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B0 → J/ψK0
S
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CKM Unitarity Triangles

V †V =

 V ∗
ud V ∗

cd V ∗
td

V ∗
us V ∗

cs V ∗
ts

V ∗
ub V ∗

cb V ∗
tb


 Vud Vus Vub

Vcd Vcs Vcb
Vtd Vts Vtb

 =

 1 0 0
0 1 0
0 0 1


You can multiply any row with any (other) column and get a triangle
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“The” CKM Unitarity Triangle

VCKM =

 |Vud | |Vus | |Vub|e−iγ

−|Vcd | |Vcs | |Vcb|
|Vtd |e−iβ −|Vts |e−iβs |Vtb|


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CP violation in B0 → J/ψK 0
S

[B]
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B0 → J/ψK 0
S
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cs

➜ Probability ∝ |VcbV ∗
cs |2
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c
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VcbV
∗
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S
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B0 → J/ψK 0
S

Amplitude ∝ V ∗
cbVcs

➜ Probability ∝ |V ∗
cbVcs |2

The amplitudes are different complex numbers, but the probabilities are the
same. Why is there CP violation?
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Neutral meson mixing

[B]

e.g. [Nierste, arXiv:2510.11716]
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Weakly decaying neutral mesons will
exhibit mixing. The two flavour eigen-
tates P and P will mix into a heavy
PH and a light PL state

|PL,H⟩ = p |P⟩ ± q
∣∣∣P〉 .

They will oscillate between P and P
and decay following the lifetimes of
PH and PL.
The B0

s goes considerably faster than
the B0
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CP violation in B0 → J/ψK 0
S
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Enters A. Ichiro Sanda
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Sanda’s idea
[Sanda, Carter, PRL 45 (1980) 952] [Sanda, Carter, PRD 23 (1981) 1567]

The major differences between the K and B systems are
1 The mass eigenstates are close and thus the lifetimes are the same
2 B have many many decay modes. Many.

1683168316831683

See key on page 1171 MesonParti
le Listings

B

±

2

Measured using B

− → D

0π− with D

0 → K

−π+ events that were sele
ted using a

sili
on vertex trigger.

3

Measurement performed using a 
ombined �t of CP-violation, mixing and lifetimes.

4

Measurement performed using an in
lusive re
onstru
tion and B 
avor identi�
ation

te
hnique.

5

Measured mean life using fully re
onstru
ted de
ays.

6

Events are sele
ted in whi
h one B meson is fully re
onstru
ted while the se
ond B meson

is re
onstru
ted in
lusively.

7

Data analyzed using D /D

∗ ℓX event verti
es.

8

Data analyzed using 
harge of se
ondary vertex.

9

ABREU 95Q assumes B(B

0 → D

∗∗− ℓ+ νℓ) = 3.2 ± 1.7%.

10

Data analyzed using vertex-
harge te
hnique to tag B 
harge.

11

Combined result of D/D

∗ ℓX analysis and fully re
onstru
ted B analysis.

12

Combined ABREU 95Q and ADAM 95 result.

τ
B

+/τ
B

−τ
B

+/τ
B

−τ
B

+/τ
B

−τ
B

+/τ
B

−
VALUE DOCUMENT ID TECN COMMENT

1.002±0.004±0.0021.002±0.004±0.0021.002±0.004±0.0021.002±0.004±0.002 1

AAIJ 14E LHCB pp at 7 TeV

1

Measured using B

± → J/ψK±
de
ays.

B

+

DECAY MODESB

+

DECAY MODESB

+

DECAY MODESB

+

DECAY MODES

B

−
modes are 
harge 
onjugates of the modes below. Modes whi
h do not

identify the 
harge state of the B are listed in the B

±
/B

0

ADMIXTURE

se
tion.

The bran
hing fra
tions listed below assume 50% B

0

B

0

and 50% B

+

B

−
produ
tion at the �(4S). We have attempted to bring older measurements

up to date by res
aling their assumed �(4S) produ
tion ratio to 50:50

and their assumed D, D

s

, D

∗
, and ψ bran
hing ratios to 
urrent values

whenever this would a�e
t our averages and best limits signi�
antly.

Indentation is used to indi
ate a sub
hannel of a previous rea
tion. All

resonant sub
hannels have been 
orre
ted for resonan
e bran
hing fra
-

tions to the �nal state so the sum of the sub
hannel bran
hing fra
tions


an ex
eed that of the �nal state.

For in
lusive bran
hing fra
tions, e.g., B → D

±
X , the values usually are

multipli
ities, not bran
hing fra
tions. They 
an be greater than one.

S
ale fa
tor/

Mode Fra
tion (�

i

/�) Con�den
e level

Semileptoni
 and leptoni
 modesSemileptoni
 and leptoni
 modesSemileptoni
 and leptoni
 modesSemileptoni
 and leptoni
 modes

�

1

ℓ+νℓX [a℄ ( 10.99 ± 0.28 ) %

�

2

e

+ν
e

X




( 10.8 ± 0.4 ) %

�

3

ℓ+νℓXu [a℄ ( 1.65 ± 0.21 )× 10

−3
�

4

D ℓ+νℓX [a℄ ( 9.5 ± 0.7 ) %

�

5

D

0 ℓ+νℓ [a℄ ( 2.21 ± 0.06 ) %

�

6

D

0 τ+ ντ ( 7.7 ± 2.5 )× 10

−3
�

7

D

∗
(2007)

0 ℓ+νℓ [a℄ ( 5.53 ± 0.22 ) %

�

8

D

∗
(2007)

0

e

+ ν
e

�

9

D

∗
(2007)

0µ+νµ
�

10

D

∗
(2007)

0 τ+ ντ ( 1.88 ± 0.20 ) %

�

11

D

(∗)
nπℓ+ νℓ (n ≥ 1) [a℄ ( 1.83 ± 0.25 ) %

�

12

D

−π+ ℓ+νℓ [a℄ ( 3.82 ± 0.20 )× 10

−3
�

13

D

∗
2

(2460)

0 ℓ+νℓ, D

∗0
2

→
D

−π+
[a℄ ( 1.59 ± 0.10 )× 10

−3

�

14

D

∗
0

(2420)

0 ℓ+νℓ, D

∗0
0

→
D

−π+
[a℄ ( 9 ± 5 )× 10

−4
S=2.6

�

15

D

∗−π+ ℓ+νℓ [a℄ ( 5.42 ± 0.28 )× 10

−3
�

16

D

1

(2420)

0 ℓ+νℓ, D

0

1

→
D

∗−π+
[a℄ ( 2.84 ± 0.17 )× 10

−3
S=1.1

�

17

D

′
1

(2430)

0 ℓ+νℓ, D

′0
1

→
D

∗−π+
[a℄ ( 1.7 ± 0.6 )× 10

−3
S=1.8

�

18

D

∗
2

(2460)

0 ℓ+νℓ, D

∗0
2

→
D

∗−π+
[a℄ ( 1.06 ± 0.18 )× 10

−3
S=1.7

�

19

D

0π+π− ℓ+νℓ [a℄ ( 1.73 ± 0.19 )× 10

−3
�

20

D

1

(2420)

0 ℓ+νℓ, D

0

1

→
D

0π+π−
[a℄ ( 1.05 ± 0.14 )× 10

−3

�

21

D

∗0π+π− ℓ+νℓ [a℄ ( 7.0 ± 1.7 )× 10

−4

�

22

D

(∗)−
s

K

+ ℓ+νℓ [a℄ ( 6.1 ± 1.0 )× 10

−4

�

23

D

−
s

K

+ ℓ+νℓ [a℄ ( 3.0 + 1.4
− 1.2 )× 10

−4

�

24

D

∗−
s

K

+ ℓ+νℓ [a℄ ( 2.9 ± 1.9 )× 10

−4

�

25

π0 ℓ+νℓ [a℄ ( 7.80 ± 0.27 )× 10

−5
�

26

π0 e+ ν
e

�

27

ηℓ+νℓ [a℄ ( 3.5 ± 0.4 )× 10

−5
�

28

η′ ℓ+νℓ [a℄ ( 2.4 ± 0.7 )× 10

−5
�

29

ωℓ+νℓ [a℄ ( 1.19 ± 0.09 )× 10

−4
�

30

ωµ+νµ
�

31

ρ0 ℓ+νℓ [a℄ ( 1.58 ± 0.11 )× 10

−4

�

32

π+π− ℓ+νℓ [a℄ ( 2.3 ± 0.4 )× 10

−4

�

33

pp ℓ+νℓ [a℄ ( 5.8 + 2.6
− 2.3 )× 10

−6

�

34

ppµ+νµ ( 5.32 ± 0.34 )× 10

−6

�

35

ppe

+ν
e

( 8.2 + 4.0
− 3.3 )× 10

−6

�

36

e

+ν
e

< 9.8 × 10

−7
CL=90%

�

37

µ+νµ < 8.6 × 10

−7
CL=90%

�

38

τ+ ντ ( 1.09 ± 0.24 )× 10

−4
S=1.2

�

39

ℓ+νℓγ [a℄ < 3.0 × 10

−6
CL=90%

�

40

e

+ν
e

γ < 4.3 × 10

−6
CL=90%

�

41

µ+νµγ < 3.4 × 10

−6
CL=90%

�

42

µ+µ−µ+νµ < 1.6 × 10

−8
CL=95%

In
lusive modesIn
lusive modesIn
lusive modesIn
lusive modes

�

43

D

0

X ( 8.6 ± 0.7 ) %

�

44

D

0

X ( 79 ± 4 ) %

�

45

D

+

X ( 2.5 ± 0.5 ) %

�

46

D

−
X ( 9.9 ± 1.2 ) %

�

47

D

+

s

X ( 7.9 + 1.4
− 1.3 ) %

�

48

D

−
s

X ( 1.10 + 0.40
− 0.32 ) %

�

49

�

+




X ( 2.1 + 0.9
− 0.6 ) %

�

50

�

−



X ( 2.8 + 1.1
− 0.9 ) %

�

51


 X ( 97 ± 4 ) %

�

52


 X ( 23.4 + 2.2
− 1.8 ) %

�

53


 /
 X (120 ± 6 ) %

D, D

∗
, or D

s

modesD, D

∗
, or D

s

modesD, D

∗
, or D

s

modesD, D

∗
, or D

s

modes

�

54

D

0π+ ( 4.61 ± 0.10 )× 10

−3
�

55

D

CP(+1)

π+ [b℄ ( 2.03 ± 0.19 )× 10

−3

�

56

D

CP(−1)

π+ [b℄ ( 2.0 ± 0.4 )× 10

−3

�

57

D

0 ρ+ ( 1.34 ± 0.18 ) %

�

58

D

0

K

+

( 3.64 ± 0.15 )× 10

−4
�

59

D

CP(+1)

K

+

[b℄ ( 1.80 ± 0.08 )× 10

−4

�

60

D

CP(−1)

K

+

[b℄ ( 1.96 ± 0.18 )× 10

−4

�

61

D

0

K

+

( 3.60 ± 0.24 )× 10

−6
�

62

[K

−π+ ℄

D

K

+

[
℄ < 2.8 × 10

−7
CL=90%

�

63

[K

+π− ℄

D

K

+

[
℄ < 2.0 × 10

−5
CL=90%

�

64

[K

−π+π0 ℄
D

K

+

seen

�

65

[K

+π−π0 ℄
D

K

+

seen

�

66

[K

−π+π+π− ℄DK

+

seen

�

67

[K

+π−π+π− ℄DK

+

seen

�

68

[π+π+π−π− ℄K

+

�

69

[π+π−π+π− ℄

D

K

∗
(892)

+

�

70

[K

−π+ ℄

D

K

∗
(892)

+

[
℄

�

71

[K

+π− ℄

D

K

∗
(892)

+

[
℄

�

72

[K

−π+π−π+ ℄DK

∗
(892)

+

�

73

[K

+π−π+π− ℄DK

∗
(892)

+

�

74

[K

−π+ ℄

D

π+ [
℄ ( 6.3 ± 1.1 )× 10

−7
�

75

[K

+π− ℄

D

π+ ( 1.7 ± 0.4 )× 10

−4
�

76

[K

−π+π0 ℄
D

π+ seen

�

77

[K

+π−π0 ℄
D

π+ seen

�

78

[K

−π+π+π− ℄Dπ
+

seen

�

79

[K

+π−π+π− ℄Dπ
+

seen

�

80

[K

−π+ ℄

(D π)π
+

�

81

[K

+π− ℄

(D π)π
+

�

82

[K

−π+ ℄

(D γ)π
+

�

83

[K

+π− ℄

(D γ)π
+

�

84

[K

−π+ ℄

(D π)K
+

�

85

[K

+π− ℄

(D π)K
+

�

86

[K

−π+ ℄

(D γ)K
+

�

87

[K

+π− ℄

(D γ)K
+

�

88

[π+π−π0 ℄
D

K

−
( 4.6 ± 0.9 )× 10

−6
�

89

[K

0

S

K

+π− ℄DK

+

seen

�

90

[K

∗
(892)

−
K

+

℄DK

+

�

91

[K

0

S

K

−π+ ℄DK

+

seen

�

92

[K

∗
(892)

+

K

−
℄DK

+

seen

�

93

[K

0

S

K

−π+ ℄Dπ
+

seen

�

94

[K

∗
(892)

+

K

−
℄Dπ

+

seen

�

95

[K

0

S

K

+π− ℄Dπ
+

seen

�

96

[K

∗
(892)

−
K

+

℄Dπ
+

seen
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B

±

�

97

[K

+

K

−π0 ℄DK

+

�

98

[K

+

K

−π0 ℄D π+

�

99

[π+π−π0 ℄DK

+

�

100

[π+π−π0 ℄Dπ+

�

101

D

0

K

∗
(892)

+

( 5.3 ± 0.4 )× 10

−4
�

102

DCP (−1)K∗
(892)

+

[b℄ ( 2.7 ± 0.8 )× 10

−4

�

103

DCP (+1)K
∗
(892)

+

[b℄ ( 6.2 ± 0.7 )× 10

−4

�

104

D

0

K

∗
(892)

+

( 5.4 + 1.8
− 4.0 )× 10

−6

�

105

D

0

K

+π+π− ( 5.2 ± 2.1 )× 10

−4
�

106

[K

+π− ℄DK

+π−π+

�

107

[K

−π+ ℄DK

+π−π+

�

108

DCP (+1)K
+π−π+

�

109

D

0

K

+

K

0

( 5.5 ± 1.6 )× 10

−4
�

110

D

0

K

+

K

∗
(892)

0

( 7.5 ± 1.7 )× 10

−4
�

111

D

0π+π+π− ( 5.5 ± 2.0 )× 10

−3
S=3.6

�

112

[K

−π+ ℄Dπ
+π−π+

�

113

D

0π+π+π− nonresonant ( 5 ± 4 )× 10

−3
�

114

D

0π+ ρ0 ( 4.2 ± 3.0 )× 10

−3
�

115

D

0

a

1

(1260)

+

( 4 ± 4 )× 10

−3
�

116

D

0ωπ+ ( 4.1 ± 0.9 )× 10

−3
�

117

D

∗
(2010)

−π+π+ ( 1.35 ± 0.22 )× 10

−3
�

118

D

∗
(2010)

−
K

+π+ ( 8.2 ± 1.4 )× 10

−5
�

119

D

1

(2420)

0π+, D

0

1

→
D

∗
(2010)

−π+
( 8.4 ± 1.5 )× 10

−4

�

120

D

−π+π+ ( 1.07 ± 0.05 )× 10

−3
�

121

D

−
K

+π+ ( 7.7 ± 0.5 )× 10

−5
�

122

D

∗
0

(2300)

0

K

+

, D

∗0
0

→
D

−π+
( 6.1 ± 2.4 )× 10

−6

�

123

D

∗
2

(2460)

0

K

+

, D

∗0
2

→
D

−π+
( 2.32 ± 0.23 )× 10

−5

�

124

D

∗
1

(2760)

0

K

+

, D

∗0
1

→
D

−π+
( 3.6 ± 1.2 )× 10

−6

�

125

D

+

K

0 < 2 × 10

−6
CL=90%

�

126

D

+

K

+π− ( 5.6 ± 1.1 )× 10

−6
�

127

D

+ η < 1.2 × 10

−5
CL=90%

�

128

D

∗
2

(2460)

0

K

+

, D

∗0
2

→
D

+π−
< 6.3 × 10

−7
CL=90%

�

129

D

+

K

∗0 < 4.9 × 10

−7
CL=90%

�

130

D

+

K

∗0 < 1.4 × 10

−6
CL=90%

�

131

D

∗
(2007)

0π+ ( 5.17 ± 0.15 )× 10

−3
�

132

D

∗0
CP (+1)π

+

[d℄ ( 2.9 ± 0.6 )× 10

−3

�

133

D

∗0
CP (−1)π

+

[d℄ ( 2.6 ± 1.0 )× 10

−3

�

134

D

∗
(2007)

0ωπ+ ( 4.5 ± 1.2 )× 10

−3
�

135

D

∗
(2007)

0 ρ+ ( 9.8 ± 1.7 )× 10

−3

�

136

D

∗
(2007)

0

K

+

( 4.19 + 0.31
− 0.28 )× 10

−4

�

137

D

∗0
CP (+1)K

+

[d℄ ( 2.75 ± 0.35 )× 10

−4

�

138

D

∗0
CP (−1)K

+

[d℄ ( 2.31 ± 0.31 )× 10

−4

�

139

D

∗
(2007)

0

K

+

( 4.5 ± 1.2 )× 10

−6
�

140

D

∗
(2007)

0

K

∗
(892)

+

( 8.1 ± 1.4 )× 10

−4
�

141

D

∗
(2007)

0

K

+

K

0 < 1.06 × 10

−3
CL=90%

�

142

D

∗
(2007)

0

K

+

K

∗
(892)

0

( 1.5 ± 0.4 )× 10

−3
�

143

D

∗
(2007)

0π+π+π− ( 1.03 ± 0.12 ) %

�

144

D

∗
(2007)

0

a

1

(1260)

+

( 1.9 ± 0.5 ) %

�

145

D

∗
(2007)

0π−π+π+π0 ( 1.8 ± 0.4 ) %

�

146

D

∗0
3π+2π− ( 5.7 ± 1.2 )× 10

−3
�

147

D

∗
(2010)

+π0 < 3.6 × 10

−6
�

148

D

∗
(2010)

+

K

0 < 9.0 × 10

−6
CL=90%

�

149

D

∗
(2010)

−π+π+π0 ( 1.5 ± 0.7 ) %

�

150

D

∗
(2010)

−π+π+π+π− ( 2.6 ± 0.4 )× 10

−3
�

151

D

∗∗0π+ [e℄ ( 5.6 ± 1.2 )× 10

−3
�

152

D

∗
1

(2420)

0π+ ( 1.5 ± 0.6 )× 10

−3
S=1.3

�

153

D

1

(2420)

0π+× B(D

0

1

→
D

0π+π−)
( 2.5 + 1.6

− 1.4 )× 10

−4
S=3.8

�

154

D

1

(2420)

0π+× B(D

0

1

→
D

0π+π− (nonresonant))

( 2.2 ± 0.9 )× 10

−4

�

155

D

1

(2430)

0π+, D

0

1

→
D

∗
(2010)

−π+
( 3.5 ± 0.6 )× 10

−4

�

156

D(2550)

0π+, D

0 →
D

∗
(2010)

−π+
( 7.2 ± 1.4 )× 10

−5

�

157

D

∗
J

(2600)

0π+, D

∗0
J

→
D

∗
(2010)

−π+
( 6.8 ± 1.3 )× 10

−5

�

158

D

∗
2

(2462)

0π+, D

∗0
2

→ D

−π+ ( 3.56 ± 0.24 )× 10

−4

�

159

D

∗
2

(2462)

0π+, D

∗0
2

→
D

0π−π+
( 2.2 ± 1.0 )× 10

−4

�

160

D

∗
2

(2462)

0π+, D

∗0
2

→
D

0π−π+ (nonresonant)

< 1.6 × 10

−4
CL=90%

�

161

D

∗
2

(2462)

0π+, D

∗0
2

→
D

∗
(2010)

−π+
( 2.1 ± 1.0 )× 10

−4

�

162

D

∗
0

(2400)

0π+

× B(D

∗
0

(2400)

0 → D

−π+)
( 6.4 ± 1.4 )× 10

−4

�

163

D

1

(2421)

0π+, D

0

1

→ D

∗−π+ ( 7.4 ± 1.0 )× 10

−4

�

164

D

∗
2

(2462)

0π+, D

∗0
2

→ D

∗−π+ ( 1.98 ± 0.30 )× 10

−4

�

165

D

′
1

(2427)

0π+, D

′0
1

→ D

∗−π+ ( 3.5 ± 0.9 )× 10

−4
S=1.5

�

166

D

1

(2420)

0π+×B(D

0

1

→
D

∗0π+π−)
< 6 × 10

−6
CL=90%

�

167

D

∗
1

(2420)

0 ρ+ < 1.4 × 10

−3
CL=90%

�

168

D

∗
2

(2460)

0π+ < 1.3 × 10

−3
CL=90%

�

169

D

∗
2

(2460)

0π+×B(D

∗0
2

→
D

∗0π+π−)
< 2.2 × 10

−5
CL=90%

�

170

D

∗
1

(2680)

0π+, D

∗
1

(2680)

0 →
D

−π+
( 8.4 ± 2.1 )× 10

−5

�

171

D(2740)

0π+, D

0 →
D

∗
(2010)

−π+
( 3.3 ± 1.5 )× 10

−5

�

172

D

∗
3

(2750)

0π+, D

∗0
3

→
D

∗
(2010)

−π+
( 1.10 ± 0.32 )× 10

−5

�

173

D

∗
3

(2760)

0π+,

D

∗
3

(2760)

0π+ → D

−π+
( 1.00 ± 0.22 )× 10

−5

�

174

D

∗
2

(3000)

0π+,

D

∗
2

(3000)

0π+ → D

−π+
( 2.0 ± 1.4 )× 10

−6

�

175

D

∗
2

(2460)

0 ρ+ < 4.7 × 10

−3
CL=90%

�

176

D

0

D

+

s

( 9.0 ± 0.9 )× 10

−3

�

177

D

∗
s0

(2317)

+

D

0

, D

∗+
s0

→
D

+

s

π0
( 8.0 + 1.6

− 1.3 )× 10

−4

�

178

D

s0

(2317)

+

D

0×
B(D

s0

(2317)

+ → D

∗+
s

γ)

< 7.6 × 10

−4
CL=90%

�

179

D

s0

(2317)

+

D

∗
(2007)

0×
B(D

s0

(2317)

+ → D

+

s

π0)

( 9 ± 7 )× 10

−4

�

180

DsJ (2457)
+

D

0

( 3.1 + 1.0
− 0.9 )× 10

−3

�

181

DsJ (2457)
+

D

0×
B(DsJ (2457)

+ → D

+

s

γ)

( 4.6 + 1.3
− 1.1 )× 10

−4

�

182

DsJ (2457)
+

D

0×
B(DsJ (2457)

+ →
D

+

s

π+π−)

< 2.2 × 10

−4
CL=90%

�

183

DsJ (2457)
+

D

0×
B(DsJ (2457)

+ → D

+

s

π0)

< 2.7 × 10

−4
CL=90%

�

184

DsJ (2457)
+

D

0×
B(DsJ (2457)

+ → D

∗+
s

γ)

< 9.8 × 10

−4
CL=90%

�

185

DsJ (2457)
+

D

∗
(2007)

0

( 1.20 ± 0.30 ) %

�

186

DsJ (2457)
+

D

∗
(2007)

0×
B(DsJ (2457)

+ → D

+

s

γ)

( 1.4 + 0.7
− 0.6 )× 10

−3

�

187

D

0

D

s1

(2536)

+×
B(D

s1

(2536)

+ →
D

∗
(2007)

0

K

+

+

D

∗
(2010)

+

K

0

)

( 4.0 ± 1.0 )× 10

−4

�

188

D

0

D

s1

(2536)

+×
B(D

s1

(2536)

+ →
D

∗
(2007)

0

K

+

)

( 2.2 ± 0.7 )× 10

−4

�

189

D

∗
(2007)

0

D

s1

(2536)

+×
B(D

s1

(2536)

+ →
D

∗
(2007)

0

K

+

)

( 5.5 ± 1.6 )× 10

−4

�

190

D

0

D

s1

(2536)

+×
B(D

s1

(2536)

+ → D

∗+
K

0

)

( 2.3 ± 1.1 )× 10

−4

�

191

D

0

DsJ (2700)
+×

B(DsJ (2700)
+ → D

0

K

+

)

( 5.6 ± 1.8 )× 10

−4
S=1.7

�

192

D

∗0
D

s1

(2536)

+

, D

+

s1

→
D

∗+
K

0

( 3.9 ± 2.6 )× 10

−4

�

193

D

0

DsJ (2573)
+

, D

+

sJ →
D

0

K

+

( 8 ±15 )× 10

−6

�

194

D

∗0
DsJ (2573), D

+

sJ → D

0

K

+ < 2 × 10

−4
CL=90%

�

195

D

∗
(2007)

0

DsJ (2573), D

+

sJ →
D

0

K

+

< 5 × 10

−4
CL=90%

�

196

D

0

D

∗+
s

( 7.6 ± 1.6 )× 10

−3
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±

�

197

D

−
D

+

s

π+

�

198

D

∗
(2007)

0

D

+

s

( 8.2 ± 1.7 )× 10

−3

�

199

D

∗
(2007)

0

D

+

s

, D

∗0 →
D

−π+
�

200

D

∗
(2007)

0

D

∗+
s

( 1.71 ± 0.24 ) %

�

201

D

∗
2

(2460)

0

D

+

s

, D

∗
2

→ D

−π+

�

202

D

∗
1

(2600)

0

D

+

s

, D

∗0
1

→ D

−π+

�

203

D

∗
3

(2750)

0

D

+

s

, D

∗0
3

→ D

−π+

�

204

D

∗
1

(2760)

0

D

+

s

, D

∗0
1

→ D

−π+

�

205

D

∗
J

(3000)

0

D

+

s

, D

∗0
J

→ D

−π+

�

206

T

∗

s0

(2900)

++

D

−
, T

∗++

s0

→
D

+

s

π+

�

207

D

(∗)+
s

D

∗∗0
( 2.7 ± 1.2 ) %

�

208

D

∗
(2007)

0

D

∗
(2010)

+

( 8.1 ± 1.7 )× 10

−4
�

209

D

0

D

∗
(2010)

+

+

D

∗
(2007)

0

D

+

< 1.30 % CL=90%

�

210

D

0

D

∗
(2010)

+

( 3.9 ± 0.5 )× 10

−4
�

211

D

0

D

+

( 3.8 ± 0.4 )× 10

−4
�

212

D

0

D

+

K

0

( 1.55 ± 0.21 )× 10

−3
�

213

D

+

D

∗
(2007)

0

( 6.3 ± 1.7 )× 10

−4
�

214

D

∗
(2007)

0

D

+

K

0

( 2.1 ± 0.5 )× 10

−3
�

215

D

0

D

∗
(2010)

+

K

0

( 3.8 ± 0.4 )× 10

−3
�

216

D

∗
(2007)

0

D

∗
(2010)

+

K

0

( 9.2 ± 1.2 )× 10

−3
�

217

D

0

D

0

K

+

( 1.45 ± 0.33 )× 10

−3
S=2.6

�

218

D

∗
(2007)

0

D

0

K

+

( 2.26 ± 0.23 )× 10

−3
�

219

D

0

D

∗
(2007)

0

K

+

( 6.3 ± 0.5 )× 10

−3
�

220

D

∗
(2007)

0

D

∗
(2007)

0

K

+

( 1.12 ± 0.13 ) %

�

221

D

−
D

+

K

+

( 2.2 ± 0.7 )× 10

−4
�

222

T

∗

s0

(2870)

0

D

+

, T

∗0

s0

→
D

−
K

+

( 1.2 ± 0.5 )× 10

−5

�

223

T

∗

s1

(2900)

0

D

+

, T

∗0

s1

→
D

−
K

+

( 6.7 ± 2.3 )× 10

−5

�

224

D

−
D

+

K

+

nonresonant ( 5.3 ± 1.8 )× 10

−5
�

225

D

−
D

∗
(2010)

+

K

+

( 6.3 ± 1.1 )× 10

−4
�

226

D

∗
(2010)

−
D

+

K

+

( 6.0 ± 1.3 )× 10

−4
�

227

D

∗
(2010)

−
D

∗
(2010)

+

K

+

( 1.32 ± 0.18 )× 10

−3
�

228

(D+D

∗
)(D+D

∗
)K ( 4.05 ± 0.30 ) %

�

229

D

−
s

D

+

s

K

+

( 1.2 ± 0.4 )× 10

−4

�

230

D

+

s

π0 ( 1.6 ± 0.5 )× 10

−5

�

231

D

∗+
s

π0 < 2.6 × 10

−4
CL=90%

�

232

D

+

s

η < 1.4 × 10

−5
CL=90%

�

233

D

∗+
s

η < 1.7 × 10

−5
CL=90%

�

234

D

+

s

ρ0 < 3.0 × 10

−4
CL=90%

�

235

D

∗+
s

ρ0 < 4 × 10

−4
CL=90%

�

236

D

+

s

ω < 4 × 10

−4
CL=90%

�

237

D

∗+
s

ω < 6 × 10

−4
CL=90%

�

238

D

+

s

a

1

(1260)

0 < 1.8 × 10

−3
CL=90%

�

239

D

∗+
s

a

1

(1260)

0 < 1.3 × 10

−3
CL=90%

�

240

D

+

s

K

+

K

−
( 7.2 ± 1.1 )× 10

−6

�

241

D

+

s

φ < 4.2 × 10

−7
CL=90%

�

242

D

∗+
s

φ < 1.2 × 10

−5
CL=90%

�

243

D

+

s

K

0 < 3 × 10

−6
CL=90%

�

244

D

∗+
s

K

0 < 6 × 10

−6
CL=90%

�

245

D

+

s

K

∗
(892)

