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Fig. 123 Summary of the averages from Table 153

Fig. 124 Summary of the averages from Table 154

Fig. 125 Summary of the averages from Table 156

Fig. 126 Summary of the averages from Table 157
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Fig. 127 Summary of the averages from Table 158

6.2.3 Decays to charmonium states

Averages of B− decays to charmonium states are shown in Tables 159, 160, 161, 162, 163, 164, 165, 166, 167, 168, 169 and
Figs. 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138.

Table 159 Decays to J/ψ and one kaon I [10−3]
Parameter Measurements Average

B(B− → J/ψK−) Belle [646]: 1.01 ± 0.02 ± 0.07

BaBar [706]: 0.81 ± 0.13 ± 0.07 1.028 ± 0.040

BaBar [10]: 1.061 ± 0.015 ± 0.048

B(B− → J/ψK ∗(892)−) CDF [645]: 1.58 ± 0.47 ± 0.27

Belle [733]: 1.28 ± 0.07 ± 0.14 1.404 ± 0.089

BaBar [10]: 1.454 ± 0.047 ± 0.097

B(B− → J/ψK1(1270)−) Belle [653]: 1.80 ± 0.34 ± 0.39 1.80 ± 0.52

B(B− → J/ψK−π+π−) CDF [734]: 0.69 ± 0.18 ± 0.12

Belle [735]: 0.716 ± 0.010 ± 0.060 0.807 ± 0.052 CL = 2.30/00

BaBar [736]: 1.16 ± 0.07 ± 0.09

Table 160 Decays to J/ψ and one kaon II [10−4]
Parameter Measurements Average

B(B− → J/ψηK−) Belle [654]: 1.27 ± 0.11 ± 0.11 1.24 ± 0.14

BaBar [655]: 1.08 ± 0.23 ± 0.24

B(B− → J/ψω(782)K−) BaBar [651]: 3.2 ± 0.1 +0.6
−0.3 3.2 +0.6

−0.3

B(B− → J/ψφ(1020)K−) BaBar [652]: 0.44 ± 0.14 ± 0.05 0.44 ± 0.15
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Table 161 Decays to charmonium other than J/ψ and one kaon I [10−3]
Parameter Measurements Average

B(B− → ψ(2S)K−) CDF [648]: 0.55 ± 0.10 ± 0.06 0.632 ± 0.037

Belle [646]: 0.69 ± 0.06

BaBar [706]: 0.49 ± 0.16 ± 0.04

BaBar [10]: 0.617 ± 0.032 ± 0.044

B(B− → ψ(2S)K−) × B(ψ(2S) → χc1γ ) Belle [657]: 0.77 ± 0.08 ± 0.09 0.77 ± 0.12

B(B− → ψ(2S)K−) × B(ψ(2S) → χc2γ ) Belle [657]: 0.63 ± 0.09 ± 0.06 0.63 ± 0.11

B(B− → ψ(2S)K ∗(892)−) BaBar [10]: 0.592 ± 0.085 ± 0.089 0.592 ± 0.123

B(B− → ψ(2S)K−π+π−) Belle [735]: 0.431 ± 0.020 ± 0.050 0.431 ± 0.054

B(B− → ψ(3770)K−) Belle [732]: 0.48 ± 0.11 ± 0.07 0.45 ± 0.12

BaBar [706]: 0.35 ± 0.25 ± 0.03

B(B− → ψ(3770)K−) × B(ψ(3770) → D+D−) BaBar [643]: 0.084 ± 0.032 ± 0.021 0.084 ± 0.038

B(B− → ψ(3770)K−) × B(ψ(3770) → D0 D̄0) BaBar [643]: 0.141 ± 0.030 ± 0.022 0.141 ± 0.037

B(B− → χc0K−) Belle [737]: 0.60 +0.21
−0.18 ± 0.11 0.200 ± 0.044

BaBar [706]: <0.18

BaBar [273]: 0.184 ± 0.032 ± 0.031

B(B− → χc0K ∗(892)−) BaBar [658]: <2.86 0.14 ± 0.05

BaBar [659]: 0.14 ± 0.05 ± 0.02

B(B− → χc1K−) CDF [734]: 1.55 ± 0.54 ± 0.20 0.479 ± 0.023

Belle [660]: 0.494 ± 0.011 ± 0.033

BaBar [706]: 0.80 ± 0.14 ± 0.07

BaBar [661]: 0.45 ± 0.01 ± 0.03

B(B− → χc1K ∗(892)−) Belle [664]: 0.41 ± 0.06 ± 0.09 0.30 ± 0.06

BaBar [661]: 0.26 ± 0.05 ± 0.04

B(B− → χc1K−π0) Belle [662]: 0.329 ± 0.029 ± 0.019 0.329 ± 0.035

B(B− → χc1 K̄ 0π−) Belle [662]: 0.575 ± 0.026 ± 0.032

BaBar [663]: 0.552 ± 0.026 ± 0.061 0.569 ± 0.035

B(B− → χc1K−π+π−) Belle [662]: 0.374 ± 0.018 ± 0.024 0.374 ± 0.030

B(B− → χc2 K̄ 0π−) Belle [662]: 0.116 ± 0.022 ± 0.012 0.116 ± 0.025

B(B− → χc2K−π+π−) Belle [662]: 0.134 ± 0.017 ± 0.009 0.134 ± 0.019

B(B− → ηcK−) Belle [665]: 1.25 ± 0.14 +0.39
−0.40

BaBar [706]: 0.87 ± 0.15 0.92 ± 0.14

BaBar [667]: 1.29 ± 0.09 ± 0.38

B(B− → ηcK ∗(892)−) BaBar [666]: 1.21 +0.43
−0.35

+0.64
−0.40 1.21 +0.77

−0.53

B(B− → ηc(2S)K−) BaBar [706]: 0.34 ± 0.18 ± 0.03 0.34 ± 0.18

Table 162 Decays to charmonium other than J/ψ and one kaon II [10−5]
Parameter Measurements Average

B(B− → χc2K−) Belle [660]: 1.11 +0.36
−0.34 ± 0.09 1.08 ± 0.31

BaBar [661]: 1 ± 1 ± 0

B(B− → χc2K ∗(892)−) BaBar [661]: 1.1 ± 4.3 ± 5.5 1.1 ± 7.0

B(B− → hc(1P)K−) × B(hc(1P) → ηcγ ) BaBar [668]: <4.8 <4.8
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Table 163 Decays to charmonium other than J/ψ and one kaon III [10−6]
Parameter Measurements Average

B(B− → K−ηc) × B(ηc → K 0K+π+) Belle [738]: 0.267 ± 0.014 +0.057
−0.055 0.267 +0.059

−0.057

B(B− → ηcK−) × B(ηc → p p̄) Belle [739]: 1.42 ± 0.11 +0.16
−0.20

BaBar [740]: 1.8 +0.3
−0.2 ± 0.2 1.53 ± 0.18

B(B− → ηcK−) × B(ηc → ΛΛ̄) Belle [739]: 0.95 +0.25
−0.22

+0.08
−0.11 0.95 +0.26

−0.25

B(B− → K−ηc(2S)) × B(ηc(2S) → K 0K−π+) Belle [738]: 0.034 +0.022
−0.015

+0.005
−0.004 0.034 +0.023

−0.016

B(B− → hc(1P)K−) Belle [741]: <3.8 <3.8

B(B− → hc(1P)K−) × B(hc(1P) → J/ψπ+π−) BaBar [736]: <3.4 <3.4

Table 164 Decays to charmonium and light mesons [10−5]
Parameter Measurements Average

B(B− → J/ψπ−) LHCb [742]: 3.88 ± 0.11 ± 0.15

Belle [646]: 3.8 ± 0.6 ± 0.3 4.04 ± 0.17

BaBar [743]: 5.37 ± 0.45 ± 0.24

B(B− → J/ψπ−π0) BaBar [669]: <0.73 <0.73

B(B− → J/ψρ−(770)) BaBar [669]: 5 ± 1 ± 0 5 ± 1

B(B− → ψ(2S)π−) LHCb [742]: 2.52 ± 0.26 ± 0.15 2.52 ± 0.30

B(B− → χc0π
−) BaBar [744]: <6.1 <6.1

B(B− → χc1π
−) Belle [745]: 2.2 ± 0.4 ± 0.3 2.2 ± 0.5

Table 165 Decays to J/ψ and a heavy mesons [10−4]
Parameter Measurements Average

B(B− → J/ψD−) BaBar [682]: <1.2 <1.2

B(B− → J/ψD0π−) Belle [681]: <0.25 <0.25

BaBar [736]: <0.52

Table 166 Decays with baryons I [10−5]
Parameter Measurements Average

B(B− → J/ψΛ p̄) Belle [679]: 1.16 ± 0.28 +0.18
−0.23 1.16 ± 0.31

BaBar [680]: 1.16 +0.74
−0.53

+0.42
−0.18

B(B− → J/ψ�0 p̄) Belle [679]: <1.1 <1.1

Table 167 Decays with baryons II [10−6]
Parameter Measurements Average

B(B− → J/ψp p̄π−) LHCb [678]: <0.50 <0.50

B(B− → J/ψK−) × B(J/ψ → ΛΛ̄) Belle [739]: 2.0 +0.3
−0.3 ± 0.3 2.0 +0.5

−0.4

B(B− → J/ψK−) × B(J/ψ → p p̄) Belle [739]: 2.21 ± 0.13 ± 0.10

BaBar [740]: 2.2 ± 0.2 ± 0.1 2.21 ± 0.13
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Table 168 Relative decay rates I

Parameter Measurements Average

B(B− → J/ψK ∗(892)−)/B(B− → J/ψK−) CDF [683]: 1.92 ± 0.60 ± 0.17 1.38 ± 0.09

BaBar [10]: 1.37 ± 0.05 ± 0.08

B(B− → J/ψK1(1270)−)/B(B− → J/ψK−) Belle [653]: 1.80 ± 0.34 ± 0.34 1.80 ± 0.48

B(B− → J/ψK−
1 (1400))/B(B− → J/ψK1(1270)−) Belle [653]: <0.30 <0.30

B(B− → ψ(2S)K−)/B(B− → J/ψK−) LHCb [685]: 0.594 ± 0.006 ± 0.022 0.598 ± 0.022

D0 [746]: 0.65 ± 0.04 ± 0.08

B(B− → ψ(2S)K ∗(892)−)/B(B− → ψ(2S)K−) BaBar [10]: 0.96 ± 0.15 ± 0.09 0.96 ± 0.17

B(B− → χc0K−)/B(B− → J/ψK−) Belle [737]: 0.60 +0.21
−0.18 ± 0.09 0.60 +0.23

−0.20

B(B− → χc1K ∗(892)−)/B(B− → χc1K−) BaBar [10]: 0.51 ± 0.17 ± 0.16 0.51 ± 0.23

B(B− → χc1 K̄ 0π−)/B(B− → J/ψ K̄ 0π−) BaBar [663]: 0.501 ± 0.024 ± 0.055 0.501 ± 0.060

B(B− → ηcK−)/B(B− → J/ψK−) BaBar [706]: 1.06 ± 0.23 ± 0.04 1.12 ± 0.20

BaBar [667]: 1.28 ± 0.10 ± 0.38

[B(B− → ηcK−) × B(ηc → p p̄)]/[B(B− → J/ψK−) × B(J/ψ → p p̄)] LHCb [747]: 0.578 ± 0.035 ± 0.027 0.578 ± 0.044

Table 169 Relative decay rates II

Parameter Measurements Average

B(B− → J/ψπ−)/B(B− → J/ψK−) CDF [748]: 0.050 +0.019
−0.017 ± 0.001 0.0524 ± 0.0040

CDF [749]: 0.0486 ± 0.0082 ± 0.0015

BaBar [743]: 0.0537 ± 0.0045 ± 0.0011

[B(B− → ψ(2S)K−) × B(ψ(2S) → p p̄)]/
[B(B− → J/ψK−) × B(J/ψ → p p̄)]

LHCb [747]: 0.080 ± 0.012 ± 0.009 0.080 ± 0.015

B(B− → χc1π
−)/B(B− → χc1K−) Belle [745]: 0.043 ± 0.008 ± 0.003 0.043 ± 0.009

[B(B− → hc(1P)K−) × B(hc(1P) → ηcγ )]/B(B− → ηcK−) BaBar [668]: <0.052 <0.052

Fig. 128 Summary of the averages from Table 159

Fig. 129 Summary of the averages from Table 160
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Fig. 130 Summary of the averages from Table 161

Fig. 131 Summary of the averages from Table 162
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Fig. 132 Summary of the averages from Table 163

Fig. 133 Summary of the averages from Table 164

Fig. 134 Summary of the averages from Table 165

Fig. 135 Summary of the averages from Table 166
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Fig. 136 Summary of the averages from Table 167

Fig. 137 Summary of the averages from Table 168

Fig. 138 Summary of the averages from Table 169

6.2.4 Decays to charm baryons

Averages of B− decays to charm baryons are shown in Tables 170, 171, 172 and Figs. 139, 140.
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Table 170 Absolute (product) decay rates [10−4]
Parameter Measurements Average

B(B− → Λ+
c Λ

−
c K

−) Belle [693]: 6.5 +1.0
−0.9 ± 3.6 4.1 ± 3.2

BaBar [694]: 11.4 ± 1.5 ± 6.2

B(B− → Ξ0
c Λ

−
c ) × B(Ξ0

c → Ξ−π+) Belle [699]: 0.48 +0.10
−0.09 ± 0.16 0.221 ± 0.089

BaBar [694]: 0.208 ± 0.065 ± 0.061

B(B− → Λ+
c p̄π−) Belle [690]: 1.87 +0.43

−0.40 ± 0.56 2.08 ± 0.69

BaBar [697]: 3.38 ± 0.12 ± 0.89

B(B− → �0
c p̄) Belle [690]: 0.45 +0.26

−0.19 ± 0.14 0.45 +0.29
−0.24

B(B− → �∗0
c p̄) Belle [690]: <0.46 <0.46

B(B− → �++
c p̄π−π−) BaBar [750]: 2.98 ± 0.16 ± 0.78 2.98 ± 0.80

Table 171 Relative decay rates I

Parameter Measurements Average

B(B− → Λ+
c p̄π−)/B(B̄0 → Λ+

c p̄) BaBar [697]: 15.4 ± 1.8 ± 0.3 15.4 ± 1.8

Table 172 Relative decay rates II

Parameter Measurements Average

B(B− → �c(2455)0 p̄)/B(B− → Λ+
c p̄π−) BaBar [697]: 0.123 ± 0.012 ± 0.008 0.123 ± 0.014

B(B− → �c(2800)0 p̄)/B(B− → Λ+
c p̄π−) BaBar [697]: 0.117 ± 0.023 ± 0.024 0.117 ± 0.033

Fig. 139 Summary of the averages from Table 170

Fig. 140 Summary of the averages from Table 172
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6.2.5 Decays to other (XY Z) states

Averages of B− decays to other (XY Z ) states are shown in Tables 173, 174, 175, 176, 177, 178 and Figs. 141, 142, 143, 144,
145.

Table 173 Absolute decay rates [10−4]
Parameter Measurements Average

B(B− → X (3872)K−) BaBar [706]: <3.2 <3.2

Table 174 Product decay rates to X (3872) I [10−4]
Parameter Measurements Average

B(B− → X (3872)K−) × B(X (3872) → D̄∗(2007)0D0) BaBar [643]: 1.67 ± 0.36 ± 0.47 1.67 ± 0.59

B(B− → X (3872)K−) × B(X (3872) → D0 D̄0π0) Belle [732]: <0.6 <0.6

B(B− → X (3872)K−) × B(X (3872) → D0 D̄0) Belle [732]: <0.6 <0.6

B(B− → X (3872)K−) × B(X (3872) → D+D−) Belle [732]: <0.4 <0.4

Table 175 Product decay rates to X (3872) II [10−5]
Parameter Measurements Average

B(B− → K−X (3872)) × B(X (3872) → J/ψπ+π−) Belle [751]: 0.861 ± 0.062 ± 0.052 0.857 ± 0.073

BaBar [704]: 0.84 ± 0.15 ± 0.07

B(B− → X (3872)K−) × B(X (3872) → J/ψω(782)) BaBar [651]: 0.6 ± 0.2 ± 0.1 0.6 ± 0.2

B(B− → X (3872)K−) × B(X (3872) → J/ψη) BaBar [655]: <0.77 <0.77

B(B− → X (3872)K−) × B(X (3872) → J/ψγ ) Belle [660]: 0.178 +0.048
−0.044 ± 0.012 0.204 ± 0.041

BaBar [661]: 0.28 ± 0.08 ± 0.01

B(B− → X (3872)K ∗(892)−) × B(X (3872) → J/ψγ ) BaBar [661]: 0.07 ± 0.26 ± 0.01 0.07 ± 0.26

B(B− → X (3872)K−) × B(X (3872) → ψ(2S)γ ) Belle [660]: <0.345 0.95 ± 0.28

BaBar [661]: 0.95 ± 0.27 ± 0.06

B(B− → X (3872)K ∗(892)−) × B(X (3872) → ψ(2S)γ ) BaBar [661]: 0.64 ± 0.98 ± 0.96 0.64 ± 1.37

B(B− → X (3872)K−) × B(X (3872) → χc1γ ) Belle [657]: <0.19 <0.19

B(B− → X (3872)K−) × B(X (3872) → χc2γ ) Belle [657]: <0.67 <0.67

Table 176 Product decay rates to neutral states other than X (3872) [10−5]
Parameter Measurements Average

B(B− → X (3823)K−) × B(X (3823) → χc1γ ) Belle [657]: 0.97 ± 0.28 ± 0.11 0.97 ± 0.30

B(B− → X (3823)K−) × B(X (3823) → χc2γ ) Belle [657]: <0.36 <0.36

B(B− → Y (3940)K−) × B(Y (3940) → J/ψγ ) BaBar [752]: <1.4 <1.4

B(B− → Y (3940)K−) × B(Y (3940) → J/ψω(782)) BaBar [651]: 3.0 +0.7
−0.6

+0.5
−0.3 3.0 +0.9

−0.7

B(B− → Y (4260)K−) × B(Y (4260) → J/ψπ+π−) BaBar [753]: 2.0 ± 0.7 ± 0.2 2.0 ± 0.7

Table 177 Relative product decay rates to states with ss̄ component

Parameter Measurements Average

[B(B− → X (4140)K−) × B(X (4140) → J/ψφ(1020))]/B(B− → J/ψφ(1020)K−) LHCb [754]: 0.130 ± 0.032 +0.047
−0.020 0.148 ± 0.042

D0 [755]: 0.21 ± 0.08 ± 0.04

[B(B− → X (4274)K−) × B(X (4274) → J/ψφ(1020))]/B(B− → J/ψφ(1020)K−) LHCb [754]: 0.071 ± 0.025 +0.035
−0.024 0.071 +0.043

−0.035
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Table 178 Product decay rates to charged states [10−5]
Parameter Measurements Average

B(B− → X (3872)− K̄ 0) × B(X (3872)− → J/ψπ−π0) BaBar [707]: <2.2 <2.2

B(B− → Z(4430)− K̄ 0) × B(Z(4430)− → J/ψπ−) BaBar [708]: −0.1 ± 0.8 ± 0.0 −0.1 ± 0.8

B(B− → Z(4430)− K̄ 0) × B(Z(4430)− → ψ(2S)π−) BaBar [708]: 2.0 ± 1.7 ± 0.0 2.0 ± 1.7

Fig. 141 Summary of the averages from Table 174

Fig. 142 Summary of the averages from Table 175
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Fig. 143 Summary of the averages from Table 176

Fig. 144 Summary of the averages from Table 177

Fig. 145 Summary of the averages from Table 178

6.3 Decays of admixtures of B̄0 / B− mesons

Measurements of B̄0 / B− decays to charmed hadrons are summarized in Sects. 6.3.1–6.3.3.

6.3.1 Decays to two open charm mesons

Averages of B̄0 / B− decays to two open charm mesons are shown in Table 179.

Table 179 B decays to double charm [10−4]
Parameter Measurements Average

B(B → D0 D̄0π0K ) Belle [633]: 1.27 ± 0.31 +0.22
−0.39 1.27 +0.38

−0.50
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6.3.2 Decays to charmonium states

Averages of B̄0 / B− decays to charmonium states are shown in Tables 180, 181, 182, 183, 184 and Figs. 146, 147, 148, 149,
150.

