 )x1073 1734
D*(2007)° D} ( 82 + 17 )x1073 1737
D*(2007)° DiF (171 + 024)% 1651
DS‘HB**O (27 £12 )% -
D*(2007)° D*(2010)* ( 81 + 17 )x1074 1713
D®D*(2010)* + D*(2007)° D+ 1.30 % CL=90% 1792
DO D*(2010)* ( 39 +05 )x1074 1792
DOpt ( 38 + 04 )x1074 1866
DOD+t KO ( 155 + 021 )x 1073 1571
D+ D*(2007)° (63 + 17 )x107% 1791
D*(2007)° D+ KO (21 +05 )x1073 1475
DO D*(2010)+ KO ( 38 +04 )x1073 1476
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D*(2007)° D*(2010)* K° (92 +12 )x1073
DODOKH ( 145 + 033 )x 1073
D*(2007)° DO K+ ( 226 + 023 )x1073
DO D*(2007)0 K+ ( 63 +05 )x1073
D*(2007)° D*(2007)° K+ (112 £ 013)%
D~ DT Kt (22 £07 )x1074
D~ D*(2010)T K+ (63 +11 )x1074
D*(2010)~ DT K+ (60 +13 )x1074
D*(2010)~ D*(2010)* K+ ( 132 + 018 )x 1073
(D+D*)(D+D*)K ( 405 + 030 )%
D70 ( 1.6 +05 )x1075
D;"" 70 < 26 x10~4
Din < 4 x 1074
D;‘"’ n < 6 x 1074
D p° < 30 x 1074
Dt p0 < 4 x 1074
Dfw < 4 x 1074
Ditw < 6 x 10~4
DY a;(1260)° < 18 x 1073
Dt a1(1260)° < 13 x 1073
Dy Kt K~ (71 +£11 )x10-6
Do < 42 x 107
Dit¢ < 12 x 1075
DI KO < 8 x 104
DIt KO < 9 x 104
DY K*(892)° < 44 x 1076
DY K*0 < 35 x 106
DIt K*(892)° < 35 x 1074
DyntK* (180 £ 022 )x 104
Dy xt KT ( 145 + 024 )x104
Dy wt K*(892)F < 5 x 1073
Dy xt K*(892) < 7 x 1073
Dy KT K* (97 +£21 )x107°
Dy KtKT < 15 x 1075
Charmonium modes
ne K+ ( 1.09 + 0.09 )x10~3
neK* ne —» KIKTrt ( 27 +06 )x1075
ne K*(892)F (10 0% yx10-3
neKtntz™ < 39 x 1074
ne KT w(782) < 53 x 1074
neKtn < 22 x 10~4
ne K70 < 62 x 1075
ne(2S) KT ( 44 +10 )x1074
nc(2S)K*, nc. — pp (35 +08 )x1078
nc(2S) KT, ne — K% K¥rE ( 34 %g )x 1076
hc(IP)K*, he — J/patm™ < 34 x 1076
X(3730)°K*, X0 — e < 46 x 1072
X(3730)°K*, X0 — p.n0 < 57 x 1076
Xc1(3872) K+ < 26 x 1074
Xc1(3872) K+, xc1 — pP < 5 x 1079

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%

S=1.1

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

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

1362
1577
1481
1481
1368
1571
1475
1475
1363

2270
2215
2235
2178
2197
2138
2195
2136
2079
2015
2149
2141
2079
2242
2185
2172
2172
2112
2222
2164
2138
2076
2149
2088
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Xc1(3872) K+, xca1 — ( 86 + 08 )x10°6 1141
J/prtn
Xc1(3872)Kt, xe1 — J/vy (21 +04 )x106 S=1.1 1141
Xc1(3872) K+, xc1 — (4 +4 )x10° S=25 1141
¥(25)y
Xc1(3872) KF, xc1 — < 17 x1076  CL=90% 1141
J/(18)n
xc1(3872) K+, xc1 — DODO° < 60 x107%  CL=90% 1141
Xc1(3872)Kt, X1 — < 40 x107%  CL=90% 1141
Dt D~
Xc1(3872) KF, xc1 — (1.0 + 04 )x10~4 1141
DODO 0
Xd@%?Z%Kﬂ Xe1 — ( 85 + 26 )x107° Ss=1.4 1141
o
xc1(3872)° K+, X% — < 30 x 1075 CL=90% -
nC7T+ T
Xe1(3872)0K*, X8, — < 69 %1075  CL=90% -
ncw(782)
Xc1(3872) Kt, x¢1 — < 15 x1076  CL=90% -
Xc1(1P)n ™
X(3915) K+ < 28 x10™%  CL=90% 1103
X(3915)0 K+, X0 — 5. < 47 x 1075 CL=90% -
X(3915)0 K+, X0 — p. a0 < 17 x1075  CL=90% -
X(4014)0 K+, X0 — nep < 39 x 1075 CL=90% -
X(4014)0 K+, X0 — 5 a0 < 12 x 1075 CL=90% -
Z:(3900°K+, 20 — penta < 47 x107%  CL=90% -
X(4020)0K*, X0 — peatw < 16 x 1075 CL=90% -
Xc1(3872) K*(892)F, x¢c1 — < 48 x1076  CL=90% 939
/Yy
Xc1(3872) K*(892)F, xc1 — < 28 x107%  CL=90% 939
¥(2S)y
xc1(3872)T KO, X'C"l — bl < 6.1 x1076  CL=90% -
J/p(1S)nt a0
Xc1(3872) KO t, xe1 — ( 1.06 + 031 )x 1075 -
J/p(AS)ntw
Z(4430)T KO, ZF — Jjprt < 15 x 1075 CL=95% -
Z(4430)F KO, ZF — w(2S)nt < 4z x 1075 CL=95% -
P(4260)° KT, 0 — J/yrtw < 29 x1075  CL=95% -
X(3915)K*, X — J/yy < 14 x1075  CL=90% -
X(3930)°K*, X0 — J/oy < 25 x1076  CL=90% -
J/p(1S)KT ( 1.010+ 0.029) x 1073 1684
J/p(1S) KOt ( 114 + 011 )x 1073 1651
J/Y(AS)KTat (81 +13 )x1074 S=25 1612
J/H(IS)KT K= KT ( 337 + 029 )x107° 1252
X(3915)K*, X — pp < 71 x1078  CL=95% -
J/¢(18) K*(892)* ( 143 £ 0.08 )x 103 1571
J/9(1S) K(1270)*F ( 1.8 +05 )x1073 1390
J/¥(1S) K(1400)* < 5 x1074  CL=90% 1308
J/p(AS)nK* ( 124 + 014 )x1074 1510
Xel—odd(3872) KT, < 38 x1070  CL=90% -
Xel—odd — 4/%n
Y(4160) KT, o — J/vn < 74 x 1076 CL=90% -
J/(AS)n K+ < 88 x107°  CL=90% 1273
J/p(1S)pKT ( 50 + 04 )x1075 1227
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J/¥(1S)K1(1650), K; — ¢K+
J/(1S) K*(1680)F, K* —
oK+

J/(1S)K5(1980), K5 — oK+

J/9%(1S) K (1830)T,
K(1830)t — oKt
Xcl(4140) K+, Xcl —
J/P(1S)¢
Xcl(4274) K+, Xcl —
J/P(15)¢
Xco(4500) KT, X0 — J/p(15)6

Xc0(4700) K, Xco —
J/P(15) ¢

J/(1S)wK+
xc1(3872)Kt, xe1 — J/pw
X(3915)KT, X — J/yw

J/u(18)t

J/wAS)rtatrt o= n~
(S) Tt~

J/p(S)pt

J/9(1S)nt 70 nonresonant

J/¥(1S)a;(1260)*

/(1) pprt

J/P(1S) pA

J/4(18)=%p

J/w(1S) Dt

J/¢(1S) D07t

Y(28)

P(2S)K*

P(2S) K*(892)F

PQRS)Ktrta~

¥(25) ¢(1020) K+

P(3770) KT
Y(3770) K +,9p — DODO
Y(3770) K+, — DT D~
V(3TTO)K*, ¥ — pp

P(4040) KT

»(4160) KT
¥(4160)K*, v — DODO

X0y Xco = T W

Xco Kt

xco K*(892)F

Xcl(lP)77+

Xc1(1P) K+

Xe1(1P) K*(892)*

Xc1(1P) KOt

Xc1(1P) K+x0

Xc1t(1P)Ktatn—
Xcl(zP)K+v Xc1(2P) —

77 X1 (1P)

~ e~ e~~~ o~~~

—~ e~~~ o~ —~

3.4

1.5

1.3

10

3.6

3.3

3.20
6.0
3.0

3.88
1.17
1.9
5.0
7.3
1.2
5.0
1.18
11
1.2
2.5
2.44
6.21
6.7
4.3
4.0
4.9
1.5
9.4

1.3
51

1.49

21
2.2
4.84
3.0
5.8
3.29
3.74
11

|+

| +

I+ I+

H
=~

|+
=N

[N

I+ 1+
2o

HoH B H L+ I+

HoH B OH B H R

H

HoHoH o H R

N et
N WO

HH OO
=W U1

N

0.32
2.2

0.9
0.7

0.12
0.13
0.4
0.8

0.31

0.30
0.23
1.4
0.5
0.7
1.3
0.5
3.5

0.15
0.14

0.5
0.23
0.6
0.4
0.35
0.30

) x 1076

) x 1076

) x 1076

) x 1076

) x 106
) x 1076

) x 106

) x 1076

) x 104
) x 107©
) x 107

) x 1075
) x 1073
) x 1073
) x 1075
x 1076
x 1073
x10~7
) x 1075
x 1075
x 104
x 107
) x 1075
) x 104
) x 104
) x 104
) x 1076
)x 1074
) x 104
) x 1075
x 107
x 104
) x 10~4
) x 1075
x 107
) x 104
x10~4
)x 107°
) x 104
) x 10~4
yx 104
) x 104
) x 10~4
x 1073

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

CL=90%
CL=90%

S=1.4
CL=95%

CL=90%

CL=90%

CL=90%

CL=90%

1388
1141
1103

1728
1635
1304
1611
1717
1415

1347
1284
1115
1179

417
1218
1218
1218

1003
868

1531
1478

1341
1468
1412
1265
1370
1373
1319
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X2 KT (11 + 04 )x107° 1379
Xeo K*(892)* < 12 x107%  CL=90% 1228
Xea KOnt ( 116 + 025 )x 1074 1336
X2 Kt a0 < 62 x1075  CL=90% 1339
X Ktntn~ ( 134 £ 019 )x10°4 1284
Xc2(3930)7F, xop — wtwT < 1 x1077  CL=90% 1437
he(1P) K+ < 38 x1075  CL=90% 1401
he(LP)K*, he — pp < 64 x1078  CL=95% -
K or K* modes
KOxt ( 237 + 008 )x1075 2614
Ktn0 ( 129 + 0.05 ) x 1075 2615
7Kt ( 706 £ 0.25 ) x 1075 2528
7 K*(892)* (a8 T 18 yxi06 2472
7' K3(1430)+ (52 +21 )x107° -
7 K3(1430)* (28 +£05 )x107° 2346
nKt (24 +04 )x10°6 S=1.7 2588
nK*(892)* ( 193 + 016 ) x 107 2534
nK§(1430)" (18 +04 )x107° -
nK3(1430)F (91 +30 )x106 2414
n(1295) K+ x B(n(1295) — (29 38 yx10-6 2455
nw)
n(1405) K+ x B(1(1405) — < 13 x1076  CcL=90% 2425
nmwm)
n(1405) K+ x B(1(1405) — < 12 x1070  CL=90% 2425
K*K)
n(1475) Kt x B(n(1475) — ( 138t 321070 2406
K*K)
f1(1285) K+ < 20 x1076  CL=90% 2458
f,(1420) K+ x B(f,(1420) — < 29 x1076  CL=90% 2420
n)
f(1420) K+ x B(f,(1420) — < 41 x1076  CL=90% 2420
K*K)
#(1680) KT x B(¢(1680) — < 34 x1076  CL=90% 2344
K*K)
fy(1500) K+ ( 37 +£22 )x1076 2398
wKt ( 65 + 04 )x10-6 2558
wK*(892)*t < 14 x1076  CL=90% 2503
w(Km)gt (28 +04 )x1075 -
wK(1430)T (24 +05 )x107° -
w K3(1430)* (21 +04 )x1075 2380
a0(980) T K% xB(ag(980)t — < 39 x1076  CL=90% -
n7T)
20(980)° K+ xB(ap(980)° — < 25 x 1076  CL=90% -
nm’)
K*(892)0 7+ ( 101 + 0.08 )x 107 2562
K*(892) 70 ( 68 +09 )x10-6 2563
Ktr=at ( 510 + 029 )x 1075 2609
KT 7~ 7T nonresonant ( 163+ 32y, 1075 2609
w(782) K+ (6 +9 )x10° 2558
K+ 1;(980) x B(f(980) — ( 94 + 19 yx10-6 2522
7t r)
£(1270)° K+ ( 107 + 027 )x 1076 -
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f(1370)° K+ x B(£(1370)° - < 107 x 1075 CL=90% -
ata)
p2(1450) Kt x B(p°(1450) — < 117 x 1075 CL=90% -
atrT)
5(1525) K+ x B(f}(1525) — < 34 x1076  CL=90% 2392
ata)
K+t p0 ( 37 £05 )x1076 2559
K3(1430)0 7+ ( 39 t38 yx10d S=1.4 2445
K3(1430)+ 70 ( 119+ 320100 -
K3(1430)° ™+ (56 t22 )x106 2445
K*(1410) 7+ < 45 x1075  CL=90% 2446
K*(1680)0 7t < 12 x107%  CL=90% 2358
Kt 7070 ( 1.62 + 0.19 ) x10~5 2610
(980) K x B(fy — 7%70) ( 28 +£08 )x1076 2522
K-atzt < 46 x1078  CL=90% 2609
K~ 7t nonresonant < 56 x1075  CL=90% 2609
Kq(1270)0 7+ < 40 x 1075 CL=90% 2484
K1(1400)% 7+ < 39 x1075  CL=90% 2451
KOntn < 66 x107%  CL=90% 2609
KO pt (73 F19 yx106 2558
K*(892)T ntn— (75 +10 )x1075 2557
K*(892)T p° (46 + 11 )x107® 2504
K*(892)% £,(980) ( 42 +07 )x1076 2466
aj KO ( 35 + 07 )x10-5 -
b KOx B(bf — wn™) (96 +19 )x107® -
K*(892)0 p* (92 +15 )x1076 2504
K1(1400)* o0 < 18 x10~%  CL=90% 2388
K3(1430)t p0 < 15 x1073  CL=90% 2381
BY K+ x B(h? — wn?) (91 +20 )x1076 -
b K*¥x B(bj — wr™t) < 59 x1076  CL=90% -
BYK*t x B(bY — wn?) < 67 x 1076 cL=90% -
Kt KO ( 131 £ 017 )x 1076 S=1.2 2593
KOK+ 70 < 24 x1075  CL=90% 2578
K+ KL KY ( 1.08 + 0.06 ) x 1075 2521
H(980) KT, fo — KIKY ( 147 + 033 )x 1075 -
H(AT0) KT, fy — KL K (a8 T30 yx107 -
K* K K% nonresonant ( 20 + 04 )x1075 2521
KKt < 51 x10=7  CL=90% 2577
KtK— ot ( 52 +04 )x107° 2578
K+ K~ at nonresonant < 15 X107  CL=90% 2578
KtK*(892)° < 11 x1076  CL=90% 2540
K+ K;(1430)° < 22 x1076  CL=90% 2421
KT K*tn~ < 11 x1078  CL=90% 2578
K+ K* 7~ nonresonant < 879 x1075  CL=90% 2578
f5(1525) K+ (1.8 +05 )x10°6 S=1.1 2392
Kt rt K= < 118 x107%  CL=90% 2524
K*(892) K*(892)° (91 +29 )x1077 2484
K*T K+tr~ < 61 x1076  CL=90% 2524
KtK=K*t ( 340 + 0.14 )x 1075 S=1.4 2523

Kto (88 *3I yx1w0® s=1.1 2516
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5(980) K+ x B(fy(980) — (94 32 )x10°6 2522
KtK")
a5(1320) KT x B(a,(1320) — < 11 x1076  CL=90% 2449
K+ K™)
Xo(1550) Kt x B(Xy(1550) — (43 +07 )x10° -
K+ K™)
#(1680) KT x B(¢(1680) — < 8 x1077  CL=90% 2344
K+ K™)
fo(1710) K+ x B(f(1710) — (11 +06 )x107° 2330
K+K™)
K* K~ K* nonresonant ( 238+ 02 y1075 2523
K*(892)T KT K~ (36 +05 )x107° 2466
K*(892)* ¢ (100 + 20 )x106 S=1.7 2460
o(Km)gt ( 83 + 16 )x10-6 -
& Ky (1270)F (61 +19 )x1076 2375
& Kq(1400)T < 32 X106  CL=90% 2339
dK*(1410)* < 43 x1076  CL=90% -
¢ K§(1430)F (70 +16 )x1076 -
¢ K3(1430)+ ( 84 +21 )x107 2333
¢ K5(1770) < 150 x1075  CL=90% -
¢ K5(1820)* < 163 x1075  CL=90% -
al K0 < 36 x1076  CL=90% -
Kt ¢o ( 50 +12 )x106 S=2.3 2306
'y KT < 25 x107%  CL=90% 2338
woKt < 19 x1076  CL=90% 2374
X(1812) KT x B(X — w¢) < 32 x10~7  CL=90% -
K*(892)T v ( 392 £ 022 )x1075 S=1.7 2564
Ki1(1270)t (a4 T3 yx10d 2486
Kt~ (79 £09 )x106 2588
7 Kty (29 t 18 yx106 2528
dKTy (27 +04 )x10° S=1.2 2516
Ktn—aty ( 258 + 015 )x 1075 S=1.3 2609
K*(892)0 7t ( 233 £012)x10° 2562
KT p0 ( 82 £+ 09 )x1076 2559
(Ktn )yt (99 t 1T yx10-6 2609
KOzt 70y ( 46 +05 )x107° 2609
K1(1400)T v (10 *3 )x1w6 2453
K*(1410)*y (27 T 38 yx10 -
K5(1430)0 7t ( 132+ 028,106 2445
K3(1430)" (14 £ 04 )x1075 2447
K*(1680)* v (67 17 yx105 2360
K3%(1780) "~ < 39 x107%  CL=90% 2341
K} (2045)" < 99 x1073  CL=90% 2244
Light unflavored meson modes
pty (98 +25 )x10~7 2583
ot ( 55 + 04 )x10-6 S=1.2 2636
atata~ ( 152 + 014 )x1075 2630
POt ( 83 +12 )x1076 2581
7t (980), fy — 7tm < 15 x1076  CL=90% 2545
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7+ £(1270)
p(1450)07F, 0 — ata—
f(1370)7t, fy — 7ta~
f(500)7t, fy — 7ta—
7t~ 7t nonresonant

at 7070
ot 0

ata=atal
s
pT1(980), fy — 7Fa~
a1(1260)F 70
a;(1260)0 7t

LIJ7T+

a0(980)% 7, ag — a0
20(980)* 79, a(J)r — nrt
atatatoa—n~
o a1 (1260)F
o2 ap(1320)F
b(1)7r+, b(l) — wmd
bfﬂ'o, bIL — wrt
atatrtr—r— a0
br 0, br — wrt
a1(1260) T a4 (1260)°
b?p"’, b(I) — wn?

ANNN AN NNNAN

NN N NN

~ e~~~ o~~~ o~

—

1.6

1.4

4.0
4.1

5.3

8.9
1.09
4.0
2.40
2.0
2.6
2.0
6.9
1.59
4.02
7.0
2.7
9.7
1.5
3.0
5.8
1.4
8.6
6.2
7.2
6.7
33
6.3
5.2
1.3
3.3

| +

| +

|+

+

H

HoHoHH B H O H

+

) x 10~©

oo oo
Lo BN

) x 1076

x 106
x 1076
17 )x107
x 104
0.14 ) x 1073
x 1073
0.19 ) x 1073
x 1076
07 )x1073
0.6 )x107°
05 )x1076
0.21 ) x 1073
0.27 ) x 1076
29 )x1076
0.9 )x1076
22 )x1076
x 107
x 106
x 1076
x 106
x10~4
x 104
x 104
20 )x1076
x 106
x 1073
x 106
%
x 1076

Charged particle (h*) modes

hE = KE or ot

ht 70 ( 16
wht ( 138
h* X0 (Familon) < 49
KtX0 X0 - ytpu~ < 1
Baryon modes
pprt ( 162
ppmt nonresonant < 53
pPKT ( 59
o@ri0)ttp, 0ttt — pKt[zzz] < 91
f;(2220) K, f; — pp [zzz]) < 41
pA(1520) (31
pp K1 nonresonant < 89
pPK*(892)*F ( 36
£1(2220)K**, f; — pPp < 11
pA ( 24

+

x 1075
x10~7

0.20 ) x 1076
x 1073
05 )x1076
x10~8
x10~7
06 )x1077
x 1079
67 )x07
x10~7

(l)g ) x 10—7

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

$=2.8
S=1.9

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

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

CL=90%
CL=95%

CL=90%

S=1.5
CL=90%
CL=90%

CL=90%

CL=90%

2484

2434
2460

2630

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

2608
2433
2410

2592

2336

2636

2580

2439
2439
2348

2135
2322
2348

2215
2059
2430
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pAy
pAr®
pT(1385)°
AT A
pXy
p/\Tr_+ T
pAp°
_pAH(1270)
A4W+
AAKT
AAK*+
A%p
A++ﬁ
D*pp
D*(2010)* pp
20 PﬁTr+
D*O pﬁﬂ'"’
D~ pprta—
Di7£57r+ T
pAOQO
pA°D*(2007)°
/\;ﬁpTr'*'
A A(1232)TF
AZ Ax(1600)TF
AZ Ax(2420)TF
g\; p)s"‘ﬂL
Zc(2520)%p
> .(2800)°p
cprta
“prtataT
atata—x0
¢ Kt
c(2455)%p
X (2455)0 pr®
(24550 pr 7t
X (2455)" " prtat
Ac(2593)~ /A (2625)
=0 0

+ = =
_CAC’ -c

MM S
> T

— =T

S0t 20, AKT

—c'c’ ¢

AN AN AN A

2.4

3.0

4.7
8.2
4.6
5.9
4.8
2.0
9.4
3.4

22

1.38
1.4
1.5
15
3.72
3.73
1.66
1.86
1.43
5
2.3
1.9
4.7
3.8
3.1
3
2.7
1.8
22
1.34
7.0
3.0
3.5
3.5
2.39
1.9
2.4
21

3% yx1w0-6
+ 07 yx106
x 107
x 107
x 1076
+ 11 )x1076

0.27 )x 1074
032 )x 1074
0.30 ) x 104
0.25 ) x 104
0.32 ) x 1073

HoH B H W

04 )x10—4

H

+ 1.0 )x107°
0.9 )x107°
+ 07 )x1075

H

+ 09 )x1073
06 )x1073
07 )x1073

H R

22 )x1074
0.7 )x107°
11 )x10~4
11 )x107%
0.20 ) x 1074

x 104
+ 09 )x1073
+ 09 )x1075

HoH W H R

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

CL=90%

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

CL=90%
$=2.2
CL=90%

CL=90%

CL=90%

CL=90%
S=1.4
S=1.5

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

atet e
atete
ot

rtuo

Ktete—
Ktete™
K*ptp

KT T = nonresonant

Ktrtr-
Koy

Bl
Bl
B1
Bl
Bl
B1
B1
Bl
B1
B1

[sss]

<
<

<

<
<

(

(
(
(
(

4.9
8.0
1.76
1.4
4.51
5.5
4.41
4.37
2.25
1.6

x10~8
x 1078
+ 023 )x1078
x 1075
+ 023 )x10~7
+ 07 )x1077
+ 023 )x1077
+ 0.27 ) x 10~/
x 1073
x 1075

CL=90%
CL=90%

CL=90%
S=1.1

S=1.2

CL=90%
CL=90%

2430

2402
2362

2413
2367
2214
2026
2358
2251

2098

2403
2403
1860
1786
1789
1709
1705
1621

1980
1928

1904

1935
1880
1823

1938
1896
1845
1845

1144
1144

2638
2638
2634
2638
2617
2617
2612
2612
1687
2617
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p+ 122

K*(892)T ¢+ ¢~
K*(892)T et e~
K*(892)T pt pi~

K*(892)t v

Ktnta=utu~

oKt pt

et

ate~ ,u"'

at ei/ﬁc

atetr—

ate rt

atet T

e

nt no Tt

at uE T

Ktetu~

Kte ut

Ktet T

Ktetr—

Kte 7+

KtetrT

Kt ,u+7_—

Ktpu—rt

K+ ptr¥

K*(892)* et~

K*(892)*T e~ ut

K*(892)t eE 1 F

n-etet

7r7,u+ ;ﬁ’

n~et ;ﬁ

petet

pptut

petut

K- etet

K= ptp®

K- etut

K*(892)~ ete™

K*(892)~ ut ut

K*(892)~ et ut

D~ etet

D™ etput

D= utut

D¥*=ptut

D; M+ M+

DO7— /L+,u,+

N0 ut

Net

70+

et

B1
B1

B1
B1

i T e S e S e o o i i S Y

~

LB
LB
LB
LB

[sss]

<

(
(
(

ANNANNANNNNANANANANANANNNANANNANNANNANNANANNNNANNANNANNNNNNNANNANNNNANANNNANNANAN

3.0
1.01

1.55

9.6
4.0
4.3

7.9

6.4
6.4
1.7
7.4
2.0
75
6.2
4.5
7.2
9.1
1.3
9.1
4.3
1.5
3.0
4.5
2.8
4.8
1.3
9.9
1.4
23
4.0
1.5
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

+

x 1073
0.11 ) x 1076

4481076

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

21 )x10-8

x 1073
x 1073
x10~7
x 1075
x 1073
x 1073
x 1073
x 1073
x 1075
x 1078
x10~7
x 108
x 1075
x 1075
x 1075
x 1075
x 1075
x 1075
X 1076
x 10— 7
x 106
x 1078
x 1079
x 107
x10~7
x10~7
x10~7
x 108
x 108
x10~7
x10~7
x10~7
x10~7
x 10—6
%1076
x 10~
X 1076
x10~7
x 106
X 1078
x 1078
x 108
x 108

CL=90%
S=1.1

CL=90%

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

2583
2564

2564

2560
2564
2593

2490

2637
2637
2637
2338
2338
2338
2333
2333
2333
2615
2615
2615
2312
2312
2312
2298
2298
2298
2563
2563
2563
2638
2634
2637
2583
2578
2582
2617
2612
2615
2564
2560
2563
2309
2307
2303
2251
2267
2295
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BO

14P) = L(07)

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

Mass mg = 5279.63 & 0.15 MeV (S = 1.1)
Mgo — Mgs = 0.31 £ 0.06 MeV
Mean life 7o = (1.520 = 0.004) x 10712 s
cr = 455.7 um
Tg+/Tgo = 1.076 & 0.004  (direct measurements)

BO-BY mixing parameters
xg = 0.1860 £ 0.0011

AMpo = Myy — My = (0.5064 + 0.0019) x 1012 7571
BO BY, BY ( )

= (3.333 4+ 0.013) x 10710 MeV

Xg = AmBo/rBo = 0.770 + 0.004

Re(Acp / |[Acp|) Re(z) = 0.047 £ 0.022

AT Re(z) = —0.007 & 0.004

Re(z) = (—4 £ 4) x 1072 (S = 1.4)

Im(z) = (—0.8 £ 0.4) x 1072

CP violation parameters

Re(ego)/(1+]ege|?) = (0.5 £ 0.4) x 1073

At/cp(B® < BY) = 0.005 + 0.018

Acp(B® — D*(2010)* D~) = 0.037 + 0.034

Acp(B® — [KT7~]pK*(892)%) = —0.03 + 0.04

Ry =T(B® = [T K |pK*®) /T(B® — [r~ K*]pK*0) =
0.06 + 0.032

Ry =T(B® = [x=K*]pK*®) /T(B® — [nt K- ]pK*0) =
0.06 & 0.032

Acp (B® - K*7~) = —0.082 + 0.006

Acp(B® — 7/ K*(892)%) = —0.07 + 0.18
Acp(BY — 1/ K3(1430)%) = —0.19 + 0.17
Acp(BY — 1 K5(1430)0) = 0.14 + 0.18
Acp(B® — nK*(892)°) = 0.19 + 0.05
Acp(B® — 1K}3(1430)%) = 0.06 & 0.13
Acp(B® — 1K35(1430)°) = —0.07 £ 0.19
Acp(B® — by KT) = —0.07 £0.12
Acp(B® — wK*0) =0.45 + 0.25

Acp(BY — w(Km)0) = —0.07 £ 0.09
Acp(BY — wK3(1430)°) = —0.37 £ 0.17
Acp(B® — Ktn~x0) = (0 £6) x 1072
Acp(B® — p~KT) =0.20 +0.11
Acp(B® — p(1450)~ Kt) = —0.10 + 0.33
Acp(B® — p(1700)" K1) = —0.4 + 0.6
Acp(B® — K+ x~7%nonresonant) = 0.10 + 0.18
Acp(B® — KOzt n—) = —0.01 +0.05
Acp(B® — K*(892)t7~) = —0.22+ 0.06
Acp(B® — (Km)gt ™) =0.09 £ 0.07
Acp(BY — (Km)i07%) = —0.15 + 0.11
Acp(B® — K070 = —0.15 + 0.13
Acp(BY — K*(892)°xt77) = 0.07 £ 0.05
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Acp(B® — K*(892)°p%) = —0.06 + 0.09
Acp(B® — K*0£,(980)) = 0.07 + 0.10
Acp(B® — K*tp™) =021+0.15

Acp(B® — K*(892)° KT K~) = 0.01 + 0.05
Acp(B® — ay K*) = —0.16 £ 0.12
Acp(BY — KOKO) = —0.6+0.7

Acp(B® — K*(892)°¢) = 0.00 + 0.04
Acp(BY — K*(892)°K—7T) = 0.2 + 0.4
Acp(BY — ¢(Km)i0) = 0.12 + 0.08
Acp(BY — $K3(1430)°) = —0.11 £ 0.10
Acp(B% — K*(892)04) = —0.006 + 0.011
Acp(B® — K3(1430)%7) = —0.08 + 0.15
Acp(B® — pt7n7) =0134£006 (S=1.1)
Acp(BY — p~at) = —0.08 + 0.08
Acp(B® — a;(1260)*7F) = —0.07 + 0.06
Acp(B® — by at) = —0.05+0.10
Acp(B® — ppK*(892)%) = 0.05 + 0.12
Acp(B® — pAr~) = 0.04 + 0.07

Acp(B® — K*0¢t¢=) = —0.05+ 0.10
Acp(B® — K*0ete ) = —0.21 4+ 0.19

Acp(B® — K*0ut —) = —0.034 £ 0.024

Cpe p+ (BY — D*(2010)~ DF) = —0.01 4+ 0.11

Sps-p+ (B® = D*(2010)~D*) = —0.72 £ 0.15

Cpwt p- (BY — D*(2010)* D7) = 0.00 £ 0.13 (S = 1.3)
Sps+ p- (B® — D*(2010)*D~) = —0.73 £ 0.14

Cprt pr- (BY — D*FD*7) =0.01 £ 0.09 (S =1.6)
Spetpe— (BY = D*+D*") = —059 £ 0.14 (S =1.8)
Cy (B — D**D*7)=10.00+0.10 (S=16)

S, (BY - D**D*) = —0.73 + 0.09

C_ (B® - D*tD*7) =019+ 031

S_(BY - D**D*7)=014+16 (S=35)

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

S(B® — D*(2010)* D*(2010)~ K%) = 0.1 £ 0.4

Cpsp- (B® = D¥D7)=-0224024 (S=25)
Sp+p- (B = D*D7) = -0767013 (s=12)

C)/p(18) =0 (B — J/(1S)n%) = —0.13 + 0.13
Siypasyn0 (B® = J/p(18)n®) = —0.94 £029 (S =1.9)
C(BY — J/¢(1S)p°) = —0.06 + 0.06

S(B® — J/4(15)p°) = —0.667 013

Cot), o (B = DY) ) = —0.02 + 0.08

0 (*) p0y _
SD(é)ph“ (B = Dgph®) = —0.66 + 0.12

Croqo (B® — KOn0) =0.00 +£0.13 (S =14)

Skoq0 (B = K%7%) = 0.58 + 0.17

Coy(958) K3 (BY — 1/(958)K%) = —0.04 £ 0.20 (S = 2.5)
S,y(958) KO (B — 7'(958)K2) = 0.43 £ 0.17 (S = 1.5)
Cyxo (B — n'K®) = —0.06 + 0.04

Syko (B = 1/K®) = 0.63 + 0.06
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CwK0 (BY = wk%) =00+04 (S=3.0)
Suk? (B — wK%) =070 + 0.21

C (B — K3r070) =02+ 05

S(BY - Kix0n%) =0.7+07

Copo (B®— p°K2) = —0.04 4020
RS

Skg (B® = pPKE) =050755]

Crko (B® — 1(980)K3) = 0.29 %020
Sgkg (B” ~ H(980)KY) = —0.50 = 0.16
S kY (B — £(1270)K%) = —0.5 + 0.5
Chi (B — H(1270)K§) = 0.3 + 0.4

S kg (B” = (1300)K§) = ~0.2405
ko (B® — £,(1300)K%) = 0.13 £ 0.35

Syo4 .- (B® — KO+ 7~ nonresonant) = —0.01 + 0.33
Cho ot - (BY — K97% 7~ nonresonant) = 0.01 + 0.26
CKg KO (B - K%k%)=00+04 (S=14)
Ska K (B —» KIK2)=-08+05
Cr k- KO (B® — KT K~ K% nonresonant) = 0.06 & 0.08
SK+K-K§ (B® - K* K~ K% nonresonant) = —0.66 + 0.11
Cher k- kY (BY — K*K~KY inclusive) = 0.01 + 0.09
5K+K— K2 (B® —» K*K~KY inclusive) = —0.65 + 0.12
Cond (BY — ¢K%)=0.01+0.14
x° (B — ¢K%) =059 +0.14

Cks ks Ks(B — KsKsKs) = —0.23+0.14
SKsKsKs(B — KsKsKs) =—-05+06 (S=3.0)
(B® — K%n%y) =0.36 +0.33

K° 0y

Sk 0 L(BY — Kn0y) = -08+06
CK(;HW,W(BO — K%mta=y)=-039+020
SK%H,W(BO — K%nta=y) =014 £0.25

Cyo, (BY — K*(892)°7) = —0.04 £ 0.16 (S =1.2)
Sy, (B — K*(892)°7) = —0.15 + 0.22
CnKo7 (B — nK%) = —03+04
Sy KO (B - nK%) = —-02+05
CK%7 (BY = K%¢v) =03+ 0.6
Sko g (BY = K0¢7) = 0.770]
aB° — K%p ) = —0.05 + 0.19
S(BY — K3p0) = —0.04 £ 0.23
C(BY— p0y)=044+05
S(B® — p09) =-08+07
Crr (B® = 7t7™) = —0.31 + 0.05
Spx (B = 7t7x) = —0.67 + 0.06
Co0(BY— 7r°7r°) = —0.33+0.22
Cpr (B — ptn™) = —003+007 (S=12)
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Spr (B — pta™) =0.05 £ 0.07
AC,x (B® - ptn~) =0.27 4+ 0.06

AS,: (BY = ptr~) =0.014008

Coq0 (B — pPn0) =027 £0.24
5,070 (B — p070) = —0.23 + 0.34

Cayr (B — 21(1260)T 77) = —0.05 + 0.11
San (BY = a(1260)t77) = —02+04 (S=32)
AC; x (B® — 2(1260)*7n~) =043 £0.14 (S =13)
AS, » (BY — a(1260)T7~) = —0.11 + 0.12
C(B® — by K*)=—-022+0.24

AC(BY — brat)=-1.04+024

Co0 (B — p°p%) =02+09
S0 (B — pp%) =03+07
gpp (Bg - p:pi) = 0.00 % 0.09

op (BY = pTp7)=—-014+013

[A] (B® — J/pK*(892)%) < 0.25, CL = 95%
cos 26 (B® — J/yK*(892)%) = 1.737 (S =1.6)
cos 23 (B — [KYntn~ ], M0) =0.84 £ 031
(Sy +S_)/2(B® - D*~xT) = —0.039 + 0.011
(S —S4)/2(BY — D*~7t) = —0.009 + 0.015
(Sy +S.)/2(B® — D™ nt) = —0.046 + 0.023
(S_ —S4)/2(B° — D~ nt) = —0.022 + 0.021
(Sy +S_)/2(B® — D™ pt) = —0.024 + 0.032
(S_ —S.)/2(B% - D™ pt)=—0.10 £ 0.06

G K (BY - ncKY) =0.08 +0.13

s,,ch (B® - ncK%) =093 £0.17

Coopiop (B® = cTKMO0) = (0.5 +1.7) x 1072
sin(28) = 0.699 + 0.017

C/p(ns) KO (BY — J/9(nS)K%) = (0.5 4 2.0) x 1072
Sy wms) ko (B® = J/9(nS)K®) = 0.701 + 0.017
Cyyp 0 (BY — J/¢K*0) =0.03 + 0.10

S/ K0 (BY = J/¢K*0) = 0.60 & 0.25
0 0y +0.5

CXCOK% (B — Xc0 KS) = 70.3_0'4

choK% (B® = xcoK%)=-07+05

0 0) —
Crarky (B” = Xc1Ks) = 0.06 £ 0.07

0 0y _
Skl (B = xc1K2) =0.63+£0.10
sin(28r) (B — ¢ K®) = 0.22 £ 0.30
sin(2%¢) (B — ¢ K;5(1430)°) = 0.97* 033
sin(2Be)(B® = KT K~ K3) = 0777513
Sin(20eq7) (B® — [K§mt 7] p h0) = 0.37 +0.22
Bert (B — [K&7mt o] pe M0) = (12 £ 8)°
20er(B® — J/up°) = (42719)°
[A| (B® — [K&xtr= ], h°) = 1.01 £ 0.08
|sin(28 + )| > 0.40, CL = 90%
23+~ = (83 £ 60)°
a=(93+5)°
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x.(B® - DK*0) =0.04 +0.17
x_(B® - DK*) = —-0.16 £ 0.14
y.(BY — DK*0) = —0.68 + 0.22
y_(B® - DK*) =0.20+025 (S=1.2)
0 *0) — +0.041
ng(B — DK*) = 0.223_2%045
0 0y — +
Spo(B® — DK*0) = (193727)°
B0 modes are charge conjugates of the modes below. Reactions indicate the
weak decay vertex and do not include mixing. Modes which do not identify the
charge state of the B are listed in the B:k/B0 ADMIXTURE section.
The branching fractions listed below assume 50% BO9B0 and 50% B+ B~
production at the 7°(4S). We have attempted to bring older measurements up
to date by rescaling their assumed 7°(4S) production ratio to 50:50 and their
assumed D, Dg, D*, and + branching ratios to current values whenever this
would affect our averages and best limits significantly.
Indentation is used to indicate a subchannel of a previous reaction. All resonant
subchannels have been corrected for resonance branching fractions to the final
state so the sum of the subchannel branching fractions can exceed that of the
final state.
For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.
Scale factor/ p
B9 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
¢t vyanything [sss] ( 10.33+ 0.28) % -
et veXe (101 + 0.4 )% -
D¢+t vyanything (91 +08)% -
D™ (T, [sss] ( 220+ 0.10) % 2309
D= rtu,. ( 1.03+ 0.22) % 1909
D*(2010)~ ¢+, [sss] ( 4.88+ 0.10) % 2257
D*(2010)~ 7t v, ( 167+ 0.13)% S=1.1 1838
D7 ¢ty ( 43 + 06 )x1073 2308
—_ *— _
03(3400) ty, Dy — (30 +£12)x103 S=1.8 -
D07~
—_ *— -
D3(2460) Yy, DY — ( 121+ 0.33)x1073 S=1.8 2065
_ DO~
D& nretuy(n > 1) (23 +04)% -
D00ty ( 49 + 08 )x10~3 2256
Dy (2420)" £ty D] — ( 280+ 0.28) x 103 -
DO r—
] - — —
D} (2430)" ¢t vy, DI — (31 +09)x1073 -
DO
D3(2460)~ ¢t vy, D5 — ( 68+ 1.2)x1074 2065
D O7r—
D= nta=tty, ( 13 £ 05)x10-3 2299
D*~ata—tty, ( 14 £ 05)x1073 2247
p Ty, [sss] ( 294+ 0.21)x 104 2583
T (T, [sss] ( 150+ 0.06) x 10~4 2638
7 < 25 x1074  CL=90% 2338

Inclusive modes

K*anything (78 £8 )%
DO X ( 81+ 15)%
DOX (474 + 28)%
Dt X < 39 % CL=90%
D~ X (369 +33)%
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(

<
<

103 +

2.6
3.1

= N O

o &~ 00 G
> o

H oW H I+

D, D*, or Ds modes

D~ rnt
D= pt

D~ KOxt
D~ K*(892)*
D~ wn™t
D~ K+t
D~ Ktata—
D~ KtKO
D~ KT K*(892)°
50 ata—
D*(2010)~ 7+
DOK*T K~
D ntata—

(D~ 7t 7 77) nonresonant

D= xtp0
D~ ay(1260)*

D*(2010) " 7t 7Y

D*(2010)~ p*
D*(2010)~ K+
D*(2010)~ KOxt

D*(2010)~ K*(892)*
D*(2010)" Kt K?
D*(2010)~ Kt K*(892)°
D*(2010)~ 7t wt o~

(D*(2010)~ 7+ 7T 7~) nonres-

onant
D*(2010)~ 7t p0
D*(2010)~ a; (1260)*
D1(2420)° 7~ 7 F, DY —
D*~ xt
D*(2010)~ KT 7~ w ™t
D*(2010)~ 7t 7t 7~ 20
D*~3rxt2n~
D*(2010)~ wrt

Dy (2430)°w, DY — D*~xt

D*~ p(1450)*
D;(2420)°w
D3(2460)% w
D*~ by (1235)~, by — wm™
D gt
Dy (2420)~#*, D] —
D ntn—

Po]

252+
79 +
49 +
45 +
2.8 +
1.86+
35 &
31

8.8 &
8.8 &
2.74+
4.9
6.0
3.9
11
6.0
1.5

I+ B oH W RO

22

212+
3.0 £
33 &
4.7

1.29+
7.21+
0.0 &+

5.7 +
1.30+
1.47+

4.7 +
1.76 &
4.7 &
246+

27t

107t
7.0 +
40 +
7

19 +

% CL=90%
% CL=90%

0.13) x 1073
13 )x 1073
0.9 )x 1074
0.7 )x 1074
0.6 )x 1073
0.20) x 10~4
08 )x 1074

x 10~4
1.9 )x 1074
05 )x10~%
0.13) x 1073
1.2 )x 1072
x 1073
x 1073
x 1073
x 1073
05 )%

38 )yx1073

CL=90%

07)
19)
1.0)
33)

0.15) x 10~4
08 )x 1074
0.6 )x 1074

x 10~4
0.33) x 1073
0.29) x 10—3
25 ) x 1073

CL=90%

32 )x 1073
0.27) %
0.35) x 10~4

0.4 )x10~%
0.27) %
0.9 )x 103

0.18) x 10—3 S=1.2

64 ) 1078
0:34) x 1073
2.2 )x 1072
1.4 )x107°

x 1072
0.9 )x 1073

CL=90%

29 )x10°5

2306
2235
2259
2211
2204
2279
2236
2188
2070
2301
2255
2191
2287
2287
2206
2121
2248