0 < 4.4 × 10

−6
CL=90%

�

246

D

+

s

K

∗0 < 3.5 × 10

−6
CL=90%

�

247

D

∗+
s

K

∗
(892)

0 < 3.5 × 10

−4
CL=90%

�

248

D

−
s

π+K+

( 1.80 ± 0.22 )× 10

−4

�

249

D

∗−
s

π+K

+

( 1.45 ± 0.24 )× 10

−4

�

250

D

−
s

π+K∗
(892)

+ < 5 × 10

−3
CL=90%

�

251

D

∗−
s

π+K

∗
(892)

+ < 7 × 10

−3
CL=90%

�

252

D

−
s

K

+

K

+

( 9.7 ± 2.1 )× 10

−6

�

253

D

∗−
s

K

+

K

+ < 1.5 × 10

−5
CL=90%

Charmonium modesCharmonium modesCharmonium modesCharmonium modes

�

254

η



K

+

( 1.10 ± 0.07 )× 10

−3
S=1.1

�

255

η



K

∗
(892)

+

( 1.2 + 0.5
− 0.4 )× 10

−3

�

256

η



K

+π+π− < 3.9 × 10

−4
CL=90%

�

257

η



K

+ω(782) < 5.3 × 10

−4
CL=90%

�

258

η



K

+η < 2.2 × 10

−4
CL=90%

�

259

η



K

+π0 < 6.2 × 10

−5
CL=90%

�

260

η



(2S)K

+

( 4.4 ± 1.0 )× 10

−4

�

261

η



(2S)K

+

, η



→ pp ( 3.5 ± 0.8 )× 10

−8

�

262

η



(2S)K

+

, η



→ K

0

S

K

∓π± ( 3.4 + 2.3
− 1.6 )× 10

−6

�

263

η



(2S)K

+

, η



→ ppπ+π− ( 1.12 ± 0.18 )× 10

−6
�

264

h




(1P)K

+

, h




→ J/ψπ+π− < 3.4 × 10

−6
CL=90%

�

265

X (3730)

0

K

+

, X

0 → η



η < 4.6 × 10

−5
CL=90%

�

266

X (3730)

0

K

+

, X

0 → η



π0 < 5.7 × 10

−6
CL=90%

�

267

η

2

(1D)K

+

, η

2

→ h




γ < 3.7 × 10

−5
CL=90%

�

268

η

2

(1D)π+K

0

S

, η

2

→ h




γ < 1.1 × 10

−4
CL=90%

�

269

ψ
2

(3823)K

+

, ψ
2

→
J/ψπ+π−

( 2.8 ± 0.6 )× 10

−7

�

270

ψ
2

(3823)K

+

, ψ
2

→ J/ψη ( 1.2 + 0.7
− 0.5 )× 10

−6

�

271

ψ
3

(3842)K

+

, ψ
3

→ J/ψη < 6.1 × 10

−7
CL=90%

�

272

χ

1

(3872)K

+

( 2.3 ± 0.6 )× 10

−4
�

273

χ

0

(3915)K

+ < 2.8 × 10

−4
CL=90%

�

274

χ

0

(3915)K

+

, χ

0

→ D

+

D

−
( 8.1 ± 3.3 )× 10

−6
�

275

χ

0

(3915)K

+

, χ

0

→ η



η < 4.7 × 10

−5
CL=90%

�

276

χ

0

(3915)K

+

, χ

0

→ η



π0 < 1.7 × 10

−5
CL=90%

�

277

X (4014)

0

K

+

, X

0 → η



η < 3.9 × 10

−5
CL=90%

�

278

X (4014)

0

K

+

, X

0 → η



π0 < 1.2 × 10

−5
CL=90%

�

279

T



1

(3900)

0

K

+

, T

0



1

→
η



π+π−
< 4.7 × 10

−5
CL=90%

�

280

T



1

(3900)

0

K

+

, T

0



1

→
J/ψη

< 4.3 × 10

−7
CL=90%

�

281

T





(4020)

0

K

+

, T

0





→
η



π+π−
< 1.6 × 10

−5
CL=90%

�

282

χ

1

(3872)K

∗
(892)

+ < 6 × 10

−4
CL=90%

�

283

χ

1

(3872)

+

K

0

, χ+

1

→
J/ψ(1S)π+π0

[f ℄ < 6.1 × 10

−6
CL=90%

�

284

χ

1

(3872)K

0π+ ( 3.0 ± 1.2 )× 10

−4
�

285

T



1

(4430)

+

K

0

, T

+



1

→
J/ψπ+

< 1.5 × 10

−5
CL=95%

�

286

T



1

(4430)

+

K

0

, T

+



1

→
ψ(2S)π+

< 4.7 × 10

−5
CL=95%

�

287

T



1

(4430)

0

K

+

, T

0



1

→
J/ψη

< 1.27 × 10

−6
CL=90%

�

288

ψ(4230)0K+

, ψ0 →
J/ψπ+π−

< 1.56 × 10

−5
CL=95%

�

289

ψ(4230)K+

, ψ → J/ψη < 3.9 × 10

−7
CL=90%

�

290

ψ(4360)K+

, ψ → J/ψη < 1.24 × 10

−6
CL=90%

�

291

ψ(4390)K+

, ψ → J/ψη < 2.41 × 10

−6
CL=90%

�

292

χ

0

(3915)K

+

, χ

0

→ J/ψγ < 1.4 × 10

−5
CL=90%

�

293

χ

0

(3915)K

+

, χ

0

→
χ

1

(1P)π0
< 3.8 × 10

−5
CL=90%

�

294

X (3930)

0

K

+

, X

0 → J/ψγ < 2.5 × 10

−6
CL=90%

�

295

J/ψ(1S)K+

( 1.020± 0.019)× 10

−3
�

296

J/ψ(1S)K0π+ ( 1.14 ± 0.11 )× 10

−3
�

297

J/ψ(1S)K+π+π− ( 8.1 ± 1.3 )× 10

−4
S=2.5

�

298

J/ψ(1S)K+

K

−
K

+

( 3.37 ± 0.29 )× 10

−5
�

299

χ

0

(3915)K

+

, χ

0

→ pp < 7.1 × 10

−8
CL=95%

�

300

J/ψ(1S)K∗
(892)

+

( 1.43 ± 0.08 )× 10

−3
�

301

J/ψ(1S)K (1270)

+

( 1.8 ± 0.5 )× 10

−3
�

302

J/ψ(1S)K (1400)

+ < 5 × 10

−4
CL=90%

�

303

J/ψ(1S)ηK+

( 1.24 ± 0.14 )× 10

−4
�

304

χc1−odd(3872)K+

,

χc1−odd → J/ψη
< 3.8 × 10

−6
CL=90%

�

305

ψ(4160)K+

, ψ → J/ψη < 8.7 × 10

−7
CL=90%

�

306

J/ψ(1S)η′K+

( 3.1 ± 0.4 )× 10

−5
�

307

J/ψ(1S)φK+

( 5.0 ± 0.4 )× 10

−5

�

308

J/ψ(1S)K
1

(1650), K

1

→
φK+

( 6

+10

− 6

)× 10

−6

�

309

J/ψ(1S)K∗
(1680)

+

, K

∗ →
φK+

( 3.4 + 1.9
− 2.2 )× 10

−6

�

310

J/ψ(1S)K∗
2

(1980), K

∗
2

→
φK+

( 1.5 + 0.9
− 0.5 )× 10

−6

�

311

J/ψ(1S)K (1830)

+

,

K (1830)

+ → φK+

( 1.3 + 1.3
− 1.1 )× 10

−6

�

312

χ

1

(4140)K

+

, χ

1

→
J/ψ(1S)φ

( 10 ± 4 )× 10

−6

�

313

χ

1

(4274)K

+

, χ

1

→
J/ψ(1S)φ

( 3.6 + 2.2
− 1.8 )× 10

−6

�

314

χ

0

(4500)K

+

, χ

0

→
J/ψ(1S)φ

( 3.3 + 2.1
− 1.7 )× 10

−6
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�

315

χ

0

(4700)K

+

, χ

0

→
J/ψ(1S)φ

( 6

+ 5

− 4

)× 10

−6

�

316

J/ψ(1S)ωK+

( 3.20 + 0.60
− 0.32 )× 10

−4

�

317

χ

0

(3915)K

+

, χ

0

→ J/ψω ( 3.0 + 0.9
− 0.7 )× 10

−5

�

318

J/ψ(1S)π+ ( 3.92 ± 0.09 )× 10

−5
�

319

J/ψ(1S)π+π+π+π−π− ( 1.17 ± 0.13 )× 10

−5
�

320

ψ(2S)π+π+π− ( 1.9 ± 0.4 )× 10

−5
�

321

J/ψ(1S)ρ+ ( 4.1 ± 0.5 )× 10

−5
S=1.4

�

322

J/ψ(1S)π+π0 nonresonant < 7.3 × 10

−6
CL=90%

�

323

J/ψ(1S)a
1

(1260)

+ < 1.2 × 10

−3
CL=90%

�

324

J/ψ(1S)ppπ+ < 5.0 × 10

−7
CL=90%

�

325

J/ψ(1S)p� ( 1.46 ± 0.12 )× 10

−5
�

326

J/ψ(1S)�0

p < 1.1 × 10

−5
CL=90%

�

327

J/ψ(1S)D+ < 1.2 × 10

−4
CL=90%

�

328

J/ψ(1S)D0π+ < 2.5 × 10

−5
CL=90%

�

329

ψ(2S)π+ ( 2.44 ± 0.30 )× 10

−5
�

330

ψ(2S)K+

( 6.24 ± 0.21 )× 10

−4
�

331

ψ(2S)K∗
(892)

+

( 6.7 ± 1.4 )× 10

−4
S=1.3

�

332

ψ(2S)K0π+

�

333

ψ(2S)K+π+π− ( 4.3 ± 0.5 )× 10

−4
�

334

ψ(2S)φ(1020)K+

( 4.0 ± 0.7 )× 10

−6
�

335

ψ(3770)K+

( 4.3 ± 1.1 )× 10

−4
�

336

ψ(3770)K+,ψ → D

0

D

0

( 1.5 ± 0.5 )× 10

−4
S=1.4

�

337

ψ(3770)K+,ψ → D

+

D

−
( 9.4 ± 3.5 )× 10

−5
�

338

ψ(3770)K+

, ψ → pp < 2 × 10

−7
CL=95%

�

339

ψ(3770)K+

, ψ → J/ψη < 4.6 × 10

−7
CL=90%

�

340

ψ(4040)K+

( 1.6 ± 0.5 )× 10

−3
�

341

ψ(4040)K+

, ψ → D

+

D

−
( 1.1 ± 0.5 )× 10

−5
�

342

ψ(4160)K+

( 5.1 ± 2.7 )× 10

−4
�

343

ψ(4160)K+

, ψ → D

0

D

0

( 8 ± 5 )× 10

−5
�

344

ψ(4160)K+

, ψ → D

+

D

−
( 1.5 ± 0.6 )× 10

−5
�

345

ψ(4415)K+

, ψ → D

+

D

−
( 2.0 ± 0.8 )× 10

−5
�

346

ψ(4415)K+

, ψ → J/ψη < 9.6 × 10

−7
CL=90%

�

347

χ

0

π+, χ

0

→ π+π− < 1 × 10

−7
CL=90%

�

348

χ

0

π+, χ

0

→ π0π0 < 5 × 10

−7
CL=90%

�

349

χ

0

K

+

( 1.51 + 0.15
− 0.13 )× 10

−4

�

350

χ

0

K

0π+ ( 1.45 ± 0.21 )× 10

−3
�

351

χ

0

K

∗
(892)

+ < 2.1 × 10

−4
CL=90%

�

352

χ

1

(1P)π+ ( 2.2 ± 0.5 )× 10

−5
�

353

χ

1

(1P)K

+

( 4.74 ± 0.22 )× 10

−4
�

354

χ

1

(1P)K

∗
(892)

+

( 3.0 ± 0.6 )× 10

−4
S=1.1

�

355

χ

1

(1P)K

0π+ ( 5.8 ± 0.4 )× 10

−4
�

356

χ

1

(1P)K

+π0 ( 3.29 ± 0.35 )× 10

−4
�

357

χ

1

(1P)K

+π+π− ( 3.74 ± 0.30 )× 10

−4
�

358

χ

1

(2P)K

+

, χ

1

(2P) →
π+π−χ


1

(1P)

< 1.1 × 10

−5
CL=90%

�

359

χ

2

π+, χ

2

→ π0π0 < 7 × 10

−7
CL=90%

�

360

χ

2

K

+

( 1.1 ± 0.4 )× 10

−5
�

361

χ

2

K

+

, χ

2

→ ppπ+π− < 1.9 × 10

−7
�

362

χ

2

K

∗
(892)

+ < 1.2 × 10

−4
CL=90%

�

363

χ

2

K

0π+ ( 1.24 ± 0.25 )× 10

−4
�

364

χ

2

K

+π0 < 6.2 × 10

−5
CL=90%

�

365

χ

2

K

+π+π− ( 1.34 ± 0.19 )× 10

−4
�

366

χ

2

(3930)K

+

, χ

2

→ D

+

D

−
( 1.6 ± 0.6 )× 10

−5
�

367

χ

2

(3930)π+, χ

2

→ π+π− < 1 × 10

−7
CL=90%

�

368

h




(1P)K

+

( 3.7 ± 1.2 )× 10

−5
�

369

h




(1P)K

+

, h




→ pp < 6.4 × 10

−8
CL=95%

K or K

∗
modesK or K

∗
modesK or K

∗
modesK or K

∗
modes

�

370

K

0π+ ( 2.39 ± 0.06 )× 10

−5
�

371

K

+π0 ( 1.32 ± 0.04 )× 10

−5
�

372

η′K+

( 7.04 ± 0.25 )× 10

−5

�

373

η′K∗
(892)

+

( 4.8 + 1.8
− 1.6 )× 10

−6

�

374

η′K∗
0

(1430)

+

( 5.2 ± 2.1 )× 10

−6

�

375

η′K∗
2

(1430)

+

( 2.8 ± 0.5 )× 10

−5

�

376

ηK+

( 2.4 ± 0.4 )× 10

−6
S=1.7

�

377

ηK∗
(892)

+

( 1.93 ± 0.16 )× 10

−5
�

378

ηK∗
0

(1430)

+

( 1.8 ± 0.4 )× 10

−5

�

379

ηK∗
2

(1430)

+

( 9.1 ± 3.0 )× 10

−6

�

380

η(1295)K+× B(η(1295) →
ηππ)

( 2.9 + 0.8
− 0.7 )× 10

−6

�

381

η(1405)K+× B(η(1405) →
ηππ)

< 1.3 × 10

−6
CL=90%

�

382

η(1405)K+× B(η(1405) →
K

∗
K )

< 1.2 × 10

−6
CL=90%

�

383

η(1475)K+× B(η(1475) →
K

∗
K )

( 1.38 + 0.21
− 0.18 )× 10

−5

�

384

f

1

(1285)K

+ < 2.0 × 10

−6
CL=90%

�

385

f

1

(1420)K

+× B(f

1

(1420) →
ηππ)

< 2.9 × 10

−6
CL=90%

�

386

f

1

(1420)K

+× B(f

1

(1420) →
K

∗
K )

< 4.1 × 10

−6
CL=90%

�

387

φ(1680)K+× B(φ(1680) →
K

∗
K )

< 3.4 × 10

−6
CL=90%

�

388

f

0

(1500)K

+

( 3.7 ± 2.2 )× 10

−6
�

389

ωK+

( 6.5 ± 0.4 )× 10

−6
�

390

ωK∗
(892)

+ < 7.4 × 10

−6
CL=90%

�

391

ω (Kπ)∗+
0

( 2.8 ± 0.4 )× 10

−5

�

392

ωK∗
0

(1430)

+

( 2.4 ± 0.5 )× 10

−5

�

393

ωK∗
2

(1430)

+

( 2.1 ± 0.4 )× 10

−5

�

394

a

0

(980)

+

K

0×B(a

0

(980)

+ →
ηπ+)

< 3.9 × 10

−6
CL=90%

�

395

a

0

(980)

0

K

+×B(a

0

(980)

0 →
ηπ0)

< 2.5 × 10

−6
CL=90%

�

396

K

∗
(892)

0π+ ( 1.01 ± 0.08 )× 10

−5
�

397

K

∗
(892)

+π0 ( 6.8 ± 0.9 )× 10

−6
�

398

K

+π−π+ ( 5.10 ± 0.29 )× 10

−5

�

399

K

+π−π+nonresonant ( 1.63 + 0.21
− 0.15 )× 10

−5

�

400

ω(782)K+

( 6 ± 9 )× 10

−6

�

401

K

+

f

0

(980)× B(f

0

(980) →
π+π−)

( 9.4 + 1.0
− 1.2 )× 10

−6

�

402

f

2

(1270)

0

K

+

( 1.07 ± 0.27 )× 10

−6
�

403

f

0

(1370)

0

K

+×
B(f

0

(1370)

0 → π+π−)
< 1.07 × 10

−5
CL=90%

�

404

ρ(14500)K+× B(ρ(1450)0 →
π+π−)

< 1.17 × 10

−5
CL=90%

�

405

f

′
2

(1525)K

+× B(f

′
2

(1525) →
π+π−)

< 3.4 × 10

−6
CL=90%

�

406

K

+ρ0 ( 3.7 ± 0.5 )× 10

−6

�

407

K

∗
0

(1430)

0π+ ( 3.9 + 0.6
− 0.5 )× 10

−5
S=1.4

�

408

K

∗
2

(1430)

0π+ ( 5.6 + 2.2
− 1.5 )× 10

−6

�

409

K

∗
(1410)

0π+ < 4.5 × 10

−5
CL=90%

�

410

K

∗
(1680)

0π+ < 1.2 × 10

−5
CL=90%

�

411

K

+π0π0 ( 1.62 ± 0.19 )× 10

−5
�

412

f

0

(980)K

+× B(f

0

→ π0π0) ( 2.8 ± 0.8 )× 10

−6
�

413

K

−π+π+ < 4.6 × 10

−8
CL=90%

�

414

K

−π+π+nonresonant < 5.6 × 10

−5
CL=90%

�

415

K

1

(1270)

0π+ < 4.0 × 10

−5
CL=90%

�

416

K

1

(1400)

0π+ < 3.9 × 10

−5
CL=90%

�

417

K

0π+π0 < 6.6 × 10

−5
CL=90%

�

418

K

∗
0

(1430)

+π0 ( 1.19 + 0.20
− 0.23 )× 10

−5

�

419

K

0ρ+ ( 7.3 + 1.0
− 1.2 )× 10

−6

�

420

K

∗
(892)

+π+π− ( 7.5 ± 1.0 )× 10

−5
�

421

K

∗
(892)

+ρ0 ( 4.6 ± 1.1 )× 10

−6
�

422

K

∗
(892)

+

f

0

(980) ( 4.2 ± 0.7 )× 10

−6
�

423

a

+

1

K

0

( 3.5 ± 0.7 )× 10

−5

�

424

b

+

1

K

0× B(b

+

1

→ ωπ+) ( 9.6 ± 1.9 )× 10

−6

�

425

K

∗
(892)

0 ρ+ ( 9.2 ± 1.5 )× 10

−6
�

426

K

1

(1400)

+ρ0 < 7.8 × 10

−4
CL=90%

�

427

K

∗
2

(1430)

+ρ0 < 1.5 × 10

−3
CL=90%

�

428

b

0

1

K

+× B(b

0

1

→ ωπ0) ( 9.1 ± 2.0 )× 10

−6

�

429

b

+

1

K

∗0× B(b

+

1

→ ωπ+) < 5.9 × 10

−6
CL=90%

�

430

b

0

1

K

∗+× B(b

0

1

→ ωπ0) < 6.7 × 10

−6
CL=90%

�

431

K

+

K

0

( 1.32 ± 0.17 )× 10

−6
S=1.2

�

432

K

0

K

+π0 < 2.4 × 10

−5
CL=90%

�

433

K

+

K

0

S

K

0

S

( 1.05 ± 0.04 )× 10

−5

�

434

f

0

(980)K

+

, f

0

→ K

0

S

K

0

S

( 1.47 ± 0.33 )× 10

−5

�

435

f

0

(1710)K

+

, f

0

→ K

0

S

K

0

S

( 4.8 + 4.0
− 2.6 )× 10

−7

�

436

K

+

K

0

S

K

0

S

nonresonant ( 2.0 ± 0.4 )× 10

−5

�

437

K

0

S

K

0

S

π+ < 5.1 × 10

−7
CL=90%

�

438

K

+

K

−π+ ( 5.2 ± 0.4 )× 10

−6
�

439

K

+

K

−π+ nonresonant ( 1.68 ± 0.26 )× 10

−6
�

440

K

+

K

∗
(892)

0

( 5.9 ± 0.8 )× 10

−7
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�

441

K

+

K

∗
0

(1430)

0

( 3.8 ± 1.3 )× 10

−7

�

442

π+ (K

+

K

−
)

S−wave ( 8.5 ± 0.9 )× 10

−7
�

443

π+K

+

K

−
, m

K

+

K

− < 1.1

GeV

( 5.4 ± 0.5 )× 10

−6

�

444

K

+

K

+π− < 1.1 × 10

−8
CL=90%

�

445

K

+

K

+π− nonresonant < 8.79 × 10

−5
CL=90%

�

446

f

′
2

(1525)K

+

( 1.8 ± 0.5 )× 10

−6
S=1.1

�

447

K

+

f

J

(2220)

�

448

K

∗+π+K

− < 1.18 × 10

−5
CL=90%

�

449

K

∗
(892)

+

K

∗
(892)

0

( 9.1 ± 2.9 )× 10

−7
�

450

K

∗+
K

+π− < 6.1 × 10

−6
CL=90%

�

451

K

+

K

−
K

+

( 3.40 ± 0.14 )× 10

−5
S=1.4

�

452

K

+φ ( 8.8 + 0.7
− 0.6 )× 10

−6
S=1.1

�

453

f

0

(980)K

+× B(f

0

(980) →
K

+

K

−
)

( 9.4 ± 3.2 )× 10

−6

�

454

a

2

(1320)K

+× B(a

2

(1320) →
K

+

K

−
)

< 1.1 × 10

−6
CL=90%

�

455

X

0

(1550)K

+×
B(X

0

(1550) → K

+

K

−
)

( 4.3 ± 0.7 )× 10

−6

�

456

φ(1680)K+× B(φ(1680) →
K

+

K

−
)

< 8 × 10

−7
CL=90%

�

457

f

0

(1710)K

+× B(f

0

(1710) →
K

+

K

−
)

( 1.1 ± 0.6 )× 10

−6

�

458

K

+

K

−
K

+

nonresonant ( 2.38 + 0.28
− 0.50 )× 10

−5

�

459

K

∗
(892)

+

K

+

K

−
( 3.6 ± 0.5 )× 10

−5
�

460

K

∗
(892)

+φ ( 10.0 ± 2.0 )× 10

−6
S=1.7

�

461

K

0

K

+

K

−π+ ( 3.40 ± 0.33 )× 10

−4
�

462

J/ψK+

, J/ψ → K

0

K

−π+ ( 5.4 ± 1.2 )× 10

−6
�

463

χ

1

K

+

, χ

1

→ K

0

K

−π+ ( 2.25 ± 0.25 )× 10

−6
�

464

η



K

+

, η



→ K

0

K

−π+ ( 2.83 ± 0.30 )× 10

−5
�

465

η



(2S)K

+

, η



(2S) →
K

0

K

−π+
( 3.3 ± 0.4 )× 10

−6

�

466

K

0

K

+

K

+π− ( 2.80 ± 0.30 )× 10

−4
�

467

J/ψK+

, J/ψ → K

0

K

+π− ( 5.4 ± 1.3 )× 10

−6
�

468

χ

1

K

+

, χ

1

→ K

0

K

+π− ( 2.06 ± 0.32 )× 10

−6
�

469

η



K

+

, η



→ K

0

K

+π− ( 3.00 ± 0.34 )× 10

−5
�

470

η



(2S)K

+

, η



(2S) →
K

0

K

+π−
( 3.1 ± 0.6 )× 10

−6

�

471

φ(Kπ)∗+
0

( 8.3 ± 1.6 )× 10

−6

�

472

φK
1

(1270)

+

( 6.1 ± 1.9 )× 10

−6
�

473

φK
1

(1400)

+ < 3.2 × 10

−6
CL=90%

�

474

φK∗
(1410)

+ < 4.3 × 10

−6
CL=90%

�

475

φK∗
0

(1430)

+

( 7.0 ± 1.6 )× 10

−6

�

476

φK∗
2

(1430)

+

( 8.4 ± 2.1 )× 10

−6

�

477

φK∗
2

(1770)

+ < 1.50 × 10

−5
CL=90%

�

478

φK∗
2

(1820)

+ < 1.63 × 10

−5
CL=90%

�

479

a

+

1

K

∗0 < 3.6 × 10

−6
CL=90%

�

480

K

+φφ ( 4.2 ± 0.8 )× 10

−6
S=2.2

�

481

η′ η′K+ < 2.5 × 10

−5
CL=90%

�

482

ωφK+ < 1.9 × 10

−6
CL=90%

�

483

X (1812)K

+× B(X → ωφ) < 3.2 × 10

−7
CL=90%

�

484

K

∗
(892)

+γ ( 3.92 ± 0.22 )× 10

−5
S=1.7

�

485

K

1

(1270)

+γ ( 4.4 + 0.7
− 0.6 )× 10

−5

�

486

ηK+γ ( 7.9 ± 0.9 )× 10

−6

�

487

η′K+γ ( 2.9 + 1.0
− 0.9 )× 10

−6

�

488

φK+ γ ( 2.7 ± 0.4 )× 10

−6
S=1.2

�

489

K

+π−π+γ ( 2.58 ± 0.15 )× 10

−5
S=1.3

�

490

K

∗
(892)

0π+ γ ( 2.33 ± 0.12 )× 10

−5
�

491

K

+ρ0 γ ( 8.2 ± 0.9 )× 10

−6

�

492

(K

+π−)
NR

π+γ ( 9.9 + 1.7
− 2.0 )× 10

−6

�

493

K

0π+π0 γ ( 4.6 ± 0.5 )× 10

−5

�

494

K

1

(1400)

+γ ( 10

+ 5

− 4

)× 10

−6

�

495

K

∗
(1410)

+γ ( 2.7 + 0.8
− 0.6 )× 10

−5

�

496

K

∗
0

(1430)

0π+ γ ( 1.32 + 0.26
− 0.32 )× 10

−6

�

497

K

∗
2

(1430)

+γ ( 1.4 ± 0.4 )× 10

−5

�

498

K

∗
(1680)

+γ ( 6.7 + 1.7
− 1.4 )× 10

−5

�

499

K

∗
3

(1780)

+γ < 3.9 × 10

−5
CL=90%

�

500

K

∗
4

(2045)

+γ < 9.9 × 10

−3
CL=90%

Light un
avored meson modesLight un
avored meson modesLight un
avored meson modesLight un
avored meson modes

�

501

ρ+γ ( 9.8 ± 2.5 )× 10

−7
�

502

π+π0 ( 5.31 ± 0.26 )× 10

−6
�

503

π+π+π− ( 1.52 ± 0.14 )× 10

−5
�

504

ρ0π+ ( 8.3 ± 1.2 )× 10

−6
�

505

π+ f

0

(980), f

0

→ π+π− < 1.5 × 10

−6
CL=90%

�

506

π+ f

2

(1270) ( 2.2 + 0.7
− 0.4 )× 10

−6

�

507

ρ(1450)0π+, ρ0 → π+π− ( 1.4 + 0.6
− 0.9 )× 10

−6

�

508

ρ(1450)0π+, ρ0 → K

+

K

−
( 1.60 ± 0.14 )× 10

−6
�

509

f

0

(1370)π+, f

0

→ π+π− < 4.0 × 10

−6
CL=90%

�

510

f

0

(1370)π+, f

0

→ π0π0 < 1.1 × 10

−6
CL=90%

�

511

f

0

(500)π+, f

0

→ π+π− < 4.1 × 10

−6
CL=90%

�

512

π+π−π+ nonresonant ( 5.3 + 1.5
− 1.1 )× 10

−6

�

513

π+π0π0 ( 1.90 ± 0.21 )× 10

−5

�

514

ρ+π0 ( 1.06 + 0.12
− 0.13 )× 10

−5

�

515

ρ(1450)+π0, ρ+ → π+π0 ( 1.2 ± 0.6 )× 10

−6
�

516

π+π0π0 nonresonant < 6 × 10

−7
CL=90%

�

517

X pi+,X → π0π0 ( 6.9 ± 1.1 )× 10

−6
�

518

π+π−π+π0 < 4.0 × 10

−3
CL=90%

�

519

ρ+ρ0 ( 2.40 ± 0.19 )× 10

−5
�

520

ρ+ f
0

(980), f

0

→ π+π− < 2.0 × 10

−6
CL=90%

�

521

a

1

(1260)

+π0 ( 2.6 ± 0.7 )× 10

−5
�

522

a

1

(1260)

0π+ ( 2.0 ± 0.6 )× 10

−5
�

523

ωπ+ ( 6.9 ± 0.5 )× 10

−6
�

524

ωρ+ ( 1.59 ± 0.21 )× 10

−5
�

525

ηπ+ ( 4.02 ± 0.27 )× 10

−6
�

526

ηρ+ ( 7.0 ± 2.9 )× 10

−6
S=2.8

�

527

η′π+ ( 2.7 ± 0.9 )× 10

−6
S=1.9

�

528

η′ρ+ ( 9.7 ± 2.2 )× 10

−6
�

529

φπ+ ( 3.2 ± 1.5 )× 10

−8
�

530

φρ+ < 3.0 × 10

−6
CL=90%

�

531

a

0

(980)