Table 180 Decay amplitudes for parallel transverse polarization

Parameter Measurements Average

|A‖|2(B → J/ψK ∗) Belle [324]: 0.231 ± 0.012 ± 0.008 0.219 ± 0.009

BaBar [323]: 0.211 ± 0.010 ± 0.006

|A‖|2(B → χc1K ∗) BaBar [323]: 0.20 ± 0.07 ± 0.04 0.20 ± 0.08

|A‖|2(B → ψ(2S)K ∗) BaBar [323]: 0.22 ± 0.06 ± 0.02 0.22 ± 0.06

Table 181 Decay amplitudes for perpendicular transverse polarization

Parameter Measurements Average

|A⊥|2(B → J/ψK ∗) Belle [324]: 0.195 ± 0.012 ± 0.008 0.219 ± 0.009

BaBar [323]: 0.233 ± 0.010 ± 0.005

|A⊥|2(B → χc1K ∗) BaBar [323]: 0.03 ± 0.04 ± 0.02 0.03 ± 0.04

|A⊥|2(B → ψ(2S)K ∗) BaBar [323]: 0.30 ± 0.06 ± 0.02 0.30 ± 0.06

Table 182 Decay amplitudes for longitudinal polarization

Parameter Measurements Average

|A0|2(B → J/ψK ∗) Belle [324]: 0.574 ± 0.012 ± 0.009 0.564 ± 0.010

BaBar [323]: 0.556 ± 0.009 ± 0.010

|A0|2(B → χc1K ∗) BaBar [323]: 0.77 ± 0.07 ± 0.04 0.77 ± 0.08

|A0|2(B → ψ(2S)K ∗) BaBar [323]: 0.48 ± 0.05 ± 0.02 0.48 ± 0.05

Table 183 Relative phases of parallel transverse polarization decay amplitudes

Parameter Measurements Average

δ‖(B → J/ψK ∗) Belle [324]: −2.887 ± 0.090 ± 0.008 −2.909 ± 0.064

BaBar [323]: −2.93 ± 0.08 ± 0.04

δ‖(B → χc1K ∗) BaBar [323]: 0.0 ± 0.3 ± 0.1 0.0 ± 0.3

δ‖(B → ψ(2S)K ∗) BaBar [323]: −2.8 ± 0.4 ± 0.1 −2.8 ± 0.4

Table 184 Relative phases of perpendicular transverse polarization decay amplitudes

Parameter Measurements Average

δ⊥(B → J/ψK ∗) Belle [324]: 2.938 ± 0.064 ± 0.010 2.923 ± 0.043

BaBar [323]: 2.91 ± 0.05 ± 0.03

δ⊥(B → ψ(2S)K ∗) BaBar [323]: 2.8 ± 0.3 ± 0.1 2.8 ± 0.3

Fig. 146 Summary of the averages from Table 180
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Fig. 147 Summary of the averages from Table 181

Fig. 148 Summary of the averages from Table 182

Fig. 149 Summary of the averages from Table 183

Fig. 150 Summary of the averages from Table 184
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6.3.3 Decays to other (XY Z) states

Averages of B̄0 / B− decays to other (XY Z ) states are shown
in Table 185 and Fig. 151.

6.4 Decays of B̄0
s mesons

Measurements of B̄0
s decays to charmed hadrons are sum-

marized in Sects. 6.4.1–6.4.4. These measurements require
knowledge of the production rates of B̄0

s mesons, usually
measured relative to those of B̄0 and B− mesons, in the
appropriate experimental environment. Since these produc-
tion fractions are reasonably well known, see Sect. 3.1, they
can be corrected for allowing the results to be presented in

Table 185 Absolute decay rates to X /Y states [10−4]
Parameter Measurements Average

B(B → X (3872)K ) × B(X (3872) → D∗(2007)0 D̄0) Belle [756]: 0.80 ± 0.20 ± 0.10 0.80 ± 0.22

B(B → Y (3940)K ) × B(Y (3940) → D∗(2007)0 D̄0) Belle [756]: <0.67 <0.67

B(B → KY (3940)) × B(Y (3940) → J/ψω(782)) Belle [757]: 0.71 ± 0.13 ± 0.31 0.71 ± 0.34

Fig. 151 Summary of the averages from Table 185

Table 186 Decays to a D(∗)
s and a light meson I [10−3]

Parameter Measurements Average

B(B̄0
s → D+

s π−) LHCb [758]: 2.95 ± 0.05 +0.25
−0.28 3.03 ± 0.25

Belle [29]: 3.67 +0.35
−0.33

+0.65
−0.65

B(B̄0
s → D∗+

s π−) Belle [759]: 2.4 +0.5
−0.4 ± 0.4 2.4 +0.7

−0.6

B(B̄0
s → D+

s ρ−(770)) Belle [759]: 8.5 +1.3
−1.2 ± 1.7 8.5 +2.1

−2.1

B(B̄0
s → D∗+

s ρ−(770)) Belle [759]: 11.8 +2.2
−2.0 ± 2.5 11.8 +3.3

−3.2

Table 187 Decays to a D(∗)
s and a light meson II [10−4]

Parameter Measurements Average

B(B̄0
s → D+

s K−) LHCb [758]: 1.90 ± 0.12 +0.18
−0.19 1.92 ± 0.22

Belle [29]: 2.4 +1.2
−1.0 ± 0.4

B(B̄0
s → D∗+

s K−) LHCb [760]: 1.63 ± 0.12 +0.49
−0.48 1.63 +0.50

−0.50

terms of the absolute B̄0
s branching fraction, or the relative

branching fraction to a lighter B meson decay mode. This is
usually done in the publications; we do not make any attempt
to rescale results according to more recent determinations of
the relative production fractions. Ratios of branching frac-
tions of two decays of the same hadron do not require any
such correction.

6.4.1 Decays to a single open charm meson

Averages of B̄0
s decays to a single open charm meson are

shown in Tables 186, 187, 188, 189, 190, 191 and Figs. 152,
153, 154, 155, 156, 157.
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Table 188 Decays to a D(∗) and a light meson I [10−4]
Parameter Measurements Average

B(B̄0
s → D0K 0) LHCb [761]: 4.3 ± 0.5 ± 0.8 4.3 ± 0.9

B(B̄0
s → D∗0K 0) LHCb [761]: 2.8 ± 1.0 ± 0.5 2.8 ± 1.1

B(B̄0
s → D0K ∗0) LHCb [762]: 4.72 ± 1.07 ± 0.96 4.72 ± 1.44

Table 189 Decays to a D(∗) and a light meson II [10−6]
Parameter Measurements Average

B(B̄0
s → D∗(2010)± π∓) LHCb [763]: <6.1 <6.1

B(B̄0
s → D0 f0(980)) LHCb [764]: <3.1 <3.1

Table 190 Relative decay rates I

Parameter Measurements Average

B(B̄0
s → D+

s π−)/B(B̄0 → D+π−) CDF [765]: 1.13 ± 0.08 ± 0.23 1.13 ± 0.25

B(B̄0
s → D+

s π+π−π−)/B(B̄0
s → D+

s π−) LHCb [616]: 2.01 ± 0.37 ± 0.20 2.01 ± 0.42

B(B̄0
s → D+

s π+π−π−)/B(B̄0 → D+π+π−π−) CDF [765]: 1.05 ± 0.10 ± 0.22 1.05 ± 0.24

B(B̄0
s → D0K ∗0)/B(B̄0 → D0ρ0) LHCb [762]: 1.48 ± 0.34 ± 0.19 1.48 ± 0.39

B(B̄0
s → D0K ∗0)/B(B̄0 → D0 K̄ ∗0) LHCb [766]: 7.8 ± 0.7 ± 0.7 7.8 ± 1.0

B(B̄0
s → D0K+π−)/B(B̄0 → D0π−π+) LHCb [618]: 1.18 ± 0.05 ± 0.12 1.18 ± 0.13

Table 191 Relative decay rates II [10−2]
Parameter Measurements Average

B(B̄0
s → D+

s K−)/B(B̄0
s → D+

s π−) LHCb [621]: 7.52 ± 0.15 ± 0.19 7.55 ± 0.24

CDF [767]: 9.7 ± 1.8 ± 0.9

B(B̄0
s → D∗+

s K−)/B(B̄0
s → D∗+

s π−) LHCb [760]: 6.8 ± 0.5 +0.3
−0.2 6.8 +0.6

−0.5

B(B̄0
s → D+

s K−π+π−)/B(B̄0 → D+
s π−π+π−) LHCb [617]: 5.2 ± 0.5 ± 0.3 5.2 ± 0.6

B(B̄0
s → D0φ(1020))/B(B̄0

s → D0K ∗0) LHCb [766]: 6.9 ± 1.3 ± 0.7 6.9 ± 1.5

[B(B̄0
s → D+

s1π
−) × B(D+

s1 → D+
s π−π+)]/B(B̄0 → D+

s π−π+π−) LHCb [617]: 0.40 ± 0.10 ± 0.04 0.40 ± 0.11

Fig. 152 Summary of the averages from Table 186
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Fig. 153 Summary of the averages from Table 187

Fig. 154 Summary of the averages from Table 188

Fig. 155 Summary of the averages from Table 189

Fig. 156 Summary of the averages from Table 190
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Fig. 157 Summary of the averages from Table 191

6.4.2 Decays to two open charm mesons

Averages of B̄0
s decays to two open charm mesons are shown in Tables 192, 193, 194 and Figs. 158, 159, 160.

Table 192 Absolute decay rates [10−2]
Parameter Measurements Average

B(B̄0
s → D+

s D−
s ) CDF [768]: 0.49 ± 0.06 ± 0.09 0.52 ± 0.09

Belle [20]: 0.58 +0.11
−0.09 ± 0.13

B(B̄0
s → D+

s D∗−
s ) LHCb [769]: 1.35 ± 0.06 ± 0.17

CDF [768]: 1.13 ± 0.12 ± 0.21 1.38 ± 0.17

Belle [20]: 1.76 +0.23
−0.22 ± 0.40

B(B̄0
s → D∗+

s D∗−
s ) LHCb [769]: 1.27 ± 0.08 ± 0.17

CDF [768]: 1.75 ± 0.19 ± 0.34 1.32 ± 0.18

Belle [20]: 1.98 +0.33
−0.31

+0.51
−0.50

B(B̄0
s → D(∗)+

s D(∗)−
s ) LHCb [769]: 3.05 ± 0.10 ± 0.39 3.19 ± 0.37

D0 [206]: 3.5 ± 1.0 ± 1.1

CDF [768]: 3.38 ± 0.25 ± 0.64

Belle [20]: 4.32 +0.42
−0.39

+1.04
−1.03

Table 193 Relative decay rates I

Parameter Measurements Average

B(B̄0
s → D−D+)/B(B̄0 → D−D+) LHCb [639]: 1.08 ± 0.20 ± 0.10 1.08 ± 0.22

B(B̄0
s → D−

s D+
s )/B(B̄0 → D−

s D+) LHCb [639]: 0.56 ± 0.03 ± 0.04 0.56 ± 0.05

Table 194 Relative decay rates II [10−2]
Parameter Measurements Average

B(B̄0
s → D+

s D−)/B(B0 → D+
s D−) LHCb [639]: 5.0 ± 0.8 ± 0.4 5.0 ± 0.9

B(B̄0
s → D̄0D0)/B(B− → D0D−

s ) LHCb [639]: 1.9 ± 0.3 ± 0.3 1.9 ± 0.4
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Fig. 158 Summary of the averages from Table 192

Fig. 159 Summary of the averages from Table 193

Fig. 160 Summary of the averages from Table 194

6.4.3 Decays to charmonium states

Averages of B̄0
s decays to charmonium states are shown in Tables 195, 196, 197, 198, 199 and Figs. 161, 162, 163, 164, 165.

Table 195 Absolute decay rates I [10−4]
Parameter Measurements Average

B(B̄0
s → J/ψη) Belle [770]: 5.10 ± 0.50 +1.17

−0.83 5.10 +1.27
−0.97

B(B̄0
s → J/ψη′) Belle [770]: 3.71 ± 0.61 +0.85

−0.60 3.71 +1.05
−0.85

B(B̄0
s → J/ψφ(1020)) LHCb [771]: 10.5 ± 0.1 ± 1.0 10.0 ± 0.9

CDF [683]: 9.3 ± 2.8 ± 1.7

Belle [772]: 12.5 ± 0.7 ± 2.3

B(B̄0
s → J/ψK 0K± π∓) LHCb [649]: 9.1 ± 0.6 ± 0.7 9.1 ± 0.9

B(B̄0
s → J/ψ f0(980)) × B( f0(980) → π+π−) Belle [28]: 1.16 +0.31

−0.19
+0.30
−0.25 1.16 +0.43

−0.32
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Table 196 Absolute decay rates II [10−5]
Parameter Measurements Average

B(B̄0
s → J/ψ K̄ 0) LHCb [773]: 3.66 ± 0.42 ± 0.37 3.61 ± 0.46

CDF [774]: 3.5 ± 0.6 ± 0.6

B(B̄0
s → J/ψK ∗0) LHCb [775]: 4.17 ± 0.18 ± 0.35 4.15 ± 0.40

CDF [774]: 8.3 ± 1.2 ± 3.6

B(B̄0
s → J/ψp p̄) LHCb [678]: <0.48 <0.48

B(B̄0
s → J/ψ f1(1285)) LHCb [671]: 7.14 ± 0.99 +0.93

−1.00 7.14 +1.36
−1.41

B(B̄0
s → J/ψK 0π+π−) LHCb [649]: <4.4 <4.4

B(B̄0
s → J/ψK 0K+K−) LHCb [649]: <1.2 <1.2

B(B̄0
s → J/ψ f0(1370)) × B( f0(1370) → π+π−) Belle [28]: 3.4 +1.1

−1.4
+0.9
−0.5 3.4 +1.4

−1.5

B(B̄0
s → J/ψ f1(1285)) × B( f1(1285) → π+π−π+π−) LHCb [671]: 0.785 ± 0.109 +0.089

−0.101 0.785 +0.141
−0.149

B(B̄0
s → J/ψγ ) LHCb [676]: <0.73 <0.73

Table 197 Relative decay rates I

Parameter Measurements Average

B(B̄0
s → J/ψη)/B(B̄0 → J/ψρ) LHCb [684]: 14.0 ± 1.2 +1.6

−1.8 14.0 +2.0
−2.2

B(B̄0
s → J/ψη′)/B(B̄0 → J/ψρ) LHCb [684]: 12.7 ± 1.1 +1.1

−0.9 12.7 +1.6
−1.4

B(B̄0
s → J/ψK 0

S K
± π∓)/B(B̄0 → J/ψπ+π−) LHCb [649]: 2.12 ± 0.15 ± 0.18 2.12 ± 0.23

Table 198 Relative decay rates II

Parameter Measurements Average

B(B̄0
s → J/ψη)/B(B̄0 → J/ψη′) Belle [770]: 0.73 ± 0.14 ± 0.02 0.73 ± 0.14

B(B̄0
s → J/ψη′)/B(B̄0

s → J/ψη) LHCb [684]: 0.90 ± 0.09 +0.06
−0.02 0.90 +0.11

−0.09

B(B̄0
s → J/ψ f ′

2)/B(B̄0
s → J/ψφ(1020)) LHCb [776]: 0.264 ± 0.027 ± 0.024 0.246 ± 0.031

D0 [777]: 0.19 ± 0.05 ± 0.04

B(B̄0
s → J/ψπ+π−)/B(B̄0

s → J/ψφ(1020)) LHCb [778]: 0.162 ± 0.022 ± 0.016 0.162 ± 0.027

B B̄0
s → ψ(2S)π+π−/B B̄0

s → J/ψπ+π− LHCb [686]: 0.34 ± 0.04 ± 0.03 0.34 ± 0.05

B(B̄0
s → ψ(2S)φ(1020))/B(B̄0

s → J/ψφ(1020)) LHCb [685]: 0.489 ± 0.026 ± 0.024

D0 [746]: 0.55 ± 0.11 ± 0.09 0.494 ± 0.034

CDF [779]: 0.52 ± 0.13 ± 0.07

B(B̄0
s → J/ψK 0

Sπ
+π−)/B(B̄0 → J/ψπ+π−) LHCb [649]: <0.10 <0.10

[B(B̄0
s → J/ψ f0(980)) × B( f0(980) → π+π−)]/

[B(B̄0
s → J/ψφ(1020))) × B(φ → K+K−)]

LHCb [778]: 0.252 +0.046
−0.032

+0.027
−0.033 0.207 ± 0.016 CL = 3.8 0/00

D0 [780]: 0.275 ± 0.041 ± 0.061

CMS [781]: 0.140 ± 0.008 ± 0.023

CDF [128]: 0.257 ± 0.020 ± 0.014
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Table 199 Relative decay rates III [10−2]
Parameter Measurements Average

B(B̄0
s → J/ψK 0

S)/B(B̄0 → J/ψK 0
S) LHCb [773]: 4.20 ± 0.49 ± 0.40 4.20 ± 0.63

B(B̄0
s → J/ψφ(1020)φ(1020))/B(B̄0

s → J/ψφ(1020)) LHCb [782]: 1.15 ± 0.12 +0.05
−0.09 1.15 +0.13

−0.15

B(B̄0
s → ψ(2S)K+π−)/B(B̄0 → ψ(2S)K+π−) LHCb [783]: 5.38 ± 0.36 ± 0.38 5.38 ± 0.52

B(B̄0
s → ψ(2S)K ∗0)/B(B̄0 → ψ(2S)K ∗0) LHCb [783]: 5.38 ± 0.57 ± 0.51 5.38 ± 0.77

B(B̄0
s → J/ψK 0

S K
+K−)/B(B̄0 → J/ψπ+π−) LHCb [649]: <2.7 <2.7

[B(B̄0
s → J/ψ f0(500)) × B( f0(500) → π+π−)]/

[B(B̄0
s → J/ψ f0(980))) × B( f0(500) → π+π−)]

LHCb [784]: <3.4 <3.4

Fig. 161 Summary of the averages from Table 195

Fig. 162 Summary of the averages from Table 196
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Fig. 163 Summary of the averages from Table 197

Fig. 164 Summary of the averages from Table 198

Fig. 165 Summary of the averages from Table 199
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Table 200 Decays to one charm baryon [10−4]
Parameter Measurements Average

B(B̄0
s → Λ+

c Λ̄π−) Belle [785]: 3.6 ± 1.1 +1.2
−1.2 3.6 +1.6

−1.7

Table 201 Decays to two charm baryons

Parameter Measurements Average

B(B̄0
s → Λ−

c Λ
+
c )/B(B̄0

s → D−D+
s ) LHCb [703]: <0.30 <0.30

6.4.4 Decays to charm baryons

Averages of B̄0
s decays to charm baryons are shown in

Tables 200 and 201.

6.5 Decays of B−
c mesons

Measurements of B−
c decays to charmed hadrons are summa-

rized in Sects. 6.5.1–6.5.2. Since the absolute cross-section
for B−

c meson production in any production environment is
currently not known, it is not possible to determine abso-
lute branching fractions. Instead, results are presented either
as ratios of branching fractions of different B−

c decays, or
are normalised to the branching fraction of the decay of a
lighter B meson (usually B−). In the latter case the mea-

Table 202 Relative decay rates I

Parameter Measurements Average

B(B−
c → J/ψD−

s )/B(B−
c → J/ψπ−) LHCb [786]: 2.90 ± 0.57 ± 0.24 3.09 ± 0.55

ATLAS [787]: 3.8 ± 1.1 ± 0.4

B(B−
c → J/ψD∗−

s /B(B−
c → J/ψD−

s ) ATLAS [787]: 2.8 +1.2
−0.8 ± 0.3 2.8 +1.2

−0.9

B(B−
c → J/ψD∗−

s /B(B−
c → J/ψπ−) ATLAS [787]: 10.4 ± 3.1 ± 1.6 10.4 ± 3.5

B(B−
c → J/ψπ+π−π−)/B(B−

c → J/ψπ−) LHCb [788]: 2.41 ± 0.30 ± 0.33

CMS [789]: 2.55 ± 0.80 +0.33
−0.33 2.44 ± 0.40

Table 203 Relative decay rates II

Parameter Measurements Average

B(B−
c → J/ψK−)/B(B−

c → J/ψπ−) LHCb [790]: 0.069 ± 0.019 ± 0.005 0.069 ± 0.020

B(B−
c → J/ψK−K+π−)/B(B−

c → J/ψπ−) LHCb [791]: 0.53 ± 0.10 ± 0.05 0.53 ± 0.11

B(B−
c → ψ(2S)π−)/B(B−

c → J/ψπ−) LHCb [792]: 0.268 ± 0.032 ± 0.009 0.268 ± 0.033

Table 204 Relative production times decay rates [10−3]
Parameter Measurements Average

[σ(B−
c ) × B(B−

c → J/ψπ−)]/[σ(B−) × B(B− → J/ψK−)] LHCb [793]: 6.83 ± 0.18 ± 0.09

LHCb [794]: 6.8 ± 1.0 ± 0.6 6.72 ± 0.19

CMS [789]: 4.8 ± 0.5 ± 0.6

sured quantity is the absolute or relative B−
c branching frac-

tion multiplied by the ratio of cross-sections (or, equivalently,
production fractions) of the B−

c and the lighter B meson.
It should be noted that the ratio of cross-sections for dif-

ferent b hadron species can depend on production environ-
ment, and on the fiducial region accessed by each exper-
iment. While this has been studied for certain b hadron
species (see Sect. 3.1), there is currently little published data
that would allow to investigate the effect for B−

c mesons.
Therefore, we do not attempt to apply any correction for this
effect.

6.5.1 Decays to charmonium states

Averages of B−
c decays to charmonium states are shown in

Tables 202, 203, 204, 205 and Figs. 166, 167.

6.5.2 Decays to a B meson

Averages of B−
c decays to a B meson are shown in Table 206.

