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The CKM Matrix

Variables Importance

Mass_KMuMuisotr_as_KJpsi 9.695 · 103
K_IP_OWNPV 1.729 · 103

mu_PT 1.061 · 103
B_FlightAngle 8.395 · 102

B_TRKISOBDTVELO_01 4.935 · 102
Mass_KKisotr_as_KK 3.576 · 102
K_MIPCHI2DV_PV 2.685 · 102

K_PT 1.239 · 102
min_IsoMin 5.637 · 101

K_P 1.886 · 101
mu_NIsoTr_ANGLE 1.447 · 101
B_cosTheta1_star 6.786 · 100

K_0_50_nc_IT 2.895 · 100

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 , V V
† = I3

→ VudV
→
ub + VcdV

→
cb + VtdV

→
tb = 0

Hb ↑ Hc(↑ K
↑
X)µ+

X
↓

B
+ ↑ cc(↑ µµ)K+

X

B
0
s ↑ K

→↑(↑ K
↑
ω
0)µ+

εµ B
0
s ↑ K

→↑
0 (1430)(↑ K

↑
ω
0)µ+

εµ B
0
s ↑ K

→↑
2 (1430)(↑ K

↑
ω
0)µ+

εµ

Table 1 – Canaux de bruit de fond pris en compte dans mon analyse.

9

๏ Describes the quark flavour changing transition 
couplings
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Track type Tracks Misassociated Misassociation rate [%]

Long 65 793 655 2 938 164 4.466± 0.017
Upstream 4 870 652 99 784 2.049± 0.063

Downstream 2 203 771 1 626 797 73.82± 0.039

Table 2 – B+ →↑ J/ω K+

Track type Tracks Misassociated Misassociation rate [%]

Long 13 781 652 611 317 4.436± 0.037
Upstream 1 020 500 20 733 2.032± 0.138

Downstream 462 263 340 654 73.69± 0.085

Table 3 – B0 →↑ D→↑µ+εµ

Track type Tracks Misassociated Misassociation rate [%]

Long 17 106 099 750 457 4.387± 0.033
Upstream 1 266 414 25 291 1.997± 0.124

Downstream 571 085 418 259 73.24± 0.077

Table 4 – B0
s →↑ K↑µ+εµ
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V
ariables

Im
portance

Mass_KMuMuisotr_as_KJpsi
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ud
V
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V
ub

V
cd

V
cs

V
cb

V
td

V
ts

V
tb



,
V
V †

=
I
3

→
V
ud V →

ub +
V
cd V →

cb +
V
td V →

tb =
0

V →
ud V

ub
V →
cd V

cb
V →
td V

tb
V →
cd V

cb

H
b ↑

H
c (↑

K ↑
X
)µ +

X ↓

B +
↑

cc(↑
µ
µ)K +

X

B 0
s ↑

K →↑
(↑

K ↑
ω 0
)µ +

ε
µ

B 0
s ↑

K →↑0 (1430)(↑
K ↑

ω 0
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ε
µ

B 0
s ↑

K →↑2 (1430)(↑
K ↑

ω 0
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ε
µ

Table 1 – Canaux de bruit de fond pris en compte dans mon analyse.
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1
ρ̄

η̄

๏ Describes the quark flavour changing transition 
couplings 

๏ Its unitarity translates into the unitarity triangle
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๏ Describes the quark flavour changing transition 
couplings 

๏ Its unitarity translates into the unitarity triangle 

๏  and  both connect  and its opposite sideVub Vcb β
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✦These measurements can allow: 

๏ Constraining the Unitarity Triangle of the CKM matrix
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๏ Constraining the Unitarity Triangle of the CKM matrix 
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✦These measurements can allow: 

๏ Constraining the Unitarity Triangle of the CKM matrix 

๏ Improving precision on not well known CKM elements 

๏ Probing New Physics 

๏ Helping to resolve tension between exclusive and inclusive 
measurement
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→ D(↑)

s µ→εµ measurements. The
point with the error bars corresponds to the inclusive |Vcb| from from Ref. [61], and the inclusive
|Vub| from GGOU calculation (Sec. 6.4.3).

The combined fit for |Vub| and |Vcb| results in
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|Vcb| = (39.77 ± 0.46) ↑ 10→3 (125)
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is about 3φ. Also |Vcb| di!ers from the result for inclusive |Vcb| from the global fit reported in
Ref. [61], (41.97 ± 0.48) ↑ 10→3, by more than 3φ.
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Measurement strategy for  and |Vub | |Vcb |
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Measurement strategy for  and |Vub | |Vcb |
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V(u|c)b

Semi-Leptonic Decays
✦ Inclusive decays : 

๏ Final hadronic states not reconstructed :  

๏ Experimentally challenging and theoretically cleaner than exclusives 

๏

B ⟶ X(u|c) l ν̄l

BR = |V(u|c)b |2 [ Γ(b → (u |c) l ν̄l) + 1/mc,b + αs + . . . ]
Heavy quark expansion
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Measurement strategy for  and |Vub | |Vcb |

✦ Inclusive decays : 

๏ Final hadronic states not reconstructed :  

๏ Experimentally challenging and theoretically cleaner than exclusives 

๏  

✦ Exclusive decays : 

๏ Final states fully reconstructed :  
๏ Experimentally clean and theoretically challenging 

๏  with  : form factor

B ⟶ X(u|c) l ν̄l
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of B factories, and
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1. INTRODUC
TION TOB FACTORIE

S

1.1 What is aB factory?

For the purpo
ses of these l

ectures, I tak
e as my defin

ition ‘any fac
ility, built spe

cifically to do
B physics,

which produ
ces > 107 B mesons per y

ear’. There a
re several typ

es of B factory:

• e+e° symmetri
c, eg. the CE

SR storage ri
ng at Cornell

and the CLEO
experiment w

hich is locate
d

there.