2180

2226
2205
2155
2131
2007
2235
2235

2150
2061

2181
2218
2195
2148

1992

1995
1975
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Dy (2420)"«*, DT — < 33 x107°  CL=90% -
_ D ata—
D3(2460)" nF, (D3)” — ( 238+ 0.16) x 1074 2062
_ DOx—
D§(2400)" xF, (D§)~ — ( 76 + 08 )x1075 2090
DOr—
D5(2460)" 7 F, (D3)” — < 24 x107%  CL=90% -
D gta—
D3(2460)~ p* < 49 x1073  CL=90% 1974
pop° (14 + 07 )x107° 1868
D*0DO < 29 x10~4  CL=90% 1794
D~ D+ ( 211+ 0.18)x 104 1864
D* D*F (CP-averaged) (61 + 06 )x1074 -
D~ D} ( 72 +08)x1073 1812
D*(2010)~ D} ( 80+ 11)x1073 1735
D= D%t (74 + 16 )x1073 1732
D*(2010)~ DEF ( 1774 014)% 1649
Dgo(2317)"K*, Dy — D, n° (42 + 1.4)x1075 2097
Dso(2317)~ 7+, Dy — Dm0 < 25 x107%  CL=90% 2128
D, ;(2457)~ K*, D, — D; =° < 94 x 1076 CL=90% -
Dy ;(2457)~ 7+, D, — D w0 < 40 %1076 CL=90% -
D; DY < 36 x1075  CL=90% 1759
D™D} < 13 x1074  CL=90% 1674
DI DIt < 24 x10~4  CL=90% 1583
D%(2317)* D, Dif — Dt =0 ( 1.09+ 0.16) x 1073 1602
Dgo(2317)* D~, D, — DIty < 95 x 1074 CL=90% -
Dgo(2317)* D*(2010)~, Diy — ( 15 + 06 )x1073 1509
D;F w0
D, ;(2457)* D~ ( 35+ 11)x1073 -
D,;(2457)* D=, Df, — D~ (65 1T )xw0 -
Dyy(2457)* D=, Df, — DIty < 60 x 1074 CL=90% -
Dyy(2457)* D=, Df, — < 20 x10~4  CL=90% -
D;F rta~
Dy;(2457)* D=, Df, — D} =0 < 36 x1074  CL=90% -
D*(2010)~ D, ;(2457)* (93 +22)x103 -
Dy (2457)* D*(2010), DY, — ( 237F99)x10-3 -
D;f’y
D~ Ds1(2536), DY — ( 28 + 07 )x1074 1444
DKt 4+ D*t KO
D~ Dy (2536)F, D} — ( 1.7 + 06 )x107% 1444
DK+
D~ Dy (2536)F, D} — (26 + 11)x107% 1444
D*+ KO
D*(2010)~ Dg;(2536)*, D& — ( 50 + 1.4 )x107% 1336
DK+ + D*+KO
D*(2010)~ D4;(2536) %, ( 33+ 11)x1074 1336
DY — DK+
D*~ Dg1(2536)*, Di — ( 50 + 1.7 )x10~4 1336
D*+ KO
D~ Dy y(2573)*, Df, — ( 34+ 18)x107° 1414

DK+
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D*(2010)~ Dy (2573)*, D}, —
DOK+
D~ D,;(2700)*, Df, —
DO K+
Dt~
s 7
s P
3 e
D£+al(1260) ]
Dt a1(1260)

D, K*(892)*
Dy~ K*(892)"
Dy 7t KO
D at KO
D; Ktata—
D nt K*(892)°
Di™ nt K*(892)°
DYKO
DOK+ 7~
DO K*(892)°
DO K*(1410)°
DK (1430)°
DP K35(1430)°
D}(2400)~, Dy~ — D°n~
D3(2460)~ K+, D3~ —
DOr—
D3(2760)~ K+, D3~ —
- DOn—
D K 7~ non-resonant
DO70

D%
DOK* 7~

DO K*(892)°
5*0 v
D*(2007)0 0
D*(2007)0 p0
D*(2007)%9
D*(2007)% %/
D*(2007)0 nt 7~
D*(2007)° K°

AN AN AN AN ANA

71 £

74 &
216+
21 £
2.4
41 £
1.9
3.6
21
1.7
1.9
2.0
2.7 +
219+
35 &

32 t
9.7 +

1.10
1.7 £

19 £
2.03+

1.0

3.7

2,63+
321+
1.56+
236+
1.38+
254+
1.16

53 +
1.1

25

22 £
51

23 +
1.40+
6.2 &
3.6 &

x 1074
1.2 )x 1074

1.3 )x10~7
0.26) x 10~°
0.4 )x 1073
x 1072
13 )x 1073
x107°
x 1072
x 1073
x 1073
x 104
x 10~4
0.5 )x 107>
0.30) x 10~°
1.0 ) x 107>
13)x107°
1.4 ) x 1075
x 1074
0.5 )x 1074
x 1073
x 1073
0.7 )x 1073
1.7 ) x 1075
0.6 ) x 107>
x 1075
7 )x1076
0.9 )x1073
0.9 ) x 1072
0.35) x 1072

x 1076

x 1075
0.14) x 10~4
0.21) x 10~4
0.21) x 1074
0.32) x 1074
0.16) x 1074
0.16) x 10~4

x 1072
32 )x 1070

x 1072

x 1072
0.6 )x10~%

x 1074
0.6 )x 1074
0.22) x 1074
22 )x 1074
1.2 )x 1075

CL=90%

S=1.4
CL=90%

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

S=2.7

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

S$=2.5
S=1.3

CL=90%

CL=90%
CL=90%
5=2.6
CL=90%
$=2.8

1304

2306
2270
2215
2197
2138

2080
2015

2242
2185
2172

2112

2222
2164
2198
2138
2076
2280
2261
2213
2059
2057
2057

2029

2308
2237

2274
2198
2235
2183
2261
2213
2258
2256
2182
2220
2141
2249
2227
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D*(2007)° K*(892)0 < 69
D*(2007)° K*(892)° < 40
D*(2007)° 7t 7t 7~ 7 ( 27 +
D*(2010)* D*(2010)~ ( 80 %
5*(2007)0 ( 36 +
D*(2010) (61
D*(2007)°D (2007)0 < 9
D~ DOK* ( 107+
D~ D*(2007)° K+ ( 35+
D*(2010)~ DO K+ ( 247+
D*(2010)~ D*(2007)° K+ ( 106+
D~ Dt K (75 +
D*(2010)~ D+ KO + ( 64 %
D~ D*(2010)* KO
D*(2010)~ D*(2010)* K© ( 81+
D*~ Dg;(2536)*, Df — ( 80 +
D:H»KO
DODOKO (27 +
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 (79 +
ne K*(892)° (69 +
nc(25) K*0 < 39
he(1P) K*0 < 4
J/9(1S) KO ( 873+
J/Y(AS)KT 7~ ( 115+
J/9(15) K*(892)° ( 127+
J/p(1S)nKY ( 54 %
J/p(18)n K < 25
J/%(1S)p KO (49 +
J/p(1S)wKO ( 23+
xc1(3872)K°, xc1 — J/dw ( 60+
X(3915), X — J/Ypw (21 +
J/9(1S) K(1270)° (13 %
J/9(18) 70 ( 176+
J/¥(1S)n ( 108+
J/(1S)rt ( 3.96+
J/¥(1S) 7 7~ nonresonant < 12
J/¥(1S) (500), fy — = ( 80T
J/(15)h ( 33+
J/9(18) o0 ( 2557
J/¢(1S)(980), fy — wF7m— < 11
J/9(15)p(1450)°, 0 — 77 (297%
1/ p(1700)°, p0 — 7t~ (20 +
J/p(1S)w ( 187+
J/P(AS)KT K~ ( 251+
J/¥(1S) ap(980), ag — (47 %
KtK—
J/¥(1S) ¢ < 19

x 1075

x 1075
05 )x 1073
0.6 )x10~4
11 )x1074
1.5 ) x 1074

x 1072
0.11) x 1073
0.4 )x1073
0.21) x 10—3
0.09) %
1.7 )yx 1074
05 )x 1073

07 )x 1073
2.4 )x 1074

11)x1074
0.5 )x10~3

0.9 )x 103
0.26) %

12 )x 1074
0.9 )x10~4

x 1074

x 1074
0.32) x 10~4
0.05) x 10—3
0.05) x 10—3
0.9 )x 1073

x 1072
1.0 )x107°
0.4 )x 1074
3.2 )x107®
0.9 )x 1073
0.5 )x10~3
0.16) x 1073
0.23) x 1073
0.17) x 10~3

x 1075

0.35) x 10—©
3.4 )x 1077

x10~7

CL=90%
CL=90%

S=3.1
S=1.6
CL=90%

CL=90%
CL=90%

CL=90%
S=1.3

S=1.1
S=1.5

CL=90%

CL=90%

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

1360
1336

1574
1478

1365

1751
1646
1159
1253
1683
1652
1571
1508
1271
1224
1386
1140
1102
1391
1728
1673
1716
1716

1609
1533

1520
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J/1(18)1'(958)
J/¥(1S) KOrt o~
J/Pp(1S)KOK— 7t + c.c.
J/Pp(1S)KOKT K~
J/(1S) KO pO
J/W(1S) K*(892)F n~
J/pAS)nta—at ™
J/9(15) ,(1285)
J/¢(1S)K*(892)0 nt 7~
xe1(3872)~ K+
Xc1(3872)7 KT, x¢1(3872)™ — [yyy]
J/p(1S) 7~ w0
Xc1(3872) KO, xc1 —
J/prt o=
Xcl(3872)KOv Xc1 — J/T/”Y
Xc1(3872) K*(892)%, x¢1 —
J /[y
Xc1(3872) KO, xe1 — 9(2S)y
Xc1(3872) K*(892)°, xc1 —
¥(25)y .
Xc1(3872) K°, x¢p — DODO70
Xc1(3872)KOv Xc1 — D*opo
Xc1(3872)K+7T_x Xc1 —
J/prt o™
Xc1(3872) K*(892)°, xc1 —
J/prta—
Zo(8430)F KT, ZE —
Y(2S) 7™
Zc(4430)E KT, ZE — Jjyrt
Zc(3900)E KT, ZE — Jjyrt
Z, (42000 KF, Xt — J/pnt

J/¥(1S)pp
J/(1S)y
J/¢(18)D°
$(25) 70
$(2S) KO
P(3770) K9, o — DODO
$(3770)KY, » — D~ Dt
P(2S)rt 7~
P(S)KT 7~
$(25) K*(892)°
Xco KO
Xco K*(892)°
Xc1 70
Xc1 KO
Xc1T K+
Xc1 K*(892)°
X(4051)" K+, X= — xam
X(4248)" K+, X~ — xe7m™
Xerm T~ KO
Xerm~ mOKT
Xc2 K®

A

A

7.6 + 2.4 )x10°
44 + 0.4 )x1074
2.1 x 1075
25 + 0.7 )x107°
54 + 30 )x1074
8 +4 )x1074
1.43+ 0.12) x 1075
8.2 + 21 )x10°
6.6 + 22 )x 1074
5 x 104
4.2 x 106

43 + 13 )x1076

2.4 x 1076
2.8 x 1076
6.62 x10~6
4.4 x 1076

1.7 + 0.8 ) x 1074
1.2 + 04 )x 1074
7.9 + 1.4 )x 1076

40 + 15 )x1076
3.0 -
60 T 39 )x1075

54 7 49 )x1076
9 x 107

13 -
22 T 33 )x1075

5.2 x10~7
15 x 1076
1.3 x 1072

117+ 0.19) x 1079
58 + 0.5 )x 1074
1.23 x 1074
1.88 x10~4
222+ 0.35) x 1079
58 + 0.4 )x1074
59 + 0.4 )x 1074
146+ 0.27) x 1074
17 + 04 )x1074
1.124 0.28) x 1075
3.93+ 0.27) x 1074
4.97+ 0.30) x 1074
2.38+ 0.19) x 10~4

4.0 -
30 T 19 )x1075

20.0 -
a0 720 )x1075
3.2 + 05 )x1074

35 + 0.6 ) x 1074
15 x 1075

CL=90%
S=1.8

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%

1546
1611
1467
1249
1390
1514
1670
1385
1447

1140

1140
940

1140
940

1140
1140

583

583

862
1732

877
1348
1283
1217
1217
1331
1239
1116
1477
1342
1468
1411
1371
1265

1318
1321
1379
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X2 K*(892)° (
Xc2T K+t (
xeamtr™ KO <
Xeom KT <

49 +
72 £
1.70
7.4

K or K* modes

Ktn~ (
KO70 (
7 K° (
7 K*(892)° (
7' K(1430)° (
7' K3(1430)° (
KO (
nK*(892)° (
7K (1430)0 (
nK3(1430)° (
wK? (
9(980)°K?, aJ — <
BYKO, b9 — wnd
a(980)* KF, af — nrt
bl_ KT, bl_ — wr
K0, B) — wrl
by K*t, by — wn™
a0(1450)F KT, ag: — prt
KOSXO(FamiIon)
w K*(892)°
w(KW)SO
wkK3(1430)°
wK3(1430)0
wKT 7~ nonresonant
Kta— a0
K+ p~
KT p(1450)~
K+ p(1700)~
(KT 7~ n0) non-resonant
(Kﬂ')6+7r’, (K7r)6+ —
K+t 70
(Kﬂ')soﬂ'o, (KTr)SOH Ktr— (
K3(1430)0 70 <
K*(1680)% 70 <
Kj‘(oﬁo [bbaal
Kort o~

AN A

AN AN ANA

(
(
K%zt 7~ non-resonant (
KO pO (
K*(892)T 7~ (
K§(1430)" 7~ (
Kt o= [bbaa] (
K*(1410)*7—, K** — <
KOxt
f(980)KO, fy — atz— (
£(1270) K° (
(1300) K0,f, — 7wt n~ (

1.96+
9.9 +
6.6 +
28 +
6.3 +
137+
123t
1594
110+
9.6 +
48 +
7.8

7.8

1.9

74 +
8.0

5.0

3.1

53

20 +
1.84+
1.60+
1.01+
51 +
3.78+
7.0 +
24 +
6 +
28 +
34 +

86 +
40

75

6.1 +
494+
14771
47 +
8.4
33
5.1
38

HoHoH

7.0 £
27t
18 +

12 )x107°
1.0 ) x 1072
x 1074
x 1075

0.05) x 10~5
0.5 )x 1076
0.4 )x1073
0.6 ) x10~6
16 )x107°
0.32) x 1073

634) x 1076

0.10) x 10~3
0.22) x 1072
21 )x1076
0.4 )x10~©
x 1076
x 1076
x 1076
1.4 )x107°
x 1076
x 1076
x 1076
x 1072
0.5 )x 1076
0.25) x 1073
0.34) x 1073
0.23) x 1072
1.0 ) x 107
0.32) x 1073
0.9 )x 1076
12 )x 1076
7 )x1077
0.6 )x107©
0.5 )x 107>

1.7 )x 10~
x 10~6
x 106
16 ) x 10
0.18) x 10~°

038) x 1075

0.6 ) x10~©
0.8 )x10~©
0.7 )x 1073
16 ) x 1076

x 10~

0.9 )x107®
1.3 -
13 )x1078
0.7 )x10—©

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%

1228
1338
1282
1286

2615
2615
2528
2472
2346
2346

2587

2534
2415
2414
2557

2445
2358

2609

2558
2563

2522
2459
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K*(892)0 70

K3(1430) "

K*(1680)* 7~

Ktr—antn
PO Kt

fH(980)K*t 7=, fy — 7rm
K+ 7~ 7t 7~ nonresonant
K*(892)0nt 7~

K*(892)0 p0

K*(892)0£(980), fy — wm

Ki(1270)t 7

Ky (1400)*

21(1260)_

K*(892)*p
K;;(1430)+
K1(1400)0 p0
K5(1430)° p0
K3(1430)°£(980), fo — w7
K3(1430)° 5(980), fy — 77
Kt K=
KOKO
KOK— 7zt
K*(892)* KT
R*O KO + K*ORO
KtK—x0

040 0
Kg Kst s
p
KsKsn
KOK+ K-

K%

H(980) KO, fy — KT K~

f5(1500) KO

£4(1525)0 KO

fH(1710) KO, fy — KT K~

KO K+ K~ nonresonant

0 40 4,0
KsKsKs

7(980) KO, fo — KL KY

H(1710)KO, f5 — KL KY

£(2010)KO, £, — KOS KOS

K2 K% K nonresonant

0 40 4,0
KIKIKY
K*(892)0 K+ K~

K*(892)% ¢
Kt K~ 7t 7~ nonresonant
K*(892)0 K~ nt

K*(892)0K*(892)°
K+ K+ 7~ 7~ nonresonant
K*(892)° Kt n~

K*(892)% K*(892)°
K*(892)" K*(892)~

[ccaa]

<
<
<

AN AN AN A

(

33 &

1.0
23
2.8 &

I+

1.4

21
55
3.9

3.9

I+ W

3.0

2.7

1.6 £+
1.03+
2.8 &
3.0
2.7
2.7
8.6
7.8 &
1.21+
6.2 &

HOHH

9.6
22 +

1.0
2.0
2,67+
73 &

~
o
+

1.3

I+

4.4
33
6.0
2.7

5.0

BoH oL+ B HHH I+

-
w
[

1.6
2,75+
1.00+£
7.17
45 &
8 £
6.0
2.2

2

2.0

0.6 ) x10~©
x 106
x 1070
x 10~4
0.7 ) x 10~©
Og ) x 10—6
x 106
0.5 )x 1072
1.3 )x10~©
21y x10-6
x 1075
x 1072
0.4 )x 1073
0.26) x 10~°
1.2 )x 1075
x 103
0.6 ) x 107>
0.9 )x10=°
2.0 )x 1076
1.5 ) x 10~8
0.16) x 10—©
0.7 )x10~©
x 107
x 107
0.6 )x107°
x 107
x 10©
x 106
0.11) x 1073
0.7 )x10~©
32 )x1076
64 )x107
> )x1077
0.9 )x10~®
1.0 ) x 1073
05 )x1076
1.8 ) x 107©
38 )x1077
6 )x10~7
0.31) x 10~3
x 1072
0.26) x 10~>
0.05) x 10~°
x 1075
1.3 )x10°©
5 )x1077
x 1076
x 106
x 107
x 1076

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

CL=90%

S=1.9
5$=3.9

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

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

S=1.1

CL=90%

CL=90%

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

2563
2445
2358
2600
2543

2506

2600
2557
2504

2466

2484
2451
2471
2504

2388
2381

2593
2592
2578
2540

2579
2578
2515
2453
2522
2516

2398

2522
2521

2521
2521
2467
2460
2559
2524
2485
2559
2524
2485
2485
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K1(1400)% ¢ < 50 x 10~3
o(Km)l ( 43 + 04)x1076

(Km0 (1.60<myr <2.15) [ddaa] < 1.7 x 1076
K5(1430)0 K=t < 318 x 1075

K5(1430)° K*(892)° < 33 x 1076

K5(1430)0 K (1430)0 < 84 x 1076
K5(1430)0 ¢ ( 39+ 08)x1076
K}5(1430)° K*(892)° < 17 x 107
K35(1430)° K5(1430)° < 47 x 1076
K*(1680)% ¢ < 35 x 106
K*(1780)0 ¢ < 271 x 1076
K*(2045)0 ¢ < 153 x 1075
K3(1430)° o0 < 11 x 1073
K3(1430)° ¢ ( 68 + 09 )x107°
Ko ( 45 + 0.9 )x10~°
7' KO < 31 x 105
nK9y ( 76 + 1.8 )x10°°
7 KOy < 64 x 107
KO~ ( 27 £ 07 )x1076
Ktn—y (46 + 1.4 )x10°
K*(892)% ( 418+ 0.25) x 1075

K*(1410)~y < 13 x 1074

K* 7+ nonresonant < 26 x 106
K*(892)°X(214), X — ptp™ [eeaa] < 226 x 1078
KOty ( 1.99+ 0.18) x 1075
Ktr=m0y ( 41 + 04 )x1075
K1(1270)0y < 58 x 1075
K1(1400)0 < 12 x 1075
K35(1430)% ( 1.24% 0.24) x 1075
K*(1680)0~ < 20 x 1073
K3(1780)%y < 83 x 10~5
K;;(2045)%y < 43 x 1073

Light unflavored meson modes

Oy ( 86+ 15)x10~7
OX((214), X — ptp~ [eeaa) < 1.73 x 108
wy (a4 T 18)x1077
oy < 10 x 1077
ata~ ( 512+ 0.19) x 1076
7070 ( 1.59+ 0.26) x 10~©
nm0 (41 £ 17)x107
nn < 10 x 106
7 w0 (1.2 + 06 )x107°
n'n < 17 x 1076
7/’ n < 12 x 106
7 p° < 13 x 10~6
7' £(980), fo — ntnx < 9 x10~7
np < 15 x 1076
nf(980), fo — wTa~ < 4 x10~7
wn ( 94T 49) %1077
wn (107F 3% )x10°6
wp? < 16 x 106

wfy(980), fy — wFa~ < 15 x 1076

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%

CL=90%

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

CL=90%
CL=90%

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

CL=90%

S=1.7
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

2339

2403
2360
2222
2333
2360
2222
2238

2381
2333
2305
2337
2587
2528
2516
2615
2565
2449
2615

2609
2609
2486
2454
2447
2360
2341
2244

2583

2582

2541
2636
2636
2610
2582
2551
2460
2523
2492
2454
2553
2516

2552

2491

2522
2485
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ww (12 +
¢n? < 15
on < 5
o1 < 5
ont (1.8 £
ép° < 33
#1%(980), fo — mt7x— < 38
pw < 7
(oXe < 28
a0(980)* 7 F, aa: — prt < 31
ap(1450)* 7 F, af — nr* < 23
atrx0 < 712
P00 ( 20 +
ptnE [hA] ( 230+
ata~at o~ < 112
p07r+7r_ < 88
popo (96 %+
f(980)nt 7™, fy — wt7w™ < 3.0
0 1(980), fy — wtn~ (78 %
f,(980)%(980), fo — wtx—, < 19
fo — 77~
1,(980) % (980), fo — 77—, < 23
fy — KTK-
a1(1260)F 7+ (] ( 26 +
a,(1320)F ot [h] < 6.3
at o= a0x0 < 31
pJr P (277
a1(1260)0 0 < 11
wTm < 5
atata—a= a0 < 9.0
a1(1260)* p~ < 61
a1(1260)0 p0 < 24
bfnt, b — wnT ( 1.09+
b(IJTrO, b?ﬂ wnr® < 19
bg%"’, g; — wér* < 14
bip°, by — wm < 34
atrtate—n o~ < 3.0
a(1260)* a1 (1260)~, af — ( 118+
2ntn—, a; — 2~ xt
rtrtatr— a7 a0 < 11
Baryon modes
pp ( 125+
pprta™ ( 287+
ppKT 1~ ( 63+
ppK° ( 266+
0(1540)Tp, ©F — pKY [l < s
£;(2220)K°, f; — pp < 45
pPK*(892)° ( 1247F
11(2220) 8, f;— pp < 15
pPPKT K~ ( 121+
pAT™ ( 314+
pﬂﬂ"”y < 65
pX(1385)~ < 26

0.4 )x107°
x10~7
x 10~7
x 10~7
107
107
107
107
10-8
10—6
10~
x 104
05 ) x107°
0.23) x 1072
x 1075
x 1070
15 )x 1077
x 1076
25 )x 1077
x10~7

05 )

X X X X X X X

x10~7

0.5 )x 1072
x 1076
X 1073
0.19) x 10~°
x 1073
x 107
x 1073
x 1072
x 1073
0.15) x 10~°
x 1076
x10~6
X 1076
x 1073
0.31) x 10~°

%

0.32) x 10~8
0.19) x 1076
0.5 ) x 1076
0.32) x 1076
x 1078
x 1077

838 <0

x 1077
0.32) x 10~7
0.29) x 10—

x 107

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%

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%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

2521
2540
2511
2448
2533
2480
2441
2479
2435

2631
2581
2581
2621
2575
2523

2486
2447

2447

2494
2473
2622
2523
2495
2580
2609
2433
2433

2592
2336

2572

2467
2406
2306
2347
2318
2135

2216

2179
2401
2401
2363
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A%A

PAK™

pAD™

pAD*™

E)__Or*

AA

AAKO

AAK*O

AADO
D07+ c.c.
AOA0

Attt A=~
Bop_ﬁ

Dy Ap
D*(2007)° pp
D*(201o)*

D~ pprt
D*(2010) 7t
DO pprt

D*0 p157r+
Ocprt, O — D7 p
Ocprt, O, — D* p

oAbt

A prt o~

icp

A pr?

5.(2455) p

Z; prta~ 70

ZE p7r+ aatw
AZ prt ™ (nonresonant)
fcmsmn**pw+
fCQ52m°pn*

T (24550 pr—

T (2455)0N0, NO — pr—

T (2455)" " prt
Ao pKt 7~
T.(2455) pKt, T.T —
Zc_ T
AZ pK*(892)°
AZpKT K™
N po
A-pPp
AZAKT
AL
AC(2593)* / Nc(2625)" p

g +71'71'

_CAC’ - cC

2= KO
ALAZK

9.3 x10~7  CL=90%
8.2 x 107  CL=90%
25 + 0.4 )x 1075
34 + 08 )x107°
3.8 x 1076 CL=90%
3.2 x 1077 CL=90%
1.0 -
48 T §9)x1076
25+ 02 )x1076
+ 0.30 -5
100t §39) x 10
3.1 x1075  CL=90%
15 x1073  CL=90%
11 x10~4  CL=90%

1.04+ 0.07) x 104
28 + 09 )x107°
9.9 + 1.1 )x 1075
14 £ 04 )x103
3.324 0.31) x 10~4
47 + 05 )x1074 S=1.2
3.0 £ 05 )x 1074
1.9 + 05 ) x 1074

9 x1076  CL=90%
14 x107°%  CL=90%
8 x10™4  CL=90%

1.03+ 0.14) x 1073 S=1.3
1.55+ 0.18) x 1075
1.56+ 0.19) x 104

2.4 x 1075
5.07 x1073  CL=90%
2.74 x1073  CL=90%
55 + 1.0 ) x 10~4 s=1.3
1.03+ 0.18) x 10~4
3.1 X107  CL=90%
1.08+ 0.16) x 104
6.4 + 1.7 )x 1075
1.85+ 0.24) x 104
35 + 0.7 )x 1079
8.9 + 2.6 )x 1076
2.42 X107  CL=90%
2.0 + 0.4 )x 1075
1.0 X107  CL=90%
2.8 x 1076
47 + 11 )x107°
1.6 x107°%  CL=95%
11 x1074  CL=90%
1.8 + 1.8 ) x107° §=2.2

43 + 23 )x1074

2364
2308
1765
1685
2383
2392

2250

2098

1661
1611
2335
2335
1863
1710
1788
1785
1786
1708
1708
1623

1839
1934
2021
1982

1882
1821
1934
1860
1860
1895

1895

1754

1767
1319

1147
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Lepton Family number (LF) or Lepton number (L) or Baryon number (B)
violating modes, or/and AB = 1 weak neutral current (B1) modes

vy BI < 32 x1077  CL=90% 2640
ete BI < 83 x 1078  CL=90% 2640
ete BI < 12 x10~7  CL=90% 2640
_ 1.6 -
whp B1 (16T 18)x10710  s=19 2638
ptumy BI < 16 x10~7  CL=90% 2638
uwtp—ptp~ BI < 69 x 10710 cL=95% 2629
SP, S— utu-, Bl [ggaal < 6.0 x 10710 cL=95% -
P— ptp~
Tt BI < 21 x1073  CL=95% 1952
00t BI < 53 x1078  CL=90% 2638
nlete~ BI < 84 x1078  CL=90% 2638
Ot~ BI < 69 %1078  CL=90% 2634
A BI < 64 x1078  CL=90% 2611
nete~ BI < 108 x10~7  CL=90% 2611
npt BI < 112 x10~7  CL=90% 2607
a7 BI < 9 x1076  CL=90% 2638
KO¢t e~ Bl [sss] ( 31 7T 58 )x1077 2616
KOet e~ BI (16T 39)yx1077 2616
KOty BI ( 3.39+ 0.34)x 10~ 7 2612
KOvw BI < 26 x107%  CL=90% 2616
Pvo BI < 40 x107%  CL=90% 2583
K*(892)0 ¢+ ¢~ Bl [sss] ( 99 T 12)x1077 2565
K*(892)% et e~ BI ( 1.03F 312) <106 2565
K*(892)0 yut i~ BI ( 9.4 + 05)x107 2560
ata putp~ BI ( 21 +05)x108 2626
vy < . x 10~ =90%
K*(892)° BI 18 1075 CL=90% 2565
invisible BI < 24 x 1075 CL=90% -
VoY BI < 17 x107%  CL=90% 2640
vy < .27 x 10~ =90% 54
BI 1.2 1074 CL=90% 2541
et uT LF  [m] < 28 x1079  CL=90% 2639
et LF < 14 x10=7  CL=90% 2637
KOet ¥ LF < 27 x1077  CL=90% 2615
K*(892)% et 1~ LF < 53 x10~7  CL=90% 2563
K*(892)% e~ ut LF < 34 x10=7  CL=90% 2563
K*(892)% et T LF < 58 x10=7  CL=90% 2563
et rF LF  [hh] < 28 x1075  CL=90% 2341
ptrT LF [ < 22 x1075  CL=90% 2339
Ab LB < 14 x1076  CL=90% 2143
Atem LB < 4 x1076  CL=90% 2145
B*/B% ADMIXTURE
CP violation

Acp(B — K*(892)7) = —0.003 4 0.011

Acp(b — sv) = 0.015 £ 0.020

Acp(b — (s+d)y) = 0.010 £ 0.031

Acp(B — XslT(7) =0.04 £0.11

Acp(B — Xs01£7) (1.0 < ¢? < 6.0 GeV?/c*) = —0.06 + 0.22
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Acp(B — Xst07) (101 < g2 < 129 or g2 > 14.2 GeV2/c*) =
0.19 +£0.18

Acp(B — K*ete™) =018 +0.15

Acp(B — K*ptp~)=-0.03+0.13

Acp(B — K*(t0™) = —0.04 £ 0.07

Acp(B — nanything) = —0.13F3:94

AAcp(Xs7) = Acp(BE — Xs7) — Acp(B® — X57) = 0.05 +
0.04

AAcp(B — K*7) = Acp(BT — K*ty) — Acp(B® — K*0y)
= 0.024 + 0.028

Acp(B = K*y) = (Acp(BT — K*Tv) + 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 number 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 multiplicity. The
two definitions are identical if only one D is allowed in the final state.

Even though the “one-or-more” definition seems sensible, for practical reasons
inclusive branching fractions are almost always measured using the multiplicity
definition. For heavy final state particles, authors call their results inclusive
branching fractions while for light particles some authors call their results mul-
tiplicities. In the B sections, we list all results as inclusive branching fractions,
adopting a multiplicity definition. This means that inclusive branching fractions
can exceed 100% and that inclusive partial widths can exceed total widths, just
as inclusive cross sections can exceed total cross section.

B modes are charge conjugates of the modes below. Reactions indicate the
weak decay vertex and do not include mixing.

Scale factor/ P

B DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic and leptonic modes
¢t yyanything [sss,hhaa] (  10.86 + 0.16 ) % -
D~ ¢t yyanything [sss] ( 28 +09 )% -
DO ¢+ ypanything [sss] ( 73 +15 )% -
Dtty, ( 242 +£012)% 2310
D*~ (T ypanything liiaa) ( 67 + 13 )x1073 -
D*(t v, ljaal ( 495 + 011 )% 2257
D** ¢ty [sss,kkaal (27 £ 07 )% -
D;(2420) ¢ vpanything ( 38 +£13 )x103 S=2.4 -
D7 ¢t yyanything + ( 26 +£05 )% S=15 -
D* 70t vyanything

D7t vpanything ( 15 £06 )% -
D* 70t yyanything (19 +04 )% -
D3(2460) ¢* vyanything ( 44 +16 )x1073 -
D*~ nt ¢t vyanything ( 1.00 + 034)% -
Drtr tty, ( 162 + 032 )x103 2301
D rta ity ( 94 +32 )x10~4 2247
D ¢+ vyanything [sss] < 7 x1073  CL=90% -
Dy (T vy KT anything [sss] < 5 x1073  CL=90% -
D; ¢* vy K%anything [sss] < 7 x1073  CL=90% -

Xy, ( 1065 + 0.16 ) % -
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J/4(1S)anything

J/1(1S) (direct) anything

¥(2S)anything
Xc1(1P)anything

Xc1(1P) (direct) anything

Xc2(1P)anything

Xc2(1P) (direct) anything

nc(1S)anything
KXc1(3872) Xc1 —
DD 70
Kxc1(3872),
D*0 po
K X(3940),
KX(3915), X — wJ/v

Xcl —

K*+anything

K™ anything

K~ anything
K° /K% anything
K*(892)* anything

K*(892)0 /K*(892)% anything

K*(892)~
nK~y

X — D*O DO

213
6.3
10
4.6
9.9
1.50

+
+
+
+
+
+

D, D*, or Ds modes

Xyt (
K™t ¢+ vpanything [sss] (
K_Kiyganything [sss] (
B KD/KOZ+ vganything [sss] (
Drtu (
D*rtu, (
D* anything (
DO /D% anything (
D*(2010)* anything (
D*(QOO?)O anything (
D anything [hh] (
D*ianythmg (
D(*)D(*) KO + DG)DG) Kehnnaa)  (
b— cTs (
D MDH) [hh,laa]  (
D* D*(2010)* [hh] <
D D*(2010)* + D*D* [hh] <
DD* [hh] <
DsMED ) X (n7¥) [hh,llaa]  (
D*(2010)~ <
Dfr=, D 7=, Df p~, [hh] <
Ditp=, DF#0, Dt a0,
Din, Ditn, DF O,
D;+p°, D;"w, Dz+w
Dq1(2536) T anything <

24.1
62.4
22.5
26.0
8.3
6.3
3.4

7.1

22
3.9
5.9
55
3.1

9

4

9.5

BRI+ H H B R R R R

I+
NS

Charmonium modes

(

(
(
(
(
(
(

(
(

<
[mnaa]  (

1.094+
78 £
3.07 £
3.55 £
3.08 £
100 =+
75 £
9

12 +
8.0 £
6.7

71 £

K or K* modes

[hn - (

[nn]

(
(
(
(
[hn - (
(
(

78.9
66
13
64
18
14.6
4.2

8.5

I+ H R KRR R
o N

0.31
0.6
4
0.5
1.2
0.08

1.4
2.9
1.5
2.7
0.8
1.0
0.6

2.7
1.7

0.4

0.032) %

0.4
0.21
0.27
0.19
1.7
11

0.4

22

3.4

o
oo o o

)><10_3 -
) % -
)><1073 -
) % -
)><10_3
) %

) % -
) %
)% -

CL=90% 1711
CL=90% -
CL=90% 1866

CL=90% 2257
CL=90% -

x1073  CL=90% -

S=1.1 -
) x 1073 S=1.1 -
yx 1073 -
yx 1073
) x 1073 -
) x 1074
) x 104 -

x 1073
) x 104
) x 1073 1141

x 105
) x 1073

CL=90% 1084

1103

) % -
) % -
) % -
) % -
) % -
) % -
)><1075
) x 1076
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K1(1400)~y < 127 x1074  CL=90% 2454
K3(1430)y ( 17 08 )x10" 2447
Ky(1770)y < 12 x1073  CL=90% 2342
K3(1780)~ < 37 x1075  CL=90% 2341
K;(2045)~y < 10 x1073  CL=90% 2244
Kn'(958) ( 83 +11 )x1073 2528
K*(892)7(958) ( 41 +11 )x107® 2472
Kn < 52 x107® CcL=90% 2588
K*(892)7n ( 18 +£05 )x107° 2534
Koo ( 23 +09 )x107® 2306
b— sy (349 + 019 )x10~4 -
b— dvy (92 +30 )x1076 -
b — Sgluon < 68 % CL=90% -
7 anything ( 26 © 035 )x104 -
7' anything ( 42 +09 )x10°4 -
KT gluon (charmless) < 187 x107%  CL=90% -
KOgluon (charmless) ( 19 +07 )x1074 -

Light unflavored meson modes
Py ( 139 + 025 )x10°° S=1.2 2583
plwy ( 130 + 023 )x1076 s=1.2 -
nt anything [hh,00aa] ( 358 +7 )% -
70 anything (235 £11 )% -
7 anything ( 176 £16 )% -
p% anything (21 £5 )% -
w anything < 81 % CL=90% -
¢ anything ( 343 +£012)% -
¢ K*(892) < 22 x107°  CL=90% 2460
7t gluon (charmless) ( 37 +08 )x1074 -
Baryon modes

AY / AZanything ( 36 +04 )% -
AT anything < 13 % CL=90% -
A, anything < 7 % CL=90% -
AZ €t anything < 9 x1074  CL=90% -
AZ et anything < 18 x1073  CL=90% -
AZ it anything < - 14 x 1073 CL=90% -
AZ p anything ( 206 +033)% -
AZpet e < 8 x1074  CL=90% 2021
X" anything ( 34 +17 )x103 -
X anything < 8 x 1073  CL=90% -
T anything ( 37 £ 17 )x10-3 -
TON(N = porn) < 12 x1073  CL=90% 1938
ZVanything, =0 - =-x* (193 £ 030 )x10~% s=1.1 -
=5 Eh o Zoatat ( a5 13 )50 -
p/P anything [hn] ( 80 +04 )% -
p/p (direct) anything [hn] ( 55 +£05 )% -
pet v, anything < 59 x1074  CL=90% -
A/ A anything [hh] ( 40 + 05 )% -
=~ /=" anything [hh] ( 27 +06 )x1073 -
baryons anything ( 68 £06 )% -
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[nn]

<

(
(

247 £ 023 )%
25 + 04 )%

5

x 103

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

pp anything
AP /Ap anything
AA anything
sete~ BI
S;ﬁ I BI
sete- BI
o B1
mete” BI
7rp,+ no BI
Kete~ BI
K*(892)et e~ BI
Kutp~ Bl
K*(892) ut pu~ BI
Kete— BI
K*(892) ¢t ¢~ B1
Kvo B1
K*vw B1
VU BI1
prv B1
set ¥ LF
retp T LF
petuF LF
Ke* T LF
K*(892) e* 1 F LF

[sss]

[hh]

ANNNNNNNA

<

(
(
(

<
<
<

~ e~~~ o~ —~

6.7
4.3
5.8
5.9
1.10
5.0
4.4
1.19
4.4
1.06
4.8
1.05
1.6
2.7
8
2.8
2.2
9.2
3.2
3.8
51

+
+

17 )x10=©
1.0 )x10=©
13 )x107°
x10~8
x 107
x10~8
06 )x10~7
0.20 ) x 1076
04 )x10~7
0.09 ) x 1076
0.4 )x10~7
0.10 ) x 107©
x 1073
x 105
x10~6
x 1073
x 1075
x10~8
x 1076
x 1078
x10~7

CL=90%

$=2.0

S=1.8
CL=90%
CL=90%
CL=90%

S=1.2

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

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

2638
2638
2634
2617
2565
2612
2560
2617
2565
2617

2638
2583

2637
2582
2616
2563

B*/B°/B?/b-baryon ADMIXTURE

These measurements are for an admixture of bottom particles at high

energy (LHC, LEP, Tevatron, SppS).

Mean life 7 = (1.566 + 0.003) x 10712 s
Charged b-hadron admixture
Neutral b-hadron admixture

Mean life 7 = (1.72+£0.10)x10"12 5
Mean life 7 = (1.58 +0.14) x 10712 s

T charged b—hadron/T neutral b—hadron = 1.09 & 0.13
|ATp| /7,5 = —0.001 + 0.014

Re(ep) / (1 + |ep]?) = (1.3 £ 0.4) x 1073

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

PRODUCTION FRACTIONS

The production fractions for weakly decaying b-hadrons at high energy
have been calculated from the best values of mean lives, mixing parame-
ters, and branching fractions in this edition by the Heavy Flavor Averaging
Group (HFLAV) as described in the note “B0-BO Mixing” in the B
Particle Listings. The production fractions in b-hadronic Z decay or pp
collisions at the Tevatron are also listed at the end of the section. Values
assume

B(b — Bt)=B(b— B?)

B(b — BT) +B(B— BY) +B(6 — BY) + B(b — b-baryon) = 100%.
The correlation coefficients between production fractions are also re-
ported:

cor(BY, b-baryon) = —0.259

0 pt_pg0y_— _

cor(BY, B¥=BY) = —0.133

cor(b-baryon, Bi:BO) = —0.923.

The notation for production fractions varies in the literature (fy, dgo;
f(b— EO), Br(b — EO)). We use our own branching fraction notation
here, B(b — B9).

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.

Bt (405 + 0.6 )% -
B0 (405 + 0.6 )% -
B? (101 + 0.4 )% -
b-baryon (89 £12)% -
DECAY MODES
Semileptonic and leptonic modes
vanything (231 £15)% -
¢+ ypanything [sss] ( 10.69+ 0.22) % -
et veanything ( 10.86+ 0.35) % -
wF v, anything (10.95F 032y % -
D~ ¢t vpanything [sss] ( 230+ 0.34)% S=1.6 -
D~ nt ¢t ypanything (49 + 19 )x1073 -
__ D™ w T yganything ( 26 + 1.6 )x1073 -
D°¢* vyanything [sss] ( 6.83% 0.35)% -
DO 7~ ¢+ vyanything ( 1.07% 027)% -
D%zt ¢+ vyanything (23 4+ 16 )x1073 -
D*~ {* ypanything [sss] ( 2.75+ 0.19) % -
D*~ 7~ £t vyanything (6 +£7 )xi0~4 -
D*~ xt ¢ ypanything ( 48 £ 1.0 )x103 -
Dj?ﬁz/[anything X B(D?[sss,ppaa] ( 26 + 09 )x10~3 -
D**t ™)
Dj_f"'llganything X [sss,ppaal ( 7.0 £ 2.3 )x 1073 -
B(D; — Do)

D3(2460)° £+ vy anything < 14 x10=3  CL=90% -

x B(D3(2460)° —
D*~7)
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D%(2460)~ 1 vyanything x (42T 13 )x1073
B(D3(2460)~ — DOn~)
D;(2460)°E+ vpanything x ( 1.6 + 0.8 )x10~3
B(D3(2460)° — D~ )
charmless (7, [sss] ( 1.7 + 0.5 ) x 1073
71 v, anything ( 241+ 023)%
D*~ 7v, anything (9 +4 )x103
€ — (" vyanything [sss] ( 8.02+ 0.19) %
¢ — (Tvanything (16 7% 08)%
Charmed meson and baryon modes
DOanything (595 + 2.9)%
DO D¥ anything (91 F 49)%
DT D¥ anything (40 T 23 )9
DO DOanything ] (51 T 20y
DO D* anything (27 T 18y
D* DF anything [ < 9 x 1073
D~ anything (237 £18)%
D*(2010)* anything (173 £ 20)%
D; (2420)% anything ( 50 +15)%
D*(2010)F D¥ anything (331 18)%
DO D*(2010)* anything ] (3.0 T 3 )%
D*(2010)* DF anything ] (25 T 12)%
D*(2010)* D*(2010)F anything  [nh] ( 1.2 £ 0.4 )%
D Danything (10 TH %
D3(2460)% anything (47 £27)%
D¢ anything (147 £21)%
D_ganything (101 £31)%
A anything (78 +£12)%
€/ c anything [ocaa] (1162 + 3.2 )%
Charmonium modes
J/4(1S)anything ( 1.16+ 0.10) %
1(2S)anything ( 2.86+ 0.28) x 1073
Xco(1P)anything (15 +£06)%
Xc1(1P)anything (14 £04)%
Xc2(1P)anything ( 62+ 29)x1073
Xc(2P)anything, xc — ¢¢ < 28 x 107
nc(1S)anything (45 +19)%
nc(2S)anything, ne — ¢¢ ( 32+ 17)x10°6
Xc1(3872)anything, xc1 — < 45 x 1077
X
X(3915)anything, X — ¢¢ < 31 x10~7
K or K* modes
Sy ( 31+ 11)x1074
Svv B1 < 64 x 1074
K*+anything (74 £6 )%

K%anything (29.0 £
S

2.9 )%

CL=90%

CL=95%

CL=95%

CL=95%

CL=90%



Meson Summary Table

109

Pion modes
7+ anything (397 +£21 )%
70 anything [ooaa] (278 +£60 )%
¢anything ( 282+ 0.23)%
Baryon modes
p/panything (131 £11)%
A/ Aanything (59 +£06)%
b-baryon anything (102 £ 28)%
Other modes
charged anything [ooaal (497 +7 )%
hadron® hadron~ (17 30y x5
charmless (7 421 )x1073

AB =1 weak neutral current (B1) modes

ut " anything BI < 32 x1074  CL=90%

B* 10P) = 1@

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

Mass mg. = 5324.65 + 0.25 MeV

mg. — mg = 45.18 + 0.23 MeV

Mg — Mgy = 45.34 + 0.23 MeV

B* DECAY MODES Fraction (T';/T) p (MeVc)
B~ dominant 45
By(5721)* 14P) =107%)
I, J, P need confirmation.
Mass m = 5725.97 25 Mev
Mg = Mg = 4012724 Mev
Full width ' = 31 + 6 MeV (S = 1.1)
By (5721)° 14P) =107)
I, J, P need confirmation.
B;(5721)° MASS = 5726.0 + 1.3 MeV (S =1.2)
Mgo — Mgy = 446.7 £ 1.3 MeV (S =12)
1
Mgo — Mgy = 4014 £ 12 MeV (S = 1.2)
1
Full width I = 27.5 + 3.4 MeV (S = 1.1)
81(5121)0 DECAY MODES Fraction (T';/T) p (MeVjc)
B*t 71— dominant 363
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Bj(5747)* 1UP) = 32%)

I, J, P need confirmation.
Mass m = 5737.2 £ 0.7 MeV

Mgy — Mpo = 457.5 + 0.7 MeV

2
Full width T = 20 + 5 MeV (S = 2.2)

B3(5747)° 10P) = 321)

I, J, P need confirmation.