0π+, a

0

0

→ ηπ0 < 5.8 × 10

−6
CL=90%

�

532

a

0

(980)

+π0, a

+

0

→ ηπ+ < 1.4 × 10

−6
CL=90%

�

533

π+π+π+π−π− < 8.6 × 10

−4
CL=90%

�

534

ρ0 a
1

(1260)

+ < 6.2 × 10

−4
CL=90%

�

535

ρ0 a
2

(1320)

+ < 7.2 × 10

−4
CL=90%

�

536

b

0

1

π+, b

0

1

→ ωπ0 ( 6.7 ± 2.0 )× 10

−6

�

537

b

+

1

π0, b

+

1

→ ωπ+ < 3.3 × 10

−6
CL=90%

�

538

π+π+π+π−π−π0 < 6.3 × 10

−3
CL=90%

�

539

b

+

1

ρ0, b

+

1

→ ωπ+ < 5.2 × 10

−6
CL=90%

�

540

a

1

(1260)

+

a

1

(1260)

0 < 1.3 % CL=90%

�

541

b

0

1

ρ+, b

0

1

→ ωπ0 < 3.3 × 10

−6
CL=90%

Charged parti
le (h

±
) modesCharged parti
le (h

±
) modesCharged parti
le (h

±
) modesCharged parti
le (h

±
) modes

h

±
= K

±
or π±

�

542

h

+π0 ( 1.6 + 0.7
− 0.6 )× 10

−5

�

543

ωh+ ( 1.38 + 0.27
− 0.24 )× 10

−5

�

544

h

+

X

0

(Familon) < 4.9 × 10

−5
CL=90%

�

545

K

+

X

0

, X

0 → µ+µ− < 1 × 10

−7
CL=95%

Baryon modesBaryon modesBaryon modesBaryon modes

�

546

ppπ+ ( 1.62 ± 0.20 )× 10

−6
�

547

ppπ+nonresonant < 5.3 × 10

−5
CL=90%

�

548

ppπ+π0 ( 4.6 ± 1.3 )× 10

−6
�

549

ppπ+π+π−

�

550

ppK

+

( 5.9 ± 0.5 )× 10

−6
S=1.5

�

551

�(1710)

++

p, �

++ →
pK

+

[g ℄ < 9.1 × 10

−8
CL=90%

�

552

f

J

(2220)K

+

, f

J

→ pp [g ℄ < 4.1 × 10

−7
CL=90%

�

553

pnπ0 < 6.3 × 10

−6
CL=90%

�

554

p�(1520) ( 3.1 ± 0.6 )× 10

−7
�

555

ppK

+

nonresonant < 8.9 × 10

−5
CL=90%

�

556

ppK

∗
(892)

+

( 3.6 + 0.8
− 0.7 )× 10

−6

�

557

f

J

(2220)K

∗+
, f

J

→ pp < 7.7 × 10

−7
CL=90%

�

558

p� ( 2.4 + 1.0
− 0.9 )× 10

−7

�

559

p�γ ( 2.4 + 0.5
− 0.4 )× 10

−6

�

560

p�π0 ( 3.0 + 0.7
− 0.6 )× 10

−6

�

561

p� (1385)

0 < 4.7 × 10

−7
CL=90%

�

562

�

+

� < 8.2 × 10

−7
CL=90%

1688168816881688
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B

±

�

563

p� γ < 4.6 × 10

−6
CL=90%

�

564

p�π+π− ( 1.13 ± 0.13 )× 10

−5
�

565

p�π+π− nonresonant ( 5.9 ± 1.1 )× 10

−6
�

566

p�ρ0, ρ0 → π+π− ( 4.8 ± 0.9 )× 10

−6
�

567

p�f

2

(1270), f

2

→ π+π− ( 2.0 ± 0.8 )× 10

−6
�

568

p�K

+

K

−
( 4.1 ± 0.7 )× 10

−6
�

569

p�φ ( 8.0 ± 2.2 )× 10

−7
�

570

p�K

+

K

−
( 3.7 ± 0.6 )× 10

−6
�

571

��π+ < 9.4 × 10

−7
CL=90%

�

572

��K

+

( 3.4 ± 0.6 )× 10

−6

�

573

��K

∗+
( 2.2 + 1.2

− 0.9 )× 10

−6

�

574

�(1520)�K

+

( 2.2 ± 0.7 )× 10

−6
�

575

��(1520)K

+ < 2.08 × 10

−6
�

576

�

0

p < 1.38 × 10

−6
CL=90%

�

577

�

++

p < 1.4 × 10

−7
CL=90%

�

578

D

+

pp < 1.5 × 10

−5
CL=90%

�

579

D

∗
(2010)

+

pp < 1.5 × 10

−5
CL=90%

�

580

D

0

ppπ+ ( 3.72 ± 0.27 )× 10

−4
�

581

D

∗0
ppπ+ ( 3.73 ± 0.32 )× 10

−4
�

582

D

−
ppπ+π− ( 1.66 ± 0.30 )× 10

−4
�

583

D

∗−
ppπ+π− ( 1.86 ± 0.25 )× 10

−4
�

584

p�

0

D

0

( 1.43 ± 0.32 )× 10

−5
�

585

p�

0

D

∗
(2007)

0 < 5 × 10

−5
CL=90%

�

586

�

−



pπ+ ( 2.3 ± 0.4 )× 10

−4
S=2.4

�

587

�

−



�(1232)

++ < 1.9 × 10

−5
CL=90%

�

588

�

−



�

X

(1600)

++

( 4.7 ± 1.0 )× 10

−5

�

589

�

−



�

X

(2420)

++

( 3.8 ± 0.8 )× 10

−5

�

590

(�

−



p)sπ
+

[h℄ ( 3.1 ± 0.7 )× 10

−5

�

591

�




(2520)

0

p < 3 × 10

−6
CL=90%

�

592

�




(2800)

0

p ( 2.7 ± 0.9 )× 10

−5
�

593

�

−



pπ+π0 ( 1.8 ± 0.6 )× 10

−3

�

594

�

−



pπ+π+π− ( 2.2 ± 0.7 )× 10

−3

�

595

�

−



pπ+π+π−π0 < 1.34 % CL=90%

�

596

�

+




�

−



K

+

( 4.9 ± 0.7 )× 10

−4

�

597

�




(2930)�

+




, �




→ K

+

�

−



( 1.7 ± 0.5 )× 10

−4

�

598

�




(2455)

0

p ( 3.0 ± 0.7 )× 10

−5
�

599

�




(2455)

0

pπ0 ( 3.5 ± 1.1 )× 10

−4
�

600

�




(2455)

0

pπ−π+ ( 3.5 ± 1.1 )× 10

−4
�

601

�




(2455)

−−
pπ+π+ ( 2.38 ± 0.19 )× 10

−4
�

602

�




(2593)

−/�



(2625)

−
pπ+ < 1.9 × 10

−4
CL=90%

�

603

�

0




�

+




( 9.5 ± 2.3 )× 10

−4

�

604

�

0




�

+




, �

0




→ �

+π− ( 1.76 ± 0.29 )× 10

−5

�

605

�

0




�

+




, �

0




→ �K

+π− ( 1.14 ± 0.26 )× 10

−5

�

606

�

0




�

+




, �

0




→ pK

−
K

−π+ ( 5.5 ± 1.9 )× 10

−6

�

607

�

+




�

′0



< 6.5 × 10

−4
CL=90%

�

608

�

+




�




(2645)

0 < 7.9 × 10

−4
CL=90%

�

609

�

+




�




(2790)

0

( 1.1 ± 0.4 )× 10

−3

�

610

pψDS

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

violating modes, or/and �B = 1 weak neutral 
urrent (B1) modesviolating modes, or/and �B = 1 weak neutral 
urrent (B1) modesviolating modes, or/and �B = 1 weak neutral 
urrent (B1) modesviolating modes, or/and �B = 1 weak neutral 
urrent (B1) modes

�

611

π+ ℓ+ ℓ− B1 [a℄ < 4.9 × 10

−8
CL=90%

�

612

π+ e

+

e

−
B1 < 8.0 × 10

−8
CL=90%

�

613

π+µ+µ− B1 ( 1.78 ± 0.23 )× 10

−8
�

614

π+ ν ν B1 < 1.4 × 10

−5
CL=90%

�

615

K

+ ℓ+ ℓ− B1 [a℄ ( 4.7 ± 0.5 )× 10

−7
S=2.3

�

616

K

+

e

+

e

−
B1 ( 5.6 ± 0.6 )× 10

−7
�

617

K

+µ+µ− B1 ( 4.53 ± 0.35 )× 10

−7
S=1.8

�

618

K

+µ+µ− nonresonant B1 ( 4.37 ± 0.27 )× 10

−7
�

619

K

+ τ+ τ− B1 < 2.25 × 10

−3
CL=90%

�

620

K

+ν ν B1 < 1.6 × 10

−5
CL=90%

�

621

ρ+ν ν B1 < 3.0 × 10

−5
CL=90%

�

622

K

∗
(892)

+ ℓ+ ℓ− B1 [a℄ ( 1.01 ± 0.11 )× 10

−6
S=1.1

�

623

K

∗
(892)

+

e

+

e

−
B1 ( 1.55 + 0.40

− 0.31 )× 10

−6

�

624

K

∗
(892)

+µ+µ− B1 ( 9.6 ± 1.0 )× 10

−7
�

625

K

∗
(892)

+ν ν B1 < 4.0 × 10

−5
CL=90%

�

626

K

+π+π−µ+µ− B1 ( 4.3 ± 0.4 )× 10

−7

�

627

φK+µ+µ− B1 ( 7.9 + 2.1
− 1.7 )× 10

−8

�

628

�pν ν B1 < 3.0 × 10

−5
CL=90%

�

629

π+ e

+µ− LF < 6.4 × 10

−3
CL=90%

�

630

π+ e

−µ+ LF < 6.4 × 10

−3
CL=90%

�

631

π+ e

±µ∓ LF < 1.7 × 10

−7
CL=90%

�

632

π+ e

+ τ− LF < 7.4 × 10

−5
CL=90%

�

633

π+ e

− τ+ LF < 2.0 × 10

−5
CL=90%

�

634

π+ e

± τ∓ LF < 7.5 × 10

−5
CL=90%

�

635

π+µ+ τ− LF < 6.2 × 10

−5
CL=90%

�

636

π+µ− τ+ LF < 4.5 × 10

−5
CL=90%

�

637

π+µ± τ∓ LF < 7.2 × 10

−5
CL=90%

�

638

K

+

e

+µ− LF < 7.0 × 10

−9
CL=90%

�

639

K

+

e

−µ+ LF < 6.4 × 10

−9
CL=90%

�

640

K

+

e

±µ∓ LF < 9.1 × 10

−8
CL=90%

�

641

K

+

e

+ τ− LF < 1.53 × 10

−5
CL=90%

�

642

K

+

e

− τ+ LF < 1.5 × 10

−5
CL=90%

�

643

K

+

e

± τ∓ LF < 3.0 × 10

−5
CL=90%

�

644

K

+µ+ τ− LF < 2.45 × 10

−5
CL=90%

�

645

K

+µ− τ+ LF < 5.9 × 10

−6
CL=90%

�

646

K

+µ± τ∓ LF < 4.8 × 10

−5
CL=90%

�

647

K

∗
(892)

+

e

+µ− LF < 1.3 × 10

−6
CL=90%

�

648

K

∗
(892)

+

e

−µ+ LF < 9.9 × 10

−7
CL=90%

�

649

K

∗
(892)

+

e

±µ∓ LF < 1.4 × 10

−6
CL=90%

�

650

π− e

+

e

+

L < 2.3 × 10

−8
CL=90%

�

651

π−µ+µ+ L < 4.0 × 10

−9
CL=95%

�

652

π− e

+µ+ L < 1.5 × 10

−7
CL=90%

�

653

ρ− e

+

e

+

L < 1.7 × 10

−7
CL=90%

�

654

ρ−µ+µ+ L < 4.2 × 10

−7
CL=90%

�

655

ρ− e

+µ+ L < 4.7 × 10

−7
CL=90%

�

656

K

−
e

+

e

+

L < 3.0 × 10

−8
CL=90%

�

657

K

−µ+µ+ L < 4.1 × 10

−8
CL=90%

�

658

K

−
e

+µ+ L < 1.6 × 10

−7
CL=90%

�

659

K

∗
(892)

−
e

+

e

+

L < 4.0 × 10

−7
CL=90%

�

660

K

∗
(892)

−µ+µ+ L < 5.9 × 10

−7
CL=90%

�

661

K

∗
(892)

−
e

+µ+ L < 3.0 × 10

−7
CL=90%

�

662

D

−
e

+

e

+

L < 2.6 × 10

−6
CL=90%

�

663

D

−
e

+µ+ L < 1.8 × 10

−6
CL=90%

�

664

D

−µ+µ+ L < 6.9 × 10

−7
CL=95%

�

665

D

∗−µ+µ+ L < 2.4 × 10

−6
CL=95%

�

666

D

−
s

µ+µ+ L < 5.8 × 10

−7
CL=95%

�

667

D

0π−µ+µ+ L < 1.5 × 10

−6
CL=95%

�

668

�

0µ+ L,B < 6 × 10

−8
CL=90%

�

669

�

0

e

+

L,B < 3.2 × 10

−8
CL=90%

�

670

�

0µ+ L,B < 6 × 10

−8
CL=90%

�

671

�

0

e

+

L,B < 8 × 10

−8
CL=90%

[a℄ An ℓ indi
ates an e or a µ mode, not a sum over these modes.

[b℄ An CP(±1) indi
ates the CP=+1 and CP=−1 eigenstates of the D

0

-D

0

system.

[
 ℄ D denotes D

0

or D

0

.

[d ℄ D

∗0
CP+ de
ays into D

0π0 with the D

0

re
onstru
ted in CP-even eigen-

states K

+

K

−
and π+π−.

[e℄ D

∗∗
represents an ex
ited state with mass 2.2 < M < 2.8 GeV/


2

.

[f ℄ χ

1

(3872)

+

is a hypotheti
al 
harged partner of the χ

1

(3872).

[g ℄ �(1710)

++

is a possible narrow pentaquark state and G (2220) is a

possible glueball resonan
e.

[h℄ (�

−



p)s denotes a low-mass enhan
ement near 3.35 GeV/


2

.

FIT INFORMATIONFIT INFORMATIONFIT INFORMATIONFIT INFORMATION

An overall �t to 21 bran
hing ratios uses 66 measurements to

determine 13 parameters. The overall �t has a χ2 = 68.7 for 53

degrees of freedom.

The following o�-diagonal array elements are the 
orrelation 
oeÆ
ients〈
δxiδxj

〉
/(δxi·δxj), in per
ent, from the �t to the bran
hing fra
tions, xi ≡

�i/�total.

x

10

33

x

54

0 0

x

111

0 0 5

x

153

0 0 1 14

x

295

0 0 0 0 0

x

300

0 0 0 0 0 0

x

318

0 0 0 0 0 86 0

x

330

0 0 0 0 0 38 0 33

x

370

0 0 0 0 0 0 0 0 0

x

431

0 0 0 0 0 0 0 0 0 8

x

617

0 0 0 0 0 14 0 12 5 0

x

624

0 0 0 0 0 0 5 0 0 0

x

7

x

10

x

54

x

111

x

153

x

295

x

300

x

318

x

330

x

370
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B

0

• • • We do not use the following data for averages, �ts, limits, et
. • • •

0.95 +0.117
−0.080±0.091 1

ARTUSO 97 CLE2 e

+

e

− → �(4S)

1.15 ±0.17 ±0.06 2

JESSOP 97 CLE2 e

+

e

− → �(4S)

0.93 ±0.18 ±0.12 3

ATHANAS 94 CLE2 Sup. by ARTUSO 97

0.91 ±0.27 ±0.21 4

ALBRECHT 92C ARG e

+

e

− → �(4S)

1.0 ±0.4 29

4,5
ALBRECHT 92G ARG e

+

e

− → �(4S)

0.89 ±0.19 ±0.13 4

FULTON 91 CLEO e

+

e

− → �(4S)

1.00 ±0.23 ±0.14 4

ALBRECHT 89L ARG e

+

e

− → �(4S)

0.49 to 2.3 90

6

BEAN 87B CLEO e

+

e

− → �(4S)

1

ARTUSO 97 uses partial re
onstru
tion of B → D

∗ ℓνℓ and independent of B

0

and

B

+

produ
tion fra
tion.

2

Assumes equal produ
tion of B

+

and B

0

at the �(4S).

3

ATHANAS 94 uses events tagged by fully re
onstru
ted B

−
de
ays and partially or fully

re
onstru
ted B

0

de
ays.

4

Assumes equal produ
tion of B

0

and B

+

.

5

ALBRECHT 92G data analyzed using B → D

s

D, D

s

D

∗
, D

∗
s

D, D

∗
s

D

∗
events.

6

BEAN 87B assume the fra
tion of B

0

B

0

events at the �(4S) is 0.41.

��

B

0

d

/ �
B

0

d

��

B

0

d

/ �
B

0

d

��

B

0

d

/ �
B

0

d

��

B

0

d

/ �
B

0

d

�

B

0

d

and ��

B

0

d

are the de
ay rate average and di�eren
e between two

B

0

d

CP eigenstates (light − heavy). The λCP 
hara
terizes B

0

and B

0

de
ays to states of 
harmonium plus K

0

L

, see the review on \CP Violation"

in the reviews se
tion.

VALUE (units 10

−2

) CL% DOCUMENT ID TECN COMMENT

0.1 ±1.0 OUR EVALUATION0.1 ±1.0 OUR EVALUATION0.1 ±1.0 OUR EVALUATION0.1 ±1.0 OUR EVALUATION (Produ
ed by HFLAV)

0.1 ±1.0 OUR AVERAGE0.1 ±1.0 OUR AVERAGE0.1 ±1.0 OUR AVERAGE0.1 ±1.0 OUR AVERAGE

3.4 ±2.3 ±2.4 1

SIRUNYAN 18BY CMS pp at 8 TeV

− 0.1 ±1.1 ±0.9 2

AABOUD 16G ATLS pp at 7, 8 TeV

− 4.4 ±2.5 ±1.1 3

AAIJ 14E LHCB pp at 7 TeV

1.7 ±1.8 ±1.1 4

HIGUCHI 12 BELL e

+

e

− → �(4S)

0.8 ±3.7 ±1.8 5

AUBERT,B 04C BABR e

+

e

− → �(4S)

0 ±9

6

ABDALLAH 03B DLPH e

+

e

− → Z

• • • We do not use the following data for averages, �ts, limits, et
. • • •
0.50±1.38 ABAZOV 14 D0 pp at 1.96 TeV

< 80 95

7

BEHRENS 00B CLE2 e

+

e

− → �(4S)

1

Measured using B

0 → J/ψK∗
(892)

0

and B

0 → J/ψK0

S

de
ays, and assuming β =

21.9 ± 0.7 degrees.

2

Measured from the ratio of de
ay time distributions of B

0 → J/ψK0

S

and B

0 →
J/ψK∗0

de
ays.

3

Measured using the e�e
tive lifetimes of B

0 → J/ψK0

S

and B

0 → J/ψK∗0
de
ays.

4

Reports −��

d

/�

d

using B

0 → J/ψK0

S

, J/ψK0

L

, D

−π+, D

∗−π+, D

∗− ρ+, and

D

∗− ℓ+ ν de
ays.

5

Corresponds to 90% 
on�den
e range [−0.084, 0.068℄.
6

Used the measured τ
B

0

= 1.55 ± 0.03 ps. Corresponds to an upper limit of < 0.18 at

95% C.L.

7

BEHRENS 00B uses high-momentum lepton tags and partially re
onstru
ted B

0 →
D

∗+π−, ρ− de
ays to determine the 
avor of the B meson. Assumes �md=0.478 ±
0.018 ps−1

and τ
B

0

=1.548 ± 0.032 ps.

B

0

DECAY MODESB

0

DECAY MODESB

0

DECAY MODESB

0

DECAY MODES

B

0

modes are 
harge 
onjugates of the modes below. Rea
tions indi
ate

the weak de
ay vertex and do not in
lude mixing. Modes whi
h do not

identify the 
harge state of the B are listed in the B

±
/B

0

ADMIXTURE

se
tion.

The bran
hing fra
tions listed below assume 50% B

0

B

0

and 50% B

+

B

−
produ
tion at the �(4S). We have attempted to bring older measurements

up to date by res
aling their assumed �(4S) produ
tion ratio to 50:50

and their assumed D, D

s

, D

∗
, and ψ bran
hing ratios to 
urrent values

whenever this would a�e
t our averages and best limits signi�
antly.

Indentation is used to indi
ate a sub
hannel of a previous rea
tion. All

resonant sub
hannels have been 
orre
ted for resonan
e bran
hing fra
-

tions to the �nal state so the sum of the sub
hannel bran
hing fra
tions


an ex
eed that of the �nal state.

For in
lusive bran
hing fra
tions, e.g., B → D

±
X , the values usually are

multipli
ities, not bran
hing fra
tions. They 
an be greater than one.

S
ale fa
tor/

Mode Fra
tion (�

i

/�) Con�den
e level

�

1

ℓ+νℓX [a℄ ( 10.33± 0.28) %

�

2

e

+ν
e

X




( 10.1 ± 0.4 ) %

�

3

ℓ+νℓXu [a℄ ( 1.51± 0.19)× 10

−3
�

4

D ℓ+νℓX [a℄ ( 9.1 ± 0.8 ) %

�

5

D

− ℓ+νℓ [a℄ ( 2.12± 0.06) %

�

6

D

− τ+ ντ ( 9.9 ± 2.1 )× 10

−3
�

7

D

∗
(2010)

− ℓ+νℓ [a℄ ( 4.90± 0.12) %

�

8

D

∗
(2010)

−
e

+ν
e

�

9

D

∗
(2010)

−µ+νµ
�

10

D

∗
(2010)

− τ+ ντ ( 1.45± 0.10) % S=1.3

�

11

D

(∗)
nπℓ+ νℓ (n ≥ 1) [a℄ ( 2.3 ± 0.5 ) %

�

12

D

0π− ℓ+νℓ [a℄ ( 3.64± 0.20)× 10

−3
�

13

D

∗
0

(2300)

− ℓ+νℓ,
D

∗−
0

→ D

0π−
[a℄ < 4.4 × 10

−4
CL=90%

�

14

D

∗
2

(2460)

− ℓ+νℓ,
D

∗−
2

→ D

0π−
[a℄ ( 1.41± 0.20)× 10

−3
S=1.7

�

15

D

∗0π− ℓ+νℓ [a℄ ( 5.44± 0.28)× 10

−3
�

16

D

1

(2420)

− ℓ+νℓ, D

−
1

→
D

∗0π−
[a℄ ( 2.85± 0.25)× 10

−3

�

17

D

1

(2420)

− ℓ+νℓ, D

−
1

→
D

−π+π−
[a℄ ( 1.02± 0.16)× 10

−3

�

18

D

′
1

(2430)

− ℓ+νℓ, D

′−
1

→
D

∗0π−
[a℄ ( 2.5 ± 0.6 )× 10

−3

�

19

D

∗
2

(2460)

− ℓ+νℓ, D

∗−
2

→
D

∗0π−
[a℄ ( 6.6 ± 1.1 )× 10

−4

�

20

D

−π+π− ℓ+νℓ [a℄ ( 1.45± 0.22)× 10

−3
�

21

D

∗−π+π− ℓ+νℓ [a℄ ( 5.1 ± 2.3 )× 10

−4
�

22

ρ− ℓ+νℓ [a℄ ( 2.94± 0.21)× 10

−4
�

23

π− ℓ+νℓ [a℄ ( 1.50± 0.06)× 10

−4
�

24

π−µ+νµ
�

25

π− τ+ ντ < 2.5 × 10

−4
CL=90%

In
lusive modesIn
lusive modesIn
lusive modesIn
lusive modes

�

26

K

±
X ( 78 ± 8 ) %

�

27

D

0

X ( 8.1 ± 1.5 ) %

�

28

D

0

X ( 47.4 ± 2.8 ) %

�

29

D

+

X < 3.9 % CL=90%

�

30

D

−
X ( 36.9 ± 3.3 ) %

�

31

D

+

s

X ( 10.3 + 2.1
− 1.8 ) %

�

32

D

−
s

X < 2.6 % CL=90%

�

33

�

+




X < 3.1 % CL=90%

�

34

�

−



X ( 5.0 + 2.1
− 1.5 ) %

�

35


 X ( 95 ± 5 ) %

�

36


 X ( 24.6 ± 3.1 ) %

�

37


 /
 X (119 ± 6 ) %

D, D

∗
, or D

s

modesD, D

∗
, or D

s

modesD, D

∗
, or D

s

modesD, D

∗
, or D

s

modes

�

38

D

−π+ ( 2.51± 0.08)× 10

−3
�

39

D

− ρ+ ( 7.6 ± 1.2 )× 10

−3
�

40

D

−
K

0π+ ( 4.9 ± 0.9 )× 10

−4
�

41

D

−
K

∗
(892)

+

( 4.5 ± 0.7 )× 10

−4
�

42

D

−ωπ+ ( 2.8 ± 0.6 )× 10

−3
�

43

D

−
K

+

( 2.05± 0.08)× 10

−4
�

44

D

−
K

+π+π− ( 3.5 ± 0.8 )× 10

−4
�

45

D

−
K

+

K

0 < 3.1 × 10

−4
CL=90%

�

46

D

−
K

+

K

∗
(892)

0

( 8.8 ± 1.9 )× 10

−4
�

47

D

0π+π− ( 8.8 ± 0.5 )× 10

−4
�

48

D

∗
(2010)

−π+ ( 2.66± 0.07)× 10

−3
�

49

D

0

K

+

K

−
( 6.1 ± 0.5 )× 10

−5
�

50

D

−π+π+π− ( 6.0 ± 0.6 )× 10

−3
�

51

(D

−π+π+π− ) nonresonant ( 3.9 ± 1.9 )× 10

−3
�

52

D

−π+ρ0 ( 1.1 ± 1.0 )× 10

−3
�

53

D

−
a

1

(1260)

+

( 6.0 ± 3.3 )× 10

−3
�

54

D

∗
(2010)

−π+π0 ( 1.5 ± 0.5 ) %

�

55

D

∗
(2010)

− ρ+ ( 6.8 ± 0.9 )× 10

−3
�

56

D

∗
(2010)

−
K

+

( 2.16± 0.08)× 10

−4
�

57

D

∗
(2010)

−
K

0π+ ( 3.0 ± 0.8 )× 10

−4
�

58

D

∗
(2010)

−
K

∗
(892)

+

( 3.3 ± 0.6 )× 10

−4
�

59

D

∗
(2010)

−
K

+

K

0 < 4.7 × 10

−4
CL=90%

�

60

D

∗
(2010)

−
K

+

K

∗
(892)

0

( 1.29± 0.33)× 10

−3
�

61

D

∗
(2010)

−π+π+π− ( 7.21± 0.29)× 10

−3
�

62

(D

∗
(2010)

−π+π+π− ) non-

resonant

( 0.0 ± 2.5 )× 10

−3

�

63

D

∗
(2010)

−π+ρ0 ( 5.7 ± 3.2 )× 10

−3
�

64

D

∗
(2010)

−
a

1

(1260)

+

( 1.30± 0.27) %

�

65

D

1

(2420)

0π−π+, D

0

1

→
D

∗−π+
( 1.47± 0.35)× 10

−4

�

66

D

∗
(2010)

−
K

+π−π+ ( 4.7 ± 0.4 )× 10

−4
�

67

D

∗
(2010)

−π+π+π−π0 ( 1.76± 0.27) %

�

68

D

∗−
3π+2π− ( 4.7 ± 0.9 )× 10

−3
�

69

D

∗
(2010)

−ωπ+ ( 2.46± 0.18)× 10

−3
S=1.2

�

70

D

1

(2430)

0ω, D

0

1

→ D

∗−π+ ( 2.7 + 0.8
− 0.4 )× 10

−4

1754175417541754
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0

�

71

D

∗− ρ(1450)+, ρ+ → ωπ+ ( 1.07+ 0.40
− 0.34)× 10

−3

�

72

D

1

(2420)

0ω, D

0

1

→ D

∗−π+ ( 7.0 ± 2.2 )× 10

−5

�

73

D

∗
2

(2460)

0ω, D

0

2

→ D

∗−π+ ( 4.0 ± 1.4 )× 10

−5

�

74

D

∗−
b

1

(1235)

+

, b

+

1

→ ωπ+ < 7 × 10

−5
CL=90%

�

75

D

∗∗−π+ [b℄ ( 1.9 ± 0.9 )× 10

−3

�

76

D

1

(2420)

−π+, D

−
1

→
D

−π+π−
( 9.9 + 2.0

− 2.5 )× 10

−5

�

77

D

1

(2420)

−π+, D

−
1

→
D

∗−π+π−
< 3.3 × 10

−5
CL=90%

�

78

D

∗
2

(2460)

−π+, D

∗−
2

→ D

0π− ( 2.38± 0.16)× 10

−4

�

79

D

∗
0

(2400)

−π+, D

∗−
0

→ D

0π− ( 7.6 ± 0.8 )× 10

−5

�

80

D

∗
2

(2460)

−π+, D

∗−
2

→
D

∗−π+π−
< 2.4 × 10

−5
CL=90%

�

81

D

∗
2

(2460)

− ρ+ < 4.9 × 10

−3
CL=90%

�

82

D

0

D

0

( 1.4 ± 0.7 )× 10

−5
�

83

D

∗0
D

0 < 2.9 × 10

−4
CL=90%

�

84

D

−
D

+

( 2.11± 0.18)× 10

−4
�

85

D

±
D

∗∓
(CP-averaged) ( 6.1 ± 0.6 )× 10

−4
�

86

D

−
D

+

s

( 7.2 ± 0.8 )× 10

−3

�

87

D

0

D

+

s

π− , m(D

0π−)>2.05 GeV

�

88

D

∗
(2010)