• e+e° asymmetric,
eg. the PEP

-II collider a
nd the assoc

iated BABAR
experiment a

t SLAC; the

KEK-B mach
ine and the B

ELLE experi
ment at KEK

.

• Fixed targ
et hadronic, e

g. the HERA
-B experimen

t at the HERA
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ESY.

• Hadron Co
llider, eg. the

LHC-B expe
riment at CE

RN and the B
-TEV experi

ment at Ferm
ilab.

1.2 Physics Goa
ls ofB Factories
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etries
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f parameters
of the CKM

matrix, intro
duced in

Daniel Wyler
’s lectures [1

], and review
ed in Section

2.1. TheB lifetime is on
e component

needed in the

determinatio
n of the CKM

parameter |Vcb
|, B0 ° B0 mixing gives

information o
n |Vtd

| and |Vts|, while

time-depende
nt CP-violati

ng asymmetr
ies measure

the CP angle
s Æ and Ø of the unit

arity triangle
[1],

shown in Fig
. 1. In particu

lar, time-dep
endent CP-vi
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metries inB decays to low
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e useful, as f

ollows:
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ts. Of course
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e the main ra
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onic B factories, and

the experime
nts’
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Figure 3.3: Instantaneous luminosity during a typical fill for ATLAS (IP1), CMS (IP5) and
LHCb (IP8). When the transverse o↵set between the beams is fully removed in IP8 the beams
collide head-on and the luminosity decays exponentially as in IP1 and IP5. Taken from Ref. [7].

3.2 Overview of LHCb
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Figure 3.4: Schematic of the LHCb detector. Taken from Ref. [57].

The Large Hadron Collider Beauty (LHCb) detector [4, 58] is a single-arm forward

spectrometer covering angles from approximately 15mrad to 300 (250)mrad in the bending

(non-bending) plane (approximately 2 < ⌘ < 5). It was designed as a dedicated experiment

for the study of particles containing b or c quarks. The layout of the detector is shown

29

Int. J. Mod. Phys. A 30 (2015), 1530022

https://doi.org/10.1142/S0217751X15300227
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The Large Hadron Collider Beauty (LHCb) detector [4, 58] is a single-arm forward

spectrometer covering angles from approximately 15mrad to 300 (250)mrad in the bending

(non-bending) plane (approximately 2 < ⌘ < 5). It was designed as a dedicated experiment

for the study of particles containing b or c quarks. The layout of the detector is shown
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The Large Hadron Collider Beauty (LHCb) detector [4, 58] is a single-arm forward

spectrometer covering angles from approximately 15mrad to 300 (250)mrad in the bending

(non-bending) plane (approximately 2 < ⌘ < 5). It was designed as a dedicated experiment

for the study of particles containing b or c quarks. The layout of the detector is shown
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spectrometer covering angles from approximately 15mrad to 300 (250)mrad in the bending

(non-bending) plane (approximately 2 < ⌘ < 5). It was designed as a dedicated experiment

for the study of particles containing b or c quarks. The layout of the detector is shown
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✓ Large samples of  mesons and heavier 

-hadrons like ,  and  

☓ Dirty hadronic environment and 

unreconstructed   large background 

☓ Luminosity and  production rate cannot 

be determined precisely  large 

uncertainty of measured absolutes BFs

B±,0 b
B0

s Bc Λ0
b

ν →

bb̄
⇒

https://doi.org/10.1142/S0217751X15300227
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Semileptonic analysis @ LHCb
 mass obtained with a reconstruction technique using the 

visible decay products  and kinematic constraints 

Xb

X(u|c)l

⇒ Mcorr(Xb) = M(X(u|c)l)2 + p⊥(X(u|c)l)2 + p⊥(X(u|c)l)

6

Corrected mass [Phys.Rev.Lett.80:660-665,(1998)]: 

 


 Discriminating variable corrects for missing .

mcorr(Xb) = m(Xql)2 + p→(Xql)2 + p→(Xql)

′ ν

Some ingredients for semileptonic analyses at LHCb

Normalisation decays used to cancel 
-production uncertainties.


 External inputs: e.g. normalisation 
BFs, fragmentation fractions etc.    

bb̄
′

Determining  up to a two-fold ambiguity.


 degraded   resolution.


 Unfolding required to obtain the true .   

q2

′ q2

′ q2

Xb ′ Xq={c,u}lν

Phys.Rev.Lett.80:660-665,(1998)

https://doi.org/10.1103/PhysRevLett.80.660
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Semileptonic analysis @ LHCb
 mass obtained with a reconstruction technique using the 

visible decay products  and kinematic constraints 

Xb

X(u|c)l

⇒ Mcorr(Xb) = M(X(u|c)l)2 + p⊥(X(u|c)l)2 + p⊥(X(u|c)l)

Two fold ambiguity wrt  leads to a degraded resolution 

  Regression algorithm and unfolding needed to access to the true 

q2

⇒ q2

6

Corrected mass [Phys.Rev.Lett.80:660-665,(1998)]: 

 


 Discriminating variable corrects for missing .

mcorr(Xb) = m(Xql)2 + p→(Xql)2 + p→(Xql)

′ ν

Some ingredients for semileptonic analyses at LHCb

Normalisation decays used to cancel 
-production uncertainties.