B3(5747)% MASS = 5739.5 + 0.7 MeV (S = 1.4)
Mg — Mgy =135 £ 14 MeV (S = 1.3)

Mg — Mgy =4602% 06 MeV (S =14)

Full width T = 24.2 £ 1.7 MeV

B3(5747)7 DECAY MODES Fraction (I';/T) p (MeVjc)
Btn~ dominant 421
B*tn— dominant 377
?
B,(5970)* 1Py =109
I, J, P need confirmation.

Mass m = 5964 + 5 MeV
Mp (5970)+ — Mpo = 685 + 5 MeV
Full width ' = 62 4+ 20 MeV

B,(5970)° 1UP) = 3¢2%)

I, J, P need confirmation.

Mass m = 5971 + 5 MeV
Mp (59700 — Mp+ = 691 = 5 MeV
Full width ' = 81 + 12 MeV

(B==+1,5=71)

BY = sb, B =5b, similarly for B:’s

BOTTOM, STRANGE MESONS

BY 1(JP) = 0(07)

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

predictions.
Mass mgo = 5366.89 + 0.19 MeV

g0 — Mg = 87.42 = 0.19 MeV
s

Mean life 7 = (1.509 + 0.004) x 10712 5
cr = 452.4 pm

m

AT o =T — [ = (0.088 4 0.006) x 1012 s~1
5= Tee, = Moo, = )
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B2-BY mixing parameters
Amgo = mgo = mgo = (17.757 £ 0.021) x 1012 /s~ !
= (1.1688 + 0.0014) x 1078 MeV
Xs = AmBg/ng =26.79 + 0.08
Xs = 0.499307 & 0.000004

CP violation parameters in BY
Re(ego) / (1 + |ego|?) = (—0.15 4 0.70) x 1073
s s

Ckx(BY - KTK™)=0.14+0.11

Skk(BY — K*K™)=1030+0.13

rp(BY — DFK¥) =053 +0.17

op(BY — DEKT)=(3+20)°

CP Violation phase 3, = (1.1  1.6) x 102 rad
[A] (BY — J/9(1S)¢) = 0.964 + 0.020

|A| = 1.001 +0.017

A, CP violation parameter = 0.5f8:$

C, CP violation parameter = —0.3 + 0.4

S, CP violation parameter = —0.1 + 0.4

AL (Bs — J/YK*(892)°) = —0.05 £ 0.06

Al By — J/yR*(892)%) = 0.17 + 0.15

AL p(Bs — J/YK*(892)°) = —0.05 £ 0.10
Acp(Bs = 7t K™) =0.26 + 0.04

Acp(BY — [KTK~]pK*(892)°) = —0.04 + 0.07
Acp(BY — [rt K™]p K*(892)%) = —0.01 £ 0.04
Acp(BY — [rt 7~ ]pK*(892)°) = 0.06 + 0.13
AD(Bs = ¢y) = —1.0 £ 0.5

Aa; < 1.2x10712 GeV, CL = 95%

Aaj = (—0.9 +15) x 1071 GeV

Aay = (1.0 £ 2.2) x 10714 Gev

Aay = (—3.8 +2.2) x 10714 GeV

Re(£) = —0.022 + 0.033

Im(£) = 0.004 + 0.011

These branching fractions all scale with B(b — Bg).
The branching fraction B(Bg — D; ot vpanything) is not a pure measure-
ment since the measured product branching fraction B(b — Bg) X B(Bg —

Dy o+ vganything) was used to determine B(b — Bg), as described in the
note on “B0-BO0 Mixing”

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

Scale factor/ p

Bg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Dy anything (93 +25 )% -
1370.4 (96 +08)% -
etvX— (91 + 08)% -
utuvX— (102 + 1.0 )% -
D ¢* vganything l[ggaa] (81 + 13 )% -
Dy~ ¢t vganything (54 +11)% -
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Dg1(2536) " pt vy, Dy —
— K0
D*~ K%
Ds1(2536)" Xputw, Dy —
DOK+

D1 (2536)~ 7™, Dg —
D¢ T~
D¥ k*
Dy Ktata~
DrD;
Dy Dt
Dt D-
pODo
D;‘f at
DiFK*
Dy pt
Dt D + DI DY
DIt DI
DE*H pe-
23*0720
DOKO
DKzt
DOK*(892)0
DOK*(1410)
DOK}(1430)
DYK3(1430)
DO K*(1680)
DK} (1950)
DO K3(1780)
DK (2045)
DO K~ 7t (non-resonant)
Dy (2573) 7, Dy —
DOK~
D% (2700)" «F, DYy —
DOK—
DY 120860)* =+, DY —

DO £5(980)
D%

D*F g+
Ncd

New ™ w
J/(18)¢
J/(15) ¢
J/(18) 70

< 31

< 6.1

5.0 &+
1.8 £
1.08 £

—_~ o~~~

1247F
< 12

0.7 )x 1073

1.3 )x1073
1.0 )x 1073

0.23) x 103
14 )x 1073
1.0 )x 1073
0.8 )x 1073

0.19) x 104
06 )x1074
05 )x 1073
05 )x1074
0.6 )x 1074
05 )x1074
0.5 )x 1073
0.35) x 104
2.1 )x1073
0.16) %
0.20) %
14 )%
1.1 )x1074
0.9 )x1074
0.13) x 103
06 )x1074
35 )x 1074
0.7 )x 1074
0.4 )x10~4
x 1072
x10~4
x 1072
x 1072
08 )x1074
0.4 )x10~4

0.8 )x 1075
4 )x107°
0.6 )x107°

2.0 )x 1075

x 106
0.8 ) x 107>

x 1076
0.9 )x10~4
0.7 ) x 1074
0.08) x 10—3

b0

x 1073

S=1.1

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

CL=90%

CL=90%

CL=90%

2320
2249
2301

2293
2249
1824
1875
1925
1930
2265

2191
1742
1655

2278
2330
2312
2264
2114
2113
2113
1997
1890
1971
1837
2312

2243
2242
2235
1663
1840
1588

764
1787
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J/p(AS)rtw

J/9(1S){(500), fy — 7F7~

J/(AS)p, p— 7t~

J/(1S5){(980), fo — wta~

J/(1S) £(1270), £ —
at o~

J/’L/)(lS)fQ(].Q?O)(), f2 d
T~

ata~
J/¥(1S) 5 (1270) |, fH —
T~
J/w(IS)fo(1370) fy —
ata~
J/¥(1S) fy(1500), fy —
J/0(19) F4(1525)g, Fl —
T~
ata~
J/9(1S) f’2(1525)l, f’2 —
atr~
J/¢(15)f0(1790) fy —
T~

J/¥(1S) 7 7~ (nonresonant)

J/Pp(1S)KO 7t 7~
J/(1 K+K*
J/p(1S)KOK— 7t + c.c.
J/Pp(1S)KOK+t K~
J/(1S) £ (1525)
J/(
J/wE

J/p(1S f1(1285)
¥(2S)n

¥(2S) 7
(2S)rt 7~
»(25)¢
PY(2S)K— 7t
$(25) K*(892)°
Xc1¢

atn—

71'0 71'0

S)
15)
15)
15)
15)pp
15)5
Y(1S)mt
)

n70
o
o0
'y

0o

#1(980), (980) — mt7x—

(5 +

0.7 )x 1074
0.15) x 10™3
0.4 )x1073
0.4 )x10~4
0.23) x 1074
x 100
x 106
0.18) x 10~4
0.4 )x1076
1.8 )x 1077
0.34) x 1076
08 )x 1076
07 -
§)yx1075
3-99) x 1075

0.24) x 1076
2; ) x 107

4 )x10~7

(5.0 T110 106

1lyx1075
x 1075
07 )x 104
1.3 )x1074
x 1075
0.6 ) x10~4
x 100
x 1076
1.0 ) x 1075
14 )x 1073
09 )x1074
0.35) x 10~4
1.3 ) x 1073
0.6 ) x10~4
0.30) x 10~
0.5 ) x1073
0.30) x 104
0.8 )x10~7
x10~4
x 1073
x 1073
x 1074
0.7 )x 1073
x 107
0.21) x 10~6

S=1.4

S=1.3
CL=90%
CL=90%

S=1.7

CL=90%

CL=90%

CL=90%
CL=90%

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

CL=90%

1775

1675
1601
1538
1333
1304

982
1790
1731
1460
1338
1158
1397
1120
1310
1196
1274
2680
2680
2654
2627
2569
2507
2495
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65(1270), £(1270) —

(61 F 18 )x107

T

¢ p° (27 + 08 )x10~7 2526

¢t (35 + 05 )x1076 2579
[oxo) (1.87+ 0.15) x 1075 2482
oy (22 +£07)x10° 2165
Tt K~ (57 + 06 )x106 2659
KtK— ( 259+ 0.17) x 1075 2638
KOKO (2.0 + 0.6 )x1073 2637
KOrt = (94 + 21 )x10-6 2653
KOKE T (84 + 0.9 )x10~3 2622
K*(892)~ nt (33 + 12)x10°° 2607
K*(892)* K¥ ( 125+ 0.26) x 1075 2585
K2 K*(892)°+ c.c. (16 + 0.4 )x1075 2585
KOK*+ K- (13 + 0.6 )x10~° 2568
K*(892)0 0 < 767 x10=%  CL=90% 2550
K*(892)° K*(892)° ( 111+ 0.27) x 1075 2531
$K*(892)0 (1.14+ 0.30) x 10~© 2507
PP < 15 x1078  CL=90% 2514
pPKT K~ (45 + 05 )x107° 2231
pPKtT 7~ (1.394 0.26) x 1076 2355
pprta~ (43 +20)x10°7 2454
PAK™ + c.c. (55 + 1.0 )x107° 2358
AZ Amt (36 + 1.6 )x10~4 -
AZAT < 80 x1075  CL=95% -

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

v BI < 31 x1076  CL=90% 2683
[ BI (34 + 04)x1075 2587
whp— BI (27 F 38 )x107? s=12 2681
ete~ BI < 28 x 10 CL=90% 2683
Tt BI < 68 x1073  CL=95% 2011
ptp—ptp= BI < 25 x1079  CL=95% 2673

SP, S— utpu-, BI [ggaa] < 22 x1079  CL=95% -

P— ptpu”

#(1020) put ™ BI (82 + 12 )x107 2582
atrptp~ BI (84 +£17)x108 2670
(327 BI < 5.4 x1073  CL=90% 2587
et uF LF  [mh] < 11 x1078  CL=90% 2682

B: 1JPy = 0(17)

1, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass m = 5415.41’%:2 MeV (S =2.9)
mps — mp, = 485718 MeV (S =2.8)

BZ DECAY MODES Fraction (I';/T) p (MeVjc)
Bs~y dominant 48




Meson Summary Table 115
Bs1(5830)° 14P) =0(1™)
I, J, P need confirmation.
Mass m = 5828.63 + 0.27 MeV
Mgo — Mgy = 503.98 4+ 0.18 MeV
1
Full width T = 0.5 + 0.4 MeV
551(5830)0 DECAY MODES Fraction (I';/T) p (MeV/c)
B*t K~ dominant 97
B2,(5840)° 1(4P) = 0(2™)
I, J, P need confirmation.
Mass m = 5839.85 + 0.17 MeV (S = 1.1)
mB;g — mpgy =560.53 £0.17 MeV (S = 1.1)
Full width ' = 1.47 £ 0.33 MeV
8;2(5840)0 DECAY MODES Fraction (;/T) p (MeVc)
BTt K~ dominant 252
BOTTOM, CHARMED MESONS
+ _ T - _ = .. ,
BC = cb, BC =<cb, similarly for Bz s
B 1(JP) = 0(07)
I, J, P need confirmation.
Quantum numbers shown are quark-model predicitions.
Mass m = 6274.9 + 0.8 MeV
Mean life 7 = (0.507 + 0.009) x 10712 s
B; modes are charge conjugates of the modes below.
7 p
B:’ DECAY MODES x B(b — B¢) Fraction (I';/T) Confidence level (MeV/c)
The following quantities are not pure branching ratios; rather the fraction
/T x B(b— Bg).
J/¥(1S) £+ vpanything (8.1 £1.2 ) x 107 -
J/¥(1S) a1(1260) <12 x 1073 90% 2169
ont (24 *92)x1075 2205
DOK+ 38 t12)x10-7 2837
DOrt <16 x 10=7 95% 2858
D0 nt <4 x 10~7 95% 2815
DOkt <4 x10~7 95% 2793
D*(2010)*t D° <62 x 1073 90% 2467
Dt K*0 <0.20 x 1076 90% 2783
Dt K*0 <0.16 x 1076 90% 2783
D K0 <028 x 1076 90% 2751
D K*0 <04 x10~6 90% 2751
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D¢ <032 x 10~6 90% 2727
Kt KO <46 x 107 90% 3098
Bzt /B(b — Bs) (2377937) x 1073 -
See Particle Listings for 14 decay modes that have been seen / not seen.
cc MESONS
(including possibly non-qq states)
1c(15) 16(UPC) =0t~ )

Mass m = 2983.9 + 0.5 MeV (S = 1.3)

Full width ' = 32.0 £+ 0.8 MeV
nc(1S) DECAY MODES Fraction (I';/T) Confidence level (MZV/C)

Decays involving hadronic resonances
n'(958) 7w (41 £1.7)% 1323
pp (18 £05)% 1275
K*(892)0 K~ t + c.c. (20 £07 )% 1278
K*(892) K*(892) (71 +£13 )x 1073 119
K*(892)0K*(892)% z+ (11 £05)% 1073
oKt K™ (29 £1.4 )x10-3 1104
X ( 1.79+0.20) x 103 1089
¢2(nt ) < 4 x 1073 90% 1251
ap(980) < 2 % 90% 1327
ap(1320) 7 < 2 % 90% 1196
K*(892) K + c.c. < 128 % 90% 1310
£(1270)n < 11 % 90% 1145
ww < 31 x 1073 90% 1270
wo < 25 x 1074 90% 1185
1,(1270) ,(1270) (98 +25)x1073 774
f,(1270) f4(1525) (9.8 £32)x1073 513
Decays into stable hadrons

KK (73 +£05)% 1381
KK ( 1.36+0.16) % 1265
nrtw (17 £05)% 1428
n2(rtw7) (44 £13)% 1386
KtK—ntn (69 £1.1 )x 1073 1345
KtK=rta— 0 (35 +£06)% 1304
KOK—atr nt +cc. (56 £15)% -
KTK=2(rt77) (7 i24)><10 3 1254
2(KTK™) ( 147i031)><10 3 1055
ata— 70 <5 x 1074 90% 1476
at o= 7070 (47 £1.0)% 1460
2t 7)) (97 +12)x1073 1459
2(rt = x0) (17.4 £33 )% 1409
3(rta7) (18 £04)% 1407
PP ( 1.5240.16) x 10—3 1160
ppr? (36 £1.3)x103 1101
AA ( 1.09+0.24) x 103 991
rty- (21 +£06)x10-3 901
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==+ (9.0 £2.6 ) x10~4 692
atr~pp (53 +£1.8 )x1073 1027

Radiative decays
vy ( 1.574+0.12) x 1074 1492

Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes

T~ PCP < 1.1 x 10~4 90% 1485
7070 PCP < 4 x 105 90% 1486
KtK~ PCP < 6 x10~4 90% 1408
K% kS PCP < 31 x 10~4 90% 1406

See Particle Listings for 11 decay modes that have been seen / not seen.

J/%(1S) 16(UPC) =017 ")

Mass m = 3096.900 4+ 0.006 MeV
Full width T = 92.9 £ 2.8 keV (S = 1.1)
Fee = 5.55 & 0.14 & 0.02 keV

Scale factor/ p

J/¢(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons (877 £ 05 )% -
virtualy — hadrons (13.50 £ 0.30 ) % -
ggg (641 + 1.0 )% -
vgg (88 + 11 )% -
ete™ ( 5.971+ 0.032) % 1548
ete vy [rraa] (88 =+ 1.4 )x1073 1548
wtp~ ( 5.961+ 0.033) % 1545
Decays involving hadronic resonances
p (169 + 0.15 )% S=2.4 1448
070 (56 + 07 )x1073 1448
p(770)F K= KY (19 + 04 )x1073 -
p(1450)7 — w70 (23 + 07 )x1073 -
p(1450)F 7T — KIK*7F (35 + 06 )x10~4 -
p(1450)079 — KT K~ 70 (20 + 05 )x10~4 -
p(1450)7/(958) — (33 +£07 )x106 -
7+ 7717 (958)
p(1700)7 — 7t =70 (17 +£11 )x1074 -
p(2150)7 — 7ta— a0 (8 440 )x10°° -
a(1320)p (109 +022)% 1123
wrtato—7n~ (85 + 34 )x1073 1392
wrtr= 70 (40 + 07 )x1073 1418
wrta~ (86 + 0.7 )x1073 S=1.1 1435
wh(1270) (43 + 06 )x1073 1142
K*(892)0 K*(892)° (23 + 06 )x1074 1266
K*(892)F K*(892)F (100 * 922 ) %1073 1266
K*(892)* K*(700)F (11 F 28 yx10-3 -
K27~ K*(892)T + c.c. (20 +05 )x1073 1342
K%n~ K*(892)T + c.c. — (67 + 22 )x10~4 -
K% K% rtr™
nK*(892)0 K*(892)0 (115 + 026 ) x 1073 1003
K*(1410)K +c.c — (49 + 28 )x107° -

KEKF 70
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K*(1410)K + c.c. —
K KEnT
K3(1430) K +c.c. —
K* KT 70
K3(1430)K 4 c.c. —
KYKE7F
K*(892)° K3(1430)° + c.c.
K*(892)™ K35(1430)™ + c.c.
K*(892)" K5(1430)~ + c.c. —
K*(892)t k&7~ + cc.
K*(892)0K,(1770)°+ c.c. —
K*(892)0 K~ 7t + c.c.
wK*(892)K+ c.c.
K K*(892)+c.c. —
K KEnT
KT K*(892)~ + c.c.
K+ K*(892)~ + c.c. —
KtK=70
Kt K*(892)~ + c.c. —
KOKE7T + cc.
KOK*(892)%+ c.c.
KOK*(892)° + c.c. —
KOKE7F + c.c.
K1(1400)* KT
K*(892)* K¥ x0
K*(892)° k¢ =0
(.dﬂ'o TI'O
by (1235)E 7 F
wK* K% T
by (1235)0 70
nK* KT
$K*(892)K + c.c.
wKK
wfy(1710) — wKK
@2(rt 7))
A(1232) B~
w1)
KK
SKSKS
¢fH(1710) — oK K
dKT K™
$$(1270)
A(1232)T A(1232)"
(1385)~ £(1385)* (or c.c.)
> (1385)0 X (1385)°
K+ K~ f},(1525)
¢} (1525)
ont T
¢m070
dKEKY T
wf; (1420)
on_
_:0 _:0
Z(1530)" =

[nh]
[hh]

[hh]

[hh]

[hh]

(8

(75

(40

( 4.66
(34
(4

(69

(512
(197

(30

(439
(32

(38
(41
(6

(34
(30
(34
(23
(22
(218
(170
(48
(1.66
(16
(174
(177
(59
(36
(83
(32
(110
(116
(107
( 1.04
(8

(87
(50
(72
(68
(75
(117
(59

H

HoH B H B B H B H R B B H R H H B H R B R H K OH K R R K R H R

6 )x1073
35 )x 1073

1.0 )x10~4

0.31 )x1073
2.9 )x1073
4 )x1074

09 )x1074

0.9 )x1073
05 )x1073

0.30 ) x 10~3
0.20 ) x 1073

04 )x1073

0.31 ) x 1073
04 )x1073

14 )x10-3
13 )x10-3
4 y)x104
0.8 )x1073
05 )x1073
05 )x1073
06 )x1073
04 )x1073
0.23 ) x 1073
0.32 ) x 1073
11 )x10~4
0.23 ) x 1073
05 )x1073
0.20 ) x 1073 S=1.6
0.16 ) x 1073 $=1.3
15 )x107%
06 )x10~4
12 )x107%
06 )x1074
0.29 ) x 1073
0.05 ) x 1073
0.08 ) x 1073
0.35 ) x 1073
4 yx1074 S=27
09 )x1074 S=1.4
1.0 )x107%
08 )x1074
24 yx10~4
08 )x107% S=1.5
0.04 ) x 1073
15 )x107%

1012
1012

1097

1373

1373

1170
1344
1343
1436
1300
1210
1300
1278
969
1268
878
1318
1030
1394
1179
1176
875
1179
1036
938
697
697
892

1365
1366
1114
1062
1320

818

600
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pK~Z(1385)° (51 =32 )x1074 646
w0 (45 + 05 )x10~4 S=14 1446
wrd = gt a0 (17 + 08 )x1075 -
o1’ (958) (46 + 05 )x1074 S=22 1192
$15(980) (32 £09 )x10~4 S=1.9 1178
6f(980) — ¢rta~ (259 + 034 )x1074 -
$1(980) — ¢p70x0 (18 + 05 )x10~4 -
¢ £(980) — pndmt (45 £ 10 )x107° -
¢m9£(980) — ¢n9 pOn0 (17 + 06 )x1076 1045
N (980) — nont (32 +£10 )x1074 -
$a(980)° — @nxl (5 +4 )x1076 -
=(1530)°=0 (32 +14 )x1074 608
(1385)~ Xt (or c.c.) [hh] (31 + 05 )x10~4 855
¢ (1285) (26 + 05 )x1074 1032
$1(1285) — ¢7°1£(980) — (94 + 28 )x1077 952

¢7T0 T~
$1(1285) — ¢701£,(980) — (21 + 22 )x10~7 955
om0 707
nata~ (40 + 17 )x1074 1487
np (193 + 023 )x10~4 1396
wn'(958) (189 + 0.18 ) x 104 1279
wf(980) (14 + 05 )x1074 1267
p1’(958) (81 + 08 )x107° s=1.6 1281
a(1320)* 7 F [hh] < 4.3 x 1073 CL=90% 1263
K'K3(1430)+ c.c. < 40 x1073 CL=90% 1159
Ky (1270)F KT < 3.0 x 1073 CL=90% 1231
K37~ K5(1430) + c.c. (36 + 18 )x103 1117
K%m™ K3(1430)T + c.c. — (45 + 22 )x10~4 -
KOS K%ﬂ+ "
K35(1430)0 K3(1430)° < 29 x1073  CL=90% 604
om0 3%1076 or 1 x 107 1377
#n(1405) — ¢nrt (20 + 10 )x107° 946
wf%(1525) < 22 x10—4 CL=90% 1003
wX(1835) — wpp < 39 x 1070 CL=95% -
$X(1835) — ¢pp < 21 x10~7 CL=90% -
#X(1835) — énmt ™ < 28 x 104 CL=90% 578
#X(1870) — ¢nmta— < 613 x 1073 CL=90% -
n¢(2170) — n¢H(980) — (12 + 04 )x1074 628
nomt T
n¢(2170) — < 252 x10~4 CL=90% -
nK*(892)0 K*(892)°
3(1385)°A+ c.c. < 82 x 1076 CL=90% 912
A(1232)Tp <1 x 1074 CL=90% 1100
A(1520)A+ c.c. — yAA < a1 x 106 CL=90% -
©6(1540) ©(1540) — < 11 x 1075 CL=90% -
KipK~n+ cc

O(1540)K~ 1 — KYpK~n < 21 x 1075 CL=90% -
O(1540)K%p — KIPK™n < 16 x 1070 CL=90% -
O(1540)K*n — KSpK*n < 56 x1075  CL=90% -
O(1540)K%p — KYpK—7 < 11 x1075  CL=90% -
07 <9 x 1075 CL=90% 1032
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Decays into stable hadrons

2t )0 (41 £05 )%
3(rt )0 (29 +06 )%
atr 70 (211 + 007 )%
atr a0 KT K- (1.79 + 029 )%
4(rtn=)70 (90 + 30 )x1073
atr KT K= (684 £ 032 )x103
mrm KY KO (38 + 06 )x1073
rta” KL KY (1.68 + 0.19 ) x 1073
0 KF KY (57 + 05 )x1073
K+ K~ K% K (41 + 08 )x10~4
ata=KtK™ g (184 + 028 )x1073
m0n0 K+t K- (212 + 023 )x 1073
0 KS K (1.9 + 04 )x1073
KK (61 £ 10 )x1073
KT K= 0 (214 + 024 ) x 1073
KYK*E 7T (56 + 05 )x1073
K2 K970 (206 + 027 )x 1073
K*(892)° KO+ c.c. — (121 + 018 ) x 1073
KSK)=°
K3(1430)° K%+ c.c. — (43 +13 )x1074
s .
KsKin (144 £ 034 )x10
2nt ) (357 + 030 )x1073
3(rta) (43 + 04 )x103
2(rt 7= 70) (162 + 021 )%
2nta7)n (229 + 024 )x1073
3(rta7)n (72 + 15 )x1074
PP ( 2121+ 0.029) x 10~3
ppr? (119 + 0.08 ) x 10~3
pprt o~ (60 + 05 )x1073
pprtr a0 [ssaa] (23 =+ 09 )x10~3
ppN (200 + 012 )x1073
pPp < 31 x10~4
pPw (98 + 10 )x1074
pP1(958) (21 + 04 )x1074
pPap(980) — ppnln (68 + 18 )x1075
pPPd (519 + 033 )x107°
nn (209 £ 0.16 ) x 1073
narta~ (4 +4 )x10-3
rty- (150 + 0.24 ) x 1073
x0xo ( 1.172+ 0.031) x 10—3
2Aznt T )KT K™ (47 +07 )x1073
pAT™ (212 + 0.09 )x1073
==+ (97 + 08 )x10~4
AA (1.89 + 0.08 )x 103
A~ 7t (or c.c) [hh] (83 % 07 )x10=4
pK=A (89 + 16 )x1074
2Kt K™) (74 + 07 )x1074
pK— X0 (29 + 08 )x1074
KT K~ (286 + 021 )x10~4
K2 K9 (1.95 + 0.11 ) x 1074
AAxt r~ (43 £ 10 )x10-3
AAn (162 £ 017 ) x 1074

S=1.5
$=2.2

S=1.1
S=1.3
S=1.9

CL=90%
S=1.3

S=1.4
S=1.3

S=1.4

$=2.5
S=1.2

S=2.4

1496
1433
1533
1368
1345
1407
1406
1406
1408
1127
1221
1410
1408
1442
1442
1440
1440

1328
1517
1466
1468
1446
1379
1232
1176
1107
1033

1468
1466
903
672
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NAT0 (38 + 04 )x1075 998
AnK%+ cc. (65 + 11 )x10~4 872
ata~ (147 + 0.14 ) x 1074 1542
AT + c.c (283 + 023 )x1075 1034
K% kY < 14 x 108 CL=95% 1466

Radiative decays
3y (116 + 022 )x107° 1548
4y <9 x 1076 CL=90% 1548
5y < 15 x 1075 CL=90% 1548
ym0 70 (115 + 0.05 ) x 1073 1543
a0 (214 + 031 )x1075 1497
va9(980)° — ynn0 < 25 x 1076 CL=95% -
va5(1320)% — ~nxo < 66 x 106 CL=95% -
ne(1S) (17 +04 )% S=15 111
ne(1S) — 3y (38 T %8 ) x 1076 S=1.1 -
yrt =270 (83 + 31 )x1073 1518
ynww (61 + 1.0 )x1073 1487
y1(1870) — 7wt o~ (62 + 24 )x1074 -
yn(1405/1475) — vKKm [o] (28 + 06 )x1073 S=1.6 1223
yn(1405/1475) — ~~p° (78 +20 )x107° S=1.8 1223
vn(1405/1475) — ~ynrt 7™ (30 + 05 )x1074 -
vn(1405/1475) — v < 82 x 1075 CL=95% -
Ypp (45 + 08 )x1073 1340
v pw < 5.4 x 1074 CL=90% 1338
Ypod < 88 x 1075 CL=90% 1258
1’ (958) (513 + 017 ) x 1073 S=1.3 1400
~yorton~ (28 £ 05 )x1073 S=1.9 1517
7 (1270) /,(1270) (95 + 1.7 )x1074 878
~f5(1270) f,(1270) (non reso- (82 + 19 )x1074 -
nant)

yKTK=nt7n™ (21 +06 )x1073 1407
v 3(2050) (27 +£07 )x1073 891
Tww (161 + 033 )x1073 1336
n(1405/1475) — ~ 0 p° (17 + 04 )x1073 $=13 1223
~(1270) (164 + 0.12)x 1073 S=13 1286
v£(1370) - vKK (42 + 15 )x1074 -
v£(1710) - vKK (100 T 033y x1073 S=1.5 1075
vH(1710) — ~y7w (38 +05 )x1074 -
Y1(1710) - yww (31 + 10 )x10~4 -
vf(1710) — ynn (24 T 32 yx10-* -
v ( 1104+ 0.034) x 1073 1500
vf(1420) — yKKm (79 +13 )x10~4 1220
1 (1285) (61 + 08 )x1074 1283
vf(1510) — ynrta~ (45 + 12 )x1074 -
~£4(1525) (57 T 08 )yx104 S=15 1173
yf5(1525) — vy (34 + 1.4 )x1073 -
vH(1640) —» yww (28 + 18 )x1074 -
vH(1910) - yww (20 + 14 )x10~4 -
~vf(1800) — yw¢ (25 + 06 )x1074 -
v (1810) — ynn (54 t 22 ) x 107 -
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~ £,(1950) —

v K*(892) K*(892)
v K*(892) K*(892)

199
PP
v1(2225)

v1(1760) — 50 p°

n(1760) — yww
vX(1835) — y7wta—n/

v X(1835
v X(1835

—

)
)
)
)

PP

vX(1840) — ~3(xt77)
y(KKm) [JPC =0~ H]

yr0

ypprt T
yAA
'yfo(2100) —
~15(2100) —
15(2200) —
Y f_/(2220) —
~v£5(2220) —
~£,(2220) —
v £(2340) —
~ f5(1500) —
~ f5(1500) —

ynn

Yy

vKK
T
YKK

PP
ynm
YT

ynn

vA — ~invisible
AL — oyt

nlete~
nete~
n'(958)et e~

D~ etwe+ cc.
Doete+ c.c.
D; etwe+ cc.
D¥ et e+ coc.

s
D~ nt+ cc
DK+ c.c.

DOK*0 4+ c.c.

Dyt + ce.
=+
D¢ p™+ cc.

<
<

<
<

<

ANANANNANNANNA

<

(70

(40
(40
(38

(314

(13
(198

(277
(77
(33
(24
(7

( 3.49

7.9
13

(113

(6.2
(5.9

3.9

41
(15
(56
( 1.09

(17

[ttaa] < 6.3
[uvaa] < 5

Dalitz decays

(76
(1.16
( 5.81

Weak decays

1.2
8.5
1.3
1.8
7.5
1.7
25
1.3
1.3

I+ B H I+ KW

I+ 1+

I+

FRTR I+ H

I+ o+

+
+
+

22 yx1074

1.3 )x10-3
12 )x107%
1.0 )x10~4

636 ) <107

0.9 )x1074
0.33 ) x 1073

034 )« 104

35 yx10-8

0 yx10-5

2.
13

&L yx1070
4 yx1074

0102

x 104
x 10~4

4810t

1.0 )x10~4
1.3 )x10~4
x 1075
x 1075
0.8 )x1073

24 yx1078

0.24 ) x10~4

0.6 -

14 )x107°
x 1076
x 1076

14 )x10~7
0.09 ) x 1075
0.35 ) x 1079

x 1075
x 108
x 1076
x 10—6
x 1073
x10~4
x10~6
x 1074
x 1075

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

C
C
LF
LF
LF

<

<
<
<
<

2.7
1.4
1.6
8.3
2.0

x10~7
x10~6
x10~7
x10~6
x 10—6

S=2.1

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

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

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

1266
1166
1232

752
1048

1006

1442
1546

1107
1074

1546
1500
1400

984
987
923
828
977
898
670
915
663

1548
1381
1547
1039
1035
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Other decays
invisible <7 x 104 CL=90% -
See Particle Listings for 4 decay modes that have been seen / not seen.

Xco(1P) 16(JPC) =0t * )

Mass m = 3414.71 + 0.30 MeV
Full width ' = 10.8 & 0.6 MeV

Scale factor/ p

Xco(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic decays
2nt ) (2.34+0.18) % 1679
POrta- (9.1 429 )x 1073 1607
f5(980) f5(980) (6.6 £2.1 ) x10~4 1391
T T (33 £04 )% 1680
ptr= 70+ cc. (29 £04 )% 1607
470 (3.3 £0.4 )x 1073 1681
T KtK- (1.8140.14) % 1580
K5(1430)0K}(1430)° — (98 749 )x1074 -
T KT K™
K3(1430)0K3(1430)° + c.c. — ©0 t29)x1074 -
T KYK—
K1(1270)T K~ + c.c. — (6.3 £1.9 ) x 103 -
T KtK—
K1(1400)* K~ + c.c. — <27 x 1073 CL=90% -
trm Kt K™
15(980) f5(980) (6 F33)x10-4 1391
f5(980) f5(2200) (19 *20 ) x 1074 584
fo(1370) fp(1370) <27 x 1074 CL=90% 1019
fo(1370) fp(1500) <17 x 1074 CL=90% 921
f5(1370) £5(1710) (67 ¥35)x1074 720
f5(1500) £y (1370) <13 x 1074 CL=90% 921
fo(1500) fp(1500) <5 x 1075 CL=90% 807
f5(1500) fp(1710) <7 x 1073 CL=90% 557
KtK=nta= a0 (8.6 +0.9 ) x 103 1545
K K*rFrtr (4.2 +0.4 ) x 103 1543
KT K= %70 (5.6 £0.9 ) x 103 1582
Kt7=KOx0 + c.c. (2.49£0.33) % 1581
pt K=K+ c.c. (1.21£0.21) % 1458
K*(892)~ Kt 70 — (4.6 +12 ) x 1073 -
KT~ KO0+ c.c.
K KQat o™ (5.7 £1.1 ) x 1073 1579
Kt K= nn0 (3.0 £0.7 ) x 103 1468
3(rt ) (1.2040.18) % 1633
KTK*(892)%7~ + c.c. (7.5 +1.6 ) x 1073 1523
K*(892)0 K*(892)° (1.7 +06 ) x 1073 1456
T (8.51+0.33) x 103 1702
70y <18 x 104 1661
0y <11 x 1073 1570
70nc <16 x 10~3 CL=90% 383
nn (3.01+0.19) x 103 1617

' (9.1 £1.1 ) x107° 1521
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n'n

ww

we

wKt K~

KT K=
KSKS
7r+7r’n
ata—y
KKt~ + cc.
Kt K= =0

Kt K=n

K+ K= K% K
KtK-KtK—
KtK=¢
KOK*T 7~ ¢+ cc.
KtK=70¢
¢t a0
foxe

pp

ppm®

PPN

ppw

pp¢

pprta-

pprd 0

pP KT K~ (non-resonant)

PPKSKS
pam
pnrt
pnm—
pnrt a0
AA
At g~

0

AAmT 7~ (non-resonant)
X (1385)T A~ + c.c.
X (1385)" At + c.c.

KtpA+ cc.

KT PA(1520)+ c.c.
A(1520)/A(1520)
3030

>t¥-

X (1385)T £(1385)~
3 (1385)~ X (1385)"
=t4cec

vJ/4(15)
vp°

yw

Yo

7Y
et e J/1(1S)

2.17+0.12) x 1073
9.7 +1.1 )x 1074
1.1840.22) x 10~4
1.9440.21) x 10—3
6.0540.31) x 1073
3.1640.17) x 1073

< 2.0 x 104
<4 x10~4
<9 x 1075
<6 x 1075
<23 x10~4

(1.4 +05 ) x10~3
(2.8240.29) x 10~3
(9.7 +25 ) x 1074
(3.7 £0.6 ) x 1073
(1.90+0.35) x 103
(1.1840.15) x 1073
(8.0 £0.7 ) x 1074
(2.2140.08) x 10~4
(7.0 £0.7 ) x 10~4
(35 +0.4 ) x10~4
(5.2 £0.6 ) x 10~4
(6.0 £1.4 ) x 1075
(21 +0.7 ) x10~3
(1.0440.28) x 10—3
(1.2240.26) x 10~4
<88 x10~4
1.2740.11) x 10~3
1.3740.12) x 1073
2.34+0.21) x 1073
2.2140.18) x 1073
3.27+0.24) x 104
1.1840.13) x 10~3

<5 x 104
<5 x 104
<5 x10~4

1.2540.12) x 103
2.9 +0.7 ) x 1074
3.1 412 )x 1074
45 +0.4 )x 1074
4.0 +£0.7 ) x 1074
1.6 +£0.6 ) x 1074
23 +£0.7 ) x 1074
1.94+0.35) x 1074
3.1 +£0.8 )x 1074
48 +£0.7 )x 1074

Radiative decays

<7 x10~4
(1.40+0.05) %

<9 x 106

<8 x 1076

<6 x 100

(2.04+0.09) x 10~4
(1.5440.33) x 10~4

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%
CL=90%
CL=90%

1413
1517
1447
1457
1634
1633
1651
1560
1610
1611
1512
1331
1333
1381
1326
1329
1525
1370
1426
1379
1187
1043

876
1320
1324

890

884
1376
1376
1321
1321
1292
1153
1153
1083
1083
1132

858

779
1222
1225
1001
1001

873
1089
1081

307

303
1619
1618
1555
1707

303
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Xc1(1P)

IG(JPC) — 0+(1 ++)

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 (T';/T) Confidence level (MeV/c)
Hadronic decays
3(nt7) (5.8 +1.4 )x1073 s=1.2 1683
2nt ) (76 +26 )x1073 1728
at 7r* 7r07ro (1.1940.15) % 1729
pta n0+ ce. (1.45+0.24) % 1658
p° ata~ (3.9 £35 )x 103 1657
470 (54 +08)x1074 1729
T KtK— (45 +1.0 )x1073 1632
Kt K= 7070 (1.1240.27) x 103 1634
KtK=rta= a0 ( 1.15+0.13) % 1598
K K*rFrtr (75 +08 )x 1073 1596
Kt7=KOx0 + c.c. (86 +1.4 )x1073 1632
p~ KTKY+ c.c. (50 £1.2 )x 1073 1514
K*(892)°KOx0 — (23 +0.6 )x103 -
Kt~ KOx0+ c.c.
Kt K*mr0 ( 1.1240.34) x 1073 1523
+amKYKY (6.9 2.9 )x10~4 1630
KtK=n (32 £1.0 ) x10~4 1566
KOK+t7r~+ c.c. (7.0 £06 )x 1073 1661
K*(892)0K%+ c.c. (10 +4 )x10~4 1602
K*(892)T K~ + c.c. (1.4 +06 )x1073 1602
K*(1430)°K% + c.c. — < 8 x1074  CL=90% -
KIK*tn~+ ce.
K*(1430)T K~ + c.c. — < 21 x 1073 CL=90% -
KLK*ta~+ cc.
KtK— ( 1.8140.24) x 10—3 1662
nata— ( 4.62+£0.23) x 103 1701
29(980)t =+ cc. — prtrw (32 +0.4 )x1073 s=2.2 -
3(1320) 7~ + cc. — nprt A ( 1.7640.24) x 104 -
a,(1700)T 7~ + c.c. —» nat (46 +£07 )x 1075 -
£ (1270)n — nrtw (35 +£06)x1074 -
(2050)n — nwt (25 +09 )x1075 -
71(1400)F 77+ c.c. — 7T <5 x1075  CL=90% -
71 (1600)F 7+ cc. — i < 15 x 1072 CL=90% -
m1(2015) 7+ cc. — patw < 8 x1076  CcL=90% -
£ (1270)n (67 +£1.1)x107% 1467
ata=y (22 +0.4 )x1073 1612
KT K= 1/(958) ( +0.9 ) x 1074 1461
K3(1430)t K~ + c.c. (64 T22)x104 -
f,(980)7(958) (16 t14 %104 1460
fo(1710)7'(958) (7 fg ) x 1075 1106
f4(1525)7/(958) (9 46 )x1075 1225
70 £y(980) — 7O0xtx < 6 x1076  CL=90% -
Kt K*(892)%7~ + c.c. (32 421 )x103 1577
K*(892)0 K*(892)° 4 +0.4 )x 1073 1512
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Kt K= KYKY
KtK-KtK—
K+ K= ¢
KOK* 7~ ¢+ c.c.
Kt Km0
ort o x0
ww
wKT K~
wo
(g
PP
ppn°
PPN
ppw
pPo
pprt
pPp K+ K~ (non-resonant)
pPKLKY
pnm—
pnrt
pnm— T
pnrt a0
AA
Aat
AAzxt 7~ (non-resonant)
X (1385) An~ + c.c.
> (1385)" Ant + c.c.