6.6 Decays of b baryons

Measurements of b baryons decays to charmed hadrons
are summarized in Sects. 6.6.1–6.6.3. Comments regard-
ing the production rates of B̄0

s and B−
c mesons relative

to lighter B mesons, in Sects. 6.4 and 6.5 respectively,
are also appropriate here. Specifically, since the cross-
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Table 205 Decay rates times relative production rates [10−6]
Parameter Measurements Average

[σ(B−
c )/σ (B−)] × B(B−

c → χc0π
−) LHCb [795]: 9.8 +3.4

−3.0 ± 0.8 9.8 +3.5
−3.1

Fig. 166 Summary of the averages from Table 202

Fig. 167 Summary of the averages from Table 203

Table 206 Decays to B0
s meson [10−3]

Parameter Measurements Average

[σ(B+
c )/σ (B0

s )] × B(B+
c → B0

s π
+) LHCb [796]: 2.37 ± 0.31 +0.20

−0.17 2.37 +0.37
−0.35

Table 207 Relative decay rates to D0 mesons

Parameter Measurements Average

B(Λ0
b → D0 pK−)/B(Λ0

b → D0 pπ−) LHCb [797]: 0.073 ± 0.008 +0.005
−0.006 0.073 +0.009

−0.010

[B(Λ0
b → D0 pπ−) × B(D0 → K+π−)]/

[B(Λ0
b → Λ+

c π
−) × B(Λ+

c → pK−π+)]
LHCb [797]: 0.0806 ± 0.0023 ± 0.0035 0.0806 ± 0.0042

[ fΞ0
b

× B(Ξ0
b → D0 pK−)]/[ fΛ0

b
× B(Λ0

b → D0 pK−)] LHCb [797]: 0.44 ± 0.09 ± 0.06 0.44 ± 0.11

section for production of Λ0
b baryons is reasonably well-

known, it is possible to determine absolute or relative branch-
ing fractions for its decays (although some older measure-
ments are presented as products involving the cross-section).
The cross-sections for production of heavier b baryons
are not known, and therefore measured quantities are pre-
sented as absolute or relative branching fraction multiplied
by a ratio of cross-sections (or, equivalently, production
fractions).

6.6.1 Decays to a single open charm meson

Averages of b baryons decays to a single open charm meson
are shown in Table 207 and Fig. 168.

6.6.2 Decays to charmonium states

Averages of b baryons decays to charmonium states are
shown in Tables 208, 209, 210, 211, 212 and Figs. 169, 170,
171.
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Fig. 168 Summary of the averages from Table 207

Table 208 Λ0
b decays to charmonium [10−4]

Parameter Measurements Average

B(Λ0
b → J/ψpK−) LHCb [798]: 3.17 ± 0.04 +0.46

−0.29 3.17 +0.46
−0.29

B(Λ0
b → J/ψΛ) CDF [799]: 4.7 ± 2.1 ± 1.9 4.7 ± 2.8

Table 209 fb times Λ0
b decay to charmonium [10−5]

Parameter Measurements Average

fΛb × B(Λ0
b → J/ψΛ) D0 [800]: 6.01 ± 0.60 ± 0.64 6.01 ± 0.88

Table 210 Relative Λ0
b decay rates

Parameter Measurements Average

B(Λ0
b → ψ(2S)Λ)/B(Λ0

b → J/ψΛ) ATLAS [801]: 0.501 ± 0.033 ± 0.019 0.501 ± 0.038

B(Λ0
b → J/ψpπ−)/B(Λ0

b → J/ψpK−) LHCb [802]: 0.0824 ± 0.0025 ± 0.0042 0.0824 ± 0.0049

B(Λ0
b → J/ψπ+π− pK−)/B(Λ0

b → J/ψpK−) LHCb [803]: 0.2086 ± 0.0096 ± 0.0134 0.2086 ± 0.0165

B(Λ0
b → ψ(2S)pK−)/B(Λ0

b → J/ψpK−) LHCb [803]: 0.2070 ± 0.0076 ± 0.0059 0.2070 ± 0.0096

Table 211 Ξ−
b and �−

b decays to charmonium

Parameter Measurements Average

[σ(Ξ−
b ) × B(Ξ−

b → J/ψΞ−)]/[σ(Λ0
b) × B(Λ0

b → J/ψΛ)] CDF [45]: 0.167 +0.037
−0.025 ± 0.012 0.167 +0.039

−0.028

[σ(�−
b ) × B(�−

b → J/ψ�−)]/[σ(Λ0
b) × B(Λ0

b → J/ψΛ)] CDF [45]: 0.045 +0.017
−0.012 ± 0.004 0.045 +0.017

−0.013

Table 212 Parity violation in Λ0
b decays to charmonium

Parameter Measurements Average

αb(Λ
0
b → J/ψΛ) ATLAS [804]: 0.30 ± 0.16 ± 0.06 0.30 ± 0.17

Fig. 169 Summary of the averages from Table 208
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Fig. 170 Summary of the averages from Table 210

Fig. 171 Summary of the averages from Table 211

6.6.3 Decays to charm baryons

Averages of b baryons decays to charm baryons are shown in Tables 213, 214, 215, 216, 217 and Figs. 172, 173, 174, 175.

Table 213 Absolute decay rates [10−2]
Parameter Measurements Average

B(Λ0
b → Λ+

c π
−) LHCb [48]: 0.430 ± 0.003 +0.036

−0.035 0.430 +0.036
−0.035

B(Λ0
b → Λ+

c π
+π−π−) CDF [805]: 2.68 ± 0.29 +1.15

−1.09 2.68 +1.19
−1.12

Table 214 Relative decay rates to Λc I

Parameter Measurements Average

B(Λ0
b → Λ+

c π
−)/B(B̄0 → D+π−) CDF [806]: 3.3 ± 0.3 ± 1.2 3.3 ± 1.2

B(Λ0
b → Λ+

c π
+π−π−)/B(Λ0

b → Λ+
c π

−) LHCb [616]: 1.43 ± 0.16 ± 0.13

CDF [805]: 3.04 ± 0.33 +0.70
−0.55 1.55 ± 0.20

[B(Ξ0
b → Λ+

c K
−) × B(Λ+

c → pK−π+)]/
[B(Ξ0

b → D0 pK−) × B(D0 → K+π−)]
LHCb [797]: 0.57 ± 0.22 ± 0.21 0.57 ± 0.30

Table 215 Relative decay rates to Λc II [10−2]
Parameter Measurements Average

B(Λ0
b → Λ+

c K
−)/B(Λ0

b → Λ+
c π

−) LHCb [797]: 7.31 ± 0.16 ± 0.16 7.31 ± 0.23

B(Λ0
b → Λ+

c D−)/B(Λ0
b → Λ+

c D−
s ) LHCb [703]: 4.2 ± 0.3 ± 0.3 4.2 ± 0.4
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Table 216 Relative decay rates to excited or �c states

Parameter Measurements Average

[B(Λ0
b → Λc(2595)+π−) × B(Λc(2595)+ → Λ+

c π
+π−)]/B(Λ0

b → Λ+
c π

+π−π−) LHCb [616]: 0.044 ± 0.017 +0.006
−0.004 0.044 +0.018

−0.017

[B(Λ0
b → Λc(2625)+π−) × B(Λc(2625)+ → Λ+

c π
+π−)]/B(Λ0

b → Λ+
c π

+π−π−) LHCb [616]: 0.043 ± 0.015 ± 0.004 0.043 ± 0.016

[B(Λ0
b → �0

cπ
+π−) × B(�0

c → Λ+
c π

−)]/B(Λ0
b → Λ+

c π
+π−π−) LHCb [616]: 0.074 ± 0.024 ± 0.012 0.074 ± 0.027

[B(Λ0
b → �++

c π−π−) × B(�++
c → Λ+

c π
+)]/B(Λ0

b → Λ+
c π

+π−π−) LHCb [616]: 0.042 ± 0.018 ± 0.007 0.042 ± 0.019

Table 217 Ξb decay rates [10−4]
Parameter Measurements Average

[ fΞ−
b
/ fΛ0

b
] × B(Ξ−

b → Λ0
bπ

−) LHCb [807]: 5.7 ± 1.8 +0.8
−0.9 5.7 +2.0

−2.0

Fig. 172 Summary of the averages from Table 213

Fig. 173 Summary of the averages from Table 214

Fig. 174 Summary of the averages from Table 215
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Fig. 175 Summary of the averages from Table 216

7 B decays to charmless final states

This section provides branching fractions (BF), polarization
fractions, partial rate asymmetries (ACP ) and other observ-
ables of B decays to final states that do not contain charm
hadrons or charmonia mesons. The order of entries in the
tables corresponds to that in PDG2014 [327], and the quoted
RPP numbers are the PDG numbers of the corresponding
branching fractions. The asymmetry is defined as

ACP = Nb − Nb̄

Nb + Nb̄
, (220)

where Nb (Nb̄) is the number of hadrons containing a b (b̄)
quark decaying into a specific final state. This definition is
consistent with that of Eq. (104) in Sect. 4.2.1. Four dif-
ferent B0 and B+ decay categories are considered: charm-
less mesonic (i.e., final states containing only mesons), bary-
onic (only hadrons, but including a baryon-antibaryon pair),
radiative (including a photon or a lepton-antilepton pair)
and semileptonic/leptonic (including/only leptons). We also
include measurements of B0

s , B+
c and b-baryon decays. Mea-

surements supported with written documents are accepted in
the averages; written documents include journal papers, con-
ference contributed papers, preprints or conference proceed-
ings. In all the tables of this section, values in red (blue) are
new published (preliminary) results since PDG2014. Results
from ACP measurements obtained from time-dependent
analyses are listed and described in Sect. 4.

Most of the branching fractions from BaBar and Belle
assume equal production of charged and neutral B pairs. The
best measurements to date show that this is still a reasonable
approximation (see Sect. 3). For branching fractions, we pro-
vide either averages or the most stringent upper limits. If one
or more experiments have measurements with > 4σ for a
decay channel, all available central values for that channel
are used in the averaging. We also give central values and
errors for cases where the significance of the average value
is at least 3σ , even if no single measurement is above 4σ . For
ACP we provide averages in all cases. At the end of some of
the tables we give a list of results that were not included.
Typical cases are the measurements of distributions, such

as differential branching fractions or longitudinal polariza-
tions, which are measured in different binning schemes by
the different collaborations, and thus cannot be directly used
to obtain averages.

Our averaging is performed by maximizing the likelihood,
L = ∏i Pi (x), where Pi is the probability density function
(PDF) of the i th measurement, and x is, e.g., the branch-
ing fraction or ACP . The PDF is modelled by an asymmet-
ric Gaussian function with the measured central value as its
most probable value and the quadratic sum of the statistical
and systematic errors as the standard deviation. The experi-
mental uncertainties are considered to be uncorrelated with
each other when the averaging is performed. As mentioned
in Sect. 2, no error scaling is applied when the fitχ2 is greater
than 1, except for cases of extreme disagreement (at present
we have no such cases).

The largest improvement since the last report has come
from the inclusion of a variety of new measurements from
the LHC, especially LHCb. The measurements of B0

s decays
are particularly noteworthy.

Sections 7.1 and 7.2 provide compilations of branching
fractions of B0 and B+ to mesonic and baryonic charm-
less final states, respectively, while Sect. 7.3 gives branching
fractions of b-baryon decays. In Sects. 7.4 and 7.5 various
observables of interest are given in addition to branching
fractions: in the former, branching fractions of B0

s -meson
charmless decays, and in the latter observables related to
leptonic and radiative B0 and B+ meson decays, including
processes in which the photon yields a pair of charged or neu-
tral leptons. Section 7.5 also reports limits from searches for
lepton-flavor/number-violating decays. Sections 7.6 and 7.7
give CP asymmetries and results of polarization measure-
ments, respectively, in various b-hadron charmless decays.
Finally, Sect. 7.8 gives branching fractions of B+

c meson
decays to charmless final states.

7.1 Mesonic decays of B0 and B+ mesons

This section provides branching fractions of charmless
mesonic decays: Tables 218, 219 and 220 for B+ and
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Tables 221, 222, 223 and 224 for B0 mesons. The tables
are separated according to the presence or absence of kaons
in the final state. Finally, Table 225 details several relative
branching fractions of B0 decays.

Figure 176 gives a graphic representation of a selection of
high-precision branching fractions given in this section. Foot-
note symbols indicate that the footnote in the corresponding
table should be consulted.

7.2 Baryonic decays of B+ and B0 mesons

This section provides branching fractions of charmless
baryonic decays of B+ and B0 mesons in Tables 226
and 227, respectively. Relative branching fractions are given
in Table 228.

Figures 177 and 178 show graphic representations of a
selection of results given in this section. Footnote symbols
indicate that the footnote in the corresponding table should
be consulted.

7.3 Decays of b baryons

A compilation of branching fractions of Λ0
b baryon decays is

given in Table 229. Table 230 provides the partial branch-
ing fractions of Λ0

b → Λμ+μ− decays. A compilation
of branching fractions of Ξ0

b baryon decays is given in
Table 231.

Figure 179 shows a graphic representation of branching
fractions of Λ0

b decays. Footnote symbols indicate that the
footnote in the corresponding table should be consulted.

List of other measurements that are not included in the
tables:

• In Ref. [928], LHCb provides a measurement of the dif-
ferential Λ0

b → Λμ+μ− branching fraction. It is given
in bins ofm2(μ+μ−) that are different from those used in
the past by the LHCb and CDF collaborations (see table
of differential branching fractions).

• In the paper [929], LHCb measures the ratios

σ(pp → Ξ ′−
b X)B(Ξ ′−

b → Ξ0
bπ

−)

σ (pp → Ξ0
b X)

,

σ (pp → Ξ ′−
b X)B(Ξ∗−

b → Ξ0
bπ

−)

σ (pp → Ξ ′−
b X)B(Ξ ′−

b → Ξ0
bπ

−)
.

• In the paper [930], LHCb measures the ratio

σ(pp → Ξ∗−
b X)B(Ξ∗−

b → Ξ0
bπ

−)

σ (pp → Ξ0
b X)

.
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Fig. 176 Selection of high-precision charmless mesonic B meson
branching fraction measurements

7.4 Decays of B0
s mesons

Tables 232 and 233 detail branching fractions and relative
branching fractions of B0

s meson decays, respectively.
Figures 180 and 181 show graphic representations of a

selection of results given in this section. Footnote symbols
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indicate that the footnote in the corresponding table should
be consulted.

List of other measurements that are not included in the
tables:

• B0
s → φμ+μ− : LHCb measures the differential BF in

bins of m2(μ+μ−). It also performs an angular analysis
and measures FL , S3, S4, S7, A5, A6, A8 and A9 in bins
of m2(μ+μ−) [948].

• B0
s → φγ : LHCb has measured the photon polariza-

tion [407].

7.5 Radiative and leptonic decays of B0 and B+ mesons.

This section reports different observables for leptonic and
radiative B0 and B+ meson decays, including processes in
which the photon yields a pair of charged or neutral leptons.
Tables 234 and 235 provide compilations of branching frac-
tions of B+mesons to radiative, and lepton-flavor/number-
violating final states, respectively. Tables 236 and 237 pro-
vide compilations of branching fractions of B0 mesons, and
B ± /B0 meson admixture, respectively. Table 238 contains
branching fractions of leptonic and radiative-leptonic B+ and
B0 decays. It is followed by Tables 239 and 240, which give
relative branching fractions of B+ decays and a compilations
of inclusive decays, respectively. Table 241 contains isospin
asymmetry measurements.

Figures 182, 183, 184, 185, 186 and 187 show graphic
representations of a selection of results given in this sec-
tion. Footnote symbols indicate that the footnote in the cor-
responding table should be consulted.

List of other measurements that are not included in the
tables:

• B+ → K+π−π+γ : LHCb has measured the up-down
asymmetries in bins of the Kππγ mass [1022].

• In Ref. [1023], LHCb has also measured the branch-
ing fraction of B+ → K+e−e+ in the m2(��) bin
[1, 6] GeV2/c4.

• In the B+ → π+μ+μ− paper [966], LHCb has also
measured the differential branching fraction in bins of
m2(��).

• For B → K�−�+, LHCb has measured FH and AFB in
17 (5) bins ofm2(��) for the K+ (K 0

S) final state [1024].
Belle has measured FL and AFB in 6m2(��)bins [1025].

• For the B → K ∗�−�+ analyses, partial branching frac-
tions and angular observables in bins of m2(��) are also
available:

– B0 → K ∗0e−e+ : LHCb has measured FL , A(2)
T ,

AIm
T , ARe

T in the [0.002, 1.120]GeV2/c4 bin of m2(��)

[1026], and has also determined the branching frac-
tion in the dilepton mass region [10, 1000]MeV/c2

[1023].

– B → K ∗�−�+ : Belle has measured FL , AFB, isospin
asymmetry in 6 m2(��) bins [970] and P ′

4, P ′
5, P ′

6, P ′
8

in 4 m2(��) bins [1025]. BaBar has measured FL ,
AFB, P2 in 5 m2(��) bins [1027].

– B0 → K ∗0μ−μ+ : LHCb has measured FL , AFB,
S3 − S9, A3 − A9, P1 − P3, P ′

4 − P ′
8 in 8 m2(��)

bins [1028]. CMS has measured FL and AFB in 7
m2(��) bins [1029].

• For B → Xs�
−�+ (Xs is a hadronic system with an s

quark), Belle has measured AFB in bins of m2(��) with a
sum of 10 exclusive final states [1030].

• B0 → K+π−μ+μ−, with 1330 < m(K+π−) <

1530 GeV/c2: LHCb has measured the partial branch-
ing fraction in bins of m2(μ−μ+) in the range [0.1, 8.0]
GeV2/c4, and has also determined angular moments [1031].

7.6 Charge asymmetries in b-hadron decays

This section contains, in Tables 242, 243, 244, 245, 246 247,
compilations of CP asymmetries in decays of various b-
hadrons: B+, B0 mesons, B ± /B0 admixtures, B0

s mesons
and finallyΛ0

b baryons. Measurements of time-dependentCP
asymmetries are not listed here but are discussed in Sect. 4.

Figure 188 shows a graphic representation of a selection
of results given in this section. Footnote symbols indicate that
the footnote in the corresponding table should be consulted.

List of other measurements that are not included in the
tables:

• In the paper [1044], LHCb has measured the triple-
product asymmetries for the decays Λ0

b → pπ−π+π−
and Λ0

b → pπ−K+K−.

7.7 Polarization measurements in b-hadron decays

In this section, compilations of polarization measurements in
b-hadron decays are given. Tables 248 (249) details measure-
ments of the longitudinal fraction, fL , in B+ (B0) decays,
and Tables 250 (251) the results of the full angular anal-
yses of B+ (B0) → φK ∗ decays. Table 252 gives results
of the full angular analysis of B0 → φK ∗0

2 (1430) decays.
Tables 253, 254 and 255 detail quantities of B0

s decays: fL
measurements, and observables from full angular analyses

of decays to φφ and φK
∗0

.
Figures 189 and 190 show graphic representations of a

selection of results shown in this section. Footnote symbols
indicate that the footnote in the corresponding table should
be consulted (Table 256).

7.8 Decays of B+
c mesons

Table 257 details branching fractions of B+
c meson decays

to charmless hadronic final states.
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Table 229 Branching fractions of charmless Λ0
b decays in units of ×10−6. Upper limits are at 90% CL. Where values are shown in red (blue),

this indicates that they are new published (preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. CDF LHCb Our Avg.

19 pπ− 3.5±0.8±0.6 3.5±0.8±0.6 [921 3] .5±1.0

20 pK− 5.5±1.0±1.0 5.5±1.0±1.0 [921 5] .5±1.4

21 Λμ+μ− 1.73±0.42±0.55 1.73±0.42±0.55 [922] 0.96±0.16±0.25 [923] 1.08±0.27

Λη 9.3+7.3
−5.3

¶ [924] 9.3+7.3
−5.3

Λη < 3. [1 924] < 3.1

Λφ 5.18±1.04±0.35+0.67
−0.62

‡ [925] 5.18+1.29
−1.26

K̄ 0 pπ− 1.26±0.19±0.09±0.34±0.05 § [926] 1.26±0.40

K 0 pK− < 3. [5 926] < 3.5

Λπ+π− 4.6±1.2±1.4±0.6 † [927] 4.6±1.9

ΛK+π− 5.6±0.8±0.8±0.7 † [927] 5.6±1.3

ΛK+K− 15.9±1.2±1.2±2.0 † [927] 15.9±2.6

†

§

¶

‡

Table 230 Partial branching fractions of Λ0
b → μ+μ− decays in intervals of q2 = m2(μ+μ−) in units of ×10−6. Where values are shown in

red (blue), this indicates that they are new published (preliminary) results since PDG2014

RPP# Mode q2 [GeV2/c4] † PDG2014 Avg. CDF LHCb Our Avg.

21 Λμ+μ− ‡ < 2.0 0.15±2.01±0.05 0.15±2.01±0.05 [922 .56±0.76±0.80 [923] 0.41±0.87

Λμ+μ− [2.0, 4.3] 1.8±1.7±0.6 1.8±1.7±0. .71±0.60±0.10 0.91±0.55

Λμ+μ− [4.3, 8.68] −0.2±1.6±0.1 −0.2±1.6±0. .66±0.72±0.16 0.40±0.62

Λμ+μ− [10.09, 12.86] 3.0±1.5±1.0 3.0±1.5±1. .55±0.58±0.55 1.96±0.68

Λμ+μ− [14.18, 16.00] 1.0±0.7±0.3 1.0±0.7±0. .44±0.44±0.42 1.19±0.40

Λμ+μ− > 16.00 7.0±1.9±2.2 7.0±1.9±2.

