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BB~ D, D) | * R i = %
B(B~—D; D*(2007)%) |-+t ¢ rrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr .
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Fig. 123 Summary of the averages from Table 153
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Fig. 124 Summary of the averages from Table 154
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Fig. 125 Summary of the averages from Table 156
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Fig. 126 Summary of the averages from Table 157
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B(B-—D"D};(2317)") x B(D,(2317)- =D «°)
B(B~—D"D},(2317)7) x B(D},(2317)"—D} )
B(B~—D};(2317)~ D*(2007)%) x B(D;;(2317)~—D; =)
B(B~—D"D, ;(2460) ") x B(D,;(2460)~— D7)
B(B~—D"D,;(2460)~) x B(D,;(2460)~—D} ")
B(B~—D"D,;(2460)~) x B(D,;(2460)~—D; ")
B(B~—D"D,;(2460)~) x B(D,;(2460)"—D 7 7")
B(B*—D,;(2536)" D°) x B(D,;(2536)*—D*(2007)° K+ + D*(2010)* K°)
B(B~—D,;(2536)” D°) x B(D,(2536) " —D*(2007) K )
B(B~—D,;(2536)~D") x B(D,;(2536)~—D*(2010)~ K?)
B(B~—D,;(2536)~ D*(2007)°) x B(D4; (2536)~—D*(2007) K ~)

B(B~—D,1(2536) " D*(2007)°) x B(D,;(2536) " —D*(2010)~ K°)

0.0 O.

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 /v and one kaon I [1073]

Tt
—
——
-
—
=
—_
+ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
-
e
=
————

i ‘ ‘ i i ‘ i
2 04 06 08 1.0 1.2 14 1.6 1.8
1073

Parameter Measurements Average

BB~ — J/YyK7) 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/¥K*(892)7) 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/¥K(1270)7) Belle [653]: 1.80 & 0.34 £ 0.39 1.80 + 0.52

BB~ — J/yK-ntn~)

CDF [734]: 0.69 + 0.18 £ 0.12
Belle [735]: 0.716 4 0.010 £ 0.060

BABAR [736]: 1.16 £ 0.07 £ 0.09

Table 160 Decays to J /v and one kaon II [107%]

Parameter Measurements Average

BB~ — J/YynK™) Belle [654]: 1.27 £ 0.11 £ 0.11 1.24 + 0.14
BABAR[655]: 1.08 + 0.23 + 0.24

BB~ = J/¥w(182)K™) BABAR[651]:3.2 + 0.1 0% 32708

BB~ — J/¥¢(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 /v and one kaon I [1073]

Parameter Measurements Average
BB~ = y(2SK™) 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
BB~ — Y (2S)K™) x B (28) = xe1¥) Belle [657]: 0.77 & 0.08 & 0.09 0.77 + 0.12
BB~ — Y (2S)K™) x B (2S) = xay) Belle [657]: 0.63 & 0.09 & 0.06 0.63 + 0.11
BB~ — ¥ (28)K*(892)7) BABAR[10]: 0.592 £ 0.085 + 0.089 0.592 + 0.123
BB~ — yQ2S)K ntn) Belle [735]: 0.431 + 0.020 =+ 0.050 0.431 £ 0.054
BB~ — ¢(3770)K ™) Belle [732]: 0.48 & 0.11 % 0.07 0.45 + 0.12
BABAR [706]: 0.35 & 0.25 £ 0.03
B(B~ — ¥ (3770)K ) x B(y(3770) — DT D) BABAR [643]: 0.084 + 0.032 + 0.021 0.084 + 0.038
B(B~ — ¥ (3770)K ™) x B(y(3770) — D°D%) BABAR[643]: 0.141 4 0.030 + 0.022 0.141 + 0.037
B(B~ — x0K™) Belle [737]: 0.60 T34 + 0.11 0.200 + 0.044
BABAR [706]: <0.18
BABAR [273]: 0.184 + 0.032 + 0.031
BB~ = x.0K*(892)7) BABAR[658]: <2.86 0.14 + 0.05
BABAR [659]: 0.14 & 0.05 & 0.02
BB~ = xaK) 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
BB~ = x.1K*(892)7) Belle [664]: 0.41 & 0.06 & 0.09 0.30 + 0.06
BABAR [661]: 0.26 & 0.05 & 0.04
BB~ — xaK 7% Belle [662]: 0.329 + 0.029 + 0.019 0.329 + 0.035
B(B™ — xc1K%77) Belle [662]: 0.575 + 0.026 + 0.032
BABAR [663]: 0.552 + 0.026 + 0.061 0.569 + 0.035
B(B~ = ye1 K~ mtn™) Belle [662]: 0.374 + 0.018 + 0.024 0.374 + 0.030
BB~ — x2K%77) Belle [662]: 0.116 + 0.022 + 0.012 0.116 + 0.025
BB~ — xoK ntn™) Belle [662]: 0.134 + 0.017 + 0.009 0.134 + 0.019
BB~ — n.K™) Belle [665]: 1.25 £ 0.14 7030
BABAR [706]: 0.87 + 0.15 0.92 + 0.14
BABAR [667]: 1.29 & 0.09 + 0.38
B(B~ = n.K*(892)7) BABAR [666]: 1.21 7033 704 121797
BB~ = 1.28)K™) BABAR [706]: 0.34 & 0.18 £ 0.03 0.34 + 0.18
Table 162 Decays to charmonium other than J /v and one kaon II [1077]
Parameter Measurements Average
BB~ = xo2K™) Belle [660]: 1.11 03¢ + 0.09 1.08 £ 0.31
BABAR [661]:1 £ 1 £ 0
B(B™ — x2K*(892)7) BABAR [661]: 1.1 + 43 £+ 5.5 1.1+ 7.0
BB~ — he(1P)K™) x Bhe(1P) — 15cy) BABAR [668]: <4.8 <4.8
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Table 163 Decays to charmonium other than J /v and one kaon III [1079]

Parameter Measurements Average
B(B~ — K~ nc) x Bne — K°K*nt) Belle [738]: 0.267 £ 0.014 1003 0.267 1039
BB~ = ncK™) x Bje = pp) Belle [739]: 1.42 & 0.11 7035

BABAR [740]: 1.8 703 + 0.2 1.53 £ 0.18
B(B™ — ncK™) x B(ne - AA) Belle [739]: 0.95 +023 T0-98 0.95 7026
BB~ = K 1.25)) x B(.(2S) > K°K~=) Belle [738]: 0.034 10:022 +0.003 0.034 70033
B(B~ — h.(1P)K™) Belle [741]: <3.8 <3.8
B(B~ — he(1P)K™) x Bhe(1P) — J/yrmta™) BABAR([736]: <3.4 <34
Table 164 Decays to charmonium and light mesons [1077]
Parameter Measurements Average

BB~ — J/yn7)

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
BB~ — J/yr~ 70 BABAR[669]: <0.73 <0.73
BB~ — J/yp~(770)) BABAR[669]:5 £ 1 &£ 0 5+1
BB~ = ¢ (28)7n™) LHCb [742]: 2.52 4+ 0.26 £ 0.15 2.52 £ 0.30
B(B™ — xcom™) BABAR[744]: <6.1 <6.1
B(B™ — xc1w7) Belle [745]: 2.2 &£ 0.4 £ 0.3 22 +£05
Table 165 Decays to J /v and a heavy mesons [1074]
Parameter Measurements Average
BB~ — J/¥yD™) BABAR[682]: <1.2 <l1.2
BB~ — J/y D7) Belle [681]: <0.25 <0.25

BABAR [736]: <0.52

Table 166 Decays with baryons I [1077]

Parameter Measurements Average
_ _ . +0.18
BB~ — J/¥vAp) Belle [679]: 1.16 £ 0.28 753 1.16 &+ 0.31
. 0.74 +0.42
BABAR [680]: 1.16 1) 13 1012
BB~ — J/y2p) Belle [679]: <1.1 <1.1
Table 167 Decays with baryons IT [107]
Parameter Measurements Average
BB~ — J/yppr™) LHCb [678]: <0.50 <0.50
BB~ — J/YK™) x B/ — AA) Belle [739]: 2.0 703 £ 0.3 20753
BB~ — J/YK™) x B(J/Y¥ — pp) Belle [739]: 2.21 £+ 0.13 £ 0.10
BABAR [740]:2.2 £ 0.2 = 0.1 221 £ 0.13
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Table 168 Relative decay rates I

Parameter Measurements Average

BB~ — J/Y¥K*@892)")/B(B~ — J/YyK™) CDF [683]: 1.92 + 0.60 £+ 0.17 1.38 £ 0.09
BABAR [10]: 1.37 £ 0.05 £ 0.08

BB~ — J/YK1(1270)7)/B(B~ — J/YK™) Belle [653]: 1.80 & 0.34 + 0.34 1.80 + 0.48

BB~ — J/y¥ K, (1400))/B(B~ — J /¥ K(1270)7) Belle [653]: <0.30 <0.30

BB~ — ¢ (2S)K™)/B(B~ — J/YK™) LHCb [685]: 0.594 £+ 0.006 £ 0.022 0.598 £ 0.022
DO [746]: 0.65 £ 0.04 + 0.08

BB~ — ¥(285)K*(892)7)/B(B~ — ¢ (2S)K ™) BABAR[10]: 0.96 £+ 0.15 £ 0.09 0.96 £ 0.17

BB~ — xc0K™)/B(B~ — J/¥K™) Belle [737]: 0.60 T07¢ + 0.09 0.60 703

B(B™ — xc1K*(892)7)/B(B~ — xc1K7) BABAR[10]: 0.51 £+ 0.17 £ 0.16 0.51 + 0.23

BB~ — a1 K%7n)/B(B~ — J/yK7™) BABAR[663]: 0.501 & 0.024 4 0.055 0.501 £ 0.060

BB~ — n.K7)/B(B~ = J/YK™) BABAR [706]: 1.06 + 0.23 £ 0.04 1.12 £ 0.20
BABAR [667]: 1.28 + 0.10 £ 0.38

[B(B™ = ncK™) x B(ne = pp)l/IB(B~ = J/YK™) x B(J/Y — pp)] LHCb [747]: 0.578 £+ 0.035 £ 0.027 0.578 £+ 0.044

Table 169 Relative decay rates 11

Parameter Measurements Average

BB~ — J/yn~)/B(B~ — J/YyK~)

CDF [748]: 0.050 T0:912 + 0.001
CDF [749]: 0.0486 + 0.0082 =+ 0.0015
BABAR [743]: 0.0537 =+ 0.0045 £ 0.0011

0.0524 £ 0.0040

[B(B™ - v (2S)K™) x B(y(2S) — pp)l/ LHCb [747]: 0.080 £+ 0.012 £ 0.009 0.080 £ 0.015
[B(B™ — J/YK™) x B(J/Y — pp)]
B(B™ = xe1w " )/B(B™ — xc1K™) Belle [745]: 0.043 £ 0.008 + 0.003 0.043 £ 0.009
[B(B~ = he(1P)K™) x B(h¢(1P) — n.y)1/B(B~ — n.K™) BABAR [668]: <0.052 <0.052
BB = J/K ) feo .‘.._ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, SOV U SO SSURUUUUOOY @5”’"’”9’201!6
BB~ —J/yK*(892) )b A ——
BB~ —J/yK,(1270) ) b A >
BB~ —J/pK mtm ) fo —— A T
I I I
1.0 1.5 2.0
1073
Fig. 128 Summary of the averages from Table 159
BB —J/thnK ) feeoeeoio NN %
B(B™—J o T82)K ) oo T ——_—————— ——
B(B™—J/¢¢(1020)K ) |- + """"""" """"""""" """"""""" """"""""" """""""""
I I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
10

Fig. 129 Summary of the averages from Table 160
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BB~ (28)K ) [ j
BB~ (29)K ) x BA2S) ) | :
BB (28)K ) % B2S) ) [l e :
BB~ —(28)K*(892)7) |- ——0— rrrrrrrrrrrrrrrr ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]
BB~ —(28)K 1) oo + ,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1
BB~ —(3TT0)K ) oot + rrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 1
B(B~—$(3770)K ) x B(t(3770)=D*D") | -4 rrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr f
B(B~—(37T0)K ) x B(4(3770)—D° D) -o- rrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 1
S| NP S —— . :
BB+, K(892) ) | b .
BB K)o [ — T :
BB K (892) ) [t e .
B(B™=xa K m0) oo -0- """"""""""""""" """""""""""""""""""""""""""" -
B(B™—=xa K'n ™) oo -0- """"""""""" """"""""""""""""""""""""""" 1
AP I D I |
B(B™=xeK'm7) 4 """"""""""""""" """"""""""""""""""""""""""" 1
B k| e SR N :
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BB s K (302) ) | o
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Fig. 130 Summary of the averages from Table 161
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Fig. 131 Summary of the averages from Table 162
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B(B_HK_%) X B(nc*)KOK-FTr*—) o

PSSP ST H) R N S S S S —

B(B~—n.K ) x B(n,—~AA)

B(B~—K 1.(25)) x B(n.(28)— K K ~7")

B(B~—h.(1P)K")

»

<

B(B~—h.(1P)K~) x B(h,(1P)—J/¢m*7") lq
0.0

Fig. 132 Summary of the averages from Table 163

BB = J/pm ) foee rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrr + rrrrrrrrrrrrrrrrrrr : VV@SU”’"’M"!M

BB ) M SE—— S S— S—
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10°°
Fig. 133 Summary of the averages from Table 164
Summer 2016
B(B~—J/yD"™)
B(B™—J/¢D"r") e SR . e e -
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Fig. 134 Summary of the averages from Table 165
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I I \ \ I \ I
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Fig. 135 Summary of the averages from Table 166
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Summer 2016

B(B™—J/¢ppr")

B(B~—J/YK ) x B(J/y—AR)

B(B~—J/vK ) x B(J/—pp) e
0.0 0.5 1.0 1.5 2.0 2.5

Fig. 136 Summary of the averages from Table 167
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B(B~—1(25)K*(892)")

W e U _."_ """""""""" """"""""""""""
BB x| _._’_ ,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
BB —J/YK ") : : : 3

B(B = K*(892)") 3

eyl RERRIERE B

B(B —=yaK'n) 3
m"" """""""""" o .
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B S afaRe) [ e S
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BB —J0K ) <Bfo—pp) | T ".' """""""""" pr— “ """"""""""""""

0.0 0.5 1.0 1.5 2.0 2.5

Fig. 137 Summary of the averages from Table 168

B(B~—J/¢r) : : : : : Summer 2016

BB —JK ) | N |

B(B~—¥(28)K ) x B((25)—pp) :
BB —J[eK ) xB([d—pp) | ¢

B(B™—=xam")
Wf_._ """""" ey o

B(B~—h,(1P)K ") x B(h.(1LP)—n.7) : '
BB —nK ) l‘ ‘ :

I I
0.00 0.02 0.04 0.06 0.08 0.10

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 [1074]

Parameter

Measurements

Average

BB~ — AFAZK™)

BB~ — EYA7) x B(E? — 5~ n7)

Belle [693]: 6.5 75 + 3.6

BABAR [694]: 11.4 £ 1.5 & 6.2
Belle [699]: 0.48 7009 + 0.16

BABAR [694]: 0.208 =+ 0.065 % 0.061

4.1 £32

0.221 & 0.089

BB~ — Afpn~) Belle [690]: 1.87 704> + 0.56 2.08 + 0.69
BABAR [697]: 3.38 + 0.12 &+ 0.89

BB~ — =%p) Belle [690]: 0.45 7025 + 0.14 0.45 02

BB~ — £:9p) Belle [690]: <0.46 <0.46

BB~ — £ tpr~n™) BABAR[750]: 2.98 + 0.16 £+ 0.78 2.98 £ 0.80

Table 171 Relative decay rates I

Parameter Measurements Average

B(B~ — At pr™)/B(B® — AT p) BABAR [697]: 15.4 + 1.8 4+ 0.3 154 + 1.8

Table 172 Relative decay rates 11

Parameter Measurements Average

B(B™ — 2.(2455)°p)/B(B~ — A}t pr™)
B(B~ — 2.(2800)°p)/B(B~ — A} pn™)

BABAR[697]: 0.123 + 0.012 £ 0.008
BABAR [697]: 0.117 £ 0.023 £ 0.024

0.123 £ 0.014
0.117 £ 0.033

BB —AJATK ) b j

B(B~—EA;) x B(E'—E7%) 70 ,,,,,,,,,,,,,,,, S ,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,

B(B~—Afpr) |

ST %1 PO S NS AN S

T
: Summer 2016

) VIR — . — R
B(B’%Ej*ﬁ?r’ﬂ’)———————————————; ———————————————— ‘ —————————————————————————————————————————————————————————————————
I I I I I I
0 1 3 4 5 6 7 8
1074
Fig. 139 Summary of the averages from Table 170
Summer 2016
B(B~—%.(2455)%p) : : .
BB A | ¢ ; N o ]
B(B~—%.(2800)"p)
BB —Apr) | ’ : : o 1
I I I I I I I
0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16

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 [1074]

Parameter Measurements Average

B(B~™ — X(3872)K ™) BABAR([706]: <3.2 <32

Table 174 Product decay rates to X (3872) I [10~4]