0

< 4 x 104
(54 +1.1 )x1074
(41 +15)x1074
(33 +£05)x1073
(1&immxm3
(7 iLO)xlO 4
(57 £0.7 )x 1074
(7.8 £0.9 )x10~4
(21 £06 )x107°
(42 +0.5 ) x 1074
( 7.604+0.34) x 1073
( 1.5540.18) x 10~4
( 1.4540.25) x 10~4
( 21240.31) x 1074
< 17 x 1073

(50 +£1.9 ) x1074

(1.2740.22) x 1074
< 45 x 104
(38 +05)x1074
(39 +05)x1074
( 1.0340.12) x 10~3
( 1.0140.12) x 10~3
( 1.1440.11) x 10~4
(29 +05)x1074
(25 +0.6 )x 1074
x 104
x 1074

< 13
< 13

KtpA (41 +£04 )x10~4
KT PA(1520) + c.c. (17 +04 )x 1074
(1520)A(1520) <9 x 1075
y0¥0 < 4 x 1075
rty- < 6 x 1073
> (1385)T X (1385)~ <9 x 1075
5 (1385)~ X (1385)" <5 x 1075
K- A41*+ c.c. (1.35+0.24) x 1074
< 6 x 1075
(80 +2.1)x1073
< 21 x 1073
< 6 x 1073
< 32 x 1073
Radiative decays

WJ/¢(15) (343 £1.0 )%
v p° (2.1640.17) x 10~4
Tw (68 +0.8)x10~3
v (24 +05)x1072

7Y
et e J/¥(1S)

< 6.3 x 1076
( 3.6540.25) x 10~3

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%
S=1.2

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

CL=90%

CL=90%
CL=90%

CL=90%

1390
1393
1440
1387
1390
1578
1571
1513
1503
1429
1484
1438
1254
1117

962
1381

974

9268
1435
1435
1383
1383
1355
1223
1223
1157
1157
1203

950

879
1288
1291
1081
1081

9263
1163
1155

1683
413

389
1670
1668
1607
1755

389
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he(1P) 16(PCY =271+ )
Mass m = 3525.38 £+ 0.11 MeV
Full width ' = 0.7 & 0.4 MeV
h-(1P) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
pp < 15 x 1074 90% 1492
ata 70 < 22 x 1073 1749
27t 2 70 (221389 1716
3rt3r a0 < 29 % 1661
Radiative decays
n (47+2.1)x 1074 1720
v1'(958) (1.5+0.4) x 103 1633
nc(1S) (51 +6 )% 500
See Particle Listings for 1 decay modes that have been seen / not seen.
xc2(1P) 16(UPCy = ot 2+ 1)
Mass m = 3556.17 + 0.07 MeV
Full width ' = 1.97 4+ 0.09 MeV
Xc2(1P) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
Hadronic decays
2nt ) ( 1.02+40.09) % 1751
ata= 7070 (1.83+0.23) % 1752
ptr a0+ cc. (2.19+0.34) % 1682
470 ( 1.1140.15) x 1073 1752
KT K= 7070 (21 +04 )x1073 1658
KTa~Koz0+ cc. (1.38+0.20) % 1657
p~ KTK+ c.c. (41 £1.2 )x1073 1540
K*(892)° K~ nt — (29 £08)x1073 -
K7t KO0+ c.c.
K*(892)°KOx0 — (3.8 +£0.9 )x 1073 -
Kt m~ K70+ c.c.
K*(892)~ Ktn0 — (37 £08)x1073 -
KTrn~ K70+ c.c.
K*(892)t KOn~ — (29 £08 )x1073 -
KTn KO0+ c.c.
KT K= nn? (1.3 +0.4 )x 1073 1549
KtK— ot (84 +09)x1073 1656
KtK=nta= a0 ( 117¢o13)% 1623
K KEaTFatn (7.3 £08 )x 103 1621
Kt K*(892)%7~ + c.c. (21 411 )x1073 1602
K*(892)0 K*(892)° (2.3 +£04 )x1073 1538
3(nt ) (86 £1.8)x1073 1707
) ( 1.060.09) x 103 1457
ww (84 +1.0 )x10~4 1597
wKT K~ (73 £09 )x1074 1540
T ( 2.2340.09) x 10—3 1773
POrta (3.7 £1.6 )x 103 1682
7t 7~ 79 (non-resonant) 2.0 £0.4 )x 1075 1765

p(T70)* 7 F

(
(6 +4 )x1076



128 Meson Summary Table

at T n
ata=y

(892)i K¥
K*(892)°KO+ c.c.
K%(1430)* KT

K3%(1430)9K%+ c.c.

K%(1780)°K? + c.c.

K+
y
2
*
K3(1780)i K¥
3
3
2,(1320)0 70
a2(1320)i7rI
KOKTn— 4+ cc
KtK—70
KtK—n
K+ K= 1/(958)
n’

n'1

rta= K% KOS

KT K= KYKY
KtK-KTK~
KtK=¢
KOKtn~ ¢+ c.c.
KTK— 7%

ot 0

pP

ppr°

PPN
ppw
pPo
ppm
pﬁﬂ.o 70

+r

pp K+ K~ (non-resonant)

PPKELKS
pnm
ﬁmr+
pnmT T
pnrt a0
AA
Art

0

AAxt 7~ (non-resonant)
T (1385)T Am~ + c.c.
>(1385)" Ant + c.c.

KTPA + cc

KT PpA(1520) + c.c.

/\(1520)/\(1520)
F0x0
TtE-

X (1385)*F £(1385)~
X (1385)~ £(1385)*

K=AZt+ cc.
_:0 ?0
:—*E?+

(48 +£1.3 )x1074
(50 +1.8 )x107%
(5.4 £04 )x1074
( 1.01+0.06) x 103
(52 +04 )x10~4
( 1.44+0.21) x 1074
( 1.24+0.27) x 1074
( 1.4840.12) x 10~3
( 1.2440.17) x 1073
(52 +£08 )x10~4
(56 +21 )x1074
( 1.2940.34) x 10—3
(1.8 +0.6 )x 1073
( 1.28+0.18) x 1073
(3.0 +08)x1074

< 32 x 1074

1.9440.34) x 1074
22 405 )x 1070
46 +06 )x 1075
22 405 )x 1073

< 4 x 104

( 1.6540.20) x 10~3
( 1.42+0.29) x 103
(48 +0.7)x1073
(27 +05)x1073
(93 +1.2)x1074
(7.33+0.33) x 107
(47 +04 )x1074
( 1.74+0.25) x 104
(36 +04 )x1074
(2.8 +09 )x107>
( 1.32+0.34) x 1073
(78 +23 )x1074
( 1.9140.32) x 10~4

< 179 x 104

(85 +£09 )x10~4
(89 +0.8)x1074
(2.17+0.18) x 10~3
(211+0.18) x 103
( 1.8440.15) x 10~4
( 1.2540.15) x 10—3
(66 £15)x1074

< 4 x 104
< 6 x 104

(78 +05)x10~4
(28 407 )x107%
(46 £1.5)x10~%

< 6 x 1075
< 7 x 1075
< 16 x10~4
< 8 x 107

( 1.7640.32) x 10~4

< 1.0 x 104

( 1.42+0.32) x 1074

90%

90%

90%

90%
90%

90%
90%
90%
90%

90%

1724
1636
1692
1708
1707
1627
1627

1444

1276

1530
1685
1686
1592
1488
1600
1498
1655
1418
1421
1468
1416
1419
1603
1510
1465
1285
1152
1002
1410
1414
1013
1007
1463
1463
1411
1411
1384
1255
1255
1192
1192
1236

992

923
1319
1322
1118
1118
1004
1197
1189
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J/p(1S) 7t a0 < 15 % 90% 185
70ne < 32 x 103 90% 511
nc(1S)nt n~ < 54 x 1073 90% 459
Radiative decays
7J/w(15) (19.0 £05 )% 430
0 < 19 x 1073 90% 1694
Yw < 6 x 1076 90% 1692
vé <7 x 1076 90% 1632
( 2.8540.10) x 10~4 1778
ete™J/P(1S) (2.37+0.16) x 1073 430
1¢(25) 16(PC) =0t (0~ )
Quantum numbers are quark model predictions.
Mass m = 3637.6 + 1.2 MeV (S =1.2)
Full width I = 11.3732 MeV
P
n¢(2S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
KKm (1.9+1.2) % 1729
KKn (5 +4 )x1073 1637
KTK=atn= 0 (1.4£1.0)% 1667
vy (1.9+1.3) x 1074 1819
~vJ/9¥(1S) < 14 % 90% 500
7t a7 n(1S) <25 % 90% 538
See Particle Listings for 13 decay modes that have been seen / not seen.
¥(25) 16UPCYy =0—(1— )
Mass m = 3686.097 £+ 0.025 MeV (S = 2.6)
Full width ' = 294 + 8 keV
lee = 2.33 £ 0.04 keV
Scale factor/ p
¥(25) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
hadrons (97.85 +0.13 ) % -
virtualy — hadrons (173 £0.14 )% S=1.5 -
g8g (106 +16 )% -
Y88 (1.03 £0.29 )% -
light hadrons (15.4 +£15 )% -
ete~ (7.93 £0.17 ) x 1073 1843
wtp (80 +06 )x1073 1840
- (31 +04 )x1073 489
Decays into J/+(1S) and anything
J/4(1S) anything (614 £06 )% -
J/(1S) neutrals (25.37 +£0.32 )% -
J/(1S) 7t r— (34.67 +0.30 ) % 477
J/(18) 70 =0 (18.23 +0.31 ) % 481
J/¥(1S)n (13.37 £0.05 )% 199
J/9(18) 70 ( 1.268+0.032) x 103 528
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Hadronic decays
70 he(1P) (86
3(rt )0 (35
2rt 7)) (29
pa(1320) (26
pp . (2.88
ATt A (128
AAr0 < 29
NAn (25
ApKT ( 1.00
/\EK+7T+7T (1.8
AArt (28
AA (381
AZ*tr~+cc ( 1.40
A" nt 4 cc (154
NZO (1.23
S0pK*+ cc ( 1.67
Ity- (232
oz ( 2.35
X (1385)" X(1385) (85
5(1385)~ X (1385)* (85
X (1385)° £(1385)° (6.9
==t (287
z0=0 (23
Z(1530)92(1530)° (52
K=AZt+cc. _ (39
Z(1690)"=F — K- A=+ 4+ (52
e _ _
(1820~ =t — K~ A=+ (1.20
c.C.
K-x%=*+ cc (3.7
-0t (52
Opp (153
N(940)p+ c.c. — 70pp (6.4
N(1440)p+ c.c. — 70pp (73
N(1520)p+ c.c. — 70pp (6.4
N(1535)p+ c.c. — 7%pp (25
N(1650)p+ c.c. — 70pp (38
N(1720)p+ c.c. — 70pp (1.79
N(2300)p+ c.c. — 70pp (26
N(2570)p+ c.c. — 70pp (213
70 £(2100) — «%pp (11
npp (6.0
n1(2100) — npp (12
N(1535)p — npp (4.4
wpp (6.9
opp < 24
" pp (6.0
pam~or C.C. (2.48
par~ w0 (32
2(xt = x0) (48

+1.3
1.6
+1.0
+0.9
+0.10
+0.35

+0.4
+0.14
+0.4
+0.6
+0.13
+0.13
+0.14
+0.24
+0.18
+0.12
+0.09
+0.7
+0.8
+0.7
+0.11
+0.4

+3.2
—-1.2

+0.4
+1.6

+0.32

+0.4
+0.4
+0.07

+1.8
—-1.3

+1.7
—-15

+2.3
—-1.8

+1.0

+1.4
—-1.7

+0.26
—0.70

+1.2
-0.7

+0.40
-0.31

+0.4
+0.4
+0.4
+0.7
+2.1

+0.4
+0.17
+0.7
+15

x 10~4
x 1074

)
)
)
) x 1073

S=4.7

CL=90%

S=1.1
S=4.2

S$=2.5

CL=90%

85
1746
1799
1500
1586
1371
1412
1197
1327
1167
1346
1467
1376
1379
1437
1291
1408
1405
1218
1218
1218
1284
1291

1025
1114

1060
774
1543
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nrta~ < 16 x10~4  CL=90% 1791
nrta— w0 (95 +17 )x10~% 1778
2Aznta7)n (12 +06 )x1073 1758
W atax0 (45 +21 )x10~4 1692
wrta~ (73 +12 )x1074 s=2.1 1748
bfn¥ (40 +06 )x10~%  S=11 1635
by 70 (24 +06 )x10~4 -
wh(1270) (22 +04 )x1074 1515
a0r0 K+t K~ (26 +13 )x10~4 1728
atr Kt K™ (73 +05 )x1074 1726
00 KY KO (13 +05 )x1073 1726
P KT K= (22 +04 )x10~4 1616
K*(892)0 K3(1430)° (19 +05 )x1074 1418
KtK=ata=n (13 +£07 )x1073 1574
KtK=2(zt 7)) 70 (1.00 +£0.31 ) x 1073 1611
KTK=2(rt77) (1.9 +09 )x1073 1654
K1(1270)F KF (1.00 +£0.28 ) x 103 1581
K KQat o™ (22 +04 )x1074 1724
P pp (50 +22 )x1075 1252
Kt K*(892)%7~ + c.c. (67 +25 )x1074 1674
2nt ) (24 406 )x1074 S=22 1817
POrtr— (22 +06 )x104 S=14 1750
KtK=rta— a0 (1.26 £0.09 ) x 1073 1694
why(1710) - wKT K~ (59 422 )x1075 -
K*(892)°K—ntx0 + c.c. (86 +22 )x104 -
K*(892)t K~ ntn~ + cc. (9.6 +28 )x10~4 -
K*(892)t K= p% + c.c. (73 +26 )x1074 -
K*(892)0 K~ pT + c.c. (61 +18 )x10~4 -
nKt K=, no no (31 +£04 )x107° 1664
wKT K~ (1.62 £0.11 ) x 104 S=1.1 1614
wK*(892)t K~ + c.c. (207 £0.26 ) x 1074 1482
wK35(1430)T K™+ cc. (61 +12 )x107> 1253
wK*(892)° KO (1.68 +£0.30 ) x 10~4 1481
wK3(1430)0 KO (58 +22 )x1075 1251
wX(1440) » wKK- 7+ cc. (16 +04 )x107° -
wX(1440) — wKT K~ 70 (1.09 £0.26 ) x 105 -
wf(1285) - wKIK~ 7T+ cc. (30 +10 )x10~6 -
wfi(1285) — wKT K70 (12 07 )x1076 -
3(ntn) (35 +20 )x1074 S=2.8 1774
pprta— a0l (73 +07 )x10~4 1435
Kt K~ (75 +05 )x107° 1776
K% K9 (534 £0.33 )x 1075 1775
at a0 (201 £0.17 )x 1074 S=1.7 1830
p(2150)7 — 7t7a~ a0 (19 32 )x10-4 -
p(770)7m — 7ta= a0 (32 12 )x1075  s=18 -
atr~ (7.8 +26 )x1076 1838
Kq(1400)* KF < 31 x1074  CL=90% 1532
K3(1430)* KF (71 33 )x1075 -
KT K= 0 (4.07 £0.31 ) x 1075 1754
K2 K970 < 30 x10™4  CL=9%0% 1753
K3 KOy (13 +05 )x10~3 1661
KT K*(892)~ + c.c. (29 +04 )x107° S=1.2 1698
K*(892)0 K%+ c.c. (1.09 £0.20 ) x 104 1697
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ont (118
¢%(980) — wta~ (75
2(KTK™) (63
dKT K~ (7.0
2Kt K—)x0 (110
on ( 3.10
on (31
wn (32
wnl (21
o’ (19
pn (22
wn < 11
¢l < 4
7]C7r+ a0 < 1.0
pPKT K~ (27
AnK%+ cc (81
¢f’2(1525) (4.4
©(1540) ©(1540) — < 88
KYpK~n+cc
O(1540)K~7 — KipK~n < 1.0
O(1540) KD — KLpK*n < 70
O(1540)K*n — KipK+tn < 26
O(1540)K%p — KipK—7 < 6.0
K2KY < 46
Radiative decays
YXco(1P) (979
YXc1(1P) (9.75
Yxea(1P) (952
Tnc(15) (34
711¢(25) (7
0 (1.0
vn'(958) (124
~1,(1270) (273
7f(1370) — yKK (31
~ f5(1500) (92
v 15(1525) (33
v (1710) —» y77 (35
vH(1710) — YK K (66
~vf(2100) — y7w (48
7£(2200) - yKK (32
~vf;(2220) — ~77 < 58
7£(2220) — YKK < 95
vy < 15
T (92
A/7]71'Jr T (87
vn(1405) — yKKm <9
yn(1405) — nrta~ (36
yn(1405) — ~1£(980)70 — < 50
Yyt
yn(1475) - KK~ < 14
yn(1475) — nrta~ < 8.8

y2(nt ) (40

+0.26
+3.3
+1.3
+1.6
+0.28
+0.31
+1.6

+2.5
-21

+0.6

+1.7
—-1.2

+0.6

+0.7
+1.8
+1.6

+0.20
+0.24
+0.20
+0.5
+5
+0.22
+0.04

+0.29
—-0.25

+1.7
+1.9
+0.8
+0.6
+0.7
+1.0
+1.0

+1.8
+2.1

+25

+0.6

x 1074
x 1075
x 1075
x 1070
)x 1074
) x 1073
)x 107

) x 1073
) x 1073
) x 1075
) x 1075
x 1075
x 107
x 1073
) x 107
) x 107
) x 107
x 106

x 1075
x 1076
x 1075
X 1076
x 1076

XXX

x 1073
x 10~4
X 1076
x 10~4

x 1074

x 1079
x 1075
) x 1073
) x 107
) x 1075
) x 10~6
) x 10—6

x 10—6

x 1076

x 10~4
) x 107
) x 104

x 1075
) x 107
x10~7

[N R NN AN NN NS

x 1074
x 1072
) x 1074

S=1.5
S=1.6

S=1.1
CL=90%
CL=90%
CL=90%

CL=90%

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

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

1690

1499
1546
1440
1654
1555

1623
1757
1625

1717
1715
1699

512
1118
1324
1321

261
171
128
635
48
1841
1719

1622

1588
1536
1528

1244
1193
1168
1168
1843
1802
1791
1569

1817
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YKOK+ ™+ cc. (37 +£09 )x1074 1674
v K*OK*0 (24 +07 )x10~% 1613
TKIK*tn~+ cc (26 +05 )x1074 1753
yKtTK—ntn— (1.9 +05 )x1074 1726
YppP (3.9 +05 )x107° $=2.0 1586
7v£(1950) — ~vpp (120 £0.22 ) x 1075 -
vH(2150) — ~pP (72 +18 )x107© -
X (1835) — ~vpP (46 18 )x1076 -
¥X — vpP [vvaa] < 2 x1076  CL=90% -
yrta = pp (28 +£14 )x107° 1491
YAt T )KT K™ < 22 x1074  CL=90% 1654
y3(rt7T7) < 17 x 104 CL=90% 1774
YKTK=KtK— < 4 x1075  CL=90% 1499
yyd/ (31 *10 )x10—? 542
ete xco(1P) (1.06 £0.24 )x 1073 261
ete xa(1P) (85 +06 )x10~4 171
et e xeo(1P) (70 +08 )x104 128
Weak decays
Doete 4 cc < 14 x10~7  CL=90% 1371
Other decays
invisible < 16 % CL=90% -
¥(3770) 16(JPCY =0—1— )
Mass m = 3773.13 + 0.35 MeV (S = 1.1)
Full width ' = 27.2 £ 1.0 MeV
lee = 0.262 & 0.018 keV (S = 1.4)
In addition to the dominant decay mode to DD, +(3770) was found to decay
into the final states containing the J/+» (BAI 05, ADAM 06). ADAMS 06 and
HUANG 06A searched for various decay modes with light hadrons and found a
statistically significant signal for the decay to ¢n only (ADAMS 06).

Scale factor/ p
¥(3770) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
DD 3 & % 5=2.0 286

pODO G2 )% $=2.0 286

Dt D~ (41 +4 )% $=2.0 252
J/prta— ( 1.9340.28) x 10—3 560
J/¢p7070 (8.0 £3.0 )x10~4 564
J/vn (9 +4 )x1074 360
J/pm0 < 28 x10~%  CL=90% 603
ete™ (9.6 £0.7 ) x 1070 S=1.3 1887

Decays to light hadrons

by(1235)7 < 14 x 1073 CL=90% 1683
o' < 7 x10~4 CL=90% 1607
wn' < 4 x 1074 CL=90% 1672
O < 6 x107%  CL=90% 1674
on (31 +£07 )x10~4 1703
wn < 14 x 1073 CL=90% 1762
On <5 x107%  CL=90% 1764
om0 < 3 x 105 CL=90% 1746
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UJTI‘O

at a0
p
K*(892)* K~ + c.c.
K*(892)° KO+ c.c.
KS K]
2(rt )
2rt )70
2(rt = x0)
watr™
3(nta)
3(rt )0
3(rt77)2n0
7]71""71'7
at o270
p07r+7r7
n3m
n2(rt77)
npdmt ™
7' 3
KtTK=atzn~
ontn~
K+ K=2r0
4(nt7)
4(rt a0
$1(980)
KTtK=ata= a0
Kt K= p0x0
KtK=ptna~
wKt K-
ot 0
KOK=nt20%+ cc.
K*TK=atr~+ cc.
Kt K= 7t 7= 270
KT K=2(xt77)
KtK=2(zt7)a0
nKt K=
nKtK—rta—
PKTK—
2AKTK™)
OKT K~
2AKTK™)n0
AKT K )nt ™
KiK= 7t
KOS K=t 70
KAK=p*
KOS K= 2nt7~
Kgs K7 ﬂ:po
KsK™n"n
KOS K= 2ntn— o0
K% K= 2rt7n
KYK=at2(rtnm)
K% K~ nt2n0
KIK= Kt K=t

ANANNNANNANNANNNANNANNANNANNANANANNANNANNANNANNANANNNANANNNANANANANANNNANNNANNNANANNNANNNNNNANNNNNA

1.4
1.2
1.2
1.12
1.06
5.85
6.0
9.1
1.37
11.74
1.24
8.9
6.9
1.34
2.43
1.45
2.44
9.0
4.1
4.2
1.67
3.06
4.5
2.36

1.46
3.4
3.8
1.62
3.23
2.67
1.03
3.60
4.1
1.24
5.0
6.0
7.5
2.9
3.2
3.2
1.33
6.6
8.7
1.6
1.3
4.18
4.8
1.22
2.65
4.9

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

1803
1874
1804
1745
1744
1820
1861
1843
1821
1794
1819
1792
1760
1836
1862
1796
1824
1804
1708
1740
1772
1737
1774
1757
1720
1597
1741
1624
1622
1664
1722
1693
1692
1705
1702
1660
1712
1624
1665
1552
1598
1493
1425
1799
1773
1664
1739
1621
1669
1703
1570
1658
1742
1490
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K K=Kt K= ntal < 30 % CL=90% 1427
K K= KtK=ntq < 22 % CL=90% 1214
KoK= 7t + c.c. < 97 x1073  CL=90% 1722
ppr° < a x1075  CL=90% 1595
pprta~ < 58 x 10—4 CL=90% 1544

A < 12 x10~4 CL=90% 1521
pprt a0 < 185 x1073  CL=90% 1490

wpp < 29 x10~4 CL=90% 1309

NATD < 7 x1075  CL=90% 1468
pp2(rt ) < 26 x 1073 CL=90% 1425
npp < 5.4 x 104 CL=90% 1430
npprt o~ < 33 x 1073 CL=90% 1284
" pp < 17 x10~3  CL=90% 1313
pPKT K™ < 32 x 1074 CL=90% 1185
nppKT K~ < 69 x 1073 CL=90% 736
O ppKt K~ < 12 x10~3  CL=90% 1093
opp < 13 x 1074 CL=90% 1178
AMat g~ < 25 x 10~4 CL=90% 1404
ApKT < 2.8 x10~4 CL=90% 1387
ApKtatn™ < 63 x 104 CL=90% 1234
AAn < 1.9 x 1074 CL=90% 1262
rty- < 10 x 104 CL=90% 1464
>030 < 4 x 1075 CL=90% 1462
=t=- < 15 x 104 CL=90% 1346
z0=0 < 14 x10~4 CL=90% 1353

Radiative decays

VX2 < 6.4 x10~4 CL=90% 211
YXecl ( 2.4940.23) x 1073 253
YXco (6.9 +0.6 )x1073 341
Ve < 7 x 1074 CL=90% 707
e (25) <9 x 1074 CL=90% 133
v < 18 x 104 CL=90% 1765
n < 15 x 1074 CL=90% 1847
0 < 2 x10~4  CL=90% 1884

1(3823) 1I6(JPCy =0—(2— )

I, J, P need confirmation.
Mass m = 3822.2 + 1.2 MeV
Full width ' < 16 MeV, CL = 90%
Xc1(3872) 16(PC) =0t tT)

Mass m = 3871.69 + 0.17 MeV
mXC1(3872) — mJ/w =775 + 4 MeV
Full width ' < 1.2 MeV, CL = 90%

Xc1(3872) DECAY MODES Fraction (T';/T) p (MeVjc)
ata= J/(1S) > 3.2% 650
wJ/Y(1S) > 23% T
DO DO 70 >40 % 117

D+ po >30 % 3
v/ >7 x1073 697
v(2S) >4 % 181
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See Particle Listings for 3 decay modes that have been seen / not seen.

Z.(3900)

IG(_/PC) — 1+(1 + *)

Mass m = 3886.6 + 2.4 MeV (S = 1.6)
Full width I = 28.2 4+ 2.6 MeV

X(3915)

16UPCYy =0t @or2t )

Mass m = 3918.4 + 1.9 MeV

Full width ' = 20 £ 5 MeV

S

Xc2(3930)

IG(JPC) — 0+(2+ +)

Mass m = 3927.2 + 2.6 MeV
Full width ' = 24 4+ 6 MeV

X(4020)

IG(JPC) — 1+(??—)

Mass m = 4024.1 + 1.9 MeV

Full width T =13 £ 5 MeV (S = 1.7)

1)(4040) (o]
Mass m = 4039 + 1 MeV

1I6UPGY =01~ )

Full width I' = 80 £+ 10 MeV

Mee = 0.86 & 0.07 keV

Due to the complexity of the cT threshold region, in this listing, “seen” (“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 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 (M!e)v/c)
ete~ (1.07+0.16) x 10~5 2019

J/prta~ <4 x 1073 90% 794

JJbr0n0 <2 x 1073 90% 797

J/vn (52 0.7 ) x 1073 675

J/p0 <238 x 10—4 90% 823

Jjbrt a0 <2 x 1073 90% 746
Xc17Y < 3.4 x 1073 90% 494
Xc27Y <5 x 1073 90% 454
Xc1m ' mo ™ <11 % 90% 306
Xeam ' <32 % 90% 233
he(1P)mt 7~ <3 x 1073 90% 403
ot~ <3 x 103 90% 1880
Mzt~ <29 x 1074 90% 1578
AAr0 <9 x 105 90% 1636
AAn < 3.0 x10~4 90% 1452
sty- <13 x 1074 90% 1632
3030 <7 %1075 90% 1630
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=t=- <16 x 1074 90% 1527
Z0=0 <18 x 104 90% 1533
See Particle Listings for 13 decay modes that have been seen / not seen.
Xc1(4140) 16(UPCY = o1 + )
Mass m = 4146.8 + 2.4 MeV (S =1.1)
Full width T = 2278 Mev (S = 1.3)
¥(4160) @] 16UPCY = 0—a1— )
Mass m = 4191 + 5 MeV
Full width ' = 70 + 10 MeV
Mee = 0.48 + 0.22 keV
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 20 above
zero, without regard to any peaking behavior in /s or absence thereof. See
mode listing(s) for details and references.
P
¥ (4160) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete™ (6.9 £3.3) x 1076 2096
J/prta— <3 x 1073 90% 919
J/pm0n0 <3 x 1073 90% 922
J/pKY K™ <2 x 10~3 90% 407
J/yn <8 x 1073 90% 822
J /a0 <1 x 103 90% 944
J/bn <5 x 1073 90% 457
Jjpat a0 <1 x 1073 90% 879
P(S)mt 7™ <4 x 1073 90% 396
Xc1Y <5 x 1073 90% 625
Xc2Y <13 % 90% 587
Xaam T <2 x 1073 90% 496
Xc2 atr— <8 x 1073 90% 445
he(LP)mt 7~ <5 x 1073 0% 556
he(1P) w0 =0 <2 x 1073 90% 560
he(1P)n <2 x 1073 90% 348
he(1P) 70 <4 x 1074 90% 600
omta™ <2 x 1073 90% 1961
vXc1(3872) — ~yJ/prta— < 6.8 x 1075 90% -
vX(3915) — ~yJ/yprt T <136 x 104 90% -
vX(3930) — ~yJ/p7t T <118 x 1074 90% -
vX(3940) — ~yJ/p7t T < 1.47 x10~4 90% -
Yxc1(3872) — vy J/y < 1.05 x 1074 90% -
Y X(3915) — yyJ/¢ < 1.26 x 10~4 90% -
vX(3930) — yvJ/¢ <88 x 1075 90% -
vX(3940) — yvJ/¢ < 1.79 x 1074 90% -

See Particle Listings for 15 decay modes that have been seen / not seen.
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1(4260) 1I6PCy =0—1— )

Mass m = 4230 +£ 8 MeV (S = 2.9)
Full width ' = 55 £ 19 MeV (S = 4.4)

Xc1(4274) 16UPC) =0ttt

Mass m = 4274f2 MeV
Full width ' = 49 4+ 12 MeV

1(4360) 16UPCYy =0—(1— )
I needs confirmation.
1(4360) MASS = 4368 + 13 MeV (S = 3.7)
1(4360) WIDTH = 96 + 7 MeV

1(4415) [xxaa] IG(JPC) =0"(177)

Mass m = 4421 + 4 MeV
Full width ' = 62 4+ 20 MeV
[ee = 0.58 £ 0.07 keV

Due to the complexity of the cT threshold region, in this listing, “seen” (“not
seen”) means that a cross section for the mode in question has been measured
at effective /s near this particle’s central mass value, more (less) than 20 above
zero, without regard to any peaking behavior in /s or absence thereof. See
mode listing(s) for details and references.

1(4415) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
DO D~ nt (excl. D*(2007)°D0 < 23 % 90% -
+c.c., D*(2010)* D~ +c.c.
DD}(2460) — D°D~nt+cec. (10 +4 )% -
DO D*~ 7t 4c.c. <11 % 90% 926
J/¥m < 6 x 1073 90% 1022
Xc1Y < 8 x 10~4 90% 817
X2 < 4 x 1073 90% 780
ete™ (9.4+3.2) x 107 2210

See Particle Listings for 14 decay modes that have been seen / not seen.

Z.(4430) 16(PCY = 1+(1+ )
I, G, C need confirmation.
Quantum numbers not established.

Mass m = 4478712 Mev

Full width ' = 181 & 31 MeV

1(4660) 16UPCy = 0—(1— )
I needs confirmation.
1(4660) MASS = 4643 + 9 MeV (S = 1.2)

¥ (4660) WIDTH = 72 &+ 11 MeV
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bb MESONS
(including possibly non-qq states)

n6(1S) 16(JPC) =0t (0~ )

Mass m = 9399.0 + 2.3 MeV (S =1.6)
Full width I = 1073 MeV

np(1S) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
whu~ <9x 1073 90% 4698
T <8% 90% 4351
See Particle Listings for 4 decay modes that have been seen / not seen.
T(15) 16UPCY =01~ )
Mass m = 9460.30 £+ 0.26 MeV (S = 3.3)
Full width ' = 54.02 + 1.25 keV
[ee = 1.340 &+ 0.018 keV
Scale factor/ p
T(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ttr= (260 £0.10 ) % 4384
ete~ (238 £0.11)% 4730
wtp= (248 +0.05 )% 4729
Hadronic decays
gg8 (81.7 +£0.7 )% -
Vg8 (22 406 )% -
7'(958) anything (2.94 +£0.24 )% -
J/(1S) anything (54 +04 )x1074 S=1.4 4223
J/(1S)ne < 22 x1076  CL=90% 3623
J/¥(1S) xco < 3.4 x107%  CL=90% 3429
J/(1S) xc1 (39 +12 )x107° 3382
J/9%(1S) X2 < 14 x1076  CL=90% 3359
J/9(1S)nc(25) < 22 x 1076  CL=90% 3317
J/¥(15) X (3940) < 54 x107®  CL=90% 3148
J/¥(1S) X (4160) < 54 x1076  cL=90% 3018
X(4350) anything, X — < 81 x1076  CL=90% -
J/6(15) 6
Z.(3900)* anything, Z, — < 13 x1075  CL=90% -
J/9p(1S) 7+
Z,(4200)* anything, Z. — < 6.0 x107%  CL=90% -
J/p(1S) 7+
Z.(4430)* anything, Z. — < 49 x1075  CL=90% -
J/w(1S)nE
X% anything, X — J/vK* < 57 x10~6  CL=90% -
Xc1(3872) anything, xc1 — < 95 x1076  CL=90% -
J/w(AS)nt 7~
1¥(4260) anything, » — < 38 x107°%  CL=90% -
J/p(AS)nta~
1¥(4260) anything, © — < 75 x1076  CL=90% -

J/p(1S) K+ K=
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Xc1(4140) anything, xc — < 52
J/(15)¢
Xco anything < 4
Xc1 anything (1.90
Xc1(1P) Xietra < 3.78
Xc2 anything (28
(2S) anything (1.23
»(2S)ne < 36
Q/J(QS)XCO < 6.5
¥(2S)xc1 < 45
P(2S) xc2 < 21
»(25)nc(2S) < 32
¥ (25) X (3940) < 29
¥(25) X(4160) < 29
1(4260) anything, ) — < 79
P(2S)mt
1(4360) anything, ) — < 52
P(2S) Tt~
1(4660) anything, 1 — < 22
P(2S) T~
X(4050)* anything, X — < 88
»(28)7E
Z,(4430)* anything, Z, — < 67
1/)(25)7ri
p < 3.68
wnd < 3.90
ata~ <5
Kt K= <5
pp <5
at o 70 (21
dKT K™ (24
wrta~ (45
K*(892)° K~ nt + c.c. (44
¢} (1525) < 163
wfh(1270) < 179
p(770) a»(1320) < 224
K*(892)° K3(1430)° + c.c. (30
Ky (1270)* KF < 241
Ky (1400)F KF (10
by (1235)E o F < 125
atr= 70x0 (128
KOKt 7=+ cc (16
K*(892)° KO+ c.c. (29
K*(892)~ Kt + c.c. < 11
f1(1285) anything (46
D*(2010)* anything (252
£1(1285) Xietra < 624
2H anything (285
Sum of 100 exclusive modes
Radiative decays
’\/7r+ T (63
'y7r07r0 (17
y0n < 24
yKTK™ (1.14

x 106

x 1073
+0.35 ) x 1074
x 1075
+0.8 )x 1074
+0.20 ) x 1074
x 1070
x 10~
x 1076
x 1076
X 1076
x 10~
x 1076
x 1075

x 1075

x 1075

+0.8 )
+05 )
+1.0 )x 1076
+08 )

+0.8 )x 1076

+04 )x 1076

x 1076
+0.30 ) x 1075
+04 )x1076
+0.9 )x1076

x 106
+31 )x1073
+0.20 ) %

x 107>
+0.25 ) x 1079

( 1.20040.017) %

+1.8 )x 1075
+0.7 )x107°

x 106
4+0.13 ) x 1073

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%

4728
4728
4713
4704
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PP [zzaa] < 6 x1076  CL=90% 4636
~2ht2h~ (70 +15 )x1074 4720
~v3ht3h~ (54 +20 )x1074 4703
~4ht4h~ (74 +35 )x1074 4679
yrtam Kt K= (29 +£09 )x10~4 4686
yorton~ (25 +09 )x104 4720
~v3rt 37~ (25 +12 )x1074 4703
yortonT Kt K™ (24 +12 )x1074 4658
yrtn~ pp (15 +06 )x10~4 4604
~v2rt2n~ pp (4 +6 )x107° 4563
y2K+ 2K~ (20 +£20 )x1075 4601
vn'(958) < 19 x1076  CL=90% 4682
0 < 1.0 x1076  CL=90% 4714
v 1,(980) < 3 x107%  CL=90% 4678
v f5(1525) (38 +09 )x107° 4607
~v5(1270) ( 1.01 +£0.09 ) x 104 4644
yn(1405) < 82 x1075  CL=90% 4625
~ fo(1500) < 15 X107  CL=90% 4611
v (1710) < 26 x1074  CL=9%0% 4573
YfR(1710) — YKT K~ < 7 x1076  CL=90% -
£ (1710) — 7070 < 14 x1076  CL=90% -
vf(1710) — ~ynn < 18 x107%  CL=90% -
~14(2050) < 53 x107%  CL=90% 4515
7£(2200) — YK+t K~ < 2 x1074  CL=90% 4475
vf(2220) — vKt K~ < 8 x1077  CL=90% 4469
vf(2220) — yatr <6 x 1077 CL=90% -
vf1(2220) — ~vpp < 11 x1076  CL=90% -
yn(2225) — yo o < 3 x 1073 CL=90% 4469
yne(1S) < 5.7 x1075  CL=90% 4260
YXco < 65 x 1074 CL=90% 4114
TXel < 23 x1075  CL=90% 4079
VX2 < 76 x1076  CL=90% 4062
vxc1(3872) — wtaJ/y < 16 x1070  CL=90% -
Yxc1(3872) = 7t a0/ < 28 %1076 CL=90% -
vX(3915) — wJ/w < 30 x 1076 CL=90% -
Yxc1(4140) — ¢J /Y < 22 x107®  CL=90% -
X [aabb] < 4.5 x1076  CL=90% -
XX (mx < 3.1 GeV) [bbbb] < 1 x1073  CL=90% -
XX (mx < 4.5 GeV) [cchb] < 2.4 x1074  CL=90% -
vX — v+ >4 prongs [ddbb] < 1.78 x1074  CL=95% -
73(1) — 'y/["u’ [eebb] < 9 x1076  CL=90% -
yal — yrtro [yyaa] < 1.30 x 1074 CL=90% -
val - vgg [ffob] < 1 % CL=90% -
yal — 455 [fbb] < 1 %1073 CL=90% -

Lepton Family number (LF) violating modes
pErF LF < 6.0 x1076  CL=095% 4563
Other decays
invisible < 3.0 x10~%  CL=90% -
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Xo0(1P) (%

IG(JPC) — 0+(0 + +)
J needs confirmation.

Mass m = 9859.44 + 0.42 + 0.31 MeV

Xpo(1LP) DECAY MODES Fraction (T';/T) Confidence level (Mf:V/c)
v T(1S) (1.94£0.27) % 391
DOXx <104 % 90% -
ata Kt K70 < 16 x 1074 90% 4875
2rt K= KY <5 x 1075 90% 4875
2t~ K~ K% 2x0 <5 x 1074 90% 4846
27t 27~ 270 < 21 x 1074 90% 4905
2rt2n T Kt K~ (1.1 +06 )x10~4 4861
ortor= Kt K= 70 < 27 x 10—4 90% 4846
2rtor— Kt K= 270 <5 x 1074 90% 4828
3rt2r” K~ K% n® < 16 x10~4 90% 4827
3rt3n~ < 8 x 1075 90% 4904
3at3n— 270 < 6 x 104 90% 4881
3rt3r" KT K™ (24 +12)x1074 4827
3rt3nr~ Kt K= 0 < 10 x 1073 90% 4808
4rtan— < 8 x 107 90% 4880
47t 47— 270 < 21 x 1073 90% 4850
J/Jd /Y < 7 x 1072 90% 3836
J/(25) < 12 x 1074 90% 3571
P(25)9(2S) < 31 x 107> 90% 3273
J/4(1S)anything < 23 x 1073 90% -

Xbl(lP) [ggbb] IG(JPC) — 0+(1 + +)

J needs confirmation.
Mass m = 9892.78 + 0.26 + 0.31 MeV

Xxp1(1P) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
v T(1S) (35.0 £2.1) % 423
DO X (12.6 +£2.2) % -
atrKtK—x0 (2.0 +£0.6) x 1074 4892
2t ™ K= KS (1.3 +05)x 1074 4892
ortn” K~ K2 2x0 < 6 x 104 90% 4863
21t 27~ 270 (80 +25)x 1074 4921
ontor~ Kt K™ (15 +£05) x 10~4 4878
ortor— Kt K= 70 (35 +1.2)x 1074 4863
2t o= Kt K~ 20 (86 +£3.2)x 1074 4845
3rton= K~ K%n0 (9.3 +£3.3)x 1074 4844
3rt3n~ (1.9 +0.6) x 1074 4921
3nt3r~ 270 (17 +05)x 1073 4898
3rt3r~ Kt K~ (26 +0.8) x 1074 4844
3rt3r~ Kt K= 0 (7.5 +2.6) x 1074 4825
4nt4r— (26 +£0.9) x 1074 4897
47t 47— 270 (1.4 +0.6)x 103 4867
wanything (49 £1.4)% -

W Xietra < 4.44 x 1074 90% -
J/pd/w < 27 x 1075 90% 3857
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J/(2S) < 17 x 107> 90% 3594
$(25)¥(2S) < 6 x 1073 90% 3298
J/¥(1S) anything < L1 x 1073 90% -
J/Y(1S) Xietra < 2217 x 1074 90% -
hp(1P) 16(JPCY =271+ )
Mass m = 9899.3 + 0.8 MeV
hp(1P) DECAY MODES Fraction (I';/T) p (MeVjc)
n6(1S)y 5278 % 488
Xb2(1P) lee] 16(JPC) = 02+ )
J needs confirmation.
Mass m = 9912.21 + 0.26 + 0.31 MeV
p
Xxp2(1P) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
~v T(1S) (18.8+1.1) % 442
DOX < 79 % 90% -
atr  KtK— =0 (8 £5 )x10~5 4902
27t 7~ K= KY < 1.0 x 10—4 90% 4901
ortn™ K= KZ2r0 ( 5.3+£2.4) x 104 4873
27t 27~ 270 ( 3.5+1.4) x 10~4 4931
ontor Kt K™ (1.1+0.4) x 10~4 4888
ortor~ Kt K= 70 ( 2.14£0.9) x 10~4 4872
2rt 2= Kt K= 270 (3.941.8) x 10~4 4855
3rton™ K~ K=l <5 x 1074 90% 4854
3rt3n~ (7.0£3.1) x 1075 4931
37t 37~ 270 (1.0+£0.4) x 10~3 4908
3rt3n KT K™ < 8 x 1075 90% 4854
3rt 3~ Kt K= 70 (3.6+1.5) x 1074 4835
4ntan— (8 +4 )x1075 4907
47t 47— 270 (1.840.7) x 10~3 4877
J/d /v < 4 x 1073 90% 3869
J/(2S) <5 x107° 90% 3608
$(2S5)9(2S) < 16 x 1075 90% 3313
J/¥(1S) anything (1.54+0.4) x 1073 -
T(25) 16UPCY =01 )
Mass m = 10023.26 £ 0.31 MeV
m'r(35) — mT(zs) = 331.50 £+ 0.13 MeV
Full width ' = 31.98 + 2.63 keV
Fee = 0.612 £ 0.011 keV
Scale factor/ p
T(2S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
TAS)nt 7~ (17.85+ 0.26) % 475
T(1S)7%x° (86 £ 04)% 480
- (2.00+ 0.21) % 4686
wtp= (1934 0.17) % s=22 5011
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ete™ (1914 0.16) %
T(1S)x° < 4 x 1073
T(1S)n (29 + 04 )x1074
J/9(1S) anything < 6 x 1073
J/(1S)n¢ < 54 x 106
J/9%(18) xco < 34 x 1076
J/(18) X1 < 12 x 106
J/Y(1S) xc2 < 20 x 106
J/¥(1S)nc(2S) < 25 x 1076
J/¥(15) X(3940) < 20 x 1076
J/¥(15) X (4160) < 20 x 1076
Xc1anything (22 +05)x1074
Xc1(1P) Xietra < 367 x 1075
Xc2anything (23 + 08 )x1074
»(2S)n¢ < 51 x 1076
¥(25) xco < 47 x 1076
¥(2S) xc1 < 25 x 106
¥(25)Xc2 < 19 x 106
»(2S)nc(2S) < 33 x 1076
¥(25) X(3940) < 3.9 x 1076
$(25) X (4160) < 3.9 x 1076
2H anything (278F 339 %1075
hadrons (94 +11 )%
ggg (588 + 1.2 )%
Y88 (1.87+ 0.28) %
dKT K~ (1.6 + 0.4 )x106
wrtnw < 258 x 106
K*(892)° K~ nt + c.c. (23 + 07 )x1076
¢ 15 (1525) < 133 x 1076
wf(1270) < 5.7 x 1077
p(770) ap(1320) < 88 x10~7
K*(892)° K3(1430)° + c.c. (15 + 06 )x1076
Ky (1270)* K < 322 x 1076
K1(1400)F KT < 83 x 1077
by (1235)E 7 F < 40 x 10~7
pT < 116 x 1076
at a0 < 80 x 107
w7 < 163 x 106
atr= 70x0 ( 1.30+ 0.28) x 10~3
K K7~ + cc. (1.14+ 0.33)x 106
K*(892)0K%+ c.c. < 422 x 106
K*(892)~ Kt + c.c. < 145 x 1076
f,(1285)anything (22 + 1.6 )x1073
11(1285) Xietra < 6.47 x 1072
Sum of 100 exclusive modes ( 290+ 0.30) x 10~3
Radiative decays
X1 (1P) (69 +04)%
Yxp2(1P) (7.15+ 035) %
Yxpo(1P) (38 £04)%
~fo(1710) < 59 x 104
v 15(1525) < 53 x 1074
v (1270) < 241 x 1074
Y1c(1S) < 27 x 1072