] 0

6 0

1 0

0 1

3 1

2 4.7±0.8±1.2 5.5±1.2

†

‡

Table 231 Branching fractions of charmless Ξ0
b decays in units of

×10−6. Upper limits are at 90% CL. Where values are shown in red
(blue), this indicates that they are new published (preliminary) results
since PDG2014

RPP# Mode PDG2014 Avg. LHCb Our Avg.

Λπ+π− 927] < 1.7

ΛK+π− 927] < 0.8

ΛK+K− 927] < 0.3

K̄ 0 pπ− 926] < 1.6

K̄ 0 pK−

< 1.7 [

< 0.8 [

< 0.3 [

< 1.6 [

< 1.1 [926] < 1.1

Results for LHCb are relative BFs converted to absolute BFs

Branching Fractions of Charmless Λb Decays
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CDF

Our Avg.

HFLAV

November 2016

Branching Fraction × 10−6
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Λη

Λφ
K̄0pπ−

K0pK−
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100.00.30.0

Fig. 179 Branching fractions of charmless Λ0
b decays
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Table 235 Branching fractions of charmless semileptonic B+ decays to LFV and LNV final states in units of ×10−6.
Upper limits are at 90% CL. Where values are shown in red (blue), this indicates that they are new published
(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. BaBar LHCb Our Avg.

484 π+e±μ∓ < 0.17 < 0.17 [976] < 0.17

485 π+e+τ− < 74 < 74 [977] < 74

486 π+e−τ+ < 20 < 20 [977] < 20

487 π+e±τ∓ < 75 < 75 [977] < 75

488 π+μ+τ− < 62 < 62 [977] < 62

489 π+μ−τ+ < 45 < 45 [977] < 45

490 π+μ±τ∓ < 72 < 72 [977] < 72

491 K+e+μ− < 0.091 < 0.091 [978] < 0.091

492 K+e−μ+ < 0.13 < 0.13 [978] < 0.13

493 K+e±μ∓ < 0.091 < 0.091 [978] < 0.091

494 K+e+τ− < 43 < 43 [977] < 43

495 K+e−τ+ < 15 < 15 [977] < 15

496 K+e±τ∓ < 30 < 30 [977] < 30

497 K+μ+τ− < 45 < 45 [977] < 45

498 K+μ−τ+ < 28 < 28 [977] < 28

499 K+μ±τ∓ < 48 < 48 [977] < 48

500 K ∗+e+μ− < 1.3 < 1.3 [978] < 1.3

501 K ∗+e−μ+ < 0.99 < 0.99 [978] < 0.99

502 K ∗+e±μ∓ < 1.4 < 1.4 [978] < 1.4

503 π−e+e+ < 0.023 < 0.023 [979] < 0.023

504 π−μ+μ+ < 0.013 < 0.107 [979] < 0.004 †

†

[980] < 0.004

505 π−e+μ+ < 0.15 < 0.15 [981] < 0.15

506 ρ−e+e+ < 0.17 < 0.17 [981] < 0.17

507 ρ−μ+μ+ < 0.42 < 0.42 [981] < 0.42

508 ρ−e+μ+ < 0.47 < 0.47 [981] < 0.47

509 K−e+e+ < 0.03 < 0.03 [979] < 0.03

510 K−μ+μ+ < 0.041 < 0.067 [979] < 0.041 [982] < 0.041

511 K−e+μ+ < 0.16 < 0.16 [981] < 0.16

512 K ∗−e+e+ < 0.40 < 0.40 [981] < 0.40

513 K ∗−μ+μ+ < 0.59 < 0.59 [981] < 0.59

514 K ∗−e+μ+ < 0.30 < 0.30 [981] < 0.30
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Branching Fractions of b → sl+l− Decays
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Our Avg.
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Fig. 182 Branching fractions of b → s�+�− decays

Branching Fractions of b → l+l−(l+l−), l+l−γ, dl+l− Decays
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Fig. 183 Branching fractions of b → �+�−(�+�−), �+�−γ and b →
d�+�− decays

Xl+l− Modes with an Inclusive Lepton Pair &/or Inclusive X
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Fig. 184 X�+�− modes with an inclusive lepton pair and/or inclusive
X
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Limits on Lepton Flavor Violating Decays
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Fig. 185 Limits on lepton-flavor-violating decays

Limits on Lepton Number Violating Decays

LHCb
BaBar

Our Avg.

HFLAV

November 2016

Branching Fraction × 10−6
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Fig. 186 Limits on lepton-number-violating decays
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Branching Fractions of Charmless B Decays with Neutrinos
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BaBar

Our Avg.

HFLAV

November 2016

Branching Fraction × 10−6
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Fig. 187 Branching fractions of charmless B decays with neutrinos
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Table 245 CP asymmetries of charmless hadronic decays of B± /B0 admixture. Where values are shown in red (blue), this indicates that they are
new published (preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. BaBar .gvAruOelleB

65 K ∗γ −0.003±0.017 † −0.003±0.017±0.007 [951] −0.015±0.044±0.012 [952] −0.005±0.017

77 sγ −0.008±0.029 0.017±0.019±0.010 ‡ [1041] 0.002±0.050±0.030 [1042] 0.015±0.020

(s + d)γ −0.01±0.05 0.057±0.060±0.018 §

†
‡

§

[989] 0.022±0.039±0.009 [1032] 0.032±0.034

80 sη −0.13+0.04
−0.05 −0.13±0.04+0.02

−0.03 [1017] −0.13+0.04
−0.05

86 π+X 0.10±0.17 0.10±0.16±0.05 [1021 0] .10±0.17

121 s −0.22±0.26 0.04±0.11±0.01 [994 0] .04±0.11

126 K ∗e+e− −0.18±0.15 −0.18±0.15±0.01 [970] −0.18±0.15

128 K ∗μ+μ− −0.03±0.13 −0.03±0.13±0.02 [970] −0.03±0.13

129 K −0.03±0.14±0.01 [995] −0.03±0.14

130 K ∗ −0.04±0.07 0.03±0.13±0.01 ¶

¶

[995] −0.10±0.10±0.01 [970] −0.05±0.08

988 1043

Table 246 CP asymmetries of charmless hadronic B0
s decays. Where values are shown in red (blue), this indicates that they are new published

(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. CDF LHCb Our Avg.

52 π+K− 0.28±0.04 0.22±0.07±0.02 [1038] 0.27±0.04±0.01 [1039] 0.26±0.04

Table 247 CP asymmetries of charmless hadronic Λ0
b decays. Where values are shown in red (blue), this indicates that they are new published

(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. CDF LHCb Our Avg.

21 pπ− 0.03±0.18 0.06±0.07±0.03 [1038 0] .06±0.08

22 pK− 0.37±0.17 −0.10±0.08±0.04 [1038] −0.10±0.09

K
0
pπ− 0.22±0.13±0.03 [926] 0.22±0.13

ΛK+π− −0.53±0.23±0.11 [927] −0.53±0.26

ΛK+K− −0.28±0.10±0.07 [927] −0.28±0.12
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ACP of Most Precisely Measured Modes

LHCb
CDF
Belle
BaBar

Our Avg.

HFLAV

November 2016

ACP

+

π+π−π+

K0π+π−
ρ+ρ0
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φK∗0

ωK+

+
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ηπ

ωπ
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K∗0π+

π+π0
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K∗
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K+π0
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η K+

K∗γ

K∗0γ
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K0π+
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0.40.0-0.4

Fig. 188 ACP of most precisely measured modes

Table 248 Longitudinal polarizat ion fraction fL for B+ decays. Where values are shown in red (blue), this indicates that they are new published
(preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. BaBar Belle Our Avg.

282 ωK ∗+ 0.41±0.18±0.05 0.41±0.18±0.05 [822 0] .41±0.19

285 ωK ∗
2 (1430)+ 0.56±0.10±0.04 0.56±0.10±0.04 [822 0] .56±0.11

312 K ∗+ρ0 0.78±0.12±0.03 0.78±0.12±0.03 [832 0] .78±0.12

316 K ∗0ρ+ 0.48±0.08 0.52±0.10±0.04 [1034] 0.43±0.11+0.05
−0.02 [1045] 0.48±0.08

338 K ∗+K
∗0

0.75+0.16
−0.26±0.03 0.75+0.16

−0.26±0.03 [843 0] .75+0.16
−0.26

349 φK ∗+ 0.50±0.05 0.49±0.05±0.03 [848] 0.52±0.08±0.03 [1035] 0.50±0.05

351 φK1(1270)+ 0.46+0.12+0.06
−0.13−0.07 0.46+0.12+0.06

−0.13−0.07 [850 0] .46+0.13
−0.15

355 φK ∗
2 (1430)+ 0.80+0.09

−0.10±0.03 0.80+0.09
−0.10±0.03 [850 0] .80±0.10

391 ρ+ρ0 0.950±0.016 0.950±0.015±0.006 [421] 0.95±0.11±0.02 [860] 0.950±0.016

396 ωρ+ 0.90±0.05±0.03 0.90±0.05±0.03 [822 0] .90±0.06
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Table 252 Results of the full angular analyses of B0 → φK ∗0
2 (1430) decays. Where values are shown in red (blue), this indicates that they

are new published (preliminary) results since PDG2014

Parameter PDG2014 Avg. BaBar Belle Our Avg.

f⊥ = Λ⊥⊥ 0.027+0.031
−0.025 0.002+0.018

−0.002±0.031 [391] 0.056+0.050
−0.035±0.009 [892] 0.027+0.027

−0.024

φ 4.0±0.4 3.96±0.38±0.06 3.76±2.88±1.32 3.96±0.38

φ⊥ 4.5±0. 44 .45+0.43
−0.38±0.13 4.45+0.45

−0.40

δ0 3.46±0.14 3.41±0.13±0.13 3.53±0.11±0.19 3.46±0.14

A0
CP −0.03±0.04 −0.05±0.06±0.01 −0.016+0.066

−0.051±0.008 −0.032+0.043
−0.038

A⊥
CP 0.0+0.9

−0.7 −0.01+0.85
−0.67±0.09 −0.01+0.85

−0.68

−0.9±0.4 −1.00±0.38±0.09 −0.02±1.08±1.01 −0.94±0.38

⊥ −0.2±0.4 −0.19±0.42±0.11 −0.19±0.43

0 0.08±0.09 0.11±0.13±0.06 0.06±0.11±0.02 0.08±0.09

Angles (φ, δ) are in radians. BF, fL and ACP are tabulated separately

Table 253 Longitudinal polarization fraction fL for B0
s decays. Where values are shown in red (blue), this indicates that they are new

published (preliminary) results since PDG2014

RPP# Mode PDG2014 Avg. CDF LHCb Our Avg.

51 φφ 0.361±0.022 0.348±0.041±0.021 [932] 0.365±0.022±0.012 [1046] 0.361±0.022

59 K ∗0K
∗0

0.31±0.13 0.201±0.057±0.040 [935] 0.201±0.070

60 φK
∗0

0.51±0.17 0.51±0.15±0.07 [936] 0.51±0.17

Table 254 Results of the full angular analyses of B0
s → φφ decays. Where values are shown in red (blue), this indicates that they are new

published (preliminary) results since PDG2014

Parameter PDG2014 Avg. CDF LHCb Our Avg.

f⊥ = Λ⊥⊥ 0.306±0.030 0.365±0.044±0.027 [932] 0.291±0.024±0.010 [1046] 0.306±0.023

φ 2.59±0.15 2.71+0.31
−0.36±0.22 2.57±0.15±0.06 2.59±0.15

The parameter φ is in radians. BF, fL and ACP are tabulated separately

Table 255 Results of the full angular analyses of B0
s → φK

∗0
decays. Where values are shown in red (blue),

this indicates that they are new published (preliminary) results since PDG2014

Parameter PDG2014 Avg. LHCb Our Avg.

f⊥ = Λ⊥⊥ 0.28±0.12±0.03 [936] 0.28±0.12

f0 0.51±0.15±0.07 0.51±0.17

f 0.21±0.11 0.21±0.11±0.02 0.21±0.11

φ † 1.75±0.53±0.29 1.75+0.59+0.38
−0.53−0.30 1.75+0.70

−0.61

The parameter φ is in radians. BF, fL and ACP are tabulated separately.
† Converted from the measurement of cos(φ ). PDG takes the smallest resulting asymmetric error as parabolic
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Longitudinal Polarization Fraction in Charmless B Decays
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Fig. 189 Longitudinal polarization fraction in charmless B decays

Table 256 Results of the full angular analyses of B0
s → K ∗0K

∗0
decays. Where values are shown in red

(blue), this indicates that they are new published (preliminary) results since PDG2014

Parameter PDG2014 Avg. LHCb Our Avg.

fL 0.31±0.12±0.04 0.201±0.057±0.040 [935] 0.201±0.070

f 0.215±0.046±0.015 0.215±0.048

|A+
s |2 0.114±0.037±0.023 0.114±0.044

|A−
s |2 0.485±0.051±0.019 0.485±0.054

|Ass |2 0.066±0.022±0.007 0.066±0.023

δ 5.31±0.24±0.14 5.31±0.28

δ⊥ − δ+
s 1.95±0.21±0.04 1.95±0.21

δ−
s 1.79±0.19±0.19 1.79±0.27

δss 1.06±0.27±0.23 1.06±0.35

Table 257 Relative branching fractions of B+
c decays. Where values are shown in red (blue), this indicates that they are new published

(preliminary) results since PDG2014

RPP# Mode PDG2014 AVG. LHCb Our Avg.

fcB(B+
c → K+K 0)/ fuB(B+ → K 0

Sπ
+) ‡ < 5.8 × 10−2 [838] < 5.8 × 10−2

fcB(B+
c → p p̄π+)/ fu < 2.8 × 10−8 [1047] < 2.8 × 10−8

σ(B+
c )B(B+

c → K+K−π+)/σ (B+) † < 15 × 10−8 [795] < 15 × 10−8

† Measured in the annihilation region m(K−π+) < 1.834GeV/c2.
‡ PDG converts the LHCb result to fcB(B+

c → K+K 0) < 4.6 × 10−7

Longitudinal Polarization Fraction in Charmless Bs Decays

LHCb
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HFLAV

November 2016

fL

K∗0K
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φ

φφ

K
∗0

0.70.0  1.4

Fig. 190 Longitudinal polarization fraction in charmless B0
s decays
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8 Charm physics

8.1 D0-D̄ 0 mixing and CP violation

8.1.1 Introduction

In 2007 Belle [1048] and BaBar [1049] obtained the
first evidence of D0-D̄ 0 mixing, for which experiments
had searched for more than two decades. These results
were later confirmed by CDF [1050] and more recently by
LHCb [1051]. There are now numerous measurements of D0-
D̄ 0 mixing with various levels of sensitivity. All measure-
ments are input into a global fit to determine world average
values of mixing parameters, CP-violation (CPV ) parame-
ters, and strong phase differences.

Our notation is as follows. The mass eigenstates are
denoted

D1 = p|D0〉 − q|D̄ 0〉 (221)

D2 = p|D0〉 + q|D̄ 0〉, (222)

where we use the convention [1052] CP|D0〉 = −|D̄ 0〉 and
CP|D̄ 0〉 = −|D0〉. Thus in the absence of CP violation,
D1 is CP-even and D2 is CP-odd. The weak phase φ is
defined as Arg(q/p). The mixing parameters are defined as
x ≡ (m1 −m2)/� and y ≡ (�1 −�2)/(2�), where m1, m2
and �1, �2 are the masses and decay widths for the mass
eigenstates, and � ≡ (�1 + �2)/2.

The global fit determines central values and errors for ten
underlying parameters. These consist of the mixing param-
eters x and y; indirect CPV parameters |q/p| and φ; the
ratio of decay rates RD ≡ [�(D0 → K+π−) + �(D̄ 0 →
K−π+)]/[�(D0 → K−π+) + �(D̄ 0 → K+π−)]; direct
CPV asymmetries AD , AK , and Aπ in D0 → K+π−,
K+K−, and π+π− decays, respectively; the strong phase
difference δ between D̄ 0 → K−π+ and D0 → K−π+
amplitudes; and the strong phase difference δKππ between
D̄ 0 →K−ρ+ and D0 →K−ρ+ amplitudes.

The fit uses 50 observables from measurements of D0 →
K+�−ν̄, D0 → K+K−, D0 → π+π−, D0 → K+π−,
D0 → K+π−π0, D0 → K 0

S π
+π−, D0 → π0 π+π−,

D0 → K 0
S K

+K−, and D0 → K+π−π+π− decays,37

and from double-tagged branching fractions measured at the
ψ(3770) resonance. The relationships between the measured
observables and the fitted parameters are given in Table 258.
Correlations among observables are accounted for by using
covariance matrices provided by the experimental collabo-
rations. Errors are assumed to be Gaussian, and systematic
errors among different experiments are assumed to be uncor-
related unless specific correlations have been identified. We
have checked this method with a second method that adds

37 Charge-conjugate modes are implicitly included.

together three-dimensional log-likelihood functions for x ,
y, and δ obtained from several analyses; this combination
accounts for non-Gaussian errors. When both methods are
applied to the same set of measurements, equivalent results
are obtained.

Mixing in the D0, B0, and B0
s heavy flavor systems is

governed by a short-distance box diagram. In the D0 sys-
tem, this diagram is doubly-Cabibbo-suppressed relative to
amplitudes dominating the decay width. In addition, because
the d and s quark masses are sufficiently close, this diagram
is also GIM-suppressed. Thus the short-distance mixing rate
is extremely small, and D0-D̄ 0 mixing is expected to be
dominated by long-distance processes. These are difficult to
calculate, and theoretical estimates for x and y range over
three orders of magnitude (up to the percent level) [1053–
1056].

Almost all methods besides that of the ψ(3770) → DD
measurements [1057] identify the flavor of the D0 or D̄ 0

when produced by reconstructing the decay D∗+ → D0π+
or D∗− → D̄ 0π−. The charge of the pion, which has low
momentum relative to that of the D0 and is often referred
to as the “soft” pion, identifies the D flavor. For this decay
MD∗ − M

D0 − M
π+ ≡ Q ≈ 6 MeV, which is close to

the kinematic threshold; thus analyses typically require that
the reconstructed Q be small to suppress backgrounds. An
LHCb measurement [1058] of the difference between time-
integrated CP asymmetries ACP (K+K−) − ACP (π

+π−)

identifies the flavor of the D0 by partially reconstructing
B → D0μ−X decays (and charge-conjugates); in this case
the charge of the muon originating from the B decay identi-
fies the flavor of the D0.

For time-dependent measurements, the D0 decay time is
calculated as M

D0 × (�d · �p)/(cp2), where �d is the displace-

ment vector between the D∗ and D0 decay vertices, �p is the
reconstructed D0 momentum, and p and M

D0 are in GeV.
The D∗ vertex position is taken to be the intersection of the
D0 momentum vector with the beamspot profile for e+e−
experiments, and at the primary interaction vertex for p̄ p
and pp experiments [1050,1051].

8.1.2 Input observables

The global fit determines central values and errors for ten
underlying parameters using a χ2 statistic. The fitted param-
eters are x , y, RD , AD , |q/p|, φ, δ, δKππ , AK , and Aπ .
In the D → K+π−π0 Dalitz plot analysis [1059], the
phases of intermediate resonances in the D̄ 0 → K+π−π0

decay amplitude are determined relative to the phase for
A(D̄ 0 →K+ρ−), and the phases of intermediate resonances
for D0 →K+π−π0 are determined relative to the phase for
A(D0 → K+ρ−). As the D̄ 0 and D0 Dalitz plots are fit-
ted independently, the phase difference δKππ between the
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Table 258 Left: decay modes used to determine fitted parameters
x, y, δ, δKππ , RD, AD, AK , Aπ , |q/p|, and φ. Middle: the observ-
ables measured for each decay mode. Right: the relationships between

the observables measured and the fitted parameters. 〈t〉 is the mean
reconstructed decay time for D0 →K+K− or D0 →π+π− decays

Decay Mode Observables Relationship

D0 →K+K−/π+π− yCP A�

2yCP =
(

|q/p| + |p/q|
)
y cosφ

−
(

|q/p| − |p/q|
)
x sin φ

2A� =
(

|q/p| − |p/q|
)
y cosφ

−
(

|q/p| + |p/q|
)
x sin φ

D0 →K 0
S π

+π−
x
y

|q/p|
φ

D0 →K+�−ν RM RM = (x2 + y2)/2

D0 →K+π−π0 (Dalitz plot analysis)
x ′′
y′′

x ′′ = x cos δKππ + y sin δKππ

y′′ = y cos δKππ − x sin δKππ

“Double-tagged” branching fractions
measured in ψ(3770)→DD decays

RM
y
RD√

RD cos δ

RM = (x2 + y2)/2

D0 →K+π−
x ′2, y′

x ′2+, x ′2−
y′+, y′−

x ′ = x cos δ + y sin δ

y′ = y cos δ − x sin δ

AM ≡ (|q/p|4 − 1)/(|q/p|4 + 1)
x ′± = [(1 ± AM )/(1∓AM )]1/4

×(x ′ cosφ ± y′ sin φ)

y′± = [(1 ± AM )/(1∓AM )]1/4

×(y′ cosφ∓x ′ sin φ)

D0 →K+π−/K−π+ (time-integrated) �(D0 →K+π−) + �(D̄ 0 →K−π+)

�(D0 →K−π+) + �(D̄ 0 →K+π−)
RD

�(D0 →K+π−) − �(D̄ 0 →K−π+)

�(D0 →K+π−) + �(D̄ 0 →K−π+)
AD

D0 →K+K−/π+π− (time-integrated) �(D0 →K+K−) − �(D̄ 0 →K+K−)

�(D0 →K+K−) + �(D̄ 0 →K+K−)
AK + 〈t〉

τD
Aindirect

CP (Aindirect
CP ≈ −A�)

�(D0 →π+π−) − �(D̄ 0 →π+π−)

�(D0 →π+π−) + �(D̄ 0 →π+π−)
Aπ + 〈t〉

τD
Aindirect

CP (Aindirect
CP ≈ −A�)

two reference amplitudes cannot be determined from these
fits. However, the phase difference can be constrained in the
global fit and thus is included as a fitted parameter.