−
D

+

s

( 8.0 ± 1.1 )× 10

−3

�

89

D

∗
(2010)

−
D

+

s

, D

∗− →
D

0π− , m(D

0π−)>2.05
GeV

�

90

D

∗
2

(2460)

−
D

+

s

, D

∗−
2

→ D

0π−

�

91

D

∗
1

(2600)

−
D

+

s

, D

∗−
1

→ D

0π−

�

92

D

∗
3

(2750)

−
D

+

s

, D

∗−
3

→ D

0π−

�

93

D

∗
1

(2760)

−
D

+

s

, D

∗−
1

→ D

0π−

�

94

D

∗
J

(3000)

−
D

+

s

, D

∗−
J

→ D

0π−

�

95

T

∗

s0

(2870)

0

D

0

, T

∗0

s0

→
D

+

s

π−

�

96

D

−
D

∗+
s

( 7.4 ± 1.6 )× 10

−3

�

97

D

∗
(2010)

−
D

∗+
s

( 1.77± 0.14) %

�

98

D

s0

(2317)

−
K

+

, D

−
s0

→
D

−
s

π0
( 4.2 ± 1.4 )× 10

−5

�

99

D

s0

(2317)

−π+, D

−
s0

→ D

−
s

π0 < 2.5 × 10

−5
CL=90%

�

100

DsJ (2457)
−
K

+

, D

−
sJ →

D

−
s

π0
< 9.4 × 10

−6
CL=90%

�

101

DsJ (2457)
−π+, D

−
sJ →

D

−
s

π0
< 4.0 × 10

−6
CL=90%

�

102

D

−
s

D

+

s

< 3.6 × 10

−5
CL=90%

�

103

D

∗−
s

D

+

s

< 1.3 × 10

−4
CL=90%

�

104

D

∗−
s

D

∗+
s

< 2.4 × 10

−4
CL=90%

�

105

D

∗
s0

(2317)

+

D

−
, D

∗+
s0

→
D

+

s

π0
( 1.06± 0.16)× 10

−3
S=1.1

�

106

D

s0

(2317)

+

D

−
, D

+

s0

→ D

∗+
s

γ < 9.5 × 10

−4
CL=90%

�

107

D

s0

(2317)

+

D

∗
(2010)

−
, D

+

s0

→
D

+

s

π0
( 1.5 ± 0.6 )× 10

−3

�

108

DsJ (2457)
+

D

−
( 3.5 ± 1.1 )× 10

−3

�

109

DsJ (2457)
+

D

−
, D

+

sJ → D

+

s

γ ( 6.5 + 1.7
− 1.4 )× 10

−4

�

110

DsJ (2457)
+

D

−
, D

+

sJ →
D

∗+
s

γ

< 6.0 × 10

−4
CL=90%

�

111

DsJ (2457)
+

D

−
, D

+

sJ →
D

+

s

π+π−
< 2.0 × 10

−4
CL=90%

�

112

DsJ (2457)
+

D

−
, D

+

sJ →
D

+

s

π0
< 3.6 × 10

−4
CL=90%

�

113

D

∗
(2010)

−
DsJ(2457)

+

( 9.3 ± 2.2 )× 10

−3

�

114

DsJ (2457)
+

D

∗
(2010), D

+

sJ →
D

+

s

γ

( 2.3 + 0.9
− 0.7 )× 10

−3

�

115

D

−
D

s1

(2536)

+

, D

+

s1

→
D

∗0
K

+

+ D

∗+
K

0

( 2.8 ± 0.7 )× 10

−4

�

116

D

−
D

s1

(2536)

+

, D

+

s1

→
D

∗0
K

+

( 1.7 ± 0.6 )× 10

−4

�

117

D

−
D

s1

(2536)

+

, D

+

s1

→
D

∗+
K

0

( 2.6 ± 1.1 )× 10

−4

�

118

D

∗
(2010)

−
D

s1

(2536)

+

, D

+

s1

→
D

∗0
K

+

+ D

∗+
K

0

( 5.0 ± 1.4 )× 10

−4

�

119

D

∗
(2010)

−
D

s1

(2536)

+

,

D

+

s1

→ D

∗0
K

+

( 3.3 ± 1.1 )× 10

−4

�

120

D

∗−
D

s1

(2536)

+

, D

+

s1

→
D

∗+
K

0

( 5.0 ± 1.7 )× 10

−4

�

121

D

−
DsJ(2573)

+

, D

+

sJ →
D

0

K

+

( 3.4 ± 1.8 )× 10

−5

�

122

D

∗
(2010)

−
DsJ(2573)

+

,

D

+

sJ → D

0

K

+

< 2 × 10

−4
CL=90%

�

123

D

−
DsJ(2700)

+

, D

+

sJ →
D

0

K

+

( 7.1 ± 1.2 )× 10

−4

�

124

D

+π− ( 7.3 ± 1.2 )× 10

−7
�

125

D

+

s

π− ( 2.03± 0.18)× 10

−5

�

126

D

∗+
s

π− ( 2.1 ± 0.4 )× 10

−5
S=1.4

�

127

D

+

s

ρ− < 2.4 × 10

−5
CL=90%

�

128

D

∗+
s

ρ− ( 4.1 ± 1.3 )× 10

−5

�

129

D

+

s

a

−
0

< 1.9 × 10

−5
CL=90%

�

130

D

∗+
s

a

−
0

< 3.6 × 10

−5
CL=90%

�

131

D

+

s

a

1

(1260)

− < 2.1 × 10

−3
CL=90%

�

132

D

∗+
s

a

1

(1260)

− < 1.7 × 10

−3
CL=90%

�

133

D

+

s

a

−
2

< 1.9 × 10

−4
CL=90%

�

134

D

∗+
s

a

−
2

< 2.0 × 10

−4
CL=90%

�

135

D

−
s

K

+

( 2.7 ± 0.5 )× 10

−5
S=2.7

�

136

D

∗−
s

K

+

( 2.19± 0.30)× 10

−5

�

137

D

s1

(2536)

∓
K

±
, D

−
s1

→
D

∗
(2007)

0

K

−
( 5.1 ± 0.6 )× 10

−6

�

138

D

−
s

K

∗
(892)

+

( 3.5 ± 1.0 )× 10

−5

�

139

D

∗−
s

K

∗
(892)

+

( 3.2 + 1.5
− 1.3 )× 10

−5

�

140

D

−
s

π+K0

( 9.7 ± 1.4 )× 10

−5

�

141

D

∗−
s

π+K

0 < 1.10 × 10

−4
CL=90%

�

142

D

−
s

K

+π+π− ( 1.7 ± 0.5 )× 10

−4

�

143

D

−
s

π+K∗
(892)

0 < 3.0 × 10

−3
CL=90%

�

144

D

∗−
s

π+K

∗
(892)

0 < 1.6 × 10

−3
CL=90%

�

145

D

0

K

0

( 5.5 ± 0.4 )× 10

−5
�

146

D

0

K

+π− ( 8.8 ± 1.7 )× 10

−5
�

147

D

0

K

∗
(892)

0

( 4.5 ± 0.6 )× 10

−5
�

148

D

0

K

∗
(1410)

0 < 6.7 × 10

−5
CL=90%

�

149

D

0

K

∗
0

(1430)

0

( 7 ± 7 )× 10

−6

�

150

D

0

K

∗
2

(1430)

0

( 2.1 ± 0.9 )× 10

−5

�

151

D

∗
0

(2300)

−
K

+

, D

∗−
0

→
D

0π−
( 1.9 ± 0.9 )× 10

−5

�

152

D

∗
2

(2460)

−
K

+

, D

∗−
2

→
D

0π−
( 2.03± 0.35)× 10

−5

�

153

D

∗
3

(2760)

−
K

+

, D

∗−
3

→
D

0π−
< 1.0 × 10

−6
CL=90%

�

154

D

0

K

+π− nonresonant < 3.7 × 10

−5
CL=90%

�

155

[K

+

K

−
℄DK

∗
(892)

0

( 4.2 ± 0.7 )× 10

−5
�

156

[π+π− ℄DK

∗
(892)

0

( 6.0 ± 1.1 )× 10

−5
�

157

[π+K

−
℄DK

∗
(892)

0

�

158

[K

+π− ℄DK

∗
(892)

0

�

159

[π+π−π+π− ℄DK

∗0
( 4.6 ± 0.9 )× 10

−5
�

160

[π+K

−π+π− ℄DK

∗0

�

161

[K

+π−π+π− ℄DK

∗0

�

162

D

0π0 ( 2.67± 0.09)× 10

−4
�

163

D

0 ρ0 ( 3.21± 0.21)× 10

−4
�

164

D

0

f

2

( 1.56± 0.21)× 10

−4
�

165

D

0 η ( 2.56± 0.12)× 10

−4
�

166

D

0 η′ ( 1.38± 0.16)× 10

−4
S=1.3

�

167

D

0ω ( 2.54± 0.16)× 10

−4
�

168

D

0φ ( 7.7 ± 2.3 )× 10

−7
�

169

D

0

K

+π− ( 5.3 ± 3.2 )× 10

−6
�

170

D

0

K

∗
(892)

0

( 3.0 ± 0.6 )× 10

−6
�

171

D

∗0 γ < 2.5 × 10

−5
CL=90%

�

172

D

∗
(2007)

0π0 ( 2.2 ± 0.6 )× 10

−4
S=2.6

�

173

D

∗
(2007)

0 ρ0 < 5.1 × 10

−4
CL=90%

�

174

D

∗
(2007)

0 η ( 2.3 ± 0.6 )× 10

−4
S=2.8

�

175

D

∗
(2007)

0 η′ ( 1.40± 0.22)× 10

−4
�

176

D

∗
(2007)

0π+π− ( 6.2 ± 2.2 )× 10

−4
�

177

D

∗
(2007)

0

K

+π− ( 5.2 ± 1.9 )× 10

−5
�

178

D

∗
(2007)

0

K

0

( 3.6 ± 1.2 )× 10

−5
�

179

D

∗
(2007)

0

K

∗
(892)

0 < 6.9 × 10

−5
CL=90%

�

180

D

∗
(2007)

0φ ( 2.2 ± 0.6 )× 10

−6
�

181

D

∗
(2007)

0

K

∗
(892)

0 < 4.0 × 10

−5
CL=90%

1755175517551755
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B

0

�

182

D

∗
(2007)

0π+π+π−π− ( 2.7 ± 0.5 )× 10

−3
�

183

D

∗
(2010)

+

D

∗
(2010)

−
( 8.0 ± 0.6 )× 10

−4
�

184

D

∗
(2007)

0ω ( 3.6 ± 1.1 )× 10

−4
S=3.1

�

185

D

∗
(2010)

+

D

−
( 6.1 ± 1.5 )× 10

−4
S=1.6

�

186

D

∗
(2007)

0

D

∗
(2007)

0 < 9 × 10

−5
CL=90%

�

187

D

−
D

0

K

+

( 1.07± 0.11)× 10

−3
�

188

D

−
D

∗
(2007)

0

K

+

( 3.5 ± 0.4 )× 10

−3
�

189

D

∗
(2010)

−
D

0

K

+

( 2.47± 0.21)× 10

−3
�

190

D

∗
(2010)

−
D

∗
(2007)

0

K

+

( 1.06± 0.09) %

�

191

D

−
D

+

K

0

( 7.5 ± 1.7 )× 10

−4
�

192

D

∗
(2010)

−
D

+

K

0

+

D

−
D

∗
(2010)

+

K

0

( 6.4 ± 0.5 )× 10

−3

�

193

D

∗
(2010)

−
D

∗
(2010)

+

K

0

( 8.1 ± 0.7 )× 10

−3
�

194

D

∗−
D

s1

(2536)

+

, D

+

s1

→
D

∗+
K

0

( 8.0 ± 2.4 )× 10

−4

�

195

D

0

D

0

K

0

( 2.7 ± 1.1 )× 10

−4
�

196

D

0

D

0

K

+π− ( 3.5 ± 0.5 )× 10

−4
�

197

D

0

D

∗
(2007)

0

K

0

+

D

∗
(2007)

0

D

0

K

0

( 1.1 ± 0.5 )× 10

−3

�

198

D

∗
(2007)

0

D

∗
(2007)

0

K

0

( 2.4 ± 0.9 )× 10

−3
�

199

(D+D

∗
)(D+D

∗
)K ( 3.68± 0.26) %

Charmonium modesCharmonium modesCharmonium modesCharmonium modes

�

200

η



K

0

( 9.0 ± 1.1 )× 10

−4
�

201

η



(1S)K

+π− ( 6.5 ± 0.7 )× 10

−4
�

202

η



(1S)K

+π− (NR) ( 6.7 ± 1.4 )× 10

−5
�

203

T





(4100)

−
K

+

, T

−




→
η



π−
( 2.2 ± 1.1 )× 10

−5

�

204

η



(1S)K

∗
(1410)

0

( 2.1 ± 1.6 )× 10

−4
�

205

η



(1S)K

∗
0

(1430)

0

( 1.8 ± 0.4 )× 10

−4

�

206

η



(1S)K

∗
2

(1430)

0

( 5.4 + 2.4
− 2.9 )× 10

−5

�

207

η



(1S)K

∗
(1680)

0

( 4 ± 4 )× 10

−5

�

208

η



(1S)K

∗
0

(1950)

0

( 4.8 + 3.2
− 4.0 )× 10

−5

�

209

η



K

∗
(892)

0

( 5.3 + 0.8
− 0.9 )× 10

−4
S=1.7

�

210

η



(2S)K

0

S

, η



→ ppπ+π− ( 4.2 + 1.4
− 1.2 )× 10

−7

�

211

η



(2S)K

∗0 < 3.9 × 10

−4
CL=90%

�

212

h




(1P)K

0

S

< 1.4 × 10

−5

�

213

h




(1P)K

∗0 < 4 × 10

−4
CL=90%

�

214

J/ψ(1S)K0

( 8.91± 0.21)× 10

−4
�

215

J/ψ(1S)K+π− ( 1.15± 0.05)× 10

−3
�

216

J/ψ(1S)K∗
(892)

0

( 1.27± 0.05)× 10

−3
�

217

J/ψ(1S)ηK0

S

( 5.4 ± 0.9 )× 10

−5

�

218

J/ψ(1S)η′K0

S

< 2.5 × 10

−5
CL=90%

�

219

J/ψ(1S)φK0

( 4.9 ± 1.0 )× 10

−5
S=1.3

�

220

J/ψ(1S)ωK0

( 2.3 ± 0.4 )× 10

−4
�

221

χ

0

(3915), χ

0

→ J/ψω ( 2.1 ± 0.9 )× 10

−5
�

222

J/ψ(1S)K (1270)

0

( 1.3 ± 0.5 )× 10

−3
�

223

J/ψ(1S)π0 ( 1.66± 0.10)× 10

−5
�

224

J/ψ(1S)η ( 1.08± 0.23)× 10

−5
S=1.5

�

225

J/ψ(1S)π+π− ( 3.99± 0.15)× 10

−5
�

226

J/ψ(1S)π+π− nonresonant < 1.2 × 10

−5
CL=90%

�

227

J/ψ(1S) f
0

(500), f

0

→ ππ ( 8.8 + 1.2
− 1.6 )× 10

−6

�

228

J/ψ(1S) f
2

( 3.3 + 0.5
− 0.6 )× 10

−6
S=1.5

�

229

J/ψ(1S)ρ0 ( 2.55+ 0.18
− 0.16)× 10

−5

�

230

J/ψ(1S) f
0

(980), f

0

→
π+π−

< 1.1 × 10

−6
CL=90%

�

231

J/ψ(1S)ρ(1450)0, ρ0 → ππ ( 2.9 + 1.6
− 0.7 )× 10

−6

�

232

J/ψρ(1700)0, ρ0 → π+π− ( 2.0 ± 1.3 )× 10

−6

�

233

J/ψ(1S)ω ( 1.8 + 0.7
− 0.5 )× 10

−5

�

234

J/ψ(1S)K+

K

−
( 2.53± 0.35)× 10

−6
�

235

J/ψ(1S)a
0

(980), a

0

→
K

+

K

−
( 4.7 ± 3.4 )× 10

−7

�

236

J/ψ(1S)φ < 1.1 × 10

−7
CL=90%

�

237

J/ψ(1S)η′(958) ( 7.6 ± 2.4 )× 10

−6
�

238

J/ψ(1S)K0π+π− ( 4.5 ± 0.4 )× 10

−4
�

239

J/ψ(1S)K0

K

−π++ 
.
. < 2.1 × 10

−5
CL=90%

�

240

J/ψ(1S)K0

K

+

K

−
( 2.5 ± 0.7 )× 10

−5
S=1.8

�

241

J/ψ(1S)K0

K

±π∓

�

242

J/ψ(1S)K0ρ0 ( 5.4 ± 3.0 )× 10

−4
�

243

J/ψ(1S)K∗
(892)

+π− ( 8 ± 4 )× 10

−4

�

244

J/ψ(1S)π+π−π+π− ( 1.44± 0.12)× 10

−5
�

245

J/ψ(1S) f
1

(1285) ( 8.4 ± 2.1 )× 10

−6
�

246

J/ψ(1S)K∗
(892)

0π+π− ( 6.6 ± 2.2 )× 10

−4
�

247

η

2

(1D)K

0

S

, η

2

→ h




γ < 3.5 × 10

−5
CL=90%

�

248

η

2

(1D)π−K

+

, η

2

→ h




γ < 1.0 × 10

−4
CL=90%

�

249

χ

1

(3872)

−
K

+ < 5 × 10

−4
CL=90%

�

250

χ

1

(3872)

−
K

+

,

χ

1

(3872)

− →
J/ψ(1S)π−π0

[
℄ < 4.2 × 10

−6
CL=90%

�

251

χ

1

(3872)K

0

( 1.4 ± 0.4 )× 10

−4
S=1.1

�

252

χ

1

(3872)K

∗
(892)

0

( 1.1 ± 0.5 )× 10

−4
�

253

χ

1

(3872)K

+π− ( 2.2 ± 0.7 )× 10

−4
�

254

χ

1

(3872)γ < 1.5 × 10

−5
CL=90%

�

255

T



1

(4430)

±
K

∓
, T

±


1

→
ψ(2S)π±

( 6.0 + 3.0
− 2.4 )× 10

−5

�

256

T



1

(4430)

±
K

∓
, T

±


1

→
J/ψπ±

( 5.4 + 4.0
− 1.2 )× 10

−6

�

257

T



1

(3900)

±
K

∓
, T

±


1

→
J/ψπ±

< 9 × 10

−7

�

258

T



1

(4200)

±
K

∓
, T

±


1

→
J/ψπ±

( 2.2 + 1.3
− 0.8 )× 10

−5

�

259

J/ψ(1S)pp ( 4.5 ± 0.6 )× 10

−7
�

260

J/ψ(1S)γ < 1.5 × 10

−6
CL=90%

�

261

J/ψµ+µ−, J/ψ → µ+µ− < 1.0 × 10

−9
CL=95%

�

262

J/ψ(1S)D0 < 1.3 × 10

−5
CL=90%

�

263

ψ(2S)π0 ( 1.17± 0.19)× 10

−5
�

264

ψ(2S)K0

( 5.8 ± 0.5 )× 10

−4
�

265

ψ(2S)K0π+π− ( 2.81± 0.30)× 10

−4
�

266

ψ(3770)K0

, ψ → D

0

D

0 < 1.23 × 10

−4
CL=90%

�

267

ψ(3770)K0

, ψ → D

−
D

+ < 1.88 × 10

−4
CL=90%

�

268

ψ(2S)π+π− ( 2.24± 0.35)× 10

−5
�

269

ψ(2S)K+π− ( 5.8 ± 0.4 )× 10

−4
�

270

ψ(2S)K∗
(892)

0

( 5.9 ± 0.4 )× 10

−4
�

271

χ

0

K

0

( 1.9 ± 0.4 )× 10

−4
�

272

χ

0

K

∗
(892)

0

( 1.7 ± 0.4 )× 10

−4
�

273

χ

1

π0 ( 1.12± 0.28)× 10

−5
�

274

χ

1

K

0

( 3.95± 0.27)× 10

−4
�

275

χ

1

π−K

+

( 4.97± 0.30)× 10

−4
�

276

χ

1

K

∗
(892)

0

( 2.38± 0.19)× 10

−4
S=1.2

�

277

T





(4050)

−
K

+

, T

−




→
χ

1

π−
( 3.0 + 4.0

− 1.8 )× 10

−5

�

278

T





(4250)

−
K

+

, T

−




→
χ

1

π−
( 4.0 +20.0

− 1.0 )× 10

−5

�

279

χ

1

π+π−K

0

( 3.2 ± 0.5 )× 10

−4
�

280

χ

1

π−π0K+

( 3.5 ± 0.6 )× 10

−4
�

281

χ

2

K

0 < 1.5 × 10

−5
CL=90%

�

282

χ

2

K

∗
(892)

0

( 4.9 ± 1.2 )× 10

−5
S=1.1

�

283

χ

2

π−K

+

( 7.2 ± 1.0 )× 10

−5
�

284

χ

2

π+π−K

0 < 1.70 × 10

−4
CL=90%

�

285

χ

2

π−π0K+ < 7.4 × 10

−5
CL=90%

�

286

ψ(4660)K0

, ψ → �

+




�

−



< 2.3 × 10

−4
CL=90%

�

287

ψ(4230)0K0

, ψ0 →
J/ψπ+π−

< 1.7 × 10

−5
CL=90%

K or K

∗
modesK or K

∗
modesK or K

∗
modesK or K

∗
modes

�

288

K

+π− ( 2.00± 0.04)× 10

−5
�

289

K

0π0 ( 1.01± 0.04)× 10

−5
�

290

η′K0

( 6.6 ± 0.4 )× 10

−5
S=1.4

�

291

η′K∗
(892)

0

( 2.8 ± 0.6 )× 10

−6
�

292

η′K∗
0

(1430)

0

( 6.3 ± 1.6 )× 10

−6

�

293

η′K∗
2

(1430)

0

( 1.37± 0.32)× 10

−5

�

294

ηK0

( 1.23+ 0.27
− 0.24)× 10

−6

�

295

ηK∗
(892)

0

( 1.59± 0.10)× 10

−5
�

296

ηK∗
0

(1430)

0

( 1.10± 0.22)× 10

−5

�

297

ηK∗
2

(1430)

0

( 9.6 ± 2.1 )× 10

−6

�

298

ωK0

( 4.8 ± 0.4 )× 10

−6
�

299

a

0

(980)

0

K

0

, a

0

0

→ ηπ0 < 7.8 × 10

−6
CL=90%

�

300

b

0

1

K

0

, b

0

1

→ ωπ0 < 7.8 × 10

−6
CL=90%

�

301

a

0

(980)

±
K

∓
, a

±
0

→ ηπ± < 1.9 × 10

−6
CL=90%

�

302

b

−
1

K

+

, b

−
1

→ ωπ− ( 7.4 ± 1.4 )× 10

−6

�

303

b

0

1

K

∗0
, b

0

1

→ ωπ0 < 8.0 × 10

−6
CL=90%

�

304

b

−
1

K

∗+
, b

−
1

→ ωπ− < 5.0 × 10

−6
CL=90%
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�

305

a

0

(1450)

±
K

∓
, a

±
0

→ ηπ± < 3.1 × 10

−6
CL=90%

�

306

K

0

S

X

0

(Familon) < 5.3 × 10

−5
CL=90%

�

307

ωK∗
(892)

0

( 2.0 ± 0.5 )× 10

−6
�

308

ω (Kπ)∗0
0

( 1.84± 0.25)× 10

−5

�

309

ωK∗
0

(1430)

0

( 1.60± 0.34)× 10

−5

�

310

ωK∗
2

(1430)

0

( 1.01± 0.23)× 10

−5

�

311

ωK+π− nonresonant ( 5.1 ± 1.0 )× 10

−6
�

312

K

+π−π0 ( 3.78± 0.32)× 10

−5
�

313

K

+ρ− ( 7.0 ± 0.9 )× 10

−6
�

314

K

+ρ(1450)− ( 2.4 ± 1.2 )× 10

−6
�

315

K

+ρ(1700)− ( 6 ± 7 )× 10

−7
�

316

(K

+π−π0 ) nonresonant ( 2.8 ± 0.6 )× 10

−6
�

317

(Kπ)∗+
0

π−, (Kπ)∗+
0

→
K

+π0
( 3.4 ± 0.5 )× 10

−5

�

318

(Kπ)∗0
0

π0, (Kπ)∗0
0

→
K

+π−
( 8.6 ± 1.7 )× 10

−6

�

319

K

∗
2

(1430)

0π0 < 4.0 × 10

−6
CL=90%

�

320

K

∗
(1680)

0π0 < 7.5 × 10

−6
CL=90%

�

321

K

∗0
x

π0 [d℄ ( 6.1 ± 1.6 )× 10

−6

�

322

K

0π+π− ( 4.97± 0.18)× 10

−5

�

323

K

0π+π− nonresonant ( 1.39+ 0.26
− 0.18)× 10

−5
S=1.6

�

324

K

0ρ0 ( 3.4 ± 1.1 )× 10

−6
S=2.3

�

325

K

∗
(892)

+π− ( 7.5 ± 0.4 )× 10

−6
�

326

K

∗
0

(1430)

+π− ( 3.3 ± 0.7 )× 10

−5
S=2.0

�

327

K

∗+
x

π− [d℄ ( 5.1 ± 1.6 )× 10

−6

�

328

K

∗
(1410)

+π−, K

∗+ →
K

0π+
< 3.8 × 10

−6
CL=90%

�

329

(K π)∗+
0

π−, (K π)∗+
0

→
K

0π+
( 1.62± 0.13)× 10

−5

�

330

f

0

(980)K

0

, f

0

→ π+π− ( 8.1 ± 0.8 )× 10

−6
S=1.3

�

331

K

0

f

0

(500) ( 1.6 + 2.5
− 1.6 )× 10

−7

�

332

K

0

f

0

(1500) ( 1.3 ± 0.8 )× 10

−6

�

333

f

2

(1270)K

0

( 2.7 + 1.3
− 1.2 )× 10

−6

�

334

f

x

(1300)K0, f
x

→ π+π− ( 1.8 ± 0.7 )× 10

−6
�

335

K

∗
(892)

0π0 ( 3.3 ± 0.6 )× 10

−6
�

336

K

∗
2

(1430)

+π− ( 3.65± 0.34)× 10

−6

�

337

K

∗
(1680)

+π− ( 1.41± 0.10)× 10

−5
�

338

K

+π−π+π− [e℄ < 2.3 × 10

−4
CL=90%

�

339

ρ0K+π− ( 2.8 ± 0.7 )× 10

−6

�

340

f

0

(980)K

+π−, f

0

→ ππ ( 1.4 + 0.5
− 0.6 )× 10

−6

�

341

K

+π−π+π− nonresonant < 2.1 × 10

−6
CL=90%

�

342

K

∗
(892)

0π+π− ( 5.5 ± 0.5 )× 10

−5
�

343

K

∗
(892)

0 ρ0 ( 3.9 ± 1.3 )× 10

−6
S=1.9

�

344

K

∗
(892)

0

f

0

(980), f

0

→ ππ ( 3.9 + 2.1
− 1.8 )× 10

−6
S=3.9

�

345

K

1

(1270)

+π− < 3.0 × 10

−5
CL=90%

�

346

K

1

(1400)

+π− < 2.7 × 10

−5
CL=90%

�

347

a

1

(1260)

−
K

+

[e℄ ( 1.6 ± 0.4 )× 10

−5
�

348

K

∗
(892)

+ρ− ( 1.03± 0.26)× 10

−5
�

349

K

∗
0

(1430)

+ρ− ( 2.8 ± 1.2 )× 10

−5

�

350

K

1

(1400)

0ρ0 < 3.0 × 10

−3
CL=90%

�

351

K

∗
0

(1430)

0ρ0 ( 2.7 ± 0.6 )× 10

−5

�

352

K

∗
0

(1430)

0

f

0

(980), f

0

→ ππ ( 2.7 ± 0.9 )× 10

−6

�

353

K

∗
2

(1430)

0

f

0

(980), f

0

→ ππ ( 8.6 ± 2.0 )× 10

−6

�

354

K

+

K

−
( 7.8 ± 1.5 )× 10

−8
�

355

K

0

K

0

( 1.21± 0.16)× 10

−6
�

356

K

0

K

−π+ ( 6.7 ± 0.5 )× 10

−6
�

357

K

∗
(892)

±
K

∓ < 4 × 10

−7
CL=90%

�

358

K

∗0
K

0

+ K

∗0
K

0 < 9.6 × 10

−7
CL=90%

�

359

K

+

K

−π0 ( 2.2 ± 0.6 )× 10

−6
�

360

K

0

S

K

0

S

π0 < 9 × 10

−7
CL=90%

�

361

K

0

S

K

0

S

η < 1.0 × 10

−6
CL=90%

�

362

K

0

S

K

0

S

η′ < 2.0 × 10

−6
CL=90%

�

363

K

0

K

+

K

−
( 2.68± 0.11)× 10

−5
�

364

K

0φ ( 7.3 ± 0.7 )× 10

−6

�

365

f

0

(980)K

0

, f

0

→ K

+

K

−
( 7.0 + 3.5

− 3.0 )× 10

−6

�

366

f

0

(1500)K

0

( 1.3 + 0.7
− 0.5 )× 10

−5

�

367

f

′
2

(1525)