Parameter Measurements Average

B(B~ — X(3872)K ™) x B(X(3872) — D*(2007)°D") BABAR[643]: 1.67 + 0.36 £ 0.47 1.67 £ 0.59

B(B~ — X(3872)K ™) x B(X(3872) — D°DO70) Belle [732]: <0.6 <0.6

B(B~ — X (3872)K ™) x B(X(3872) — D°DP) Belle [732]: <0.6 <0.6

B(B~ — X(3872)K~) x B(X(3872) — D*D™) Belle [732]: <0.4 <0.4

Table 175 Product decay rates to X (3872) II [1073]

Parameter Measurements Average

B(B~™ — KX (3872)) x B(X(3872) — J/yrntm™) 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™) x B(X(3872) — J /Y w(782)) BABAR[651]: 0.6 + 0.2 £ 0.1 0.6 £ 0.2

B(B~ — X(3872)K™) x B(X(3872) — J/v¥n) BABAR [655]: <0.77 <0.77

B(B~ — X(3872)K ™) x B(X(3872) — J/¥y) Belle [660]: 0.178 10048 + 0.012 0.204 + 0.041
BABAR [661]: 0.28 £+ 0.08 &+ 0.01

B(B~ — X(3872)K*(892)7) x B(X(3872) — J/v¥y) BABAR[661]: 0.07 £+ 0.26 £ 0.01 0.07 £ 0.26

B(B~ — X(3872)K™) x B(X(3872) — ¥ (2S)y) Belle [660]: <0.345 0.95 £+ 0.28
BABAR [661]: 0.95 £ 0.27 + 0.06

B(B~ — X(3872)K*(892)7) x B(X(3872) — ¥ (2S)y) BABAR[661]: 0.64 + 0.98 £ 0.96 0.64 £ 1.37

B(B™ — X(3872)K™) x B(X(3872) = xc1¥) Belle [657]: <0.19 <0.19

B(B™ — X(3872)K™) x B(X(3872) = xc2¥) Belle [657]: <0.67 <0.67

Table 176 Product decay rates to neutral states other than X (3872) [1079]

Parameter Measurements Average

B(B~™ — X(3823)K™) x B(X(3823) — xc1v) Belle [657]: 0.97 £+ 0.28 + 0.11 0.97 £ 0.30

B(B~™ — X(3823)K™) x B(X(3823) — xcy) Belle [657]: <0.36 <0.36

B(B~™ — Y(3940)K ™) x B(Y(3940) — J/vry) BABAR [752]: <1.4 <14

B(B~ — Y (3940)K ™) x B(Y (3940) — J /¥ (782)) BABAR[651]: 3.0 707 103 3.0%99

B(B™ — Y(4260)K ™) x B(Y (4260) — J /Y7 Tm™) BABAR([753]:2.0 £ 0.7 + 0.2 2.0 £ 0.7

Table 177 Relative product decay rates to states with ss component

Parameter Measurements Average

[B(B~™ — X(4140)K ™) x B(X(4140) — J/¢¥¢(1020)]/B(B~ — J/¥¢(1020)0K~) LHCb [754]: 0.130 £+ 0.032f8:8‘2‘8 0.148 £ 0.042

DO [755]: 0.21 £ 0.08 £ 0.04
[B(B~ — X(4274)K ™) x B(X (4274) — J/¥¢(1020))]/B(B~ — J/¥¢(10200K~)  LHCb [754]: 0.071 + 0.025 0033 0.071 9033

—0.035
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Table 178 Product decay rates to charged states [107°]

Parameter

B(B~ — X(3872) K% x B(X(3872)~ — J/yn—n0)
B(B~ — Z(4430)" K%) x B(Z(4430)~ — J/ym ™)
B(B~ — Z(4430)" K%) x B(Z(4430)~ — ¢ (2S)7 ")

Measurements Average
BABAR [707]: <2.2 <22
BABAR [708]: —0.1 & 0.8 & 0.0 —0.1 £ 0.8
BABAR [708]: 2.0 £ 1.7 £ 0.0 2.0 £ 1.7

B(B~—X(3872)K ") x B(X(3872)—D*(2007)D0) f---- oo IR —¢ summer 2016

B(B~—X(3872)K ) x B(X(3872)—D°D"7%) '(—i
B(B~—X(3872)K ) x B(X(3872)—D"D?) '(——i

B(B~—X(3872)K ) x B(X(3872)—D "D ") lq—|

0.0

Fig. 141 Summary of the averages from Table 174

B(B~—K "~ X(3872)) x B(X(3872)—J/thmtmw =) f--vovoeeeeoe rrrrrrrrrrrrrrr rrrrrrrrrrrrrrr rrrrrrrr -0- : rrrrrrrrrrrrrr %

B(B~—X(3872) K ) x B(X(3872)—J/tpw(T82)) f---rvoo- rrrrrrrrrrrrrrr rrrrrrrrrrr + rrrrr : rrrrrrrrrrrrrr rrrrrrrrrrrrr 1

B(B~—X(3872)K ") x B(X(3872)=J /o) |- rrrrrrrrrrrrrrr 4——| rrrrrrr : rrrrrrrrrrrrrr rrrrrrrrrrrrr ]

B(B~—X(3872)K ) x B(X(3872)—J/apy) |- rrrrrrrrrrrrrrr rrrrr * rrrrrrrrrrrrrrr : rrrrrrrrrrrrrr rrrrrrrrrrrrr .

B(B~—X(3872)K*(892) ) x B(X(3872)—J/thy) |- -vvoomor rrrrrrrrr + ,,,,, ,,,,,,,,,,,,,,, : ,,,,,,,,,,,,,, ,,,,,,,,,,,,, 1

B(B~—X(3872)K ) x B(X(3872)>(2S)7) - rrrrrrrrrrrrrrr rrrrrrrrrrrrrrr rrrrr —0— rrrrrrrrrrrrrr rrrrrrrrrrrrr ]
B(B~—X(3872)K*(892) ") x B(X(3872)—3(25)) |------- : : : ¢ : : S 1
B(B~—X(3872)K ) x B(X(3872)—xa7) |- rrrrrrrrrrrrrrr <—| rrrrrrrrr rrrrrrrrrrrrrrr : rrrrrrrrrrrrrr rrrrrrrrrrrrr .
B(B~—X(3872)K ) x B(X(3872)—xca) f--v - rrrrrrrrrrrrrrr (—| rrrrrrrrrr : ,,,,,,,,,,,,,, ,,,,,,,,,,,,, 1
-1.0  -05 0.0 05 10 1.5 2.0 2.5
10°°

Fig. 142 Summary of the averages from Table 175
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B(B~—X(3823)K ~) x B(X(3823)—X.17)

B(B~—X(3823)K ) x B(X(3823)—xc27) [l oot e R R TRITE AT :
B(B~—Y(3940)K ) x B(Y(3940)—J/1) | oo A A A S 1
B(B~—Y(3940) K ) x B(Y(3940)—J/w(782)) |+t o o .
B(B~—Y(4260)K ~) x B(Y(4260)—J/ypmtm=) foooi o e .
I I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
10°°
Fig. 143 Summary of the averages from Table 176
: Summer 2016
B(B~—X(4140)K ) x B(X(4140)—.J/1)6(1020)) : :
BB =Jpe(1020K ) | e ; ¢ o ]
B(B~—X(4274) K ) x B(X(4274)—J /1¢$(1020))
B(B~—J/¢¢(1020)K ) o ‘ 777777777777 I
I I I I \ I \ \
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Fig. 144 Summary of the averages from Table 177
_ — >0 _ — 0 ‘ 1 Summer 2016
B(B~—X(3872)  K") x B(X(3872) " —=J/tpm ") |r--oeeeeeeeeeeeeee < —_
B(B~—2(4430)" K°) x B(Z(4430) " —J/ym) | o b
B(B~—Z(4430)~ K°) x B(Z(4430) ™ —h(28)m ) |-vvvvovvene . ~—————
i i i i
-1 0 1 2 3 4
10°°
Fig. 145 Summary of the averages from Table 178
6.3 Decays of admixtures of B’ / B~ mesons
Measurements of B® / 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 BY / 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 — D'DzK) Belle [633]: 1.27 + 0.31 1033 127508
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6.3.2 Decays to charmonium states

Averages of B/ 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

|A2(B — J/YK*) Belle [324]: 0.231 £+ 0.012 £ 0.008 0.219 £+ 0.009
BABAR [323]: 0.211 £ 0.010 £ 0.006

|A2(B = xc1 K*) BABAR([323]: 0.20 &+ 0.07 £ 0.04 0.20 £ 0.08

|A2(B — ¥(2S)K™) BABAR[323]: 0.22 4+ 0.06 £ 0.02 0.22 £ 0.06

Table 181 Decay amplitudes for perpendicular transverse polarization

Parameter Measurements Average

ALIZ(B — J/YyK*) Belle [324]: 0.195 £+ 0.012 £ 0.008 0.219 £ 0.009
BABAR[323]: 0.233 4+ 0.010 £ 0.005

ALIZ(B = xc1K*) BABAR [323]: 0.03 £ 0.04 = 0.02 0.03 £ 0.04

ALIZ(B — ¢ (2S)K*) BABAR [323]: 0.30 £ 0.06 £ 0.02 0.30 £ 0.06

Table 182 Decay amplitudes for longitudinal polarization

Parameter Measurements Average

|Ao>(B — J/¥K*) Belle [324]: 0.574 £+ 0.012 £ 0.009 0.564 £+ 0.010
BABAR [323]: 0.556 £ 0.009 + 0.010

|Ao|>(B = xc1K™) BABAR([323]: 0.77 &+ 0.07 £ 0.04 0.77 £ 0.08

|Ao|>(B = ¥(28)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

8| (B — J/YK*) Belle [324]: —2.887 £+ 0.090 £ 0.008 —2.909 £ 0.064

BABAR [323]: —2.93 £ 0.08 + 0.04

8| (B = xa1K*) BABAR([323]: 0.0 £ 0.3 + 0.1 0.0 £ 0.3

8| (B— v (25)K™) BABAR[323]: —2.8 £ 0.4 £ 0.1 —28+04

Table 184 Relative phases of perpendicular transverse polarization decay amplitudes

Parameter Measurements Average

8, (B— J/YK*) Belle [324]: 2.938 £+ 0.064 £ 0.010 2.923 £ 0.043
BABAR [323]: 2.91 £ 0.05 £+ 0.03

81 (B— Y(25)K™) BABAR([323]:2.8 £ 0.3 + 0.1 28 £03

R e ——

‘A” |2(B—>X51K*) Mo

‘A I ‘Z(B—HZJ(ZS)K*) o

Fig. 146 Summary of the averages from Table 180

0.10

I
0.25
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Summer 2016

AL (B fBR) | SRR R o e ST S .
AL (BoxaK ) oo ——— o o . s
AL [H(BYES)K) [o e s Joe— — ¢ e
| | | | | | | |
—-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Fig. 147 Summary of the averages from Table 181

9 : : : : Summer 2016
Ao P (B[R ) | e Rt St TS S @ rrrrrrrr : E
T o e e j —— ]

Ao 2(B=(29)K") -+ o T AU SRR ]
I I I I
0.4 0.5 0.6 0.7 0.8 0.9
Fig. 148 Summary of the averages from Table 182
. ; : : : : : f Summer 2016
O (BT K)o '.' """""" e P P P e
By (B K)o o o R R o ————
B (BAYESK ) [ e e T e e
I I I I I I I
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
Fig. 149 Summary of the averages from Table 183
i i i i i i i Summer 2016
1 (BoJ[R™) Lo IS IPPIBHRA I ——— PRI ]
51 (BoO)K) b j j o j j — .
i i i i i i i
2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2

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

Averages of B” / B~ decays to other (X Y Z) states are shown
in Table 185 and Fig. 151.

6.4 Decays of B‘? mesons

Measurements of BY decays to charmed hadrons are sum-
marized in Sects. 6.4.1-6.4.4. These measurements require
knowledge of the production rates of Bg mesons, usually
measured relative to those of BY 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 [1074]

terms of the absolute E? 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 l_?? 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.

Parameter Measurements Average
B(B — X(3872)K) x B(X(3872) — D*(2007)°D0) Belle [756]: 0.80 + 0.20 £ 0.10 0.80 £ 0.22
B(B — Y (3940)K) x B(Y(3940) — D*(2007)°D°) Belle [756]: <0.67 <0.67

B(B — KY(3940)) x B(Y(3940) — J/yw(782)) Belle [757]: 0.71 &+ 0.13 £ 0.31 0.71 £ 0.34

B(B—X(3872) K) x B(X(3872)—D*(2007)° D°)

T
‘ . Summer 2016

B(B—Y(3940)K) x B(Y(3940)—D*(2007)° D) 1¢

B(B—KY(3940)) x B(Y(3940)~+.J/1hw(T82)) |- -

oo - y
I I I I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2
10
Fig. 151 Summary of the averages from Table 185
Table 186 Decays to a D.S*) and a light meson [ [1073]
Parameter Measurements Average
B(BY — D} ™) LHCb [758]: 2.95 + 0.05 733 3.03 + 0.25
Belle [29]: 3.67 733 7063

B(BY — Ditn~) Belle [759]: 2.4 105 £ 0.4 24497
B(BY — Dj p~(770)) Belle [759]: 8.5 13 + 1.7 8.5+
B(BY — Di*p~(770)) Belle [759]: 11.8 132 + 2.5 11.8733
Table 187 Decays to a D.g*) and a light meson 11 [10~4]

Parameter Measurements Average
B(B? - DfK™) LHCb [758]: 1.90 + 0.12 7018 1.92 &+ 0.22
Belle [29]: 2.4 112 + 0.4
B(B? — DtK™) LHCb [760]: 1.63 £ 0.12 7932 1.6370%
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Table 188 Decays to a D™ and a light meson I [107]

Parameter Measurements Average
B(B? — DYK?) LHCb [761]: 4.3 £ 0.5 £ 0.8 43 £ 0.9
B(B? — D*0k?) LHCb [761]: 2.8 £ 1.0 £ 0.5 28 + 1.1
B(B? — DKk*0) LHCb [762]: 4.72 £+ 1.07 &+ 0.96 472 + 1.44

Table 189 Decays to a D™ and a light meson IT [10~¢]

Parameter Measurements Average
B(B? — D*(2010)* ¥) LHCb [763]: <6.1 6.1
B(BY — D f,(980)) LHCb [764]: <3.1 <31

Table 190 Relative decay rates |

Parameter Measurements Average
B(B? — Dfn~)/B(B® — D*n™) CDF [765]: 1.13 + 0.08 + 0.23 1.13 £ 0.25
B(B® — Dfntn~n7)/B(B® = Dfn~) LHCb [616]: 2.01 + 0.37 + 0.20 2.01 £ 0.42
BB? — Dfntn—n7)/BB° - Dtrtr—n7) CDF [765]: 1.05 + 0.10 + 0.22 1.05 £ 0.24
B(B? — D°k*0)/B(B° — D°p%) LHCb [762]: 1.48 + 0.34 + 0.19 1.48 + 0.39
B(B? — D°Kk*%)/B(B® — DK*?) LHCb [766]: 7.8 + 0.7 £ 0.7 7.8 £ 1.0
B(BY — D°K*77)/B(B® — Dz~ n™) LHCb [618]: 1.18 £ 0.05 + 0.12 1.18 £ 0.13

Table 191 Relative decay rates 11 [1072]

Parameter Measurements Average
B(BY — DY K~)/B(B? — D¥n~) LHCb [621]: 7.52 + 0.15 £+ 0.19 7.55 + 0.24
CDF [767]:9.7 &= 1.8 £ 0.9
B(BY — Di*K~)/B(B? — Ditn~) LHCb [760]: 6.8 + 0.5 703 6.8708
B(B? - DfK~ntn7)/B(B® > D} n—ntn™) LHCb [617]:5.2 £ 0.5 £ 0.3 52+06
B(BY — D% (1020))/B(B? — DYK*?) LHCb [766]: 6.9 &+ 1.3 £ 0.7 69 £ 15
[B(B? — D}in~) x B(Df; - Dfn=n™)1/B(B° — Dfn~ntn™) LHCb [617]: 0.40 & 0.10 £ 0.04 0.40 + 0.11
BBI—=Di ) Lo TP SO OO SO SOV S A - %
BBID; ) o —— S W S— A— ]
B(BY—D; p (TT0)) oo e TR —0 — e e e
B(BYD; o (770) —_— R — % > — ]
i i i i i i i
0 2 4 6 8 10 12 14 16
10°°

Fig. 152 Summary of the averages from Table 186
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BEDE L e — =
L —0 ? — :
i i i i i
1.0 1.2 1.4 1.6 1.8 2.0 2.2
10
Fig. 153 Summary of the averages from Table 187
BBYSDOKO) | S —¢ — T %
10 Y L )| SO — ¢ T R FEN .
B(BY—DOK ™) oo e : : s f
i i i i i
1 2 3 4 5 6 7
10
Fig. 154 Summary of the averages from Table 188
— : Summer 2016
B(BY—D*(2010)*7T) - .-
B(B'— D" f,(980)) S S O
1 1 \ 1 1
0 1 2 3 5 6 7
10°°