All input measurements are listed in Tables 259, 260 and
261. The observable RM = (x2 + y2)/2 is measured in both
D0 →K+π−π+π− [1061] and D0 →K+�−ν decays. In the
case of the latter, the HFLAV world average [1060] is used in
the global fit. The inputs used for this average [1062–1065]
are plotted in Fig. 191. The observables
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)
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q

p

∣∣∣∣+
∣∣∣∣
p

q
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)
x sin φ

(224)

are also HFLAV world average values [1060]; the inputs
used for these averages are plotted in Figs. 192 and 193,

respectively. The D0 → K+π− measurements used are
from Belle [1066,1067], BaBar [1049], CDF [1068], and
more recently LHCb [1051,1069]; earlier measurements
have much less precision and are not used. The observ-
ables from D0 → K 0

S π
+π− decays are measured in two

ways: assuming CP conservation (D0 and D̄ 0 decays com-
bined), and allowing for CP violation (D0 and D̄ 0 decays
fitted separately). The no-CPV measurements are from
Belle [1070], BaBar [1071], and LHCb [1072], but for
the CPV -allowed case only Belle measurements [1070] are
available. The D0 → K+π−π0, D0 → K 0

SK
+K−, and

D0 → π0 π+π− results are from BaBar [1059,1073], the
D0 →K+π−π+π− results are from LHCb [1061], and the
ψ(3770)→DD results are from CLEOc [1057].

The relationships between the observables and the fitted
parameters are listed in Table 258. For each set of corre-
lated observables we construct a difference vector �V between
measured values and those calculated from fitted parame-
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Table 259 Observables used in the global fit except those from time-dependent D0 →K+π− measurements, and those from direct CPV measure-
ments. The D0 →K+π−π0 observables are x ′′ ≡ x cos δKππ + y sin δKππ and y′′ ≡ −x sin δKππ + y cos δKππ

Mode Observable Values Correlation coefficients

D0 →K+K−/π+π−,
φ K 0

S [1060]
yCP (0.835 ± 0.155)%

A� (−0.032 ± 0.026)%

D0 →K 0
S π

+π− [1070]
(Belle: no CPV )

x (0.56 ± 0.19 +0.067
−0.127)%

y (0.30 ± 0.15 +0.050
−0.078)% +0.012

D0 →K 0
S π

+π− [1070]
(Belle: no direct CPV )

|q/p| 0.90 +0.16
−0.15

+0.078
−0.064

φ (−6 ± 11 +4.2
−5.0) degrees

D0 →K 0
S π

+π− [1070]
(Belle: direct CPV
allowed)

x (0.58 ± 0.19+0.0734
−0.1177)%

⎧
⎪⎪⎨

⎪⎪⎩

1 0.054 −0.074 −0.031
0.054 1 0.034 −0.019

−0.074 0.034 1 0.044
−0.031 −0.019 0.044 1

⎫
⎪⎪⎬

⎪⎪⎭y (0.27 ± 0.16+0.0546
−0.0854)%

|q/p| 0.82 +0.20
−0.18

+0.0807
−0.0645

φ (−13 +12
−13

+4.15
−4.77) degrees

D0 →K 0
S π

+π− [1072] x (−0.86 ± 0.53 ± 0.17)% +0.37

(LHCb: no CPV ) y (0.03 ± 0.46 ± 0.13)%

D0 →K 0
S π

+π− [1071]
K 0

S K
+K−

x (0.16 ± 0.23 ± 0.12 ± 0.08)% +0.0615

(BaBar: no CPV ) y (0.57 ± 0.20 ± 0.13 ± 0.07)%

D0 →π0 π+π− [1073] x (1.5 ± 1.2 ± 0.6)% −0.006

(BaBar: no CPV ) y (0.2 ± 0.9 ± 0.5)%

D0 →K+�−ν [1060] RM = (x2 + y2)/2 (0.0130 ± 0.0269)%

D0 →K+π−π0 [1059] x ′′ (2.61 +0.57
−0.68 ± 0.39)% −0.75

y′′ (−0.06 +0.55
−0.64 ± 0.34)%

D0 →K+π−π+π− [1061] RM/2 (4.8 ± 1.8) × 10−5

RD (0.533 ± 0.107 ± 0.045)%

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1 0 0 −0.42 0.01
1 −0.73 0.39 0.02

1 −0.53 −0.03
1 0.04

1

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
ψ(3770)→DD [1057] x2 (0.06 ± 0.23 ± 0.11)%

(CLEOc) y (4.2 ± 2.0 ± 1.0)%

cos δ 0.81 +0.22
−0.18

+0.07
−0.05

sin δ −0.01 ± 0.41 ± 0.04

ters using these relations; e.g., for D0 → K 0
S π

+π− decays,
�V = (�x,�y,�|q/p|,�φ). The contribution of a set of
observables to the fitχ2 is calculated as �V ·(M−1)· �V T , where
M−1 is the inverse of the covariance matrix for the measure-
ment. Covariance matrices are constructed from the corre-
lation coefficients among the measured observables. These
correlation coefficients are also listed in Tables 259, 260 and
261.

8.1.3 Fit results

The global fit uses MINUIT with the MIGRAD minimizer,
and all errors are obtained from MINOS [1090]. Four sepa-
rate fits are performed:

1. assuming CP conservation, i.e., fixing AD =0, AK =0,
Aπ =0, φ=0, and |q/p|=1;

2. assuming no direct CPV in doubly Cabibbo-suppressed
(DCS) decays (AD = 0) and fitting for parameters
(x, y, |q/p|) or (x, y, φ);

3. assuming no direct CPV in DCS decays and fitting for
alternative parameters [1091,1092] x12 = 2|M12|/�,
y12 = |�12|/�, and φ12 = Arg(M12/�12), where M12
and�12 are the off-diagonal elements of the D0-D̄ 0 mass
and decay matrices, respectively. The parameter φ12 is a
weak phase that is responsible forCP violation in mixing.

4. allowing full CPV (floating all parameters).

For fits (2) and (3) assuming no directCPV in DCS decays,
in addition to AD =0 we impose other constraints that reduce
four independent parameters to three.38 For fit (2) we impose

38 One can also use Eq. (15) of Ref. [1091] to reduce four parameters
to three.
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Table 260 Time-dependent D0 → K+π− observables used for the global fit. The observables R+
D and R−

D are related to parameters RD and AD
via R±

D = RD(1 ± AD)

Mode Observable Values Correlation coefficients

D0 →K+π− [1049] (BaBar 384 fb−1) RD (0.303 ± 0.0189)%
⎧
⎨

⎩

1 0.77 −0.87
0.77 1 −0.94

−0.87 −0.94 1

⎫
⎬

⎭

x ′2+ (−0.024 ± 0.052)%

y′+ (0.98 ± 0.78)%

D̄ 0 →K−π+ [1049] (BaBar 384 fb−1) AD (−2.1 ± 5.4)%

x ′2− (−0.020 ± 0.050)% Same as above

y′− (0.96 ± 0.75)%

D0 →K+π− [1067] (Belle 976 fb−1 No CPV ) RD (0.353 ± 0.013)%
⎧
⎨

⎩

1 0.737 −0.865
0.737 1 −0.948

−0.865 −0.948 1

⎫
⎬

⎭

x ′2 (0.009 ± 0.022)%

y′ (0.46 ± 0.34)%

D0 →K+π− [1066] (Belle 400 fb−1 CPV -allowed) RD (0.364 ± 0.018)%
⎧
⎨

⎩

1 0.655 −0.834
0.655 1 −0.909

−0.834 −0.909 1

⎫
⎬

⎭

x ′2+ (0.032 ± 0.037)%

y′+ (−0.12 ± 0.58)%

D̄ 0 →K−π+ [1066] (Belle 400 fb−1 CPV -allowed) AD (+2.3 ± 4.7)%

x ′2− (0.006 ± 0.034)% Same as above

y′− (0.20 ± 0.54)%

D0 →K+π− [1068] (CDF 9.6 fb−1 No CPV ) RD (0.351 ± 0.035)%
⎧
⎨

⎩

1 0.90 −0.97
0.90 1 −0.98

−0.97 −0.98 1

⎫
⎬

⎭

x ′2 (0.008 ± 0.018)%

y′ (0.43 ± 0.43)%

D0 →K+π− [1069] (LHCb 3.0 fb−1 CPV -allowed) R+
D (0.3474 ± 0.0081)%

⎧
⎨

⎩

1 0.823 −0.920
0.823 1 −0.962

−0.920 −0.962 1

⎫
⎬

⎭

x ′2+ (0.0011 ± 0.0065)%

y′+ (0.597 ± 0.125)%

D̄ 0 →K−π+ [1069] (LHCb 3.0 fb−1 CPV -allowed) R−
D (0.3591 ± 0.0081)%

⎧
⎨

⎩

1 0.812 −0.918
0.812 1 −0.956

−0.918 −0.956 1

⎫
⎬

⎭

x ′2− (0.0061 ± 0.0061)%

y′− (0.450 ± 0.121)%

the relation [1092,1093] tan φ = (1−|q/p|2)/(1+|q/p|2)×
(x/y) in two ways: first we float parameters x , y, and φ and
from these derive |q/p|; we then repeat the fit floating x ,
y, and |q/p| and from these derive φ. The central values
returned by the two fits are identical, but the first fit yields
MINOS errors for φ, while the second fit yields MINOS
errors for |q/p|. For no-direct-CPV fit (3), we fit for under-
lying parameters x12, y12, and φ12, and from these calculate
x , y, |q/p|, and φ to which measured observables are com-
pared. All fit results are listed in Table 262. For the CPV -
allowed fit, individual contributions to the χ2 are listed in

Table 263. The total χ2 is 76.8 for 50 − 10 = 40 degrees of
freedom.

Confidence contours in the two dimensions (x, y) or
(|q/p|, φ) are obtained by allowing, for any point in the two-
dimensional plane, all other fitted parameters to take their
preferred values. The resulting 1σ − 5σ contours are shown
in Fig. 194 for the CP-conserving case, in Fig. 195 for the
no-direct-CPV case, and in Fig. 196 for the CPV -allowed
case. The contours are determined from the increase of the
χ2 above the minimum value. One observes that the (x, y)
contours for the no-CPV fit are very similar to those for the
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Table 261 Measurements of time-integrated CP asymmetries. The
observable ACP ( f ) ≡ [�(D0 → f ) − �(D̄ 0 → f )]/[�(D0 →

f )+�(D̄ 0 → f )], and �〈t〉 is the difference between the mean recon-
structed decay times for D0 → K+K− and D0 →π+π− decays (due
to different trigger and reconstruction efficiencies)

Mode Observable Values �〈t〉/τD
D0 →h+h− [1074] (BaBar 386 fb−1) ACP (K

+K−) (+0.00 ± 0.34 ± 0.13)%

ACP (π
+π−) (−0.24 ± 0.52 ± 0.22)% 0

D0 →h+h− [1075] (Belle 976 fb−1) ACP (K
+K−) (−0.32 ± 0.21 ± 0.09)%

ACP (π
+π−) (+0.55 ± 0.36 ± 0.09)% 0

D0 →h+h− [1076,1077] (CDF 9.7 fb−1) ACP (K
+K−) − ACP (π

+π−) (−0.62 ± 0.21 ± 0.10)%

ACP (K
+K−) (−0.32 ± 0.21)%

ACP (π
+π−) (+0.31 ± 0.22)% 0.27 ± 0.01

D0 →h+h− [1078](LHCb 3.0 fb−1,
D∗+ →D0π+ tag)

ACP (K
+K−) − ACP (π

+π−) (−0.10 ± 0.08 ± 0.03)% 0.1153 ± 0.0007 ± 0.0018

D0 →h+h− [1058] (LHCb 3 fb−1,
B→D0μ−X tag)

ACP (K
+K−) − ACP (π

+π−) (+0.14 ± 0.16 ± 0.08)% 0.014 ± 0.004

Fig. 191 World average value
of RM = (x2 + y2)/2 from Ref.
[1060], as calculated from
D0 →K+�−ν̄ measurements
[1062–1065]

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

RM (%)

W 310.0egarevadlro ± 0.027 %

Belle 2008  0.013 ± 0.022 ± 0.020 %

BaBar 2007  0.004 + 0.070  % 0.004  - 0.060

CLEO 2005  0.160 ± 0.290 ± 0.290 %

E791 1996  0.110 + 0.300  % 0.110  - 0.270

CPV -allowed fit. In the latter fit, the χ2 at the no-mixing
point (x, y)= (0, 0) is 450 units above the minimum value,
which, for two degrees of freedom, corresponds to a confi-

dence level39 (C.L.) > 11.5σ . Thus, no mixing is excluded at
this high level. In the (|q/p|, φ) plot, the no-CPVpoint (1, 0)

39 This is the limit of the CERNLIB PROB routine [1094] used for this
calculation.
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Fig. 192 World average value
of yCP from Ref. [1060], as
calculated from
D0 →K+K−, π+π−
measurements [1079–1086]

-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  0.835 ± 0.155 %

BESIII 2015 -2.000 ± 1.300 ± 0.700 %

BaBar 2012  0.720 ± 0.180 ± 0.124 %

Belle 2012  1.110 ± 0.220 ± 0.110 %

LHCb 2012  0.550 ± 0.630 ± 0.410 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %

is within the 1σ contour; thus the data is consistent with CP
conservation.

One-dimensional likelihood curves for individual param-
eters are obtained by allowing, for a fixed value of a selected
parameter, all other fitted parameters to take their preferred
values. The resulting functions �χ2 = χ2 − χ2

min (χ2
min is

the minimum value) are shown in Fig. 197. The points where
�χ2 = 3.84 determine 95% C.L. intervals for the parame-
ters. These intervals are listed in Table 262.

8.1.4 Conclusions

From the fit results listed in Table 262 and shown in Figs. 196
and 197, we conclude that:

• the experimental data consistently indicate that D0

mesons mix. The no-mixing point x = y = 0 is excluded
at > 11.5σ . The parameter x differs from zero by 1.9σ ,
and y differs from zero by 9.4σ . This mixing is pre-
sumably dominated by long-distance processes, which
are difficult to calculate. Thus unless it turns out that
|x | � |y| [1053], which is not indicated, it will be diffi-
cult to identify new physics from (x, y) alone.

• Since yCP is positive, the CP-even state is shorter-lived
as in the K 0-K̄ 0 system. However, since x also appears
to be positive, the CP-even state is heavier, unlike in the
K 0-K̄ 0 system.

• There is no evidence for CPV arising from D0-D̄ 0 mix-
ing (|q/p| �= 1) or from a phase difference between the
mixing amplitude and a direct decay amplitude (φ �= 0).
The CDF experiment (and initially LHCb) measured
a time-integrated asymmetry in D0 → K+K−, π+π−
decays that hints at direct CPV (see Table 261); however,
recent measurements from LHCb with higher statistics
disfavor this hypothesis and are consistent with zero.

8.2 CP asymmetries

One way CP violation manifests itself is if the decay rate
for a particle differs from that of its CP-conjugate[1095].
Such phenomena can be classified into two broad categories,
termed direct CP violation and indirect CP violation [1096].
Direct CP violation refers to charm changing, �C = 1,
processes and can occur in both charged and neutral charm
hadron decays. It results from interference between two dif-
ferent decay amplitudes (e.g., a penguin and tree amplitude)
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Fig. 193 World average value
of A� from Ref. [1060], as
calculated from
D0 →K+K−, π+π−
measurements [1084,1085,
1087–1089]

Table 262 Results of the global fit for different assumptions concerning CPV

Parameter No CPV No direct CPV in DCS decays CPV -allowed CPV -allowed 95% C.L. interval

x (%) 0.46 +0.14
−0.15 0.41 +0.14

−0.15 0.32 ± 0.14 [0.04, 0.62]
y (%) 0.62 ± 0.08 0.61 ± 0.07 0.69 +0.06

−0.07 [0.50, 0.80]
δKπ (◦) 8.0 +9.7

−11.2 4.8+10.4
−12.3 15.2 +7.6

−10.0 [−16.8, 30.1]
RD (%) 0.348+0.004

−0.003 0.347 +0.004
−0.003 0.349 +0.004

−0.003 [0.342, 0.356]
AD (%) – – −0.88 ± 0.99 [−2.8, 1.0]
|q/p| – 0.999 ± 0.014 0.89 +0.08

−0.07 [0.77, 1.12]
φ (◦) – 0.05 +0.54

−0.53 −12.9 +9.9
−8.7 [−30.2, 10.6]

δKππ (◦) 20.4 +23.3
−23.8 22.6 +24.1

−24.4 31.7 +23.5
−24.2 [−16.4, 77.7]

Aπ (%) − +0.02 ± 0.13 +0.01 ± 0.14 [−0.25, 0.28]
AK (%) – −0.11 ± 0.13 −0.11 ± 0.13 [−0.37, 0.14]
x12 (%) – 0.41 +0.14

−0.15 [0.10, 0.67]
y12(%) – 0.61 ± 0.07 [0.47, 0.75]
φ12(

◦) – −0.17 ± 1.8 [−5.3, 4.4]

that have different weak (CKM) and strong phases.40 In the
Standard Model a difference in strong phases may arise for
example due to final-state interactions (FSI)[1097], different

40 The weak phase difference will have opposite signs for D→ f and
D → f̄ decays, while the strong phase difference will have the same
sign. As a result, squaring the total amplitudes to obtain the decay rates
gives interference terms having opposite sign, i.e., non-identical decay
rates.

isospin amplitudes, intermediate resonance contributions, or
different partial waves. A difference in weak phases arises
from different CKM vertex couplings, as is often the case
for tree and penguin diagrams. Within the SM direct CP
violation is expected only in Singly Cabibbo Suppressed
(SCS) charm decays, as only these decays receive a contribu-
tion from the penguin amplitude. This type of CP violation
depends on the decay mode, the SM asymmetries may reach
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Table 263 Individual contributions to the χ2 for the CPV -allowed fit

Observable χ2 ∑
χ2

yCP 1.19 1.19

A� 0.83 2.01

x
K 0
Sπ

+π− Belle 1.33 3.35

y
K 0
Sπ

+π− Belle 5.30 8.64

|q/p|
K 0
Sπ

+π− Belle 0.10 8.74

φ
K 0
Sπ

+π− Belle 0.23 8.97

x
K 0
Sπ

+π− LHCb 4.51 13.48

y
K 0
Sπ

+π− LHCb 0.40 13.88

x
K 0
Sh

+h− BaBar 0.36 14.24

y
K 0
Sh

+h− BaBar 0.19 14.43

x
π0π+π− BaBar 0.77 15.20

y
π0π+π− BaBar 0.22 15.42

(x2 + y2)K+�−ν
0.14 15.56

x
K+π−π0 BaBar 7.10 22.67

y
K+π−π0 BaBar 3.92 26.58

CLEOc (x/y/RD/ cos δ/ sin δ) 10.53 37.12

R+
D/x

′2+/y′+ BaBar 11.13 48.25

R−
D/x

′2−/y′− BaBar 6.04 54.29

R+
D/x

′2+/y′+ Belle 2.08 56.36

R−
D/x

′2−/y′− Belle 3.22 59.58

RD/x
′2/y′ CDF 1.29 60.87

R+
D/x

′2+/y′+ LHCb 0.58 61.46

R−
D/x

′2−/y′− LHCb 1.65 63.11

AKK /Aππ BaBar 0.30 63.41

AKK /Aππ Belle 2.89 66.30

AKK /Aππ CDF 4.63 70.94

AKK − Aππ LHCb (D∗+ →D0π+ tag) 0.12 71.05

AKK − Aππ LHCb (B→D0μ−X tag) 2.24 73.30

(x2 + y2)K+π−π+π− LHCb 3.48 76.78

a percent level. Indirect CP violation refers to �C = 2 pro-
cesses and arises in D0 decays due to D0 − D̄ 0 mixing. It
can occur as an asymmetry in the mixing itself, or it can
result from interference between a decay amplitude follow-
ing mixing and a non-mixed amplitude. Within the SM charm
indirect CP asymmetry is expected to be universal.