 External inputs: e.g. normalisation 
BFs, fragmentation fractions etc.    

bb̄
′

Determining  up to a two-fold ambiguity.


 degraded   resolution.


 Unfolding required to obtain the true .   

q2

′ q2

′ q2

Xb ′ Xq={c,u}lν

Phys.Rev.Lett.80:660-665,(1998)

https://doi.org/10.1103/PhysRevLett.80.660
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Semileptonic analysis @ LHCb
 mass obtained with a reconstruction technique using the 

visible decay products  and kinematic constraints 

Xb

X(u|c)l

⇒ Mcorr(Xb) = M(X(u|c)l)2 + p⊥(X(u|c)l)2 + p⊥(X(u|c)l)

Two fold ambiguity wrt  leads to a degraded resolution 

  Regression algorithm and unfolding needed to access to the true 

q2

⇒ q2

Normalisation decays used to cancel the -production uncertainties and reduces the 

systematic ones   Imported input : BFs Normalisation, fragmentation fraction, …

bb̄
⇒

6

Corrected mass [Phys.Rev.Lett.80:660-665,(1998)]: 

 


 Discriminating variable corrects for missing .

mcorr(Xb) = m(Xql)2 + p→(Xql)2 + p→(Xql)

′ ν

Some ingredients for semileptonic analyses at LHCb

Normalisation decays used to cancel 
-production uncertainties.


 External inputs: e.g. normalisation 
BFs, fragmentation fractions etc.    

bb̄
′

Determining  up to a two-fold ambiguity.


 degraded   resolution.


 Unfolding required to obtain the true .   

q2

′ q2

′ q2

Xb ′ Xq={c,u}lν

Phys.Rev.Lett.80:660-665,(1998)

https://doi.org/10.1103/PhysRevLett.80.660


Published 
measurements at 

LHCb

|V(u|c)b |
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 from  decays|Vcb | B0
s → D(*)−

s ( → [KK]ϕ π−) μ νμ

such as ρ2ðD"−
s Þ, R1ð1Þ and R2ð1Þ, and those for which

the precision improves compared to the external con-
straints, such as Gð0Þ and ρ2ðD−

s Þ. Detailed fit results for
all parameters, including their correlations, are reported
in Appendix B. The uncertainties returned by the fit
include the statistical contribution arising from the limited
size of the data and simulation samples (stat) and the
contribution due to the external inputs (ext). The calcu-
lation of this latter contribution is detailed in Sec. VIII.
The value of jVcbj, ð41.4$ 0.6ðstatÞ $ 1.2ðextÞÞ × 10−3,
agrees with the exclusive determination from Bþ and B0

decays [1]. When only Gð0Þ is constrained and ρ2ðD−
s Þ is

left free, the fit returns ρ2ðD−
s Þ ¼ 1.30$ 0.06ðstatÞ, in

agreement with the LQCD estimation, and jVcbj ¼ ð41.8$
0.8ðstatÞ $ 1.2ðextÞÞ × 10−3. Including the constraint on
ρ2ðD−

s Þ improves the statistical precision on jVcbj by about
20% and also that on Gð0Þ by 10%, because of the large
correlation between Gð0Þ and ρ2ðD−

s Þ.

B. Determination of jVcbj with the BGL
parametrization

The BGL form-factor functions are given by
Eqs. (13)–(15), for B0

s → D"−
s μþνμ decays, and Eq. (30),

for B0
s → D−

s μþνμ decays. The fit parameters are the

coefficients of the series of the z expansion. For B0
s →

D"−
s μþνμ decays, the expansion of the f, g and F 1 form

factors is truncated after the first order in z. The coefficients
b0 and c0 are constrained through hA1

ð1Þ using Eqs. (25)
and (26). The coefficients b1, a0, a1, and c1 are free
parameters. For B0

s → D−
s μþνμ decays, the expansion of the

fþðzÞ form factor is truncated after the second order in z
and the coefficients d0, d1 and d2 are constrained to the
values obtained in Appendix A using Ref. [23], with d0
expressed in terms of the parameter Gð0Þ using Eq. (33).
No constraints from the unitarity bounds of Eqs. (24)
and (32) are imposed, to avoid potential biases on the
parameters or fit instabilities due to convergence at the
boundary of the parameter space.
The fit has minimum χ2=ndf of 276=284, corresponding

to a p value of 63%. Figure 6 shows a comparison of
the p⊥ðD−

s Þ background-subtracted distributions obtained
with the CLN and BGL fits. No significant differences are
found between the two fits for both B0

s → D−
s μþνμ and

B0
s → D"−

s μþνμ decays. The fit results for the parameters
of interest are reported in Table VI. Detailed fit results
for all parameters, including their correlations, are reported
in Appendix B. The values found for the form-factor
coefficients satisfy the unitarity bounds of Eqs. (24) and
(32). The value of jVcbj is found to be ð42.3$ 0.8ðstatÞ $
1.2ðextÞÞ × 10−3, in agreement with the CLN analysis. The
correlation between the BGL and CLN results is 34.0%.
When only Gð0Þ is constrained and d1 and d2 are left free,
jVcbj is found to be ð42.2$ 1.5ðstatÞ $ 1.2ðextÞÞ × 10−3.
The constraints on d1 and d2 improve the statistical precision
on jVcbj by about 50% and that on Gð0Þ by 10%. Without
such constraints, the fit returns d1 ¼ 0.02$ 0.05ðstatÞ and
d2 ¼ −0.9$ 0.8ðstatÞ, both in agreement with the LQCD
estimations and within the unitarity bound of Eq. (32).
Variations of the orders of the form-factor expansions

have been probed for the B0
s → D"−

s μþνμ decay, while for
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FIG. 5. Distribution of (left)mcorr and (right) p⊥ðD−
s Þ for the inclusive sample of signalD−

s μþ candidates, with fit projections based on
the CLN parametrization overlaid. The projections of the two physics background components are merged together for displaying
purposes.