Fig. 155 Summary of the averages from Table 189

B(B" D7) : : : : . . . . Summer 2016

B(B°—»D*n)

B(B'—=D}rntrm)

TBE-DIA) | '*""‘

B(B'—D}rtrnn7)

B(B'-D'K™)

BB'—D"") oo + B

B(B'—D'K™)
B(E(Y_}DUK‘«U)

B(B'D K )
BESD [ S o R s o
0 1 2 3 4 5 6 7 8 9

Fig. 156 Summary of the averages from Table 190
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B(B"—»Djn")

= ! ! ! ! ! ! ! !
BBI-D/K) | L L L SR RUUURUUURS SNSRI L @—  Loummer2016

B(B'—D:*K")

BB-D ) | """"""""" """""""""""""
B(B'—=D K )
B(B"—Djn ntn™) o 7777777777777777777777777777777777777777777777777777777 _—._ 7777777777777777777 o
B(B—D¢(1020))
BB =Dk [ S o ‘; """""
B(BY—D4n~) x B(D5 Dt n=+) ﬁ §
B(B°=Djn ntn") B ... 77777777 S e
I I I I I I
0 1 3 4 5 6 7 8 9
102
Fig. 157 Summary of the averages from Table 191
6.4.2 Decays to two open charm mesons
Averages of BA? decays to two open charm mesons are shown in Tables 192, 193, 194 and Figs. 158, 159, 160.
Table 192 Absolute decay rates [1072]
Parameter Measurements Average
B(B? — D} D) CDF [768]: 0.49 + 0.06 + 0.09 0.52 + 0.09
Belle [20]: 0.58 103 + 0.13
B(B? — DFDi™) LHCb [769]: 1.35 + 0.06 & 0.17
CDF [768]: 1.13 4+ 0.12 £+ 0.21 1.38 £ 0.17
Belle [20]: 1.76 70233 £ 0.40
B(BY — D*D;7) LHCb [769]: 1.27 + 0.08 £ 0.17
CDF [768]: 1.75 = 0.19 + 0.34 1.32 £ 0.18
Belle [20]: 1.98 1037 103}
B(B? - DT D) LHCb [769]: 3.05 & 0.10 %+ 0.39 3.19 £ 0.37
DO [206]: 3.5 &+ 1.0 £ 1.1
CDF [768]: 3.38 + 0.25 + 0.64
Belle [20]: 4.32 703 T103
Table 193 Relative decay rates I
Parameter Measurements Average
B(B® — D~D*)/B(B® - D~ D%) LHCb [639]: 1.08 & 0.20 £ 0.10 1.08 £ 0.22
B(B® — D; D})/B(B° — D; D") LHCb [639]: 0.56 + 0.03 + 0.04 0.56 + 0.05
Table 194 Relative decay rates 11 [1072]
Parameter Measurements Average
B(B? — D D7)/B(B" — DFD™) LHCb [639]: 5.0 + 0.8 + 0.4 5.0 £ 0.9
BB — D°D%/B(B~ — D°D;) LHCb [639]: 1.9 + 0.3 + 0.3 1.9 +£04

@ Springer



Eur. Phys. J. C (2017) 77:895

Page 169 of 335 895

BBYD; D) foovoe o S S O A S ,,,E’"”’E’E’”

I N e SRS N S — f
BB p| e S — N f

BED D | S

0.0 0.5 1.0

Fig. 158 Summary of the averages from Table 192

B(B'—~D-D")
BB D D)

B(B{~D; D) P
B(B">D,D")

Fig. 159 Summary of the averages from Table 193

B(B'~DiD")
B(B'=D; D)

B(B—D'D) -~
BB —=D'D;) :

Fig. 160 Summary of the averages from Table 194

6.4.3 Decays to charmonium states

Averages of E‘? 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 [1074]

Parameter Measurements Average
B(B® — J/yn) Belle [770]: 5.10 + 0.50 )47 5102
B(BY — J/yn) Belle [770]: 3.71 £ 0.61 7055 37109
B(B® — J /4 ¢ (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
BB? — J/YyK°K* x¥) LHCb [649]: 9.1 + 0.6 + 0.7 9.1 £0.9
B(BY — J/¥£5(980)) x B(fo(980) — wtn~) Belle [28]: 1.16 7075 7039 116704
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Table 196 Absolute decay rates 11 [1073]

Parameter Measurements Average

B(B? — J/yK®) LHCb [773]: 3.66 + 0.42 4+ 0.37 3.61 + 0.46
CDF [774]: 3.5 + 0.6 & 0.6

B(BY — J/yK*) LHCb [775]: 4.17 & 0.18 + 0.35 4.15 £ 0.40
CDF[774]:8.3 + 1.2 & 3.6

B(BY — J/¥pp) LHCb [678]: <0.48 <0.48

B(B) — J/yf1(1285)) LHCb [671]: 7.14 % 0.99 %03 7141130

B(BY — J/yK 7 tn™) LHCb [649]: <4.4 <44

B(B) — J/YK°KtK™) LHCb [649]: <1.2 <12

B(BY — J/yfo(1370)) x B(fp(1370) — 7 +7™) Belle [28]: 3.4 711 +09 34114

B(BY — J/yf1(1285)) x B(f1(1285) — ntx—wtn™)

B(BY — J/¥y)

—1.4-05
LHCb [671]: 0.785 + 0.109 T0080

LHCb [676]: <0.73

—1.5
0.141
0.785 013
<0.73

Table 197 Relative decay rates |

Parameter Measurements Average
B(BY — J/yn)/B(B® — J/vp) LHCb [684]: 14.0 + 1.271 14.0739
B(B® — J/yn')/B(B® — J/yp) LHCb [684]: 12.7 + 1.1 7)) 12,719
B(BY — J/YKIKEn¥)/BBY — J/yatn™) LHCbD [649]: 2.12 & 0.15 £ 0.18 2.12 £0.23

Table 198 Relative decay rates 11

Parameter Measurements Average
B(BY — J/yn) /BB — J/yn') Belle [770]: 0.73 4+ 0.14 & 0.02 0.73 £ 0.14
B(BY — J/yn')/B(BY — J/yrn) LHCb [684]: 0.90 £ 0.09 700 0.90 0: 48
B(BY — J/yf3)/B(BY — J/v¢(1020)) LHCb [776]: 0.264 + 0.027 + 0.024 0.246 + 0.031
DO [777]: 0.19 £ 0.05 & 0.04
B(BY — J/ynTn™)/B(BY — J/¥$(1020)) LHCb [778]: 0.162 + 0.022 + 0.016 0.162 + 0.027
BB — v 2S)ntn~/BBY — J/ynta LHCb [686]: 0.34 + 0.04 &+ 0.03 0.34 + 0.05
B(B? — ¥(28)¢(1020))/B(BY — J /¢ (1020)) LHCDb [685]: 0.489 + 0.026 + 0.024
DO [746]: 0.55 £ 0.11 & 0.09 0.494 + 0.034
CDF [779]: 0.52 & 0.13 + 0.07
B(BY — J/yKdnta)/BBY — J/yataT) LHCb [649]: <0.10 <0.10

[B(BY — 7/ f0(980)) x B(fo(980) — ntm )]/
[B(B? — J/¥¢(1020))) x B(p — KT K7)]

. +0.046 +0.027
LHCb [778]: 0.252 F946 +0.027

DO [780]: 0.275 £ 0.041 £ 0.061
CMS [781]: 0.140 £+ 0.008 £ 0.023
CDF [128]: 0.257 £ 0.020 & 0.014

0.207 £+ 0.016 CL =3.8%,
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Table 199 Relative decay rates IIT [1072]

Parameter Measurements Average
B(BY — J/yK)/BB® — J/yKY) LHCb [773]: 4.20 + 0.49 + 0.40 420 + 0.63
B(BY — J /¥ (1020)¢(1020))/B(BY — J /¢ (1020)) LHCb [782]: 1.15 + 0.12 1005 1157513
B(B! - ¢y (28)K*m7)/B(B® — ¢ (2S)K*7™) LHCb [783]: 5.38 =+ 0.36 + 0.38 5.38 £ 0.52
B(BY - ¢ (25)K*)/B(B® — ¥/(28)K*?) LHCb [783]: 5.38 + 0.57 + 0.51 5.38 + 0.77
B(B) — J/WKGK*K™)/BB® — J/yntn) LHCb [649]: <2.7 <27
[B(BY — T/ fo(500)) x B(fo(500) — 7 t7)]/ LHCb [784]: <3.4 <3.4
[B(B? — J/yf0(980))) x B(fp(500) — 7w+ 7)]
B(BU—J /) oo el o Em”’e’z"gs
BB T ) | e
B(BY—J/$§(1020)) f-ovovoooveveoos T S e s ——
B(BY— /KK =) oo rrrrrrrrrrrrrrrrrrr : —0— rrrrrrrrrrrrrrrrrrr
BB/ £3(980)) x B(fo(980) =+ ) [+ oo o ]
0 2 4 6 8 10 12
107
Fig. 161 Summary of the averages from Table 195
B(BY—JJpRO) oo e T P e @SU’"W 2"!16
BUBI—T/BRO) foo O T -
BB/ upp) fh= s e
BB/ f, (1285) [ SUTRPRUES SRS SUSTSRNE NUSIRI S >~
B(B'—=J/yK ntn™) f """""" R
BB+ J[$KOK K ) T S
BUBI—/655(1370)) x B(fy(1370) st m ) | - RS SRS S S——— S
B(BY—J/vf1(1285)) x B(f1(1285)=nTr ntm) - -.- """""""""""""""""""""""""""""""""""""""""""""" """""" ]
BB~ J/ty) M R
0 1 2 3 4 5 6 8 9
107°

Fig. 162 Summary of the averages from Table 196

@ Springer



895 Page 172 of 335

Eur. Phys. J. C (2017) 77:895

B(B°—.J /1)
B(B°—J/vp)

B(BY—J/yn’)

- —

Summer 2016

B [ o A A B — 1

B(BY—J/YKIK*7¥) :
B(B = J/¢m ) I

Fig. 163 Summary of the averages from Table 197

B(B—.J /1)
B(B "—~J/yn")

B(BY—J/yn)
B | A A B e

B(B{—~J/1f;)

BB ety | e

B(BY—J/¢n ™)

BE ety [ -+

BBY—(2S) ™
BB —J/ymtn

B(B]—1(28)$(1020))
B(B%—J/$(1020))

B(BY—J /K nta~) .
B(B = J/¢ntr7) ‘ 1
B(B /1, (980)) x B(fo(980) 1) 3
BBI=J/4e(1020)) x Blo—K k) | iR AR
I
0.0 0.2

Fig. 164 Summary of the averages from Table 198

B(BY—J/vKY)
B(B'—J/VKY)

B(B%—J/1$(1020)$(1020))
B(B)—J/y$(1020))

B(BY—y(2S)K *n™)
B(B"—»y(2S)K 1)

B(BY—9(28)K*)

BR[| e e e e —¢ e

B(B = J/yKIK K ~)

BB —Jjdm )

B(BY—J/¢£,(980))) x B(fo(500)—7*7")

B(BY—J/4 £5(500)) x B(fo(500)—m*7) l‘
0

Fig. 165 Summary of the averages from Table 199
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Table 200 Decays to one charm baryon [1074]

Parameter Measurements Average
B(BY — A} An™) Belle [785]: 3.6 + 1.1} 3.6715
Table 201 Decays to two charm baryons

Parameter Measurements Average

B(BY — A7 AF)/B(B? — D~DF) LHCb[703]: <0.30 <0.30

6.4.4 Decays to charm baryons

Averages of BSO decays to charm baryons are shown in
Tables 200 and 201.

6.5 Decays of B, mesons

Measurements of B~ decays to charmed hadrons are summa-
rized in Sects. 6.5.1-6.5.2. Since the absolute cross-section
for B. 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. decays, or
are normalised to the branching fraction of the decay of a
lighter B meson (usually B7). In the latter case the mea-

Table 202 Relative decay rates I

sured quantity is the absolute or relative B branching frac-
tion multiplied by the ratio of cross-sections (or, equivalently,
production fractions) of the B 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 » hadron
species (see Sect. 3.1), there is currently little published data
that would allow to investigate the effect for B, mesons.
Therefore, we do not attempt to apply any correction for this
effect.

6.5.1 Decays to charmonium states

Averages of B_ 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, 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 BY and B mesons relative

to lighter B mesons, in Sects. 6.4 and 6.5 respectively,
are also appropriate here. Specifically, since the cross-

Parameter

Measurements

Average

B(By — J/yD;)/B(BS — J/ym™)

BB, — J/yD: /BB — J/¥D;)

LHCb [786]: 2.90 £ 0.57 + 0.24
ATLAS [787]:3.8 £ 1.1 £ 0.4
ATLAS [787): 2.8 7)3 + 0.3 28703

3.09 £ 0.55

B(B; — J/yDf /BB — J/ym™) ATLAS [787]: 104 £ 3.1 £ 1.6 104 £ 3.5
BB — J/yatn—n7)/BB; — J/yn~) LHCb [788]: 2.41 £+ 0.30 £ 0.33

CMS [789]: 2.55 £ 0.80 *033 2.44 + 0.40
Table 203 Relative decay rates 11
Parameter Measurements Average
BB, — J/YyK™)/B(B; — J/ym™) LHCb [790]: 0.069 + 0.019 £ 0.005 0.069 £+ 0.020
BB — J/YK~K*x™)/B(BZ — J/ym™) LHCb [791]: 0.53 + 0.10 £ 0.05 0.53 £ 0.11
B(B; — ¥y (2S)n™)/B(B; — J/yn™) LHCb [792]: 0.268 + 0.032 £+ 0.009 0.268 £+ 0.033
Table 204 Relative production times decay rates [1073]
Parameter Measurements Average
[o(B) x B(By — J/ya)]l/lo(B7) x B(B~ = J/YK7)] 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
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Table 205 Decay rates times relative production rates [107°]

Parameter Measurements Average
[6(B:)/o(B)] x B(BZ = xeom™) LHCb [795]: 9.8 13% + 0.8 9.8737

B(B:—J/¥D;)
BB, —Jjim ) |

B(B; —J/yD};~
B(B, =J/yD, )

B(B; —J/$D;~
B(B; —J/ym)

B(B, —=J/yr 7w
B(B, =J/ym)

Fig. 166 Summary of the averages from Table 202

BB —J/K ")
BB, —J/vm)

B(B; —J/¢K K*x")
BB, —J/vr )

B(B; —4(28)7~)
B(B; —J/dm™)

0.0

Fig. 167 Summary of the averages from Table 203

Table 206 Decays to B? meson [1073]

Parameter

Measurements

Average

[0(B})/o(B)] x B(Bf — Bn+)

LHCb [796]: 2.37 £ 0.31 1079

+0.37
2.37 —0.35

Table 207 Relative decay rates to D° mesons

Parameter

Measurements Average

B(A) — DpK~)/B(AY) — Dpr™)
[B(A) — Dpr=) x B(D® — K+x7)l/
[B(A) - Arn™) x BAF — pK~nh))
[fz0 x B(&y — DpK))/[fpo x B(Ay — D pK™)]

LHCb [797]: 0.073 % 0.008 T0:005
LHCb [797]: 0.0806 =+ 0.0023 £ 0.0035

+0.009
0.073 5010

LHCb [797]: 0.44 £+ 0.09 £ 0.06 0.44 £ 0.11

0.0806 £ 0.0042

section for production of Ag 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).

@ Springer

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.