The CP asymmetry is defined as the difference between
D and D partial widths divided by their sum:

ACP = �(D) − �(D)

�(D) + �(D)
. (225)

In the case of D+ and D+
s decays, ACP measures direct CP

violation; in the case of D0 decays, ACP measures direct and
indirect CP violation combined (see also Sect. 8.4).

x (%)
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Fig. 194 Two-dimensional contours for mixing parameters (x, y), for
no CPV

In each experiment, care must be taken to correct for
production and detection asymmetries. To take into account
differences in production rates between D and D (which
would affect the number of respective decays observed),
some experiments (like FOCUS and E791) normalize to a
Cabibbo-favored mode. In this case there is the additional
benefit that most corrections due to reconstruction ineffi-
ciencies cancel out, reducing systematic uncertainties. An
implicit assumption is that there is no measurable CP vio-
lation in the Cabibbo-favored normalizing mode. The CP
asymmetry is calculated as

ACP = η(D) − η(D)

η(D) + η(D)
, (226)

where (considering, for example, D0 → K−K+)

η(D) = N (D0 → K−K+)

N (D0 → K−π+)
, (227)

η(D) = N (D̄ 0 → K−K+)

N (D̄ 0 → K+π−)
. (228)

Other experiments (like LHCb) determine ACP through the
relation:

Ameas = ACP + Aprod + Adet, (229)

where Ameas is the measured asymmetry, Aprod is the asym-
metry in the charm meson production, and Adet is due to
difference in detection efficiencies between positively and
negatively charged hadrons.

Values of ACP for D+, D0 and D+
s decays are listed in

Tables 264, 265, 266, 267 and 268 respectively. In these
tables we report asymmetries for the actual final state, i.e.,
resonant substructure is implicitly included but not consid-
ered separately. The high accuracy of these measurements
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Fig. 195 Two-dimensional contours for theoretical parameters (x12, y12) (top left), (x12, φ12) (top right), and (y12, φ12) (bottom), for no direct
CPV in DCS decays

allows one to see and correct for CP violation due to the
CPV in K 0-K̄ 0 mixing [1098]. For example, the decay
modes D+ → (K̄ 0/K 0)K+ and D+

s → (K̄ 0/K 0)π+
(shown in Tables 264 and 268, respectively) are the modes
D+ → K 0

s K
+ and D+

s → K 0
s π

+ after subtracting for this
effect. For multi-body decays some experiments use model
independent techniques to reveal local CP asymmetry. The
first technique (Miranda method) [1099] uses a binned χ2

approach to compare the relative density in a bin of phase
space of a decay with that of its CP conjugate. In the Energy
Test technique [1100] two event samples are compared and
a test statistic variable (T) is used to determine the average
distances of events in phase space. If the distributions of
events in both samples are identical, T will randomly fluctu-
ate around a value close to zero.

Overall, CP asymmetry measurements have been carried
out for 49 charm decay modes, and in several modes the
sensitivity is well below 5 × 10−3. There is currently no
evidence forCP violation in the charm meson sector. TheCP
asymmetry observed in the mode D+ → K 0

s π
+ is consistent

with what expected from the K 0 − K̄ 0 system [1098], and
thus it is not attributed to charm.

Neither in the charm baryon sector there is evidence of
CP asymmetry. These are just two measurements on Λ+

C ,
with limited sensitivity, done by FOCUS [1101] and by
CLEO [1102].

Taken together, the limits obtained for CP asymmetries
in the charm sector pose tight constraints on new physics
models.

123



895 Page 234 of 335 Eur. Phys. J. C (2017) 77 :895

x (%)

0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 1.2

y 
(%

)

0.6

0.4

0.2

0

0.2

0.4

0.6

0.8

1

1.2
CPV allowed

 1 
 2 
 3 
 4 
 5 

|q/p|

0.6 0.8 1 1.2 1.4 1.6

A
rg

(q
/p

) 
[d

eg
.]

60

40

20

0

20

40

60
 1 
 2 
 3 
 4 
 5 

Fig. 196 Two-dimensional contours for parameters (x, y) (top) and
(|q/p|, φ) (bottom), allowing for CPV

8.3 T -odd asymmetries

Measuring T -odd asymmetries provides an alternative way
to search for CP violation in the charm sector, due to CPT
invariance. T -odd asymmetries are measured using triple-
product correlations of the form �a · (�b × �c), where a, b, and
c are spins or momenta; this combination is odd under time
reversal (T ). If the triple-product is formed using both spin
and momenta, i.e.,

�s1 · ( �p2 × �p3), (230)

then it is even for P-conjugation. However, if only momenta
are used, then it is odd for P-conjugation. In this case the
asymmetry allows one to probe CP violation occurring via
P-violation. This may arise in P-odd amplitudes, which are
allowed in decays to final states with 4 spinless particles.

Taking as an example the decay mode D0 → K+K−
π+π−, one forms the triple-product correlation using the
momenta of the final state particles. We note that when using
only momenta, at least four daughter particles are required
to give a nonzero correlation (as three daughters decay in a
plane). Defining for D0 the T -odd correlation

CT ≡ �pK+ · ( �pπ+ × �pπ−), (231)

and the corresponding quantity for D̄ 0

CT ≡ �pK− · ( �pπ− × �pπ+), (232)

one constructs the asymmetry

AT = �(CT > 0) − �(CT < 0)

�(CT > 0) + �(CT < 0)
(233)

for D0 decays and

AT = �(−CT > 0) − �(−CT < 0)

�(−CT > 0) + �(−CT < 0)
(234)

for D̄ 0 decays. In these expressions, � represents a partial
width. The asymmetries AT and AT depend on the angular
distribution of the daughter particles and may be nonzero due
to final state interactions or P-violation in weak decays.

Since P(CT ) = −CT and C(CT ) = CT , CP(AT ) =
AT . One can thus construct the CP-odd (and P-odd, T -odd)
quantity

AT ≡ AT − AT

2
; (235)

a nonzero value indicates CP violation (see Refs. [1140–
1145]).

Recently, this topic has been revisited (see Refs. [1146,
1147]) with the suggestion to use other asymmetries con-
structed from triple products in multi-body decays to probe
C , P , and CP symmetries. Up until now, experiments have
measured only the asymmetry AT defined in Eq. (235). (Note
that this asymmetry is referred to in the literature by several
names: AT viol, a

P
CP , and aT−odd

CP .)
Values of AT for D+, D+

s , and D0 decay modes are listed
in Table 269. The first measurements were made by FOCUS,
and subsequent BaBar measurements reached a sensitivity
of ∼ 1%. Currently the best sensitivity is from LHCb.

However, despite relatively high precision (<1%), there
is no evidence for CP violation.

8.4 Interplay of direct and indirect CP violation

In decays of D0 mesons, CP asymmetry measurements have
contributions from both direct and indirect CP violation as
discussed in Sect. 8.1. The contribution from indirect CP
violation depends on the decay-time distribution of the data
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Table 264 CP asymmetries ACP = [�(D+) − �(D−)]/[�(D+) + �(D−)] for two-body D± decays

Mode Year Collaboration ACP

D+ → μ+ν 2008 CLEO [1103] +0.08 ± 0.08

D+ → π+π0 2010 CLEO [1104] +0.029 ± 0.029 ± 0.003

D+ → π+η 2011 Belle [1105] +0.0174 ± 0.0113 ± 0.0019

2010 CLEO [1104] −0.020 ± 0.023 ± 0.003

HFLAV average +0.010 ± 0.010

D+ → π+η′ 2011 Belle [1105] −0.0012 ± 0.0112 ± 0.0017

2010 CLEO [1104] −0.040 ± 0.034 ± 0.003

HFLAV average −0.005 ± 0.011

D+ → K+π0 2010 CLEO [1104] −0.035 ± 0.107 ± 0.009

D+ → K 0
s π

+ 2014 CLEO [1106] −0.011 ± 0.006 ± 0.002

2012 Belle [1107] −0.00363 ± 0.00094 ± 0.00067

2011 BaBar [1108] −0.0044 ± 0.0013 ± 0.0010

2002 FOCUS [1109] −0.016 ± 0.015 ± 0.009

HFLAV average −0.0041 ± 0.0009

D+ → K 0
s K

+ 2013 BaBar [1110] +0.0013 ± 0.0036 ± 0.0025

2013 Belle [1111] −0.0025 ± 0.0028 ± 0.0014

2010 CLEO [1104] −0.002 ± 0.015 ± 0.009

2002 FOCUS [1109] +0.071 ± 0.061 ± 0.012

HFLAV average −0.0011 ± 0.0025

D+ → (K
0
/K 0)K+ 2014 LHCb [1112] +0.0003 ± 0.0017 ± 0.0014

2013 BaBar [1110] +0.0046 ± 0.0036 ± 0.0025

2013 Belle [1111] −0.0008 ± 0.0028 ± 0.0014

HFLAV average +0.0011 ± 0.0017

Table 265 CP asymmetries ACP = [�(D+) − �(D−)]/[�(D+) + �(D−)] for three- and four-body D± decays

Mode Year Collaboration ACP

D+ → π+π−π+ 2014 LHCb [1113] Model independent technique,
no evidence for CP violation

1997 E791 [1114] −0.017 ± 0.042 (stat.)

D+ → K−π+π+ 2014 D0 [1115] −0.0016 ± 0.0015 ± 0.0009

2014 CLEO [1106] −0.003 ± 0.002 ± 0.004

HFLAV average −0.0018 ± 0.0016

D+ → K 0
s π

+π0 2014 CLEO [1106] −0.001 ± 0.007 ± 0.002

D+ → K+K−π+ 2014 CLEO [1106] −0.001 ± 0.009 ± 0.004

2013 BaBar [1116] +0.0037 ± 0.0030 ± 0.0015

2008 CLEO [1117] Dalitz plot analysis, no evidence
for CP violation

2000 FOCUS [1118] +0.006 ± 0.011 ± 0.005

1997 E791 [1114] −0.014 ± 0.029 (stat.)

HFLAV average +0.0032 ± 0.0031

D+ → K−π+π+π0 2014 CLEO [1106] −0.003 ± 0.006 ± 0.004

D+ → K 0
s π

+π+π− 2014 CLEO [1106] +0.000 ± 0.012 ± 0.003

D+ → K 0
s K

+π+π− 2005 FOCUS [1119] −0.042 ± 0.064 ± 0.022
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Table 266 CP asymmetries ACP = [�(D0) − �(D̄ 0)]/[�(D0) + �(D̄ 0)] for two-body D0, D̄ 0 decays

Mode Year Collaboration ACP

D0 → π+π− 2014 LHCb [1058] −0.0020 ± 0.0019 ± 0.0010

2012 CDF [1120] +0.0022 ± 0.0024 ± 0.0011

2008 BaBar [1074] −0.0024 ± 0.0052 ± 0.0022

2012 Belle [1121] +0.0043 ± 0.0052 ± 0.0012

2002 CLEO [1081] +0.019 ± 0.032 ± 0.008

2000 FOCUS [1118] +0.048 ± 0.039 ± 0.025

1998 E791 [1122] −0.049 ± 0.078 ± 0.030

HFLAV average +0.0000 ± 0.0015

D0 → π0π0 2014 Belle [1123] −0.0003 ± 0.0064 ± 0.0010

2001 CLEO [1124] +0.001 ± 0.048 (stat. and syst. combined)

HFLAV average −0.0003 ± 0.0064

D0 → K 0
s π

0 2014 Belle [1123] −0.0021 ± 0.0016 ± 0.0007

2001 CLEO [1124] +0.001 ± 0.013 (stat. and syst. combined)

HFLAV average −0.0020 ± 0.0017

D0 → K 0
s η 2011 Belle [1125] +0.0054 ± 0.0051 ± 0.0016

D0 → K 0
s η

′ 2011 Belle [1125] +0.0098 ± 0.0067 ± 0.0014

D0 → K 0
s K

0
s 2015 LHCb [1126] −0.029 ± 0.052 ± 0.022

2001 CLEO [1124] −0.23 ± 0.19 (stat. and syst. combined)

HFLAV average −0.046 ± 0.054

D0 → K−π+ 2014 CLEO [1106] +0.003 ± 0.003 ± 0.006

D0 → K+K− 2014 LHCb [1058] −0.0006 ± 0.0015 ± 0.0010

2012 CDF [1120] −0.0024 ± 0.0022 ± 0.0009

2008 BaBar [1074] +0.0000 ± 0.0034 ± 0.0013

2012 Belle [1121] −0.0043 ± 0.0030 ± 0.0011

2002 CLEO [1081] +0.000 ± 0.022 ± 0.008

2000 FOCUS [1118] −0.001 ± 0.022 ± 0.015

1998 E791 [1122] −0.010 ± 0.049 ± 0.012

HFLAV average −0.0016 ± 0.0012

Table 267 CP asymmetries ACP = [�(D0) − �(D̄ 0)]/[�(D0) + �(D̄ 0)] for three- and four-body D0, D̄ 0 decays

Mode Year Collaboration ACP

D0 → π+π−π0 2015 LHCb [1127] Model independent technique, no evidence for CP violation

2008 BaBar [1128] +0.0031 ± 0.0041 ± 0.0017

2008 Belle [1129] +0.0043 ± 0.0130 (stat. and syst. combined)

2005 CLEO [1130] +0.01+0.09
−0.07 ± 0.05

HFLAV average +0.0032 ± 0.0042

D0 → K−π+π0 2014 CLEO [1106] +0.001 ± 0.003 ± 0.004

D0 → K+π−π0 2005 Belle [1131] −0.006 ± 0.053 (stat.)

2001 CLEO [1132] +0.09+0.25
−0.22 (stat.)

HFLAV average −0.0014 ± 0.0517

D0 → K 0
s π

+π− 2012 CDF [1133] −0.0005 ± 0.0057 ± 0.0054

2004 CLEO [1134] −0.009 ± 0.021+0.016
−0.057

HFLAV average −0.0008 ± 0.0077

D0 → K 0
s + K−π+ 2016 LHCb [473] Amplitude analysis, no evidence for CP violation

D0 → K 0
s + K+π− 2016 LHCb [473] Amplitude analysis, no evidence for CP violation
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Table 267 continued

Mode Year Collaboration ACP

D0 → K+K−π0 2008 BaBar [1128] −0.0100 ± 0.0167 ± 0.0025

D0 → π−π−π+π+ 2013 LHCb [1135] Model independent technique, no evidence for CP violation

D0 → K−π+π+π− 2014 CLEO [1106] +0.002 ± 0.003 ± 0.004

D0 → K+π−π+π− 2005 Belle [1131] −0.018 ± 0.044 (stat.)

D0 → K+K−π+π− 2013 LHCb [1135] Model independent technique, no evidence for CP violation

2012 CLEO [1136] Amplitude analysis, no evidence for CP violation

2005 FOCUS [1119] −0.082 ± 0.056 ± 0.047

Table 268 CP asymmetries ACP = [�(D+
s ) − �(D−

s )]/[�(D+
s ) + �(D−

s )] for D±
s decays

Mode Year Collaboration ACP

D+
s → μ+ν 2009 CLEO [1137] +0.048 ± 0.061

D+
s → π+η 2013 CLEO [1138] +0.011 ± 0.030 ± 0.008

D+
s → π+η′ 2013 CLEO [1138] −0.022 ± 0.022 ± 0.006

D+
s → K 0

s π
+ 2013 BaBar [1110] +0.006 ± 0.020 ± 0.003

2010 Belle [1139] +0.0545 ± 0.0250 ± 0.0033

2010 CLEO [1104] +0.163 ± 0.073 ± 0.003

HFLAV average +0.0311 ± 0.0154

D+
s → (K̄ 0/K 0)π+ 2014 LHCb [1112] +0.0038 ± 0.0046 ± 0.0017

2013 BaBar [1110] +0.003 ± 0.020 ± 0.003

HFLAV average +0.0038 ± 0.0048

D+
s → K 0

s K
+ 2013 CLEO [1138] +0.026 ± 0.015 ± 0.006

2013 BaBar [1110] −0.0005 ± 0.0023 ± 0.0024

2010 Belle [1139] +0.0012 ± 0.0036 ± 0.0022

HFLAV average +0.0008 ± 0.0026

D+
s → K+π0 2010 CLEO [1104] +0.266 ± 0.228 ± 0.009

D+
s → K+η 2010 CLEO [1104] +0.093 ± 0.152 ± 0.009

D+
s → K+η′ 2010 CLEO [1104] +0.060 ± 0.189 ± 0.009

D+
s → π+π+π− 2013 CLEO [1138] −0.007 ± 0.030 ± 0.006

D+
s → π+π0η 2013 CLEO [1138] −0.005 ± 0.039 ± 0.020

D+
s → π+π0η′ 2013 CLEO [1138] −0.004 ± 0.074 ± 0.019

D+
s → K 0

s K
+π0 2013 CLEO [1138] −0.016 ± 0.060 ± 0.011

D+
s → K 0

s K
0
s π

+ 2013 CLEO [1138] +0.031 ± 0.052 ± 0.006

D+
s → K+π+π− 2013 CLEO [1138] +0.045 ± 0.048 ± 0.006

D+
s → K+K−π+ 2013 CLEO [1138] −0.005 ± 0.008 ± 0.004

D+
s → K 0

s K
−π+π+ 2013 CLEO [1138] +0.041 ± 0.027 ± 0.009

D+
s → K 0

s K
+π+π− 2013 CLEO [1138] −0.057 ± 0.053 ± 0.009

D+
s → K+K−π+π0 2013 CLEO [1138] +0.000 ± 0.027 ± 0.012

sample [1092]. This section describes a combination of mea-
surements that allows the extraction of the individual contri-
butions of the two types of CP violation. At the same time,
the level of agreement for a no-CP-violation hypothesis is
tested. The observables are:

A� ≡ τ(D̄ 0 →h+h−) − τ(D0 →h+h−)

τ (D̄ 0 →h+h−) + τ(D0 →h+h−)
, (236)

where h+h− can be K+K− or π+π−, and

�ACP ≡ ACP (K
+K−) − ACP (π

+π−), (237)

where ACP are time-integrated CP asymmetries. The under-
lying theoretical parameters are:

adir
CP ≡ |AD0→ f |2 − |AD̄ 0→ f |2

|AD0→ f |2 + |AD̄ 0→ f |2
,
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Table 269 Measurements of the T -odd asymmetry AT = (AT − AT )/2

Mode Year Collaboration AT

D0 → K+K−π+π− 2014 LHCb [1148] +0.0018 ± 0.0029 ± 0.0004

2010 BaBar [1149] +0.0010 ± 0.0051 ± 0.0044

2005 FOCUS [1119] +0.010 ± 0.057 ± 0.037

HFLAV average +0.0017 ± 0.0027

D+ → K 0
s K

+π+π− 2011 BaBar [1150] −0.0120 ± 0.0100 ± 0.0046

2005 FOCUS [1119] +0.023 ± 0.062 ± 0.022

HFLAV average −0.0110 ± 0.0109

D+
s → K 0

s K
+π+π− 2011 BaBar [1150] −0.0136 ± 0.0077 ± 0.0034

2005 FOCUS [1119] −0.036 ± 0.067 ± 0.023

HFLAV average −0.0139 ± 0.0084

Table 270 Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is statistical, and the second is systematic

Year Experiment Results �〈t〉/τ 〈t〉/τ References

2012 BaBar A� = (+0.09 ± 0.26 ± 0.06)% – – [1085]

2016 LHCb prompt A�(KK ) = (−0.030 ± 0.032 ± 0.010)% – – [1089]

A�(ππ) = (+0.046 ± 0.058 ± 0.012)% – –

2014 CDF A� = (−0.12 ± 0.12)% – – [1087]

2015 LHCb SL A� = (−0.125 ± 0.073)% – – [1088]

2015 Belle A� = (−0.03 ± 0.20 ± 0.07)% – – [1084]

2008 BaBar ACP (KK ) = (+0.00 ± 0.34 ± 0.13)%

ACP (ππ) = (−0.24 ± 0.52 ± 0.22)% 0.00 1.00 [1074]

2012 Belle prel. �ACP = (−0.87 ± 0.41 ± 0.06)% 0.00 1.00 [1153]

2012 CDF �ACP = (−0.62 ± 0.21 ± 0.10)% 0.25 2.58 [1077]

2014 LHCb SL �ACP = (+0.14 ± 0.16 ± 0.08)% 0.01 1.07 [1058]

2016 LHCb prompt �ACP = (−0.10 ± 0.08 ± 0.03)% 0.12 2.10 [1078]

aind
CP ≡ 1

2

[(∣∣∣∣
q

p

∣∣∣∣+
∣∣∣∣
p

q

∣∣∣∣

)
x sin φ −

(∣∣∣∣
q

p

∣∣∣∣−
∣∣∣∣
p

q

∣∣∣∣

)
y cosφ

]
,

(238)

where AD→ f is the amplitude for D→ f [1151]. We use the
following relations between the observables and the under-
lying parameters [1152]:

A� = −aind
CP − adir

CP yCP , (239)

�ACP = �adir
CP

(
1+yCP

〈t〉
τ

)
+aind

CP
�〈t〉
τ

+adir
CP yCP

�〈t〉
τ

,

≈ �adir
CP

(
1 + yCP

〈t〉
τ

)
+ aind

CP
�〈t〉
τ

. (240)

Equation (239) constrains mostly indirect CP violation, and
the direct CP violation contribution can differ for differ-
ent final states. In Eq. (240), 〈t〉/τ denotes the mean decay
time in units of the D0 lifetime; �X denotes the differ-
ence in quantity X between K+K− and π+π− final states;
and X denotes the average for quantity X . We neglect the
last term in this relation as all three factors are O(10−2)

or smaller, and thus this term is negligible with respect
to the other two terms. Note that �〈t〉/τ � 〈t〉/τ , and
it is expected that |adir

CP | < |�adir
CP | because adir

CP (K
+K−)

and adir
CP (π

+π−) are expected to have opposite signs in the
Standard Model [1151].