0

K

0

( 3

+ 5

− 4

)× 10

−7

�

368

f

0

(1710)K

0

, f

0

→ K

+

K

−
( 4.4 ± 0.9 )× 10

−6
�

369

K

0

K

+

K

−
nonresonant ( 3.3 ± 1.0 )× 10

−5

�

370

K

0

S

K

0

S

K

0

S

( 6.0 ± 0.5 )× 10

−6
S=1.1

�

371

f

0

(980)K

0

, f

0

→ K

0

S

K

0

S

( 2.7 ± 1.8 )× 10

−6

�

372

f

0

(1710)K

0

, f

0

→ K

0

S

K

0

S

( 5.0 + 5.0
− 2.6 )× 10

−7

�

373

f

2

(2010)K

0

, f

2

→ K

0

S

K

0

S

( 5 ± 6 )× 10

−7

�

374

K

0

S

K

0

S

K

0

S

nonresonant ( 1.33± 0.31)× 10

−5

�

375

K

0

S

K

0

S

K

0

L

< 1.6 × 10

−5
CL=90%

�

376

K

∗
(892)

0

K

+

K

−
( 2.75± 0.26)× 10

−5
�

377

K

∗
(892)

0φ ( 1.00± 0.05)× 10

−5
�

378

K

+

K

−π+π−nonresonant < 7.17 × 10

−5
CL=90%

�

379

K

∗
(892)

0

K

−π+ ( 4.5 ± 1.3 )× 10

−6
�

380

K

∗
(892)

0

K

∗
(892)

0

( 8.3 ± 2.4 )× 10

−7
S=1.5

�

381

K

+

K

+π−π−nonresonant < 6.0 × 10

−6
CL=90%

�

382

K

∗
(892)

0

K

+π− < 2.2 × 10

−6
CL=90%

�

383

K

∗
(892)

0

K

∗
(892)

0 < 2 × 10

−7
CL=90%

�

384

K

∗
(892)

+

K

∗
(892)

− < 2.0 × 10

−6
CL=90%

�

385

K

1

(1400)

0φ < 5.0 × 10

−3
CL=90%

�

386

φ(K π)∗0
0

( 4.3 ± 0.4 )× 10

−6

�

387

φ(K π)∗0
0

(1.60<m
K π <2.15) [f ℄ < 1.7 × 10

−6
CL=90%

�

388

K

∗
0

(1430)

0

K

−π+ < 3.18 × 10

−5
CL=90%

�

389

K

∗
0

(1430)

0

K

∗
(892)

0 < 3.3 × 10

−6
CL=90%

�

390

K

∗
0

(1430)

0

K

∗
0

(1430)

0 < 8.4 × 10

−6
CL=90%

�

391

K

∗
0

(1430)

0φ ( 3.9 ± 0.8 )× 10

−6

�

392

K

∗
0

(1430)

0

K

∗
(892)

0 < 1.7 × 10

−6
CL=90%

�

393

K

∗
0

(1430)

0

K

∗
0

(1430)

0 < 4.7 × 10

−6
CL=90%

�

394

K

∗
(1680)

0φ < 3.5 × 10

−6
CL=90%

�

395

K

∗
(1780)

0φ < 2.7 × 10

−6
CL=90%

�

396

K

∗
(2045)

0φ < 1.53 × 10

−5
CL=90%

�

397

K

∗
2

(1430)

0ρ0 < 1.1 × 10

−3
CL=90%

�

398

K

∗
2

(1430)

0φ ( 6.8 ± 0.9 )× 10

−6
S=1.2

�

399

K

0φφ ( 3.7 ± 0.7 )× 10

−6
S=1.3

�

400

η′ η′K0 < 3.1 × 10

−5
CL=90%

�

401

ηK0 γ ( 7.6 ± 1.8 )× 10

−6
�

402

η′K0γ < 6.4 × 10

−6
CL=90%

�

403

K

0φγ ( 2.7 ± 0.7 )× 10

−6
�

404

K

+π− γ ( 4.6 ± 1.4 )× 10

−6
�

405

K

∗
(892)

0 γ ( 4.18± 0.25)× 10

−5
S=2.1

�

406

K

∗
(1410)γ < 1.3 × 10

−4
CL=90%

�

407

K

+π− γ nonresonant < 2.6 × 10

−6
CL=90%

�

408

K

∗
(892)

0

X (214), X → µ+µ− [g ℄ < 2.26 × 10

−8
CL=90%

�

409

K

0π+π− γ ( 1.99± 0.18)× 10

−5
�

410

K

+π−π0 γ ( 4.1 ± 0.4 )× 10

−5
�

411

K

1

(1270)

0γ < 5.8 × 10

−5
CL=90%

�

412

K

1

(1400)

0γ < 1.2 × 10

−5
CL=90%

�

413

K

∗
2

(1430)

0γ ( 1.24± 0.24)× 10

−5

�

414

K

∗
(1680)

0γ < 2.0 × 10

−3
CL=90%

�

415

K

∗
3

(1780)

0γ < 8.3 × 10

−5
CL=90%

�

416

K

∗
4

(2045)

0γ < 4.3 × 10

−3
CL=90%

Light un
avored meson modesLight un
avored meson modesLight un
avored meson modesLight un
avored meson modes

�

417

ρ0 γ ( 8.6 ± 1.5 )× 10

−7
�

418

ρ0X (214), X → µ+µ− [g ℄ < 1.73 × 10

−8
CL=90%

�

419

ωγ ( 4.4 + 1.8
− 1.6 )× 10

−7

�

420

φγ < 1.0 × 10

−7
CL=90%

�

421

f

2

(1270)γ, f

2

→ (KS)0 (KS)0 < 3.1 × 10

−7
�

422

f

′
2

(1525)γ, f

′
2

→
(KS)0 (KS)0

< 2.1 × 10

−7

�

423

π+π− ( 5.37± 0.20)× 10

−6
S=1.3

�

424

π0π0 ( 1.55± 0.17)× 10

−6
S=1.1

�

425

ηπ0 ( 4.1 ± 1.7 )× 10

−7
�

426

ηη < 1.0 × 10

−6
CL=90%

�

427

η′π0 ( 1.2 ± 0.6 )× 10

−6
S=1.7

�

428

η′ η′ < 1.7 × 10

−6
CL=90%

�

429

η′ η < 1.2 × 10

−6
CL=90%

�

430

η′ρ0 < 1.3 × 10

−6
CL=90%

�

431

η′ f
0

(980), f

0

→ π+π− < 9 × 10

−7
CL=90%

�

432

ηρ0 < 1.5 × 10

−6
CL=90%

�

433

η f
0

(980), f

0

→ π+π− < 4 × 10

−7
CL=90%

�

434

ωη ( 9.4 + 4.0
− 3.1 )× 10

−7

�

435

ωη′ ( 1.0 + 0.5
− 0.4 )× 10

−6

�

436

ωρ0 < 1.6 × 10

−6
CL=90%

�

437

ω f
0

(980), f

0

→ π+π− < 1.5 × 10

−6
CL=90%

�

438

ωω ( 1.2 ± 0.4 )× 10

−6
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�

439

φπ0 < 1.5 × 10

−7
CL=90%

�

440

φη < 5 × 10

−7
CL=90%

�

441

φη′ < 5 × 10

−7
CL=90%

�

442

φπ+π− ( 1.8 ± 0.5 )× 10

−7
�

443

φρ0 < 3.3 × 10

−7
CL=90%

�

444

φ f
0

(980), f

0

→ π+π− < 3.8 × 10

−7
CL=90%

�

445

φω < 7 × 10

−7
CL=90%

�

446

φφ < 2.7 × 10

−8
CL=90%

�

447

a

0

(980)

±π∓, a

±
0

→ ηπ± < 3.1 × 10

−6
CL=90%

�

448

a

0

(1450)

±π∓, a

±
0

→ ηπ± < 2.3 × 10

−6
CL=90%

�

449

π+π−π0 < 7.2 × 10

−4
CL=90%

�

450

ρ0π0 ( 2.0 ± 0.5 )× 10

−6
�

451

ρ∓π± [h℄ ( 2.30± 0.23)× 10

−5
�

452

π+π−π+π− < 1.12 × 10

−5
CL=90%

�

453

ρ0π+π− < 8.8 × 10

−6
CL=90%

�

454

ρ0 ρ0 ( 9.6 ± 1.5 )× 10

−7
�

455

f

0

(980)π+π−, f

0

→
π+π−

< 3.0 × 10

−6
CL=90%

�

456

ρ0 f
0

(980), f

0

→ π+π− ( 7.8 ± 2.5 )× 10

−7
�

457

f

0

(980)f

0

(980), f

0

→ π+π−,
f

0

→ π+π−
< 1.9 × 10

−7
CL=90%

�

458

f

0

(980)f

0

(980), f

0

→ π+π−,
f

0

→ K

+

K

−
< 2.3 × 10

−7
CL=90%

�

459

a

1

(1260)

∓π± [h℄ ( 2.6 ± 0.5 )× 10

−5
S=1.9

�

460

a

2

(1320)

∓π± [h℄ < 6.3 × 10

−6
CL=90%

�

461

π+π−π0π0 < 3.1 × 10

−3
CL=90%

�

462

ρ+ρ− ( 2.77± 0.19)× 10

−5
�

463

a

1

(1260)

0π0 < 1.1 × 10

−3
CL=90%

�

464

ωπ0 < 5 × 10

−7
CL=90%

�

465

π+π+π−π−π0 < 9.0 × 10

−3
CL=90%

�

466

a

1

(1260)

+ρ− < 6.1 × 10

−5
CL=90%

�

467

a

1

(1260)

0 ρ0 < 2.4 × 10

−3
CL=90%

�

468

b

∓
1

π±, b

∓
1

→ ωπ∓ ( 1.09± 0.15)× 10

−5

�

469

b

0

1

π0, b

0

1

→ ωπ0 < 1.9 × 10

−6
CL=90%

�

470

b

−
1

ρ+, b

−
1

→ ωπ− < 1.4 × 10

−6
CL=90%

�

471

b

0

1

ρ0, b

0

1

→ ωπ0 < 3.4 × 10

−6
CL=90%

�

472

π+π+π+π−π−π− < 3.0 × 10

−3
CL=90%

�

473

a

1

(1260)

+

a

1

(1260)

−
, a

+

1

→
2π+π−, a

−
1

→ 2π−π+
( 1.18± 0.31)× 10

−5

�

474

π+π+π+π−π−π−π0 < 1.1 % CL=90%

Baryon modesBaryon modesBaryon modesBaryon modes

�

475

pp ( 1.27± 0.14)× 10

−8
�

476

ppπ+π− ( 2.87± 0.19)× 10

−6
�

477

ppK

+π− ( 6.3 ± 0.5 )× 10

−6
�

478

ppK

0

( 2.66± 0.32)× 10

−6
�

479

�(1540)

+

p, �

+ → pK

0

S

[i ℄ < 5 × 10

−8
CL=90%

�

480

f

J

(2220)K

0

, f

J

→ pp < 4.5 × 10

−7
CL=90%

�

481

ppK

∗
(892)

0

( 1.24+ 0.28
− 0.25)× 10

−6

�

482

f

J

(2220)K

∗
0

, f

J

→ pp < 1.5 × 10

−7
CL=90%

�

483

ppK

+

K

−
( 1.21± 0.32)× 10

−7
�

484

ppπ0 ( 5.0 ± 1.9 )× 10

−7
�

485

pppp ( 2.2 ± 0.4 )× 10

−8
�

486

p�π− ( 3.16± 0.24)× 10

−6
�

487

p�π−γ < 6.5 × 10

−7
CL=90%

�

488

p� (1385)

− < 2.6 × 10

−7
CL=90%

�

489

�(1232)

+

p + �(1232)

−
p < 1.6 × 10

−6
�

490

�

0

� < 9.3 × 10

−7
CL=90%

�

491

p�K

− < 8.2 × 10

−7
CL=90%

�

492

p�D

−
( 2.5 ± 0.4 )× 10

−5
�

493

p�D

∗−
( 3.4 ± 0.8 )× 10

−5
�

494

p�

0π− ( 1.2 ± 0.4 )× 10

−6
�

495

�� < 3.2 × 10

−7
CL=90%

�

496

��K

0

( 4.8 + 1.0
− 0.9 )× 10

−6

�

497

��K

∗0
( 2.5 + 0.9

− 0.8 )× 10

−6

�

498

��D

0

( 1.00+ 0.30
− 0.26)× 10

−5

�

499

D

0

�

0

�+ 
.
. < 3.1 × 10

−5
CL=90%

�

500

�

0

�

0 < 1.5 × 10

−3
CL=90%

�

501

�

++

�

−− < 1.1 × 10

−4
CL=90%

�

502

D

0

pp ( 1.04± 0.07)× 10

−4
�

503

D

−
s

�p ( 2.8 ± 0.9 )× 10

−5

�

504

D

∗
(2007)

0

pp ( 9.9 ± 1.1 )× 10

−5
�

505

D

∗
(2010)

−
pn ( 1.4 ± 0.4 )× 10

−3

�

506

D

−
ppπ+ ( 3.32± 0.31)× 10

−4
�

507

D

∗
(2010)

−
ppπ+ ( 4.7 ± 0.5 )× 10

−4
S=1.2

�

508

D

0

ppπ+π− ( 3.0 ± 0.5 )× 10

−4
�

509

D

∗0
ppπ+π− ( 1.9 ± 0.5 )× 10

−4
�

510

�




pπ+, �




→ D

−
p < 9 × 10

−6
CL=90%

�

511

�




pπ+, �




→ D

∗−
p < 1.4 × 10

−5
CL=90%

�

512

�

−−



�

++ < 8 × 10

−4
CL=90%

�

513

�

−



pπ+π− ( 1.02± 0.14)× 10

−3
S=1.3

�

514

�

−



p ( 1.55± 0.17)× 10

−5

�

515

�

−



pπ0 ( 1.55± 0.18)× 10

−4

�

516

�




(2455)

−
p < 2.4 × 10

−5
�

517

�

−



pπ+π−π0 < 5.07 × 10

−3
CL=90%

�

518

�

−



pπ+π−π+π− < 2.74 × 10

−3
CL=90%

�

519

�

−



pπ+π− (nonresonant) ( 5.5 ± 1.0 )× 10

−4
S=1.3

�

520

�




(2520)

−−
pπ+ ( 1.02± 0.18)× 10

−4
�

521

�




(2520)

0

pπ− < 3.1 × 10

−5
CL=90%

�

522

�




(2455)

0

pπ− ( 1.08± 0.09)× 10

−4
�

523

�




(2455)

0

N

0

, N

0 →
pπ−

( 6.4 ± 1.7 )× 10

−5

�

524

�




(2455)

−−
pπ+ ( 1.89± 0.15)× 10

−4
�

525

�

−



pK

+π− ( 3.5 ± 0.7 )× 10

−5

�

526

�




(2455)

−−
pK

+

, �

−−



→
�

−



π−
( 8.9 ± 2.6 )× 10

−6

�

527

�

−



pK

∗
(892)

0 < 2.42 × 10

−5
CL=90%

�

528

�

−



pK

+

K

−
( 2.0 ± 0.4 )× 10

−5

�

529

�

−



pφ < 1.0 × 10

−5
CL=90%

�

530

�

−



ppp < 2.8 × 10

−6

�

531

�

−



�K

+

( 4.8 ± 1.1 )× 10

−5

�

532

�

−



�

+




< 1.6 × 10

−5
CL=95%

�

533

�




(2593)

−
/ �




(2625)

−
p < 1.1 × 10

−4
CL=90%

�

534

�

−



�

+




( 1.2 ± 0.8 )× 10

−3

�

535

�

−



�

+




, �

−



→ �

+π−π− ( 2.4 ± 1.1 )× 10

−5
S=1.8

�

536

�

−



�

+




, �

−



→ pK

+π− ( 5.3 ± 1.7 )× 10

−6

�

537

�

+




�

−



K

0

( 4.0 ± 0.9 )× 10

−4

�

538

�




(2910)

−
p, �

−



→
�




(2455)

−−π+
( 1.2 ± 0.4 )× 10

−5

�

539

�




(2910)

−
p, �

−



→
�




(2455)

0π−
( 10 ± 4 )× 10

−6

�

540

�




(2930)

−
�

+




, �

−



→ �

−



K

0

( 2.4 ± 0.6 )× 10

−4

�

541

�ψDS [j℄ < 0.13{5.2× 10

−5

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

violating modes, or/and �B = 1 weak neutral 
urrent (B1) modesviolating modes, or/and �B = 1 weak neutral 
urrent (B1) modesviolating modes, or/and �B = 1 weak neutral 
urrent (B1) modesviolating modes, or/and �B = 1 weak neutral 
urrent (B1) modes

�

542

γ γ B1 < 3.2 × 10

−7
CL=90%

�

543

e

+

e

−
B1 < 2.5 × 10

−9
CL=90%

�

544

e

+

e

− γ B1 < 1.2 × 10

−7
CL=90%

�

545

µ+µ− B1 < 1.5 × 10

−10
CL=90%

�

546

µ+µ− γ B1

�

547

µ+µ−µ+µ− B1 < 1.8 × 10

−10
CL=95%

�

548

S P , S → µ+µ−,
P → µ+µ−

B1 [k℄ < 6.0 × 10

−10
CL=95%

�

549

aa, a → µ+µ− B1 < 2.3 × 10

−10
CL=95%

�

550

τ+ τ− B1 < 2.1 × 10

−3
CL=95%

�

551

π0 ℓ+ ℓ− B1 [a℄ < 5.3 × 10

−8
CL=90%

�

552

π0 e+ e

−
B1 < 8.4 × 10

−8
CL=90%

�

553

π0µ+µ− B1 < 6.9 × 10

−8
CL=90%

�

554

ηℓ+ ℓ− B1 [a℄ < 6.4 × 10

−8
CL=90%

�

555

ηe+ e

−
B1 < 1.08 × 10

−7
CL=90%

�

556

ηµ+µ− B1 < 1.12 × 10

−7
CL=90%

�

557

π0 ν ν B1 < 9 × 10

−6
CL=90%

�

558

K

0 ℓ+ ℓ− B1 [a℄ ( 3.3 ± 0.6 )× 10

−7

�

559

K

0

e

+

e

−
B1 ( 2.5 + 1.1

− 0.9 )× 10

−7
S=1.3

�

560

K

0µ+µ− B1 ( 3.39± 0.35)× 10

−7
S=1.1

�

561

K

0ν ν B1 < 2.6 × 10

−5
CL=90%

�

562

ρ0 ν ν B1 < 4.0 × 10

−5
CL=90%

�

563

K

∗
(892)

0 ℓ+ ℓ− B1 [a℄ ( 9.9 + 1.2
− 1.1 )× 10

−7

�

564

K

∗
(892)

0

e

+

e

−
B1 ( 1.03+ 0.19

− 0.17)× 10

−6

�

565

K

∗
(892)

0µ+µ− B1 ( 9.4 ± 0.5 )× 10

−7
�

566

K

∗
(892)

0χ, χ →
µ+µ−

B1

�

567

K

∗
(892)

0 τ+ τ− B1 < 3.1 × 10

−3
CL=90%

1758175817581758

Meson Parti
le Listings

B

0

�

568

π+π−µ+µ− B1 ( 2.1 ± 0.5 )× 10

−8
�

569

K

∗
(892)

0 ν ν B1 < 1.8 × 10

−5
CL=90%

�

570

invisible B1 < 2.4 × 10

−5
CL=90%

�

571

ν ν γ B1 < 1.6 × 10

−5
CL=90%

�

572

φµ+µ− B1 < 3.2 × 10

−9
CL=90%

�

573

φν ν B1 < 1.27 × 10

−4
CL=90%

�

574

e

±µ∓ LF [h℄ < 1.0 × 10

−9
CL=90%

�

575

π0 e±µ∓ LF < 1.4 × 10

−7
CL=90%

�

576

K

0

e

±µ∓ LF < 3.8 × 10

−8
CL=90%

�

577

K

∗
(892)

0

e

+µ− LF < 6.8 × 10

−9
CL=90%

�

578

K

∗
(892)

0

e

−µ+ LF < 5.7 × 10

−9
CL=90%

�

579

K

∗
(892)

0

e

±µ∓ LF < 1.01 × 10

−8
CL=90%

�

580

K

∗
(892)

0 τ+µ− LF < 1.0 × 10

−5
CL=90%

�

581

K

∗
(892)

0 τ−µ+ LF < 8.2 × 10

−6
CL=90%

�

582

e

± τ∓ LF [h℄ < 1.6 × 10

−5
CL=90%

�

583

µ± τ∓ LF [h℄ < 1.4 × 10

−5
CL=95%

�

584

pµ− L,B < 2.6 × 10

−9
CL=90%

�

585

�

+




µ− L,B < 1.4 × 10

−6
CL=90%

�

586

�

+




e

−
L,B < 4 × 10

−6
CL=90%

[a℄ An ℓ indi
ates an e or a µ mode, not a sum over these modes.

[b℄ D

∗∗
represents an ex
ited state with mass 2.2 < M < 2.8 GeV/


2

.

[
 ℄ χ

1

(3872)

+

is a hypotheti
al 
harged partner of the χ

1

(3872).

[d ℄ Stands for the possible 
andidates of K

∗
(1410), K

∗
0

(1430) and

K

∗
2

(1430).

[e℄ B

0

and B

0

s


ontributions not separated. Limit is on weighted average of

the two de
ay rates.

[f ℄ This de
ay refers to the 
oherent sum of resonant and nonresonant J

P

= 0

+

K π 
omponents with 1.60 < m

K π < 2.15 GeV/


2

.

[g ℄ X (214) is a hypotheti
al parti
le of mass 214 MeV/


2

reported by the

HyperCP experiment, Physi
al Review Letters 94949494 021801 (2005)

[h℄ The value is for the sum of the 
harge states or parti
le/antiparti
le

states indi
ated.

[i ℄ �(1540)

+

denotes a possible narrow pentaquark state.

[j ℄ ψDS is a GeV-s
ale dark se
tor antibaryon (mass range 1{4 GeV/


2

).

[k ℄ Here S and P are the hypotheti
al s
alar and pseudos
alar parti
les with

masses of 2.5 GeV/


2

and 214.3 MeV/


2

, respe
tively.

FIT INFORMATIONFIT INFORMATIONFIT INFORMATIONFIT INFORMATION

An overall �t to 36 bran
hing ratios uses 95 measurements to

determine 22 parameters. The overall �t has a χ2 = 72.1 for 73

degrees of freedom.

The following o�-diagonal array elements are the 
orrelation 
oeÆ
ients〈
δxiδxj

〉
/(δxi·δxj), in per
ent, from the �t to the bran
hing fra
tions, xi ≡

�i/�total.

x

10

26

x

38

0 0

x

50

0 0 28

x

76

0 0 4 13

x

125

0 0 19 6 1

x

135

0 0 7 2 0 1

x

214

0 0 0 0 0 0 0

x

216

0 0 0 0 0 0 0 0

x

264

0 0 0 0 0 0 0 0 0

x

270

0 0 0 0 0 0 0 0 0 19

x

276

0 0 0 0 0 0 0 0 29 0

x

282

0 0 0 0 0 0 0 0 6 0

x

288

0 0 0 0 0 0 0 0 0 0

x

322

0 0 0 0 0 0 0 0 0 0

x

356

0 0 0 0 0 0 0 0 0 0

x

363

0 0 0 0 0 0 0 0 0 0

x

377

0 0 0 0 0 0 0 0 0 0

x

423

0 0 0 0 0 0 0 0 0 0

x

454

0 0 0 0 0 0 0 0 0 0

x

560

0 0 0 0 0 0 0 0 0 0

x

565

0 0 0 0 0 0 0 0 15 0

x

7

x

10

x

38

x

50

x

76

x

125

x

135

x

214

x

216

x

264

x

276

0

x

282

0 22

x

288

0 0 0

x

322

0 0 0 0

x

356

0 0 0 0 16

x

363

0 0 0 0 27 4

x

377

0 0 0 0 0 0 0

x

423

0 0 0 24 0 0 0 0

x

454

0 0 0 0 0 0 0 20 0

x

560

0 0 0 0 0 0 0 0 0 0

x

565

0 4 1 0 0 0 0 0 0 0

x

270

x

276

x

282

x

288

x

322

x

356

x

363

x

377

x

423

x

454

x

565

0

x

560

B

0

BRANCHING RATIOSB

0

BRANCHING RATIOSB

0

BRANCHING RATIOSB

0

BRANCHING RATIOS

For bran
hing ratios in whi
h the 
harge of the de
aying B is not deter-

mined, see the B

±
se
tion.

�

(
ℓ+νℓX

)
/�

total

�

1

/��

(
ℓ+νℓX

)
/�

total

�

1

/��

(
ℓ+νℓX

)
/�

total

�

1

/��

(
ℓ+νℓX

)
/�

total

�

1

/�

VALUE (units 10

−2

) DOCUMENT ID TECN COMMENT

10.33±0.28 OUR EVALUATION10.33±0.28 OUR EVALUATION10.33±0.28 OUR EVALUATION10.33±0.28 OUR EVALUATION (Produ
ed by HFLAV)

10.14±0.30 OUR AVERAGE10.14±0.30 OUR AVERAGE10.14±0.30 OUR AVERAGE10.14±0.30 OUR AVERAGE Error in
ludes s
ale fa
tor of 1.1.

10.46±0.30±0.23 1

URQUIJO 07 BELL e

+

e

− → �(4S)

9.64±0.27±0.33 2

AUBERT,B 06Y BABR e

+

e

− → �(4S)

10.78±0.60±0.69 3

ARTUSO 97 CLE2 e

+

e

− → �(4S)

9.3 ±1.1 ±1.5 ALBRECHT 94 ARG e

+

e

− → �(4S)

9.9 ±3.0 ±0.9 HENDERSON 92 CLEO e

+

e

− → �(4S)

• • • We do not use the following data for averages, �ts, limits, et
. • • •
10.32±0.36±0.35 4

OKABE 05 BELL Repl. by URQUIJO 07

10.9 ±0.7 ±1.1 ATHANAS 94 CLE2 Sup. by ARTUSO 97

1

URQUIJO 07 report a measurement of (9.80 ± 0.29 ± 0.21)% for the partial bran
hing

fra
tion of B → e ν
e

X




de
ay with ele
tron energy above 0.6 GeV. We 
onverted the

result to B → e ν
e

X bran
hing fra
tion.

2

The measurements are obtained for 
harged and neutral B mesons partial rates of semi-

leptoni
 de
ay to ele
trons with momentum above 0.6 GeV/
 in the B rest frame. The

best pre
ision on the ratio is a
hieved for a momentum threshold of 1.0 GeV: B(B

+ →
e

+ ν
e

X ) / B(B

0 → e

+ ν
e

X ) = 1.074 ± 0.041 ± 0.026.
3

ARTUSO 97 uses partial re
onstru
tion of B → D

∗ ℓνℓ and in
lusive semileptoni


bran
hing ratio from BARISH 96B (0.1049 ± 0.0017 ± 0.0043).
4

The measurements are obtained for 
harged and neutral B mesons partial rates of semi-

leptoni
 de
ay to ele
trons with momentum above 0.6 GeV/
 in the B rest frame, and

their ratio of B(B

+ → e

+ ν
e

X )/B(B

0 → e

+ ν
e

X ) = 1.08 ± 0.05 ± 0.02.

�

(
e

+ ν
e

X




)
/�

total

�

2

/��

(
e

+ ν
e

X




)
/�

total

�

2

/��

(
e

+ ν
e

X




)
/�

total

�

2

/��

(
e

+ ν
e

X




)
/�

total

�

2

/�

VALUE (units 10

−2

) DOCUMENT ID TECN COMMENT

10.08±0.30±0.2210.08±0.30±0.2210.08±0.30±0.2210.08±0.30±0.22 1

URQUIJO 07 BELL e

+

e

− → �(4S)

1

Measure the independent B

+

and B

0

partial bran
hing fra
tions with ele
tron threshold

energies of 0.4 GeV.

�

(
ℓ+νℓXu

)
/�

total

�

3

/��

(
ℓ+νℓXu

)
/�

total

�

3

/��

(
ℓ+νℓXu

)
/�

total

�

3

/��

(
ℓ+νℓXu

)
/�

total

�

3

/�

Requires E

∗
ℓ
> 1 GeV, where E

∗
ℓ
is letpon energy in B rest frame.

VALUE (units 10

−3

) DOCUMENT ID TECN COMMENT

1.51±0.10±0.161.51±0.10±0.161.51±0.10±0.161.51±0.10±0.16 1

CAO 21A BELL e

+

e

− → �(4S)

1

The 
orrelation of 50% with B(B

+ → ℓ+ νℓXu)(letpon energy in B rest frame E

∗
ℓ
>

1 GeV) was reported.

�

(
D

− ℓ+νℓ
)
/�

total

�

5

/��

(
D

− ℓ+νℓ
)
/�

total

�

5

/��

(
D

− ℓ+νℓ
)
/�

total

�

5

/��

(
D

− ℓ+νℓ
)
/�

total

�

5

/�

ℓ denotes e or µ, not the sum.

VALUE (%) DOCUMENT ID TECN COMMENT

2.12±0.06 OUR EVALUATION2.12±0.06 OUR EVALUATION2.12±0.06 OUR EVALUATION2.12±0.06 OUR EVALUATION (Produ
ed by HFLAV)

2.25±0.08 OUR AVERAGE2.25±0.08 OUR AVERAGE2.25±0.08 OUR AVERAGE2.25±0.08 OUR AVERAGE

2.31±0.03±0.11 1

GLATTAUER 16 BELL e

+

e

− → �(4S)

2.21±0.11±0.11 2

AUBERT 10 BABR e

+

e

− → �(4S)

2.09±0.13±0.18 3

BARTELT 99 CLE2 e

+

e

− → �(4S)

2.35±0.20±0.44 4

BUSKULIC 97 ALEP e

+

e

− → Z

• • • We do not use the following data for averages, �ts, limits, et
. • • •
2.21±0.11±0.12 2

AUBERT 08Q BABR Repl. by AUBERT 10

2.13±0.12±0.39 ABE 02E BELL Repl. by GLATTAUER 16

1.87±0.15±0.32 5

ATHANAS 97 CLE2 Repl. by BARTELT 99

1.8 ±0.6 ±0.3 6

FULTON 91 CLEO e

+

e

− → �(4S)

2.0 ±0.7 ±0.6 7

ALBRECHT 89J ARG e

+

e

− → �(4S)

1

Uses a fully re
onstru
ted B meson as a tag on the re
oil side while the other, on the

signal side, is partially re
onstru
ted from B → D ℓν.
2

Uses a fully re
onstru
ted B meson as a tag on the re
oil side.