TABLE V. Fit results in the CLN parametrization. The un-
certainty is split into two contributions, statistical (stat) and that
due to the external inputs (ext).

Parameter Value

jVcbj [10−3] 41.4$ 0.6ðstatÞ $ 1.2ðextÞ
Gð0Þ 1.102$ 0.034ðstatÞ $ 0.004ðextÞ
ρ2ðD−

s Þ 1.27$ 0.05ðstatÞ $ 0.00ðextÞ
ρ2ðD"−

s Þ 1.23$ 0.17ðstatÞ $ 0.01ðextÞ
R1ð1Þ 1.34$ 0.25ðstatÞ $ 0.02ðextÞ
R2ð1Þ 0.83$ 0.16ðstatÞ $ 0.01ðextÞ
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such as ρ2ðD"−
s Þ, R1ð1Þ and R2ð1Þ, and those for which

the precision improves compared to the external con-
straints, such as Gð0Þ and ρ2ðD−

s Þ. Detailed fit results for
all parameters, including their correlations, are reported
in Appendix B. The uncertainties returned by the fit
include the statistical contribution arising from the limited
size of the data and simulation samples (stat) and the
contribution due to the external inputs (ext). The calcu-
lation of this latter contribution is detailed in Sec. VIII.
The value of jVcbj, ð41.4$ 0.6ðstatÞ $ 1.2ðextÞÞ × 10−3,
agrees with the exclusive determination from Bþ and B0

decays [1]. When only Gð0Þ is constrained and ρ2ðD−
s Þ is

left free, the fit returns ρ2ðD−
s Þ ¼ 1.30$ 0.06ðstatÞ, in

agreement with the LQCD estimation, and jVcbj ¼ ð41.8$
0.8ðstatÞ $ 1.2ðextÞÞ × 10−3. Including the constraint on
ρ2ðD−

s Þ improves the statistical precision on jVcbj by about
20% and also that on Gð0Þ by 10%, because of the large
correlation between Gð0Þ and ρ2ðD−

s Þ.

B. Determination of jVcbj with the BGL
parametrization

The BGL form-factor functions are given by
Eqs. (13)–(15), for B0

s → D"−
s μþνμ decays, and Eq. (30),

for B0
s → D−

s μþνμ decays. The fit parameters are the

coefficients of the series of the z expansion. For B0
s →

D"−
s μþνμ decays, the expansion of the f, g and F 1 form

factors is truncated after the first order in z. The coefficients
b0 and c0 are constrained through hA1

ð1Þ using Eqs. (25)
and (26). The coefficients b1, a0, a1, and c1 are free
parameters. For B0

s → D−
s μþνμ decays, the expansion of the

fþðzÞ form factor is truncated after the second order in z
and the coefficients d0, d1 and d2 are constrained to the
values obtained in Appendix A using Ref. [23], with d0
expressed in terms of the parameter Gð0Þ using Eq. (33).
No constraints from the unitarity bounds of Eqs. (24)
and (32) are imposed, to avoid potential biases on the
parameters or fit instabilities due to convergence at the
boundary of the parameter space.
The fit has minimum χ2=ndf of 276=284, corresponding

to a p value of 63%. Figure 6 shows a comparison of
the p⊥ðD−

s Þ background-subtracted distributions obtained
with the CLN and BGL fits. No significant differences are
found between the two fits for both B0

s → D−
s μþνμ and

B0
s → D"−

s μþνμ decays. The fit results for the parameters
of interest are reported in Table VI. Detailed fit results
for all parameters, including their correlations, are reported
in Appendix B. The values found for the form-factor
coefficients satisfy the unitarity bounds of Eqs. (24) and
(32). The value of jVcbj is found to be ð42.3$ 0.8ðstatÞ $
1.2ðextÞÞ × 10−3, in agreement with the CLN analysis. The
correlation between the BGL and CLN results is 34.0%.
When only Gð0Þ is constrained and d1 and d2 are left free,
jVcbj is found to be ð42.2$ 1.5ðstatÞ $ 1.2ðextÞÞ × 10−3.
The constraints on d1 and d2 improve the statistical precision
on jVcbj by about 50% and that on Gð0Þ by 10%. Without
such constraints, the fit returns d1 ¼ 0.02$ 0.05ðstatÞ and
d2 ¼ −0.9$ 0.8ðstatÞ, both in agreement with the LQCD
estimations and within the unitarity bound of Eq. (32).
Variations of the orders of the form-factor expansions

have been probed for the B0
s → D"−

s μþνμ decay, while for
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FIG. 5. Distribution of (left)mcorr and (right) p⊥ðD−
s Þ for the inclusive sample of signalD−

s μþ candidates, with fit projections based on
the CLN parametrization overlaid. The projections of the two physics background components are merged together for displaying
purposes.

TABLE V. Fit results in the CLN parametrization. The un-
certainty is split into two contributions, statistical (stat) and that
due to the external inputs (ext).