CL=90%

$=2.0
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%

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%

5012
531
126

4533

3984

3808

3765

3744

3706

3555

3440

3732
3536
3488
3464
3422
3250
3118

130
110
162

4864

4896

4930

4567
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YXco < 1.0 x107%  CL=90% 4430
YXel < 36 X107  CL=90% 4397
VX2 < 15 x107%  CL=90% 4381
vXc1(3872) — 7t 7w J/o < 8 x1077  CL=90% -
Yxc1(3872) — 7t a0/ < 24 x1076  CL=90% -
YX(3915) — wJ/ < 28 x1076  CL=90% -
vxc1(4140) — o J/v < 12 x1076  CL=90% -
vX(4350) — ¢J/¢ < 13 x107%  CL=90% -
y1p(1S) (39 + 15)x1074 605
ynp(1S) — ~Sum of 26 exclu- < 37 x107®  CL=90% -
sive modes
X 5 — ~Sum of 26 exclusive < 49 x1076  CL=90% -
modes
yX — ~+ >4 prongs < 195 x 1074 CL=95% -
~+AY - ~hadrons < 8 x107%  CL=90% -
72(1) — wﬁ';f < 83 x 106 CL=90% -
Lepton Family number (LF) violating modes
errF LF < 32 x10~6  CL=90% 4854
pErF LF < 33 x1076  CL=90% 4854
T2(1D) 16UPCYy =0—(2— )
Mass m = 10163.7 + 1.4 MeV (S = 1.7)
T7(1D) DECAY MODES Fraction (I';/T) p (MeV/c)
atr= T(1S) (6.6+1.6) x 1073 623
See Particle Listings for 3 decay modes that have been seen / not seen.
Xbo(2P) 1£80%) 16(PCy = ottt
J needs confirmation.
Mass m = 10232.5 + 0.4 + 0.5 MeV

xpo(2P) DECAY MODES Fraction (I';/T) Confidence level (Msv/c)
v T(2S) (1.38£0.30) % 207
v T(1S) (38 +1.7 )x 1073 743
DX <82 % 90% -
atr KtK= 70 <34 x 1073 90% 5064
2rtn” K= KY <5 x 1073 90% 5063
27t 7~ K~ K200 <22 x 10~4 90% 5036
2t 2g— 270 <24 x 104 90% 5092
ontor~ Kt K~ <15 x 1074 90% 5050
2rtor~ Kt K= 70 <22 x 10~4 90% 5035
2rt2r= Kt K= 270 <11 x10~3 90% 5019
3rton” K= K3x0 <7 x 104 90% 5018
3nt3n~ <7 x 107> 90% 5091
3rt3n— 270 <12 x 1073 90% 5070
3rt3n~ KtK— <15 x 10~4 90% 5017
3rt3n Kt K= 0 <7 x 1074 90% 4999
4ntan— <17 x 1074 90% 5069
4t ar— 270 <6 x 10~4 90% 5039
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Xp1(2P) 168°")

IG(JPC) =otat

J needs confirmation.
Mass m = 10255.46 + 0.22 + 0.50 MeV

mxbl(2p) — mxbo(zp) = 23.5 + 1.0 MeV
Xp1 (2P) DECAY MODES Fraction (I';/T) p (MeV/c)
wT(1S) (1637330 9% 135
v T(2S) (18 1 +19)% 230
v T(1S) (9.9 £1.0 )% 764
77 xp1 (1P) (91 +1.3)x1073 238
DO X (88 £1.7)% -
tam Kt K70 (31 +£1.0 )x 1074 5075
“K™KY (1.1 £05)x 1074 5075
rta” K= K%2q0 (7.7 £32 )x 1074 5047
21t 27~ 270 (59 +£2.0)x10~4 5104
ontor Kt K™ (10 +4 )x1072 5062
2rtor~ Kt K= 0 (55 +1.8 ) x 104 5047
2rtor— Kt K= 270 (10 +4 )x 1074 5030
3rt2n” K= K% n0 (67 +£2.6 )x 1074 5029
3nt3n~ (12 0.4 )x1074 5103
3nt3r~ 270 (1.2 404 )x 1073 5081
3nt3r~ Kt K™ (2.0 0.8 )x1074 5029
3rt3r~ Kt K= a0 (61 +£22)x 1074 5011
4nt4r— (1.7 £06 ) x 1074 5080
47t 47— 270 (1.9 £07 )x 1073 5051
Xb2(2P) [ggbb] IG(JPC) — 0+(2 + +)
J needs confirmation.
Mass m = 10268.65 + 0.22 + 0.50 MeV
msz(zp) — me(Qp) = 13.10 £+ 0.24 MeV
Xp2(2P) DECAY MODES Fraction (I';/T) Confidence level (M§V/c)
wT(1S) (110733 % 194
v T(25) (8.9 £1.2)% 242
v T(1S) (6.6 £0.8 )% 777
7 xp2(1P) (5.1 £0.9 ) x 1073 229
DOXx <24 % 90% -
Tam Kt K= x0 <11 x 10~4 90% 5082
2rtnm K= KY <9 x 1075 90% 5082
“K~K%270 <7 x 1074 90% 5054
2rt 27~ 270 (3.9 1.6 ) x 1074 5110
ontor Kt K™ (9 +4 )x1075 5068
ort2r= Kt K= 70 (2.4 £1.1 ) x 1074 5054
2rtor— Kt K= 270 (47 £23 )x 1074 5037
3rton” K~ K% n0 <4 x 10~4 90% 5036
3nt3n~ (9 +4 )x1075 5110
37t 37~ 270 (1.2 £0.4 )x 1073 5088
3nt3r Kt K— (1.4 +0.7 ) x10™4 5036
33~ Kt K= 0 (42 £1.7 ) x 1074 5017
4nt4r— (9 +5 )x1073 5087
47t 47— 270 (1.3 £05 )x 1073 5058
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T(35)

1I6JPCy =0—(1— )

Mass m = 10355.2 & 0.5 MeV

mT(35) — mT(zs) = 331.50 & 0.13 MeV
Full width ' = 20.32 + 1.85 keV

[ee = 0.443 £ 0.008 keV

Scale factor/ p
T(3S) DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
T(2S) anything (10.6 + 0.8 )% 296
TES)rt ™ (2.82+ 0.18) % 5=1.6 177
7(25) 7070 (1854 0.14) % 190
T(2S)vy (50 £07)% 327
T(25)7° < 51 x1074  CL=90% 298
TAS)r ( 4.37+ 0.08) % 813
T(1S)7%=° (2204 0.13) % 816
T(1S)n <1 x1074  CL=90% 677
T(18)7° <7 x1075  CL=90% 846
hp(1P) 70 < 12 x1073  CL=90% 426
hp(1P) 70 — ynp(1S)7° (43 £ 1.4 )x1074 -
hp(1P)mt 7™ < 12 x107%  CL=90% 353
ttr= ( 229+ 0.30) % 4863
wtp~ (2.18+ 0.21) % s=2.1 5177
ete ( 2.18+ 0.20) % 5178
hadrons (93 +12 )% -
g88& (357 £ 26 )% -
vgg (97 + 1.8 )x103 -
2H anything (2.33+ 0.33) x107° -
Radiative decays
Yxp2(2P) (131 + 1.6 )% S=3.4 86
vxp1(2P) (126 £ 1.2 )% S=2.4 99
Yxpo(2P) (59 +£06)% S=1.4 122
Yxp2(1P) (9.9 + 1.2 )x103 S=1.9 434
¥xp1(1P) (9 +£5 )x1074 s=18 452
vxbo(1P) (27 + 04 )x1073 484
Ynp(25) < 6.2 x1074  CL=90% 350
ynp(1S) (51 + 07 )x10% 912
¥AY — yhadrons < 8 x1075  CL=90% -
vX — v+ > 4 prongs liibb] < 2.2 x1074  CL=95% -
yal — yptps < 55 x1076  CL=90% -
val = yrtre Liibb] < 1.6 x1074  CL=90% -
Lepton Family number (LF) violating modes
et T LF < 42 x1076  CL=90% 5025
pErF LF < 31 x1076  CL=90% 5025
Xb1(3P) 16UPC =otatt)

Mass m = 10512.1 + 2.3 MeV
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T(4S) 16UPGY =01~ )

Mass m = 10579.4 £+ 1.2 MeV
Full width ' = 20.5 + 2.5 MeV
lee = 0.272 £ 0.029 keV (S = 1.5)

p
T(4S) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
BB > 96 % 95% 326
Bt B~ (51.4 0.6 )% 331
D? anything + c.c. (17.8 +£2.6 )% -
BOBO (486 +£0.6 )% 326
JIWKY + (J/9. ne) KL < 4 x10~7 90% -
non-BB < 4 % 95% -
ete~ ( 1.57+0.08) x 1075 5290
pTpm < 57 x 106 90% 5233
K*(892)0 KO < 20 x 1076 90% 5240
J/¥(1S) anything < 19 x 1074 95% -
D*t anything + c.c. < 74 % 90% 5099
¢ anything (71 £06)% 5240
on < 18 x 1076 90% 5226
o < 43 x 1076 90% 519
on < 13 x 1076 90% 5247
o’ < 25 x 1076 90% 5217
T(1S) anything < 4 x 1073 90% 1053
TAS) 7t 7~ (82 £0.4 )x1075 1026
T(1S)n ( 1.8140.18) x 10~4 924
TES)rt 7™ (82 408 )x107° 468
hp(1P)n (2.18£0.21) x 1073 390
2H anything < 13 x 1072 90% -
Double Radiative Decays

vy T(D) = yynT(1S) < 23 x 1075 90% -

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

Z,(10610) 16(PC) =1t + )
Mass m = 10607.2 = 2.0 MeV
Full width I = 18.4 + 2.4 MeV

2,,(10610) DECAY MODES Fraction (T';/T) p (MeVjc)
TAS)7t (54t1d) 1073 1077
T(S)rt (36108 % 551
T(3S)nt (21108 % 207
hp(1P) 7t (35102 % 671
hp(2P) 7t (47 Hh % 313
B*B* + B**B° (856723) % -

See Particle Listings for 5 decay modes that have been seen / not seen.
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7(10860) 16UPGY =01~ )
Mass m = 10889.9 732 MeV
Full width T = 5178 MeV
Fee = 0.31 £ 0.07 keV (S = 1.3)
p
T(10860) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
BBX (762 T2 )% -
BB ( 55 +£1.0)% 1332
BB* + cc. (137 £1.6 )% -
B*B* (381 £3.4)% 1138
BBW < 197 % 90% 1027
BB _ (00 £1.2)% 1027
B*Bm + BB*r (73 £23)% -
B*B*w (1.0 £1.4)% 756
BBnw < 89 % 90% 574
B(s*)ES‘) (201 £31)% 919
BsBg (5 £5 )x1073 919
BsBy + c.c. ( 1.35+£0.32) % -
B:B: (176 £2.7)% 566
no open-bottom (38 F32)% -
etem (61 £16)x10° 5445
K*(892)0KO < 10 x 1075 90% 5397
TAS)nt 7~ ( 53 £06)x103 1310
TES)rt ™ ( 78 +13)x103 788
T@S)rtn~ (a8 *12yx103 445
TAS)KT K~ (61 +1.8)x104 965
hp(1P) 7t 7™ ( 35 719 yx1073 907
hp(2P) 7t 7~ ( 57 *30yx103 548
xpo(1P) 7wt 7~ =0 < 63 x 1073 90% 899
Xpo(1P)w < 39 x 1073 0% 638
xbo(1P) (7 7~ 71%)non < 48 x10-3 90% -
xp1(1P) 7T 7~ 70 ( 1.85+0.33) x 10~3 865
Xp1(1P)w ( 1.5740.30) x 1073 589
xb1(1P) (7T 7~ 7%)non—w ( 52 +£1.9)x10~4 .
xp2(1P) 7t =70 ( 1.1740.30) x 10~3 846
Xp2(1P)w (6.0 £27)x1074 559
(

Xp2(1P) (7r+7r7 7T0)non—w
¥ Xp — Y T(1S)w

6 +4 )x1074
< 38 x 1075 90%

Inclusive Decays.

These decay modes are submodes of one or more of the decay modes

above.

¢ anything

DO anything + c.c.
Ds anything + c.c.
J/v anything

BO anything + c.c.
Bt anything + c.c.

(138 ¥24 )9
108 +8 )%
46 6 )%
2.06+0.21) %
7 +8 )%
7

(
(
(
(
(72 £6 )%
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7T(11020) 16UPGY =01~ )

Mass m = 10992.9 7130 Mev
Full width I = 4972 Mev
Mee = 0.130 + 0.030 keV

T(11020) DECAY MODES Fraction (I';/T) p (MeV/c)
ete~ 27739y x 1076 5496
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 “Note on 7= — ¢*vy and K* — (v~ Form Factors”
in the # Particle Listings in the Full Review of Particle Physics for
definitions and details.

[b] Measurements of T'(etw,)/I(utv,) always include decays with 7’s,
and measurements of I'(eTvg7y) and [(u*w,~) never include low-
energy «'s. Therefore, since no clean separation is possible, we consider
the modes with «'s to be subreactions of the modes without them, and
let [F(etve) + M(ut Y1/ Ttotal = 100%.

[c] See the 7 Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement; low-energy ~'s are not
included.

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

[e] Astrophysical and cosmological arguments give limits of order 10713,
see the 70 Particle Listings in the Full Review of Particle Physics.

[f] C parity forbids this to occur as a single-photon process.

[g] See the “Note on scalar mesons” in the fy(500) Particle Listings in the
Full Review of Particle Physics. The interpretation of this entry as a
particle is controversial.

[h] See the “Note on p(770)" in the p(770) Particle Listings in the Full
Review of Particle Physics.

[i] The wp interference is then due to wp mixing only, and is expected to
be small. If e universality holds, I'(p° — pTp=) =T(p° — ete)
x 0.99785.

[/] See the “Note on scalar mesons” in the f,(500) Particle Listings in the
Full Review of Particle Physics.

[k] See the “Note on a;(1260)” in the a;(1260) Particle Listings in
PDG 06, Journal of Physics G33 1 (2006).

[1] This is only an educated guess; the error given is larger than the error
on the average of the published values. See the Particle Listings in the
Full Review of Particle Physics for details.

[n] See the “Note on non-gq mesons” in the Particle Listings in PDG 06,
Journal of Physics G33 1 (2006).
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[0] See the “Note on the 1(1405)” in the 1(1405) Particle Listings in the
Full Review of Particle Physics.

[p] See the “Note on the f;(1420)" in the 7(1405) Particle Listings in the
Full Review of Particle Physics.

[qg] See also the w(1650) Particle Listings.

[r] See the “Note on the p(1450) and the p(1700)” in the p(1700) Particle
Listings in the Full Review of Particle Physics.

[s] See also the w(1420) Particle Listings.

[t] See the “Note on fy(1710)” in the fy(1710) Particle Listings in 2004
edition of Review of Particle Physics.

[u] See the note in the K= Particle Listings in the Full Review of Particle
Physics.

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

[x] The definition of the slope parameters of the K — 3 Dalitz plot is as
follows (see also “Note on Dalitz Plot Parameters for K — 3m Decays”
in the KT Particle Listings in the Full Review of Particle Physics):

2 _ 2
M =1+ g(s3 — so)/m%, + -~ .

[v] For more details and definitions of parameters see Particle Listings in

the Full Review of Particle Physics.

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

[aa] Most of this radiative mode, the low-momentum ~ part, is also included
in the parent mode listed without ~'s.

[bb] Structure-dependent part.
[cc] Direct-emission branching fraction.
[dd] Violates angular-momentum conservation.
[ee] Derived from measured values of ¢, oo, |n], |mK(Z — ng|, and
T 0. as described in the introduction to “Tests of Conservation Laws.”
s
[ff] The CP-violation parameters are defined as follows (see also “Note on
CP Violation in Ks — 3x" and “Note on CP Violation in K% Decay”
in the Particle Listings in the Full Review of Particle Physics):
) A(Klz — at717)
Ny = |ny_|etP+- = —— ~ —¢ 4 ¢
* +| A(K% — atza7)
A(K(z — 7070)
AKS — 7%70)
NKY - 7= 0ty) = T(KY — 7t ew)
NKY - 7= 0ty) + T(KY — 7t ew) ’
r(KOS N ﬂ.—+—71.771.O)CP viol.
r(K(Z — atr70)
MK% — 707070)
r(K(Z — 707070) .
where for the last two relations CPT is assumed valid, i.e., Re(ny_¢g) ~
0 and Re(i]goo) ~ 0.

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

100 = 177oo|eid’00 = =e—2¢

2:

Im(n4+—0)

Im(1000)? =



152 Meson Summary Table

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

[ii] Re(€'/e) = €'/e to a very good approximation provided the phases
satisfy CPT invariance.

[if] This mode includes gammas from inner bremsstrahlung but not the
direct emission mode K9 — 7+ 7~ ~(DE).

[kk] See the K% Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[/1] Allowed by higher-order electroweak interactions.

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

[00] See the “Note on f,(1370)" in the f,(1370) Particle Listings in the Full
Review of Particle Physics and in the 1994 edition.

[pp] See the note in the L(1770) Particle Listings in Reviews of Modern
Physics 56 S1 (1984), p. S200. See also the “Note on K»(1770) and
the K»(1820)" in the K,(1770) Particle Listings in the Full Review of
Particle Physics.

[qq] See the “Note on K5(1770) and the K»(1820)" in the K»(1770) Particle
Listings in the Full Review of Particle Physics.

[rr] This result applies to Z% — c¢ decays only. Here £* is an average
(not a sum) of e and u decays.

[ss] See the Particle Listings for the (complicated) definition of this quan-
tity.

[tt] 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.

[uu] These subfractions of the K~ 27" mode are uncertain: see the Particle
Listings.

[vw] Submodes of the DT — K~ 2rt70 and K 27T 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.

[xx] The unseen decay modes of the resonances are included.

[yy] This is not a test for the AC=1 weak neutral current, but leads to the
et e~ final state.

[zz] This mode is not a useful test for a AC=1 weak neutral current because
both quarks must change flavor in this decay.

[aaa] 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.

is value is obtained by subtracting the branching fractions for 2-, 4-

bbb] This value is obtained by subtracting the branching fractions for 2
and 6-prongs from unity.

[ccc] This is  the sum  of our K 2rta—, K 2rnta— a0,
7027T+27T7, KT2K—nt, 2zt on—, 27r+27r77ro, KtK—#xt#x—, and
KT K~ xt 7~ x9, branching fractions.

[ddd] This is the sum of our K~ 37" 27~ and 37" 37~ branching fractions.

[eee] The branching fractions for the K~ et ve, K*(892)~ et ve, 7~ et v,
and p~ et v, modes add up to 6.19 & 0.17 %.

[fff] This is a doubly Cabibbo-suppressed mode.
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[ggg] Submodes of the D — K%7+ =70 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.

[hhh] This branching fraction includes all the decay modes of the resonance
in the final state.

[iif] This limit is for either DO or DO to pe~.

Ljif] This limit is for either D9 or D to pet.
[kkk] This is the purely et semileptonic branching fraction: the et fraction
from 71 decays has been subtracted off. The sum of our (non-7) et

exclusive fractions — an etw, with an n, o/, ¢, K® or K*0 —is
5.99 & 0.31 %.

[/l This fraction includes n from 7’ decays.
[nnn] The sum of our exclusive i’ fractions — ' e ve, 0’ ut vy, ' 7, 0/ o,
and / Kt —is 11.8 + 1.6%.

[0o0] This branching fraction includes all the decay modes of the final-state
resonance.

[ppp] A test for uT or dd content in the Dj. Neither Cabibbo-favored nor
Cabibbo-suppressed decays can contribute, and w — ¢ mixing is an
unlikely explanation for any fraction above about 2 x 10~4.

[qqq] We decouple the DS+ — ¢mT branching fraction obtained from mass
projections (and used to get some of the other branching fractions)

from the Dz' — ¢nt, ¢ — KT K~ branching fraction obtained from
the Dalitz-plot analysis of DY — K*K~zt. Thatis, the ratio of

these two branching fractions is not exactly the ¢ — KT K~ branching
fraction 0.491.

[rrr] This is the average of a model-independent and a K-matrix parametriza-
tion of the 7+ 7~ S-wave and is a sum over several f mesons.

[sss] An ¢ indicates an e or a  mode, not a sum over these modes.

[ttt] An CP(+1) indicates the CP=+1 and CP=—1 eigenstates of the DO-
DO system.

[uuu] D denotes D® or DO,

[vwv] D%, decays into DO 0 with the DO reconstructed in CP-even eigen-
states KT K~ and 7t 7.

[xxx] D** represents an excited state with mass 2.2 < M < 2.8 GeV/c?.

[yyy] xc1(3872)* is a hypothetical charged partner of the x 1 (3872).

[zzz] ©(1710)** is a possible narrow pentaquark state and G(2220) is a
possible glueball resonance.

[aaaa] (A7 p), denotes a low-mass enhancement near 3.35 GeV/c2.

[bbaa] Stands for the possible candidates of K*(1410), K{;(1430) and
K35(1430).

[ccaa] B® and BY contributions not separated. Limit is on weighted average
of the two decay rates.

[ddaa] This decay refers to the coherent sum of resonant and nonresonant JP
=01 K components with 1.60 < mg < 2.15 GeV/c2,

[eeaa] X(214) is a hypothetical particle of mass 214 MeV/c? reported by the
HyperCP experiment, Physical Review Letters 94 021801 (2005)

[ffaa] ©(1540)" denotes a possible narrow pentaquark state.
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[ggaa] Here S and P are the hypothetical scalar and pseudoscalar particles
with masses of 2.5 GeV/c? and 214.3 MeV/c?, respectively.
[hhaa] These values are model dependent.
[iiaa] Here “anything” means at least one particle observed.
[jjaa] Thisis a B(B® — D*~¢tu) value.
[kkaa] D** stands for the sum of the D(1 1P;), D(13Py), D(13P;), D(13%P,),
D(21Sp), and D(21S;) resonances.
[laa) D)D) stands for the sum of D*D*, D*D, DD*, and D D.
[nnaa] X(3915) denotes a near-threshold enhancement in the wJ/t¢ mass
spectrum.

[ooaa] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

[ppaa] 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.

[rraa] For E, > 100 MeV.

[ssaa] Includes ppnt 7~ v and excludes ppn, pPw, pp7 .

[ttaa] For a narrow state A with mass less than 960 MeV.

[uuaa] For a narrow scalar or pseudoscalar A? with mass 0.21-3.0 GeV.

[vvaa] For a narrow resonance in the range 2.2 < M(X) < 2.8 GeV.

[xxaa] JPC Kknown 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.

lyyaal 2m, < M(7F77) < 9.2 GeV

[zzaa] 2 GeV < mey oo < 3 GeV

[aabb] X = scalar with m < 8.0 GeV

[bbbb] XX = vectors with m < 3.1 GeV

[ccbb] X and X = zero spin with m < 4.5 GeV
[ddbb] 1.5 GeV < mx < 5.0 GeV

[eebb] 201 MeV < M(ut ™) < 3565 MeV

[ffbb] 0.5 GeV < mx < 9.0 GeV, where my is the invariant mass of the
hadronic final state.

[ggbb] Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[hhbb] 1.5 GeV < mx < 5.0 GeV
[iibb] 1.5 GeV < mx < 5.0 GeV
Lijbb] For m_,__ in the ranges 4.03-9.52 and 9.61-10.10 GeV.

r
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N BARYONS
(5=0, I=1/2)

p, Nt = uud; n, N = udd

[7] 10P) = 33)
Mass m = 1.00727646688 + 0.00000000009 u
Mass m = 938.272081 =+ 0.000006 MeV [2]
|mp — mp|/mp < 7x 10710, CL = 90% (2]
a5, 9,
m*’;l/(m*’;) = 1.00000000000 £ 0.00000000007

lap + qp| /e < 7x 10710, CL = 90% 2]

lap + qe|/e < 1x 1072 [€]

Magnetic moment p = 2.7928473446 £ 0.0000000008 z¢py
(kp + pp) / np=(03+08)x107°

Electric dipole moment d < 0.021 x 10~23 ecm

Electric polarizability o = (11.2 & 0.4) x 10~ fm?3

Magnetic polarizability 3 = (2.5 + 0.4) x 107* fm3 (S = 1.2)

Charge radius, ;1p Lamb shift = 0.84087 =+ 0.00039 fm [4]
Charge radius, ep CODATA value = 0.8751 4+ 0.0061 fm ld]
Magnetic radius = 0.78 + 0.04 fm [€]

Mean life 7 > 2.1 x 1022 years, CL = 90% [l (p — invisible

mode)
Mean life 7 > 103! 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 DECAY MODES (1030 years) Confidence level
Antilepton + meson

N— etnm > 2000 (n), > 8200 (p) 90%
N — ptr > 1000 (n), > 6600 (p) 90%
N — vm > 1100 (n), > 390 (p) 90%
p— etn > 4200 90%
p— utny > 1300 90%
n— vn > 158 90%
N— etp > 217 (n), > 710 (p) 90%
N— utp > 228 (n), > 160 (p) 90%
N — vp > 19 (n), > 162 (p) 90%
p— etw > 320 90%
p— ptw > 780 90%
n— vw > 108 90%
N— etK > 17 (n), > 1000 (p) 90%
N — ptK > 26 (n), > 1600 (p) 90%
N— vK > 86 (n), > 5900 (p) 90%

n— vK% > 260 90%
p— et K*(892)0 > 84 90%

N — vK*(892) > 78 (n), > 51 (p) 90%
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Antilepton + mesons

etrto— > 82
et 00 > 147
etr 0 > 52
,u"' T~ > 133
,u,+ 7070 > 101
ptr— a0 >74
et KO~ >18

Lepton + meson

e~ nt > 65
;f77+ > 49
e’p7L > 62
-+

wop >7
e Kt > 32
uoK* > 57

Lepton + mesons

p— e~ rtrt > 30

n— e nta0 > 29

p— p atat >17

n— p wta0 >34

p— e nT KT > 75

p— p wtK* > 245
Antilepton + photon(s)

p— ety > 670

p— uty > 478

n— vy > 550

p— ety > 100

n— vyy > 219

Antilepton + single massless

p— et X > 790

p— putXx > 410
Three (or more) leptons

p— etete™ > 793

p— etutpu~ > 359

p— etwvy > 170

n— ete v > 257

n— ;L+ e v > 83

n— ;ﬁr uov >79

p— ptete” > 529

p— u* u* no > 675

p— ptov > 220

p— e_;ﬁ' ;ﬁ' >6

n— 3v >5x10"4

Inclusive modes

N — etanything > 0.6 (n, p)

N — ptanything >12 (n, p)

N — et a0anything > 0.6 (n, p)
AB = 2 dinucleon modes

The following are lifetime limits per iron nucleus.
pp — atat > 722

pn— 7wt x0 > 170

90%
90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%

90%
90%

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

90%
90%
90%

90%
90%

448
449
449
425
427
427
319

459
453
150
115
340
330

448
449
425
427
320
279

469
463

469
470

469
457
469
470
464
458
463
439
463
457
470
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nn— wtr~ >0.7 90% -
nn— 700 > 404 90% -
pp— KTKT > 170 90% -
pp — etet >5.8 90% -
pp — et put >3.6 90% -
pp— ;ﬁ' u+ >1.7 90% -
pn— etw > 260 90% -
pn— utw > 200 90% -
pn— 17T, > 29 90% -
nn — Vele > 1.4 90% -
nn— v,v, >1.4 90% -
pn — invisible >21x1073 90% -
pp — invisible >5x107° 90% -
p DECAY MODES
Partial mean life P
Mode (years) Confidence level (MeV/c)
pP— e vy >7x10% 90% 469
P— u v >5x 104 90% 463
p— e xl > 4% 105 90% 459
p— pn0 > 5 x 104 90% 453
pP— e n >2x 104 90% 309
P— un >8x103 90% 297
p— e K% > 900 90% 337
P— u K% >4x103 90% 326
p— e K > 9 x 103 90% 337
p— u K? >7x 103 90% 326
P— e vy >2x 104 90% 469
p— uoyy >2x 104 90% 463
P - > 200 90% 143

BN
:

1Py =13

Mass m = 1.0086649159 £ 0.0000000005 u
Mass m = 939.565413 = 0.000006 MeV [2]
(mp—mz )/ mp=(9+6)x107°

mp — mp = 1.2933321 + 0.0000005 MeV

= 0.00138844919(45) u

Mean life 7 = 880.2 £ 1.0s (S =1.9)

cr = 2.6387 x 108 km

Magnetic moment 1 = —1.9130427 = 0.0000005 15y
Electric dipole moment d < 0.30 x 1072 ecm, CL = 90%
Mean-square charge radius (r2) = —0.1161 + 0.0022

(S = 1.3)

Magnetic radius /(r3,) = 0.8640-00 fm
Electric polarizability o = (11.8 4 1.1) x 10~ fm3
Magnetic polarizability 5 = (3.7 £ 1.2) x 10~4 fm3
Charge g = (—02+0.8) x 10721 ¢

Mean nn-oscillation time > 8.6 x 107 s, CL = 90% (free n)
Mean nT-oscillation time > 2.7 x 108 s, CL = 90% (8] (bound n)
Mean nn’-oscillation time > 414 s, CL = 90% [
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pe~ ve decay parameters [']
A=ga/ gy = —12724 +0.0023 (S =2.2)
A= —0.1184 £ 0.0010 (S = 2.4)
B = 0.9807 % 0.0030
C = —0.2377 + 0.0026
a= —0.1059 £ 0.0028
dav = (180.017 % 0.026)° U]
D=(-12+20)x10"*
R = 0.004 + 0.013 [¥]

p
n DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
pe~ T 100 % 1
pe Ty N ( 9.2+0.7)x 1073 1
Charge conservation (Q) violating mode
PUeVe Q < 8 x10~27 68% 1
N(1440) 1/2 1Py =13%)

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 (MeVfc)

N 55-75 % 398

Nn <1% T

N7 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+y, helicity=1/2 0.02-0.04 % 413
N(1520) 3/2~ 1Py =3G37)

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 (MeV/c)
N7 55-65 % 453
Nn 0.07-0.09 % 142
Nrm 25-35 % 410
A(1232) 7 22-34 % 225
A(1232) 7, S-wave 15-23 % 225

A(1232) 7, D-wave 7-11% 225
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No <2% -

Py 0.31-0.52 % 467
p~y, helicity=1/2 0.01-0.02 % 467
Py, helicity=3/2 0.30-0.50 % 467

ny 0.30-0.53 % 466
n+, helicity=1/2 0.04-0.10 % 466
n+, helicity=3/2 0.25-0.45 % 466
N(1535) 1/2~ 1P =367)

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 (MeVje)
N7 32-52% 464
Nn 30-55 % 176
N7 3-14 % 422
A(1232) 7, D-wave 1-4% 240

No 2-10 % -
N(1440) 7 5-12% i
Py, helicity=1/2 0.15-0.30 % 477
n+, helicity=1/2 0.01-0.25 % 417

N(1650) 1/2—, N(1675) 5/2~, N(1680) 5/2%F, N(1700) 3/2—, N(1710) 1/2F,
N(1720) 3/2%F, N(1875) 3/2—, N(1880) 1/2+, N(1895) 1/2—, N(1900) 3/2F
N(2060) 5/2—, N(2100) 1/2+, N(2120) 3/2—, N(2190) 7/2—, N(2220) 9/2t
N(2250) 9/2—, N(2600) 11/2~

The N resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.

A BARYONS
(5=0, I =3/2)

AMt = yuu, AT =uud, A% =udd, A~ =ddd

A(1232) 3/2t 1P =363

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
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The following branching fractions are our estimates, not fits or averages.

A(1232) DECAY MODES Fraction (I;/T) p (MeV/c)
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~ (4240.7) x 1075 259
A(1600) 3/2t 1Py = 3G
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 (I';/T) p (MeV/c)
N7 8-24 % 492
Nrmm 75-90 % 454
A(1232) 7 73-83 % 276
A(1232) 7, P-wave 72-82 % 276
A(1232)7, F-wave <2% 276
N(1440)m, P-wave 15-25 % i
N~y 0.001-0.035 % 505
N~y, helicity=1/2 0.0-0.02 % 505
N+, helicity=3/2 0.001-0.015 % 505
A(1620) 1/2~ 1Py = 3G7)
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
The following branching fractions are our estimates, not fits or averages.
A(1620) DECAY MODES Fraction (I';/T) p (MeVjc)
N7 25-35 % 520
Nrmm 55-80 % 484
A(1232) 7, D-wave 52-72 % 311
N(1440) 7 3-9% 98
N+, helicity=1/2 0.03-0.10 % 532

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

A(1700) 3/2, A(1900) 1/2—, A(1905) 5/2F, A(1910) 1/21, A(1920) 3/2F,
A(1930) 5/2—, A(1950) 7/2t, A(2200) 7/2—, A(2420) 11/2

The A resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.
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A BARYONS

(5=

~1, 1=0)

A0 = uyds

1JP) = 0(3H)

Mass m = 1115.683 + 0.006 MeV

(mp—mz) / mp=(-01+11)x1075 (S=1.6)
Mean life 7 = (2.632 + 0.020) x 10710 s

(ta — 77) / 74 = —0.001 £ 0.009

cr =7.89 cm
Magnetic moment © = —0.613 £ 0.004 upy
Electric dipole moment d < 1.5 x 10716 ecm, CL = 95%

Decay parameters

a_ = 0.642 £ 0.013

ay = —0.71 £ 0.08

¢_ =(—65=£35)°
y_ =0.76 "]
A_=(8+4)r ]

ag = 0.65 + 0.04

ga/gy = —0.718 £ 0.015 [l

pr

pe Ve

A DECAY MODES

Fraction (I';/T)

(S = 1.6)

p
Confidence level (MeV/c)

pr—
n7r0
ny
Py
pe Ve
PRV

[o]

63.9 +£0.5
358 +£0.5
1.7540.15) x 10—3

( ) %
( )
( )
(84 +£1.4 )x10~4
( )
( )

%

8.3240.14) x 10~ 4
1.57+0.35) x 10—4

Lepton (L) and/or Baryon (B) number violating decay modes

ate~
7T+[L7
a”et
7T7/1+
Kte~
Kt u~
K~ et
K ut
Kgll

prt

L,B
L,B
L,B
L,B
L,B
L,B
L,B
L,B
L,B
B

x10~7
x10~7
x10~7
x10~7
x 1076
x 1076
x 106
x 1076
x 1075
x10~7

<

AN NNNANNANNNANNNAN
W N WNWNOO RO O

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

101
104
162
101
163
131

549
544
549
544
449
441
449
441
447
101

A(1405) 1/2~

1Py =0437)

Mass m = 1405.17 13 MeV
Full width ' = 50.5 £ 2.0 MeV
Below K N threshold
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A(1405) DECAY MODES Fraction (I';/T) p (MeVjc)
X7 100 % 155
A(1520) 3/2~ 1Py =0(37)

Mass m = 1519.5 & 1.0 MeV [P]

Full width I = 15.6 + 1.0 MeV [P]
A(1520) DECAY MODES Fraction (I';/T) p (MeV/c)
NK (45 +1 )% 243
PRy (42 x1 )% 268
A (10 +1 )% 259
P s (09 +£01)% 169
Ay ( 0.85+0.15) % 350

A(2350) 9/2+

A(1600) 1/2, A(1670) 1/2—, A(1690) 3/2—, A(1800) 1/2—, A(1810) 1/27,
A(1820) 5/2%, A(1830) 5/2—, A(1890) 3/2+, A(2100) 7/2—, A(2110) 5/2F,

The A resonances listed above are omitted from this Booklet but not

from the Summary Table in the full Review.

> BARYONS
(S=-1,1=1)

>t =uyus, X0=uds, ¥~ =dds

I+ 0Py =1(4)

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+ — T5) / T+ = —0.0006 + 0.0012

Magnetic moment p = 2.458 £ 0.010 upy
(bss + px-)/ s = 0014 £0.015

F(E+ — nltv)/T(E~ — nt~p) < 0.043

Decay parameters

pr® ag = —0.980 5017

" do = (36 £ 34)°

" vg = 0.16 ["]

" Do = (187 + 6)° [
nmt oy = 0.068 & 0.013

" ¢, = (167 £20)° (S =1.1)

" Y4 = —0.97 ["1]33
" A+ — (_731— 10)0 [n]
Py y = —0.76 = 0.08
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p
=+ DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
prd (51.57£0.30) % 189
ntt (48.310.30) % 185
Py ( 1.2340.05) x 10~3 225
nmty [o] (45 +05)x10~% 185
Netug (2.0 £05)x107° 71
AS = AQ (5Q) violating modes or
AS = 1 weak neutral current (S1) modes
netve 5Q <5 x 1076 90% 224
nutu, sQ < 30 x 1075 90% 202
pete~ s1 <7 x 106 225
putpu s1 (9 T3 )x1w8 121
X0 1Py =13

Mass m = 1192.642 + 0.024 MeV

My — mygo = 4.807 £0.035 MeV (S =1.1)

Myo — My = 76.959 + 0.023 MeV

Mean life 7 = (7.4 £ 0.7) x 10720 s

cr=222x10""'m
Transition magnetic moment |ux 4| = 1.61 & 0.08 py
P
=0 DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Ny 100 % 74
/\’y", < 3% 90% 74
Nete~ [q] 5x1073 74
r- 1Py =1

Mass m = 1197.449 £ 0.030 MeV (S = 1.2)

My  — mg, =8.08+0.08MeV (S =1.9)

my_ — my = 81766+ 0.030 MeV (S =12)

Mean life 7 = (1.479 £ 0.011) x 10~10s (S = 1.3)
cr = 4.434 cm

Magnetic moment p = —1.160 &+ 0.025 ppy (S = 1.7)
Y~ charge radius = 0.78 £ 0.10 fm

Decay parameters

nm— a_ = —0.068 + 0.008
" ¢_ = (10 £ 15)°
n y_ =0.98 [

" A = (2497 35)° 11
ne~ v, ga/gv = 0.340 + 0.017 [/
" (0)/f(0) = 0.97 £ 0.14
" D=0.1140.10
Ae™ T, gv/ga=001+0101 (S=15)
" gwm/ga =24 =170



164 Baryon Summary Table

=~ DECAY MODES Fraction (I';/T) p (MeVyc)

nw= (99.848+0.005) % 193

nmy [o]( 46 +0.6 )x10~4 193

ne” v, ( 1.01740.034) x 103 230

np= oy, (45 +04 )x1074 210

Ne™ T (573 +£0.27 ) x 1079 79
¥(1385) 3/2t 1Py =13%)

5(1385)t mass m = 1382.80 4 0.35 MeV (S = 1.9)
5(1385)° mass m = 1383.7 + 1.0 MeV (S = 1.4)
2 (1385)"mass m = 1387.2 + 0.5 MeV (S =2.2)
5(1385)tfull width I = 36.0 + 0.7 MeV
5(1385)° full width I = 36 + 5 MeV
(1385)full width T = 39.4 + 2.1 MeV (S =1.7)

Below K N threshold

p
X¥(1385) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Am (87.0 £1.5 )% 208
X7 (11.7 £15 )% 129
Ny (125%313) 0 241
Ity (7.0 £1.7 )x10-3 180
Xy < 24 x 1074 90% 173

X(1660) 1/2 1Py =13%)

Mass m = 1630 to 1690 (~ 1660) MeV
Full width I = 40 to 200 (=~ 100) MeV

X(1660) DECAY MODES Fraction (I';/T) p (MeV/c)

NK 10-30 % 405
See Particle Listings for 2 decay modes that have been seen / not seen.

X(1670) 3/2—, (1750) 1/2—, £(1775) 5/2—, £(1915) 5/27,
5(1940) 3/2—, X(2030) 7/2+, £(2250)

The X resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.
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= BARYONS
(S=-2,1=1/2)

=0 = yss, == =dss
=0 1Py =33%)
P is not yet measured; + is the quark model prediction.
Mass m = 1314.86 + 0.20 MeV
m=_ — mzo = 6.85 + 0.21 MeV
Mean life 7 = (2.90 + 0.09) x 10710 5
cr =8.71cm
Magnetic moment g = —1.250 £ 0.014 ppy
Decay parameters
Az a = —0.406 + 0.013
o 6= (21 £ 12)°
n vy = 0.85 [n]
" _ 12
A = (218F13)° I
Ny a=—-0.70 £ 0.07
Nete™ a=-08%+02
30~ a=—0.69+ 0.06
Tte v,  g(0)/A(0) =1.22 £0.05
ste v, £(0)/(0) =2.040.9
P
=0 DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Ax0 (99.524£0.012) % 135
Ay ( 1.17 £0.07 ) x 10~3 184
Nete™ (76 +06 )x107© 184
304 (333 +£0.10 ) x 1073 117
Ste 7, (252 +£0.08 ) x 10~4 120
stumo, (233 £0.35 ) x 10 64
AS = AQ (SQ) violating modes or
AS = 2 forbidden (52) modes
S et Q@ < 9 x 1074 90% 112
I uty, Q@ < 9 x 104 90% 49
pr~ s2 < 8 x 10—© 90% 299
pe e 2 < 13 x 1073 323
P T, 2 < 13 x 103 309

0Py =331

Pis not yet measured; + is the quark model prediction.

Mass m = 1321.71 + 0.07 MeV
(mz- —m=y) / m=_ = (-3+9)x107°
Mean life 7 = (1.639 % 0.015) x 10710 s

cr =491 cm
(r=- — 7=4) / 7=— = —0.01 £ 0.07
Ma_gnetic moment /L_: —0.6507 + 0.0025 pupy
(b= + p=+) / |p=—| = +0.01 £ 0.05
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Decay parameters
Ax~ o= —0458 + 0.012 (S =18)
[a(Z)a—(A) — a(EH)asr(M)] /[sum] = (0 +7) x 1074
" ¢ =(-2.140.8)°
" v =0.89 1
" A = (1759 + 1.5)° "]
Ae"Te  ga/gv = —0.25 + 0.05 [1

p
=~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Ar™ (99.887+0.035) % 140
)2t (127 +0.23 ) x 1074 118
Ne™ T (563 +£0.31 ) x 1074 190
A= v, (35 35 )x104 163
e 7, (87 17 )x107° 123
0u~p, < 8 x 1074 90% 70
e 7, < 23 x 1073 90% 7

AS = 2 forbidden (52) modes
nm— $2 < 19 x 107> 90% 304
ne~ve 2 < 32 x 1073 90% 327
np= v, s2 < 15 % 90% 314
prTwT s2 < 4 x 104 90% 223
pTT € Vg 2 < 4 x 1074 90% 305
pTpT U, 2 < 4 x 104 90% 251
puT L < 4 x 1078 90% 272
=(1530) 3/2+ 1Py =363

=(1530)° mass m = 1531.80 & 0.32 MeV (S = 1.3)

=(1530)" mass m = 1535.0 + 0.6 MeV

=(1530)0 full width I = 9.1 + 0.5 MeV

Z(1530) full width I = 9.97 15 MeV

p
=(1530) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
= 100 % 158
= <4 % 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.
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(S=-3,/=0)
2~ =sss
- 1Py =031
JP = %* is the quark-model prediction; and J = 3/2 is fairly well
established.
Mass m = 1672.45 + 0.29 MeV
(Mo — mgy) [ Mo =(—1£8)x1075
Mean life 7 = (0.821 + 0.011) x 1010 s
cr = 2.461 cm
(T~ — Tg+) / To- = 0.00 £ 0.05
Magnetic moment p = —2.02 £ 0.05 upy
Decay parameters
NK™ a = 0.0180 £ 0.0024
/\K ,AKY (a + @) /(e —a@) = —0.02 £ 0.13
=0n= a=0.09+0.14
= a =0.05+0.21
P
2~ DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
AK™ (67.8+0.7) % 211
Z0a— (23.6+0.7) % 294
=7 (8.6+0.4) % 289
Zata— (37400 x 104 189
=(1530)%7— < 7 x 1075 90% 17
e~ 7, (5.6+2.8) x 1073 319
=y < 46 x10~4 90% 314
AS = 2 forbidden (52) modes
An~ 2 < 29 x 1076 90% 449
2(2250)~ 1Py = 0(2%)

Mass m = 2252 + 9 MeV
Full width ' = 55 + 18 MeV
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CHARMED BARYONS
(C=+1)
A =ude, T =uwue, £f =udc, £%=ddc,
= =usc, 20=dsc, N0 =ssc

At 1UP) =03 1)

Mass m = 2286.46 + 0.14 MeV
Mean life 7 = (200 + 6) x 107155 (S = 1.6)
¢cr =59.9 um
Decay asymmetry parameters
Art a=-09140.15
tq0 a = —045+ 0.32
Mt y, o = —0.86 £ 0.04
(a+@)/(@—a)in AT — Art, A7 — An~ = —0.07 £ 031
(a +@)/(a—@) in AT — Aetwe, A7 — Ae"Te = 0.00 £ 0.04

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 /\2’ — pK*(892)0 seen in /\2’ — pK~ =t has been multiplied up
to include K*(892)0 — KO0 decays.