3

Assumes equal produ
tion of B

+

and B

0

at the �(4S).

4

BUSKULIC 97 assumes fra
tion (B

+

) = fra
tion (B

0

) = (37.8 ± 2.2)% and PDG 96

values for B lifetime and bran
hing ratio of D

∗
and D de
ays.

In 1981 nothing of that
was known
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Sanda’s idea
[Sanda, Carter, PRL 45 (1980) 952] [Sanda, Carter, PRD 23 (1981) 1567]

a) b)

Ecm (GeV)
[Olsen, KM’50 proceedings, arXiv:2309.06042]

The idea is

ACP
B→fCP (τ) =

Γ̄B0→fCP
(τ) − ΓB0→fCP (τ)

Γ̄B0→fCP
(τ) + ΓB0→fCP (τ)

= −ξCP sin(2β) sin(∆mBτ),
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Sanda’s idea
[Sanda, Carter, PRL 45 (1980) 952] [Sanda, Carter, PRD 23 (1981) 1567]

To be practical the idea needs
1 Lots of B:

FK0
SJ/ψ < B(B0 → J/ψK 0

S )︸ ︷︷ ︸
∼10−3

B(J/ψ → ℓ+ℓ−)B(K 0
S → π+π−)︸ ︷︷ ︸

∼10−1

(ϵtrk)4ϵtag
eff︸ ︷︷ ︸

∼10−1

≈ 10−5

2 Large B mixing: Need a large mt to get rapid oscillations and a long lifetime,
i.e.Vcb needs to be small and Vub even smaller.

3 The time sequence of the two B decays needs to be distinguished. At the Υ (4S)
γβ = 0.062 and γβcτ = 28µm. Not enough.

But three miracles occurred! [Olsen, KM’50 proceedings, arXiv:2309.06042]
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Three miracles
[Olsen, KM’50 proceedings, arXiv:2309.06042]

Miracle 1: B mixing at DESY
This implied that the top quark
mass was very large. [ARGUS, PLB 192 (1987)

245]

Also, the large B lifetime implied a
small Vcb and Vub [MAC, PRL 51 (1983) 1022]

Miracle 2: Large (lumi)
Advances in beam dynamics allowed
for three orders of magnitude
improvements of e+e− luminosities

Miracle 3: asymmetric B factory
Pierre Oddone invents the
asymmetric B factory [Oddone, eConf

C870126 (1987) 423]
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small Vcb and Vub [MAC, PRL 51 (1983) 1022]

Miracle 2: Large (lumi)
Advances in beam dynamics allowed
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Flavour Tagging at the LHC

[B]

[LHCb, EPJC 77 (2017) 238, arXiv:1610.06019]

PV

SV

u� → u�
u� → u�u�−

SV

u� → u�

same side

opposite side

u�

u�

u�/u�

u�∗0

u�

u�u�
u�+

u�

u�−

u�+

u�0

ℎu�

SS pion

SS proton

SS kaon (for 𝘉0
𝘴 )

OS muon

OS electron

OS kaon

OS vertex charge

OS Charm
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Flavour Tagging

[B]

We start with a sample of N B and B mesons. We need flavour tagging to know their
flavour at origin.
Ntag of those have a tagging decision, with η = Ntag

N . The remaining Ntag − N are
not useful for CP violation but may be used for other observables.
The fraction of wrongly tagged B is ω

Ntag
B = η(1 − ω)NB + ηωNB

Ntag
B = η(1 − ω)NB + ηωNB

The CP asymmetry is

ACP
meas =

Ntag
B − Ntag

B
Ntag

B + Ntag
B

= (1 − 2ω)
NB − NB
NB + NB︸ ︷︷ ︸

=ACP
true

➜ ACP
true = ACP

meas
1 − 2ω
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Flavour Tagging

[B]

The CP asymmetry is

ACP
meas =

Ntag
B − Ntag

B
Ntag

B + Ntag
B

= (1 − 2ω)
NB − NB
NB + NB︸ ︷︷ ︸

=ACP
true

➜ ACP
true = ACP

meas
1 − 2ω

To correctly measure ACP it is necessary to know ω.
The uncertainty is

∆ACP
true = ∆ACP

meas
1 − 2ω = 1

1 − 2ω

√
(1 − ACP

true)2

Ntag = 1
1 − 2ω

√
(1 − ACP

true)2

ηN

= 1
√
η(1 − 2ω)∆ACP

true

The effect of the imperfect tagging is the same as reducing the sample by a factor
ηeff = η(1 − 2ω)2
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Flavour Tagging

[B]

To correctly measure ACP it is necessary to know ω.
The wrong-tag fraction is calibrated on self-tagging control samples.

The measured CP
asymmetry (i.e. sin 2β)
is proportional to the
oscillation amplitude.
A wrong value of√
η(1 − 2ω) directly

translates into a bias.
[LHCb, PRL 132 (2024) 021801,

arXiv:2309.09728]
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Flavour Tagging

[B]

To correctly measure ACP it is necessary to know ω.
The wrong-tag fraction is calibrated on self-tagging control samples. Here
B0 → J/ψK ∗0(→ K+π−) for B0 → J/ψK 0

S [LHCb, PRL 115 (2015) 031601, arXiv:1503.07089]
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Flavour Tagging performance
[FIGURE-2020-002]

Numbers from
LHCb B0 → D+D−

[PRL 117 (2016) 261801, arXiv:1608.06620],
LHCb B0

s → J/ψK+K−

[EPJC 79 (2019) 706, arXiv:1906.08356],
LHCb B0 → J/ψK 0

S
[PRL 115 (2015) 031601, arXiv:1503.07089],
ATLAS B0

s → J/ψϕ
[ATLAS, arXiv:2001.07115],
CMS B0

s → J/ψϕ
[PLB 757 (2016) 97],
BaBar B0 → J/ψK 0

S
[PRD 79, 072009 (2009)],
Belle sin 2ϕ1
[NIM A533 (2004) 516].
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Flavour Tagging at Belle II

[B]

[Belle II, EPJC 82 (2022), arXiv:2110.00790]
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∆ms with B0
s → D−

s π
+

[LHCb, Nature Phys. 18 (2022) 1, arXiv:2104.04421]

2 4 6 8
𝑡 [ps]
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LHCb
6 fb−1

𝐵0
𝑠 → 𝐷−

𝑠 𝜋+ 𝐵0
𝑠 → 𝐵0

𝑠 → 𝐷−
𝑠 𝜋+ Untagged

380k B0
s → D−

s π
+ in 6 fb−1 Run 2 data ➜ ∆ms = 17.7656 ± 0.0057 ps−1
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[B]

B0 → J/ψK0
S
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sin 2β ≃ 3.2 at OPAL
[OPAL, EPJC 5 (1998) 379, arXiv:hep-ex/9801022]
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LEP1 data (1990–94) used
24 B0 → J/ψK 0

S with 60%
purity
Tagging: jet charge of
opposite jet, jet charge of
B0 jet, opposite side
vertex charge

sin 2β = 3.2 + 1.8
− 2.0 ± 0.5
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sin 2β ≃ 1.8 at CDF
[CDF, PRL 81 (1998) 5513, arXiv:hep-ex/9806025]

In 110 pb−1 1992–96 data find 198 ± 17
B0 → J/ψK 0

S
Use same-side charge taggers (+1 : B0,
−1 : B0)
Measure D0 sin 2β = 0.46 ± 0.19
Get dilution from simulation and check
on data D0 = 0.166 ± 0.018 ± 0.01

➜ sin 2β = 1.8 ± 1.1 ± 0.3
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Quantum entanglement
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The B0 and B0 originate from a Υ (4S) resonance.
They are produced in a quantum-entangled state of
a superposition of B0 and B0. The flavour of the
one is only fixed once the other decays.
Unlike at the LHC, the clock only starts at the time
the other B decays.

➜ The difference in flight time is relevant
This difference can be negative, if the signal B
decays before the tag B.
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Flight distance and beam energies
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BaBar, Belle II

Belle

The more distance you
want the more asymmetric

beam energies you need
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BaBar
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The Belle Experiment
[Belle, NIM A479 (2002) 117]
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Belle II
[PTEP 2019 (2019) 123C01, arXiv:1808.10567]
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Beam-constrained observables
[Belle II, PTEP 2019 (2019) 123C01, arXiv:1808.10567]

For B mesons the production process is e+e− → Υ (4S)→ BB followed by B → XYZ
The reconstructed mass of the XYZ system must be equal to mB and the energy in
the rest frame to E ∗

beam = 1
2
√

s.
The second constraint is used by defining

∆E = E ∗
B − E ∗

beam =
2pµBpboost

µ − s
2
√

s

with pµ the four-momenta of the B and e+e− systems.
The B mass is also more precisely determined by replacing the measured B energy by
the known beam energy

Mbc =
√

E ∗
beam − p2

B.

(mES in BaBar).
A well-reconstructed B should have (Mbc,∆E ) = (MB, 0)
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Beam-constrained observables
[Belle II, PTEP 2019 (2019) 123C01, arXiv:1808.10567]
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√
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B = 0

[Belle, JHEP 03 (2021) 105, arXiv:1908.01848]
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Observation of CP violation in B0
[BaBar, PRL 87 (2001) 091801, arXiv:hep-ex/0107013]
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Using 32 million BB pairs, BaBar get

sin 2β = 0.59 ± 0.14 ± 0.05

with B0 decays to J/ψK 0
S , ψ(2S)K 0

S , χc1K 0
S

(CP-odd, 803 events, 80% pure), J/ψK 0
L (CP-

even) and J/ψK ∗0(K 0
Sπ

0) (mixture).
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Observation of CP violation in B0
[Belle, PRL 87 (2001) 091802, arXiv:hep-ex/0107061]
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Using 31 million BB pairs, Belle get

sin 2β = 0.99 ± 0.14 ± 0.06

with B0 decays to J/ψK 0
S , ψ(2S)K 0

S , χc1K 0
S ,

ηcK 0
S (CP-odd, 747 events, 92% pure) and

J/ψK 0
L (CP-even, 569 events, 61% pure).
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Legacy sin 2β
[Belle, PRL 108 (2012) 171802, arXiv:1201.4643]
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Legacy measurement
using B → J/ψK 0

S ,
B → ψ(2S)K 0

S and
B → J/ψK 0

L

sin 2β = 0.667 ± 0.023 ± 0.012 Af = 0.006 ± 0.016 ± 0.012
Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [30/ 73]

http://arxiv.org/abs/1201.4643


LHCb Legacy 2009–2018

[B]

LHCb Legacy 2009–2018
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sin 2β with B0 → J/ψK 0
S

[LHCb, PRL 132 (2024) 021801, arXiv:2309.09728]
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Simultaneous fit of 306k B0 → J/ψ(→ µ+µ−)K 0
S

(82%) 43k B0 → ψ(2S)(→ µ+µ−)K 0
S (12%)

and 24k B0 → J/ψ(→ e+e−)K 0
S (6%) using

2015–18 data.

B0 → J/ψK 0
S : S = 0.716 ± 0.015 ± 0.007

C = 0.010 ± 0.014 ± 0.003
B0 → ψ(2S)K 0

S : S = 0.649 ± 0.053 ± 0.018
C = −0.088 ± 0.048 ± 0.005

B0 → J/ψeeK 0
S : S = 0.754 ± 0.037 ± 0.008

C = 0.042 ± 0.034 ± 0.008
Run 2 : S = 0.717 ± 0.013 ± 0.008

C = 0.008 ± 0.012 ± 0.003
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sin 2β with B0 → J/ψK 0
S

[LHCb, PRL 132 (2024) 021801, arXiv:2309.09728]

sin(2β) ≡ sin(2φ
1
)

0.4 0.5 0.6 0.7 0.8 0.9 1

BaBar J/ψ K
S

PRD 79 (2009) 072009
0.657 ± 0.036 ± 0.012

BaBar J/ψ K
L

PRD 79 (2009) 072009
0.694 ± 0.061 ± 0.031

BaBar ψ(2S) K
S

PRD 79 (2009) 072009
0.897 ± 0.100 ± 0.036

Belle J/ψ K
S

PRL 108 (2012) 171802
0.670 ± 0.029 ± 0.013

Belle J/ψ K
L

PRL 108 (2012) 171802
0.642 ± 0.047 ± 0.021

Belle ψ(2S) K
S

PRD 77 (2008) 091103(R)
0.718 ± 0.090 ± 0.031

LHCb Run 1 J/ψ K
S

JHEP 11 (2017) 170
0.750 ± 0.040

LHCb Run 1 ψ(2S) K
S

JHEP 11 (2017) 170
0.840 ± 0.100 ± 0.010

LHCb Run 2 J/ψ K
S

LHCb-PAPER-2023-013
0.720 ± 0.014 ± 0.007

LHCb Run 2 ψ(2S) K
S

LHCb-PAPER-2023-013
0.647 ± 0.053 ± 0.018

World Average
HFLAV

0.708 ± 0.011

HFLAVHFLAV
Summer 2023

PRELIMINARY

Simultaneous fit of 306k B0 → J/ψ(→ µ+µ−)K 0
S

(82%) 43k B0 → ψ(2S)(→ µ+µ−)K 0
S (12%)

and 24k B0 → J/ψ(→ e+e−)K 0
S (6%) using

2015–18 data.

Run 2 : S = 0.717 ± 0.013 ± 0.008
C = 0.008 ± 0.012 ± 0.003

Run 1 : S = 0.731 ± 0.045 ± 0.020
C = −0.038 ± 0.032 ± 0.005

[PRL 115 (2015) 031601]

Run 1&2 : S = 0.726 ± 0.014
C = 0.010 ± 0.012
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[B]

More CKM parameters
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CKM fit constraints
[Jure Zupan, arXiv:1903.05062]
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CKM fit constraints
[Jure Zupan, arXiv:1903.05062]
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ūū
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γ from B0 → Dh with LHCb+BESIII data
[BESIII & LHCb, LHCb-PAPER-2025-063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

Interference of B+ → D0(K 0
Sπ

+π−)K+

and B+ → D0(K 0
Sπ

+π−)K+ gives access
to γ = arg(−VudV ∗

ub/VcdV ∗
cb) (BPGGSZ

method).
Needs the strong phase of D → K 0

Sπ
+π−,

which varies over the Dalitz plane.
The same works for K 0

SK+K− (lower
stats).

b s

u u

c

uV ∗
ub

Vcs
B+ K+

D0

b c

u u

u

s

V ∗
cb

Vus

B+ D0

K+
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γ from B0 → Dh with LHCb+BESIII data
[BESIII & LHCb, LHCb-PAPER-2025-063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

Interference of B+ → D0(K 0
Sπ

+π−)K+

and B+ → D0(K 0
Sπ

+π−)K+ gives access
to γ = arg(−VudV ∗

ub/VcdV ∗
cb) (BPGGSZ

method).
Needs the strong phase of D → K 0

Sπ
+π−,

which varies over the Dalitz plane.
The strong phase is measured with BESIII
data using quantum-correlated D mesons.
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γ from B0 → Dh with LHCb+BESIII data
[BESIII & LHCb, LHCb-PAPER-2025-063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

Interference of B+ → D0(K 0
Sπ

+π−)K+

and B+ → D0(K 0
Sπ

+π−)K+ gives access
to γ = arg(−VudV ∗

ub/VcdV ∗
cb) (BPGGSZ

method).
Needs the strong phase of D → K 0

Sπ
+π−,

which varies over the Dalitz plane.
The strong phase is measured with BESIII
data using quantum-correlated D mesons.
This information is then used with B decays
from LHCb Run 3 data.
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γ from B0 → Dh with LHCb+BESIII data
[BESIII & LHCb, LHCb-PAPER-2025-063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

Interference of B+ → D0(K 0
Sπ

+π−)K+

and B+ → D0(K 0
Sπ

+π−)K+ gives access
to γ = arg(−VudV ∗

ub/VcdV ∗
cb) (BPGGSZ

method).
Needs the strong phase of D → K 0

Sπ
+π−,

which varies over the Dalitz plane.
The strong phase is measured with BESIII
data using quantum-correlated D mesons.
This information is then used with B decays
from LHCb Run 3 data.
Yielding γ = (71.3 ± 5.0)◦, in the first
LHCb+BESIII publications
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γ combination matrix
[LHCb, LHCb-CONF-2025-003]

Time-integrated measurements
Final states Dh+ D∗0h+ DK 0

Sπ
+ DK+π− DK+π−π− DK ∗+

h+h− [9 fb−1] [9 fb−1] [5 fb−1] [9 fb−1] [3 fb−1] [9 fb−1]
h+π−π+π− [3 fb−1][9 fb−1] [9 fb−1] [5 fb−1] [9 fb−1]
h+h−π+π− [9 fb−1] [9 fb−1]
h+h−π0 [9 fb−1]
K 0

Sh+h− [9 fb−1][6 fb−1] [9 fb−1][9 fb−1] [9 fb−1] [9 fb−1]
K 0

SK+π− [9 fb−1]

Time-dependent measurements
Final states D∓π± B0

s → D∓
s K± D∓

s K±π+π−

K±h+h− [3 fb−1] N/A N/A
h±h∓π± N/A [9 fb−1] [9 fb−1]

Click on lumi to get reference. Last updated with [LHCb-CONF-2025-003]. Items in red or red (Run 3) are not yet
included in latest γ combination [LHCb-CONF-2025-003].
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2018-009&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2024-020&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2020-030&ui-citation-summary=true
https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-CONF-2025-003
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B0
s → D∓

s K ±
[LHCb, JHEP 03 (2025) 139, arXiv:2412.14074]
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2025 γ combination
[LHCb, LHCb-CONF-2025-003]
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CKM fit constraints
[Jure Zupan, arXiv:1903.05062]
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CP violation in B → h+h−

[B]

[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]
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Large CP violation in charmless B0 and B0
s decays (seen in [PRL 110 (2013) 221601])
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CP violation in B0 → π+π−

[B]
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CP violation in B0 → π+π−

[B]
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CP violation in B0 → π+π−

[B]

b u
d d

u
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Vud

B0 π−

π+
b d

d d

u

u

W+

V ∗
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t

B0

π+

π−

+

B0 → π+π−: measures γ + β, or π − γ − β = α, assuming unitarity.

➜ depending on how New Physics enters, you may or may not be sensitive
to it.

✗ But in any case it is very difficult to estimate hadronic uncertainties in
these b → u transitions

➜ Check out “B0 → K−π+” puzzle
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CKM fit constraints
[Jure Zupan, arXiv:1903.05062]
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∆ms with B0
s → D−

s π
+

[LHCb, Nature Phys. 18 (2022) 1, arXiv:2104.04421]
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380k B0
s → D−

s π
+ in 6 fb−1 Run 2 data ➜ ∆ms = 17.7656 ± 0.0057 ps−1
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CKM fit constraints
[Jure Zupan, arXiv:1903.05062]
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Inclusive Vub

[BaBar, PRD 95, 072001 (2017), arXiv:1611.05624]
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Inclusive b → ueν result by BaBar.
Full reco tag on other B
OFF Υ (4S) data subtracted from ON
data

➜ Excess of electrons beyond b → ceν
kinematical endpoint (2.3 GeV).

Result depends on model. BaBar
favour GGOU model [JHEP 908 10, 058 (2007)]

➜ |Vub| = (4.0 ± 0.2) × 10−3, closer to
the mean of exclusive and inclusive
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Inclusive Vub

[BaBar, PRD 95, 072001 (2017), arXiv:1611.05624]
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Inclusive b → ueν result by BaBar.
Full reco tag on other B
OFF Υ (4S) data subtracted from ON
data

➜ Excess of electrons beyond b → ceν
kinematical endpoint (2.3 GeV).

Result depends on model. BaBar
favour GGOU model [JHEP 908 10, 058 (2007)]

➜ |Vub| = (4.0 ± 0.2) × 10−3, closer to
the mean of exclusive and inclusive

Also new exclusive Vub using D decays
to constrain form factors [PRD91 052022 (2015),

arXiv:1412.5502].
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Simultaneous inclusive and exclusive |Vub|
[Belle, PRL 131 (2023) 211801, arXiv:2303.17309]
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Use same selection
for B → πℓν and
b → uℓν and deter-
mine |Vub| simulta-
neously for both.
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Simultaneous inclusive and exclusive |Vub|
[Belle, PRL 131 (2023) 211801, arXiv:2303.17309]
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ub

∣∣∣ = (4.12 ± 0.30 ± 0.18 ± 0.16) × 10−3∣∣∣V incl.
ub

∣∣∣ = (3.90 ± 0.20 ± 0.32 ± 0.09) × 10−3
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Simultaneous inclusive and exclusive |Vub|
[Belle, PRL 131 (2023) 211801, arXiv:2303.17309]
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Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [46/ 73]

http://arxiv.org/abs/2303.17309


|Vub| and |Vcb|
[HFlav, arXiv:2411.18639]

36 38 40 42 44
]-3| [10cb|V

2.8

3

3.2

3.4

3.6

3.8

4

4.2

4.4

4.6

4.8]
-3

| [
10

ub
|V

|cbExclusive |V

|ubExclusive |V

|cb|/|Vub|V

Average

Inclusive

|: GGOUub |V

|: global fitcb |V

68% CL contours

HFLAV2023

HFLAV
2023

Discrepancy between exclu-
sive and inclusive Vub (18%)
and Vcb (5.5%) determinations.
Both more than 3σ.

|Vcb| is a crucial
ingredient in many SM
predictions.

✗ Use of exclusive value
would lead to large
tensions in ∆F = 2
In the meantime use
Vcb-free quantities as
B(B0

s → µ+µ−)/∆Ms

|Vub|excl = ( 3.43 ± 0.12) × 10−3 (3%)
|Vcb|excl = (39.77 ± 0.46) × 10−3 (1%)

|Vub|incl = ( 4.06 ± 0.16) × 10−3 (3%)
|Vcb|incl = (41.97 ± 0.48) × 10−3 (1%)
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What do
you prefer?

φs

The
Future

till FCC

History
of CKM
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[B]

φs
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CKM Unitarity Triangles

V †V =

 V ∗
ud V ∗

cd V ∗
td

V ∗
us V ∗

cs V ∗
ts

V ∗
ub V ∗

cb V ∗
tb


 Vud Vus Vub

Vcd Vcs Vcb
Vtd Vts Vtb

 =

 1 0 0
0 1 0
0 0 1


You can multiply any row with any (other) column and get a triangle
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Neutral meson mixing

[B]

e.g. [Nierste, arXiv:2510.11716]
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Weakly decaying neutral mesons will
exhibit mixing. The two flavour eigen-
tates P and P will mix into a heavy
PH and a light PL state

|PL,H⟩ = p |P⟩ ± q
∣∣∣P〉 .

They will oscillate between P and P
and decay following the lifetimes of
PH and PL.
The B0

s goes considerably faster than
the B0
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Neutral meson mixing

[B]

e.g. [Nierste, arXiv:2510.11716]
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B0
s and K 0 systems are even more

special: they have a significant decay
width difference, resulting in different
decay times for the heavy (long-lived)
and light (short-lived) states.

BsL: CP = +1, lighter and
shorter-lived (1.42 ps)

BsH: CP = −1, heavier and
longer-lived (1.62 ps)
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∆Γs with B0
s → J/ψη′

[LHCb, JHEP 05 (2024) 253, arXiv:2310.12649]
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Use 9 fb−1 B0
s → J/ψη′ (CP-even) and

B0
s → J/ψπ+π− (CP-odd) and get

∆Γs = 0.087 ± 0.012 ± 0.009 ps−1

consistent with HFlav ∆Γs = 0.074±0.006
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φs in B0
s → J/ψK +K −

[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]
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B0
s → J/ψ(µ+µ−)ϕ(K+K−) is the golden

channel to measure φs , the phase between
b → cqs and B0

s mixing followed by b → cqs:

The signal is very clean. Most
backgrounds are peaking: B0 is vetoed,
Λ0

b is subtracted using simulation.
➜ 350 800 ± 700 B0

s in 2015–18 data
Three polarisation states in the P → VV
process, plus an S-wave contribution
from B0

s → J/ψK+K−: bin in
m(K+K−)
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φs in B0
s → J/ψK +K −

[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]

5200 5300 5400 5500
]2c [MeV/)−K+ Kψm(J/

210

310

410

510

610)2 c
C

an
di

da
te

s 
/ (

3.
5 

M
eV

/ Data
Total fit
Signal
Background

−K+ Kψ J/→0B

-1LHCb Run 2, 6 fb

990 1000 1010 1020 1030 1040 1050

]2c [MeV/)−K+m(K

0

5000

10000

)2 c
C

an
di

da
te

s 
/ (

0.
3 

M
eV

/ LHCb Run 2
-16 fb

5 10
Decay time [ps]

1

10

210

310

410

510

C
an

di
da

te
s/

(0
.0

1 
ps

)

-1LHCb Run 2, 6 fb
Data
Total fit
CP-even
CP-odd
S-wave

0.5− 0 0.5

Kθcos

0

5000

10000

C
an

di
da

te
s/

0.
02 Data

Total fit
CP-even
CP-odd
S-wave

-1LHCb Run 2, 6 fb

0.5− 0 0.5

µθcos

0

2000

4000

6000

8000

10000

C
an

di
da

te
s/

0.
02

 
-1LHCb Run 2, 6 fb

Data
Total fit
CP-even
CP-odd
S-wave

2− 0 2
 [rad]

h
φ

0

2000

4000

6000

8000

C
an

di
da

te
s/

(0
.0

6 
ra

d) -1LHCb Run 2, 6 fb

Data
Total fit
CP-even
CP-odd
S-wave

CP-even — CP-odd — S-wave
φs = −0.039 ± 0.022 ± 0.006 rad
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φs in B0
s → J/ψK +K −

[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]
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Results:
φs = −0.039 ± 0.022 ± 0.006 rad
|λ| = 1.001 ± 0.011 ± 0.005

Γs − Γd = −0.0056 + 0.0013
− 0.0015 ± 0.0014 ps−1

∆Γs = 0.0845 ± 0.0044 ± 0.0024 ps−1

∆ms = 17.743 ± 0.033 ± 0.009 ps−1

|A⊥|2 = 0.2463 ± 0.0023 ± 0.0024
|A0|2 = 0.5179 ± 0.0017 ± 0.00232

δ⊥ − δ0 = 2.90 ± 0.07 ± 0.05
δ∥ − δ0 = 3.15 ± 0.06 ± 0.05 rad
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φs in B0
s → J/ψK +K −

[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]
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 preliminary

φs = −0.031 ± 0.018 rad
|λ| = 0.990 ± 0.010
Γs = 0.6563 ± 0.0020 ps−1

∆Γs = 0.0846 ± 0.0039 ps−1

∆ms = 17.740 ± 0.027 ps−1

HFlav [HFlav’23] average with CMS [PLB

816 (2021) 136188], ATLAS [EPJC 81 (2021) 342],
D0 [PRD 85 (2012) 032006] and CDF [PRL 109

(2012) 171802]

φs = 0.049 ± 0.019
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φs at the LHC
[ATLAS, EPJC 81 (2021) 342] [LHCb, PRL 132 (2024) 051802, arXiv:2308.01468] [CMS, arXiv:2412.19952]
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B 0
s → cc̄KK

Combined

HFLAV
PDG 2019

Contours of ∆(log L) = 0.5

φs −0.087 ± 0.037 ± 0.021 rad −0.074 ± 0.023 rad −0.080 ± 0.032 rad
∆Γs 0.0657 ± 0.0043 ± 0.0037 ps−1 0.0780 ± 0.0045 ps−1 0.0784 ± 0.0062 ps−1

Γs 0.6703 ± 0.0014 ± 0.0018 ps−1 0.6570 ± 0.0023 ps−1

➜ τs 1.4930 ± 0.0046 ps 1.522 ± 0.005 ps 1.5312 ± 0.0048 ps

The LHCb and ATLAS values of Γs differ by 3.8σ (PDG’18: 1.509±0.004 ps).
∆Γs at CMS and ATLAS also differ by 4σ.
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φs at the LHC
[ATLAS, EPJC 81 (2021) 342] [LHCb, PRL 132 (2024) 051802, arXiv:2308.01468] [CMS, arXiv:2412.19952]
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HFLAV

[CMS, 2007.02434]

[LHCb, 1906.08356]

[ATLAS, 2001.07115]

[Lenz, Piscopo, Rusov, JHEP 01 (2023) 004]

φs −0.087 ± 0.037 ± 0.021 rad −0.074 ± 0.023 rad −0.080 ± 0.032 rad
∆Γs 0.0657 ± 0.0043 ± 0.0037 ps−1 0.0780 ± 0.0045 ps−1 0.0784 ± 0.0062 ps−1

Γs 0.6703 ± 0.0014 ± 0.0018 ps−1 0.6570 ± 0.0023 ps−1

➜ τs 1.4930 ± 0.0046 ps 1.522 ± 0.005 ps 1.5312 ± 0.0048 ps

The LHCb and ATLAS values of Γs differ by 3.8σ (PDG’18: 1.509±0.004 ps).
∆Γs at CMS and ATLAS also differ by 4σ.
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φs at the LHC
[ATLAS, EPJC 81 (2021) 342] [LHCb, PRL 132 (2024) 051802, arXiv:2308.01468] [CMS, arXiv:2412.19952]

[N. Ellis, Nucl.Phys.Proc.Suppl. 93 (2001) 31]

φs −0.087 ± 0.037 ± 0.021 rad −0.074 ± 0.023 rad −0.080 ± 0.032 rad
∆Γs 0.0657 ± 0.0043 ± 0.0037 ps−1 0.0780 ± 0.0045 ps−1 0.0784 ± 0.0062 ps−1

Γs 0.6703 ± 0.0014 ± 0.0018 ps−1 0.6570 ± 0.0023 ps−1

➜ τs 1.4930 ± 0.0046 ps 1.522 ± 0.005 ps 1.5312 ± 0.0048 ps
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Legacy B0
s → ϕϕ

[LHCb, PRL 131 (2023) 171802, arXiv:2304.06198]
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Run 2: ϕsss
s = −0.04 ± 0.08 ± 0.01,

with [PRD 90 (2014) 052011]
ϕsss

s = −0.18 ± 0.09

Tagging power
(5.7 ± 0.5), (6.1 ± 0.7)
and (6.3 ± 0.5)% for
2016,17,18.
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[B]

The Future
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Flavour Experiments
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LHCb Upgrade II
[LHCb-TDR-023] [LHCb-TDR-026]
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Belle II Schedule
[superkekb]

Date

0

1

2

3

4

5

6

7]
-1 s

-2
cm

35
10
×

P
ea

k 
lu

m
in

os
it

y 
[

Jan 2024 Jan 2029 Jan 2034 Jan 2039
0

10

20

30

40

50

60

70 ]
-1

In
te

gr
at

ed
 l

um
in

os
it

y 
(d

el
iv

er
ed

) 
[a

bPeak luminosity

(delivered)Integrated luminosity 

w/ QCS upgrade

in LS2

w/o QCS upgrade

in LS2[ ]

w/ QCS upgrade

in LS2

w/o QCS upgrade

in LS2[ ]

Projected by SuperKEKB/Belle II

As of Dec
2024

Briefing
Book
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Heavy Flavour ESPPU input
[ATLAS, Belle II, CMS, LHCb, arXiv:2503.24346]
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Physics Briefing Book — Flavour
European Strategy

for Particle Physics

[de Blas et al., arXiv:2511.03883]
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Physics Briefing Book — Flavour
European Strategy

for Particle Physics
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European Strategy
for Particle Physics

Completion of
LHCb U2 and

Belle II are
essential
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[B]

What a tera-Z run brings
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b from Υ (4S), Z and LHC
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The bb cross-section at the
LHC is much (much) higher
than at e+e−.
Z are not as clean as Υ (4S),
but have a reconstructible pri-
mary vertex.
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Physics Briefing Book — Flavour
European Strategy

for Particle Physics

[de Blas et al., arXiv:2511.03883]
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➜
Vcb

➜

➜Vcb

Many
improve-

ments due
to Vcb
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|Vub| and |Vcb|
[HFlav, arXiv:2411.18639]
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HFLAV
2023

Discrepancy between exclu-
sive and inclusive Vub (18%)
and Vcb (5.5%) determinations.
Both more than 3σ.

|Vcb| is a crucial
ingredient in many SM
predictions.