Parameter Value

jVcbj [10−3] 41.4$ 0.6ðstatÞ $ 1.2ðextÞ
Gð0Þ 1.102$ 0.034ðstatÞ $ 0.004ðextÞ
ρ2ðD−

s Þ 1.27$ 0.05ðstatÞ $ 0.00ðextÞ
ρ2ðD"−

s Þ 1.23$ 0.17ðstatÞ $ 0.01ðextÞ
R1ð1Þ 1.34$ 0.25ðstatÞ $ 0.02ðextÞ
R2ð1Þ 0.83$ 0.16ðstatÞ $ 0.01ðextÞ

MEASUREMENT OF jVCBj WITH … PHYS. REV. D 101, 072004 (2020)

072004-11
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 101, 072004

Results :

 |Vcb |CLN = ( 41.4 ± 0.6stat ± 0.9sys ± 1.2ext ) × 10−3

|Vcb |BGL = ( 42.3 ± 0.8stat ± 0.9sys ± 1.2ext ) × 10−3

CLN and BGL in mutual agreement

๏ First  measurement from  decays 

๏ Dataset :  @  +  @  

๏ Normalisation mode :  

๏ Signal extraction : 2D fit wrt  and 

|Vcb | B0
s

1 fb−1 s = 7 TeV 2 fb−1 s = 8 TeV

B0 → D(*)−( → [KK]ϕ π−) μ νμ

Mcorr(B0
s ) p⊥(D−

s )

https://doi.org/10.1103/PhysRevD.101.072004
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Results :

 |Vcb |CLN = ( 41.4 ± 0.6stat ± 0.9sys ± 1.2ext ) × 10−3

|Vcb |BGL = ( 42.3 ± 0.8stat ± 0.9sys ± 1.2ext ) × 10−3

Supplementary material for LHCb-PAPER-2019-041
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Figure 1: Summary of all exclusive measurements of |Vcb|. Error bars show total (outer) and

statistical (inner, when present) uncertainties. When not stated, the measurement is obtained

using the CLN parametrization. The average of the CLN results does not include the LHCb result,

nor that from BaBar [PRL 123, 091801 (2019)]. The average of the inclusive determinations is

also reported.

1

Phys. Rev. D 101, 072004

Agreement with inclusives and exclusives measurement

๏ First  measurement from  decays 

๏ Dataset :  @  +  @  

๏ Normalisation mode :  

๏ Signal extraction : 2D fit wrt  and 

|Vcb | B0
s

1 fb−1 s = 7 TeV 2 fb−1 s = 8 TeV

B0 → D(*)−( → [KK]ϕ π−) μ νμ

Mcorr(B0
s ) p⊥(D−

s )

 from  decays|Vcb | B0
s → D(*)−

s ( → [KK]ϕ π−) μ νμ

https://doi.org/10.1103/PhysRevD.101.072004
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 from  decays|Vub | Λ0
b → p μ νμ

Results :

 

  coming from the normalization mode

|Vub |
|Vcb |

= 0.083 ± 0.004exp 0.004theo

→ Vcb

๏ Dataset :  @  

๏ Normalisation mode :  

๏ Signal extraction : Fit on  wrt the : 

‣  system 

‣  system but only for the normalization mode

2 fb−1 s = 8 TeV

Λ0
b → Λ+

c ( → p K−π+) μ νμ

Mcorr(B0
s )

p μ
p K−π+μ−

Form Factors have been estimated by Lattice QCD
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Figure 2: Illustrating the method used to re-
duce the number of selected events from the
q2 region where lattice QCD has high uncer-
tainties. The e�ciency of simulated ⇤0

b ! pµ�⌫µ

candidates as a function of q2. For the case where
one q2 solution is required to be above 15GeV2/c4

(marked by the vertical line), there is still significant
e�ciency for signal below this value, whereas, when
both solutions have this requirement, only a small
amount of signal below 15GeV2/c4 is selected.

dates for the two decays are shown in Fig. 3. The
signal yields are determined from separate �2

fits to the mcorr distributions of the ⇤0
b! pµ�⌫µ

and ⇤0
b! (⇤+

c ! pK�⇡+)µ�⌫µ candidates. The
shapes of the signal and background components
are modelled using simulation, where the un-
certainties coming from the finite size of the
simulated samples are propagated in the fits.
The yields of all background components are
allowed to vary within uncertainties obtained as
described below.

For the fit to the mcorr distribution of the
⇤0

b! pµ�⌫µ candidates, many sources of back-
ground are accounted for. The largest of
these is the cross-feed from ⇤0

b ! ⇤+
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decays, where the ⇤+
c decays into a pro-

ton and other particles that are not recon-
structed. The amount of background arising
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https://doi.org/10.1142/8229
https://doi.org/10.1038/nphys3415
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 from  decays|Vub | Λ0
b → p μ νμ

Results :

 

 Using the world average  using exclusive decays

|Vub | = ( 3.27 ± 0.15exp ± 0.16theo ± 0.06norm ) × 10−3

→ |Vcb | = ( 39.5 ± 0.8 ) × 10−3

๏ Dataset :  @  

๏ Normalisation mode :  

๏ Signal extraction : Fit on  wrt the : 

‣  system 

‣  system but only for the normalization mode

2 fb−1 s = 8 TeV

Λ0
b → Λ+

c ( → p K−π+) μ νμ

Mcorr(B0
s )

p μ
p K−π+μ−

|V  |
0.003 0.0035 0.004 0.0045 0.005

Inclusive PDG
2014

Exclusive
)νlπ→(B

PDG 2014

arXiv:1501.05373
RBC/UKQCD

arXiv:1503.07839
FNAL/MILC

LHCb
)νµp→ Λ( arXiv:1503.01421

Detmold, Lehner, Meinel
(using RBC/UKQCD config)

b
0

ub

Nature Physics 11, 743-747 (2015)