Scale factor/ p
A;_." DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Hadronic modes with a p or n: S = —1 final states

pKY ( 1.58+ 0.08) % s=1.1 873
pK—nt ( 623+ 0.33)% S=1.4 823
pK*(892)° [l (1.94% 0.27) % 685
A(1232) T K~ ( 1.07+ 0.25) % 710
A(1520) 7+ [l (22 +05)% 627
p K~ 7t nonresonant (34 +£04)% 823
pK%m0 (1.96% 0.13) % s=1.1 823
K3t ( 1.82+ 0.25) % 821
pKoy (16 + 04)% 568
pKY7mt (1594 0.12) % 5=1.2 754
pK—atxl ( 442+ 0.31) % S=15 759
pK*(892)~ 7t [l (14 +05)% 580
p(K~ 7r+)nonresonant7ro (45 £08)% 759
pK=2rntm— (1.4 + 09 )x103 671
pK~at2r0 (10 +5 )x10-3 678
Hadronic modes with a p: S = 0 final states
pr0 < 27 x10~4  CL=90% 945
pn ( 1.24+ 0.30) x 103 856
prta= (42 + 04 )x1073 927
p1(980) [l (34 +23)x1073 614
p2nton (22 + 1.4 )x1073 852
pKT K~ (10 +4 )x1074 616
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po [r] (1.06+ 0.14) x 10—3 590
pKT K~ non-¢ (52 + 12 )x1074 616
pon0 (10 +4 )x1075 460
p K+ K~ m0nonresonant < 63 x107%  CL=90% 494
Hadronic modes with a hyperon: S = —1 final states
Arnt (1.29+ 0.07) % S=1.2 864
Nt 0 (7.0 £ 0.4 )% S=1.1 844
ApT < 6 % CL=95% 636
Ar~ 2t (3.61% 0.29) % S=15 807
X(1385) Tt 7, TFF — (1.0 £+ 05)% 688
Ant
X(1385)"27t, ¥ — Am— (76 + 1.4 )x1073 688
Ant p0 (14 £ 06 )% 524
>(1385)tp0, =*t — Axt (5 +4 )x1073 363
Ar~ 2xt nonresonant < 11 % CL=90% 807
Ar~ 7027t total (22 +08)% 757
Arty [l (22 +05)% 691
>(1385)T [l (1.06+ 0.32)% 570
At w [l (15 + 05)% 517
A~ 7%27F, no 7 or w < 8 x 10~3 CL=90% 757
AKTKO (56 + 1.1 )x1073 S=1.9 443
Z(1690)° K+, =0 — AKO (16 + 05)x1073 286
307+ (1.28% 0.07) % s=1.1 825
g0 (1.24+ 0.10) % 827
Ity (69 + 23)x103 713
Stata— ( 442+ 0.28) % S=1.2 804
>t 0 < 17 % CL=95% 575
Y ont (1.86+ 0.18) % 799
30pt 70 (22 +08)% 803
0= 27t ( 1.10+ 0.30) % 763
Ttatop— 40 — 767
Stw [l (1.69% 0.21)% 569
S al2nt (21 +04)% 762
STKTK— (34 £ 04)x103 S=1.1 349
St [l (38 +06)x10-3 s=1.1 295
(16900 K*, =0 . yt K- (100 + 25 ) x 1074 286
>+ K+ K~ nonresonant < 8 x1074  CL=90% 349
=0kt (49 + 12 )x10-3 653
T Ktxt (62 + 06 )x103 s=1.1 565
Z(1530)0K*, =0 5 =—ot (33 +12)x1073 473
Hadronic modes with a hyperon: S = 0 final states
AKT (60 £ 12 )x10~4 781
AKtnta— <5 x1074%  CL=90% 637
FOK+ (51 + 08 )x10% 735
SOKt pt g < 26 x10~4  CL=90% 574
StTKTn™ (21 + 06 )x103 670
>t K*(892)0 [l (34 +10)x10-3 469
ST Ktrxt < 12 x1073  CL=90% 664
Doubly Cabibbo-suppressed modes
pKtm~ ( 1.46+ 0.23) x 10~4 823
Semileptonic modes
Net v, (36 +04)% 871
At (35 + 05)% 867



170 Baryon Summary Table

Inclusive modes

et anything (45 + 1.7)% -
petanything (18 £09)% -
p anything (50 +16 )% -

p anything (no A) (12 419 )% -
n anything (50 +16 )% -

n anything (no A) (29 £17 )% -
A anything (35 11 )% S=1.4 -
Y+ anything [s] (10 +£5 )% -
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 x10—6  CcL=90% 951
putu~ c1 < 44 x107%  CL=90% 937
petu~ LF < 99 x1076  CL=90% 947
pe~ut LF < 19 x1075  CL=90% 947
p2et LB < 27 x 1076 CL=90% 951
pout LB < 9.4 x 1076 CL=90% 937
petut LB < 16 x1075  CL=90% 947
Foutut L < 70 x107%  CL=90% 812

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

Ac(2595)* 1Py =03~

The spin-parity follows from the fact that X(2455)m decays, with
little available phase space, are dominant. This assumes that JP =
1/27F for the £.(2455).
Mass m = 2592.25 + 0.28 MeV
m — mA.C+ = 305.79 £+ 0.24 MeV
Full width ' = 2.6 £ 0.6 MeV
/\2’77# and its submode X -(2455)7 — the latter just barely — are the only

strong decays allowed to an excited /\ér having this mass; and the submode
seems to dominate.

Ac(2595)+ DECAY MODES Fraction (';/T) p (MeVjc)
g o 1 — 117
T (2455) 24+ 7% t
> (2455)0 7t 2+7% t
A 7t 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 £ 0.13 MeV (S =1.1)

Full width T < 0.97 MeV, CL = 90%
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/\?ﬂ'n and its submode X(2455)7 are the only strong decays allowed to an
excited /l'c" having this mass.

P
/Ic(2625)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
A rto= ~67% 184
X (2455) Tt <5 90% 102
> (2455)0 7t <5 90% 102
/\jw"’ 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)* 1Py =0(5™)

Mass m = 2881.63 + 0.24 MeV

m—m . =595.17 & 0.28 MeV
C

Full width T = 5.6 58 Mev

Ac(2940)* 1Py =0(37)

JP = 3/27 is favored, but is not certain

Mass m = 2939.6 713 Mev
Full width I = 20+§ Mev

X (2455) 1Py =13

3 (2455)ttmass m = 2453.97 + 0.14 MeV

X.(2455)F mass m = 2452.9 £ 0.4 MeV

X(2455)° mass m = 2453.75 + 0.14 MeV
m)__c++ —m ;. =167.510 & 0.017 MeV

My~ Af_ 166.4 + 0.4 MeV
mo - mA+ — 167.290 + 0.017 MeV
My = Mo = 0220  0.013 MeV
c

m)__+7m>__c —0.9 £ 0.4 MeV
T (2455)Hfull width T = 1.89F 099 Mev (S = 1.1)

5.(2455)F full width T < 4.6 MeV, CL = 90%
Z.(2455)° full width T = 1.837 315 Mev (S = 1.2)

/\j:ﬂ' is the only strong decay allowed to a X having this mass.

£ (2455) DECAY MODES Fraction (I';/T) p (MeV/c)

Ar ~ 100 % 94
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Z(2520) 1Py =13%)

JP has not been measured; %"' is the quark-model prediction.

5(2520)t* mass m = 2518.41 7021 MeV (S = 1.1)

X.(2520)" mass m = 2517.5 + 2.3 MeV

5,(2520)° mass m = 2518.48 + 0.20 MeV (S = 1.1)
My as20yt+ ~ Myt = 231957317 MevV (S =1.3)
My (2520)+ — mAzr = 231.0 £ 2.3 MeV

_ +0.15 .
Mr(2520)0 = Myt = 232,027 573 MeV (S = 1.3)
My (2520)++ — M5, (25200 = 0.01 £+ 0.15 MeV
Tc(2520)tF full width T = 14.7875:3% Mev
Y.(2520)t  full width I < 17 MeV, CL = 90%
c(2520)°  full width T = 15.37 58 Mev

/\'C*'w is the only strong decay allowed to a X having this mass.

X(2520) DECAY MODES Fraction (I';/T) p (MeV/c)
Atr ~ 100 % 179
5.(2800) 1Py =129

Z(2800)tF mass m = 2801+ ¢ MeV
Z(2800) mass m = 2792+ 1} Mev
5(2800)° mass m = 280613 MeV (S = 1.3)
—51qt4
My (2800)++ — m/‘? =5147¢ MeV
_egstla
My (2800)+ — mA2r = 50577 MeV
— +5 —

My (28000 ~ mA? =51973 MeV (S =1.3)
5£(2800)*F full width [ = 7532 MeV
5(2800)* full width I = 62755 MeV
5,(2800)° full width I = 7232 MeV

=+ 4Py =13

JP has not been measured; %"’ is the quark-model prediction.

Mass m = 2467.87 £+ 0.30 MeV (S =1.1)
Mean life 7 = (442 + 26) x 1071%s (S = 1.3)
cr = 132 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;‘ — 5+ K*(892)0 seen in EZL — 1t K~z has been multiplied

up to include K*(892)0 — KO 70 decays.



Baryon Summary Table 173
p
:_:_' DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
No absolute branching fractions have been measured.
The following are branching ratios relative to =27+,
Cabibbo-favored (S = —2) decays — relative to =~ 27+
p2KS 0.087+0.021 767
AKO 7t — 852
¥ (1385)T KO [l 1.0 +05 746
AK™ 27t 0.32340.033 787
AK*(892)0 [1] <0.16 90% 608
X (1385)F K=ot [r] <0.23 90% 678
StTK—nt 0.94 +0.10 811
> TK*(892)° [r] 081 +0.15 658
SO0Kk—2nt 027 +0.12 735
0t 0.55 +0.16 877
Z—ont DEFINED AS 1 851
=(1530)0 7t [1] <0.10 90% 750
Z0q+ 50 23 07 856
Z0r= 20t 17 +05 818
Z0ety, 23 +01 884
N Ktat 0.07 +£0.04 399
Cabibbo-suppressed decays — relative to =~ 27+

pK—rt 0.21 £0.04 944
pK*(892)° [r] 0.116+0.030 828
Stato— 0.48 +0.20 922
yoxt 0.18 +0.09 918
StKtK— 0.15 +0.06 579
>t¢ [r] <0.11 90% 549
Z(1690)°K*, 20 — Ft K- <0.05 90% 501

=2 1P =364

JP has not been measured; %Jr is the quark-model prediction.

Mass m = 2470.87 528 Mev
M=y — m_y = 3.00 + 0.24 MeV

c C
Mean life 7 = (112+13) x 1015 s
cr = 33.6 pm

Decay asymmetry parameters

==t a=-06=+04
Branching fractions marked with a footnote, e.g. [a], have been corrected for
decay modes not observed in the experiments. For example, the submode frac-
tion :‘2 — pK™ K*(892)O seen in :_(2_ — pK~ K™=t has been multiplied
up to include K*(892)0 — KO 70 decays.
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=0 DECAY MODES Fraction (;/T) p (MeVjc)
No absolute branching fractions have been measured.
The following are branching ratios relative to =~ z+.
Cabibbo-favored (S = —2) decays — relative to =~ «+
pK- K- rt 0.34 +0.04 676
pK~K*(892)° [r]0.21 +0.05 413
pK~ K~ nt (no K*0) 021 +0.04 676
AKY 0.21040.028 906
AK—nt 1.07 £0.14 856
==zt DEFINED AS 1 875
Zoatrtas 33 +14 816
(o K+ 0.297+0.024 522
ety 31 1.1 882
=~ (T anything 1.0 +£05 -
Cabibbo-suppressed decays — relative to =~ =+
==Kt 0.028+0.006 790
AK* K~ (no ¢) 0.029+0.007 648
N [r] 0.034+0.007 621

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

=t 1Py = 33

JP has not been measured; %4' is the quark-model prediction.

Mass m = 2577.4 + 1.2 MeV (S = 2.9)
m_,+—m_+_1095i12MeV (S=3.7)

m_,+—m_,0_—14i13l\/IeV (S=25)

=7 1Py =33

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2578.8 + 0.5 MeV (S =1.2)
m_p — M-y = 108.0 £ 0.4 MeV (S =1.2)
~c ~c

Zc(2645) 14P) = 13"

JP has not been measured; %+ is the quark-model prediction.

=.(2645)F mass m = 2645.53 4 0.31 MeV
_:C(2645)0 mass m = 2646.32 £ 0.31 MeV (S = 1.1)
=, (26ds)+ — Mzo = 174.66 % 0.09 MeV

=.(2645)0 — m_+ =178.44 £ 0.11 MeV (S =1.1)
M= _(2645)+ :c(2545)° = —0.79 £+ 0.27 MeV

Z.(2645)* full width I = 2.14 + 0.19 MeV (S = 1.1)
Z.(2645)0 full width I' = 2.35 + 0.22 MeV
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=.(2790) 10P) = 3(37)

JP has not been measured; 5 is the quark-model prediction.

Z-(2790) mass = 2792.0 £ 0.5 MeV (S = 1.2)
Z.(2790)° mass = 2792.8 + 1.2 MeV (S = 2.9)
2790+ — M=o = 321.1+ 0.4 MeV (S =12)

E2790;° - m_:; =3249+12MeV (S=37)
=.(2700)+ — M=o = 21310+ 0.26 MeV (S =1.2)
= (7900 ~ Mz = 215.4 £ 0.8 MeV (S=37)

M= (2790)+ ~ M=, (27900 = —0.9 £ 13 MeV (S =2.5)
Z:(2790)* width = 8.9 + 1.0 MeV
=,(2790)° width = 10.0 + 1.1 MeV

Zc(2815) 0Py =337)

JP has not been measured; %_ is the quark-model prediction.

Z.(2815)" mass m = 2816.67 + 0.31 MeV (S = 1.1)
Z.(2815)0 mass m = 2820.22 + 0.32 MeV

M= (2815)+ ~ m_:c+ = 348.80 £ 0.10 MeV

M= (2815)0 ~ mfg = 349.35 + 0.11 MeV

M= (og15)+ — M=, (28150 = — 355+ 0.28 MeV
Z.(2815)7 full width I = 2.43 4+ 0.26 MeV
=,(2815)0 full width I = 2.54 & 0.25 MeV

=.(2970) 1UP) = 32"

Z.(2970)t m = 2969.4 + 0.8 MeV (S = 1.1)
Z.(2970)° m = 2967.8 + 0.8 MeV (S = 1.1)

M= (2970)+ ~ m_:g = 4985+ 0.8 MeV (S=1.1)

M= (o700 ~ M=+ = 499.97538 Mev (S =1.1)

M= 2970+ — M= (20700 = 1.6 £ L1 MeV (S = 1.1)
=,(2970)* width [ = 20.9%23 MeV (S =1.2)

Z,(2970)° width I = 281734 Mev (S = 1.5)

=.(3055) 1JP) = 2(2%)

Mass m = 3055.9 + 0.4 MeV
Full width ' = 7.8 &+ 1.9 MeV

=.(3080) 1UP) = 32

=,(3080)T m = 3077.2 £ 0.4 MeV

Z.(3080)° m = 3079.9 &+ 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
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2 [GSENC
JP has not been measured; %"' is the quark-model prediction.
Mass m = 2695.2 + 1.7 MeV (S = 1.3)
Mean life 7 = (69 + 12) x 10715 5
cr =21 pm
P
_Qg DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
No absolute branching fractions have been measured.
The following are branching ratios relative to 2~ =+,
Cabibbo-favored (S = —3) decays — relative to 2~ =+
-t DEFINED AS 1 821
2 atg0 1.8040.33 797
= pt >1.3 90% 532
- n2xt 0.3140.05 753
2= et 24 +12 829
=0Ko 1.6440.29 950
OKk—at 1.2040.18 901
20K, KO — K=rt 0.68+0.16 764
= KOrt 2.1240.28 895
==K 2nt 0.6340.09 830
Z(1530°K= 7, =0 — Z=xt 0212006 757
=Kt 0.34+0.11 653
StK- K- at <0.32 90% 689
ANKOKO 1.7240.35 837
2:(2770)° 1Py =0(3%)
JP has not been measured; %+ is the quark-model prediction.
Mass m = 2765.9 + 2.0 MeV (S = 1.2)
_ +0.8
Mg (21700 ~ mﬂg =70.7" 549 MeV
The _\’ZC(2770)0—_\’28 mass difference is too small for any strong decay to occur.
IZC(2170)° DECAY MODES Fraction (I';/T) p (MeV/c)
_Q(C)A, presumably 100% 70
?
2:(3000)° 1UP) =2(2%)

Mass m = 3000.4 + 0.4 MeV
Full width ' = 4.5 + 0.7 MeV

2.(3050)° 1Py = 2(%)

Mass m = 3050.2 + 0.33 MeV
Full width I' < 1.2 MeV, CL = 95%
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02,(3065)° 10P) =2(2%)

Mass m = 3065.6 + 0.4 MeV
Full width ' = 3.5 + 0.4 MeV

2:(3090)° 1UP) =279

Mass m = 3090.2 + 0.7 MeV
Full width ' = 8.7 &+ 1.3 MeV

2.(3120)° 1Py = 2(2%)

Mass m = 3119.1 + 1.0 MeV
Full width ' < 2.6 MeV, CL = 95%

DOUBLY CHARMED BARYONS
(C=+2)

=t =uce, ZF =dce, 2F =scc

=t 1Py =202

Mass m = 3621.4 + 0.8 MeV

BOTTOM BARYONS
(B=-1)

A =udb, =9 = usb, =, = dsb, 2, =ssb

N 1UP) =0t )

I(JP) not yet measured; O(%‘*‘) is the quark model prediction.
Mass m = 5619.60 &= 0.17 MeV
m mgy = 339.2 + 1.4 MeV
A0 — Mgy =339.72+0.28 MeV
b

Mean life 7 = (1.470 + 0.010) x 10712 5
cr = 440.7 pm

Acp(Ap — pm—) = 0.06 + 0.08

ACP(Ab — pK_) = —0.10 + 0.09

Acp(Ap — pK°n~) = 0.22 + 0.13

0 —
Ab
m

AAcp(J/ppr™ /K™ )2 Acp(J/¢pmT) — Acp(J/¥pK™) =

(5.7 £ 2.7) x 10~

Acp(Ap — AKT77) = —-053+0.25

ACP(Ab — /\K+K ) —028 + 012

AAcp(N) — pK-ptp™) = Acp(pK ptu™)
— Acp(pPK=J/) = (=4 + 5) x 1072
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« decay parameter for A, — J/i/A = 0.18 £+ 0.13

AL (i) in Ap — Aptp~ = —0.05 £ 0.09

AL o(p7) in Ap — A(pm)pt ™ = —0.29 + 0.08

fr(pep) Iongltudlnal polarization fraction in Ap — Autp~ =

The branching fractions B(b-baryon —  A£™ yanything) and B(/\g —

A‘C*' £~ Uyanything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored
Hadrons.”

For inclusive branching fractions, e.g., Ap — annything, the values usually

are multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
Ag DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
J/p(1S)Ax B(b — AD) (58 £0.8 )x 1075 1740
pDO7r— (63 £0.7 )x10~4 2370
pDOK— (46 +£08)x1075 2269
pJ/pm— (26 £33 )x1075 1755
pr=J/b, I/ — ptus (1.6 +£08 )x 106 -
pJ/vK~ (32 £38 ) x10-4 1589
P.(4380)t K=, P. — pJ/ip [u] (27 £1.4)x1075 -
P.(4450)T K=, Pc — pJ/Yp  [u] (1.3 £04 )x107° -
Xc1(1P)pK~ (76 713 )x10°5 1242
Xe2(1P)pK~ (79 18 )x10-5 1198
pJ/Y(AS)nt T K™ (66 713 )x1075 1410
pY(2S)K~ (66 T12)x1075 1063
pKOm~ (1.3 +£04 )x 105 2693
pKOK— < 35 x1076  CL=90% 2639
At r= (49 +04 )x1073 S=12 2342
ALK (3.594:0.30) x 1074 S=12 2314
Af D= (4.6 +0.6)x10~4 1886
AfD; ( 1.10£0.10) % 1833
Afrta=m (77 £1.1 )x 1073 S=1.1 2323
Ac(2595) 77, A(2595)F — (34 £15)x107% 2210
/\? T~
Nc(2625)F 77, Ac(2625)F — (33 +13)x1074 2193
/\'C" Tt~
o (2455)0 7t 7, 50 — (57 +2.2 )x1074 2265
/l'C" T
o (2455) Tt amam, It - (32 +1.6 )x 1074 2265
/\'C" at
At 0~ v anything vl (103 +2.1 )% -
At (62 T13)% 2345
AN rta=im7, (56 +31)% 2335
Ac(2595) T ¢~ 7, (79 T3 )x1073 2212
Ac(2625)T ¢~ 7, (13 jg:g ) % 2195
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ph~ x] < 23 x 1073 CL=90% 2730
pr— (4.2 408 )x1076 2730
pPK™ (51 +09 )x10~6 2709
pDy < 48 x 104 CL=90% 2364
P T, (41 1.0 )x1074 2730
At~ ( 1.0840.28) x 10~° 2695
prptp~ (69 £25)x108 2720
Ay < 13 x 1073 CL=90% 2699
Np (9 *I )x106 -
N0/ (958) < 31 x1076  cL=90% -
Anta— (46 £1.9 )x10° 2692
AKt 7~ (57 +1.2 )x1076 2660
AKT K~ ( 1.61+0.23) x 107 2605
Mg (9.2 £25)x1076 -
See Particle Listings for 1 decay modes that have been seen / not seen.
Np(5912)° JP=1-
Mass m = 5912.20 + 0.21 MeV
Full width ' < 0.66 MeV, CL = 90%
0 P _ 3—
Ap(5920) JT =5
Mass m = 5919.92 £+ 0.19 MeV (S = 1.1)
Full width ' < 0.63 MeV, CL = 90%
L 1Py =13
I, J, P need confirmation.
Mass m(X}) = 5811.3 + 1.9 MeV
Mass m(X ) = 5815.5 + 1.8 MeV
m):bJr — m)__b, = —4.2+ 1.1 MeV
N(E) =973 Mev
M(Z,)=49733 Mev
X, DECAY MODES Fraction (I';/T) p (MeVc)
N dominant 134
I 1Py =1(37)
I, J, P need confirmation.

Mass m(Z;1) = 5832.1 £ 1.9 MeV
Mass m(Z}~) = 5835.1 + 1.9 MeV
Mewy — Moo = —3.0119 Mev
)_—D+ 24 —-0.9
M(Z3h) = 11.5 £ 2.8 MeV
M(Z;7)=75+23MeV

mf}; —my, =21.2+£2.0 MeV
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X} DECAY MODES Fraction (;/T) p (MeV/c)
/\27r dominant 161
=5 0P =334
I, J, P need confirmation.

m(_:é) =5797.0 £ 0.9 MeV (S = 1.8)
m(Z%) = 5791.9 £ 0.5 MeV

m_:b, - mA% =1775+ 0.5 MeV (S = 1.6)
m_:% - mA% =172.5 £ 0.4 MeV

m__ —mz = 5.9 + 0.6 MeV

Mean life T:b[; = (1.571 £ 0.040) x 10712 5

Mean life 7o = (1.479 + 0.031) x 10712 s
~b

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

=0 7, Xx B(b— Zp) (39 +1.2 )x 1074 S=1.4 -
J/YZ"x B(b — Z}) (1.027328) x 10-5 1782
JIWAK™ x B(b — =) (25 +£0.4 ) x 1076 1631
pDOK=x B(b — Zp) (1.8 +£0.6 ) x 106 2374
pK°7~x B(b — Z)/B(b— B%) <1 x 107 CL=90% 2783
pKOK=x B(b — Z,)/B(b— BY%) <11 x 106 CL=90% 2730
pK=K=x B(b— =p) (3.6 +0.8 ) x 108 2731
Artr=x B(b— Z9)/B(b— A%) <17 x 1076 CL=90% 2781
AK= 7t x B(b— Z9)/B(b — <8 x 1077 CL=90% 2751
%)
AKTK=x B(b— Z9)/B(b — <3 x 1077 CL=90% 2698
A%)
AT K= x B(b— Zp) (6 +4 )x10~7 2416
Mr=xB(b— Z,)/B(b— AD) (5.7 £2.0 ) x 10~4 99
=1(5935)~ JP =1+

Mass m = 5935.02 + 0.05 MeV

m_:,b(5935), — m_:% —m__ =3.653 £0.019 MeV

Full width ' < 0.08 MeV, CL = 95%
E;’(5935)‘ DECAY MODES Fraction (I';/T) p (MeV/c)
207 x B(b — (11.8£1.8) % 31

=1(5935)7)/B(b — =9

=p(5945)° P =3

Nlw

Mass m = 5949.8 + 1.4 MeV
Full width ' = 0.90 + 0.18 MeV
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=p(5955) P =

+

Nlw

Mass m = 5955.33 + 0.13 MeV
M=, (5055)~ ~ m_:g —m__ =23.96 + 0.13 MeV
Full width ' = 1.65 4+ 0.33 MeV

=p(5955)~ DECAY MODES Fraction (I';/T) p (MeVfc)

Z0n x B(b — (20.7+3.5) %
Z3(5955)7)/B(b — =9)

84

— Py _ ol
2, 0P =03
I, J, P need confirmation.
Mass m = 6046.1 + 1.7 MeV
mQ; - mAg = 426.4 + 2.2 MeV
m_ . — m__ = 247.3 £ 3.2 MeV
Qb = +0.18 12
Mean life 7 = (1.647577) x 107°“ s
(22, )/7(=}, ) mean life ratio = 1.11 £+ 0.16
p
2, DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
1/ 2~ xB(b — 2p) 29731y x 106 1806
pK~ K™ xB(b — 2) <25 x 1079 90% 2866
pra” xB(b — 2p) <15 x 108 90% 2943
pK=n~ xB(b — ) <7 x 1079 90% 2915
b-baryon ADMIXTURE (Ap, Zp, Xp, 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¢~ Dyanything) and B(/\(t)7 —
/\z’ £~ wpanything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored
Hadrons.”
For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.
b-baryon ADMIXTURE DECAY MODES
(Ap:=pZp2p) Fraction (I';/T) p (MeVc)
pu~ vanything (55t 22)% -
plvyanything (534+11)% -
panything (66 +21 )% -
AL~ Dypanything (3.6 0.6) % -
ALt vpanything (3.0+ 0.8)% -
Aanything B7 £7)% -

=7 (0" vyanything ( 62+ 1.6)x1073
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NOTES
This Summary Table only includes established baryons. The Particle Listings include
evidence for other baryons. The masses, widths, and branching fractions for the
resonances in this Table are Breit-Wigner parameters, but pole positions are also
given for most of the NV 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 |m,—mp|/mp and |q, + qp|/e are not independent, and both use
the more precise measurement of }q,—,/mﬂ/(qp/mp).

[c] The limit is from neutrality-of-matter experiments; it assumes g, = 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 — e77) >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
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).

[] The parameters ga, gy, and gy, for semileptonic modes are defined by
Brlw(gv + gavs) + ilgwm/mB;) ox, q”]Bi, and day is defined by
ga/gy = }gA/gV\e'¢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 v energies between 0.4 and 782 keV.

[n] The decay parameters v and A are calculated from « and ¢ using

v =V1-a? cos¢p, tanA = 7% 1—a? sing.
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See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings in the Full Review of Particle Physics.

[o] See Particle Listings in the Full Review of Particle Physics for the pion
momentum range used in this measurement.

[p] The error given here is only an educated guess. It is larger than the error
on the weighted average of the published values.

[g] A theoretical value using QED.

[r] This branching fraction includes all the decay modes of the final-state
resonance.

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

[t] See AALTONEN 11H, Fig. 8, for the calculated ratio of Al 7070 and

AF 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.

[u] P;" is a pentaquark-charmonium state.
[v] Not a pure measurement. See note at head of /\?7 Decay Modes.

[x] Here h~ means 7~ or K.
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SEARCHES
not in other sections

Magnetic Monopole Searches

Isolated supermassive monopole candidate events have not been con-
firmed. The most sensitive experiments obtain negative results.
Best cosmic-ray supermassive monopole flux limit:
< 14x1071® em= 251571 for11x1074<f<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;

See the Particle Listings in the Full Review of Particle Physics for a Note
giving details of supersymmetry.

X% — neutralinos (mixtures of 5, Z°, and H?)
Mass mao > 0 GeV, CL = 95%

1
[general MSSM, non-universal gaugino masses)
Mass m>N<° > 46 GeV, CL = 95%

[all tanﬂ all mg, all Mo — My 0]
Mass mXO > 670 GeV, CLQ; 95%

[3/46 + Fr, Tn2n3B, mso < 200GeV]
Mass mXO > 670 GeV, CL = 95%

[3/4/ + K7, Tn2n3B, mNO < 200GeV]
Mass mio > 116 GeV, CL = 95%

[1<tan/j <40, all my, all m%g - m%?]

~t N ; Wt oE
X; — charginos (mixtures of W= and H}")

Mass Mee > 94 GeV, CL = 95%
1
[tang < 40, mXi - ~0 > 3 GeV, all mp]
Mass mii > 500 GeV, CL =95%

[zzi + B, TchilchilB, m o = 0 GeV]
1

X* — long-lived chargino
Mass m_, > 620 GeV, CL = 95% [stable bal

v — sneutrino
Mass m > 41 GeV, CL = 95% [model independent]
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tanf < 40, M= Mo >10 GeV]
1
Mass m > 2300 GeV, CL = 95%
[RPV, 7, — eu, Ny, = 0.11]
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€ — scalar electron (selectron)
Mass m(ey) > 107 GeV, CL = 95% [all mEL—m;(O]
1
Mass m > 410 GeV, CL = 95%
[RPV, >4, 70— 19, X0 — (%]
ft — scalar muon (smuon)
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tang < 40, M =Ms0 > 10 GeV]
1
Mass m > 410 GeV, CL = 95%
[RPV, >4, 7 — 19,30 — ¢£(F1]
T — scalar tau (stau)
Mass m > 81.9 GeV, CL = 95%
[m7, — mso >15 GeV, all 67, B(7 — TX9) = 100%)
1
Mass m > 286 GeV, CL = 95% [long-lived 7]

g — squarks of the first two quark generations
Mass m > 1450 GeV, CL = 95%
[CMSSM, tang = 30, Ag = —2max(mq, my/5), > 0]
Mass m > 1550 GeV, CL = 95%
[mass degenerate squarks]
Mass m > 1050 GeV, CL = 95%
[single light squark bounds]
q — long-lived squark
Mass m > 1000, CL = 95%
[t, charge-suppressed interaction model]
Mass m > 845, CL = 95% [b, stable, Regge model]

b — scalar bottom (sbottom)

Mass m > 1230 GeV, CL = 95%
[iets+Ep, Tsbotl, meo = 0 GeV]
1

t — scalar top (stop)
Mass m > 1120 GeV, CL = 95%
[1¢+]jets+Ep, Tstopl, Mo = 0 GeV]
1

g — gluino
Mass m > 1860 GeV, CL = 95%
[>1jets + Ep, TglulA, mo = 0 GeV]
1

Technicolor

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).
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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
£ 7 By~
*+ S Ve P
(with g2/47 set equal to 1), then we define A = A};. 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.

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%
10.3 TeV, CL = 95%
24 TeV, CL = 95%
37 TeV, CL = 95%
23.3 TeV, CL = 95%
A (eeuu) 12.5 TeV, CL = 95%

Af(eeee) >
>
>
>
>
>
>
>
>
>
>
>

Ajj(eedd) > 11.1TeV, CL = 95%
>
>
>
>
>
>
>
>
>
>
>
>
>

A (eeee)
N (eepp)
A (eepp)
/\;_*'L(ee'rr)
A (eeTT)
A (eeee)

A (eeee)

Afi(eeqq)
A (eeqq)
A (eeuu)

A (eedd) 26.4 TeV, CL = 95%
N, (eecc) 9.4 TeV, CL = 95%
A (eecc) 5.6 TeV, CL = 95%
A}, (eebb) 9.4 TeV, CL = 95%
A (eebb) 10.2 TeV, CL = 95%
A (rqq) 20 TeV, CL = 95%
Ar(pqq) 30 TeV, CL = 95%
A(Lvlv) 3.10 TeV, CL = 90%
Nevqq) 2.81 TeV, CL = 95%

13.1 none 17.4-29.5 TeV, CL = 95%
21.8 TeV, CL = 95%

5.0 TeV, CL = 95%

5.4 TeV, CL = 95%

A (aqqq)
A (qaaqq)
N (vvaq)
A (vrvaaq)
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Excited Leptons

The limits from £*¢*~ do not depend on X\ (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 > 3.000 x 103 GeV, CL = 95%  (from ee*)
Mass m > 356 GeV, CL = 95% (if A, = 1)

e

p*E — excited muon

Mass m > 103.2 GeV, CL = 95%  (from p* p*)
Mass m > 3.000 x 103 GeV, CL = 95%  (from pu*)

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* *)

Mass m > 213 GeV, CL = 95%  (from v* X)
q* — excited quark

Mass m > 338 GeV, CL = 95% (from g* g*)

Mass m > 6.000 x 103 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)

Extra Dimensions

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
R < 30 um, CL = 95%  (direct tests of Newton’s law)
R< 109 um, CL=95% (pp — jG)
R < 0.16-916 nm (astrophys.; limits depend on technique, assumptions)
Constraints on the fundamental gravity scale
Mrr > 8.4 TeV, CL =95% (pp — dijet, angular distribution)
M. > 4.16 TeV, CL=95% (pp — (¢)
Constraints on the Kaluza-Klein graviton in warped extra dimensions
Mg > 41TeV,CL=9% (pp — v7)
Constraints on the Kaluza-Klein gluon in warped extra dimensions

Mgy > 25TeV, CL=95% (gxx — ti)
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TESTS OF CONSERVATION LAWS

Updated April 2018 by L. Wolfenstein (Carnegie-Mellon Univer-
sity), C.-J. Lin (LBNL) and E. Pianori (LBNL).

In the following text, we list the best limits from the Test of Conser-
vation Laws table from the full Review of Particle Physics. Com-
plete details are in that full Review. Limits in this text are for
CL=90% unless otherwise specified. The Table is in two parts:
“Discrete Space-Time Symmetries,” i.e., C, P, T, CP, and CPT;
and “Number Conservation Laws,” i.e.; lepton, baryon, hadronic
flavor, and charge conservation. The references for these data can
be found in the the Particle Listings in the Review. A discussion of
these tests follows.

CPT INVARIANCE

General principles of relativistic field theory require invariance un-
der the combined transformation C'PT. The simplest tests of CPT
invariance are the equality of the masses and lifetimes of a particle
and its antiparticle. The best test comes from the limit on the mass
difference between K and K. Any such difference contributes to
the C'P-violating parameter €.

CP AND T INVARIANCE

Given C'PT invariance, C'P violation and T violation are equiv-
alent. The original evidence for CP violation came from the
measurement of [ni_| = [A(KY — 7tn7)/AKY — nfr7)| =
(2.232£0.011) x 10~3. This could be explained in terms of KO K"
mixing, which also leads to the asymmetry [[(KY — 7 efv) —
(K9 — 7Te™v)]/[sum] = (0.334 £ 0.007)%. Evidence for C'P vio-
lation in the kaon decay amplitude comes from the measurement of
(1 — |noo/n+—1)/3 = Re(€'/e) = (1.66 & 0.23) x 1073, In the Stan-
dard Model much larger CP-violating effects are expected. The
first of these, which is associated with B—B mixing, is the param-
eter sin(23) now measured quite accurately to be 0.679 £ 0.020.
A number of other CP-violating observables are being measured
in B decays; direct evidence for C'P violation in the B decay am-
plitude comes from the asymmetry [F(EO — K—nt) - T(B° —
K*7r7)]/[sum] = —0.082 £ 0.006. Direct tests of T violation are
much more difficult; a measurement by CPLEAR of the difference
between the oscillation probabilities of K to KO and K9 to K° is
related to T violation [3]. A nonzero value of the electric dipole
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moment of the neutron and electron requires both P and T vio-
lation. The current experimental results are < 3.0 x 10726 ¢ cm
(neutron), and < 8.7 x 1072 ¢ cm (electron) at the 90% C.L. The
BABAR experiment reported the first direct observation of T' viola-
tion in the B system. The measured T-violating parameters in the
time evolution of the neutral B mesons are AS‘T" = —1.37+0.15
and AS; = 1.17 £ 0.21, with a significance of 140 [4]. This ob-
servation of T violation, with exchange of initial and final states of
the neutral B, was made possible in a B-factory using the Einstein-
Podolsky-Rosen Entanglement of the two B’s produced in the decay
of the T(45) and the two time-ordered decays of the B’s as filtering
measurements of the meson state [5].

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak theory
are consistent with the absolute conservation of three separate lep-
ton numbers: electron number L., muon number L, and tau num-
ber L., except for the effect of neutrino mixing associated with
neutrino masses. Searches for violations are of the following types:

a) AL =2 for one type of charged lepton. The best limit
comes from the search for neutrinoless double beta decay (Z, A) —
(Z +2,A)+e” +e . The best laboratory limit is ¢; /5 > 1.07 x 10%
yr (CL=90%) for 136Xe from the KamLAND-Zen experiment [6].

b) Conversion of one charged-lepton type to another. For
purely leptonic processes, the best limits are on y — ey and p —
3e, measured as I'(u — e)/T(p —all) < 4.2 x 10713 and T'(p —
3e)/T'(u — all) < 1.0 x 10712,

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

d) Neutrino oscillations. It is expected even in the standard
electroweak theory that the lepton numbers are not separately con-
served, as a consequence of lepton mixing analogous to Cabibbo-
Kobayashi-Maskawa quark mixing. However, if the only source of
lepton-number violation is the mixing of low-mass neutrinos then

processes such as u — ey are expected to have extremely small
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unobservable probabilities. For small neutrino masses, the lepton-
number violation would be observed first in neutrino oscillations,
which have been the subject of extensive experimental studies.
CONSERVATION OF HADRONIC FLAVORS

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

(a) AS = AQrule. In the strangeness-changing semileptonic decay
of strange particles, the strangeness change equals the change in
charge of the hadrons. Tests come from limits on decay rates such
as T(Z+ — netv)/T(8T —all) < 5 x 1075, and from a detailed
analysis of Kj — mev, which yields the parameter x, measured to
be (Rex, Imz) = (—0.002+0.006, 0.0012+0.0021). Corresponding
rules are AC = AQ and AB = AQ.

(b) Change of flavor by two units. In the Standard Model this
occurs only in second-order weak interactions. The classic example
is AS = 2 via KO — K* mixing. The AB = 2 transitions in the
BY and Bg systems via mixing are also well established. There is
now strong evidence of AC = 2 transition in the charm sector. with
the mass difference All results are consistent with the second-order
calculations in the Standard Model.

(c) Flavor-changing neutral currents. In the Standard Model
the neutral-current interactions do not change flavor. The low rate
Ky — ptp™)/T(Kp — all) = (6.84 4+ 0.11) x 1079 puts limits
on such interactions; the nonzero value for this rate is attributed to
a combination of the weak and electromagnetic interactions. The
best test should come from K — 77vw. The LHCb and CMS ex-
periments have recently observed the FCNC decay of Bg — putpT.
The current world average value is I'(B? — p*u™)/T(B? — all) =
(2.779%) x 1079, which is consistent with the Standard Model ex-

pectation.

See the full Review of Particle Physics for references and Summary Tables.
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9. Quantum Chromodynamics
Revised September 2017 by S. Bethke (Max-Planck-Institute of Physics,
Munich), G. Dissertori (ETH Zurich), and G.P. Salam (CERN).!

This update retains the 2016 summary of as values, as few new results
were available at the deadline for this Review. Those and further new
results will be included in the next update.
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Figure 9.2: Summary of determinations of as(M2) from the six

sub-fields discussed in the text. The yellow (light shaded) bands and
dashed lines indicate the pre-average values of each sub-field. The

dotted line and grey (dark shaded) band represent the final world

average value of as(]W%).

L On leave from LPTHE, UMR 7589, CNRS, Paris, France
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10. Electroweak Model and Constraints on New Physics

Revised March 2018 by J. Erler (U. Mexico), A. Freitas (Pittsburgh U.).
The standard model of the electroweak interactions (SM) [1] 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 corresponding

gauge coupling constants g and ¢'.
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Figure 10.5: One-standard-deviation (39.35%) region in My, as a

function of my for the direct and indirect data, and the 90% CL

region (Ax? = 4.605) allowed by all data.

Table 10.7: Values of §2Z7 s%v, as, m¢ and My [both in GeV] for
various data sets. In the fit to the LHC (Tevatron) data the o constraint
is from the ¢ production [204] (inclusive jet [205]) cross-section.

Data 52 5%, as(Mg) mg Mpy
All data 0.23122(3)  0.22332(7) 0.1187(16) 173.0+0.4 125
All data except My 0.23107(9)  0.22310(19) 0.1190(16) 172.8+0.5 90F 17
All data except My  0.23113(6)  0.22336(8)  0.1187(16) 172.8+0.5 125
All data except My 0.23124(3)  0.22347(7)  0.1191(16) 172.9+05 125
All data except my  0.23112(6)  0.22304(21) 0.1191(16) 176.4+1.8 125
My, Mg, Ty,mg  0.23125(7)  0.22351(13) 0.1209(45) 172.7+0.5 125
LHC 0.23110(11) 0.22332(12) 0.1143(24) 1724405 125
Tevatron + My 0.23102(13) 0.22295(30) 0.1160(45) 174.3+£0.7 100T 3}
LEP 0.23138(17) 0.22343(47) 0.1221(31) 182 +11 27473
SLD + My, Ty, m;  0.23064(28) 0.22228(54) 0.1182(47) 172.7+£0.5 38+ 30
AP My Ty me 023190(29) 0.22503(69) 0.1278(50) 1727405 3487187
M.z, Tw.z, mu 0.23103(12) 0.22302(25) 0.1192(42) 1727405 84F 22
low energy + My 0.23176(94) 0.2254(35)  0.1185(19) 156 +£29 125
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Table 10.8: Values of the model-independent neutral-current
parameters, compared with the SM predictions. There is a second
gf{/A 1,4 solution, given approximately by QE?/ — g7%, which is
eliminated by ete™ data under the assumption that the neutral
current is dominated by the exchange of a single Z boson. In the
SM predictions, the parametric uncertainties from My, My, m¢, my,
me, @(My), and as are negligible.

Quantity Experimental Value Standard Model Correlation
915 —0.040 £ 0.015 —0.0398 —0.05
974 —0.507 £ 0.014 —0.5063
9%y +2 gi‘dv 0.4914 £+ 0.0031 0.4950 —0.88 0.19
29% — gjldv —0.7148 + 0.0068 —0.7194 —0.22
2984 — g¥y —0.13 £ 0.06 —0.0954
9% 0.0190 &+ 0.0027 0.0226

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 My. S and T represent the contributions of new
physics only. Data sets not involving My or I'yy are insensitive to
U. With the exception of the fit to all data, we fix ag = 0.1187. The
black dot indicates the Standard Model values S =T = 0.