Eur. Phys. J. C (2017) 77:895 Page 175 of 335 895

B(A)—DpK ") Summer 2016

BA=Dpr) | I A o o e

B(A)—D ) x B(D"—K*7™) ‘
BA)—=Al 77 ) x BAf —pK 1)

fz0 x B(E)—DpK ™) : : : : :
T x BAJ=DOpK ) [ o S : o

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Fig. 168 Summary of the averages from Table 207

Table 208 Ag decays to charmonium [1074]

Parameter Measurements Average
B(AY — J/ypK™) LHCb [798]: 3.17 £ 0.04 705 3.171558
B(A) — J/yA) CDF[799]: 4.7 £ 2.1 & 1.9 47 +2.8

Table 209 f} times Ag decay to charmonium [1079]

Parameter Measurements Average

fa, X B(Ag — J/yA) DO [800]: 6.01 £ 0.60 = 0.64 6.01 £ 0.88

Table 210 Relative A2 decay rates

Parameter Measurements Average

B(Ag — ¢(2S)A)/B(A2 — J/YA) ATLAS [801]: 0.501 £ 0.033 £+ 0.019 0.501 £ 0.038
B(Ag — J/wpn*)/B(Ag — J/YypK™) LHCb [802]: 0.0824 £ 0.0025 £ 0.0042 0.0824 £ 0.0049
B(Ag — J/v,bn+7r_pK_)/B(A2 — J/YypK™) LHCb [803]: 0.2086 + 0.0096 + 0.0134 0.2086 £ 0.0165
B(Ag — ¢(2S)pK*)/B(A2 — J/YypK™) LHCb [803]: 0.2070 £ 0.0076 % 0.0059 0.2070 £ 0.0096

Table 211 5," and 2, decays to charmonium

Parameter Measurements Average
[0(8,) x B(E, — J/YE)/[0(A x B(A) — J /¢ A)] CDF [45]: 0.167 7037 + 0.012 0.167 F0038
[0(2,) x B(Q, — J/yQ)1/[0(AD x B(A) — T/ A)] CDF [45]: 0.045 70017 + 0.004 0.045 0017

Table 212 Parity violation in A2 decays to charmonium

Parameter Measurements Average
ah(Ag — J/YA) ATLAS [804]: 0.30 £ 0.16 £+ 0.06 0.30 £ 0.17
| @

0 _ Summer 2016
O R A e -
N ? ? ? o— ? — ]
I I I I I I
1 2 3 4 5 6 7 8
1074

Fig. 169 Summary of the averages from Table 208
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B(A)—(25)A)
B(A—J/vh)

B(A)—J/yppr™)

By [ ¢ A A o 1

B(A)—J/¢m* 7 pK ") : : : : 3
B(A)—J/¢pK ") 3 3 ¢ 3 ; ;

Bawasoi) | S O SO S S ]

B(A)—J/upK ™)

0.0 0.1

Fig. 170 Summary of the averages from Table 210

o(Ey) x BEy 2 J/4ET)
o(AD) x BAY=J/vA) |

o) x B(Qy —J/v27)

TSN x B [T — o S o 1

1
0.00 0.05

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 [1072]

Parameter Measurements Average
B(A) - Afn7) LHCb [48]: 0.430 £ 0.003 T003¢ 0.430 1003¢
B(A) — Afntan) CDF [805]: 2.68 £ 0.29 7|03 268711
Table 214 Relative decay rates to A, I
Parameter Measurements Average
B(AY) - Afn™)/B(B® — Dtn7) CDF [806]:3.3 £ 0.3 £ 1.2 33+ 1.2
B(A) > Afntn=n7)/BA) > Afn™) LHCb [616]: 1.43 £ 0.16 & 0.13

CDF [805]: 3.04 + 0.33 7072 1.55 £ 0.20
[B(E) - ATK™) x B(AY — pK~a )]/ LHCb [797]: 0.57 + 0.22 + 0.21 0.57 £ 0.30

(B(E) — D'pKk~) x B(D® — K+77)]

Table 215 Relative decay rates to A, II [1072]
Parameter Measurements Average
B(A) - AFK7)/B(AY) — AFr™) LHCb [797]: 7.31 &+ 0.16 £ 0.16 7.31 £ 0.23
B(A) — AFD™)/B(AY) — AF DY) LHCb [703]: 4.2 £ 0.3 £ 0.3 42 £ 04
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Table 216 Relative decay rates to excited or X states

Parameter Measurements Average
[B(A) — Ac(2595)T77) x B(A:(2595)F — AFntn)l/B(A) - Afxtn~n~) LHCb[616]: 0.044 + 0.017 T30 0.044 0018
[B(A2 — A(2625)T ) x B(A(2625)T — A:rﬂ+71'7)]/8([12 — Ajﬂ*n*n*) LHCb [616]: 0.043 £ 0.015 £ 0.004 0.043 + 0.016
[B(A) — 207 77) x B(E? - ATa)/BA) — Afnta—n7) LHCb [616]: 0.074 + 0.024 + 0.012 0.074 + 0.027
(BA) - 2Hn—a7) x B(ESH — ATaH/BA) — Afatn~rn7) LHCb [616]: 0.042 £ 0.018 & 0.007 0.042 + 0.019

Table 217 =), decay rates [10~%]

Parameter Measurements Average
[fz-/fa0] X BE, — Af) LHCb [807]: 5.7 + 1.8 703 57130

* E

. . . . . : : Summer 2016

BA)=Afa) b @ e R RERREERPRETS P s

BAI s AFarm ) oo O -

1 1 1 \ 1 \ \

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
107

Fig. 172 Summary of the averages from Table 213

BA)—Af7T7)

BB oDy | """""""""""""" O ,,,,,,,,,,,,
BAJAzm ) : o : : :
BASAL) [ A o o o i
B(E) A K~) x B(Af =pK ") : : : :
BE) DK )xBD" =K 'n) | ¢ i o o D b
1 1 1 1
0 1 2 3 4 5

Fig. 173 Summary of the averages from Table 214

BAJ—A K ™) Summer 2016
A [ e S S e SR S G ]
B(A)—A;D") ‘ ‘ ‘ ‘ ‘ ‘ ; ;
B(AgﬂAfDi) o ; ¢ T S o e o i
1 1 1 1 1 1 1 1
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
1072

Fig. 174 Summary of the averages from Table 215
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B(A)—A(2595) "7 ~) x B(A.(2595) T —AFmt7r)

BA)—=Afrtnn7)

B(AY—A(2625) 77 x B(A(2625)F A7)

BA)—Afrtnn)

BA)—2nm7) x B(EY—A7n7)

BA)»Afrrn )

BA)=»E T r ) x B(S, T —=Af7T)

BA)—»Afrtnn) I : ’

1
0.02 0.03
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
Np — Nj

=—, (220)
Np + Nj

Acp
where N, (Nj) is the number of hadrons containing a b (b)
quark decaying into a specific final state. This definition is
consistent with that of Eq. (104) in Sect. 4.2.1. Four dif-
ferent B and BT 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 BY, B 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 > 4c 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 30, even if no single measurement is above 4o . 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

@ Springer
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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 = [T, Pi(x), where P; is the probability density function
(PDF) of the ith 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 fit x 2 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 B‘? decays
are particularly noteworthy.

Sections 7.1 and 7.2 provide compilations of branching
fractions of B and Bt 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 B?-meson
charmless decays, and in the latter observables related to
leptonic and radiative B and BT 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 meson
decays to charmless final states.

7.1 Mesonic decays of B and B mesons

This section provides branching fractions of charmless
mesonic decays: Tables 218, 219 and 220 for BT and
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Tables 221, 222, 223 and 224 for B® 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 B? 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.

Our Avg.
<6300 %

LHCb
<52
<33

7.2 Baryonic decays of BT and B mesons

This section provides branching fractions of charmless
baryonic decays of BT and BY 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.

CDF

CLEO

7.3 Decays of b baryons

A compilation of branching fractions of Ag baryon decays is
given in Table 229. Table 230 provides the partial branch-
ing fractions of A) — Aptpu~ decays. A compilation
of branching fractions of Eg baryon decays is given in
Table 231.

Belle

EEE 2 Figure 179 shows a graphic representation of branching
< . . .
® xx s fractions of Ag decays. Footnote symbols indicate that the
f footnote in the corresponding table should be consulted.
é List of other measurements that are not included in the
% % E tables:
N o
B8 v - DS a
< S ©
m| v v v é 2 ¥ . .
I e In Ref. [928], LHCb provides a measurement of the dif-
;5= @ . . . L
% 2 8 ferential Ag — Aptu~ branching fraction. It is given
. o Q . . . .
&b RS- in bins of m? (™t ™) that are different from those used in
= .
fr g E g 42 the past by the LHCb and CDF collaborations (see table
poy 13 . . . .
218 o |FE2E of differential branching fractions).
&) @ N 22,73 .
a “V’ "V’ "V‘ - i g S e In the paper [929], LHCb measures the ratios
STES
fsm _ _ _
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High Precision Charmless Mesonic B BF Measurements
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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:

e BY — ¢utu~ : LHCb measures the differential BF in
bins of m?(ut ™). It also performs an angular analysis
and measures Fr, S3, S4, S7, As, Ag, Ag and Ag in bins
of m*(utu™) [948].

e BY — ¢y : LHCb has measured the photon polariza-
tion [407].

7.5 Radiative and leptonic decays of B and B* mesons.

This section reports different observables for leptonic and
radiative B® 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 BT mesons to radiative, and lepton-flavor/number-
violating final states, respectively. Tables 236 and 237 pro-
vide compilations of branching fractions of B® mesons, and
B* /B% meson admixture, respectively. Table 238 contains
branching fractions of leptonic and radiative-leptonic BT and
B decays. It is followed by Tables 239 and 240, which give
relative branching fractions of BT 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:

e BT — Ktmx~mTy : LHCb has measured the up-down
asymmetries in bins of the Kwry mass [1022].

e In Ref. [1023], LHCb has also measured the branch-
ing fraction of Bt — K¥te et in the m?(£€) bin
[1,6] GeV?/c?.

e Inthe BT — ntutu~™ paper [966], LHCb has also
measured the differential branching fraction in bins of
m2(££).

e For B — K¢~ ¢*,LHCDb has measured Fy and Afg in
17 (5) bins of m? (££) for the K ™ (K ) final state [1024].
Belle has measured F;, and Agg in6 mz(ZE) bins [1025].

e Forthe B — K*¢~ £ analyses, partial branching frac-
tions and angular observables in bins of m2(¢£) are also
available:

— BY — K*¢=¢t : LHCb has measured Fr, A(Tz),
Al AR in the [0.002, 1.1201GeV?/c* bin of m? (€€)
[1026], and has also determined the branching frac-
tion in the dilepton mass region [10, 1000]MeV /c?
[1023].

— B — K*{~¢" :Belle has measured F;, Apg, isospin
asymmetry in 6 m?(€££) bins [970] and P}, P;, P, Pg
in 4 m?(¢¢) bins [1025]. BABAR has measured F,
Arg, P> in 5 m2(£¢) bins [1027].

- B — K*0u~ut : LHCb has measured F;, Afg,
S3 — So, A3 — Ag, P| — P3, P, — P§ in 8 m?(£0)
bins [1028]. CMS has measured F; and Agg in 7
m?2(££) bins [1029].

e For B — X ¢ (X, is a hadronic system with an s
quark), Belle has measured App in bins of mz(ﬂﬁ) with a
sum of 10 exclusive final states [1030].

e B - Ktm—putp~, with 1330 < m(Ktn™) <
1530 GeV/c?: LHCb has measured the partial branch-
ing fraction in bins of m?(u~ ) in the range [0.1, 8.0]
GeV?/c*, 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: BT, B mesons, B* / BY admixtures, B‘? mesons
and finally Ag baryons. Measurements of time-dependent CP
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:

e In the paper [1044], LHCb has measured the triple-
product asymmetries for the decays Ag — pnTmatnT
and A) - pr 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, f7, in BT (BO) decays,
and Tables 250 (251) the results of the full angular anal-
yses of BT (B%) — ¢K* decays. Table 252 gives results
of the full angular analysis of B® — ¢K§0(143O) decays.
Tables 253, 254 and 255 detail quantities of B? decays: fr
measurements, and observables from full angular analyses
of decays to ¢¢ and qbf*o.

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 mesons

Table 257 details branching fractions of B meson decays
to charmless hadronic final states.

@ Springer
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Table229 Branching fractions of charmless Ag decays in units of x 1076, 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 p= 3.540.840.6 3.540.840.6 [921] 3.5£1.0
20 pK~ 5.541.0+1.0 5.541.0+1.0 [921] 5.54+1.4
21 Autp~ 1.73+0.42+0.55 1.73+0.4240.55 [922] 0.96+0.16+0.25 [923] 1.08+0.27
An 9.3+131 9241 9.3%13
Ay <31 [924] <31
A 5.1841.04£0.357067 # (9251  5.18%%
KOpr— 1.2640.1940.09+0.3440.05 [926] 1.2640.40
KOpK~ <35 [926] <35
Antr~ 4.641.2+1.4+0.6 7 [927] 4.6£1.9
AKTr~ 5.640.840.8+0.7 T [927] 5.6+1.3
AKTK™ 1594124124201 [927] 15.942.6

Results for CDF and LHCb are relative BFs converted to absolute BFs.
T Last quoted uncertainty is due to the precision with which the normalization channel branching fraction is known.
¥ Third uncertainty is related to external inputs.

§ Third uncertainty is from the ratio of fragmentation fractions ng /f4, and the fourth is due to the uncertainty on B(B® —

KOntz—).

I Result at 68% CL.

Table230 Partial branching fractions of Ag — wtu™ decays in intervals of q2 = mz(,u,+ ) in units of X 10~%. Where values are shown in
red (blue), this indicates that they are new published (preliminary) results since PDG2014

RPP#  Mode g% [GeV¥c*1 T PDG2014 Aveg. CDF LHCb Our Avg.

21 Autu~—*t <20 0.1542.0140.05  0.154£2.01+0.05  [922]  0.56+0.7640.80  [923]  0.4140.87
Aptp [2.0,4.3] 1.841.7+0.6 1.841.7+0.6 0.7140.60+0.10 0.9140.55
Autu~ [4.3,8.68] —0.241.6+0.1 —0.241.6+0.1 0.66+0.7240.16 0.40+0.62
Aptu [10.09, 12.86] 3.0£1.5£1.0 3.0£1.5£1.0 1.5540.58+0.55 1.9640.68
Autp [14.18, 16.00] 1.040.740.3 1.040.740.3 1.44+0.4440.42 1.1940.40
Autu~ > 16.00 7.04£1.942.2 7.04£1.942.2 4.740.8+1.2 55+1.2

Results for CDF and LHCDb are relative BFs converted to absolute BFs.
T See the original paper for the exact m?2(ut ™) selection.
¥ The LHCb measurement was superseded with a more accurate result in different m?(ut =) bins (see list of not-included results).

Branching Fractions of Charmless A, Decays

Table 231 Branching fractions of charmless & 19 decays in units of HFLAV AKYE-
x1070. Upper limits are at 90% CL. Where values are shown in red November 2016 = Afﬁﬂ—
(blue), this indicates that they are new published (preliminary) results Artr~
since PDG2014 — K OpK~
et KUpr—
RPP#  Mode PDG2014 Avg.  LHCb Our Avg. = Ao
§ An

Antno— < 1.7 9271 < 1.7 —= Aptp

AK Y™ <08 [927] <08 —-;)W?K

AK*K- <03 9271 <03 Our Av.

ROpr— <16 [926] <16 o0 o903 " o0

KOpK~— <11 [926] < 1.1 Branching Fraction x 107¢

Results for LHCD are relative BF's converted to absolute BFs

Fig. 179 Branching fractions of charmless Ag decays
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Branching Fractions of Charmless Non-Leptonic By decays
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Fig. 180 Branching fractions of charmless non-leptonic B? decays

Branching Fractions of Charmless Leptonic B decays
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Fig. 181 Branching fractions of charmless leptonic B.? decays
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Table 235 Branching fractions of charmless semileptonic B+ decays to LFV and LNV final states in units of x107°.

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 atetu’ <0.17 <0.17 [976] <0.17
485 atett™ <74 <74 [977] < 74
486 R <20 <20 [977] <20
487 atetc¥ <75 <75 [977] <75
488 atute™ < 62 < 62 [977] < 62
489 atu-tt <45 <45 [977] <45
490 atpEcF <72 <72 [9771 <72
491 KTetu~ < 0.091 < 0.091 [978] < 0.091
492 Kte ™ <0.13 <0.13 [978] < 0.13
493 Ktetu® < 0.091 < 0.091 [978] < 0.091
494 Ktett™ <43 <43 [977] <43
495 Kte tt <15 <15 [977] < 15
496 Kte*rT <30 <30 [9771 <30
497 Ktutt™ < 45 < 45 [977] <45
498 Ktu—t* <28 <28 [977] <28
499 Ktu*cF <48 <48 [977] <48
500 K*tetu~ <13 <13 [978] <13
501 K*te 't < 0.99 < 0.99 [978] < 0.99
502 K*tetpu¥ <14 <14 [978] <14
503 7 etet < 0.023 < 0.023 [979] < 0.023
504 T utut < 0.013 < 0.107 [979] <0.004 [980] < 0.004
505 a7etut < 0.15 < 0.15 [981] < 0.15
506 petet < 0.17 < 0.17 [981] < 0.17
507 o utut <042 <042 [981] < 0.42
508 p etut < 0.47 <047 [981] < 0.47
509 K~ eTet < 0.03 < 0.03 [979] < 0.03
510 K-utp® < 0.041 < 0.067 [979] < 0.041 [982] < 0.041
511 K etut < 0.16 < 0.16 [981] < 0.16
512 K*~etet < 0.40 < 0.40 [981] < 0.40
513 K utut < 0.59 < 0.59 [981] < 0.59
514 K*=etput < 0.30 < 0.30 [981] < 0.30

Results for LHCb are relative BFs converted to absolute BFs.