✗ Use of exclusive value
would lead to large
tensions in ∆F = 2
In the meantime use
Vcb-free quantities as
B(B0

s → µ+µ−)/∆Ms

|Vub|excl = ( 3.43 ± 0.12) × 10−3 (3%)
|Vcb|excl = (39.77 ± 0.46) × 10−3 (1%)

|Vub|incl = ( 4.06 ± 0.16) × 10−3 (3%)
|Vcb|incl = (41.97 ± 0.48) × 10−3 (1%)
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[B]

Above the Z
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CKM from W W
European Strategy

for Particle Physics

[de Blas et al. ]

Number of correctly tagged jets W
(before other efficiencies) based on
[Lian et al., arXiv:2310.03440]

Vij BF yield
Vud 3.18 × 10−1 3.2 × 106

Vus 1.70 × 10−2 3.4 × 105

Vub 4.50 × 10−6 1.2 × 102

Vcd 1.70 × 10−2 3.5 × 105

Vcs 3.17 × 10−1 1.3 × 107

Vcb 5.90 × 10−4 3.3 × 104

Assuming O(108) W W pairs, which
comes as a by-product of large ZH(H)
samples, or from dedicated W W runs,
one measures

Bij = |Vij |2∑
l=u,c; m=d ,s,b |Vlm|2

Bhad

Vub and Vcb are feasible. The others
have too high backgrounds from mis-
ID.

Present precision on |Vcs |: 0.6%; on
|Vcb|: 1% with 5% discrepancy.
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CKM from W W
European Strategy

for Particle Physics

[de Blas et al. ]
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|Vcb|excl uncertainty

|Vcb| discrepancy

European Strategy
for Particle Physics

Typical jet-tagging efficiencies ϵqβ to tag a β-jet as q-jet
b s c u d g

ϵbβ 0.8 0.0001 0.003 0.0005 0.0005 0.007
ϵcβ 0.02 0.008 0.8 0.01 0.01 0.01
ϵsβ 0.01 0.9 0.1 0.3 0.3 0.2

[Robson, Leonidopoulos, de Blas, Koppenburg, List, Maltoni et al., arXiv:2506.15390]

Assuming O(108) W W pairs, which
comes as a by-product of large ZH(H)
samples, or from dedicated W W runs,
one measures

Bij = |Vij |2∑
l=u,c; m=d ,s,b |Vlm|2

Bhad

The precision is systematically limited
by the knowledge of the jet flavour-
tagging efficiency, which is calibrated
from Z events.

Present precision on |Vcs |: 0.6%; on
|Vcb|: 1% with 5% discrepancy.
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|Vcb| from top
[ATLAS, arXiv:2603.16414]
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Using tt events from Run 2 with t → bW + and W + → bc on one side and
W − → ℓ−ν on the other.

|Vcb| =
(
50 + 11

− 14

)
× 10−3
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Physics Briefing Book — Flavour
European Strategy

for Particle Physics

[de Blas et al., arXiv:2511.03883]
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➜Vts

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [70/ 73]

http://arxiv.org/abs/2511.03883


Vts from top quark decays
European Strategy

for Particle Physics

[Robson, Leonidopoulos, de Blas, Koppenburg, List, Maltoni et al., arXiv:2506.15390]
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[Nature Phys. 18 (2022) 1, arXiv:2104.04421]

t

s

W+
V ∗
ts

Usually Vts from B0
s mixing ➜ 2.2%

precision, but assume no new physics
Study was done assuming 2M tt pairs.
Observation of t → sW is possible with
15% precision on BF

➜ Precision on Vts : 3.1% [Giappichini

et al., 2025]
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CKM matrix elements
[ESPPU input, arXiv:2504.21417]

A 10 TeV muon collider would produce 108 W
bosons, similar to FCC or LC, giving access to |Vcb|
and |Vcs | [Marzocca, Szewc, Tammaro, JHEP 11 (2024) 017], however
without a Z run for calibration.
The νe and νµ from the straight sections can inter-
act with a 1 ton target as νµp → µ−X and alike.
The number of DIS events Nµ,e

c,b and the ratios

Rµ,e
c,b =

Nµ,e
c,b

Nµ,e
incl.

get |Vcb| and |Vub| to 0.1% and 0.5% precision.
Similarly, for the Cabibbo anomaly, |Vud | and |Vus |
to 3 × 10−4 and 0.2% precision.
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Now the the golden era of CPV in the quark sector
We will either pinpoint to high precision
Or find cracks in the CKM paradigm

[ @koppenburg.ch] [patrick.koppenburg@nikhef.nl]
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CP violation in B → h+h−

[B]

[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]
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Large CP violation in charmless B0 and B0
s decays (seen in [PRL 110 (2013) 221601])

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [76/ 73]

http://arxiv.org/abs/2012.05319
http://arxiv.org/abs/1304.6173


Near

[B]

Near

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [77/ 73]



Near

[B]

Near

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [77/ 73]



Further away

[B]

Further away

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [77/ 73]



Further away

[B]

Further away

2 4 6 8
𝑡 [ps]

0

500

1000

1500

2000

2500

D
ec

ay
s

/
(0

.0
4

ps
)

LHCb
6 fb−1

𝐵0
𝑠 → 𝐷−

𝑠 𝜋+ 𝐵0
𝑠 → 𝐵0

𝑠 → 𝐷−
𝑠 𝜋+ Untagged

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [77/ 73]



CP violation timeline

[B]

Parity violation
Wu et al.

PR 105 (1957) 1413
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CPV in K0
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Fitch et al.
PRL 13 (1964) 138

1964
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PTP 49 (1973) 652
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BaBar & Belle

PRL 87 (2001) 091801

PRL 87 (2001) 091802

2001
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mesons
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PRL 110 (2013) 221601

2013

CPV in D0

mesons
LHCb

PRL 87 (2019) 211803

2019

CPV in Λ0
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LHCb

TBD

2025

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [78/ 73]



CP violation timeline

[B]

Parity violation
Wu et al.

PR 105 (1957) 1413

1957

CPV in K0

mesons
Cronin,

Fitch et al.
PRL 13 (1964) 138

1964

CKM matrix
Kobayashi, Maskawa

PTP 49 (1973) 652

1973

CPV in B0

mesons
BaBar & Belle

PRL 87 (2001) 091801

PRL 87 (2001) 091802

2001

CPV in B0
s

mesons
LHCb

PRL 110 (2013) 221601

2013

CPV in D0

mesons
LHCb

PRL 87 (2019) 211803

2019

CPV in Λ0
b

baryons
LHCb

TBD

2025

It took nine years to get from CP violation to understanding CP violation

But what happened in the next 28 years?
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It took nine years to get from CP violation to understanding CP violation
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CP. Violation in the Renormalizahle Theory 
of Weak Interaction 

Makoto KOBAYASHI and Toshihide MASKAWA 

Department of Physics, Kyoto University, Kyoto 

(Received September 1, 1972) 

In a framework of the renormalizable theory of weak interaction, problems of CP-violation 
are studied. It is concluded that no realistic models of CP-violation exist in the quartet 
scheme without introducing any other new fields. Some possible models of CP-violation are 
also discussed. 

When we apply the renormalizable theory of weak interaction1l to the hadron 
system, we have some limitations on the hadron model. It is well known that 
there exists, in the case of the triplet model, a difficulty of the strangeness chang­
ing neutral current and that the quartet model is free from this difficulty. Fur­
thermore, Maki and one of the present authors (T.M.) have shown2l that, in the 
latter case, the strong interaction must be chiral SU ( 4) X SU ( 4) invariant as 
precisely as the conservation of the third component of the iso-spin 13• In addi­
tion to these arguments, for the theory to be realistic, CP-violating interactions 
should be incorporated in a gauge invariant way. This requirement will impose 
further limitations on the hadron model and the CP-violating interaction itself. 
The purpose of the present paper is to investigate this problem. In the following, 
it will be shown that in the case of the above-mentioned quartet model, we cannot 
make a CP-violating interaction without introducing any other new fields when 
we require the following conditions: a) The mass of the fourth member of the 
quartet, which we will call (, is sufficiently large, b) the model should be con­
sistent with our well-established knowledge of the semi-leptonic processes. After 
that some possible ways of bringing CP-violation into the theory will be discussed. 

We consider the quartet model with a charge assignment of Q, Q -1, Q -1 
and Q for p, n, A. and (, respectively, and we take the same underlying gauge 
group SUweak (2) X SU(1) and the scalar doublet field cp as those of Weinberg's 
original model.1l Then, hadronic parts of the Lagrangian can be devided in the 
following way: 

where ..[kin is the gauge-invariant kinetic part of the quartet field, q, so that it 
contains interactions with the gauge fields. ...L'mass is a generalized mass term of 
q, which includes Yukawa couplings to cp since they contribute to the mass of q 

through the spontaneous breaking of gauge symmetry. ...L'strong is a strong-inter-
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action part which conserves ] 3 and therefore chiral SU ( 4) X SU ( 4) invariant.2l 

We assume C- and P-invariance of Lstrong· The last term denotes residual inter­
action parts if they exist. Since Lmass includes couplings with q;, it has possi­
bilities of violating CP-conservation. As is known as Higgs phenomena,3 l three 
massless components of q; can be absorbed into the massive gauge fields and 
eliminated from the Lagrangian. Even after this has been done, both scalar and 
pseudoscalar parts remain in Lmass· For the mass term, however, we can eliminate 

such pseudoscalar parts by applying an appropriate constant gauge transformation 
on q, which does not affect on Lstrong due to gauge invariance. 

Now we consider possible ways of assigning the quartet field to represen­
tations of the SUweak (2). Since this. group is commutative with the Lorentz 
transformation, the left and right components of the quartet field, which are re­

spectively defined as qL=H1 + [ 6)q and qR=H1-r6)q, do not mix each other 
under the gauge transformation. Then, each component has three possibilities: 

A) 4=2+2, 

B) 4=2+ 1+1, 

C) 4 = 1 + 1 + 1 + 1 , 

where on the r.h.s., n denotes an n-dimensional representation of SU (2). The 

present scheme of charge assignment of the quartet does not permit representations 
of n>3. As a result, we have nine possibilities which we will denote by (A, A), 
(A, B),···, where the former (latter) in the parentheses indicates the transforma­
tion properties of the left (right) component. Since all members of the quartet 

should take part in the weak interaction, and size of the strangeness changing 
neutral current is bounded experimentally to a very small value, the cases of 
(B, C), (C, B) and (C, C) should be abandoned. The models of (B, A) and (C, A) 
are equivalent to those of (A, B) and (A, C), respectively, except relative signs 

between vector and axial vector parts of the weak current. Since 9A/9v ratios 
are measured only for composite states, this difference of the relative signs .would 
be reduced to a dynamical problem of the composite system. So, we investigate 
m detail the cases of (A, A), (A, B), (A, C) and (B, B). 

i) Case (A, C) 

This is the most natural choice in the quartet model. Let us denote two 
(SUweak (2)) doublets and four singlets by Ldh Ld2, R;fl, R~f\ R~r) and R~;), where 

superscript p (n) indicates p-like (n-like) charge states. In this case, Lmass takes, 
in general, the following form: 

" - "" [M(n)L- R(n) + M(P)L-- *R<Pl] + h ..Lmass- k...J ij di(/J sj ij diC(/J sj .C. , 
i, j~1,2 

c.=( 0 1 ), 
-1 0 

(1) 
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where MFJl and M/-'jl are arbitrary complex numbers. We can eliminate three 
Goldstone modes cPi by putting 

where l is a vacuum expectation value of cp 0 and (J is a massive scafar field. 
Thereafter, performing a diagonalization of the remaining mass term, we obtain 

m=(~P :,. ~ 
0 0 m, 0 

0 0 0 

0 

0 
(3) 

Then, the interaction with the gauge :field m .l'kin IS expressed as 

(4) 

Here, Ai IS the representation matrix of SUweak (2) for this case and explicitly 
given by 

1 0 0 0 

K=(~ 
0 0 

~), A+= Al:.±_iA:~_=K ( 0 ~)x-t, A,~(~ 1 
0 0 ) 

0 1 

2 0 0 -1 0 ' 1 0 

0 0 -1 0 0 

(5) 

where U is a 2 X 2 unitary matrix. Here and hereafter we neglect the gauge 
:field corresponding to U(1) which is irrelevant to our discussion. With an ap­
propriate phase convention of the quartet field we can take U as 

( 
cos e 

U= 
-sine 

sine). 
cos e (6) 

Therefore, if _[' = 0, no CP-violations occur in this case. It should be noted, 
however, that this argument does not hold when we introduce one more fermion 
doublet with the same charge assignment. This is because all phases of elements 
of a 3 X 3 unitary matrix cannot be absorbed into the phase convention of six 
fields. This possibility of CP-violation will be discussed later on. 

ii) Case (A, B) 

This is a rather delicate case. We denote two left doublets, one right doublet 
and two singlets by Ldr, Ld2, Rd, R,<Pl and R,<"l, respectively. The general form 
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of .£mass is given by 

.£mass= I:; [miLaiRd+Mi(n)LdiqJR/n)+M/P>LaicqJ*R/PlJ +h.c., 
£~1,2 

where mi, M/n) and MiCPl are arbitrary complex numbers. After diagonalization 
of mass terms (in this case, the CP-odd part of coupling with (J does not disappear 
m general) each multiplet can be expressed as follows: 

Rd= 1-r5(s~n~·p+cos~·(), 
2 sm YJ • n + cos YJ ·A 

1-r 
R.<Pl =T(cos ~·p-sin ~·(), 

R/n) = 1 ~ r 5 (cos YJ. n- sin IJ. A)' (7) 

where phase factors a, {3 and r satisfy two relations with the masses of the quartet: 

eir m, sine cos ~ = mp cos e sin~- eiamn sin YJ' 

eir m, cos e cos ~ = - mp sine cos.~+ ei13m., cos YJ • (8) 

Owing to the presence of phase factors, there exists a possibility of CP-violation 
also through the weak current. However, the strangeness changing neutral current 
is proportional to sin YJ cos YJ and its experimental upper bound is roughly 

(9) 

Thus, making an approximation of sin rj~O (the other choice cos YJ~O is less 
critical) we obtain from Eq. (8) 

m,/mp·~cot8·tan~, 

m.,../mn~sin ~/sine. (10) 

We have no low-lying particle with a quantum number corresponding to (, so 
that m,, which is a measure of chiral SU(4) X SU(4) breaking, should be suf­
ficiently large compared to the masses of the other members. However, the 
present experimental results on the g A/ gv ratios of the octet baryon {3-decay would 
not permit sin ~>sin e. Thus, it seems difficult to reconcile the hierarchy of 
chiral symmetry breaking with the experimental knowledge of the semileptonic 
processes. 

iii) Case (B, B) 

As a previous one, 111 this case also, occurrence of CP-violation is possible, 
but in order to suppress I LISI = 1 neutral currents, coefficients of the axial-vector 
part of LIS= 0 and I LISI = 1 weak currents must take signs oppossite to each other. 
This contradicts again the experiments on the baryon {3-decay. 
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iv) Case (A, A) 

In a similar way, we can show that no CP-violation occurs m this case as 
far as .£.' = 0. Furthermore this model would reduce to an exactly U( 4) sym­
metric one. 

Summarizing the above results, we have no realistic models in the quartet 
scheme as far as .£.' = 0. Now we consider some examples of CP-violation through 
.£'. Hereafter we will consider only the case of (A, C). The first one is to 
introduce another scalar doublet field ¢. Then, we may consider an interaction 
with this new field 

1-r .£' = q</JC--5 q +h. c. , 
2 

=( -~~ ~: 
</J= 0 0 

0 0 

C=(~~ 
Cn 

0 

0 

0 

c12 0 ) 
0 d12 

c22 0 ' 

0 d22 

(11) 

where c;1 and du are arbitrary complex numbers. Since we have already made 
use of the gauge transformation to get rid of the CP-odd part from the quartet 
mass term, there remains no such arbitrariness. Furthermore, we note that an 
arbitrariness of the phase of ¢ cannot absorb all the phases of cu and diJ· So, 
this interaction can cause a CP-violation. 

Another one is a possibility associated with the strong interaction. Let us 
consider a scalar (pseudoscalar) field S which mediates the strong interaction. 
For the interaction to be renormalizable and SUweak (2) invariant, it must belong 
to a (4, 4*) + (4*, 4) representation of chiral SU(4) X SU(4) and interact with 
q through scalar and pseudoscalar couplings. It also interacts with cp and possible 
renormalizable forms are given as follows: 

with 

tr{G0S+q>} +h.c., 

tr{G1S+q>G2q>+S} +h.c., 

tr{G/S+q>G2'S+q>} +h.c., (12) 

where Gi IS a 4 X 4 complex matrix and we have used a 4 X 4 matrix represen­
tation for S. It is easy to see that these interaction terms can violate CP-con­
servation. 
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Pages 1–5 were null results and Kobayashi
and Maskawa were disappointed. Then,
while Maskawa was taking his after-dinner
bath, he mentally went through the calcu-
lation described in the previous paragraph,
except this time for a six-quark scenario
with a 3 × 3 flavour-mixing rotation matrix
in three dimensions. [Olsen]
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First observation of charm?
[Niu, Mikumo, Maeda, Prog.Theor.Phys. 46 (1971) 1644]

See one event “6B-23” with two
particles decaying likely to π0π±

and π0p (?). Mass is around 2 GeV
and τ ∼ 3 × 10−14 s.
Kobayashi and Maskawa were
aware [Maki, Maskawa, PTP 46 (1971) 1647]
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In a framework of the renormalizable theory of weak interaction, problems of CP-violation 
are studied. It is concluded that no realistic models of CP-violation exist in the quartet 
scheme without introducing any other new fields. Some possible models of CP-violation are 
also discussed. 

When we apply the renormalizable theory of weak interaction1l to the hadron 
system, we have some limitations on the hadron model. It is well known that 
there exists, in the case of the triplet model, a difficulty of the strangeness chang­
ing neutral current and that the quartet model is free from this difficulty. Fur­
thermore, Maki and one of the present authors (T.M.) have shown2l that, in the 
latter case, the strong interaction must be chiral SU ( 4) X SU ( 4) invariant as 
precisely as the conservation of the third component of the iso-spin 13• In addi­
tion to these arguments, for the theory to be realistic, CP-violating interactions 
should be incorporated in a gauge invariant way. This requirement will impose 
further limitations on the hadron model and the CP-violating interaction itself. 
The purpose of the present paper is to investigate this problem. In the following, 
it will be shown that in the case of the above-mentioned quartet model, we cannot 
make a CP-violating interaction without introducing any other new fields when 
we require the following conditions: a) The mass of the fourth member of the 
quartet, which we will call (, is sufficiently large, b) the model should be con­
sistent with our well-established knowledge of the semi-leptonic processes. After 
that some possible ways of bringing CP-violation into the theory will be discussed. 

We consider the quartet model with a charge assignment of Q, Q -1, Q -1 
and Q for p, n, A. and (, respectively, and we take the same underlying gauge 
group SUweak (2) X SU(1) and the scalar doublet field cp as those of Weinberg's 
original model.1l Then, hadronic parts of the Lagrangian can be devided in the 
following way: 

where ..[kin is the gauge-invariant kinetic part of the quartet field, q, so that it 
contains interactions with the gauge fields. ...L'mass is a generalized mass term of 
q, which includes Yukawa couplings to cp since they contribute to the mass of q 

through the spontaneous breaking of gauge symmetry. ...L'strong is a strong-inter-

D
ow

nloaded from
 https://academ

ic.oup.com
/ptp/article/49/2/652/1858101 by C

ER
N

 Library user on 03 February 2023

CP- Violation in the Renormalizable Theory of Weak Interaction 653 

action part which conserves ] 3 and therefore chiral SU ( 4) X SU ( 4) invariant.2l 

We assume C- and P-invariance of Lstrong· The last term denotes residual inter­
action parts if they exist. Since Lmass includes couplings with q;, it has possi­
bilities of violating CP-conservation. As is known as Higgs phenomena,3 l three 
massless components of q; can be absorbed into the massive gauge fields and 
eliminated from the Lagrangian. Even after this has been done, both scalar and 
pseudoscalar parts remain in Lmass· For the mass term, however, we can eliminate 

such pseudoscalar parts by applying an appropriate constant gauge transformation 
on q, which does not affect on Lstrong due to gauge invariance. 

Now we consider possible ways of assigning the quartet field to represen­
tations of the SUweak (2). Since this. group is commutative with the Lorentz 
transformation, the left and right components of the quartet field, which are re­

spectively defined as qL=H1 + [ 6)q and qR=H1-r6)q, do not mix each other 
under the gauge transformation. Then, each component has three possibilities: 

A) 4=2+2, 

B) 4=2+ 1+1, 

C) 4 = 1 + 1 + 1 + 1 , 

where on the r.h.s., n denotes an n-dimensional representation of SU (2). The 

present scheme of charge assignment of the quartet does not permit representations 
of n>3. As a result, we have nine possibilities which we will denote by (A, A), 
(A, B),···, where the former (latter) in the parentheses indicates the transforma­
tion properties of the left (right) component. Since all members of the quartet 

should take part in the weak interaction, and size of the strangeness changing 
neutral current is bounded experimentally to a very small value, the cases of 
(B, C), (C, B) and (C, C) should be abandoned. The models of (B, A) and (C, A) 
are equivalent to those of (A, B) and (A, C), respectively, except relative signs 

between vector and axial vector parts of the weak current. Since 9A/9v ratios 
are measured only for composite states, this difference of the relative signs .would 
be reduced to a dynamical problem of the composite system. So, we investigate 
m detail the cases of (A, A), (A, B), (A, C) and (B, B). 

i) Case (A, C) 

This is the most natural choice in the quartet model. Let us denote two 
(SUweak (2)) doublets and four singlets by Ldh Ld2, R;fl, R~f\ R~r) and R~;), where 

superscript p (n) indicates p-like (n-like) charge states. In this case, Lmass takes, 
in general, the following form: 

" - "" [M(n)L- R(n) + M(P)L-- *R<Pl] + h ..Lmass- k...J ij di(/J sj ij diC(/J sj .C. , 
i, j~1,2 

c.=( 0 1 ), 
-1 0 

(1) 
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where MFJl and M/-'jl are arbitrary complex numbers. We can eliminate three 
Goldstone modes cPi by putting 

where l is a vacuum expectation value of cp 0 and (J is a massive scafar field. 
Thereafter, performing a diagonalization of the remaining mass term, we obtain 

m=(~P :,. ~ 
0 0 m, 0 

0 0 0 

0 

0 
(3) 

Then, the interaction with the gauge :field m .l'kin IS expressed as 

(4) 

Here, Ai IS the representation matrix of SUweak (2) for this case and explicitly 
given by 

1 0 0 0 

K=(~ 
0 0 

~), A+= Al:.±_iA:~_=K ( 0 ~)x-t, A,~(~ 1 
0 0 ) 

0 1 

2 0 0 -1 0 ' 1 0 

0 0 -1 0 0 

(5) 

where U is a 2 X 2 unitary matrix. Here and hereafter we neglect the gauge 
:field corresponding to U(1) which is irrelevant to our discussion. With an ap­
propriate phase convention of the quartet field we can take U as 

( 
cos e 

U= 
-sine 

sine). 
cos e (6) 

Therefore, if _[' = 0, no CP-violations occur in this case. It should be noted, 
however, that this argument does not hold when we introduce one more fermion 
doublet with the same charge assignment. This is because all phases of elements 
of a 3 X 3 unitary matrix cannot be absorbed into the phase convention of six 
fields. This possibility of CP-violation will be discussed later on. 

ii) Case (A, B) 

This is a rather delicate case. We denote two left doublets, one right doublet 
and two singlets by Ldr, Ld2, Rd, R,<Pl and R,<"l, respectively. The general form 
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of .£mass is given by 

.£mass= I:; [miLaiRd+Mi(n)LdiqJR/n)+M/P>LaicqJ*R/PlJ +h.c., 
£~1,2 

where mi, M/n) and MiCPl are arbitrary complex numbers. After diagonalization 
of mass terms (in this case, the CP-odd part of coupling with (J does not disappear 
m general) each multiplet can be expressed as follows: 

Rd= 1-r5(s~n~·p+cos~·(), 
2 sm YJ • n + cos YJ ·A 

1-r 
R.<Pl =T(cos ~·p-sin ~·(), 

R/n) = 1 ~ r 5 (cos YJ. n- sin IJ. A)' (7) 

where phase factors a, {3 and r satisfy two relations with the masses of the quartet: 

eir m, sine cos ~ = mp cos e sin~- eiamn sin YJ' 

eir m, cos e cos ~ = - mp sine cos.~+ ei13m., cos YJ • (8) 

Owing to the presence of phase factors, there exists a possibility of CP-violation 
also through the weak current. However, the strangeness changing neutral current 
is proportional to sin YJ cos YJ and its experimental upper bound is roughly 

(9) 

Thus, making an approximation of sin rj~O (the other choice cos YJ~O is less 
critical) we obtain from Eq. (8) 

m,/mp·~cot8·tan~, 

m.,../mn~sin ~/sine. (10) 

We have no low-lying particle with a quantum number corresponding to (, so 
that m,, which is a measure of chiral SU(4) X SU(4) breaking, should be suf­
ficiently large compared to the masses of the other members. However, the 
present experimental results on the g A/ gv ratios of the octet baryon {3-decay would 
not permit sin ~>sin e. Thus, it seems difficult to reconcile the hierarchy of 
chiral symmetry breaking with the experimental knowledge of the semileptonic 
processes. 

iii) Case (B, B) 

As a previous one, 111 this case also, occurrence of CP-violation is possible, 
but in order to suppress I LISI = 1 neutral currents, coefficients of the axial-vector 
part of LIS= 0 and I LISI = 1 weak currents must take signs oppossite to each other. 
This contradicts again the experiments on the baryon {3-decay. 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptp/article/49/2/652/1858101 by C

ER
N

 Library user on 03 February 2023

656 M. Kobayashi and T. Maskawa 

iv) Case (A, A) 

In a similar way, we can show that no CP-violation occurs m this case as 
far as .£.' = 0. Furthermore this model would reduce to an exactly U( 4) sym­
metric one. 

Summarizing the above results, we have no realistic models in the quartet 
scheme as far as .£.' = 0. Now we consider some examples of CP-violation through 
.£'. Hereafter we will consider only the case of (A, C). The first one is to 
introduce another scalar doublet field ¢. Then, we may consider an interaction 
with this new field 

1-r .£' = q</JC--5 q +h. c. , 
2 

=( -~~ ~: 
</J= 0 0 

0 0 

C=(~~ 
Cn 

0 

0 

0 

c12 0 ) 
0 d12 

c22 0 ' 

0 d22 

(11) 

where c;1 and du are arbitrary complex numbers. Since we have already made 
use of the gauge transformation to get rid of the CP-odd part from the quartet 
mass term, there remains no such arbitrariness. Furthermore, we note that an 
arbitrariness of the phase of ¢ cannot absorb all the phases of cu and diJ· So, 
this interaction can cause a CP-violation. 