194  11. Status of Higgs boson physics
11. Status of Higgs Boson Physics

Revised August 2018 by M. Carena (Fermi National Accelerator
Laboratory and the University of Chicago), C. Grojean (DESY, Hamburg,
and Humboldt University, Berlin), M. Kado (Laboratoire de I’Accélérateur
Linéaire, Orsay), and V. Sharma (University of California, San Diego).

The discovery in 2012 by the ATLAS and the CMS collaborations
of the Higgs boson was a major milestone as well as an extraordinary
success of the LHC machine and the ATLAS and CMS experiments
and an important step in the understanding of the mechanism that
breaks the electroweak symmetry and generates of the masses of the
known elementary particles. However, many theoretical questions remain
unanswered and new conundrums about what lies behind the Higgs boson
and beyond the Standard Model have come fore.

Since 2012 substantial progress has been made, yielding an increasingly
precise profile of the properties of the Higgs boson, all being consistent
with the Standard Model. And the Higgs boson has turned into a new
tool to explore the manifestations of the SM and to probe the physics
landscape beyond it.

oot (H) = 55.1+£2.4pb

e T

o(ggH) = 48.6 + 2.4 pb o(VBF) = 3.78 £ 0.08 pb
q W,z 9 assoooor——
R

o(WH,ZH) = 1.3740.03, 0.88 £ 0.04pb  o(ttH) = 0.50=:% pb

I'=4.07£0.16 MeV

Br(H — bb) = (58.4+1.9)% Br(H — WW) = (21.4+0.8) %

Br(H — Z7) = (26 +0.11)% Br(H — 17) = (6.3 4+ 3.6) %

Br(H —~y) = (0227+0.01)%  Br(H — Zv) = (0.153 4+ 0.013) %
Br(H — pfi) = (2.18 £0.12) x 10~

Figure: Main Leading Order Feynman diagrams contributing to the Higgs
production at the LHC. The theoretical predictions for the production
cross sections are also indicated at a centre-of-mass energy of 13 TeV
assuming a Higgs boson mass of 125 GeV. The dominant decay modes are
also reported.
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Table: ATLAS (A) and CMS (C) measurements and limits. Rare modes
results are reported as limits indicated in the column corresponding to

the primary production mode, secondary production modes which are

used in the analyses are indicated as “Incl.”. Limits on invisible decays
of the Higgs boson, indicated as “Inv.”, are set on the invisible branching
fraction. Limits are at 95% confidence level, the expected sensitivity is

indicated in parentheses.

11. Status of Higgs boson physics

Decay mode ggH VBF VH ttH
¥y (A) 0.81 +0.18 2.0+0.6 0.7+0.8 1.4+04
¥y (C) 1.10 £0.19 0.8+0.6 24+1.1 2.3+08
40 (A) 1.04 +£0.17 2.84+0.95 09+1.0 < 1.8 68% CL
44 (C) 1.20 £0.22 0.05 =+ 0.04 00+15 <1.368% CL
WW* (A) 1.21 £0.22 0.62 £ 0.36 3.2+43 1.50 £0.61
WW* (C) 1.38 £0.23 0.29 £0.48 3.27T+1.84 1.97 £0.67
P (A) 1.14 £0.44 0.98 £ 0.46 23+£1.6 1.36 £ 1.11
ke (©) 1.2+0.5 1.11 +£0.34 —0.33 £ 1.02 0.28 +1.02
bb (A) - —-39+28 0.9+0.27 0.83+0.63
bb (C) 2.3 +£1.66 28+1.5 1.24+04 0.82£0.43
whtu™ (A) <3.0(3.1) Incl. - -
whu™ (0) < 2.6(1.9)

Zvy (A) < 6.6(5.2) Incl. - -
Zy, vy (C) < 3.9(2.9) Incl. Incl. -
Inv. (A) - <28% (31%)  <67% (39%) -
Inv. (C) Incl. <24% (23%) -

The ATLAS and CMS experiments have made combined measurement
of the mass of the Higgs boson in the diphoton and the four-lepton
channels at per mille precision, my = 125.09 + 0.24 GeV. The quantum
numbers of the Higgs boson have been probed in greater detail and show
an excellent consistency with the J¥ C =+t 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 fractions,
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
extending the SM to solve the fundamental questions raised by the
existence of the Higgs boson.
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12. CKM Quark-Mixing Matrix

Revised January 2018 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and
Y. Sakai (KEK).

Highlights from full review.
wird Vud Vus Vub
Vorm = VIV = | Vea Ves Vi |- (12.2)
Via Vis Vi
This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 x 3 unitary
matrix. It can be parameterized [3] by three mixing angles and the
CP-violating KM phase [2].
Using the Wolfenstein parameterization with A < 1 we define [4-6]

P L B AN = | Ve
V ‘Vud‘Q + ‘Vus|2 / Vus |
) 3(5 1 i\ /T — A2\
= AN (4 i) — AN (p +in)V1 — A2X (12.4)

VI = AZ[L— A20(p + 7))
These ensure that g+ i = —(VyuqV,h)/(VeaVy;) 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(X*)

1-)%/2 A AN (p —in)
Verm = -\ 1-2A2/2 AN? +00Y. (125)
A1 —p—in) —AN? 1

(0,0) (1,0)

Figure 12.1: Sketch of the unitarity triangle.

The unitarity implies ), V;;Vi}. = d;;, and Z]- V}ij*j = J;i. 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 [wjvklmyv,jj] = J 30 EikmEjin-

The most commonly used unitarity triangle arises from

Vaa Vay + Vea Vi + Via Vip = 0, (12.6)

by dividing each side by the best-known one, V.4V (see Fig. 12.1).
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Independently measured CKM elements and angles are

0.97420 +0.00021  0.2243 4+ 0.0005 0.00394 % 0.00036
Vexkm = 0.218 £ 0.004 0.997 £ 0.017 0.0422 £ 0.0008 |,
0.0081 £0.0005  0.0394 £ 0.0023 1.019 £ 0.025

sin(28) = 0.691 £ 0.017, o= (84.5729)°, 4= (73.5T42)°.

Using those values we can check the unitarity of the CKM matrix:
[Vl + Vs |2 4 Vi |2 = 0.999440.0005 (1st row), |Vig|? + | Ves|? + Vi |2 =
1.043 £ 0.034 (2nd row), |Viugl? + [Vea|? + [Via|?> = 0.9967 & 0.0018 (1st
column), and |Vis|? 4 |Ves|? 4 |Vis|? = 1.046 + 0.034 (2nd column).

12.4. Global fit in the Standard Model
A global fit with three generation unitarity constraints gives
A =0.22453+0.00044, A =0.836=+0.015,
p=0.12270018, 7 =0.35510017, (12.26)
0.97446 £ 0.00010  0.22452+0.00044  0.00365 = 0.00012
Vorm = | 0-22438 £0.00044  0.9735970-0001)  0.04214 = 0.00076
0.00896 7000023 0.04133+0.00074 0.999105 % 0.000032

)

(12.27)
and the Jarlskog invariant of J = (3.18 4 0.15) x 1075,
15 1T T T ‘ T 17T * T T T7Tg { T T T T 17T T 17T
excluded area has CL > 0.95 | ’%‘ T
r Y % ]
1o~ s Amg&Am,

lllll\\]llll!lll[lll

-1.0 - § €
- 3 sol. w/'cos 2B <0
- y i (excl. atCL > 0.95) —
_15 I l N ! I l | I l N T | | N
-1.0 -0.5 0.0 0.5 1.0 15 2.0

Figure 12.2: Constraints on the p, 7 plane from various measure-
ments and the global fit result. The shaded 95% CL regions all
overlap consistently around the global fit region.
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13. CP Violation in the Quark Sector

Revised August 2017 by T. Gershon (University of Warwick) and Y. Nir
(Weizmann Institute).

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 manipulations to remove unphysical phases
in this model are exhausted, one finds that there is a single C'P-violating
parameter [17]. 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 antiquark and a down-type quark. The beautifully consistent and
economical Standard-Model description of C'P violation in terms of Yukawa
couplings, known as the Kobayashi-Maskawa (KM) mechanism [17], agrees
with all measurements to date. (Pending verification, we do not discuss
here a few measurements which are in tension with the predictions.)
Furthermore, one can fit the data allowing new physics contributions to
loop processes to compete with, or even dominate over, the Standard
Model amplitudes [18,19]. 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 dominant source of C'P violation in
meson decays.

The current level of experimental accuracy and the theoretical
uncertainties involved in the interpretation of the various observations
leave room, however, for additional subdominant sources of C'P violation
from new physics. Indeed, almost all extensions of the Standard Model
imply that there are such additional sources. Moreover, C'P violation
is a necessary condition for baryogenesis, the process of dynamically
generating the matter-antimatter asymmetry of the Universe [20].
Despite the phenomenological success of the KM mechanism, it fails (by
several orders of magnitude) to accommodate the observed asymmetry [21].
This discrepancy strongly suggests that Nature provides additional sources
of C'P violation beyond the KM mechanism. The expectation of new
sources motivates the large ongoing experimental effort to find deviations
from the predictions of the KM mechanism.

Using the notation M9 to represent generically one of the K0, DO BO
or BY particles, we denote the state of an initially pure |M9) or |M?)
after an elapsed proper time ¢ as \]\/fghys(t» or ‘Mphya( )), respectively.
Defining * = Am/T and y = AT'/(2T'), where Am and AT are the
mass and width differences between the two eigenstates of the effective
Hamiltonian, [M7) o< p|M9) 4 ¢[M) and [My) < p|MO) —q[MP), and
T is their average width, one obtains the following time-dependent rates
for decay to a final state f:

FtN AT [Mpy, () — f]/dt =

\Af|2 {(1 + \)\f|2> cosh(yI't) + (1 — |)\f\2) cos(aT't)
+2Re(Ay) sinh(yI't) — 2Zm(Ag) sin(aT't)} |

1
mdr Wghys(t) — f]/dt =

(/) Ap { (14 As[2) cosh(yrt) — (1= [AsP?) cos(aTt)
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+2Re(Af)sinh(yI't) + 2Zm(Ag) sin(al't)}

where N is a normalization factor and Ay = (¢/p)(Ay/Ay) with Ay (Ay)
the amplitude for the MO (3M°) — f decay. Considering the case that f is
a CP eigenstate, we distinguish three types of C'P-violating effects that
can occur in the quark sector:

I. CP violation in decay, defined by |Z7/A rl# 1.

II. CP violation in mixing, defined by |¢/p| # 1.

III. C'P violation in interference between decays with and without

mixing, defined by arg(As) # 0.

It is also common to refer to indirect CP wviolation effects, which are
consistent with originating from a single C'P violating phase in neutral
meson mixing, and direct C P violation effects, which cannot be explained
in this way. C'P violation in mixing (type II) is indirect; C'P 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

asymmetry between Eghys(t) and thys(t) time-dependent decay rates

Ay (t) = Spsin(Amt) — Cy cos(Amt),
where Sp = 2Zm(\p)/ (1+ [\[), Cp = (1= |2 P) / (14 Al?).

e Indirect C'P violation in K — 7w and K — w/lv decays, given by
e] = (2.228 +0.011) x 1073
e Direct C'P violation in K — 77 decays, given by
Re(€' /e) = (1.65 £ 0.26) x 1073
e As yet, there is no significant signal of any category of C'P violation
in the properties and decays of charm hadrons.
e C'P violation in the interference of mixing and decay in the
tree-dominated b — cés transitions, such as BY — ¢ Kg, given by
S;Z;KO = +40.691 £ 0.017.
Within the Standard Model, this result can be interpreted with low
theoretical uncertainty as measurement of sin(23), where § is an

angle of the unitarity triangle.
e The CP violation parameters in the BO — 7

Sptp— =—068+£0.04, C 4, - =-0274£0.04.

K ks

7~ mode,

Together with measurements of other B — 77 and similar decays,
these result can be used to obtain constraints on the angle o of the
unitarity triangle.

e Direct CP violation in BT — DK™ decays, where Dy and Dy ¢
represent that the D meson is reconstructed in a C'P-even and the
suppressed K ~nT final state respectively,

AB+HD+K+ = +0.129 +0.012, AB+HDK, o+ = —0.4140.06.
™

+
Together with measurements of other B — DK and similar decays,
these result can be used to obtain constraints on the angle v of the
unitarity triangle.
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14. Neutrino Masses, Mixing, and Oscillations

Updated November 2017 by K. Nakamura (Kavli IPMU (WPI), U. Tokyo,
KEK), and S.T. Petcov (SISSA/INFN Trieste, Kavli IPMU (WPI), U.
Tokyo, Bulgarian Academy of Sciences).

Highlights from full review.

All existing compelling data on neutrino oscillations can be described
assuming 3-flavour neutrino mixing in vacuum. The (left-handed) fields
of the flavour neutrinos ve, v, and v in the expression for the weak
charged lepton current in the CC weak interaction Lagrangian, are linear
combinations of the LH components of the fields of three massive neutrinos
I/jt

Loc=— % Y @) v v @) Wl @) + he.,
l=e,u,7
3
vL(@) =Y Uv(e), (14.5)
j=1

where U is the 3 x 3 unitary neutrino mixing matrix [4,5]. The mixing
matrix U can be parameterized by 3 angles, and, depending on whether
the massive neutrinos v; are Dirac or Majorana particles, by 1 or 3 CP
violation phases [54,55]:

—i6
c12€13 " 512€13 . s1zet
U = | —s12c23 — c12523513€" c12¢23 — 812523513€"0  $23C13
512823 — C12€23513€"0  —C12823 — S12¢23513€"0  C23C13
x diag(1, "2, '727) . (14.6)

where ¢;; = cosb;;, s;j = sinf;;, the angles 0;; = [0,7/2], 6 = [0,27) is
the Dirac CP violation phase and a9y, a3; are two Majorana CP violation
(CPV) phases. Thus, in the case of massive Dirac neutrinos, the neutrino
mixing matrix U is similar, in what concerns the number of mixing angles
and CPV phases, to the CKM quark mixing matrix.

As we see, the fundamental parameters characterizing the 3-neutrino
mixing are: i) the 3 angles 012, 023, 013, ii) depending on the nature of
massive neutrinos v; - 1 Dirac (6), or 1 Dirac + 2 Majorana (4, ag1, a31),
CPV phases, and iii) the 3 neutrino masses, mi, ma, ms.

The neutrino oscillation probabilities depend in general, on the neutrino
energy, E, the source-detector distance L, on the elements of U and, for
relativistic neutrinos used in all neutrino experiments performed so far,
on Am?j = (m? - m?), i # j. In the case of 3-neutrino mixing there are
only two independent neutrino mass squared differences, say Am%l #0
and Am?ﬂ # 0. The numbering of massive neutrinos v; is arbitrary. It
proves convenient from the point of view of relating the mixing angles 612,
A3 and 13 to observables, to identify \Am%l\ with the smaller of the two
neutrino mass squared differences, which, as it follows from the data, is
responsible for the solar v and, the observed by KamLAND, reactor v,
oscillations.

The existing data do not allow one to determine the sign of Am§1(32).
In the case of 3-neutrino mixing, the two possible signs of A7n§1(32)
correspond to two types of neutrino mass spectrum.

For the neutrino oscillation parameters values, see the Summary Table
section in the Particle Listings.
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Future progress

After the spectacular experimental progress made in the studies of
neutrino oscillations, further understanding of the pattern of neutrino
masses and neutrino mixing, of their origins and of the status of CP
symmetry in the lepton sector requires an extensive and challenging
program of research. The main goals of such a research program include:

e Determining the nature - Dirac or Majorana, of massive neutrinos
vj. This is of fundamental importance for making progress in our
understanding of the origin of neutrino masses and mixing and of the
symmetries governing the lepton sector of particle interactions.

e Determination of the sign of Amgl (or Am§2)7 i.e., the “neutrino
mass ordering”, or of the type of spectrum neutrino masses obey.

e Determining, or obtaining significant constraints on, the absolute scale
of neutrino masses. This, in particular, would help obtain information
about the detailed structure (hierarchical, quasidegenerate, etc.) of
the neutrino mass spectrum.

e Determining the status of CP symmetry in the lepton sector.

e High precision measurement of 613, Am%l, 012, \Amgl\ and 0o3.

e Understanding at a fundamental level the mechanism giving rise
to neutrino masses and mixing and to L;—non-conservation. This
includes understanding the origin of the patterns of r-mixing and
v-masses suggested by the data. Are the observed patterns of v-
mixing and of Am%l;ﬂ related to the existence of a new fundamental
symmetry of particle interactions? Is there any relation between
quark mixing and neutrino mixing? What is the physical origin of
CP violation phases in the neutrino mixing matrix U? Is there any
relation (correlation) between the (values of) CP violation phases and
mixing angles in U? Progress in the theory of neutrino mixing might
also lead to a better understanding of the mechanism of generation of
baryon asymmetry of the Universe.

The high precision measurement of the value of sin?26;3 from the
Daya Bay experiment and the subsequent results on 13 obtained by
the RENO, Double Chooz and T2K collaborations (see Section 14.12),
have far reaching implications. The measured relatively large value of 613
opened up the possibilities, in particular,

i) for searching for CP violation effects in neutrino oscillation
experiments with high intensity accelerator neutrino beams, like T2K,
NOVA, etc.

ii) for determining the sign of Amgg, and thus the type of neutrino
mass spectrum (“neutrino mass ordering”) in the long baseline neutrino
oscillation experiments at accelerators (NOvA, etc.), in the experiments
studying the oscillations of atmospheric neutrinos (PINGU [82],
ORCA [83,84], Hyper-Kamiokande [200], INO [85]) , as well as in
experiments with reactor antineutrinos [86-91].

There are also long term plans extending beyond 2025 for searches for
CP violation and neutrino mass spectrum (ordering) determination in
long baseline neutrino oscillation experiments with accelerator neutrino
beams (see, e.g., Refs. [93,94]) . The successful realization of this
research program would be a formidable task and would require many
years of extraordinary experimental efforts aided by intensive theoretical
investigations and remarkable investments.
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15. Quark Model

Revised August 2017 by C. Amsler (Stefan Meyer Institute for Subatomic
Physics, Vienna), T. DeGrand (University of Colorado, Boulder), and B.
Krusche (University of Basel).

The quarks are strongly interaction spin-1/2 fermions, whose parity
is positive by convention. The charges of the u , ¢, and ¢ quarks are
+2/3, while those of the d, s, and b are —1/3. Their anti-quarks have the
opposite charges and parities. By convention, the s quark is said to have
negative strangeness and the ¢ quark positive charm. The two lightest
quarks, u and d, obey to a high degree an SU(2) symmetry called isospin,
with u having I, = 1/2 and d having I, = —1/2. The other quarks can be
assigned zero isospin.

Quarks have baryon number B = 1/3, while anti-quarks have B = —1/3.
The mesons, which are pairs of quarks and anti-quarks, have B = 0 and
can be characterized by their intrinsic spin s, orbital angular momentum ¢,
and total spin J, lying between |¢ — s| and £+ s. The charge conjugation,or
C, of meson is (—=1)+* while its parity is (—1)!. G-parity combines the
charge-conjugation and isospin symmetries: G = Ce~ ™y, Mesons made
of a quark and its antiquark are G-parity eigenstates with G = (—1)+¢+s,

The three lightest quarks, w, d, and s, respect an approximate
symmetry, flavor SU(3), with quarks belonging to the 3 representation and
anti-quarks to the 3 representation. The quark-anti-quark states made
from u, d, and s can be classified according to

33=801. (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) classification, the sixteen mesons are
grouped into a 15-plet and a singlet:

44=1501. (15.3)

Baryons are made of three quarks (aside from a five-quark state recently
observed at the LHC), allowing for more complex possibilities. The flavor
SU(3) content of baryons made of u, d, and s is governed by

39393=1006808a1. (15.23)

The intrinsic spin of the three quarks yields either s = 1/2 or s = 3/2.
The proton and neutron are members of an octet, while the spin-3/2 AT+
is a member of a decuplet.

The strong interactions are described by the color SU(3) gauge theory,
with each quark coming in three “colors.” The color triplets interact
through a color octet of gluons, gauge vector bosons. These are responsible
for the formation of the bound states, mesons and baryons.
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21. Big-Bang Cosmology

Revised September 2017 by K.A. Olive (University of Minnesota) and
J.A. Peacock (University of Edinburgh).

21.1.1. The Robertson- Walker Universe :

The observed homogeneity and isotropy enable us to write the most
general expression for a space-time metric which has a (3D) maximally
symmetric subspace of a 4D space-time, known as the Robertson-Walker
metric:

dr?
1— kr?
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.

ds? = dt* — R%(t) + 72 (d6? +sin® 0 d¢?)| . (21.1)

21.1.3. The Friedmann equations of motion :
The cosmological equations of motion are derived from Einstein’s

equations
Rouw — 29,0 R = 87GNTjw + Agpuw - (21.6)

It is common to assume that the matter content of the Universe is a
perfect fluid, for which

T;w = —P9uv + (p + P) UpUy (21~7)
where gy, is the space-time metric described by Eq. (21.1), p is the
isotropic pressure, p is the energy density and u = (1,0,0,0) is the velocity
vector for the isotropic fluid in co-moving coordinates. With the perfect
fluid source, Einstein’s equations lead to the Friedmann equations

.\ 2
R 87 Gn p k A
Hl=|=Z] ==2F _ 24— 21.
<R> 3 3 (21.8)
and
R A 47Gy
23 3 (p+3p), (21.9)

where H(t) is the Hubble parameter and A is the cosmological constant.
The first of these is sometimes called the Friedmann equation. Energy
conservation via T‘f; =0, leads to a third useful equation

p=-3H(p+p) . (21.10)
Eq. (21.10) can also be simply derived as a consequence of the first law of
thermodynamics.

21.1.5. Standard Model solutions :

Let us first assume a general equation of state parameter for a single
component, w = p/p which is constant. In this case, Eq. (21.10) can be
written as p = —3(1 + w)pR/R and is easily integrated to yield

poc R30HW) (21.16)
Curvature domination occurs at rather late times (if a cosmological
constant term does not dominate sooner). For w # —1,

R(t) oc t2/BU+w)] (21.17)



204 21. Big-Bang cosmology

21.1.5.2. 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
particles) for which w = 1/3. In this case, Eq. (21.16) becomes p oc R™%.
Similarly, one can substitute w = 1/3 into Eq. (21.17) to obtain

R(t) o t1/2 H=1/2t. (21.18)

21.1.5.3. A Matter-dominated Universe:

Non-relativistic matter eventually dominates the energy density over
radiation. A pressureless gas (w = 0) leads to the expected dependence
pox R73, and, if k = 0, we get

R(t) o £2/3 H=2/3t. (21.19)

21.1.5.4. A Universe dominated by vacuum energy:

If there is a dominant source of vacuum energy, acting as a cosmological
constant with equation of state w = —1. This leads to an exponential
expansion of the Universe:

R(t) o eVA/3L (21.20)
21.3. The Hot Thermal Universe

21.3.2. Radiation content of the Early Universe :

At the very high temperatures associated with the early Universe,
massive particles are pair produced, and are part of the thermal bath.
If for a given particle species i we have T' > m;, then we can neglect
the mass and the thermodynamic quantities are easily computed. In
general, we can approximate the energy density (at high temperatures) by
including only those particles with m; < T'. In this case, we have

7 7 4w 4
pP= ZQBJrngF %T =30 (T, (21.42)
B F

where gp(p) 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. (21.42) defines the effective number of degrees of freedom, N(T'), by
taking into account new particle degrees of freedom as the temperature 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. The change in N (ignoring mass
effects) can be seen in the table below. At higher temperatures, N (7T') will
be model-dependent.

In the radiation-dominated epoch, Eq. (21.10) can be integrated
(neglecting the T-dependence of N) giving us a relationship between the
age of the Universe and its temperature

90 ER
t= —=—=—--— T *. 21.43
(327r3GNN(T)> ( )

Put into a more convenient form
t Ty = 24[N(T)) 712, (21.44)

where ¢ is measured in seconds and Tjfey in units of MeV.

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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26. Dark Matter

Revised Sept. 2017 by M. Drees (Bonn), G. Gerbier (Queen’s, Canada).
Highlights from full review.

WIMPs should be gravitationally trapped inside galaxies and should
have the adequate density profile to account for the observed rotational
curves. These two constraints determine the main features of experimental
detection of WIMPs. WIMPs interact with ordinary matter through
elastic scattering on nuclei. With expected WIMP masses in the range 10
GeV to 10 TeV, typical nuclear recoil energies are of order of 1 to 100 keV.

SI WIMP-nucleon cross section [cm 2]

SI WII\ZP-;ucIeon cross section [pb]

—_

Figure 26.1: WIMP cross sections for spin-independent coupling

versus mass. The DAMA/LIBRA and CDMS-Si enclosed areas are
regions of interest from possible signal events. The yellow area shows
a scan of the parameter space of 4 typical SUSY models.
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28. Cosmic Microwave Background

Revised August 2017 by D. Scott (University of British Columbia) and
G.F. Smoot (UCB/LBNL).

28.2. 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) = Tp(1 + z) in an expanding universe.

28.3. Description of CMB Anisotropies

Observations show that the CMB contains temperature anisotropies
at the 107 level and polarization anisotropies at the 1076 (and lower)
level, over a wide range of angular scales. These anisotropies are usually
expressed by using a spherical harmonic expansion of the CMB sky:

T(av ¢) = Z a[mnm(av (/))
Im

(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 and 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, i.e., the
variance as a function only of angular separation. Equivalently, the power
per unit Infis 3" lagm|? /4.

28.3.1. The Monopole :

The CMB has a mean temperature of T, = 2.7255 £ 0.0006 K (1) [21],
which can be considered as the monopole component of CMB maps,
app. 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 [22]. The measured kT is equivalent to
0.234meV or 4.60 x 10719 mec2. A blackbody of the measured temperature
has a number density ny = (2¢(3) /7r2)T§ ~ 411cm™3, energy density
py = (72/15) Té ~4.64x 1073 gem™3 ~ 0.260eV cm ™3, and a fraction of
the critical density Qy ~ 5.38 x 1075,

28.3.2. The Dipole :

The largest anisotropy is in the £ = 1 (dipole) first spherical harmonic,
with amplitude 3.3645 + 0.0020 mK [12]. The dipole is interpreted 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. [23]).

28.3.3. 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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Scalar perturbations Tensors
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Figure 28.1: Theoretical CMB anisotropy power spectra, using
the best-fitting ACDM model from Planck, calculated using CAMB.
The panel on the left shows the theoretical expectation for scalar
perturbations, while the panel on the right is for tensor perturbations,
with an amplitude set to » = 0.1 for illustration.
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Figure 28.2: CMB temperature anisotropy band-power estimates

from the Planck, WMAP, ACT, and SPT experiments. The acoustic
peaks and damping region are very clearly observed, with no need

for a theoretical curve to guide the eye; however, the curve plotted is
the best-fit Planck ACDM model.
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29. Cosmic Rays

Revised October 2017 by J.J. Beatty (Ohio State Univ.), J. Matthews
(Louisiana State Univ.), and S.P. Wakely (Univ. of Chicago).

Cosmic ray spectra are expressed in terms of differential intensity I
with units [m~2s~!sr~1£~1], 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
m? s sr GeV
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 10'° 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 1019 eV the spectrum steepens rapidly
due to the onset of inelastic interactions with the cosmic microwave
background.

In(E) ~ 1.8 x 104E/1 GeV)™® (29.2)

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~lsr~1. The overall angular distribution
of muons at the ground as a function of zenith angle 6 is o cos2 6. This
results in a muon rate of about 1 cm™2 min~1 for a thin horizontal detector.
In addition to muons, there is a significant component of electrons and
positrons with an integral vertical intensity very approximately 30, 6,
and 0.2 m~2s~1sr—1 above 10, 100, and 1000 MeV respectively, with a
complicated angular dependence. The integral intensity of vertical protons
above 1 GeV/c at sea level is = 0.9 m~2sr71, 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~Lsr=1 x (h/km)%-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~lsr 1 x
(d/km)~%®. Below depths of ~ 20 km w.e., most remaining muons are
produced by neutrino interactions. The upward-going vertical intensity of
muons above 2 GeV is ~ 2 x 1072 m~2s~1sr~!. 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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30. Accelerator Physics of Colliders

Revised March 2018 by M.J. Syphers (NIU/FNAL) and F. Zimmer-
mann (CERN).

The number of events, Negp, is the product of the cross section of interest,

Oexp, and the time integral over the instantaneous luminosity, £

Newp = Oeap ¥ / L(t)dt. (30.1)

Today’s colliders all employ bunched beams. If two bunches containing 71
and no particles collide head-on with frequency f.q, a basic expression
for the geometric luminosity is

Z = Jeoll

ninz

(30.2)
dmoyzoy

where o, and oy characterize the rms transverse beam sizes in the
horizontal (bending) and vertical directions.

For a beam with a Gaussian distribution in z,2’, the area containing
one standard deviation o, divided by 7, is used as the definition of

emittances:

2
- 30.9
B (309)

with a corresponding expression in the other transverse direction, y.

€y =

Eq. (30.2) can be recast in terms of emittances and amplitude functions as
ning
Y =f——eeF.
f47r, /e B €y ﬂ;

Here, 7 <1 is a factor that takes into account effects such as crossing
angles, hour glass factors, pinch effects, and so on. §* is the value of the
amplitude function at the interaction point.

(30.10)

A bunch in beam 1 presents a (nonlinear) lens to a particle in beam
2 resulting in changes to the particle’s transverse tune with a range
characterized by the beam-beam parameter

110 a1q2m1 ) o
. (_) 5 30.11
Sy 872/ maov20y 1(0% 1 + 05 ) .

where ¢1 (¢2) denotes the particle charge of beam 1 (2) in units of the
elementary charge, m 4 9 the mass of beam-2 particles, and p the vacuum
permeability.

Eq. (30.2) for linear colliders can be written as:
n
L N, Hp. (30.12)

137 Pyan
- 8mre Eem 0;;

Here, P,y is the total wall-plug power of the collider, n = P,/ Pyan the
efficiency of converting wall-plug power into beam power P, = fc.ounEem,
E.p, the cms energy, n (= n1 = ng) the bunch population, and cr; the
vertical rms beam size at the collision point. In formulating Eq. (30.12)
the number of beamstrahlung photons emitted per e*, was approximated
as Ny = 2aren/oy, where a = 1/137 denotes the fine-structure constant.
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31. High-energy collider parameters
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33. Passage of Particles Through Matter

Revised August 2015 by H. Bichsel (University of Washington), D.E.
Groom (LBNL), and S.R. Klein (LBNL).

This review covers the interactions of photons and electrically charged
particles in matter, concentrating on energies of interest for high-energy
physics and astrophysics and processes of interest for particle detectors.

Table 33.1: Summary of variables used in this section. The
kinematic variables  and 7 have their usual relativistic meanings.

Symbol Definition Value or (usual) units
mec?  electron mass x ¢ 0.510998 9461(31) MeV
re  classical electron radius
e? /4megmec? 2.817940 3227(19) fm
«  fine structure constant
€2 /Aneghc 1/137.035999 139(31)
N, Avogadro’s number 6.022 140 857(74) x 1023 mol !
p  density g cm™3
T mass per unit area g cm 2
M incident particle mass MeV /c?
E  incident part. energy yMc? MeV
T  kinetic energy, (y — 1)Mc? MeV
W energy transfer to an electron MeV

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 47nNgr2mec® 0.307075 MeV mol ! ¢cm?
(Coefficient for dE/dzx)
I mean excitation energy eV (Nota bene!)
0(By) density effect correction to ionization energy loss
hwp  plasma energy Vp{(Z/A) x 28.816 eV
VAT Ner3 mec? /o L pingem3
Ne  electron density (units of 7)™

w;  weight fraction of the jth element in a compound or mixture
n;  oc number of jth kind of atoms in a compound or mixture

Xop radiation length g cm ™2

E. critical energy for electrons MeV

Eyc critical energy for muons GeV

Es  scale energy /4w /a mec? 21.2052 MeV

Ryps  Moliere radius g cm™2
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33.2. Electronic energy loss by heavy particles [1-33]
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Figure 33.1: Mass stopping power (= (—dFE/dz)) for positive
muons in copper as a function of 8y = p/Me 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.

33.2.2. Maximum energy transfer in a single collision :
For a particle with mass M,
Imec? f242

Winax = .
T 4 2yme /M 4 (me/M)?

(33.4)

33.2.3. Stopping power at intermediate energies :

The mean rate of energy loss by moderately relativistic charged heavy

particles is well-described by the “Bethe equation,”
dE 2Z 1 1 2m502ﬂ272Wmax 2 6(ﬂ7)

< i > =Kz A5 {2 In 72 Ié; 5 . (33.5)

This is the mass stopping power; with the symbol definitions and values
given in Table 33.1, the units are MeV g~tem?. (—dE/dz) defined in this
way is about the same for most materials, decreasing slowly with Z. The
linear stopping power, in MeV /cm, is (—dE/dzx) 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. (33.5) increases as In (7.
However, real media become polarized, limiting the field extension and
effectively truncating this part of the logarithmic rise. Parameterization of
the density effect term d(5v) in Eq. (33.5) 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. (33.5) still forms the basis of much of our understanding
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of energy loss by charged particles. Extensive tables are available
[pdg.1bl.gov/AtomicNuclearProperties/|.

Eq. (33.5) may be integrated to find the total (or partial) “continuous
slowing-down approximation” (CSDA) range R. Since dE/dx depends
(nearly) only on 3, R/M is a function of E/M or pc/M.

33.2.9. Fluctuations in energy loss :

For detectors of moderate thickness z (e.g. scintillators or LAr cells),
the energy loss probability distribution f(A; v, z) is adequately described
by the highly-skewed Landau (or Landau-Vavilov) distribution [24,25].
The most probable energy loss

£

2 /2 2.2
%Hnjﬂfﬁta(m) , (33.11)

where € = (K/2) (Z/A) 22(x/3%) MeV for a detector with a thickness
in g em™2, and j = 0.200 [26]. While dE/dz is independent of thickness,
Ap/x scales as alnx +b. This most probable energy loss reaches a (Fermi)
plateau rather than continuing (dE/dz)’s lograthmic rise with increasing
energy.

Ap=¢|In

33.4. Photon and electron interactions in matter

At low energies electrons and positrons primarily lose energy by
ionization, although other processes (Mgller scattering, Bhabha scattering,
et annihilation) contribute. While ionization loss rates rise logarithmically
with energy, bremsstrahlung losses rise nearly linearly (fractional loss is
nearly independent of energy), and dominates above the critical energy
(Sec. 33.4.4 below), a few tens of MeV in most materials

33.4.1. Collision energy losses by et :

Stopping power differs somewhat for electrons and positrons, and both
differ from stopping power for heavy particles because of the kinematics,
spin, charge, and the identity of the incident electron with the electrons
that it ionizes. Complete discussions and tables can be found in Refs. 10,
11, and 29 in the full Review.

33.4.2. Radiation length :

High-energy electrons predominantly lose energy in matter by
bremsstrahlung, and high-energy photons by eTe™ pair production. The
characteristic amount of matter traversed for these related interactions is
called the radiation length Xg, usually measured in g cm™2. Xy has been
calculated and tabulated by Y.S. Tsai [42]:

1 2Na { Z2[Lyaa — F(2)] + 2 L;ad} . (33.26)

X_O = 4a75 A
For A=1 g mol™}, 4ar?Ny/A = (716.408 g cm™2)7L. L,,q and L/ d
are tabulated in the full Review, where a 4-place approximation for f (z% is
also given.

33.4.3. Bremsstrahlung energy loss by et

At very high energies and except at the high-energy tip of the
bremsstrahlung spectrum, the cross section can be approximated in the
“complete screening case” as [42]

2104 4
do/dk = (1/k)4are{(3 — 3y + y*)[Z*(Lraa — [(2)) + Z L]
+51-9)(Z°+2)}
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

(33.29)
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line ranges from 1.7% (low Z) to 2.5% (high Z) of the total. If it is ignored
and the first line simplified with the definition of X given in Eq. (33.26),
we have d 4

o

_ 4 4 2
T XN Bty (33.30)

33.4.4. Critical energy :

An electron loses energy by bremsstrahlung at a rate nearly proportional
to its energy, while the ionization loss rate varies only logarithmically
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 definition with
the approximation |dE/dz|prems =~ E/Xp. 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.1bl.gov/AtomicNuclearProperties.

33.4.5. Energy loss by photons :

At low energies the photoelectric effect dominates, although Compton
scattering, Rayleigh scattering, and photonuclear absorption also con-
tribute. The photoelectric cross section is characterized by discontinuities
(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
effect, photonuclear and electronuclear interactions predominate over
electromagnetic interactions. At photon energies above about 102 eV, for
example, photons usually interact hadronically.

33.5. Electromagnetic cascades

When a high-energy electron or photon is incident on a thick absorber, it
initiates an electromagnetic cascade as pair production and bremsstrahlung
generate more electrons and photons with lower energies.

The longitudinal development is governed by the high-energy part of
the cascade, and therefore scales as the radiation length in the material.
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=xz/Xo, y=FE/E., (33.35)
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
electromagnetic cascade is reasonably well described by a gamma
distribution [59],

dE (bt)a—le—bt

o~ Fob T(a)

at energies from 1 GeV to 100 GeV.

(33.36)
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Figure 33.20: An EGS4 simulation of a 30 GeV electron-induced
cascade in iron. The histogram shows fractional energy deposition
per radiation length, and the curve is a gamma-function fit to the
distribution.

33.6. Muon energy loss at high energy

At sufficiently high energies, radiative processes become more important
than ionization for all charged particles. These contributions increase
almost linearily with energy. It is convenient to write the average rate of
muon energy loss as [72]

—dE/dx = a(E)+b(E)E . (33.41)
Here a(E) is the ionization energy loss given by Eq. (33.5), 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 g of a muon with initial energy Fy is given
by

20~ (1/b)In(1 + Eo/Eye) , (33.42)

where E e = a/b.

The “muon critical energy” Ej. can be defined as the energy at which
radiative and ionization losses are equal, and can be found by solving
Ejic = a(Eue)/b(Eye). This definition is different from the Rossi definition
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.

33.7. 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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33.7.1. Optical Cherenkov radiation :

The angle 6. of Cherenkov radiation, relative to the particle’s direction,
for a particle with velocity fc in a medium with index of refraction n is

cosf. = (1/nB)
or tanf.=+/f?n2 -1
V2(1—1/nB) for small O, e.g. in gases. (33.43)

The threshold velocity 3 is 1/n. Values of n — 1 for various commonly
used gases are given as a function of pressure and wavelength in Ref. 78.
Data for other commonly used materials are given in Ref. 79.

The number of photons produced per unit path length of a particle
with charge ze and per unit energy interval of the photons is

Q

d2N az? a?2? 1
= = gin? 0. = —
dEdzx he Te MeC? B2n2(E)
~ 370 sin? 0.(E) eV lem™ (2 =1), (33.45)
or, equivalently,
d®’N _ 2raz? 1 1 (33.46)
ded\ ~ X2 B32n2(\) ) - '

33.7.2. 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 [84]. The signals can be visible
above backgrounds for shower energies as low as 1017 eV; see Sec. 35.3.3
for more details.

33.7.3. Transition radiation :

The energy radiated when a particle with charge ze crosses the

boundary between vacuum and a medium with plasma frequency wy, is
I= az27ﬁ/.up/3 . (33.47)
The plasma energy fwy, is defined in Table 33.1.

For styrene and similar materials, fwy =~ 20 eV; for air it is 0.7 eV. The
number spectrum dN/d(fw diverges logarithmically at low energies and
decreases rapidly for fiw/vlw, > 1. Inevitable absorption in a practical
detector removes the divergence. About half the energy is emitted in the
range 0.1 < hw/vhiwy < 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.

The number of photons with energy hw > hwq is given by the answer
to problem 13.15 in Ref. 33,

2 hw 2 2
Ny (hw > hwg) = % {(m VFJ - 1) + X, (33.49)

o 12
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Figure 33.27: X-ray photon energy spectra for a radiator consisting
of 200 25 pm thick foils of Mylar with 1.5 mm spacing in air (solid
lines) and for a single surface (dashed line).

within corrections of order (fiwg/vhwp)?. The number of photons above a
fixed energy hwy < yhwp thus grows as (In 7)2, but the number above a
fixed fraction of yhwp (as in the example above) is constant. For example,
for hiw > yhwy/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)(1/4% + 6% + w%/wQ)fl. Most of the
radiation is produced in this distance. Here 6 is the x-ray emission angle,
characteristically 1/. For § = 1/~ the formation length has a maximum
at d(ywp/v/2) = v¢/v/2wp. In practical situations it is tens of yum.

Since the useful x-ray yield from a single interface is low, in practical
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 frequencies
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. 33.27 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 oc N.
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34. Particle Detectors at Accelerators

34.1. Introduction

This review summarizes the detector technologies employed at
accelerator 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. 35. More
detailed discussions of detectors and their underlying physics can be found
in books by Ferbel [1], Kleinknecht [2], Knoll [3], Green [4], Leroy &
Rancoita [5], and Grupen [6].

In Table 34.1 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 detector
readout can provide better spatial resolution than digital readout by
measuring 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. Typical performance of
calorimetry and particle identification are provided in the relevant sections
below.

Table 34.1: Typical resolutions and deadtimes of common charged
particle detectors. Revised November 2011.

Intrinsinc Spatial Time Dead
Detector Type Resolution (rms) Resolution  Time
Resistive plate chamber <10 mm 1 ns (50 ps?) —
Streamer chamber 300 pim® 2 ps 100 ms
Liquid argon drift [7] ~175-450 pm  ~ 200 ns ~ 2 us
Scintillation tracker ~100 pm 100 ps/n® 10 ns
Bubble chamber 10-150 pm 1 ms 50 ms
Proportional chamber 50-100 pm® 2 ns 20-200 ns
Drift chamber 50-100 pm 2 ns/ 20-100 ns
Micro-pattern gas detectors 30-40 pm <10 ns 10-100 ns
Silicon strip pitch/(3 to 7)9  few ns” <50 nsh
Silicon pixel <10 pm few ns” <50 ns”
Emulsion 1 pm — —

For multiple-gap RPCs.

300 pm is for 1 mm pitch (wirespacing/v/12).

n = index of refraction.

Multiple pulsing time.

Delay line cathode readout can give 150 pm parallel to anode wire.
For two chambers. ) )

The highest resolution (“7”) is obtained for small-pitch detectors
(<25 pm) with pulse-height-weighted center finding.

Limited by the readout electronics [8].

Q@ o &0 o 2

Further discussion and all references may be found in the full Review.
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36. Radioactivity and Radiation Protection

Revised October 2017 by S. Roesler and M. Silari (CERN).
36.1. 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
imparted 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 1012 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 36.1: Radiation weighting factors, wp.

Radiation type wWR
Photons 1
Electrons and muons 1
Neutrons, E, < 1 MeV 2.5 4+ 18.2 x exp[—(In Ey,)2 /6]
1 MeV < Ep <50 MeV 5.0+ 17.0 x exp[—(In(2FEy))? /6]
Ep, > 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 g in the organ or tissue caused by different
radiation types R weighted with so-called radiation weighting factors wg:

Hp =Y wpxDrp. (36.1)
R

T This unit is somewhat historical, but appears on some measuring in-
struments. 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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It expresses long-term risks (primarily cancer and leukemia) from low-level
chronic exposure. The values for wg recommended recently by ICRP [2]
are given in Table 36.1.

o Effective dose (unit: Sievert): The sum of the equivalent doses,
weighted by the tissue weighting factors wy (37w = 1) of several organs
and tissues T' of the body that are considered to be most sensitive [2], is
called “effective dose” E:

E=Y wpxHyp. (36.2)
T

36.2. Radiation levels [4]

e Natural annual background, all sources: Most world areas, whole-
body equivalent dose rate &~ (1.0-13) mSv (0.1-1.3 rem). Can range up
to 50 mSv (5 rem) in certain areas. U.S. average ~ 3.6 mSv, including
~ 2 mSv (= 200 mrem) from inhaled natural radioactivity, mostly radon
and radon daughters. (Average is for a typical house and varies by more
than an order of magnitude. It can be more than two orders of magnitude
higher in poorly ventilated mines. 0.1-0.2 mSv in open areas.)
e Cosmic ray background (sea level, mostly muons):
~ 1 min~! em™2 sr~!. For more accurate estimates and details, see the
Cosmic Rays section (Sec. 29 of this Review).
e Fluence (per 01112) to deposit one Gy, assuming uniform irradiation:

~ (charged particles) 6.24x10°/(dE/dx), where dE/dz (MeV
g1 em?), the energy loss per unit length, may be obtained from Figs.
33.2 and 33.4 in Sec. 33 of the Review, and pdg.1bl.gov/AtomicNuclear
Properties.