QLEO upper limits that have been greatly superseded are not shown.
T UL at 95% CL.
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Branching Fractions of b — slt1~ Decays
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Fig. 182 Branching fractions of b — s £~ decays
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Limits on Lepton Number Violating Decays

%—‘ ei,u1

4 uErT
L £ T
; Kteu®
i HFLAV
y K7¢"” November 2016 CLEO
Belle
, Ktetu® BaBar
) Our Avg.
§ Kfemrt
§ Kfetr™
y KtetrT
i Ktu~rt
i Ktutr~
i K*p*r+
y Klety™
I — Ke*uF
i K*tept
i K*retu~
, Kot
: K06t 7
i Kretpu®
i ntetu®
y mre Tt
§ TretrT
R
: T
: Tt
i atuErT
i et
4 metuT
| et
T T T T T T T T T
0.0 0.7 500.0

Branching Fraction x 1079

Fig. 185 Limits on lepton-flavor-violating decays
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Fig. 186 Limits on lepton-number-violating decays

@ Springer



895 Page 212 of 335 Eur. Phys. J. C (2017) 77:895

Branching Fractions of Charmless B Decays with Neutrinos
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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* /B® admixture. 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.
65 K*y —0.003£0.017F  —0.003£0.017+£0.007  [951] —0.015£0.04440.012  [952] ~0.005+0.017
77 sy —0.008£0.029 0.017£0.019£0.010 % [1041]  0.0022£0.050+0.030 [1042]  0.01540.020
(s +d)y —0.01£0.05 0.0574+0.060£0.018 ¥ [989] 0.022£0.039+£0.009©  [1032]  0.032+£0.034
80 sn —0.13790¢ —0.13£0.041:2 (10171 —0.13%0¢
86 mtx 0.10£0.17 0.10£0.16+0.05 [1021] 0.10£0.17
121 st —0.2240.26 0.04£0.11£0.01 [994] 0.04£0.11
126 K*ete™ —0.18£0.15 —0.18+0.15+0.01 [970] —0.18+0.15
128 K*futp~  —0.03£0.13 —0.0340.130.02 [970] ~0.03£0.13
129 Kt —0.03£0.1420.01 [995] —0.03+0.14
130 K*et —0.04+0.07 0.03£0.1340.01 1 [995] ~0.10£0.10£0.01 (970} —0.05+0.08

T PDG includes also a result from CLEO.

¥ BABAR also measures the difference in direct CP asymmetry for charged and neutral B mesons: AAcp = +(5.0£3.9+1.5)%.
§ There is another BABAR result using the recoil method [988], and a CLEO result [1043] that are used in the PDG average.

1 Previous BABAR result is also included in the PDG Average.

¢ Requires Ey > 2.1 GeV.

Table 246 CP asymmetries of charmless hadronic BY 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 rtK~ 0.28+0.04 0.22+0.07+0.02 [1038] 0.274£0.04+£0.01 [1039] 0.26£0.04

Table 247 CP asymmetries of charmless hadronic Ag 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 pr— 0.03+0.18 0.06£0.07£0.03 [1038] 0.06+0.08

22 pK~ 0.3740.17 —0.1040.08+0.04 [1038] —0.1040.09
fopn* 0.22+0.13+0.03 [926] 0.22+0.13
AKTm~ —0.534+0.23£0.11 [927] —0.534+0.26
AKTK™ —0.2840.10+£0.07 [927] —0.2840.12
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Acp of Most Precisely Measured Modes
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Table 248 Longitudinal polarizat ion fraction fy, 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 wK*t 0.41£0.18£0.05  0.41=£0.18+0.05 [822] 0.41£0.19
285 wK§(14300"  0.56£0.10£0.04  0.56:£0.10£0.04 (822] 0.56£0.11
312 K*tp0 0.78£0.12+0.03  0.78+0.12£0.03 832] 0.78£0.12
316 K*0pt 0.48+0.08 0.5240.10+0.04 (1034]  0.43+0.11700 [1045]  0.48+0.08
338 KK 0.75+0:2640.03 0.75%0-264+0.03 [843] 0.75+0:18
349 PK*F 0.50£0.05 0.4940.050.03 [848] 0.5240.08£0.03  [1035]  0.50+0.05
351 ¢K(1270)F  0.467912+006 0.4679:12+0.06 [850] 0467012
355 PK3(1430)t  0.80709+0.03 0.8010% £0.03 [850] 0.80+0.10
391 ptp° 0.950£0.016 0.950£0.015£0.006  [421] 0.95£0.11£0.02  [860] 0.950£0.016
396 wp*t 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 B® — ¢K§O(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.
fL=A411 0.02710:032 0.00210 005 +0.031 [391] 0.0561939+0.009 [892] 0.02715:95%
) 4.0£0.4 3.96+0.38+0.06 3.76+2.88+1.32 3.96+0.38
0.43 0.45
b1 4.5+0.4 4.45%03340.13 445100
80 3.4640.14 3.4140.1340.13 3.5340.1140.19 3.4640.14
0 0.066 0.043
ALp —0.0340.04 —0.0540.0640.01 —0.016100%£0.008 —0.03270:033
0.9 0.85 0.85
ALy 0.0193 —0.0175$40.09 -0.011 0%
Ag) —0.940.4 —1.004-0.3840.09 —0.0241.0841.01 —0.9440.38
Ady —0.2+0.4 —0.19+0.424:0.11 —0.1940.43
Ay 0.08£0.09 0.11:£0.1340.06 0.06£0.112£0.02 0.08£0.09

Angles (¢, §) are in radians. BF, f1 and Acp are tabulated separately

Table 253 Longitudinal polarization fraction f7 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. CDF LHCb Our Avg.

51 od 0.361+£0.022 0.348+0.041£0.021 [932] 0.365+0.022+0.012 [1046] 0.361+0.022
59 KK 0.31+0.13 0.201+£0.057£0.040 [935] 0.201+£0.070
60 ¢>f*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 B? — ¢¢ 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.
fL=A411 0.30640.030 0.36540.0440.027 [932] 0.29140.0240.010 [1046] 0.306+0.023
) 2.59+0.15 2.71103640.22 2.57+0.1540.06 2.59+0.15

The parameter ¢ is in radians. BF, f; and Acp are tabulated separately

Table 255 Results of the full angular analyses of B? — ¢f*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=A411 0.284:0.1240.03 [936] 0.2840.12
fo 0.514:0.1540.07 0.5140.17
fi 0.2140.11 0.214:0.11:0.02 0.2140.11
o 1.75+0.5340.29 17540505 1754029

The parameter ¢ is in radians. BF, f;, and Acp are tabulated separately.
T Converted from the measurement of cos(¢)). PDG takes the smallest resulting asymmetric error as parabolic
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Longitudinal Polarization Fraction in Charmless B Decays

Longitudinal Polarization Fraction in Charmless B; Decays
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Fig. 190 Longitudinal polarization fraction in charmless BA? decays

Table256 Results of the full angular analyses of BS - KK 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£0.124+0.04 0.201+£0.057+0.040 [935] 0.201+£0.070
S 0.21540.046+0.015 0.215+0.048
|AF 2 0.114+0.037+0.023 0.114+0.044
|A7 2 0.485+0.051+£0.019 0.48510.054
|Ass|? 0.066+0.022+0.007 0.066+0.023
3 5.31+0.24+0.14 5.314+0.28
sL—8F 1.95+0.21£0.04 1.9540.21
8 1.79£0.19+£0.19 1.794+0.27
Bss 1.06+0.27+0.23 1.06+0.35

Table257 Relative branching fractions of B;F 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.
fBBF - KTK/f,B(B* — Kdnt) ¥ <58x1072 [838] <5.8x 1072
BB = pprt)/fa <28x1078 [1047] <28x 1078
o(BH)BBF - K*K ) /o(BT) T <15x 1078 [795] <15x 1078

T Measured in the annihilation region m(K ~7t) < 1.834GeV/c?.
# PDG converts the LHCb result to f.B(BF — KTK?) < 4.6 x 1077

@ Springer



Eur. Phys. J. C (2017) 77:895

Page 225 of 335 895

8 Charm physics
8.1 DY-DY mixing and CP violation
8.1.1 Introduction

In 2007 Belle [1048] and BABAR [1049] obtained the
first evidence of D°-D° mixing, for which experiments
had searched for more than two decades. These results
were later confirmed by CDF [1050] and more recently by
LHCDb [1051]. There are now numerous measurements of D0-
DY 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

D, = p|D°) —¢|D°) (221)
D, = p|D%) +4|D), (222)
where we use the convention [1052] CP|D%) = —|D%) and
CP|D% = —|D%. Thus in the absence of CP violation,

D, is CP-even and D, is CP-odd. The weak phase ¢ is
defined as Arg(g/p). The mixing parameters are defined as
x=(m;—m,)/Tandy = (I', —T,)/(@2I'), where m |, m,
and I'|, I, are the masses and decay widths for the mass
eigenstates, and I' = (I'; +I',) /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 |g/p| and ¢; the
ratio of decay rates R, = [[(D° — K+t77) + I'(D? —
K~ H]/ITD° - K~ nt) + T(D°Y — K*tx7)]; direct
CPV asymmetries A;, Ay, and A, in D — K*n~,
KTK~, and 777~ decays, respectively; the strong phase
difference § between D — K~ znF and D° — K—n*
amplitudes; and the strong phase difference 6, between
D%— K~ p* and D°— K~ p* amplitudes.

The fit uses 50 observables from measurements of D0 —
KT¢ v, D - K*Kk—, D - ntx=, D* - K*n~,
DY - Ktgx 70 DO — Kgn“'n_, DY — gOgtg—,
D’ —» KYKTK~, and D° — K*m wtm~ decays’’
and from double-tagged branching fractions measured at the
¥ (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 6 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 D, B°, and Bg heavy flavor systems is
governed by a short-distance box diagram. In the D 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 D°-D? 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 ¥ (3770) — DD
measurements [1057] identify the flavor of the D° or DY
when produced by reconstructing the decay D*t — DOx+
or D*~ — D%~ The charge of the pion, which has low
momentum relative to that of the D° and is often referred
to as the “soft” pion, identifies the D flavor. For this decay
My — MDO — Mﬂ+ = Q0 ~ 6 MeV, which is close to
the kinematic threshold; thus analyses typically require that
the reconstructed Q be small to suppress backgrounds. An
LHCDb measurement [1058] of the difference between time-
integrated CP asymmetries Acp(KYK™) — Acp(mTm™)
identifies the flavor of the DY by partially reconstructing
B — D%~ X decays (and charge-conjugates); in this case
the charge of the muon originating from the B decay identi-
fies the flavor of the D°.

For time-dependent measurements, the D° decay time is
calculated as M, x (a -P)/(cp?), where d is the displace-
ment vector between the D* and D° decay vertices, p is the
reconstructed D° momentum, and p and M po are in GeV.
The D* vertex position is taken to be the intersection of the
D° momentum vector with the beamspot profile for ete™
experiments, and at the primary interaction vertex for pp
and pp experiments [1050,1051].

8.1.2 Input observables

The global fit determines central values and errors for ten
underlying parameters using a 2 statistic. The fitted param-
eters are x, y, R, Ap, lg/pl, &, 6, 8,(””, Ag,and A,.
In the D — K7~ 7" Dalitz plot analysis [1059], the
phases of intermediate resonances in the D% — K+z~ 70
decay amplitude are determined relative to the phase for
A(D?— K*tp~), and the phases of intermediate resonances
for D” — K7~ 7 are determined relative to the phase for
A(D? = K*p7). As the D° and D° Dalitz plots are fit-
ted independently, the phase difference & between the

Knm

@ Springer



895 Page 226 of 335

Eur. Phys. J. C (2017) 77:895

Table 258 Left: decay modes used to determine fitted parameters
X, ¥, 8, Sgrnr Rpy Apy Ak, Ax, 1q/pl, and ¢. Middle: the observ-
ables measured for each decay mode. Right: the relationships between

the observables measured and the fitted parameters. (¢) is the mean
reconstructed decay time for D° — K+ K~ or D® — 7+ 7~ decays

Decay Mode Observables Relationship
2yep = (Iq/pl + Ip/ql)ycwb
—(Iq/pl - Ip/ql)x sin ¢
DY KYK~/ntn™ Yep Ar
24 = (Iq/pl - Ip/ql)y005¢
x —(Iq/p|+|p/q|)x sin¢
D Kdntm Iq;}pl
¢
DY K+ R, Ry = (2 +)%)/2
" " o__ .
DY — K+t~ 70 (Dalitz plot analysis) x/, x” B XCOSdgry i— ysm Ok
y V' =ycosdy,  —xsindg
Ry
“Double-tagged” branching fractions Ry Ry = (x%2+y%)/2
measured in ¥ (3770) — D D decays \/—D
R, coséd
D
x' =xcosd+ ysiné
y =ycosd —xsind
X2,y Ay =(q/pl* = 1/(q/pl* + 1)
DY Ktm~ X, X2 =10 £ A/ AFAI
yroyT x(x' cos¢p + y'sing)

D% — K+tx—/K~n™ (time-integrated)

DY — KtK~ /ntn~ (time-integrated)

ro’°—>K 7 )+’ —>K =nh)
riP’—- Kk aH)+IrD°—>K )
rip’>k 7 )—-r(D°>K7H
ro’—ktr )+ D>k nhH)
rp’— Ktk )—T(D°—> K K")

rp’—-k*k )+ (D> KTK)
rip’satn)-r@’>ata)

yE =11 £ Ay /(AFANIVA
x (y' cos ¢pFx’ sin ¢)

Rp

Ap

t L Lo
AK + % Agnglrect (Algglrect ~ 7Al“)

riP’—snatn ) +TrD°>atr")

(t) indirect indirect -
A; + (73 Acp (Agp™" ~ —Ap)

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 R, = (x% 4+ ¥?)/2 is measured in both
D’ — Ktn~nt7~[1061]and D° — K¢~ v decays. Inthe
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

>x sin ¢

1 1
sr = 3 (| 4|2 reose - 5|4 |2
(223)

e =[5 [5 oo =25 7]} eome

(224)
are also HFLAV world average values [1060]; the inputs
used for these averages are plotted in Figs. 192 and 193,
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respectively. The D° — K7~ 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 D? — Kgnﬂr’ decays are measured in two
ways: assuming CP conservation (D° and D decays com-
bined), and allowing for CP violation (D° and D° 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 D° — K7~ 7% D% — KJK+K~, and
D — 7977~ results are from BABAR [1059,1073], the
D — K7~ 77~ results are from LHCb [1061], and the
¥ (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 D° — K * 7~ measurements, and those from direct CPV measure-

ments. The D — K T~ 70 observables are x” = x cos 8., _ + ysind,_andy” = —xsind, _+ ycoséy,
Mode Observable Values Correlation coefficients
D' KK~ /xtn, Yep (0.835 4 0.155)%
¢ K§ [1060] Ap (—0.032 & 0.026)%
DO — KQxtx~ [1070] x (0.56 £ 0.19 7095 %
(Belle: no CPV) y (0.30 + 0.15+00%0)g; +0.012
DY K9 m+m™ [1070] lq/p| 0.90 019006
(Belle: no direct CPV) 6 (=6 + 11 i-zst:(zJ) degrees
DO~ K7t~ [1070] x (0.58 + 0.19100734), 0054 —0.074 -0.031
(Belle: direct CPV 0.054 1 0.034 —-0.019
allowed) y (0.27 + 0.167095%6)q; *8'8;‘1‘ 0(')03;‘9 0044 0'?44
la/p] 0.82 014 00645
) (—13 Jj:% in:%) degrees
DY — K) T~ [1072] x (—0.86 £ 0.53 + 0.17)% +0.37
(LHCb: no CPV) y (0.03 + 0.46 + 0.13)%
D0—>Kg atr~ [1071] X (0.16 £+ 0.23 £ 0.12 £ 0.08)% +0.0615
KYKTK~
(BABAR: no CPV) y (0.57 + 0.20 £ 0.13 + 0.07)%
D% — 7% 77~ [1073] x 15+ 12+ 0.6)% —0.006
(BABAR: no CPV) y (0.2 +£09 £ 0.5%
D% — K+¢~v [1060] Ry, =&2+y2)/2 (0.0130 + 0.0269)%
D°— K+x =70 [1059] X" 2.61 1030 £ 0.39% —0.75
y' (—0.06 733 £ 0.34)%
DY — Ktn—wtm~ [1061] R, /2 (4.8 £ 1.8) x 107 L0 0 —042 001
R, (0.533 + 0.107 + 0.045)% 1 -0.73 0.39 0.02
¥ (3770)— DD [1057] x2 (0.06 + 0.23 £ 0.11)% ! —01~53 _()06(3;3
(CLEOc) y (42 £20 £ 1.0)% ]
coss 081103 1007
sin § —0.01 £ 0.41 + 0.04
ters using these relations; e.g., for D — K 2 7w~ decays, 2. assuming no direct CPV in doubly Cabibbo-suppressed
V = (Ax, Ay, Alq/pl, Ag). The contribution of a set of (DCS) decays (A, = 0) and fitting for parameters
observables to the fit x 2 is calculated as V-(M~1)- VT, where (x,y,lg/pl) or (x,y, $);
M~ is the inverse of the covariance matrix for the measure- 3. assuming no direct CPV in DCS decays and fitting for
ment. Covariance matrices are constructed from the corre- alternative parameters [1091,1092] x,, = 2|M,|/T,
lation coefficients among the measured observables. These Yo = Ill/ T, and ¢, = Arg(M,/T",), where M,
correlation coefficients are also listed in Tables 259, 260 and and T, are the off-diagonal elements of the D°-D © mass
261. and decay matrices, respectively. The parameter ¢, is a
weak phase that is responsible for CP violation in mixing.
8.1.3 Fit results 4. allowing full CPV (floating all parameters).
The global fit uses MINUIT with the MIGRAD minimizer, For fits (2) and (3) assuming no direct CPV in DCS decays,
and all errors are obtained from MINOS [1090]. Four sepa-  inaddition to A , =0 we impose other constraints that reduce
rate fits are performed: four independent parameters to three.>® For fit (2) we impose