Not in agreement with inclusives measurement

https://doi.org/10.1038/nphys3415
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 from  decays|Vub | / |Vcb | B0
s → K μ νμ

Results :

 |Vub | / |Vcb |LCSR, q2<7 GeV2 = 0.0607 ± 0.0015stat ± 0.0013sys ± 0.0008norm ± 0.0030theo

|Vub | / |Vcb |LQCD, q2>7 GeV2 = 0.0946 ± 0.0030stat ± +0.0024
−0.0025sys

± 0.0013norm ± 0.0068theo

Form Factors has been estimated by 
LCSR at low  and LQCD at high q2 q2

๏ First observation of the  decay 

๏ Dataset :  @  

๏ Normalisation mode :  

๏ Signal extraction :  in two  regions  GeV /c

B0
s → K μ νμ

2 fb−1 s = 8 TeV

B0
s → D−

s ( → KKπ−) μ+νμ

Mcorr(B0
s ) q2 ≶ 7 2 4

the templates are accounted for in the fits [25]. The main
background Hb → Hcð→ K−XÞμþX0, whose yield is free
in the fit, is obtained with a simulated inclusive sample. The
B0
s → K$−ð→ K−π0Þμþνμ background is modeled by sim-

ulating a mixture of three resonances [K$−ð892Þ,
K$−

0 ð1430Þ, and K$−
2 ð1430Þ] with a substantial branching

fraction to the K−π0 final state. Though the overall yield is
free, the mixture is fixed to certain proportions that are
varied up to a factor of 2.5 for systematic studies, according
to available measurements of the decays B− → K$−μþμ−

and B− → K$−η=ϕ [26]. The impact of a possible B0
s →

K−π0μþνμ nonresonant decay has also been considered and
found to be absorbed by the resonant mixture. The
charmonium background is dominated by B− → J=ψð→
μþμ−ÞK−X decays, with the fraction of the B− → J=ψð→
μþμ−ÞK− channel exceeding 75%. Its shape is determined
with simulated B− → J=ψð→ μþμ−ÞK−X events, while its
yield is derived from the yield of the B− → J=ψð→
μþμ−ÞK− signal peak in data. To recover that peak from
K−μþ combinations, the missing momentum of the μ− is
calculated from the B− flight direction and the known J=ψ
mass. The background originating from the misidentifica-
tion (misID) of a pion, proton, or muon as a kaon—or a
kaon, proton, or pion as a muon—is modeled using data
samples of hμþ (K−h) candidates with an identical selec-
tion as for the main sample, but where h is a charged track

that fails the kaon (muon) identification criteria. These
control samples are thus enriched in misidentified tracks
of the different species. The different contributions to
the kaon and muon misID are unfolded using control
samples of kinematically identified hadrons and muons
[27]. These samples are used to derive the probabilities
that a particle belonging to a given species and with
particular kinematic properties would pass the kaon or
muon criteria. With this method, both the mcorr shape
and the yield of the misID are constrained. The combina-
torial background is modeled with a separate data sample,
where a kaon and a muon from different events are
combined. The obtained pseudocandidates undergo the
same selection as the signal candidates and are corrected
to reproduce the kinematic properties of the standard
candidates. The fit to the normalization channel B0

s →
D−

s μþνμ employs shapes obtained from simulation. The
B0
s → D−

s μþνμ decay is modeled with the recent form factor
predictions of Ref. [28]. The main background originates
from B0

s semimuonic decays to excitations of the D−
s

meson, with the dominant D$−
s → D−

s γ decay represented
by a specific shape, and higher excitations D$$−

s ¼
½D$−

s0 ð2317Þ; D−
s1ð2460Þ; D−

s1ð2536Þ' → D−
s X modeled by

a combined shape. Other sources of background are the
decays of the form B → D−

s DX and the semitauonic decay
B0
s → D−

s τþð→ μþνμν̄τÞντ. Because of the similarity of

3000 4000 5000
]2c [MeV/corrm

0
200
400
600
800

1000
1200
1400
1600)2 c

Ca
nd

ida
tes

 / (
40

 M
eV

/ LHCb-12 fb
Data
Total

µν+µ− K→0
sB

 X'µ K X)→(c H→bH

µν+µ− K*→0
sB

) K Xµµ→(c c→B
MisID
Combinatorial

3000 4000 5000
]2c [MeV/corrm

0

500

1000

1500

2000

2500)2 c
Ca

nd
ida

tes
 / (

40
 M

eV
/ LHCb-12 fb

3000 4000 5000 6000
]2c [MeV/corrm

10000

20000

30000

40000

50000

60000)2 c
Ca

nd
ida

tes
 / (

87
.5 

M
eV

/

Data
Total

µν+µ−
sD→0

sB

µν+µ−*
sD→0

sB

DX
**
s/Dµν+µ−**

sD→0
sB

/τν+τ−(*(*))
sD→0

sB
DX

**
sD→u,dB

MisID

LHCb-12 fb

FIG. 1. Distribution ofmcorr for (top) the signal B0
s → K−μþνμ, with (left) q2 < 7 GeV2=c4 and (right) q2 > 7 GeV2=c4, and (bottom)

the normalization B0
s → D−

s μþνμ channel. The points represent data, while the resulting fit components are shown as histograms.
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the templates are accounted for in the fits [25]. The main
background Hb → Hcð→ K−XÞμþX0, whose yield is free
in the fit, is obtained with a simulated inclusive sample. The
B0
s → K$−ð→ K−π0Þμþνμ background is modeled by sim-