A χ2 fit is performed in the plane �adir
CP vs. aind

CP . For
the BaBar result the difference of the quoted values for
ACP (K+K−) and ACP (π

+π−) is calculated, adding all
uncertainties in quadrature. This may overestimate the sys-
tematic uncertainty for the difference as it neglects cor-
related errors; however, the result is conservative and the
effect is small as all measurements are statistically lim-
ited. For all measurements, statistical and systematic uncer-
tainties are added in quadrature when calculating the χ2.
We use the current world average value yCP = (0.835 ±
0.155)% (see Sect. 8.1) and the measurements listed in
Table 270.

In this fit, A�(KK ) and A�(ππ) are assumed to be iden-
tical. This assumption (expected to hold in the Standard
Model) is supported by all measurements to date. A sig-
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Fig. 198 Plot of all data and the fit result. Individual measurements
are plotted as bands showing their ± 1σ range. The no-CPV point
(0,0) is shown as a filled circle, and the best fit value is indicated by
a cross showing the one-dimensional uncertainties. Two-dimensional
68% C.L., 95% C.L., and 99.7% C.L. regions are plotted as ellipses

nificant relative shift due to final-state dependent A� val-
ues between�ACP measurements with different mean decay
times is excluded by these measurements.

The combination plot (see Fig. 198) shows the measure-
ments listed in Table 270 for �ACP and A� .

From the fit, the change in χ2 from the minimum value
for the no-CPV point (0,0) is 4.7, which corresponds to a
C.L. of 9.3×10−2 for two degrees of freedom. Thus the data
are consistent with the no-CP-violation hypothesis at 9.3%
C.L. This p-value corresponds to 1.7σ . The central values
and ± 1σ uncertainties for the individual parameters are

aind
CP = (+0.030 ± 0.026)%

�adir
CP = (−0.134 ± 0.070)%. (241)

Compared to the previous average, the tension in the dif-
ference between direct CP violation in the two final states
is reduced, while the common indirect CP violation moved
away from the no-CP-violation point by about one standard
deviation.

8.5 Semileptonic decays

8.5.1 Introduction

Semileptonic decays of D mesons involve the interaction of
a leptonic current with a hadronic current. The latter is non-
perturbative and cannot be calculated from first principles;
thus it is usually parameterized in terms of form factors. The
transition matrix element is written

M = −i
GF√

2
Vcq L

μHμ, (242)

where GF is the Fermi constant and Vcq is a CKM matrix ele-
ment. The leptonic current Lμ is evaluated directly from the
lepton spinors and has a simple structure; this allows one to
extract information about the form factors (in Hμ) from data
on semileptonic decays [1154]. Conversely, because there are
no strong final-state interactions between the leptonic and
hadronic systems, semileptonic decays for which the form
factors can be calculated allow one to determine Vcq [2].

8.5.2 D→ P�ν� decays

When the final state hadron is a pseudoscalar, the hadronic
current is given by

Hμ = 〈P(p)|q̄γμc|D(p′)〉
= f+(q2) ×

[
(p′ + p)μ − m2

D − m2
P

q2 qμ

]

+ f0(q
2)
m2

D − m2
P

q2 qμ, (243)

where mD and p′ are the mass and four momentum of the
parent D meson, mP and p are those of the daughter meson,
f+(q2) and f0(q2) are form factors, and q = p′ − p. Kine-
matics require that f+(0) = f0(0). The contraction qμLμ

results in terms proportional to m�[1155], and thus for � = e
the terms proportionals to qμ in Eq. (243) are negligible. For
light leptons only the f+(q2) vector form factor is relevant
and the differential partial width is

d�(D → P �̄ν�)

dq2 d cos θ�
= G2

F |Vcq |2
32π3 p∗ 3| f+(q2)|2 sin θ2

� , (244)

where p∗ is the magnitude of the momentum of the final
state hadron in the D rest frame, and θ� is the angle of the
lepton in the �ν rest frame with respect to the direction of the
pseudoscalar meson in the D rest frame.

8.5.3 Form factor parameterizations

The form factor is traditionally parameterized with an explicit
pole and a sum of effective poles:

f+(q2) = f+(0)

(1 − α)

[(
1

1 − q2/m2
pole

)

+
N∑

k=1

ρk

1 − q2/(γk m2
pole)

]
, (245)

where ρk and γk are expansion parameters and α is a param-
eter that normalizes the form factor at q2 = 0, f+(0). The
parameter mpole is the mass of the lowest-lying cq̄ reso-
nance with the vector quantum numbers; this is expected
to provide the largest contribution to the form factor for the
c → q transition. The sum over N gives the contribution
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Table 271 Results for mpole and αBK from various experiments for D0 → K−�+ν and D+ → K̄ 0�+ν decays

D → K�ν� Expt. Mode Refs. mpole (GeV/c2) αBK

CLEO III (D0; � = e, μ) [1175] 1.89 ± 0.05+0.04
−0.03 0.36 ± 0.10+0.03

−0.07

FOCUS (D0; � = μ) [1176] 1.93 ± 0.05 ± 0.03 0.28 ± 0.08 ± 0.07

Belle (D0; � = e, μ) [1171] 1.82 ± 0.04 ± 0.03 0.52 ± 0.08 ± 0.06

BaBar (D0; � = e) [1172] 1.889 ± 0.012 ± 0.015 0.366 ± 0.023 ± 0.029

CLEO-c (tagged) (D0, D+; � = e) [1173] 1.93 ± 0.02 ± 0.01 0.30 ± 0.03 ± 0.01

CLEO-c (untagged) (D0; � = e) [1174] 1.97 ± 0.03 ± 0.01 0.21 ± 0.05 ± 0.03

CLEO-c (untagged) (D+; � = e) [1174] 1.96 ± 0.04 ± 0.02 0.22 ± 0.08 ± 0.03

BESIII (D0; � = e) [1169] 1.921 ± 0.010 ± 0.007 0.309 ± 0.020 ± 0.013

BESIII (D+; � = e) [1170] 1.953 ± 0.044 ± 0.036 0.239 ± 0.077 ± 0.065

Table 272 Results for mpole and αBK from various experiments for D0 → π−�+ν and D+ → π0�+ν decays

D → π�ν� Expt. Mode Refs. mpole (GeV/c2) αBK

CLEO III (D0; � = e, μ) [1175] 1.86+0.10+0.07
−0.06−0.03 0.37+0.20

−0.31 ± 0.15

FOCUS (D0; � = μ) [1176] 1.91+0.30
−0.15 ± 0.07 –

Belle (D0; � = e, μ) [1171] 1.97 ± 0.08 ± 0.04 0.10 ± 0.21 ± 0.10

CLEO-c (tagged) (D0, D+; � = e) [1173] 1.91 ± 0.02 ± 0.01 0.21 ± 0.07 ± 0.02

CLEO-c (untagged) (D0; � = e) [1174] 1.87 ± 0.03 ± 0.01 0.37 ± 0.08 ± 0.03

CLEO-c (untagged) (D+; � = e) [1174] 1.97 ± 0.07 ± 0.02 0.14 ± 0.16 ± 0.04

BES III (D0; � = e) [1169] 1.911 ± 0.012 ± 0.004 0.279 ± 0.035 ± 0.011

BaBar (D0; � = e) [1168] 1.906 ± 0.029 ± 0.023 0.268 ± 0.074 ± 0.059

of higher mass states. For example, for D → π transi-
tions the dominant resonance is expected to be D∗(2010),
and thus mpole = mD∗(2010). For D → K transitions,
the dominant contribution is expected from D∗

s (2112), with
mpole = mD∗

s (2112).

8.5.4 Simple pole

Equation (245) can be simplified by neglecting the sum over
effective poles, leaving only the explicit vector meson pole.
This approximation is referred to as “nearest pole domi-
nance” or “vector-meson dominance.” The resulting param-
eterization is

f+(q2) = f+(0)

(1 − q2/m2
pole)

. (246)

However, values of mpole that give a good fit to the data do
not agree with the expected vector meson masses [1156].
To address this problem, the “modified pole” or Becirevic–
Kaidalov (BK) parameterization [1157] was introduced.
mpole/

√
αBK is interpreted as the mass of an effective pole,

higher than mpole, thus it is expected that αBK < 1.

The parameterization takes the form

f+(q2) = f+(0)

(1 − q2/m2
pole)

1(
1 − αBK

q2

m2
pole

) . (247)

These parameterizations are used by several experiments
to determine form factor parameters. Measured values of
mpole andαBK are listed in Tables 271 and 272 for D → K�ν�
and D → π�ν� decays, respectively.

8.5.5 z expansion

An alternative series expansion around some value q2 = t0
to parameterize f+(q2) can be used [1154,1158–1160]. This
parameterization is model independent and satisfies general
QCD constraints, being suitable for fitting experimental data.
The expansion is given in terms of a complex parameter z,
which is the analytic continuation of q2 into the complex
plane:

z(q2, t0) =
√
t+ − q2 − √

t+ − t0√
t+ − q2 + √

t+ − t0
, (248)

where t± ≡ (mD ± mP )
2 and t0 is the (arbitrary) q2 value

corresponding to z = 0. The physical region corresponds
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to ± |z|max = ± 0.051 for D → K�ν� and = ± 0.17 for
D → π�ν�, using t0 = t+(1 − √

1 − t−/t+).
The form factor is expressed as

f+(q2) = 1

P(q2) φ(q2, t0)

∞∑

k=0

ak(t0)[z(q2, t0)]k, (249)

where the P(q2) factor accommodates sub-threshold reso-
nances via

P(q2) ≡
{

1 (D → π)

z(q2,M2
D∗
s
) (D → K ).

(250)

The “outer” function φ(t, t0) can be any analytic function,
but a preferred choice (see, e.g. Refs. [1158,1159,1161])
obtained from the Operator Product Expansion (OPE) is

φ(q2, t0) = α

(√
t+ − q2 +√t+ − t0

)

× t+ − q2

(t+ − t0)1/4

(√
t+ − q2 + √

t+ − t−
)3/2

(√
t+ − q2 + √

t+
)5

,

(251)

with α = √πm2
c/3. The OPE analysis provides a constraint

upon the expansion coefficients,
∑N

k=0 a
2
k ≤ 1. These coef-

ficients receive 1/MD corrections, and thus the constraint
is only approximate. However, the expansion is expected
to converge rapidly since |z| < 0.051 (0.17) for D → K
(D → π ) over the entire physical q2 range, and Eq. (249)
remains a useful parameterization. The main disadvantage
as compared to phenomenological approaches is that there is
no physical interpretation of the fitted coefficients aK .

8.5.6 Three-pole formalism

An update of the vector pole dominance model has been
developed for the D → π�ν� channel [1162]. It uses infor-
mation of the residues of the semileptonic form factor at its
first two poles, the D∗(2010) and D∗′

(2600) resonances. The
form factor is expressed as an infinite sum of residues from
J P = 1− states with masses mD∗

n
:

f+(q2) =
∞∑

n=0

Res
q2=m2

D∗
n

f+(q2)

m2
D∗
n
− q2

, (252)

with the residues given by

Res
q2=m2

D∗
n

f+(q2) = 1

2
mD∗

n
fD∗

n
gD∗

n Dπ . (253)

Values of the fD∗ and fD∗′ decay constants have been
obtained by lattice QCD calculations, relative to fD , with 2%
and 28% precision, respectively [1162]. The couplings to the

Dπ state, gD∗Dπ and gD∗′ Dπ
, are extracted from measure-

ments of the D∗(2010) and D∗′
(2600) widths byBaBar and

LHCb experiments [1163–1165]. Thus the contribution from
the first pole is known with a 3% accuracy. The contribu-
tion from the D∗′

(2600) is determined with poorer accuracy,
∼30%, mainly due to lattice uncertainties. A superconver-
gence condition [1166] is applied:

∞∑

n=0

Res
q2=m2

D∗
n

f+(q2) = 0, (254)

protecting the form factor behavior at large q2. Within this
model the first two poles are not sufficient to describe the
data, and a third effective pole needs to be included.

One of the advantages of this phenomenological model is
that it can be extrapolated outside the charm physical region,
providing a method to extract the CKM matrix element Vub
using the ratio of the form factors of the D → π�ν and B →
π�ν decay channels. It will be used once lattice calculations
provide the form factor ratio f +

Bπ (q
2)/ f +

Dπ (q
2) at the same

pion energy.
This form factor description can be extended to the D →

K�ν decay channel, considering the contribution of several
cs̄ resonances with J P = 1−. The first two pole masses
contributing to the form factor correspond to the D∗

s (2112)
and D∗

s1(2700) resonant states [327]. A constraint on the
first residue can be obtained using information of the fK
decay constant [327] and the g coupling extracted from the
D∗+ width [1163]. The contribution from the second pole
can be evaluated using the decay constants from [1167], the
measured total width and the ratio of D∗K and DK decay
branching fractions [327].

8.5.7 Experimental techniques and results

Different techniques by several experiments are used to mea-
sure D meson semileptonic decays having a pseudoscalar
particle in the final state. The most recent results are pro-
vided by the BaBar [1168] and BES III [1169,1170]
collaborations. Belle [1171], BaBar [1172], and CLEO-
c [1173,1174] have all previously reported results. Belle
fully reconstructs e+e− → DD̄X events from the contin-
uum under the Υ (4S) resonance, achieving very good q2

resolution (15 MeV2) and a low background level but with a
low efficiency. Using 282 fb−1 of data, about 1300 and 115
signal semileptonic decays are isolated for both lepton chan-
nels together (e+μ), for the Cabibbo-favored and Cabibbo-
suppressed modes, respectively. TheBaBar experiment uses
a partial reconstruction technique in which the semileptonic
decays are tagged via D∗+ → D0π+ decays. The D direc-
tion and neutrino energy are obtained using information from
the rest of the event. With 75 fb−1 of data, 74,000 sig-
nal events in the D0 → K−e+ν mode are obtained. This
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Table 273 Results for r1 and r2 from various experiments for the D → K�ν� decay channel. The correlation coefficient between these parameters
is larger than 0.9

Expt. D → K�ν� Mode Refs. r1 r2

BaBar (D0; � = e) [1172] −2.5 ± 0.2 ± 0.2 0.6 ± 6.0 ± 5.0

CLEO-c (tagged) (D0; � = e) [1173] −2.65 ± 0.34 ± 0.08 13 ± 9 ± 1

CLEO-c (tagged) (D+; � = e) [1173] −1.66 ± 0.44 ± 0.10 −14 ± 11 ± 1

CLEO-c (untagged) (D0; � = e) [1174] −2.4 ± 0.4 ± 0.1 21 ± 11 ± 2

CLEO-c (untagged) (D+; � = e) [1174] −2.8 ± 6 ± 2 32 ± 18 ± 4

BES III (D0; � = e) [1169] −2.334 ± 0.159 ± 0.080 3.42 ± 3.91 ± 2.41

BES III (D+; � = e) [1170] −2.23 ± 0.42 ± 0.53 11.3 ± 8.5 ± 8.7

Table 274 Results for r1 and r2 from various experiments, for D → π�ν�. The correlation coefficient between these parameters is larger than 0.9

Expt. D → π�ν� Mode Refs. r1 r2

CLEO-c (tagged) (D0; � = e) [1173] −2.80 ± 0.49 ± 0.04 6 ± 3 ± 0

CLEO-c (tagged) (D+; � = e) [1173] −1.37 ± 0.88 ± 0.24 −4 ± 5 ± 1

CLEO-c (untagged) (D0; � = e) [1174] −2.1 ± 0.7 ± 0.3 −1.2 ± 4.8 ± 1.7

CLEO-c (untagged) (D+; � = e) [1174] −0.2 ± 1.5 ± 0.4 −9.8 ± 9.1 ± 2.1

BES III (D0; � = e) [1169] −1.85 ± 0.22 ± 0.07 −1.4 ± 1.5 ± 0.5

BaBar (D0; � = e) [1168] −1.31 ± 0.70 ± 0.43 −4.2 ± 4.0 ± 1.9

technique provides a large signal yield but also a high back-
ground level and a poor q2 resolution (ranging from 66 to
219 MeV2). In this case the measurement of the branching
fraction is obtained by normalizing to the D0 → K−π+
decay channel; thus the measurement would benefit from
future improvements in the determination of this reference
channel. The Cabibbo-suppressed mode has been recently
measured using the same technique and 350 fb−1 data. For
this measurement, 5000 D0 → π−e+ν signal events were
reconstructed [1168].

The CLEO-c experiment uses two different methods to
measure charm semileptonic decays. Tagged analyses [1173]
rely on the full reconstruction of �(3770) → DD events.
One of the D mesons is reconstructed in a hadronic decay
mode, the other in the semileptonic channel. The only miss-
ing particle is the neutrino so the q2 resolution is very good
and the background level very low. With the entire CLEO-c
data sample, 818 pb−1, 14,123 and 1374 signal events are
reconstructed for the D0 → K−e+ν and D0 → π−e+ν

channels, and 8467 and 838 for the D+ → K
0
e+ν and

D+ → π0e+ν decays, respectively. Another technique with-
out tagging the D meson in a hadronic mode (“untagged”
in the following) has been also used by CLEO-c [1174]. In
this method, the entire missing energy and momentum in an
event are associated with the neutrino four momentum, with
the penalty of larger background as compared to the tagged
method. Using the “tagged” method the BES III experiment
measures the D0 → K−e+ν and D0 → π−e+ν decay chan-
nels. With 2.9 fb−1 they fully reconstruct 70,700 and 6300
signal events for each channel, respectively[1169]. In a sep-

arated analysis the BES III experiment measures also the
D+ decay mode into D+ → K 0

Le
+ν [1170]. Using several

tagged hadronic events they reconstruct 20,100 semileptonic
candidates.

Previous measurements were also performed by several
experiments. Events registered at the Υ (4S) energy corre-
sponding to an integrated luminosity of 7 fb−1 were analyzed
by CLEO III [1175]. Fixed target photo-production experi-
ments performed also measurements of the normalized form
factor distribution (FOCUS [1176]) and total decay rates
(Mark-III [1177], E653 [1178,1179], E687 [1180,1181],
E691 [1182], BES II [1183,1184], CLEO II [1185]). In
the FOCUS fixed target photo-production experiment, D0

semimuonic events were obtained from the decay of a D∗+,
with a kaon or a pion detected.

Results of the hadronic form factor parameters, mpole and
αBK , obtained from the measurements discussed above, are
given in Tables 271 and 272.

The z-expansion formalism has been used byBaBar [1168,
1172], BES III[1186] and CLEO-c [1173], [1174]. Their fits
use the first three terms of the expansion, and the results for
the ratios r1 ≡ a1/a0 and r2 ≡ a2/a0 are listed in Tables 273
and 274.

8.5.8 Combined results for the D → K�ν� channel

Theq2 distribution provided by each individual measurement
is used to determine a combined result by performing a fit to
the z-expansion formalism at second order. Results for the
form factor normalization f K+ (0)|Vcs | and the shape param-
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Table 275 Results of the fits to D → K�ν� measurements from sev-
eral experiments, using the z-expansion. External inputs have been
updated to PDG [327]. The correlation coefficients listed in the last
column refer to ρ12 ≡ ρ|Vcs | f K+ (0),r1

, ρ13 ≡ ρ|Vcs | f K+ (0),r2
, and ρ23 ≡

ρr1,r2 and are for the total uncertainties (statistical ⊕ systematic). The

result for the D+ → K 0
Le

+νe decay channel from BES III [1170] is
included in the combined results as a constraint on the normalization,
|Vcs | f K+ (0). The entry others refers to total decay rates measured by
Mark-III [1177], E653 [1178,1179], E687[1180,1181], E691 [1182],
BES II [1183,1184] and CLEO II [1185]

Expt. D → K�ν� Mode |Vcs | f K+ (0) r1 r2 ρ12/ρ13/ρ23

BES III (tagged) [1169] (D0) 0.7195(35)(43) −2.33(16)(8) 3.4(4.0)(2.5) −0.21/0.58/−0.81

CLEO-c (tagged) [1173] (D0, D+) 0.7189(64)(48) −2.29(28)(27) 3.0(7.0)(1.0) −0.19/0.58/−0.81

CLEO-c (untagged) [1174] (D0, D+) 0.7436(76)(79) −2.57(33)(18) 23.9(8.9)(4.3) −0.34/0.66/−0.84

BaBar [1172] (D0) 0.7241(64)(60) −2.45(20)(18) −0.6(6.0)(3.8) −0.36/0.59/−0.82

Belle [1171] (D0) 0.700(19) −3.06(71) −3.3(17.9) −0.20/0.66/−0.81

FOCUS [1176] and others 0.724(29) −2.54(75) 7.0(12.8) −0.02/0.02/−0.97

Combined (D0, D+) 0.7226(22)(26) −2.38(11)(6) 4.7(2.6)(1.4) −0.19/0.51/− 0.84

Table 276 Results for the D0 → K−�+ν� and D+ → K̄ 0�+ν� decays channels using the z-expansion formalism at second order

Fit value D0 → K−�+ν� D+ → K̄ 0�+ν�

|Vcs | f K+ (0) 0.7219 ± 0.0024 ± 0.0027 0.726 ± 0.005 ± 0.007

r1 −2.41 ± 0.11 ± 0.07 −2.07 ± 0.38 ± 0.10

r2 4.7 ± 2.7 ± 1.4 5.4 ± 8.2 ± 4.6

ρ12/ρ13/ρ23 −0.19/0.51/−0.84 −0.10/0.39/−0.84

eters r1 and r2 for each individual measurement and for the
combination are presented in Table 275. Measurements have
been corrected with respect to the original ones using recent
values from PDG [327]. This includes updated branching
fractions of normalization channels, corrected CKM matrix
elements and the D meson lifetime. The BaBar measure-
ment has been corrected accounting for final-state radiation.
The result for the D+ → K 0

Le
+νe decay channel from

BES III [1170] is included as a constraint in the combined
result since correlation matrices are not provided. Correlation
coefficients of the parameters are quoted in the last column
of Table 275. The χ2 per degree of freedom is 114.7/101.
Results are shown in Fig. 201.