1. assuming CP conservation, i.e., fixing A, =0, Ax =0, 38 One can also use Eq. (15) of Ref. [1091] to reduce four parameters
A, =0,¢90=0,and |g/p|=1; to three.
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Table 260 Time-dependent D® — K +7~ observables used for the global fit. The observables Rg and R, are related to parameters R, and A

via R = R (1 £ Ap)

Mode Observable Values Correlation coefficients
D% — K+~ [1049] (BABAR 384 fb~!) R, (0.303 %+ 0.0189)% 1 077 —087
077 1 —0.94
—0.87 —0.94 1
X2+ (—0.024 + 0.052)%
y't (0.98 + 0.78)%
DY K~nt [1049] (BABAR 384 fb~1) Ap (=21 £ 5.4)%
x> (—0.020 £ 0.050)% Same as above
Y- 0.96 &+ 0.75)%
D% — K*7~ [1067] (Belle 976 fb—! No CPV) R, (0.353 £+ 0.013)% 1 0.737 —0.865
0.737 1 —0.948
—0.865 —0.948 1
12 (0.009 £ 0.022)%
Y (0.46 + 0.34)%
D% — Kt~ [1066] (Belle 400 fb—! CPV-allowed) R, (0.364 + 0.018)% 1 0.655 —0.834
0.655 1 —0.909
—0.834 —0.909 1
X7t (0.032 £ 0.0371)%
V't (—0.12 + 0.58)%
D% — K—nt [1066] (Belle 400 fb~! CPV-allowed) A (+2.3 £ 4.1%
X% (0.006 + 0.034)% Same as above
V' 0.20 + 0.59)%
D% — K+~ [1068] (CDF 9.6 fb~! No CPV) R, (0.351 + 0.035)% 1 090 —0.97
090 1 —0.98
—0.97 —0.98 1
x? (0.008 + 0.018)%
y' (0.43 £+ 0.43)%
D% — K+7~ [1069] (LHCb 3.0 fb~! CPV-allowed) RS (0.3474 £ 0.0081)% 1 0.823 —0.920
0.823 1 —0.962
—0.920 —0.962 1
X2t (0.0011 £ 0.0065)%
V't (0.597 £ 0.125)%
DO%— K—7t [1069] (LHCb 3.0 fb~! CPV-allowed) R, (0.3591 + 0.0081)% 1 0.812 —0.918
0.812 1 —0.956

—0.918 —0.956 1
(0.0061 £ 0.0061)%
(0.450 £+ 0.121)%

the relation [1092,1093]tan ¢ = (1—|g/p|?)/(14+1q/p|*) x
(x/y) in two ways: first we float parameters x, y, and ¢ and
from these derive |q/p|; we then repeat the fit floating x,
v, and |g/p| and from these derive ¢. The central values
returned by the two fits are identical, but the first fit yields
MINOS errors for ¢, while the second fit yields MINOS
errors for |g/ p|. For no-direct-CPV fit (3), we fit for under-
lying parameters x,,, ¥,,, and ¢,,, and from these calculate
X, ¥, lg/pl, and ¢ to which measured observables are com-
pared. All fit results are listed in Table 262. For the CPV-
allowed fit, individual contributions to the X2 are listed in

@ Springer

Table 263. The total x? is 76.8 for 50 — 10 = 40 degrees of
freedom.

Confidence contours in the two dimensions (x,y) or
(lg/pl, ¢) are obtained by allowing, for any point in the two-
dimensional plane, all other fitted parameters to take their
preferred values. The resulting 1o — 50 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
X2 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 A, (f) = [[(D° — f) — I'(D° - NHI/ITD° —

F)+T(D%— )], and A{r) is the difference between the mean recon-
structed decay times for D — K+ K~ and D? — 77~ decays (due

to different trigger and reconstruction efficiencies)

Mode Observable Values At) /Ty
D% — hth~ [1074] (BABAR 386 fb~1) Acp(KTK™) (+0.00 £+ 0.34 + 0.13)%
Acp(rta™) (=024 £ 052 £ 022)% O
DY — hth™ [1075] (Belle 976 fb~ 1) Acp(KTK™) (=0.32 + 0.21 & 0.09)%
Acp(ta™) (+0.55 £ 0.36 £ 0.09% O
D% — hth~ [1076,1077] (CDF 9.7 fb~1) Acp(KTK™) = Agp(ta™)  (=0.62 £ 021 + 0.10)%
Acp(KTK™) (-0.32 £ 0.21)%
Acp(rta™) (+0.31 £ 0.22)% 0.27 £ 0.01
DY — hth~ [1078](LHCb 3.0 fb—!, Acp(KYK™) = App(ta™)  (—0.10 £ 0.08 & 0.03)%  0.1153 £ 0.0007 & 0.0018

D*t - DOzt tag)
D°— h*h= [1058] (LHCb 3 fb~!,
B—D'u—Xx tag)

Acp(KTK™

)— Acp(taT)

(+0.14 £ 0.16 = 0.08)%

0.014 £ 0.004

Fig. 191 World average value
of Ry, = (x? + y%)/2 from Ref.
[1060], as calculated from

D — K¢~ measurements
[1062-1065]

HFLAV

Summer 2016

CLEO 2005 |
BaBar 2007

Belle 2008

1l
-

World average

CPV-allowed fit. In the latter fit, the X2 at the no-mixing
point (x, y) = (0, 0) is 450 units above the minimum value,

-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5
Ry, (%)

dence level®®

which, for two degrees of freedom, corresponds to a confi-

0.300
0.110 *§3% o
0.160 + 0.290 + 0.290 %
0.004 +0.070 %

- 0.060

0.013 + 0.022 + 0.020 %

0.013 + 0.027 %

(C.L.) > 11.50. Thus, no mixing is excluded at
this high level. In the (|g/p|, ¢) plot, the no-CPVpoint (1, 0)

39 This is the limit of the CERNLIB PROB routine [1094] used for this

calculation.

@ Springer



895 Page 230 of 335

Eur. Phys. J. C (2017) 77:895

Fig. 192 World average value
of y-p from Ref. [1060], as
calculated from

Summer 2016

DY KtK~ ntn—
measurements [1079-1086]

E791 1999

0.732 £ 2.890 + 1.030 %

3.420 =1.390 = 0.740 %

L -1.200 + 2.500 + 1.400 %

CLEO 2002 } |
Belle 2009
LHCb 2012

Belle 2012

BESIII 2015

e

0.110 £ 0.610 + 0.520 %
0.550 £ 0.630 + 0.410 %
H 1.110 £ 0.220 = 0.110 %
0.720 = 0.180 = 0.124 %

-2.000 £ 1.300 £ 0.700 %

World average

0.835 £ 0.155 %

-4

is within the 1o 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 Ax? = x? — x2.. (x2., is
the minimum value) are shown in Fig. 197. The points where
Ax? = 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:

e the experimental data consistently indicate that D°
mesons mix. The no-mixing point x = y = 0is excluded
at > 11.50. The parameter x differs from zero by 1.90,
and y differs from zero by 9.4¢. 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.
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e Since Yep is positive, the CP-even state is shorter-lived
as in the K°-K 0 system. However, since x also appears
to be positive, the CP-even state is heavier, unlike in the
KO-K 0 system.

e There is no evidence for CPV arising from D°-D° mix-
ing (|g/p| # 1) or from a phase difference between the
mixing amplitude and a direct decay amplitude (¢ # 0).
The CDF experiment (and initially LHCb) measured
a time-integrated asymmetry in D° — KK~ 7tn—
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, AC = 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

DY KtK~ nta—
measurements [1084, 1085,
1087-1089]

Belle 2012

BaBar 2012

LHCb 2015 u tag

LHCb 2016 D™ tag

World average

HFLAV

CKM 2016

-0.030 = 0.200 = 0.080 %

0.088 = 0.255 = 0.058 %

-0.120 = 0.120 %
-0.125 = 0.073 %

H -0.013 = 0.028 = 0.010 %

-0.032 = 0.026 %

02 01 -0 01 02 03
Ar (%)

Table 262 Results of the global fit for different assumptions concerning CPV
Parameter No CPV No direct CPVin DCS decays CPV-allowed CPV-allowed 95% C.L. interval
x (%) 0.46 1012 0.41 1012 0.32 £ 0.14 [0.04, 0.62]
¥ (%) 0.62 + 0.08 0.61 + 0.07 0.69 +0:06 [0.50, 0.80]
Sin ©) 8.0"77, 4.87194 152178 [—16.8, 30.1]
R, (%) 0.34870004 0.347 0004 0.349 70904 [0.342, 0.356]
Ay (%) - - ~0.88 £ 0.99 [-2.8, 1.0]
lq/pl - 0.999 + 0.014 0.89 7098 [0.77, 1.12]
¢ () - 0.05 1033 —-12.9799 [-30.2, 10.6]
Sgnn (@) 204733 22,6241 3171333 [—16.4, 77.7]
A, (%) - +0.02 £ 0.13 +0.01 =+ 0.14 [-0.25, 0.28]
Ay (%) - —0.11 £0.13 —0.11 £ 0.13 [—0.37, 0.14]
Xpy (%) - 0.41 1012 [0.10, 0.67]
¥12(%) - 0.61 + 0.07 [0.47, 0.75]
$1,() - —-0.17 £ 1.8 [-5.3, 4.4]

that have different weak (CKM) and strong phases.*” 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 — f 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 x> for the CPV-allowed fit

Observable X2 3 x?
Yep 1.19 1.19
Ap 0.83 2.01
X Belle 1.33 3.35
P Belle 5.30 8.64
|q/p\Kgn+n7 Belle 0.10 8.74
¢1<gn+n— Belle 0.23 8.97
O LHCb 451 13.48
P LHCb 0.40 13.88
X Ot BABAR 0.36 14.24
Y- BABAR 0.19 14.43
X_o_.__ BABAR 0.77 15.20
min T
Y, 0.+, BABAR 0.22 15.42
2 2
(CE o P, 0.14 15.56
Xyt ,-n0 BABAR 7.10 22.67
Vg4 y-n0 BABAR 3.92 26.58
CLEOc (x/y/Ry,/ cos §/ sin §) 10.53 37.12
R} /x"* /y't BABAR 11.13 48.25
R, /x"*~/y'~ BABAR 6.04 54.29
R} /x"**/y'T Belle 2.08 56.36
R, /x>~ /y'~ Belle 3.22 59.58
R, /x"?/y' CDF 1.29 60.87
R} /x'**/y'T LHCb 0.58 61.46
R} /x>~ /y'~ LHCb 1.65 63.11
Agg/Arz BABAR 0.30 63.41
Agx/Ayy Belle 2.89 66.30
Agx/Ayy CDF 4.63 70.94
Agg — Ayy LHCb (D*F — D7t tag) 0.12 71.05
Agx — Apy LHCb (B— D1~ X tag) 2.24 73.30
2 2
(x> +y?) g4, 4~ LHCD 3.48 76.78

a percent level. Indirect CP violation refers to AC = 2 pro-
cesses and arises in D° decays due to DY — D 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:

_ I'(D)-T(D)

= . (225)
I'(D) +I'(D)

Acp

In the case of DT and Dj decays, A, measures direct CP
violation; in the case of D° decays, A cp measures direct and
indirect CP violation combined (see also Sect. 8.4).
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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

_ n(D)—n(D)

P = —, (226)
n(D) + n(D)
where (considering, for example, DY > K—K1)
N(DY - K—K1)
D) = , 227
D)= N0 S k) 227
— ND"—> K K
n(D) = (228)

T NDOY > Ktro)’

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

Ameas = Acp + Aprod + Adets (229)

where Ameqs is the measured asymmetry, Aprog is the asym-
metry in the charm meson production, and Age; is due to
difference in detection efficiencies between positively and
negatively charged hadrons.

Values of A, for DT, DY and D} 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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>? I CKM 2016 No direct CPV

CKM 2016
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- -1
i Bio B0
0.2 2o - 2o
i 30 2 30
L Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il 4 0 Il Il Il Il Il 4 o
0.2 0.4 0.6 0.8 1 1.2 0.8 1 1.2
Xy (%) Xy (%)
2 T cxmzots No direct CPV
< 15}
10f
5
0F
5f
10}
- | R
-15 . 2o
-20f So
Lo 1 L1 L1 | 40
0.2 1 1.2
y,, (%)

Fig. 195 Two-dimensional contours for theoretical parameters (x,,, ¥,,) (fop left), (x,, ¢,,) (top right), and (y,,, ¢,,) (bottom), for no direct

CPVin DCS decays

allows one to see and correct for CP violation due to the
CPV in K°-K° mixing [1098]. For example, the decay
modes D* — (K°/K%K* and D} — (K°/KO)n+
(shown in Tables 264 and 268, respectively) are the modes
Dt — KK+ and D} — K7™ 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 x?2
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 x 1073. There is currently no
evidence for CP violation in the charm meson sector. The CP
asymmetry observed in the mode D — K ?71 * is consistent
with what expected from the K® — K © 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 AJCF,
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.
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(Ig/pl, @) (bottom), allowing for CPV

8.3 T-odd asymmetries

Measuring 7-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 - (l; x ¢), where a, b, and
¢ are spins or momenta; this combination is odd under time
reversal (7). If the triple-product is formed using both spin
and momenta, i.e.,
s1- (P2 X 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.

@ Springer

Taking as an example the decay mode D? — KtK~
ntm~, 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 D° the T-odd correlation

Cr= ﬁK+ : (ﬁ:‘[+ X ﬁﬂ*)» (23D

and the corresponding quantity for D°

ET = 5]{7 “(Pr- X Pat), (232)

one constructs the asymmetry
r« 0)-TI(C 0

.= (Cr>0)-TI'(Cr <0) (233)

'cCr>0+I(Cr <0

for DY decays and

— TI'(-Cr>0-T(-Cr <0

y (=Cr >0) —T'(=Cr <0) (234)

I'(—Cr >0+ T (=Cy < 0)

for DO decays. In these expressions, I represents a partial
width. The asymmetries A7 and A7 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(Cy) = —Cr and C(Cy) = Cr, CP(Ar) =
‘Ar. One can thus construct the CP-odd (and P-odd, T-odd)
quantity

Ar — Ar

A 9
T 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: Ay .o, agp, and ag;(’dd.)

Values of .AT for DT, DS+, and D° 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 DY 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 A, = [[(DT) —T'(D7)]/[[ (D) 4+ I'(D7)] for two-body D¥* decays

Mode Year Collaboration Acp
Dt — utv 2008 CLEO [1103] +0.08 £ 0.08
Dt — xtn0 2010 CLEO [1104] +0.029 £ 0.029 £ 0.003
DY — 'ty 2011 Belle [1105] +0.0174 £+ 0.0113 £ 0.0019
2010 CLEO [1104] —0.020 £ 0.023 £ 0.003
HFLAV average +0.010 £ 0.010
Dt — nty 2011 Belle [1105] —0.0012 £ 0.0112 £ 0.0017
2010 CLEO [1104] —0.040 £ 0.034 £ 0.003
HFLAV average —0.005 £ 0.011
Dt — Ktn0 2010 CLEO [1104] —0.035 £ 0.107 £+ 0.009
Dt — KOn+ 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
Dt — KK+ 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
Dt — (fo/l(o)l(+ 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 A -p = [[(DT) —T(D7)]/[T(DT) + I'(D7)] for three- and four-body D* decays

Mode Year Collaboration Acp
Dt > gtp—mt 2014 LHCb [1113] Model independent technique,
no evidence for CP violation
1997 E791 [1114] —0.017 £ 0.042 (stat.)
DY — K ntnt 2014 DO [1115] —0.0016 £ 0.0015 % 0.0009
2014 CLEO [1106] —0.003 = 0.002 £+ 0.004
HFLAV average —0.0018 % 0.0016
Dt — K0 *r0 2014 CLEO [1106] —0.001 %+ 0.007 £+ 0.002
Dt — KtK—nt 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
Dt - K ntntn0 2014 CLEO [1106] —0.003 + 0.006 £+ 0.004
Dt — KOntata~ 2014 CLEO [1106] +0.000 £ 0.012 + 0.003
Dt — KOK+mn*n~ 2005 FOCUS [1119] —0.042 + 0.064 £+ 0.022
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Table 266 CP asymmetries A -p = (T'(D%) — F(DO)]/[F(DO) + (D] for two-body DO, DO decays

Mode Year Collaboration Acp
DY — gt~ 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
DO — 7070 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
D® — K00 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
D° — K% 2011 Belle [1125] +0.0054 £ 0.0051 £ 0.0016
D° — KOy 2011 Belle [1125] +0.0098 + 0.0067 + 0.0014
DY — KOk? 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
DY > K—nt 2014 CLEO [1106] +0.003 £ 0.003 £ 0.006
DY > KtK~ 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 A -p = (MDY — F(DO)]/[F(DO) + I'(D %] for three- and four-body D% DO decays

Mode Year Collaboration Acp
DY — ata =0 2015 LHCb [1127] Model independent technique, no evidence for CP violation
2008 BABAR [1128] +0.0031 £ 0.0041 £ 0.0017
2008 Belle [1129] 40.0043 £ 0.0130 (stat. and syst. combined)
2005 CLEO [1130] +0.017909 £ 0.05
HFLAV average +0.0032 £ 0.0042
D — K—ntn® 2014 CLEO [1106] +0.001 £ 0.003 + 0.004
D — Kt~ n® 2005 Belle [1131] —0.006 £ 0.053 (stat.)
2001 CLEO [1132] +0.097933 (stat.)
HFLAV average —0.0014 + 0.0517
DY — Ko7+~ 2012 CDF [1133] —0.0005 £ 0.0057 + 0.0054
2004 CLEO [1134] —0.009 + 0.0217591
HFLAV average —0.0008 + 0.0077
DY - K ? +K 7t 2016 LHCb [473] Amplitude analysis, no evidence for CP violation
DY — K0+ Ktm~ 2016 LHCb [473] Amplitude analysis, no evidence for CP violation
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Table 267 continued

Mode Year Collaboration Acp

D’ - KTK— =0 2008 BABAR [1128] —0.0100 £ 0.0167 £ 0.0025

DY - x g wtnpt 2013 LHCb [1135] Model independent technique, no evidence for CP violation

DY - K ntntn— 2014 CLEO [1106] +0.002 £ 0.003 £+ 0.004

DY - Ktn—mtm— 2005 Belle [1131] —0.018 + 0.044 (stat.)