ulating a mixture of three resonances [K$−ð892Þ,
K$−

0 ð1430Þ, and K$−
2 ð1430Þ] with a substantial branching

fraction to the K−π0 final state. Though the overall yield is
free, the mixture is fixed to certain proportions that are
varied up to a factor of 2.5 for systematic studies, according
to available measurements of the decays B− → K$−μþμ−

and B− → K$−η=ϕ [26]. The impact of a possible B0
s →

K−π0μþνμ nonresonant decay has also been considered and
found to be absorbed by the resonant mixture. The
charmonium background is dominated by B− → J=ψð→
μþμ−ÞK−X decays, with the fraction of the B− → J=ψð→
μþμ−ÞK− channel exceeding 75%. Its shape is determined
with simulated B− → J=ψð→ μþμ−ÞK−X events, while its
yield is derived from the yield of the B− → J=ψð→
μþμ−ÞK− signal peak in data. To recover that peak from
K−μþ combinations, the missing momentum of the μ− is
calculated from the B− flight direction and the known J=ψ
mass. The background originating from the misidentifica-
tion (misID) of a pion, proton, or muon as a kaon—or a
kaon, proton, or pion as a muon—is modeled using data
samples of hμþ (K−h) candidates with an identical selec-
tion as for the main sample, but where h is a charged track

that fails the kaon (muon) identification criteria. These
control samples are thus enriched in misidentified tracks
of the different species. The different contributions to
the kaon and muon misID are unfolded using control
samples of kinematically identified hadrons and muons
[27]. These samples are used to derive the probabilities
that a particle belonging to a given species and with
particular kinematic properties would pass the kaon or
muon criteria. With this method, both the mcorr shape
and the yield of the misID are constrained. The combina-
torial background is modeled with a separate data sample,
where a kaon and a muon from different events are
combined. The obtained pseudocandidates undergo the
same selection as the signal candidates and are corrected
to reproduce the kinematic properties of the standard
candidates. The fit to the normalization channel B0

s →
D−

s μþνμ employs shapes obtained from simulation. The
B0
s → D−

s μþνμ decay is modeled with the recent form factor
predictions of Ref. [28]. The main background originates
from B0

s semimuonic decays to excitations of the D−
s

meson, with the dominant D$−
s → D−

s γ decay represented
by a specific shape, and higher excitations D$$−

s ¼
½D$−

s0 ð2317Þ; D−
s1ð2460Þ; D−

s1ð2536Þ' → D−
s X modeled by

a combined shape. Other sources of background are the
decays of the form B → D−

s DX and the semitauonic decay
B0
s → D−

s τþð→ μþνμν̄τÞντ. Because of the similarity of
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FIG. 1. Distribution ofmcorr for (top) the signal B0
s → K−μþνμ, with (left) q2 < 7 GeV2=c4 and (right) q2 > 7 GeV2=c4, and (bottom)

the normalization B0
s → D−

s μþνμ channel. The points represent data, while the resulting fit components are shown as histograms.
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 from  decays|Vub | / |Vcb | B0
s → K μ νμ

Results :

 |Vub | / |Vcb |LCSR, q2<7 GeV2 = 0.0607 ± 0.0015stat ± 0.0013sys ± 0.0008norm ± 0.0030theo

|Vub | / |Vcb |LQCD, q2>7 GeV2 = 0.0946 ± 0.0030stat ± +0.0024
−0.0025sys

± 0.0013norm ± 0.0068theo

 at low  not in agreement with the incl/excl averages|Vub | q2

ranges is related to the difference in the theoretical
calculations of the form factors. To illustrate this, the
LQCD calculation in Ref. [31] gives FFK ¼ 0.94"
0.48 ps−1 at low q2, which can be compared to the chosen
LCSR value, 4.14" 0.38 ps−1 [32]. Figure 2 depicts the
jVubj=jVcbjmeasurements of this Letter, jVubj=jVcbjðlowÞ ¼
0.061" 0.004 and jVubj=jVcbjðhighÞ ¼ 0.095" 0.008,
with the uncertainties combined. The jVubj=jVcbj measure-
ment obtained with the Λ0

b baryon decays [7], for which a
form factor model based on a LQCD calculation [33] was
used, is also shown.
In conclusion, the decay B0

s → K−μþνμ is observed for
the first time. The branching fraction ratios in the two q2

regions reported in this Letter represent the first exper-
imental ingredient to the form factor calculations of the
B0
s → K−μþνμ decay. Moreover, the jVubj=jVcbj results

will improve both the averages of the exclusive measure-
ments in the ðjVcbj; jVubjÞ plane and the precision on the
least known side of the CKM unitarity triangle.
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๏ First observation of the  decay 

๏ Dataset :  @  

๏ Normalisation mode :  

๏ Signal extraction :  in two  regions  GeV /c

B0
s → K μ νμ

2 fb−1 s = 8 TeV

B0
s → D−

s ( → KKπ−) μ+νμ

Mcorr(B0
s ) q2 ≶ 7 2 4
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Future Run 2  measurements at LHCb|V(u|c)b |

๏ Extracting  and a part of the  BCL Form Factors from  in 10  bins 

  Expecting > 50 times higher signal yield wrt Belle [Phys. Rev. D 88, 032005 (2013)]

|Vub | B+ → ρ0 B+ → ρ0μ νμ q2

→

https://doi.org/10.1103/PhysRevD.88.032005


Aloïs Caillet - Status of  and  measurements at LHCbVub Vcb 32

Future Run 2  measurements at LHCb|V(u|c)b |

๏ Extracting  and a part of the  BCL Form Factors from  in 10  bins 

  Expecting > 50 times higher signal yield wrt Belle [Phys. Rev. D 88, 032005 (2013)] 