~ 3.5 x 102 cm~2 minimum-ionizing singly-charged particles in carbon.

~ (photons) 6.24x10°/[Ef/(], for photons of energy E (MeV),
attenuation 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).

36.3. Health effects of ionizing radiation

e Recommended limits of effective dose to radiation workers
(whole-body dose):*

EU/Switzerland: 20 mSv yr—!

U.S.: 50 mSv yr~! (5 rem yr—1)f
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 [2].

Footnotes:

* The ICRP recommendation [2] is 20 mSv yr—1 averaged over 5 years,
with the dose in any one year < 50 mSv.

f Many laboratories in the U.S. and elsewhere set lower limits.

See full Review for references and further details.
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37. Commonly Used Radioactive Sources

Table 37.1. Revised August 2017 by D.E. Groom (LBNL) and
R.B. Firestone (LBNL).

Particle Photon
Type of Energy Emission Energy Emission
Nuclide Half-life decay (MeV) prob. (MeV)  prob.
22Na 2.603y AT, EC 0.546 90% 0.511  Annih.
1.275  100%
SiCr 27.70d EC 0340  10%
V K x rays 100%
Neutrino calibration source
34Mn 0.855y EC 0.835  100%
Cr K x rays 26%
ggFe 27147y EC Mn K x rays:
0.00590 24.4%
0.00649 2.86%
37Co 271.8d EC 0.014 9%
0122  86%
0136  11%
Fe K x rays 58%
89Co 5271y f~ 0317 99.9% 1173 99.9%
1.333  99.9%
88Ge 271.0d EC Ga K x rays 42%
—8%Ga 67.8m gt EC 1.899 90% 0.511  Annih.
1.077 3%
29sr 288y B~ 0.546 100%
-R¥Y  267d pT 2279 100%
196Ru 371.5d B~ 0.039 100%
—1%Rh 301s B~ 3.546 79% 0.512  21%
0.622  10%
1%cd 1265y EC  0.063 e~ 42% 0.088  3.7%
0.084 e~ 44% Ag K x rays 100%
1330 1151d  EC 0.364 ¢ 28% 0.392  65%
0.388 ¢~ 6% In K x rays 97%
187Cs 300y BT 0514 94% 0.662  85%
1.176 6%
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133Ba 1055y EC 0.045e~  50% 0.081  33%
0.075 e~ 6% 0.356  62%
Cs K x rays 121%
192Fu 13.537y EC 72.1% Many ~’s
6= 27.9% 0.1218-1.408 MeV
WIBi 329y EC 048le~ 2% 0.569  98%
0.975 e~ 7% 1.063 5%
1.047 e~ 2% 1.770 7%
Pb K x rays 78%
28Th 1912y  6a:  5.341to 8.785 0239  44%
387 0.334 to 2.246 0.583  31%
2.614  36%
( 2241:{a 220Rn N Qégpo 212Pb 212B1 212PO)
( 361 d 5585 0.038s  10.64h  6054m 300 ns)
2L Am 4326y o  5.443 13% 0.060  36%
5.486 84% Np L x rays 38%

ZlAm/Be 4326y 6 x 1070 neutrons ((F) = 4 MeV) and
4 x 107%9’s (4.43 MeV from { Be(a,n))

Z4Cm 1811y o  5.763 24% Pu L x rays ~ 9%
5.805 76%

Bict 2,645y o (97%) 6.076 15%
6.118 82%

Fission (3.1%): Average 7.8 +’s/fission; (E,) = 0.88 MeV
~ 4 neutrons/fission; (Ey) = 2.14 MeV

“Emission probability” is the probability per decay of a given emission;
because of cascades these may total more than 100%. Only principal
emissions are listed. EC means electron capture, and e~ means
monoenergetic internal conversion (Auger) electron. The intensity of 0.511
MeV eTe™ annihilation photons depends upon the number of stopped
positrons. Endpoint 8% energies are listed. In some cases when energies
are closely spaced, the v-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/IAEABooks/7551/Update-of-X-Ray-and-Gamma-Ray-Decay-Data
-Standards-for-Detector-Calibration-and-Other-Applications,
TAEA (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. Abdurashitov
et al. [SAGE Collaboration], Phys. Rev. C59, 2246 (1999). The use of
gZSe and other isotopes has been proposed.
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38. PROBABILITY
Revised September 2015 by G. Cowan (RHUL).

The following is a much-shortened version of Sec. 38 of the full Review.
Equation, section, and figure numbers follow the Review.

38.2. Random variables

e Probability density function (p.d.f.): x is a random variable.
Continuous:  f(z;0)dx = probability x is between z to = + dz, given
parameter(s) 6;
Discrete: f(z;0) = probability of z given 6.

e Cumulative distribution function:
a
F(a) = / f(z) dx . (38.6)
—o0

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.

o Expectation values: Given a function w:
00
Eu(z)] = / u(z) f(z) dz . (38.7)
J—o00
o Moments:

nth moment of a random variable: ap = E[z"] , (38.8a)
nth central moment: m, = E[(x — a1)"] . (38.80)
Mean: p=a; . (38.9a)
Variance: 02 = V[z] = mg = ag — 2 . (38.9b)

Coefficient of skewness: v, = m3/c°.
Kurtosis: o = m4/04 -3.
Median: F(2yeq) = 1/2.

o Marginal p.d.f.: Let x,y be two random variables with joint p.d.f.
hw) = [ tewd: B =] fepd. (@0
e Conditional p.d.f.:
fazly) = f(z,9)/ f2ly) 5 fs(ylz) = fz,y)/ f1(2) -

e Bayes’ theorem:

Byl filz)  f3lylz)fi(=)

Jalzly) = = . 38.11
=R T TR AW) & (510
e Correlation coefficient and covariance:
oo o0
o = / / zf(z,y) dz dy , (38.12)
—o0 J—o0

pey =E [(]‘ — ug)(y — ,u,y)] [0q 0y = covz,y]/oz oy ,
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op = / / (x — 1)? f(2,y) dz dy . Note p2, < 1.
—00 J—00

e Independence: x,y are independent if and only if f(z,y) = f1(z) - f2(y);
then pyy = 0, Eu(z) v(y)] = Elu(z)] Elv(y)] and V{z+y] = Viz]+V]y].

e Change of variables: From & = (21,...,2n) to ¥y = (Y1,-..,Yn):
g9(y) = [ (z(y)) - |J| where |J| is the absolute value of the determinant of
the Jacobian J;; = dz;/0y;. For discrete variables, use |.J| = 1.

38.3. Characteristic functions

Given a pdf f(z) for a continuous random variable z, the characteristic
function ¢(u) is given by (31.6). Its derivatives are related to the algebraic
moments of z by (31.7).

o(u) =F [eww} = /_oo N f(z) d . (38.17)
i ZZf o = /70:0 2" f(z)dx = ap . (38.18)

If the p.d.fs fi(x) and fa(y) for independent random variables z and

y have characteristic functions ¢;(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 Gaussian

distributed variables also follows a Gaussian distribution) easily follow

from this observation.

38.4. Some probability distributions
See Table 38.1.

38.4.2. Poisson distribution :

The Poisson distribution f(n;v) gives the probability of finding exactly

n events in a given interval of z (e.g., space or time) when the events

occur independently of one another and of = 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.

38.4.3. 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 [1 + erf(x/\/i)] . (38.24)

For mean p and variance o2, replace = by (z — p)/o.
P(z in range 1+ o) = 0.6827,

P(z in range p + 0.67450) = 0.5,

Eljz — pl] = \/2/70 = 0.79790,

half-width at half maximum = v2In2 .0 = 1.1770.
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For n Gaussian random variables x;, the joint p.d.f. is the multivariate
Gaussian:

. l _ Tyr—1 _

CTAORY n/QWexp[ ba-wV T @=w)|, [V]>0.
(38.25)

V is the n x n covariance matriz; Vi; = El(x; — pi) (x5 — pj)] = pij 0504,

)
and V;; = V[z;]; |[V] is the determinant of V. For n = 2 flz;pn, V) is

1 -1
flx1, 23 p1, p2,01,02,p) = —————F—= X eXp{i
( > b2, » 02, o109 /71 *02 2(1 _ p2)
-

(71 2#1) _ 2l — )2 —pp) (22 M2)”

38.26
o1 0102 0% )

The marginal distribution of any z; is a Gaussian with mean p; and
variance Vj;. V' is n X n, symmetric, and positive definite. Therefore for
any vector X, the quadratic form X Ty-1x = C, where C is any positive
number, traces an n-dimensional ellipsoid as X varies. If X; = z; — y;,
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
thc ellipsoid characterized by a given value of C (= x?%) is given by

- F z(C n), where F 5 is the cumulative x? distribution. This may
be read from Fig. 39.1. )i:‘or 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. 39.4.2.2; the validity of those indicators assumes that g and V are
correct.

38.4.5. x2 distribution :

If z1,...,xy are independent Gaussian random variables, the sum
z=y0 (- /LZ')Z/OZ-Q follows the x2 p.d.f. with n degrees of freedom,
which we denote by x2 (n). More generally, for n correlated Gaussian
variables as components of a vector X with covariance matrix V,
2= XTV-1X follows x2(n) as in the previous section. For a set of z;,
each of which follows x2(n;), 3. z; follows x2(3_n;). For large n, the x2
p.d.f. approaches 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. 39.3.2 on tests of goodness-of-fit.

38.4.7. Gamma distribution :

For a process that generates events as a function of = (e.g., space or time)
according to a Poisson distribution, the distance in z from an arbitrary
starting point (which may be some particular event) to the k" event
follows a gamma distribution, f(x; A, k). The Poisson parameter u is A
per unit . The special case k = 1 (i.e., f(z; A, 1) = Ae™>®) is called the
exponential distribution. A sum of k' exponential random variables z; is
distributed as f(>_ x5\ 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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39. Statistics
Revised September 2017 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 frequentist
and Bayesian.

39.2. Parameter estimation

An estimator 0 (written with a hat) is a function of the data used to
estimate the value of the parameter 6.

39.2.1. Estimators for mean, variance, and median :

Suppose we have a set of n independent measurements, z1, ..., x,, each
assumed to follow a p.d.f. with unknown mean g and unknown variance
02 (the measurements do not necessarily have to follow a Gaussian
distribution). Then

1 n

= (39.5)
i=1

R Zn:(x'fﬂﬁ (39.6)
n-13 ' .

are unbiased estimators of x and ¢2. The variance of Ji is o2 /n and the
variance of 02 is
-5 1 L — 3
1% [02] —— <m4 _n (74> , (39.7)
n—1

n

where my is the 4™ central moment of = (see Eq. (38.8b)). For Gaussian
distributed z;, this becomes 20 /(n — 1) for any n > 2, and for large n the
standard deviation of 7 is o/ Von.

If the x; have different, known variances 01-2, then the weighted average

1Y

p= E:lwm ; (39.8)
i=

where w; = 1/02 and w = Y, w;, is an unbiased estimator for 4 with a

smaller variance than an unweighted average. The standard deviation of

ois 1/y/w.

39.2.2. The method of maximum likelihood :

Suppose we have a set of measured quantities & and the likelihood
L(0) = P(x|@) for a set of parameters 8 = (01,...,0y). The mazimum
likelihood (ML) estimators for 8 can be found by solving the likelihood
equations,

OlnL
= i=1,...,N. .
802 0, ? ) ) (399)

In the large sample limit, the s times the standard deviations o; of
the estimators for the parameters can be obtained from the hypersurface
defined by the 0 such that

In L(6) = In Liax — s2/2, (39.10)
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39.2.3. The method of least squares :

For Gaussian distributed measurements y; with mean u(z;;6) and
known variance 01-2, the log-likelihood function contains the sum of squares

o (i = pl@i:0))?
x2(0) = —2In L(#) + constant = Z % . (39.19)
i=1 i

If the y; have a covariance matrix V;; = cov[y;, y;], then the estimators
are determined by the minimum of

X2(0) = (y — u(0))"V "y — u6)) (39.20)
39.3. Statistical tests

39.3.1. Hypothests tests :

A frequentist test of a hypothesis (often called the null hypothesis, Hy)
is a rule that states for which data values x 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(z € w|Hp) < o
If the data are observed in the critical region, Hy is rejected.

The critical region is not unique, and generally defined relative to some
alternative hypothesis (or set of alternatives) H;. 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 « inside w, the likelihood ratio

_ falm) »

N = ) (3949
is greater than or equal to a given constant c,, and everywhere outside
the critical region one has A(x) < ¢qo, where the value of ¢, is determined
by the size of the test a. Here Hy and H; must be simple hypotheses, i.e.,

they should not contain undetermined parameters.

39.3.2. 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
t is defined such that large values correspond to poor agreement with the
hypothesis, then the p-value would be

o0

p= [ J(tlHo)dt, (39.45)
tobs
where .}, is the value of the statistic obtained in the actual experiment.

39.3.2.1. Goodness-of-fit with the method of least squares:
For Poisson measurements n; with variances UZ-Q = u;, the X2 (39.19)
becomes Pearson’s x2 statistic,

2

2oy i) (39.53)

1 Hiq

e

K2

Assuming the goodness-of-fit statistic follows a x? p.d.f., the p-value for
the hypothesis is then

p= |, SGnads. (39.549)
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Figure 39.1: One minus the x? cumulative distribution, 1—F(x?;n),
for n degrees of freedom. This gives the p-value for the x2 goodness-
of-fit test as well as one minus the coverage probability for confidence
regions (see Sec. 39.4.2.2).

where f(z;nq) is the x2 p.d.f. and nq is the appropriate number of degrees
of freedom. Values are shown in Fig. 39.1. The p-values obtained for
different values of x2/nq are shown in Fig. 39.2.

2.5

X%/n

0 10 20 30 40 50
Degrees of freedom n

Figure 39.2: The ‘reduced’ X2, equal to X2/n, for n degrees
of freedom. The curves show as a function of n the x2/n that
corresponds to a given p-value.
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39.3.3. Bayes factors :

In Bayesian statistics, one could reject a hypothesis H if its posterior
probability P(H|x) is sufficiently small. The full prior probability for two
models (hypotheses) H; and H; can be written in the form

m(H;,0;) = P(H;)m(0;|H;) - (39.55)

The Bayes factor is defined as
By = J P(|0i, Hi)m(0i| Hi) d;
This gives what the ratio of posterior probabilities for models ¢ and j
would be if the overall prior probabilities for the two models were equal.

39.4. Intervals and limits

(39.58)

39.4.1. Bayesian intervals :
A Bayesian or credible interval) [0, 0yp] can be determined which
contains a given fraction 1 — « of the posterior probability, i.e.,

Oup
l—a= / p(flx)do . (39.60)
lo

39.4.2. Frequentist confidence intervals :

39.4.2.1. The Neyman construction for confidence intervals:

Given a p.d.f. f(x;6), we can find using a pre-defined rule and
probability 1 — « for every value of 0, a set of values z1(0, ) and x2(6, a)
such that

2
P(z <x<x2;9):/ flz;0)dz>1—-«a. (39.67)
E31

39.4.2.2.  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 x will fall within 46 of the true value pu is

40
l—a= ! / e~ @=m?/20% o orf ( 0 ) =29 <é> -1,
2ro Ju—s V2o o

(39.70)
Fig. 39.4 shows a § = 1.640 confidence interval unshaded. Values of « for
other frequently used choices of § are given in Table 39.1.

Table 39.1: Area of the tails « outside 460 from the mean of a
Gaussian distribution.

« 0 « 0
0.3173 lo 0.2 1.28¢
455 x1072 | 20 0.1 1.640
2.7 x1073 30 0.05 1.960
6.3x107° 40 0.01 2.580
5.7x1077 50 0.001 3.290
2.0x1079 6o 1074 3.89¢

We can set a one-sided (upper or lower) limit by excluding above x + §
(or below x — §). The values of « for such limits are half the values in
Table 39.1. Values of Ax? or 2AIn L are given in Table 39.2 for several
values of the coverage probability 1 — a and number of fitted parameters
m.
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Figure 39.4: Illustration of a symmetric 90% confidence interval
(unshaded) for a Gaussian-distributed measurement of a single
quantity. Integrated probabilities, defined by a = 0.1, are as shown.

Table 39.2: Values of Ax? or 2AIn 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

39.4.2.3. Poisson or binomial data:
For Poisson distributed n, the upper and lower limits on the mean value
w from the Neyman procedure are
fo = S F5' (10 2n) , (39.76a)

fup = %FX‘Ql(l — ayp; 2(n + 1)), (39.76b)
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-la 20, 2(N —n+1
Al oo 2 ( ) , (39.77a)
N —n+1+ nFp [e;2n,2(N —n + 1)]
(n+1)Fpt[1 — aup; 2(n + 1),2(N — n)]
Pup = — .
PN —n) + (0 DFRL - aups2(n+ 1), 2(N —n)]
Here Fp Lis 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 [38]. Properties of these intervals are

described further in the Review. Table 39.4 gives the unified confidence
intervals [p1,p2] for the mean of a Poisson variable given n observed

Plo =

(39.77b)
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Table 39.3: 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=9%

n Hlo Hup Hlo Hup
0 - 2.30 - 3.00
1 0.105 3.89 0.051 4.74
2 0.532 5.32 0.355 6.30
3 1.10 6.68 0.818 7.75
4 1.74 7.99 1.37 9.15
5 2.43 9.27 1.97 10.51
6 3.15  10.53 2.61 11.84
7 3.89  11.77 3.29 13.15
8 4.66 12.99 3.98  14.43
9 5.43 14.21 4.70 15.71

10 6.22 15.41 543  16.96

events in the absence of background, for confidence levels of 90% and 95%.

Table 39.4: Unified confidence intervals [u1, u2] for a the mean
of a Poisson variable given n observed events in the absence of
background, for confidence levels of 90% and 95%.

1—a=90% 1—a=95%

n o e mo e
0 0.00 2.44 0.00 3.09
1 0.11 4.36 0.05 5.14
2 0.53 5.91 0.36 6.72
3 1.10 7.42 0.82 8.25
4 1.47 8.60 1.37 9.76
5 1.84 9.99 1.84 11.26
6 2.21  11.47 2.21  12.75
7 3.56 12.53 2.58 13.81
8 3.96 13.99 2.94 15.29
9 4.36  15.30 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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47. Kinematics

Revised August 2017 by D.R. Tovey (Sheffield) and January 2000 by J.D.
Jackson (LBNL).

Throughout this section units are used in which 7 = ¢ = 1. The following
conversions are useful: fic = 197.3 MeV fm, (he)? = 0.3894 (GeV)? mb.

47.1. 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?> = E? — |p|?> = m?. The velocity of
the particle is 3 = p/E. The energy and momentum (E*, p*) viewed from
a frame moving with velocity 3 are given by

a)- (S G

<pu By P T

where v = (1—5;)_1/2
(parallel) to B3 - 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 pj - p2 = E1E9 — py - py is invariant (frame independent).

47.2. Center-of-mass energy and momentum

and p,, (pH) are the components of p perpendicular

In the collision of two particles of masses mi and msg the total
center-of-mass energy can be expressed in the Lorentz-invariant form
1/2
Eem = {(E1 +E2)” — (p + PQ)Z] ;

5 5 1/2
= {ml +m5 + 2E1Eo(1 — (182 cos 9)] , (47.2)

where 6 is the angle between the particles. In the frame where one particle
(of mass ma) is at rest (lab frame),

Eem = (m} +m3 + 2By 1 m2)V/? | (47.3)
The velocity of the center-of-mass in the lab frame is
Bem = Plab/(E11ab + m2) (47.4)
where pj,1, = Pq1ap and
Yem = (E11ab + m2)/Eem - (47.5)
The c.m. momenta of particles 1 and 2 are of magnitude
Pem = Plab g - (47.6)

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 dEc = ma dE 155 = ™2 51 1ab dPlab - (47.7)

47.3. 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
(PP |S] pip2) = T —i(2m)* 6% (p1 + po — P — ph)
A (p1, p2; Py, Py)

. 47.8
X (2E1)1/2 (2E2)1/2 (2Ei)1/2 (QEé)l/Q ( )
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The state normalization is such that
@'lp) = 27)*s*(p—p) . (47.9)
47.4. 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

ar= )

D, (P; 47.11
i d®n (P; p1, -, Pn), (47.11)
where d®,, is an element of n-body phase space given by
n
d3p;
. _ <4 i
A@u(P5 p1s -y pn) = 88 (P =3 pi) H1 g (47.12)
— -

This phase space can be generated recursively, viz.
d®n(P; p1, ..., pn) = d®;(q; p1, .-, pj)
X d®,_ji1 (P; ¢ pjt1, -- -, pn)(2m)3dg? (47.13)

where ¢? (Zl 1E ‘Zz 1 pZ . This form is particularly useful in

the case where a particle decays into another particle that subsequently
decays.

47.4.1. Survival probability : If a particle of mass M has mean
proper lifetime 7 (= 1/T") and has momentum (E, p), then the probability
that it lives for a time ¢y or greater before decaying is given by

P(tg) = e 0T/ = =M T/E (47.14)
and the probability that it travels a distance xg or greater is
P(x) = e Mz T/IPI (47.15)

47.4.2. Two-body decays :

! STRIG
P M
Dy, Mg
Figure 47.1: 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,
M2 — m% + m%

By = 47.1
[p1| = |2l
(M2 = (ma + ma)?) (M2 = (my —ma)?)]"/? p—
B 2M ’ :
and | |
r— 2 1Pl e 471
d 327r2 A7 gz (47.18)
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where dQ = d¢yd(cos 61) is the solid angle of particle 1. The invariant mass
M can be determined from the energies and momenta using Eq. (47.2)
with M = Eem.

47.4.3. Three-body decays :

/\//Pp my
p.M \/\

Py, My

Ps, mg

Figure 47.2: Definitions of variables for three-body decays.

Deﬁnmg sz = pl +pj and m = pZ], then m12 +m23 +m13 =
M? + m1 + m2 + m3 and m12 = (P p3)? = M? + m3 — 2M E3, where
FE3 is the energy of particle 3 in the rest frame of M. In that frame,
the momenta of the three decay particles lie in a plane. The relative
orientation of these three momenta is fixed if their energies are known.
The momenta can therefore be specified in space by giving three Euler
angles (a, 3,7) that specify the orientation of the final system relative to
the initial particle. The direction of any one of the particles relative to the
frame in which the initial particle is described can be specified in space by
two angles (o, 8) while a third angle, 7, can be set as the azimuthal angle
of a second particle around the first [1]. Then

1
I = @ 16M |.#|? dEy dE3 do d(cos 3) dy (47.19)
Alternatively
1

~ (2m)5 1602
where (|p}], €F) is the momentum of particle 1 in the rest frame of 1

and 2, and 3 is the angle of particle 3 in the rest frame of the decaying
particle. |p]| and |p3| are given by

| P3| |ps| dmiz dQF dQs (47.20)

[(m3y — (m1 +mg)?) (m3y — (m1 — mp)?)] '/?
2m12

lpil = , (47.21a)

and
[(M2 = (myg + m3)?) (M? = (m12 — m3)2)}1/2
2M

Ips| = (47.21b)

[Compare with Eq. (47.17).]
If the decaying particle is a scalar or we average over its spin states,
then integration over the angles in Eq (47.19) gives
1

(2 )3 SM
1
(27r)3 32]%3 -4
This is the standard form for the Dalitz plot.

dl' =

|/f| dE1 dEs

|2 dm12 dm23 (4722)
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47.4.3.1. Dalitz plot: For a given value of m%Q, the range of m%3 is
determined by its values when p, is parallel or antiparallel to p3:

(T”%?y)max =

(B3 + E)? — <\/E;2 —m3 /B - m§>2 , (47.230)
(m33)min =

(B3 + E5)? - <\/E22 —m+ \/E§‘2 — m§)2 : (47.23b)

Here B = (m2y — m? +m3)/2m12 and E = (M? —m3y —m3)/2mq2 are
the energies of particles 2 and 3 in the mjo rest frame. The scatter plot
in m2, and m3; is called a Dalitz plot. If [.#|2 is constant, the allowed
region of the plot will be uniformly populated with events [see Eq. (47.22)].
A nonuniformity in the plot gives immediate information on |.#|2. For

example, in the case of D — K7m, bands appear when mgr) = m g+ (s92),
reflecting the appearance of the decay chain D — K*(892)7r — Kr.

N : N N

(my+my)? i
8§ b=z~ i (M-m1)? .
~ I 2y ]
N>6* (m23)max§ —
3 I ' (M-mg)? ]
o | ]
2 [ g ]

) P S PO I P B
0 1 2 3 4 5

m%z (GeV2)

Figure 47.3: 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.

47.4.4. Kinematic limits :

47.4.4.1. Three-body decays: In a three-body decay (Fig. 47.2) the
maximum of |ps], [given by Eq. (47.21)], is achieved when m12 = mq +ma,
i.e., particles 1 and 2 have the same vector velocity in the rest frame of the
decaying particle. If, in addition, ms3 > m1,mg, then |P3\max > \pl\max7
| P, |max. The distribution of mig values possesses an end-point or
maximum value at mis = M — ms3. This can be used to constrain the
mass difference of a parent particle and one invisible decay product.
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47.4.5. 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 p;;r.. = p; +p; +pg + ..., then

Mijk... = \| Pijk... » (47.26)

and my;g... may be used in place of e.g., m12 in the relations in Sec. 47.4.3
or Sec. 47.4.4 above.

47.5. Cross sections

p{, My Dby mg

Py, My Ppyo Myi9

Figure 47.5: Definitions of variables for production of an n-body
final state.

The differential cross section is given by

92 4 2
el
44/ (p1 - p2)? — m%m%
X d®p(p1 +p2; P3, -+ -5 Put2) - (47.27)

[See Eq. (47.12).] In the rest frame of mg(lab),

\/(p1 - p2)? — m3m3 = mapi1ap ; (47.28a)

while in the center-of-mass frame

(p1-p2)? — m3m3 = prem /s - (47.28b)
47.5.1. Two-body reactions :
Py, my Pg, mg
Py, My Py my

Figure 47.6: Definitions of variables for a two-body final state.

Two particles of momenta p; and po and masses mq and mso scatter
to particles of momenta p3 and ps and masses mg and my; the
Lorentz-invariant Mandelstam variables are defined by
s=(p1+p2)* = (p3+pa)*
=m? +2E1Ey — 2p, - po + m3 , (47.29)
t=(p1 —p3)* = (p2—pa)*
=m3 — 2E1E3 + 2p; - p3 + m3 (47.30)
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u=(p1 —pa)* = (p2 — p3)?

=m} —2E1Ey +2py - py +m3 | (47.31)
and they satisfy
s+t+u=m3+m3+ms+m]. (47.32)
The two-body cross section may be written as
do 1 1
- = M 47.33
dt 64ms |p1cm|2 ‘ ‘ ( )
In the center-of-mass frame
t= (Elcm - E3cm)2 - (plcm - p3cm)2 — 4P1cm P3em Sin2(9cm/2)
=to — 4p1em P3em Sin2(acm/2) s (47.34)

where fcm is the angle between particle 1 and 3. The limiting values
to (fem =0) and t; (Oem = 7) for 2 — 2 scattering are
2 2 2 212
mi —m3—ms+m
to(t1) = ! 32\/5 2 1 - (P1em :Fp?)cm)Z . (47.35)

In the literature the notation tyi, (tmax) for to (1) is sometimes used,

which should be discouraged since tg > t1. The center-of-mass energies

and momenta of the incoming particles are

erm%fmg B 78+m§7m%
2 \/g ’ 2cm = 2 \/g s

For Escm and Fycm, change my to mg and mg to my. Then

/ m2
Picm = Ei2cm - m? and piem = pll% . (47.37)

Here the subscript lab refers to the frame where particle 2 is at rest. [For
other relations see Eqs. (47.2)—(47.4).]

Elem = (47.36)

47.5.2. 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 =mgcoshy , pz, py , pz = mpsinhy , (47.38)
where m.,, conventionally called the ‘transverse mass’, is given by
2 2.2, .2
my, =m" +py+py - (47.39)

and the rapidity y is defined by

*lln E+p
Y= B

_ E+p:\ _ . . _1(Pz
7ln< o >7tanh (E) . (47.40)

Note that the definition of the transverse mass in Eq. (47.39) differs
from that used by experimentalists at hadron colliders (see Sec. 47.6.1
below). Under a boost in the z-direction to a frame with velocity 3,
y — y — tanh~! 8. Hence the shape of the rapidity distribution dN /dy is
invariant, as are differences in rapidity. The invariant cross section may
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also be rewritten

3o _ 3o . d%o

Bp  dodyppdp, T wdyd(pZ)
The second form is obtained using the identity dy/dp, = 1/E, and the
third form represents the average over ¢.

(47.41)

Feynman’s x variable is given by

Pz E+p;
Tr = ~ < . 47.42
Pz max (E + pz)max (pT |p2|) ( )

In the c.m. frame,
N 2pzcm _ 2mT sinh yem

R Vs

(47.43)

and
= (Yem)max = In(v/s/m) . (47.44)
The invariant mass M of the two-particle system described in Sec. 47.4.2
can be written in terms of these variables as
M? = mi +m3 +2[Ep(1)Ep(2) cosh Ay — pr(1) - pr(2)] ,  (47.45)

where
Er(i) = \/lpr(i)]? + m? (47.46)

and pp(7) denotes the transverse momentum vector of particle 4.

For p > m, the rapidity [Eq. (47.40)] may be expanded to obtain
1 1 cos?(0/2) +m2/4p® + ...

=—=In
Y73 sin(6/2) +m?2/4p® + ...

~ —In tan(/2) = n (47.47)

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/v, 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 =cot® , coshn=1/sinf , tanhn = cosh . (47.48)

47.6. Transverse variables

At hadron colliders, a significant and unknown proportion of the energy
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 == "pr(i) (47.49)
i

where the sum runs over the transverse momenta of all visible final state
particles.
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47.6.1. 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. 47.1 to two particles, of
which one (labeled particle 1) is invisible. The mass of the parent particle
can be constrained with the quantity M defined by
MF = [Br(1) + Er(2)]* - [pr(1) + pr(2))?
= m} +m3+2(Br()Er(2) — pr(1) - pr(2)] . (47.50)
where )
pr(l) = B (47.51)

This quantity is called the ‘transverse mass’ by hadron collider
experimentalists but it should be noted that it is quite different from
that used in the description of inclusive reactions [Eq. (47.39)]. The
distribution of event My values possesses an end-point at M3 = M. If
m1 = mo = 0 then

MZ = 2|pr(1)|lpr(2)|(1 — cos é12) , (47.52)

where ¢;; is defined as the angle between particles i and j in the transverse
plane.

47.6.2. Pair production with semi-invisible final states :

p,, m b, m,

)
N

m
p,, m, p,,m,

Figure 47.7: Definitions of variables for pair production of semi-
invisible final states. Particles 1 and 3 are invisible while particles 2
and 4 are visible.

Consider two identical heavy particles of mass M produced such that
their combined center-of-mass is at rest in the transverse plane (Fig. 47.7).
Each particle decays to a final state consisting of an invisible particle of
fixed mass my together with an additional visible particle. M and m; can
be constrained with the variables Mpo and Mop which are defined in
Refs. [4] and [5].

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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49. Cross-section formulae for specific processes

Revised October 2009 by H. Baer (University of Oklahoma) 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 particles,
ete™, vy, qq, 9q , gg, etc., where g and g 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.

49.1. Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner

formula (Sec. 18 of this Review).
2
o(E) = 2J+1 4r r</4
(281 +1)(2S2+ 1) k2 | (E — Eo) +12/4

where E is the c.m. energy, J is the spin of the resonance, and the
number of polarization states of the two incident particles are 257 + 1
and 252 + 1. The c.m. momentum in the initial state is k, Eg is the
c.m. energy at the resonance, and T' 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 Bgyt.
For a narrow resonance, the factor in square brackets may be replaced by
7I'6(E — Ep)/2.

49.2. Production of light particles

BinBout,  (49.1)

The production of point-like, spin-1/2 fermions in eTe™ annihilation
through a virtual photon, ete™ — ~* — ff, at c.m. energy squared s is
a2

D7 N1+ cos 0+ (1 — 57 sin 0)Q3 (49.2)

where [ is v/c for the pIoduced fermions in the c.m., 6 is the c.m.
scattering angle, and @y is the charge of the fermion. The factor N is 1
for charged leptons and 3 for quarkb In the ultrarelativistic limit, § — 1,
5 47rcv 5 86.8 nb

o= N(‘Q rQ (GeV2) . (49.3)
The cross section for the dnmhllation of a ¢g pair into a distinct pair
¢'7 through a gluon is completely analogous up to color factors, with the
replacement o« — as. Treating all quarks as massless, averaging over the
colors of the initial quarks and defining t = —ssin(6/2), u = —s cos?(6/2),
one finds

do az 2 +u?
49.4
Tqldd— q7) = 9 2 (49.4)
Crossing symmetry gives
do a2 52 +u?
49.5
dQ(qq —qq) = 9 2 (49.5)
If the quarks ¢ and ¢ are identical, we have
do 2 +u? P2 u® 202
- — 49.6
dQ(qq—wzq) 99 2t i | (49.6)

and by crossing



49. Cross-section formulae for specific processes 245

do Q22452 24u? 287
— == |—F— -——. 49.7
dQ) (a9 = qq) 9s u2 12 3ut ( )
Annihilation of ete™ into 47 has the cross section
do, o _ a?u? +12
E(e e —yy) = % (49.8)

The related QCD process also has a triple-gluon coupling. The cross
section is

do 8a2 , oy, 1 9
—(qq = t ———). 49.9
ds2 (47 = 99) 27s (" +u )(tu 452) ( )
The crossed reactions are
do a2, 9 1 9
il = 5, -+ = 49.1
119 = a9) = 5o (8" +u) (= —+ 5) (49.10)
do _ ag 2 2, 1 9
= =5t - = 49.11
a9 —a@) = 5 -+ ut) (o = ) (49.11)
do 902 ut su st
= = 3—— - 2. 49.12
099 —99) =265 -3 - 5) (49.12)
Lepton-quark scattering is analogous (neglecting Z exchange)
do a? 5524+ u?
. E(eq — eq) : ge.q 5 - (4.19.13)
eq is the quark charge. For v-scattering with the four-Fermi interaction
do _ G%s
m(ud —{Tu) = P (49.14)
where the Cabibbo angle suppression is ignored. Similarly
do — G%s(1+cosh)?
- td) =2 TR 49.1
oVt = e (49.15)

For deep inelastic scattering (presented in more detail in Section 19)
we consider quarks of type i carrying a fraction x = Q2/(2]V[V) 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

1+cosf —2(1—y), dQem — A fi(z)dx dy (49.16)
where the latter incorporates the quark distribution, f;(z). We find
do Aralrs 1
N — eX) = - [1 1- 2]
eV = eX) = TEE [l (1-y)

4 1 -

X [g(u(x) + (@) + .. )t () + () + )] (49.17)
where now s = 2M E is the cm energy squared for the electron-nucleon
collision and we have suppressed contributions from higher mass quarks.

Similarly,

do _ G%ws 9,
M(VN - 07X) = L2 (d() +..) + (1 - )% @) +...)] , (49.18)
2 s —
di‘;y (N = (TX) = GL[(d(x) +.)+ 0 -9 (u@) +...)] . (49.19)

Quasi-elastic neutrino scattering (vyn — p~p, Uup — /ﬂrn) is directly
related to the crossed reaction, neutron decay.
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49.3. Hadroproduction of heavy quarks

For hadroproduction of heavy quarks @@ = ¢, b, t, it is important to
include mass effects in the formulae. For ¢¢ — QQ, one has

do o? 4m?2
(01— QQ) = Sx\[1= —2 [md — ) + (md —w)?* + 2mds]
i (49.20)
while for gg — QQ one has
do o? 4mQ
falan = QQ) = i1 = 22 | Sy~ oy~ )
B mQ(s - 4mQ) 4 (m%2 - t)(mQ —u) — QmQ(mQ +1)
3(mQ t)(mQ u) 3 (mQQ —1)2
4 (m% — t)(mg? —u) — Qmé(mé +u)
3 (m%2 —u)?

(m2Q - t)(m2Q —u)+ mé(u —t) L (m2Q - t)(mg? —u)+ m?Q(t —u)

-3
s(m?Q —t) s(mg2 —u)

(49.21)
49.4. Production of Weak Gauge Bosons
49.4.1. W and Z resonant production :

Resonant production of a single W or Z is governed by the partial widths

2G pm3
(W — €;7;) = % (49.22)
_ V2G 2m3
LW — qig;) = % (49.23)
\/_Gpm
D(Z = ) = NS

X [(Tg — Qsin?0y)? + (Q sin® 9W)2] . (49.24)
The weak mixing angle is fy,. The CKM matrix elements are V;;. Nc is 3
for qg and 1 for leptonic final states. These widths along with associated
branching fractions may be applied to the resonance production formula
of Sec. 49.1 to gain the total W or Z production cross section.

49.4.2. Production of pairs of weak gauge bosons :

The cross section for ff — WHW ™ is given in term of the couplings of the
left-handed and right-handed fermion f, ¢ = 2(T5 — Qzw ), 7 = —2Qzw,
where T3 is the third component of weak isospin for the left-handed f, Q
is its electric charge (in units of the proton charge), and zy = sin® 6y

2 2
do  2ma? l+r s {—r s
= = + + A(s,t,1
dt Ns? { <Q dxy s — m22> <4;1:W s — WLQZ) (5,8, )

+ LW (Q + LL) (O(=Q)I(s, 1, 1) — O(Q)I(s,u, 1))

2
2xyy s — my

(0(—-Q)E(s,t,u) + ©(Q)E(s,u, t))} , (49.26)
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where ©(z) is 1 for z > 0 and 0 for = < 0, and where

t 1 m? mé
et = (e -0) (f- 2 pamte) 4 5
my, 4 s s m

‘W
tu 1 m%v my, myy
“S’t’“)‘<m4 1) <12—5 s ) twa TP
W w
t 1 mb :
E(s,t,u) = <Z - 1) < + §V> + = (49.27)
myy 4 t myy

and s,t,u are the usual Mandelstam variables with s = (py + pf)z,t =

(py 7pW_)2,u = (py 7pW+)2. The factor N, is 3 for quarks and 1 for
leptons.
The analogous cross-section for q; — w20 is

2
do - WaZIVin ! {(9_81“/) (ut—m2 m2>
dt 65213‘2/‘, 5 — m%v 4 Wz

+ 8z —6)s (m%v + m%)]

N {ut - m%VmQZ - s(m%v +m22)} [Z_J 3 ﬁ}

a2
s —myy, t U

2
ut — m%VmQZ Q N ﬁ s(m%v + mQZ) Lty (49.28)
41 —zw) |12 u? 21 —zw) tu [’ '

where £; and ¢; are the couplings of the left-handed ¢; and ¢; as defined
above. The CKM matrix element between g; and g; is Vj;.

The cross section for ¢;g; — VAVASE

t+11,+4m225 4 1+1
ut e M\ T e

do  7wa? f;l + 7‘;1

dt 96 aP,(1— 2%,)2s?

49.5. Production of Higgs Bosons
49.5.1. 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

_ GFQOHNC 3/2
_ f A2 02
N )= (1 4mf/mH) . (49.30)
_. Gpm} By
+ _ H _ 2
D(H — Ww ) = =D (4 dayy + 3aW) . (49.31)
~ Gpm3 By 9
D(H — 22)= =0 PHE (4 —day + SaZ) . (49.32)

where N is 3 for quarks and 1 for leptons and where ayy = 1 — ﬂl%V =
4m%,V/m%{ and ay = 1 — B% = 4m22/m%1 The dc.cay.to two gh}ons
proceeds through quark loops, with the ¢ quark dominating. Explicitly,
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2

2 3
G
Qs TPy , (49.33)

3673/2

where I(z) is complex for z < 1/4. For z < 2 x 1073, |I(z)| is small so the
light quarks contribute negligibly. For my < 2m¢, z > 1/4 and

I'(H — gg) =

> I(mg/miy)
q

2
I(z)=3 {2z +22(1 — 42) (sm*1 2\1/5) } , (49.34)

which has the limit I(z) — 1 as z — oo.
49.5.2. 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.
momentum of the Higgs boson,

ma?|Vy;12 2k k% + 3m¥,
36sin* Oy /s (5 — m%,[,)2

2ma((; 4 ) 2k K24 3m3
48N, sin? By cost By /5 (s — m22)2
where ¢ and r are defined as above.
49.5.3. 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 Ws carrying
a fraction y of the electron’s energy is

0(q:ig; — WH) =

(49.35)

o(ff— ZH) = (49.36)

2
g- 1—y
== - 2 49.37
) 602 g ( )

where g = ¢/sinfyy. In the limit s > mpy > my, the rate T(H —
WLWp) = (g2/64m)(m;/ m%v) and in the equivalent W approximation

- 1 a 3
otete et = o (o)
m3, \sin? Oy
T’L%_I S TTL%_I
X [| 14+ —* |log — —2+2—=|. (49.38)
s miy s

There are significant corrections to this relation when mg 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 /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 W7 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.

Further discussion and all references may be found in the full Review; the
equation and reference numbering corresponds to that version.
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50. Neutrino Cross Section Measurements

Revised August 2017 by G.P. Zeller (Fermilab)

Highlights from full review.

Neutrino cross sections are an essential ingredient in all neutrino
experiments. This work summarizes accelerator-based neutrino cross
section measurements performed in the ~ 0.1 — 300 GeV range with an
emphasis on inclusive, quasi-elastic, and pion production processes, areas
where we have the most experimental input at present.

Table 50.1: List of modern accelerator-based neutrino experiments
studying neutrino scattering.

Experiment beam (Evp) GeV target(s) run period
ArgoNeuT v, U 4.3, 3.6 Ar 2009 — 2010
ICARUS v 20.0 Ar 2010 — 2012
K2K v 1.3 CH, H0 2003 — 2004
MicroBooNE v 0.8 Ar 2015 —
MINERvVA v,7 3.5 (LE), 5.5 (ME) He, C, CH, 2009 —

H>O, Fe, Pb

MiniBooNE v, 7 0.8, 0.7 CHsy 2002 — 2012
MINOS v, U 3.5,6.1 Fe 2004 - 2016
NOMAD v, U 23.4,19.7 C-based 1995 — 1998
NOvA v, U 2.0, 2.0 CHsy 2010 —
SciBooNE v, T 0.8, 0.7 CH 2007 — 2008
T2K v, U 0.6, 0.6 CH, H0O, Fe 2010 —

4 T2K(Fe) PRD 90,052010 (2014)  [J CDHS, ZP C35, 443 (1987)
— 4 T2K(CH)PRD 90, 052010 (2014) W GGM-SPS, PL 1048, 235 (1981)

> 16 Y T2K (C), PRD 87, 092003 (2013) W GGM-PS, PL 84B (1979)

[} A ArgoNeuT PRD 89, 112003 (2014) Y 'HEP-ITEP, SINP 30, 527 (1979)
O 14F ®  ArgoNeuT, PRL 108, 161802 (2012) : :\';l'ligél,NPF;;:fz‘?z%%?é%?m
=~ *  ANL, PRD 19, 2521 (1979) A NOMAD, PLB 660, 19 (2008)
< O BEBC, ZP C2, 187 (1979) & NuTeV, PRD 74, 012008 (2006)

e 1.2 F A BNL, PRD 25, 617 (1982) X SciBooNE, PRD 83, 012005 (2011)
OOU A O  CCFR (1997 Seligman Thesis) X SKAT, PL 81B, 255 (1979)

[32]
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Figure 50.1: Measurements of per nucleon v, and 7, CC inclusive
scattering cross sections divided by neutrino energy as a function of
neutrino energy. Note the transition between logarithmic and linear
scales occurring at 100 GeV.
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