Another one is a possibility associated with the strong interaction. Let us 
consider a scalar (pseudoscalar) field S which mediates the strong interaction. 
For the interaction to be renormalizable and SUweak (2) invariant, it must belong 
to a (4, 4*) + (4*, 4) representation of chiral SU(4) X SU(4) and interact with 
q through scalar and pseudoscalar couplings. It also interacts with cp and possible 
renormalizable forms are given as follows: 

with 

tr{G0S+q>} +h.c., 

tr{G1S+q>G2q>+S} +h.c., 

tr{G/S+q>G2'S+q>} +h.c., (12) 

where Gi IS a 4 X 4 complex matrix and we have used a 4 X 4 matrix represen­
tation for S. It is easy to see that these interaction terms can violate CP-con­
servation. 
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Next we consider a 6-plet model, another interesting model of CP-violation. 
Suppose that 6-plet with charges (Q, Q, Q, Q -1, Q -1, Q -1) is decomposed into 

SUweak (2) multiplets as 2 + 2 + 2 and 1 + 1 + 1 + 1 + 1 + 1 for left and right com­
ponents, respectively. Just as the case of (A, C), we have a similar expression 
for the charged weak cur;rent with a 3 X 3 instead of 2 X 2 unitary matrix in Eq. 
(5). As was pointed out, in this case we cannot absorb all phases of matrix 
elements into the phase convention and can take, for example, the following 
expression: 

( 
cos 81 -sin 81 cos 8a 

sin 81 cos 82 cos 81 cos 82 cos 83 - sin 82 sin 83ei3 

sin 81 sin 82 cos 81 sin 82 cos 8a +cos 82 sin 8aeio 

-sin 81 sin 8a ) 
cos 81 cos 82 sin 8a +sin 82 cos 83eia . 

cos 81 sin 82 sin 8a- cos 82 sin 8aeio 

(13) 

Then, we have CP-violating effects through the interference among these different 
current components. An interesting feature of this model is that the CP-violating 
effects of lowest order appear only in L1S'?"=O non-leptonic processes and in the 
semi-leptonic decay of neutral strange mesons (we are not concerned with higher 
states with the new quantum number) and not in the other semi-leptonic, L1S=O 
non-leptonic and pure-leptonic processes. 

So far we have considered only the straightforward extensions of the original 
Weinberg's model. However, other schemes of underlying gauge groups and/ or 
scalar fields are possible. Georgi and Glashow's model4l is one of them. We 
can easily see that CP-violation is incorporated into their model without introduc­
ing any other fields than (many) new fields which they have introduced already. 
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Eureka! With six quarks there is room
for a CP-violating phase!
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The KM matrix
[Olsen, KM’50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

➜

should be
a cos
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The KM matrix
[Olsen, KM’50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

Maiani found the CKM matrix again in
1975 after the charm observation [Maiani, PLB 62

(1976) 183]

In 1976 Pakvasa and Sugawara
(Hawaii) cite it and have another

form of the matrix (with a different
typo). They also mistype Maskawa’s

initial. [PRD 14 (1976) 305]

This typo is then repeated by Ellis,
Gaillard, Nanopoulos [NPB 109 (1976) 213]
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The KM matrix
[Olsen, KM’50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

If the phase is the only CP-violating phase
affecting quarks this picture should be consistent

at all levels of precision
➜ Let’s check!
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The CKM matrix
[Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

VCKM =



d

u

W−
Vud

s

u

W−
Vus

b

u

W−
Vub

d

c

W−
Vcd

s

c

W−
Vcs

b

c

W−
Vcb

d

t

W−
Vtd

s

t

W−
Vts

b

t

W−
Vtb


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The CKM matrix
[Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

VCKM =



d

u

W−
Vud

s

u

W−
Vus

b

u

W−
Vub

d

c

W−
Vcd

s

c

W−
Vcs

b

c

W−
Vcb

d

t

W−
Vtd

s

t

W−
Vts

b

t

W−
Vtb



=≃

 1 0.23 10−4

−0.23 1 0.04
10−3 −0.04 1


The Higgs and the

W disagree on
what a quark is!
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[B]

Design of LHCb
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The Large Hadron Collider at CERNThe Large Hadron Collider at CERN
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LHCb Legacy 2009–2018

[B]

LHCb Legacy 2009–2018
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LHCb detector design
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Acceptance
Mass and momentum resolution
Impact parameter and time resolution
Particle identification

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [86/ 73]

http://arxiv.org/abs/1412.6352
https://cds.cern.ch/record/2048174


LHCb detector design: Acceptance
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Acceptance: Light particles tend to be closer to the beam pipe. It’s
cheaper to instrument the forward region than 4π.

ln
√

s
mX

≥ η(X )

For Higgs at 13.6 TeV it’s 4.7 while for B it’s 7.9.

[CMS, PLB 771 (2017) 435]
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[PRL 118 (2017) 052002, arXiv:1612.05140]
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LHCb detector design: Acceptance
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Acceptance: Forward

COBEX LOI LHCC-93-50 (1993)
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LHCb detector design: AcceptanceLHCb detector design: Acceptance
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Acceptance: Forward
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LHCb detector design: p resolution
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]
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[ATLAS, JHEP 04 (2019) 098]

Mass resolution: Better resolution translates into better S–B
discrimination. But at the minimum we want to resolve the B0

s and B0.
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LHCb detector design: p resolution
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Mass resolution: Better resolution translates into better S–B
discrimination. But at the minimum we want to resolve the B0

s and B0.
√

p2
x + p2

z + m2

px
0
pz

 =


√

p2
a + m2

a
pa
0
0

+


√

p2
b + m2

b
pb cos θ

0
pb sin θ


where pa defines the x direction and y is at an angle θ. This leads to

m =
√

m2
a + m2

b − 2papb cos θ + 2
√

m2
a + p2

a

√
m2

b + p2
b

∂m
∂pa

= 1
m

pa

√
m2

b + p2
b√

m2
a + p2

a

− pb cos θ

 ∂m
∂θ

= 1
mpapb sin θ
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LHCb detector design: p resolution
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Mass resolution: Better resolution translates into better S–B
discrimination. But at the minimum we want to resolve the B0

s and B0.

m =
√

m2
a + m2

b − 2papb cos θ + 2
√

m2
a + p2

a

√
m2

b + p2
b

∂m
∂pa

= 1
m

pa

√
m2

b + p2
b√

m2
a + p2

a

− pb cos θ


Plugging in pa = pb = 30 GeV gets θ =
0.18 for B0

s → µ+µ−

3σ B0
s -B0 separation ➜ ≤ 30 MeV

resolution
which translates into ≤ 0.55% p
resolution. ]c [GeV/p
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LHCb detector design: p resolution
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Mass resolution: Better resolution translates into better S–B
discrimination. But at the minimum we want to resolve the B0

s and B0.
➜ Need δp/p ∼ 0.5%

In a dipole field the momentum is obtained from the angle of the
track before and after the magnet

✔ In the upgraded LHCb the SciFi provides 100µm resolution
[LHCb-DP-2022-002, arXiv:2305.10515]
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LHCb detector design: p resolution
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Mass resolution: Better resolution translates into better S–B
discrimination. But at the minimum we want to resolve the B0

s and B0.
➜ Need δp/p ∼ 0.5%

In a dipole field the momentum is obtained from the angle of the
track before and after the magnet

∆p⃗ = p∆tT tT = lT/lz ➜
σp
p ≃ σlT

lT

✔ In the upgraded LHCb the SciFi provides 100µm resolution
[LHCb-DP-2022-002, arXiv:2305.10515]

z

lT

lz∆tT

Momentum Kick

True Trajectory

VELO TT T1 T2 T3

Many handles
1 Hit resolution ➜ σlT
2 Tracking volume lz
3 B field, and
4 level-arm z ➜ ∆tT ➜ lT

lz

Legacy LHCb: σlT ∼ 200µm, lz ∼ 2 m,
∫

Bdlz = 4 Tm
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LHCb detector design: p resolution
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Mass resolution: Better resolution translates into better S–B
discrimination. But at the minimum we want to resolve the B0

s and B0.
➜ Need δp/p ∼ 0.5%

In a dipole field the momentum is obtained from the angle of the
track before and after the magnet

✔ In the upgraded LHCb the SciFi provides 100µm resolution
[LHCb-DP-2022-002, arXiv:2305.10515]
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LHCb detector design: p resolution
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Mass resolution: Better resolution translates into better S–B
discrimination. But at the minimum we want to resolve the B0

s and B0.

m =
√
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b − 2papb cos θ + 2
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b + p2
b

Let’s now assume pi ≫ mi and θ is small
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Lifetimes and widths of selected particles
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LHCb detector design: Impact parameterLHCb detector design: Impact parameterLHCb detector design: Impact parameter
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

π±
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π∓
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Impact parameter is
critical to remove back-
ground from prompt
tracks
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LHCb detector design: Impact parameterLHCb detector design: Impact parameterLHCb detector design: Impact parameter
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

Impact parameter is
critical to remove back-
ground from prompt
tracks
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LHCb detector design: Impact parameterLHCb detector design: Impact parameterLHCb detector design: Impact parameter
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

IP resolution depends on “track resolution” and “PV resolution”, which depends
on “track resolution” for N tracks.
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LHCb detector design: Impact parameterLHCb detector design: Impact parameterLHCb detector design: Impact parameter
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]
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IP is the length of the I⃗P vector. Let’s look at the x component

IPx = x − xPV − (z − zPV)tx

where tx is the slope of the track in x
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The last term dominates due to multiple
scattering.
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LHCb detector design: decay time
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

One infers the decay time t of a given candidate particle from the measured
flight distance l

ct = γl

It follows a decaying exponential. The lifetime τ of a particle is the average
decay time.
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LHCb detector design: decay time
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

One infers the decay time t of a given candidate particle from the measured
flight distance l

ct = γl

A better time resolution helps for measuring decay times, but is crucial for
resolving oscillations
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∆ms = 17.8 ps−1

➜ 1/∆ms = 56 fs
We did not know this
in 2000 ➜ LHCb is
overdesigned for time
resolution.
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LHCb detector design: decay time
[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

One infers the decay time t of a given candidate particle from the measured
flight distance l

ct = γl

The resolution is
σ2

t =
(m

p

)2
σ2

l +
( t

p

)2
σ2

p

The resolution σl relates to that on IP and PV. At low p multiple scattering
dominates. At high p the opening angle is small and detector resolution
matters most.
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PID
[Lippmann, NIM A666 (2012) 148, arXiv:1101.3276]
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C. Lippmann − 2003

Detector design is im-
posed by physics. Not
much of a choice here.
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The LHCb detector
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The LHCb detector
Neutral and charged hadron
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The LHCb detector
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The LHCb detector
Photon, Electron, Neutral and charged hadron, Muon
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Pcc states at ATLAS
[ATLAS-CONF-2019-048]
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With Run 1 data, ATLAS find 2270 ± 300 Λ0
b → J/ψpK− decays

With Run 1 data (3 fb−1), LHCb see 26 000 ± 170 with hardly any
background [LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]
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Cherenkov
[Cherenkov, Dokl.Akad.Nauk SSSR 2 (1934) 8, 451]

Cherenkov radiation is emitted by
charged particles crossing a transpar-
ent medium at a speed higher than the
speed of light in that medium.

v = c
n

➜ Like boom of a supersonic
aircraft.

The emission angle depends on
the speed of the particle.
From the speed and the
momentum one can work out the
mass. Hence the identity!

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [96/ 73]

http://dx.doi.org/10.3367/UFNr.0093.196710n.0385


Cherenkov
[Cherenkov, Dokl.Akad.Nauk SSSR 2 (1934) 8, 451]

Cherenkov radiation is emitted by
charged particles crossing a transpar-
ent medium at a speed higher than the
speed of light in that medium.

v = c
n

➜ Like boom of a supersonic
aircraft.

The emission angle depends on
the speed of the particle.
From the speed and the
momentum one can work out the
mass. Hence the identity!

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [96/ 73]

http://dx.doi.org/10.3367/UFNr.0093.196710n.0385


Cherenkov
[Cherenkov, Dokl.Akad.Nauk SSSR 2 (1934) 8, 451]

Cherenkov radiation is emitted by
charged particles crossing a transpar-
ent medium at a speed higher than the
speed of light in that medium.

v = c
n

➜ Like boom of a supersonic
aircraft.
The emission angle depends on
the speed of the particle.
From the speed and the
momentum one can work out the
mass. Hence the identity!

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [96/ 73]

http://dx.doi.org/10.3367/UFNr.0093.196710n.0385


Run 3 figures: PID
[FIGURE-2024-031]
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[LHCb-DP-2021-004, arXiv:2205.13400]
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LHCb Legacy 2009–2018

[B]

LHCb Legacy 2009–2018
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LHCb Upgrade 2023–
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LHCb Upgrade 2023–

[B]

LHCb Upgrade 2023–

New RICH optics and PMT

New
pixel
VeLo

Removed M1 and
new readoutNew

SciFiNew
UT

Removed PS/SPD
and new readout
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The Large Hadron Collider at CERNThe Large Hadron Collider at CERN
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B0 → K +π−

You learned from Niels’ lecture that
CPV comes from the imaginary phase of the CKM matrix
You need at least two interfering processes with different CP-even and
different CP-odd phases

➜ Skip some slides
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CP violation

[B]

Particles: d

u
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Vud

A ∝ Vud

u

d

W+
V ∗
ud

A ∝ V ∗
ud

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [102/ 73]



CP violation

[B]

Particles:

Antiparticles:

↔CPV ?

d

u

W−
Vud

A ∝ Vud

u

d

W+
V ∗
ud

A ∝ V ∗
ud

u

d

W−
Vud

A ∝ Vud

d

u

W+
V ∗
ud

A ∝ V ∗
ud

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [102/ 73]



CP violation

[B]
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Antiparticles:
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CP violation in B → h+h−

[B]

[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]
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Large CP violation in charmless B0 and B0
s decays (seen in [PRL 110 (2013) 221601])
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CP violation in B0 → K +π−

[B]

b u
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V ∗
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Vus

B0 π−
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B0 → K+π−

Amplitude ∝ V ∗
ubVus

➜ Probability ∝ |V ∗
ubVus |2

b u
d d

u

s

Vub

V ∗
us

B0 π+

K−

B0 → K−π+

Amplitude ∝ VubV ∗
us

➜ Probability ∝ |VubV ∗
us |2

The amplitudes are different complex numbers, but the probabilities are the
same. Why is there CP violation?
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CP violation in B0 → K +π−
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B0 → K+π− : A ∝ V ∗

ubVus + V ∗
tbVts ➜ P ∝ |V ∗

ubVus + V ∗
tbVts |2
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CP violation in B0 → K +π−
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B0 → K+π− : A ∝ V ∗
ubVus + V ∗

tbVts ➜ P ∝ |V ∗
ubVus + V ∗

tbVts |2

B0 → K−π+ : A ∝ VubV ∗
us + VtbV ∗

ts ➜ P ∝ |VubV ∗
us + VtbV ∗

ts |2
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CP violation in B0 → K +π−

[B]
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B0 → K−π+ : A ∝ VubV ∗
us + VtbV ∗

ts ➜ P ∝ |VubV ∗
us + VtbV ∗

ts |2

P ∝ |V ∗
ubVus |2 + |V ∗

tbVts |2 + 2|V ∗
ubVus ||V ∗

tbVts | cos(+δT + +δP)
P ∝ |V ∗

ubVus |2 + |V ∗
tbVts |2 + 2|V ∗

ubVus ||V ∗
tbVts | cos(−δT + −δP)

That’s the same thing. Still no CPV !
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CP violation in B0 → K +π−
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ubVus ||V ∗

tbVts | cos(ϕT + δT + ϕP + δP)
P ∝ |eiϕTV ∗

ubVus |2 + |eiϕPV ∗
tbVts |2 + 2|V ∗

ubVus ||V ∗
tbVts | cos(ϕT − δT + ϕP − δP)

With CP-even phases it works!
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With CP-even phases it works!

CPV needs interference of at least
two diagrams with different

CP-odd and different CP-even
phases
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CP violation in B → h+h−

[B]

[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]

5 5.2 5.4 5.6 5.8 6 6.2
]2c) [GeV/ +π− K(m

0

1000

2000

3000

4000

5000

6000

7000

8000 )2 c
C

an
di

da
te

s 
/ (

 0
.0

05
 G

eV
/

-1Data 1.9 fb

 +π− K→0
B

 +π− K→0
sB

− π +π→0B
,− K +K→0

sB

3-Body bkg.

Comb. bkg.

LHCb

5 5.2 5.4 5.6 5.8 6 6.2
]2c) [GeV/− π +K(m

0

1000

2000

3000

4000

5000

6000

7000

8000 )2 c
C

an
di

da
te

s 
/ (

 0
.0

05
 G

eV
/

-1Data 1.9 fb

− π +K→0B

− π +K→
0
sB

− π +π→0B
,− K +K→0

sB

3-Body bkg.

Comb. bkg.

LHCb

Large CP violation in charmless B0 and B0
s decays (seen in [PRL 110 (2013) 221601])
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Observation of CPV in baryon decays
[LHCb, Nature 643 (2025) 1223, arXiv:2503.16954]

Observation of CPV in baryon decays
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Observation of CPV in baryon decays
[LHCb, Nature 643 (2025) 1223, arXiv:2503.16954]

Observation of CPV in baryon decays
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CPV intro
Flavour Physics is a complicated part of the SM

1 It’s certainly a complex part of the SM
2 Many imaginary phases
3 Different bases to express quark states (Higgs disagrees with W )
4 Oscillations, mass eigenstates with different lifetimes and masses
5 Many particles involved, K , B, J/ψ, . . .
6 Loads of decay modes (PDG’24 lists 586 for B0)
7 Historical development not most pedagogical
8 Useless jargon: “direct”, “indirect” CPV etc.
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Sakharov Conditions
[Cohen, Kaplan, Nelson, PLB 263 (1991) 86 ]
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The SM Higgs Lagrangian
[Dittmaier, 2023]

LHiggs = |Dϕ|2︸ ︷︷ ︸
gauge interactions,

HWW , HZZ
couplings well

tested after LHC

+ (yjk ψ̄jψkϕ+ h.c.)︸ ︷︷ ︸
Yukawa

interactions, Hf f̄ ,
CKM, CPV ,

studied since 2018
“5th force”

− V (ϕ†ϕ)︸ ︷︷ ︸
Higgs potential,
HHH, HHHH

couplings, not yet
tested

“6th force”

Puzzles:
Yukawa part: flavour puzzle, no obvious symmetry, only source of CPV
Higgs potential: V = V0 − µ2(v + H)2 + λ(v + H)4

µ relates to the hierarchy problem, λ to the metastability of the Universe,
V to the fine-tuning of the cosmological constant
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Diagonalize Yukawa matrix Yij

– Mass terms

– Quarks rotate
– Off diagonal terms in charged current couplings

Niels Tuning (27)

Recap
SM Kinetic Higgs Yukawa= + +L L L L

0
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CKM Parametrisations
[Olsen, KM’50 proceedings, arXiv:2309.06042]

The first parametrisations of the CKM matrix were done before the elements
were measured.
Harari set requirements [Harari, Leurer, PLB 181 (1986) 123]

1 There should be a simple relation between the most directly measurable
matrix elements Vij and the quark mixing angles.

2 The matrix elements above the diagonal, which correspond to
kinematically allowed decay processes that are directly measurable,
should have the simplest possible expressions.

3 If possible, the CP violating phase should be linked to only one angle,
and preferably the sine of that angle.

Two parametrisations achieved this: Chau-Keung [Chau, Keung, PRL 53 (1984) 1802] and
Wolfenstein [Wolfenstein, PRL 51 (1983) 1945].
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CKM Parametrisations
[Olsen, KM’50 proceedings, arXiv:2309.06042]

The Chau-Keung parametrisation is exactly unitary [Chau, Keung, PRL 53 (1984) 1802]

VCKM =

θ23 about d ′′︷ ︸︸ ︷1 0 0
0 c23 s23
0 −s23 c23


θ13 about s′ (incl. δ)︷ ︸︸ ︷ c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13


θ12 about b︷ ︸︸ ︷ c12 s12 0

−s12 c12 0
0 0 1


=

 c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


This is the PDG parametrisation. We now have [PDG]

θ12 = 13.09◦ ± 0.03◦ θ23 = 2.32◦ ± 0.04◦

θ13 = 0.207◦ ± 0.007◦ δ = 68.53◦ ± 0.51◦.
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CKM Parametrisations
[Olsen, KM’50 proceedings, arXiv:2309.06042]

The Wolfenstein parametrisation is approximate

VCKM =

 1 − 1
2λ

2 λ Aλ3(ρ− iη)
−λ 1 − 1

2λ
2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1

+ O(λ4),

with λ = sin θC and A ∼ 0.8 accounts for the suppression between Vcb and Vcd .
Using the Buras convention [Buras et al, PRD 50 (1994) 3433, arXiv:hep-ph/9403384]

λ ≡ s12 = |Vus |√
|Vud |2 + |Vus |2

Aλ2 ≡ s23 = λ
|Vcb|
|Vus |

Aλ3(ρ− iη) ≡ s13eiδ = V ∗
ub.

Vub is the same as in the Chau and Keung parameterizations, and the higher corrections
to Vus and Vcb start at O(λ7) and O(λ8), respectively.
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CKM Parametrisations
[Olsen, KM’50 proceedings, arXiv:2309.06042]

The Wolfenstein parametrisation is approximate

VCKM =

 1 − 1
2λ

2 λ Aλ3(ρ− iη)
−λ 1 − 1

2λ
2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1

+ O(λ4),

Buras [Buras et al, PRD 50 (1994) 3433, arXiv:hep-ph/9403384] also defines

ρ̄+ i η̄ = −VudV ∗
ub

VcdV ∗
cb

➜ ρ̄ = ρ
(
1 − λ2

2
)

+ O(λ4) and η̄ = η
(
1 − λ2

2
)

+ O(λ4)

and we have [PDG]

λ = 0.22650 ± 0.00048 A = 0.790 + 0.017
− 0.012

ρ̄ = 0.141 + 0.016
− 0.017 η̄ = 0.357 ± 0.011
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Jarlskog invariant
[Jarlskog, Phys.Rev.Lett. 55 (1985) 1039]

The total amount of CP violation is

J︸︷︷︸
3×10−5

× PuPd
M12︸ ︷︷ ︸
10−14

with J ≃ λ6A2η ∼ 3 × 10−5 the double of the area of the unitarity triangles,

Pu = (m2
c − m2

u)(m2
t − m2

c)(m2
t − m2

u)
Pd = (m2

s − m2
d)(m2

b − m2
s )(m2

b − m2
d)

and M ∼ 100 GeV the EW scale.
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“The” CKM Unitarity Triangles

[B]

VCKM =

 |Vud | |Vus | |Vub|e−iγ

−|Vcd | |Vcs | |Vcb|
|Vtd |e−iβ −|Vts |e−iβs |Vtb|


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Flavour Tagging

[B]

We start with a sample of N B and B mesons. We need flavour tagging to know their
flavour at origin.
Ntag of those have a tagging decision, with η = Ntag

N . The remaining Ntag − N are
not useful for CP violation but may be used for other observables.
The fraction of wrongly tagged B is ω

Ntag
B = η(1 − ω)NB + ηωNB

Ntag
B = η(1 − ω)NB + ηωNB

The CP asymmetry is

ACP
meas =

Ntag
B − Ntag

B
Ntag

B + Ntag
B

= (1 − 2ω)
NB − NB
NB + NB︸ ︷︷ ︸

=ACP
true

➜ ACP
true = ACP

meas
1 − 2ω
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Flavour Tagging

[B]

The CP asymmetry is

ACP
meas =

Ntag
B − Ntag

B
Ntag

B + Ntag
B

= (1 − 2ω)
NB − NB
NB + NB︸ ︷︷ ︸

=ACP
true

➜ ACP
true = ACP

meas
1 − 2ω

To correctly measure ACP it is necessary to know ω.
The uncertainty is

∆ACP
true = ∆ACP

meas
1 − 2ω = 1

1 − 2ω

√
(1 − ACP

true)2

Ntag = 1
1 − 2ω

√
(1 − ACP

true)2

ηN

= 1
√
η(1 − 2ω)∆ACP

true

The effect of the imperfect tagging is the same as reducing the sample by a factor
ηeff = η(1 − 2ω)2
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Flavour Tagging

[B]

To correctly measure ACP it is necessary to know ω.
The wrong-tag fraction is calibrated on self-tagging control samples.

The measured CP
asymmetry (i.e. sin 2β)
is proportional to the
oscillation amplitude.
A wrong value of√
η(1 − 2ω) directly

translates into a bias.
[LHCb, PRL 132 (2024) 021801,

arXiv:2309.09728]
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Flavour Tagging

[B]

To correctly measure ACP it is necessary to know ω.
The wrong-tag fraction is calibrated on self-tagging control samples. Here
B0 → J/ψK ∗0(→ K+π−) for B0 → J/ψK 0

S [LHCb, PRL 115 (2015) 031601, arXiv:1503.07089]
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Flavour Tagging at Belle II

[B]

[Belle II, EPJC 82 (2022), arXiv:2110.00790]
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Flavour Tagging performance
[FIGURE-2020-002]
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Mixing
e.g. [Nierste, arXiv:2510.11716]

i ∂
∂tψ = Hψ with ψ(t) = a(t) |P⟩ + b(t)

∣∣∣P〉 ≡
(

a(t)
b(t)

)

H =
(

M 0
0 M

)

Look at P=proton and P= antiproton. Nothing happens. a = 1, b = 0
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Mixing
e.g. [Nierste, arXiv:2510.11716]

i ∂
∂tψ = Hψ with ψ(t) = a(t) |P⟩ + b(t)

∣∣∣P〉 ≡
(

a(t)
b(t)

)

H =
(

M 0
0 M

)
− i

2

(
Γ 0
0 Γ

)
Same for P=neutron. Except it decays.

d
dt
(
|a(t)|2 + |b(t)|2

)
= −

(
a(t)∗ b(t)∗

)( Γ 0
0 Γ

)(
a(t)
b(t)

)
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Mixing
e.g. [Nierste, arXiv:2510.11716]

i ∂
∂tψ = Hψ with ψ(t) = a(t) |P⟩ + b(t)

∣∣∣P〉 ≡
(

a(t)
b(t)

)

H =
(

M M12
M∗

12 M

)
− i

2

(
Γ Γ12

Γ∗
12 Γ

)

The P=B0 (bd) and the B0 (bd) mix, because
“everything not forbidden is compulsory” [Gell-Mann].
M12 catches off-shell diagrams, like boxes. Γ12 is generated by physical states
to which both B0 and B0 decay, like π+π−.

b d

d b

u, c, t

u, c, t

B0 B0

b u

d d

u
d d

u

d

u

b

d

B0 π−

π+ B0
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Mixing
e.g. [Nierste, arXiv:2510.11716]

i ∂
∂tψ =

(
M − i

2Γ M12 − i
2Γ12

M∗
12 − i

2Γ∗
12 M − i

2Γ

)
ψ

➜ |P1⟩ = p
∣∣∣P0

〉
− q

∣∣∣P0〉 |P2⟩ = p
∣∣∣P0

〉
+ q

∣∣∣P0〉
with masses and widths

m1 + i
2Γ1 = M − RF − i

2Γ − IF

m2 + i
2Γ2 = M + RF − i

2Γ + IF

with F =
√(

M12 − i
2Γ12

)(
M∗

12 − i
2Γ∗

12

)
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Mixing
e.g. [Nierste, arXiv:2510.11716]

i ∂
∂tψ =

(
M − i

2Γ M12 − i
2Γ12

M∗
12 − i

2Γ∗
12 M − i

2Γ

)
ψ

➜ |P1⟩ = p
∣∣∣P0

〉
− q

∣∣∣P0〉 |P2⟩ = p
∣∣∣P0

〉
+ q

∣∣∣P0〉
with masses and widths differences

∆m = 2R
√(

M12 − i
2Γ12

)(
M∗

12 − i
2Γ∗

12

)

∆Γ = 4I
√(

M12 − i
2Γ12

)(
M∗

12 − i
2Γ∗

12

)
The two mass eigenstates have different masses and lifetimes. ∆m is the
oscillation frequency.
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Long B lifetime measured at PEP
[MAC, PRL 51 (1983) 1022] [MARK, PRL 51 (1983) 1316]

τb = (1.8 ± 0.6 ± 0.4) ps

[MARK, PRL 51 (1983) 1316] (now 1.5 ps)
That’s a factor three more than the c
lifetime, which was a big surprise.
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Long B lifetime measured at PEP
[MAC, PRL 51 (1983) 1022] [MARK, PRL 51 (1983) 1316]

τb = (1.20 + 0.45
− 0.36 ± 0.30) ps

[MARK, PRL 51 (1983) 1316] (now 1.5 ps)
Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [118/ 73]

http://dx.doi.org/10.1103/PhysRevLett.51.1022
http://dx.doi.org/10.1103/PhysRevLett.51.1316
http://dx.doi.org/10.1103/PhysRevLett.51.1316


Long B lifetime measured at PEP
[MAC, PRL 51 (1983) 1022] [MARK, PRL 51 (1983) 1316]

The textbook expression of the muon lifetime adapted for b → c transitions
reads

Γb = 1
τb

= |Vcb|2 G2
Fm5

bc4

192π3ℏ7 (2quarks × 3colours + 3leptons),

[Olsen, KM’50 proceedings, arXiv:2309.06042]

with

τb = (1.8 ± 0.6 ± 0.4) ps [MAC, PRL 51 (1983) 1022]

τb = (1.20 + 0.45
− 0.36 ± 0.30) ps [MARK, PRL 51 (1983) 1316]

you get
|Vcb| ≃ 0.04 (now 0.04053)
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B0
s → ϕµ+µ− at FCC

[Kwok, Polonsky, Lukashenko,Aebischer, Kilminster, arXiv:2506.08089]
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This study demon-
strates that FCC-ee
enables first-time
access to CP -sensitive
observables previously
beyond experimental
reach.
The LHCb sensitivity
is studied in [Schmitt et al.,

arXiv:2510.17646]
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