In the combination of the electron and muon channels,
the measurements with muons are corrected for the reduc-
tion of phase space and for the f0(q2) contribution [1187].
Channels with a D0 or a D+ are combined assuming isospin
invariance and using physical meson and lepton masses.
These combined results are noted as D → K�ν� in the fol-
lowing. Hadronic form factors are assumed to be the same
for charged and neutral D mesons. Separate results for the
D0 → K−�+ν� and D+ → K̄ 0�+ν� decay channels are
shown in Table 276 and Fig. 200. Using the fitted parameters
and integrating over the full q2 range, the combined semilep-
tonic branching fraction, expressed in terms of the D0 decay
channel gives:

B(D0 → K−�+ν�) = (3.490 ± 0.011 ± 0.020)% (255)

Table 277 Results of the three-pole model form factors obtained from
a fit to all measurements. Fitted parameters are the first two residues γ K

0
and γ K

1 , which are constrained using present measurements of masses
and widths of the D∗

s and D∗
s1 mesons, and lattice computations of decay

constants, and the effective mass, mD∗′′
s eff

, accounting for higher mass

hadronic contributions

Parameter Combined result (D → K�ν�)

γ K
0 4.85 ± 0.08 GeV2

γ K
1 −1.2 ± 0.30 GeV2

mD∗′′
s eff

4.46 ± 0.26 GeV

Data from the different experiments are also fitted within
the three-pole form factor formalism. Constraints on the
first and second poles are imposed using information of the
D∗
s (2112) and D∗

s1(2700) resonances. Results are presented
in Table 277. Fitted parameters are the first two residues
γ K

0 = Res
q2=m2

D∗
s (2112)

f K+ (q2) and γ π
1 = Res

q2=m2
D∗
s1(2700)

f K+ (q2)

and an effective mass, mD∗′′
s eff

, accounting for higher mass

hadronic contributions. It is found that the fitted effective
third pole mass is larger than the mass of the second radial
excitation, around 3.2 GeV/c2, as expected. The contribu-
tion to the form factor by only the D∗

s resonance is dis-
favoured by the data. Figure 199 (left) shows the result of
the fitted form factors for the z-expansion and three-pole
parametrizations (Figs. 200, 201).
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Fig. 199 Form factors as
function of q2 for the
D → K�ν� (left) and
D → π�ν� (right) channels,
obtained from a fit to all
experimental data. Central
values (central lines) and
uncertainties (one σ deviation)
are shown for the z-expansion
and the 3-pole parameterization
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Fig. 200 Results of the combined fit shown separately for the D0 → K−�+ν and D+ → K̄ 0�+ν decay channels. Ellipses are shown for 68% C.L

8.5.9 Combined results for the D → π�ν� channel

The combined result for the D → π�ν� decay channel is
obtained from a fit to BaBar, Belle, BES III, and CLEO-c

data, with updated input values from [327]. The available
measurements are fitted in bins of q2 to the z-expansion
model at second order. Results of the individual fits for
each experiment and the combined result are shown in
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Fig. 201 The D0 → K−�+ν (left) and D0 → π−�+ν (right) 68% C.L. error ellipses from the average fit of the 3-parameter z-expansion results
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Table 278 Results of the fits to D → π�ν� measurements from sev-
eral experiments, using the z-expansion. External inputs are updated to
PDG [327]. The correlation coefficients listed in the last column refer

to ρ12 ≡ ρ|Vcd | f π+ (0),r1 , ρ13 ≡ ρ|Vcd | f π+ (0),r2 , and ρ23 ≡ ρr1,r2 and are
for the total uncertainties (statistical ⊕ systematic)

Expt. D → π�ν� mode |Vcd | f π+ (0) r1 r2 ρ12/ρ13/ρ23

BES III (tagged) [1169] (D0) 0.1422(25)(10) −1.86(23)(7) −1.24(1.51)(47) −0.37/0.64/−0.93

CLEO-c (tagged) [1173] (D0, D+) 0.1507(42)(11) −2.45(43)(9) 3.8(2.8)(6) −0.43/0.67/−0.94

CLEO-c (untagged) [1174] (D0, D+) 0.1394(58)(25) −1.71(62)(25) −2.8(4.0)(1.6) −0.50/0.69/−0.96

BaBar [1172] (D0) 0.1381(36)(22) −1.42(66)(45) −3.5(3.7)(2.0) −0.40/0.57/−0.97

Belle [1171] (D0) 0.142(11) −1.83(1.00) 1.5(6.5) −0.30/0.59/−0.91

Combined (D0, D+) 0.1426(17)(8) −1.95(18)(1) −0.52(1.17)(32) −0.37/0.63/−0.94

Table 279 Results of the three-pole model to BaBar, Belle, BES III
and CLEO-c (tagged and untagged) data. Fitted parameters are the first
two residues γ π

0 and γ π
1 , which are constrained using present measure-

ments of masses and widths of the D∗ and D∗′
mesons, and lattice com-

putations of decay constants, and the effective mass, mD∗′′
eff

, accounting

for higher mass hadronic contributions

Parameter Combined result (D → π�ν�)

γ π
0 3.881 ± 0.093 GeV2

γ π
1 −1.18 ± 0.30 GeV2

mD∗′′
eff

4.17 ± 0.42 GeV

Table 278. Theχ2 per degree of freedom of the combined fit is
51/55.

Using the fitted parameters and integrating over the full
q2 range, the combined semileptonic branching fraction,
expressed in terms of the D0 decay channel gives:

B(D0 → π−�+ν�) = (2.891 ± 0.030 ± 0.022) × 10−3

(256)

Results of the three-pole model to the D → π�ν� data
are shown in Table 279. Fitted parameters are the first two
residues γ π

0 = Res
q2=m2

D∗
f π+ (q2) and γ π

1 = Res
q2=m2

D∗′
f π+ (q2)

(which are constrained using present measurements of
masses and widths of the D∗(2010) and D∗′

(2600) mesons,
and lattice computations of decay constants, following
[1162]), and an effective mass, mD∗′′

eff
, accounting for higher

mass hadronic contributions. The Vcd value entering in the
fit is given in Eq. (257). The χ2 per degree of freedom of the
combined fit is 57.5/57.

The effective mass mD∗′′
eff

is larger than the predicted mass

of the second radially excited state with J P = 1− (∼
3.11 GeV), indicating that more contributions are needed to
explain the form factor. Figure 199 (right) shows the result of
the combined form factor for the z-expansion and three-pole
parameterizations.

8.5.10 Vcs and Vcd determination

Assuming unitarity of the CKM matrix, the values of the
CKM matrix elements entering in charm semileptonic decays
are evaluated from the Vud , Vtd and Vcb elements [327]:

|Vcs | = 0.97343 ± 0.00015,
|Vcd | = 0.22521 ± 0.00061.

(257)

Using the combined values of f K+ (0)|Vcs | and f π+ (0)|Vcd | in
Tables 275 and 278, leads to the form factor values:

f K+ (0) = 0.7423 ± 0.0035,
f π+ (0) = 0.6327 ± 0.0086,

which are in agreement with present lattice QCD compu-
tations [222]: f K+ (0) = 0.747 ± 0.019 and f π+ (0) =
0.666 ± 0.029. The experimental accuracy is at present
higher than the one from lattice calculations. If instead one
assumes the lattice QCD form factor values, one obtains
for the CKM matrix elements using the combined results
in Tables 275 and 278:

|Vcs | = 0.967 ± 0.025,
|Vcd | = 0.2140 ± 0.0097,

still compatible with unitarity of the CKM matrix.

8.5.11 D→V �ν� decays

When the final state hadron is a vector meson, the decay
can proceed through both vector and axial vector currents,
and four form factors are needed. The hadronic current is
Hμ = Vμ + Aμ, where [1155]

Vμ = 〈V (p, ε)|q̄γμc|D(p′)〉
= 2V (q2)

mD + mV
εμνρσ ε

∗ν p′ρ pσ (258)

Aμ = 〈V (p, ε)| − q̄γμγ5c|D(p′)〉
= −i (mD + mV )A1(q

2)ε∗
μ

123



895 Page 248 of 335 Eur. Phys. J. C (2017) 77 :895

+ i
A2(q2)

mD + mV
(ε∗ · q)(p′ + p)μ

+ i
2mV

q2

(
A3(q

2) − A0(q
2)

)
[ε∗ · (p′ + p)]qμ.

(259)

In this expression, mV is the daughter meson mass and

A3(q
2) = mD + mV

2mV
A1(q

2) − mD − mV

2mV
A2(q

2). (260)

Kinematics require that A3(0) = A0(0). Terms proportional
to qμ are only important for the case of τ leptons. Thus, only
three form factors are relevant in the decays involving μ or
e: A1(q2), A2(q2) and V (q2). The differential partial width
is

d�(D → V �ν�)

dq2 d cos θ�
= G2

F |Vcq |2
128π3m2

D

p∗ q2×
[
(1−cos θ�)2

2
|H−|2

+ (1+cos θ�)2

2
|H+|2+sin2 θ�|H0|2

]
,

(261)

where H± and H0 are helicity amplitudes, corresponding to
helicities of the V meson or virtual W , given by

H± = 1

mD+mV

[
(mD+mV )

2A1(q
2)∓2mD p∗V (q2)

]

(262)

H0 = 1

|q|
m2

D

2mV (mD+mV )
×
[(

1 − m2
V − q2

m2
D

)

×(mD + mV )
2A1(q

2) − 4p∗2A2(q
2)

]
. (263)

p∗ is the magnitude of the three-momentum of the V sys-
tem, measured in the D rest frame, and θ� is the angle of the
lepton momentum, in the W rest frame, with respect to the
opposite direction of the D meson [see Fig. 202 for the elec-
tron case (θe)]. The left-handed nature of the quark current
manifests itself as |H−| > |H+|. The differential decay rate
for D → V �ν followed by the vector meson decaying into
two pseudoscalars is

d�(D→V �ν, V → P1P2)

dq2d cos θV d cos θ�dχ

= 3G2
F

2048π4 |Vcq |2 p
∗(q2)q2

m2
D

B(V → P1P2)

×
{
(1 + cos θ�)

2 sin2 θV |H+(q2)|2

+ (1 − cos θ�)
2 sin2 θV |H−(q2)|2

+ 4 sin2 θ� cos2 θV |H0(q
2)|2

− 4 sin θ�(1 + cos θ�)

× sin θV cos θV cosχH+(q2)H0(q
2)

Fig. 202 Decay angles θV , θ� and χ . Note that the angle χ between the
decay planes is defined in the D-meson reference frame, whereas the
angles θV and θ� are defined in the V meson and W reference frames,
respectively

+ 4 sin θ�(1 − cos θ�)

× sin θV cos θV cosχH−(q2)H0(q
2)

− 2 sin2 θ� sin2 θV cos 2χH+(q2)H−(q2)
}
, (264)

where the helicity angles θ�, θV , and acoplanarity angle χ

are defined in Fig. 202.
Ratios between the values of the hadronic form factors

expressed at q2 = 0 are usually introduced:

rV ≡ V (0)/A1(0), r2 ≡ A2(0)/A1(0). (265)

8.5.12 Form factor measurements

In 2002 FOCUS reported [1188] an asymmetry in the
observed cos(θV ) distribution in D+ → K−π+μ+ν decays.
This is interpreted as evidence for an S-wave K−π+ com-
ponent in the decay amplitude. Since H0 typically dominates
over H± , the distribution given by Eq. (264) is, after integra-
tion over χ , roughly proportional to cos2 θV . Inclusion of a
constant S-wave amplitude of the form A eiδ leads to an inter-
ference term proportional to |AH0 sin θ� cos θV |; this term
causes an asymmetry in cos(θV ). When FOCUS fit their data
including this S-wave amplitude, they obtained A = 0.330 ±
0.022 ± 0.015 GeV−1 and δ = 0.68 ± 0.07 ± 0.05 [1189].
Both BaBar [1190] and CLEO-c [1191] have also found
evidence for an f0 → K+K− component in semileptonic
Ds decays.

The CLEO-c collaboration extracted the form factors
H+(q2), H−(q2), and H0(q2) from 11000 D+ → K−π+
�+ν� events in a model-independent fashion directly as func-
tions of q2 [1192]. They also determined the S-wave form
factor h0(q2) via the interference term, despite the fact that
the Kπ mass distribution appears dominated by the vector
K ∗(892) state. It is observed that H0(q2) dominates over a
wide range of q2, especially at low q2. The transverse form
factor Ht (q2), which can be related to A3(q2), is small com-
pared to lattice gauge theory calculations and suggests that
the form factor ratio r3 ≡ A3(0)/A1(0) is large and negative.
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BaBar [1193] selected a large sample of 244 × 103

D+ → K−π+e+νe candidates with a ratio S/B ∼ 2.3 from
an analyzed integrated luminosity of 347 fb−1. With four
particles emitted in the final state, the differential decay rate
depends on five variables. In addition to the four variables
defined in previous sections there is alsom2, the mass squared
of the Kπ system. To analyze the D+ → K−π+e+νe decay
channel it is assumed that all form factors have a q2 variation
given by the simple pole model and the effective pole mass
value, mA = (2.63 ± 0.10 ± 0.13) GeV/c2, is fitted for
the axial vector form factors. This value is compatible with
expectations when comparing with the mass of J P = 1+
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q2(GeV/c2)

q2 H
02 (q

2 )
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CLEOc  ..  BaBar, q2H0

2h0

Fig. 203 Comparison between CLEO-c and BaBar results for the
quantities q2H2

0 (q
2) and q2h0(q2)H0(q2)

charm mesons. For the mass dependence of the form factors,
a Breit–Wigner with a mass dependent width and a Blatt–
Weisskopf damping factor is used. For the S-wave ampli-
tude, considering what was measured in D+ → K−π+π+
decays, a polynomial variation below the K

∗
0(1430) and a

Breit–Wigner distribution, above are assumed. For the poly-
nomial part, a linear term is sufficient to fit data. It is verified
that the variation of the S-wave phase is compatible with
expectations from elastic Kπ [343,1194] (after correcting
for δ3/2) according to the Watson theorem. At variance with
elastic scattering, a negative relative sign between the S- and
P-waves is measured; this is compatible with the previous
theorem. Contributions from other spin-1 and spin-2 reso-
nances decaying into K−π+ are considered.

In Fig. 203, measured values from CLEO-c of the prod-
ucts q2H2

0 (q
2) and q2h0(q2)H0(q2) are compared with cor-

responding results from BaBar illustrating the difference in
behavior of the scalar h0 component and the H0 form fac-
tor. For this comparison, the plotted values from BaBar for
the two distributions are fixed to 1 at q2 = 0. The differ-
ent behavior of h0(q2) and H0(q2) can be explained by their
different dependence in the p∗ variable.

Table 280 lists measurements of rV and r2 from several
experiments. Most of the measurements assume that the q2

dependence of hadronic form factors is given by the simple
pole ansatz. Some of these measurements do not consider a
S-wave contribution and it is included in the measured values.
The measurements are plotted in Fig. 204, which shows that
they are all consistent.

Table 280 Results for rV and r2 from various experiments

Experiment Refs. rV r2

D+ → K
∗0
l+ν

E691 [1195] 2.0 ± 0.6 ± 0.3 0.0 ± 0.5 ± 0.2

E653 [1196] 2.00 ± 0.33 ± 0.16 0.82 ± 0.22 ± 0.11

E687 [1197] 1.74 ± 0.27 ± 0.28 0.78 ± 0.18 ± 0.11

E791 (e) [1198] 1.90 ± 0.11 ± 0.09 0.71 ± 0.08 ± 0.09

E791 (μ) [1199] 1.84 ± 0.11 ± 0.09 0.75 ± 0.08 ± 0.09

Beatrice [1200] 1.45 ± 0.23 ± 0.07 1.00 ± 0.15 ± 0.03

FOCUS [1189] 1.504 ± 0.057 ± 0.039 0.875 ± 0.049 ± 0.064

D0 → K
0
π−μ+ν

FOCUS [1201] 1.706 ± 0.677 ± 0.342 0.912 ± 0.370 ± 0.104

BaBar [1193] 1.493 ± 0.014 ± 0.021 0.775 ± 0.011 ± 0.011

D+
s → φ e+ν

BaBar [1190] 1.849 ± 0.060 ± 0.095 0.763 ± 0.071 ± 0.065

D0, D+ → ρ eν

CLEO [1202] 1.40 ± 0.25 ± 0.03 0.57 ± 0.18 ± 0.06
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Fig. 204 A comparison of r2 (filled inverted triangles) and rV (open
triangles) values from various experiments. The first seven measure-
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1-σ limits is the average of these. The last two points are D+

s and D0

decays

8.6 Leptonic decays

Purely leptonic decays of D+ and D+
s mesons are among

the simplest and theoretically cleanest probes of c → d and
c → s quark flavor-changing transitions. The branching frac-
tion of leptonic decays that proceed via the annihilation of
the initial quark-antiquark pair (cd or cs) into a virtual W+
that finally materializes as an antilepton-neutrino pair (�+ν�).
Their Standard Model branching fraction is given by

B(D+
q → �+ν�)

= G2
F

8π
τDq f

2
Dq

|Vcq |2mDqm
2
�

(
1 − m2

�

m2
Dq

)2

. (266)

Here, mDq is the Dq meson mass, τDq is its lifetime, m�

is the charged lepton mass, |Vcq | is the magnitude of the
relevant CKM matrix element, and GF is the Fermi cou-
pling constant. The parameter fDq is the Dq meson decay
constant and is related to the wave-function overlap of the
meson’s constituent quark and anti-quark. The decay con-
stants have been predicted using several methods, the most
accurate and robust being the lattice gauge theory (LQCD)
calculations. The Flavor Lattice Averaging Group [222] com-
bines all LQCD calculations and provides averaged values for
fD and fDs (see Table 281) that are used within this section
to extract the magnitudes of the Vcd and Vcs CKM matrix
elements from experimentally measured branching fractions
of D+ → �+ν� and D+

s → �+ν� decays, respectively.
The leptonic decays of pseudoscalar mesons are helicity-

suppressed and their decay rates are thus proportional to the
square of the charged lepton mass. Leptonic decays into
electrons, with expected B � 10−7, are not experimen-
tally observable yet, whereas decays to taus are favored over

Table 281 The LQCD average for D and Ds meson decay constants
and their ratio from the Flavor Lattice Averaging Group [222]

Quantity Value

fD 212.15 ± 1.45 MeV

fDs 248.83 ± 1.27 MeV

fDs / fD 1.1716 ± 0.0032

decays to muons. In particular, the ratio of the latter decays

is equal to R
Dq
τ/μ ≡ B(D+

q → τ+ντ )/B(D+
q → μ+νμ) =

m2
τ /m

2
μ · (1 −m2

τ /m
2
Dq

)2/(1 −m2
μ/m

2
Dq

)2, and amounts to

9.76 ± 0.03 in the case of D+
s decays and to 2.67 ± 0.01 in

the case of D+ decays based on the world average values of
masses of the muon, tau and Dq meson given in Ref. [6]. Any
deviation from this expectation could only be interpreted as
violation of lepton universality in charged currents and would
hence point to NP effects [1203].

Averages presented within this subsection are weighted
averages, in which correlations between measurements and
dependencies on input parameters are taken into account.
There is only one new experimental result on leptonic charm
decays since our last report from 2014 – the measurements
of B(D+

s → μ+νμ) and B(D+
s → τ+ντ ) by BESIII

collaboration [1204]. The Lattice QCD calculations of the
D and Ds meson decay constants have improved signifi-
cantly since our last report and we use the latest averages of
N f = 2+1+1 calculations provided by the Flavour Lattice
Averaging Group [222] in our determinations of the CKM
matrix elements |Vcd | and |Vcs |.

8.6.1 D+ → �+ν� decays and |Vcd |

We use measurements of the branching fraction B(D+ →
μ+νμ) from CLEO-c [1103] and BESIII [1205] to calculate
the world average (WA) value. We obtain

BWA(D+ → μ+νμ) = (3.74 ± 0.17) × 10−4, (267)

from which we determine the product of the decay constant
and the CKM matrix element to be

fD|Vcd | = (45.9 ± 1.1) MeV, (268)

where the uncertainty includes the uncertainty onBWA(D+ →
μ+νμ) and external inputs41 needed to extract fD|Vcd | from
the measured branching fraction using Eq. (266). Using the
LQCD value for fD from Table 281 we finally obtain the
CKM matrix element Vcd to be

|Vcd | = 0.2164 ± 0.0050(exp.) ± 0.0015(LQCD), (269)

41 These values (taken from the PDG 2014 edition [327]) are mμ =
(0.1056583715 ± 0.0000000035) GeV/c2, mD = (1.86961 ±
0.00009) GeV/c2 and τD = (1040 ± 7) × 10−15 s.
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