DY - KtK~mtn— 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 A.p = [['(D;") — I'(D;)]/[(D;") + I'(D; )] for D¥ decays

Mode Year Collaboration Acp
D} — utv 2009 CLEO [1137] +0.048 + 0.061
D} — wty 2013 CLEO [1138] +0.011 £ 0.030 % 0.008
D} — nty 2013 CLEO [1138] —0.022 + 0.022 £ 0.006
D} — Ko7+ 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
Df — (K°/KOx+ 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} — KOkt 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
DF — K+n0 2010 CLEO [1104] +0.266 + 0.228 + 0.009
Df — Ky 2010 CLEO [1104] +0.093 + 0.152 £ 0.009
DF — Kty 2010 CLEO [1104] +0.060 + 0.189 =+ 0.009
D} — atatn~ 2013 CLEO [1138] —0.007 £ 0.030 + 0.006
D} — atxlp 2013 CLEO [1138] —0.005 % 0.039 =+ 0.020
D} — x a0y 2013 CLEO [1138] —0.004 &+ 0.074 + 0.019
D} — KIK*r0 2013 CLEO [1138] —0.016 £ 0.060 £ 0.011
D} — KKzt 2013 CLEO [1138] +0.031 + 0.052 £ 0.006
D} — Ktatn~ 2013 CLEO [1138] +0.045 + 0.048 + 0.006
D} — KtK—nt 2013 CLEO [1138] —0.005 £ 0.008 + 0.004
D} — KK~ ntnt 2013 CLEO [1138] +0.041 £ 0.027 £ 0.009
D} — KOK+tmatn~ 2013 CLEO [1138] —0.057 £ 0.053 + 0.009
D} — KTK~ntn? 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:

(D= hth™) — (D= hth)

Ar =

@ Springer

(DO hth=) +t(D°—> hth—)’

(236)

where hth~ canbe KT K~ or 7t ~, and
AAcp = Acp(KYK™) — Acp(ntn™), (237)

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

2 _ 2
e | Apo_ pI2 = 1Apo_ |
|Apo_, 112+ [Apo_, ;2




Eur. Phys. J. C (2017) 77:895

Page 239 of 335 895

Table 269 Measurements of the 7-odd asymmetry A, = (A7 — A7)/2

Mode Year Collaboration Ap
DY - KTK~ntn~ 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
Dt — KVK*tntn~ 2011 BABAR [1150] —0.0120 £ 0.0100 £ 0.0046
2005 FOCUS [1119] +0.023 £ 0.062 + 0.022
HFLAV average —0.0110 £ 0.0109
Df — KOK+mn*tn~ 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 A(t)/t (ty/t References
2012 BABAR Ar = (4+0.09 £ 0.26 £+ 0.06)% - - [1085]
2016 LHCb prompt Ar(KK) = (—0.030 + 0.032 £+ 0.010)% - - [1089]

Ar () = (+0.046 £+ 0.058 £ 0.012)% - -
2014 CDF Apr = (—0.12 £ 0.12)% - - [1087]
2015 LHCb SL Ar = (—0.125 £ 0.073)% - - [1088]
2015 Belle Ar = (—0.03 £ 0.20 + 0.07)% - - [1084]
2008 BABAR Acp(KK) = (+0.00 & 0.34 £ 0.13)%

Acp(rmr) = (—0.24 £ 0.52 £ 0.22)% 0.00 1.00 [1074]
2012 Belle prel. AAcp = (—0.87 £ 0.41 £ 0.06)% 0.00 1.00 [1153]
2012 CDF AAcp = (—0.62 £ 0.21 £ 0.10)% 0.25 2.58 [1077]
2014 LHCb SL AAcp = (+0.14 £ 0.16 £ 0.08)% 0.01 1.07 [1058]
2016 LHCb prompt AAcp = (—0.10 £ 0.08 £ 0.03)% 0.12 2.10 [1078]

Jome (5] [¢])rere]
rl la

(238)

; 1
ot =53]+ 5

where Ap_, 7 is the amplitude for D — f [1151]. We use the
following relations between the observables and the under-
lying parameters [1152]:

Ar = —af — adbyc, (239)
) (1) AL = At
AAcp = Aagy <1+yCP (T—>)+agg#+a?},§y@%,
. ity LAt
~ Aadl, (1 + yep %) + ag‘;}T”. (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)/t denotes the mean decay
time in units of the DO lifetime; AX denotes the differ-
ence in quantity X between KT K~ and 77~ 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 A(t)/t < (t)/t, and
it is expected that all| < |Aadk| because aliy,(KTK ™)
and ag‘;, (rT7 ™) are expected to have opposite signs in the
Standard Model [1151].

A x? fit is performed in the plane Aalf vs. als. For
the BABAR result the difference of the quoted values for
Acp(KTK™) and Acp(ntm™) 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 x 2.
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, Ap (K K) and Ar (st ) 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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nificant relative shift due to final-state dependent Ar val-
ues between A A cp 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 AAcp and Ar.

From the fit, the change in x? from the minimum value
for the no-CPV point (0,0) is 4.7, which corresponds to a
C.L. 0f 9.3 x 1072 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 1.70. The central values
and = 1o uncertainties for the individual parameters are

alld = (40.030 + 0.026)%

Aadls = (—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

.GF

M = —1 E ch LILHM,

(242)
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where G r is the Fermi constantand V, q is a CKM matrix ele-
ment. The leptonic current L* is evaluated directly from the
lepton spinors and has a simple structure; this allows one to
extract information about the form factors (in H ) 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 ch [2].

8.5.2 D— Pty decays

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

Hy, = (P(p)IgyuclD(p")

2 2
= fi(g?) x [(p/ + P — me—2quu}
2 2

+f0(6]2)%6]m (243)
where mp and p’ are the mass and four momentum of the
parent D meson, m p and p are those of the daughter meson,
f1(¢g?) and fy(g?) are form factors, and ¢ = p’ — p. Kine-
matics require that f4(0) = fo(0). The contraction g, L*
results in terms proportional to m,[1155], and thus fort =e
the terms proportionals to g,, in Eq. (243) are negligible. For
light leptons only the f (¢) vector form factor is relevant
and the differential partial width is

dl'(D — PEW) _ G%:|ch|2
dg®dcosty 3273

P f(gD)sin67,  (244)

where p* is the magnitude of the momentum of the final
state hadron in the D rest frame, and 6 is the angle of the
lepton in the £v 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:

N0 [( 1 )
16 = o T

e )

= 1= g%/ (empge)

(245)

where py and yj are expansion parameters and « is a param-
eter that normalizes the form factor at g2 = 0, f,(0). The
parameter mpole is the mass of the lowest-lying cg reso-
nance with the vector quantum numbers; this is expected
to provide the largest contribution to the form factor for the
¢ — q transition. The sum over N gives the contribution
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Table 271 Results for mpole and apk from various experiments for D% — K—¢*vand DT — K%ty decays

D — K/{v; Expt. Mode Refs. Mpole (GeV/cz) apg

CLEO 11l (D% € =e,p) [1175] 1.89 £ 0.057003 0.36 + 0.1070:53
FOCUS (D% ¢ = ) [1176] 1.93 £ 0.05 + 0.03 0.28 £ 0.08 % 0.07
Belle (D% € =e, 1) [1171] 1.82 £ 0.04 £ 0.03 0.52 + 0.08 + 0.06
BABAR (D% ¢ =e) (1172] 1.889 + 0.012 + 0.015 0.366 £ 0.023 % 0.029
CLEO-c (tagged) (D%, DF; ¢ =e) [1173] 1.93 £ 0.02 + 0.01 0.30 + 0.03 + 0.01
CLEO-c (untagged) (D% ¢ =e) [1174] 1.97 £ 0.03 + 0.01 0.21 £ 0.05 + 0.03
CLEO-c (untagged) (Dt e =e) [1174] 1.96 + 0.04 + 0.02 0.22 £ 0.08 + 0.03
BESIII (D% ¢ =e) [1169] 1.921 £ 0.010 % 0.007 0.309 + 0.020 + 0.013
BESIII (Dt e=e) [1170] 1.953 £ 0.044 + 0.036 0.239 £ 0.077 £ 0.065

Table 272 Results for mpole and apx from various experiments for D° — w—¢tvand DT — 7%ty decays

D — mlvy Expt. Mode Refs. Mpole (GeV/cz) ABK

CLEO IIl (D% € =e,p) [1175] 1.86 0 10+0.07 0.37792% £ 0.15
FOCUS (D% ¢ = 1) [1176] 1911039 + 0.07 -

Belle (D%t =e,p) [1171] 1.97 + 0.08 & 0.04 0.10 + 0.21 £ 0.10
CLEO-c (tagged) (D%, D*; e =e) [1173] 1.91 4 0.02 + 0.01 0.21 £ 0.07 & 0.02
CLEO-c (untagged) (D% ¢ =e¢) [1174] 1.87 + 0.03 % 0.01 0.37 + 0.08 & 0.03
CLEO-c (untagged) (DF: 0 =e¢) [1174] 1.97 + 0.07 £ 0.02 0.14 + 0.16 & 0.04
BES III (D% ¢ =r¢) [1169] 1.911 + 0.012 & 0.004 0.279 + 0.035 + 0.011
BABAR (D% ¢ =e¢) [1168] 1.906 + 0.029 =+ 0.023 0.268 + 0.074 £ 0.059

of higher mass states. For example, for D — 7 transi-
tions the dominant resonance is expected to be D*(2010),
and thus Mygle = M p(2010)- For D — K transitions,
the dominant contribution is expected from D} (2112), with

m =m .
pole D*(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+(0)

2 = .
f+(61 ) — (1 _ qz/mg()le)

(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/+/@BK i interpreted as the mass of an effective pole,
higher than mpole, thus it is expected that agk < 1.

fi(@®) =

f+(0)

The parameterization takes the form

2
T (1

2\
2
K mpole

(247)

These parameterizations are used by several experiments
to determine form factor parameters. Measured values of
Myl and o arelistedin Tables 271 and 272 for D — K/{vy
and D — /v, decays, respectively.

8.5.5 z expansion

An alternative series expansion around some value g2 = 1,
to parameterize f, (g%) 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 ¢ into the complex
plane:

t. —q? — Jty — 1o
(g 1) = Y1 L (248)

t+ —q>+ Jix — 1o

where 1+ = (mp £ mp)? and 1y is the (arbitrary) g? value
corresponding to z = 0. The physical region corresponds

@ Springer



895 Page 242 of 335

Eur. Phys. J. C (2017) 77:895

to +|zlmax = £0.051 for D - K€vp and = £0.17 for
D — mwlvp,using tyg =t (1 — /1 —t_/t3).

The form factor is expressed as

fr@® = D arw)lz(g®, )l (249)
k=0

P(q%) ¢(q?, 10) =

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

P =1
T e M

(D — )

(D — K). (250)

The “outer” function ¢ (¢, f9) can be any analytic function,
but a preferred choice (see, e.g. Refs. [1158,1159,1161])
obtained from the Operator Product Expansion (OPE) is

$(q°, 10) = a(,/u —q*+ m)
3/2
Iy — q2 (m + m)
(ty —10)'/4 <\/t+——c]2+ \/H)S

251)

with @ = \/mm?2/3. The OPE analysis provides a constraint
upon the expansion coefficients, Z,]{V:O a,f < 1. These coef-
ficients receive 1/Mp 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 — ) over the entire physical g2 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 ag .

8.5.6 Three-pole formalism

An update of the vector pole dominance model has been
developed for the D — m v, 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
JP =17 states with masses m px:

Res f1(g°)
2 i q :m%)*
f+@) =) ——5—. (252)
n=0 mD,*,< —4
with the residues given by
1
Res frig?) = 5MD; fD;8D;D7- (253)

q :mDZ

Values of the fp- and f),« decay constants have been
obtained by lattice QCD calculations, relative to fp, with 2%
and 28% precision, respectively [1162]. The couplings to the
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Dr state, gp+pr and g -, are extracted from measure-
ments of the D*(2010) and D* (2600) widths by BABAR 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:

Y Res fig®) =0,
2 2

n=01 :’"D,’;

(254)

protecting the form factor behavior at large ¢2. 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 V,,;,
using the ratio of the form factors of the D — wfvand B —
m¢v decay channels. It will be used once lattice calculations
provide the form factor ratio f ;‘n q>/f 371 (g%) at the same
pion energy.

This form factor description can be extended to the D —
K ¢v decay channel, considering the contribution of several
c5 resonances with J” = 17. The first two pole masses
contributing to the form factor correspond to the D} (2112)
and Dj;(2700) resonant states [327]. A constraint on the
first residue can be obtained using information of the fx
decay constant [327] and the g coupling extracted from the
D*T 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 ete~™ — DDX events from the contin-
uum under the 7'(4S) resonance, achieving very good g2
resolution (15 MeVz) and a low background level but with a
low efficiency. Using 282 fb~! of data, about 1300 and 115
signal semileptonic decays are isolated for both lepton chan-
nels together (e + ), for the Cabibbo-favored and Cabibbo-
suppressed modes, respectively. The BABAR experiment uses
a partial reconstruction technique in which the semileptonic
decays are tagged via D** — D97t decays. The D direc-
tion and neutrino energy are obtained using information from
the rest of the event. With 75 fb~! of data, 74,000 sig-
nal events in the D — K¢ty mode are obtained. This
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Table 273 Results for r| and r; from various experiments for the D — K {v; decay channel. The correlation coefficient between these parameters

is larger than 0.9

Expt. D — K{v Mode Refs. r r

BABAR (DY% ¢ =¢) [1172] —25+£02+02 0.6 + 6.0 = 5.0
CLEO-c (tagged) (D% ¢ =e¢) [1173] —2.65 £ 0.34 £ 0.08 13+£9=+1
CLEO-c (tagged) (DTt =¢) [1173) —1.66 &+ 0.44 £ 0.10 —14+11£1
CLEO-c (untagged) (D%t =e) [1174] —24 +04 £0.1 21 £ 11 2
CLEO-c (untagged) (DTt =e) [1174] —28+6+2 32 £ 18 + 4

BES III (D% ¢ =¢) [1169] —2.334 4 0.159 £ 0.080 3.42 4+ 391 4+ 241
BES III (Dt L =¢) [1170] —2.23 £ 0.42 £ 0.53 113 + 8.5 £ 8.7

Table 274 Results for 1 and r, from various experiments, for D — 7 €v,. The correlation coefficient between these parameters is larger than 0.9

Expt. D — mlyy Mode Refs. r r

CLEO-c (tagged) (D% £ =¢) [1173] —2.80 &£ 0.49 £ 0.04 6+3+0
CLEO-c (tagged) (DT ¢ =¢e) [1173] —1.37 £ 0.88 £ 0.24 -4 +5+1
CLEO-c (untagged) (D% £ =¢) [1174] —2.1 £ 0.7 £ 0.3 —12+48 £ 1.7
CLEO-c (untagged) (D¢ =e) [1174] —02+15+04 —9.8 £ 9.1 £2.1
BES 111 (D% £ =¢) [1169] —1.85 £ 0.22 £ 0.07 —14 £ 15+05
BABAR (D% £ =¢) [1168] —1.31 £ 0.70 £ 0.43 —42+40+19

technique provides a large signal yield but also a high back-
ground level and a poor g2 resolution (ranging from 66 to
219 MeV?). In this case the measurement of the branching
fraction is obtained by normalizing to the D — K~ z+
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~! data. For
this measurement, 5000 D° — 7~ ¢Tv 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 W(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 ¢2 resolution is very good
and the background level very low. With the entire CLEO-c
data sample, 818 pb~!, 14,123 and 1374 signal events are
reconstructed for the D — K~etv and D° — 7= ¢ty
channels, and 8467 and 838 for the Dt — Eoe*'v and
DT — 79T v 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 D° — K ~etvand D — 7~ ¢t decay chan-
nels. With 2.9 fb~! 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?e*v [1170]. Using several
tagged hadronic events they reconstruct 20,100 semileptonic
candidates.

Previous measurements were also performed by several
experiments. Events registered at the 7" (4S) energy corre-
sponding to an integrated luminosity of 7 fb~! were analyzed
by CLEO II [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 1II [1185]). In
the FOCUS fixed target photo-production experiment, D°
semimuonic events were obtained from the decay of a D*T,
with a kaon or a pion detected.

Results of the hadronic form factor parameters, m 4/, and
a gk, obtained from the measurements discussed above, are
given in Tables 271 and 272.

The z-expansion formalism has been used by BABAR [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 r| = a; /ag and r, = ay/ag are listed in Tables 273
and 274.

8.5.8 Combined results for the D — K v, channel

The ¢? 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 f (0)| V5| and the shape param-
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Table 275 Results of the fits to D — K{v; 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 p;p = PVl K ©)ry> P13 = Py K 0).rp0 and py3 =
pry,r, and are for the total uncertainties (statistical @ systematic). The

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

Expt. D — Kty Mode |Ves| f£(0) r r p12/P13/ 023

BES III (tagged) [1169] (D% 0.7195(35)(43) —2.33(16)(8) 3.4(4.0)(2.5) —0.21/0.58/—0.81
CLEO-c (tagged) [1173] (D%, 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] (D%, D) 0.7436(76)(79) —2.57(33)(18) 23.9(8.9)(4.3) —0.34/0.66/—0.84
BABAR [1172] (D% 0.7241(64)(60) —2.45(20)(18) —0.6(6.0)(3.8) —0.36/0.59/—0.82
Belle [1171] (D% 0.700(19) ~3.06(71) ~33(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 (D%, 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 D° — K¢ty and Dt — K¢+, decays channels using the z-expansion formalism at second order

Fit value DY > K¢ty Dt — K%ty
Ves| £K (0) 0.7219 + 0.0024 + 0.0027 0.726 + 0.005 + 0.007
r —2.41 £+ 0.11 £ 0.07 —2.07 &£ 0.38 £ 0.10
1) 47 £27 £ 14 54 + 82 + 4.6

P12/ P13/ 023 —0.19/0.51/—0.84

—0.10/0.39/-0.84

eters r; and r, 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 geJ“ve 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 x? 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 fo(g?) contribution [1187].
Channels with a D or a D are combined assuming isospin
invariance and using physical meson and lepton masses.
These combined results are noted as D — K {£v, in the fol-
lowing. Hadronic form factors are assumed to be the same
for charged and neutral D mesons. Separate results for the
DY — K~ ¢*v, and DT — K%y, decay channels are
shown in Table 276 and Fig. 200. Using the fitted parameters
and integrating over the full g2 range, the combined semilep-
tonic branching fraction, expressed in terms of the D° decay
channel gives:

B(D® — K~ €Tv) = (3.490 & 0.011 £ 0.020)% (255)

@ Springer

Table 277 Results of the three-pole model form factors obtained from
a fit to all measurements. Fitted parameters are the first two residues yOK
and le , which are constrained using present measurements of masses
and widths of the D} and D} mesons, and lattice computations of decay
constants, and the effective mass, m DYl accounting for higher mass
hadronic contributions e

Parameter Combined result (D — K{lvy)
& 4.85 £ 0.08 GeV?

v —1.2 £+ 0.30 GeV?

m 4.46 £ 0.26 GeV

s eff

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 (2112) and Dj;(2700) resonances. Results are presented
in Table 277. Fitted parameters are the first two residues
v =  Res fK@Handyf = Res fE@)

qzzmzbjf(zuz) qZ:sz;kl (2700)

and an effective mass, m Dj/;ff’ 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} 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 2 T - : - “—
function of ¢ for the gvcl | |§j

+
D — K{tv; (left) and ha ——  z-expansion fit he
D — mlvy (right) channels, 15k ceee. Effective 3-pole fit
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experimental data. Central
values (central lines) and
uncertainties (one o deviation)
are shown for the z-expansion
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Fig. 200 Results of the combined fit shown separately for the D — K~ ¢*vand Dt — K%¢*v decay channels. Ellipses are shown for 68% C.L

8.5.9 Combined results for the D — m{v; channel

The combined result for the D — m{€v, 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 ¢2 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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Table 278 Results of the fits to D — w£v; 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

(0 P12 = PVl £70)r1> P13 = PlVey f7©),r2» a0 23 = pr, r, and are
for the total uncertainties (statistical & systematic)

Expt. D — mlv, mode [Veal £T(0) T 1) P12/ P13/ P23

BES 111 (tagged) [1169] (D% 0.1422(25)(10) —1.86(23)(7) —1.24(1.51)(47) —0.37/0.64/—0.93
CLEO-c (tagged) [1173] (D°, 1) 0.1507(42)(11) —2.45(43)(9) 3.8(2.8)(6) —0.43/0.67/—0.94
CLEO-c (untagged) [1174] (D°, D) 0.1394(58)(25) —1.71(62)(25) —2.8(4.0)(1.6) ~0.50/0.69/—0.96
BABAR [1172] (D% 0.1381(36)(22) —1.42(66)(45) —3.5(3.7)(2.0) —0.40/0.57/—0.97
Belle [1171] (DY) 0.142(11) —1.83(1.00) 1.5(6.5) ~0.30/0.59/—0.91
Combined (D°, 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 y* and y;", 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, m D> accounting
for higher mass hadronic contributions

Parameter Combined result (D — wlvy)
4 3.881 %+ 0.093 GeV?
v —1.18 + 0.30 GeV?
m . 4.17 + 0.42 GeV
Deff

Table 278. The y % per degree of freedom of the combined fit is
51/55.

Using the fitted parameters and integrating over the full
g? range, the combined semileptonic branching fraction,

expressed in terms of the DY decay channel gives:

B(D® — 7 ¢tvy) = (2.891 £+ 0.030 £ 0.022) x 1073
(256)

Results of the three-pole model to the D — mfv, data
are shown in Table 279. Fitted parameters are the first two
residues yy' = Res fr (¢%) and % Res fr (g%

qP=m. q*= D*
(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, m DX accounting for higher

eff
mass hadronic contributions. The Vea value entering in the
fit is given in Eq. (257). The x? per degree of freedom of the
combined fit is 57.5/57.

The effective mass m . is larger than the predicted mass

D*
of the second radially exc:lted state with J¥ = 17 (~
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 V.5 and V.4 determination

Assuming unitarity of the CKM matrix, the values of the
CKM matrix elements entering in charm semileptonic decays
are evaluated from the V4, V;4 and V., elements [327]:

|Ves] = 0.97343 + 0.00015, (257)
|Veal = 0.22521 + 0.00061.

Using the combined values of f f (0)|Vegland £ (0)|Veql in
Tables 275 and 278, leads to the form factor values:

ff(O) =0.7423 £ 0.0035,
fF(0) =0.6327 % 0.0086,

which are in agreement with present lattice QCD compu-
tations [222]: ff (0) = 0.747 £ 0.019 and f7(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:

|Ves| = 0.967 £ 0.025,
|Vea| = 0.2140 £ 0.0097,

still compatible with unitarity of the CKM matrix.

8.5.11 D— Vv 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
Hu = V# + Au’ where [1155]

Vi = (V(p, &)|gyuclD(p))
2V(g?)
- mp +my €MVp08*vP/pp
Ay = (V(p. &) — qyuysclD(p"))

= —i (mp +my)A1(gH)e},

(258)
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- AdgH) )
+lmD—+mV(8 )P+ P
. 2my 2 2 * /
+i—5—| A3(g") — Ao(g?) )" - (p" + P)Igp.

(259)

In this expression, my is the daughter meson mass and

mp +my D MY 40 (g, (260)

2my 2my
Kinematics require that A3(0) = Ap(0). Terms proportional
to g, are only important for the case of 7 leptons. Thus, only
three form factors are relevant in the decays involving p or
e: A1(g?), A2(g?) and V (¢?). The differential partial width
is

A3(g%) = Alg?) —

dU(D — VIv)  GF Vel

v 2 (1—cos 6y)? 2
= x| —27 g
dg?d cos 0, 12873m?2, 2
14cos ;)2 .
+%|H+|2+sm29z|flo|2],

261)

where H and H are helicity amplitudes, corresponding to
helicities of the V meson or virtual W, given by

Hy = —[(m0+mv)2A1(612):F2mD p*vwz)]
mp+my
(262)
1 2 2 2
Ho— L™ [(FM)
lg| 2my (mp-+my) m?,
x(mp +my)*Ai(g*) — 4p*2A2<q2)}. (263)

p* is the magnitude of the three-momentum of the V' sys-
tem, measured in the D rest frame, and 6, 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 (6,)]. The left-handed nature of the quark current
manifests itself as |H_| > |H4|. The differential decay rate
for D — Vv followed by the vector meson decaying into
two pseudoscalars is

dT(D— Vv,V — P P)
dg?d cos Oyd cos Oyd x
3G% 2 P*(gH)q?

= V.
20487 <4/ m?,

B(V — P P)

X {(1 + cos 6p)? sin Oy | Hy (%) ?
+ (1 — cos 6;)? sin” Oy |H_(q%)|?
+ 4sin® 0, cos” Oy |Ho(g?)|?
— 4sin 6y (1 + cos 6y)

x sin @y cos Oy cos x H(¢%) Ho(g?)
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Fig. 202 Decay angles 0y, 0y and y . Note that the angle x between the
decay planes is defined in the D-meson reference frame, whereas the
angles OV and 9( are defined in the V meson and W reference frames,
respectively

4+ 4sin 6y (1 — cos 6y)
X sin By cos Oy cos x H_ (qz)Ho(qz)

— 2sin® 0 sin® Oy cos 2x Hy (¢>) H-— (qz)}, (264)
where the helicity angles 6,, 6, and acoplanarity angle x
are defined in Fig. 202.

Ratios between the values of the hadronic form factors
expressed at g2 = 0 are usually introduced:

rv = V(0)/A1(0), r= A2(0)/A1(0). (265)

8.5.12 Form factor measurements

In 2002 FOCUS reported [1188] an asymmetry in the
observed cos(fy) distribution in DT — K~ + v decays.
This is interpreted as evidence for an S-wave K ~7+ com-
ponent in the decay amplitude. Since Hy typically dominates
over H 1, the distribution given by Eq. (264) is, after integra-
tion over x, roughly proportional to cos? Ay . Inclusion of a
constant S-wave amplitude of the form A ¢?® leads to an inter-
ference term proportional to |A Hy sin 6, cos 6y |; this term
causes an asymmetry in cos(fy ). When FOCUS fit their data
including this S-wave amplitude, they obtained A = 0.330 £
0.022 #+ 0.015GeV~! and § = 0.68 & 0.07 & 0.05 [1189].
Both BABAR [1190] and CLEO-c [1191] have also found
evidence for an f, — KK~ component in semileptonic
D, decays.

The CLEO-c collaboration extracted the form factors
H, (g%, H_(¢?%), and Hy(g?) from 11000 D* — K~ ™+
€T vy events in a model-independent fashion directly as func-
tions of g% [1192]. They also determined the S-wave form
factor ho(qz) via the interference term, despite the fact that
the K7 mass distribution appears dominated by the vector
K*(892) state. It is observed that Hy(g?) dominates over a
wide range of ¢2, especially at low ¢2. The transverse form
factor H,(g?), which can be related to A3(g?), is small com-
pared to lattice gauge theory calculations and suggests that
the form factor ratiorz3 = A3(0)/A1(0) is large and negative.
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BABAR [1193] selected a large sample of 244 x 10
Dt — K~ mtetv, candidates with a ratio S/B ~ 2.3 from
an analyzed integrated luminosity of 347 fb~!. 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 also m2, the mass squared
of the K7 system. To analyze the D™ — K~ Te™v, decay
channel it is assumed that all form factors have a ¢ variation
given by the simple pole model and the effective pole mass
value, my = (2.63 £ 0.10 4+ 0.13) GeV/cz, is fitted for
the axial vector form factors. This value is compatible with
expectations when comparing with the mass of J¥ = 1T

T T
HFLAV
|

R A

THYQ)

0.5

or *CLEOc ---- BaBar, q"HoX(q%)
L © CLEOC ... BaBar, q°H,2h(q®)
05k A I R R B
0 0.2 0.4 0.6 0.8 1

q*(GeV/cd)

Fig. 203 Comparison between CLEO-c and BABAR results for the
quantities ¢> HZ (¢%) and ¢%ho(q?) Ho(q?)

Table 280 Results for ry and rp from various experiments

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 DT — K- mtnt
decays, a polynomial variation below the E;(MSO) 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 K [343,1194] (after correcting
for 83/2) 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 ~7 T are considered.

In Fig. 203, measured values from CLEO-c of the prod-
ucts quO2 (qz) and qzho(q2)Ho (qz) are compared with cor-
responding results from BABAR illustrating the difference in
behavior of the scalar g component and the Hy form fac-
tor. For this comparison, the plotted values from BABAR for
the two distributions are fixed to 1 at g> = 0. The differ-
ent behavior of /1o(¢2) and Hy(g?) can be explained by their
different dependence in the p* variable.

Table 280 lists measurements of ry and r, from several
experiments. Most of the measurements assume that the g2
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.

Experiment Refs. r
pt Kty
E691 [1195] 20+ 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 (w) [1199] 1.84+0.114+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
D — fon*;frv
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} — ¢petv
BABAR [1190] 1.849 £ 0.060 £ 0.095 0.763 £0.071 £ 0.065
D% Dt — pev
CLEO [1202] 1.40+£0.25+0.03 0.57+0.18 £ 0.06
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3 = Table 281 The LQCD average for D and D; meson decay constants
2 o : H B : and their ratio from the Flavor Lattice Averaging Group [222]
> “F T 7 & A 4
Enu..d_.nu..'unu..:unu.u.nu,;gun..Au.nuﬂu.nuuunéuun Quantity Value
1 _AI‘ .{. v Ve . 4 - . ;
SF ! fp 212.15 + 1.45 MeV
0] g = o 248.83 + 1.27 MeV
- : I :
A B B s - I,/ fp 1.1716 =+ 0.0032
- 90: 9::. 91 Pm 4 i .r‘) o OM
0 S N S S 4 ﬁ P )
e
oo . . . w P . .
B B B8 R & decays to muons. In particular, the ratio of the latter decays
- - E 2 5 &5 2 . D
Jo2 8 B 5 2 8 & & 8 isequal to R, = B(DS — tv)/B(Df — ptv,) =
E w ] w 1] m e m m [ ) ) V’z 2 2 ) 2
= mz/my, - (1 —mz/m7 )=/(1 —mj /m7, )7, and amounts to
HFLAV Experiment . y

Summer 2016

Fig. 204 A comparison of r (filled inverted triangles) and ry (open
triangles) values from various experiments. The first seven measure-
ments are for DT — K~ T[Ty, decays. Also shown as a line with
1-o limits is the average of these. The last two points are D} and DO
decays

8.6 Leptonic decays

Purely leptonic decays of D™ and D] mesons are among
the simplest and theoretically cleanest probes of ¢ — d and
¢ — 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 ¢5) into a virtual W+
that finally materializes as an antilepton-neutrino pair (£ vy).
Their Standard Model branching fraction is given by

B(D} — (*vp)
2

G m2 \2
F 2 2 2 ¢
= ~Lap, 13 WVeg Pmp,m(1- 55 )

(266)
8w mp,

Here, m D, is the D, meson mass, D, is its lifetime, m,
is the charged lepton mass, | V4| is the magnitude of the
relevant CKM matrix element, and G is the Fermi cou-
pling constant. The parameter fp, is the D, 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
fp and fp, (see Table 281) that are used within this section
to extract the magnitudes of the V.; and V., CKM matrix
elements from experimentally measured branching fractions
of D — ¢Tv, and D" — €Ty, 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 < 1077, are not experimen-
tally observable yet, whereas decays to taus are favored over
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9.76 + 0.03 in the case of D] decays and to 2.67 £ 0.01 in
the case of DT decays based on the world average values of
masses of the muon, tau and D, 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} — wu*v,) and B(D} — tTv;) by BESII
collaboration [1204]. The Lattice QCD calculations of the
D and D; meson decay constants have improved signifi-
cantly since our last report and we use the latest averages of
Ny = 2+1+1 calculations provided by the Flavour Lattice
Averaging Group [222] in our determinations of the CKM
matrix elements |V 4| and | V|-

8.6.1 DT — £*v decays and |V 4|

We use measurements of the branching fraction B(D'T —
M+Uu) from CLEO-c [1103] and BESIII [1205] to calculate
the world average (WA) value. We obtain

BYA(DT - pfv,) =374 £ 0.17) x 1074, (267)

from which we determine the product of the decay constant
and the CKM matrix element to be

FolVea| = (45.9 & 1.1) MeV, (268)

where the uncertainty includes the uncertainty on BWA (D —
wtv,) and external inputs*! needed to extract fp|V,q| from
the measured branching fraction using Eq. (266). Using the
LQCD value for fp from Table 281 we finally obtain the
CKM matrix element V,; to be

Vel = 0.2164 £ 0.0050(exp.) + 0.0015(LQCD), (269)

41 These values (taken from the PDG 2014 edition [327]) are my, =
(0.1056583715 + 0.0000000035) GeV/c2, mp = (1.86961 =+
0.00009) GeV/c? and tp = (1040 + 7) x 10~ 13 s,