๏ Extracting  from  by normalizing to  

  First CKM matrix element determined from 

|Vub | B+ → ρ0 B+ → ρ0μ νμ q2

→

|Vub | / |Vcb | B+
c → D*0μ νμ B+

c → J/ψ μ νμ

→ B+
c

https://doi.org/10.1103/PhysRevD.88.032005
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Future Run 2  measurements at LHCb|V(u|c)b |

๏ Extracting  and a part of the  BCL Form Factors from  in 10  bins 

  Expecting > 50 times higher signal yield wrt Belle [Phys. Rev. D 88, 032005 (2013)] 

๏ Extracting  from  by normalizing to  

  First CKM matrix element determined from  

๏ Extracting  from  

  First determination of  from a baryonic semileptonic decay

|Vub | B+ → ρ0 B+ → ρ0μ νμ q2

→

|Vub | / |Vcb | B+
c → D*0μ νμ B+

c → J/ψ μ νμ

→ B+
c

|Vcb | Λ0
b → Λ+

c μ νμ

→ |Vcb |

https://doi.org/10.1103/PhysRevD.88.032005


Status of 
measurements from 

 Run 2 dataset

|Vub |

B0
s → K μ νμ
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๏ Goal : Determination of  and  from  

๏ Normalisation channel :  

 Absolute measurement of  & high statistics 

๏ Dataset : Full Run 2  5.67 fb  (factor 6 increase wrt Run1 analysis) 

 Possibility to increase the number of  bins from 2 (Run1) to  8 - 10 

๏ FF parameterization : 

 FF schemes taken from FLAG 2024 and test others when available 

๏ Based on Run1 strategy, working to optimise the various steps

dΓ
dq2 |Vub | B0

s → K−μ+νμ

B+ ⟶ J/ψ K+

⇒ |Vub |

∼ −1

⇒ q2 ∼

⇒

Analysis overview

Changes with respect to Run1 analysis

FF parameterization
implement FF variation with
Hammer and BCL scheme
FF values taken from FLAG 2021
test other FF parametrizations
when available
floating them in the fit
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B+ ⟶ J/ψ K+

Form Factors

Using two signal MC samples:
generator level sample with/o the LHCb acceptance effect (Run1 eos repo)
Bs2KmunuAna/Tuples/MCDecay_NoGenCut_Aug17/Bs_MCDecayTree_NoGenCut_13512010_Sim08av2.root

Default trimmed MC samples
Bs2KmunuAna_Run2/Tuples//MC/trimmer/Bs2KMuNu/DTT_ → _2018_ → _TRIMMER.root

Considering only the two FF models: FLAG2021 and FLAG2024
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Current  plots ?Mcorr
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Conclusion

๏  measurements @ LHCb are still in disagreement with the inclusive 

average, but not for the  results

|Vub |

|Vcb |
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Conclusion
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average, but not for the  results 
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Conclusion

๏  measurements @ LHCb are still in disagreement with the inclusive 

average, but not for the  results 

๏ Measurement uncertainties mostly lead by the theory 

๏ Need to be careful when using different FFs in a single analysis
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Conclusion

๏  measurements @ LHCb are still in disagreement with the inclusive 

average, but not for the  results 

๏ Measurement uncertainties mostly lead by the theory 

๏ Need to be careful when using different FFs in a single analysis 

๏ Waiting for Belle 2 new results !
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Form Factors used in  from Run 1B0
s → K μ νμ
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 analysis theory : CLNB → D*− μ νμ

where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD!

p

mB þmD!
ð1 − r2Þðwþ 1Þðw2 − 1Þ1=4

× hA1
ðwÞH̃&=0ðwÞ; ð6Þ

with r ¼ mD!=mB and

H̃&ðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2wrþ r2

p

1 − r

"
1 ∓

ffiffiffiffiffiffiffiffiffiffiffiffi
w − 1

wþ 1

r
R1ðwÞ

#
; ð7Þ

H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
þ

ffiffiffi
2

p : ð12Þ

The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
the D! meson decays to Dγ or Dπ0.

kiðθμ; θD; χÞ
i HiðwÞ D! → Dγ D! → Dπ0

1 H2
þ

1
2 ð1þ cos2 θDÞð1 − cos θμÞ2 sin2 θDð1 − cos θμÞ2

2 H2
−

1
2 ð1þ cos2 θDÞð1þ cos θμÞ2 sin2 θDð1þ cos θμÞ2

3 H2
0 2 sin2 θD sin2 θμ 4 cos2 θD sin2 θμ

4 HþH− sin2 θD sin2 θμ cos 2χ −2 sin2 θD sin2 θμ cos 2χ
5 HþH0 sin 2θD sin θμð1 − cos θμÞ cos χ −2 sin 2θD sin θμð1 − cos θμÞ cos χ
6 H−H0 − sin 2θD sin θμð1þ cos θμÞ cos χ 2 sin 2θD sin θμð1þ cos θμÞ cos χ
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contamination from partially reconstructed decays is
expected to be less severe than for their Bþ=0 counterparts.
Indeed, the majority of the excited states of the D−

s meson
(other than D"−

s ) are expected to decay dominantly into
Dð"ÞK final states.
This paper presents the first determination of jVcbj from

the exclusive decays B0
s → D−

s μþνμ and B0
s → D"−

s μþνμ.
The analysis uses proton-proton collision data collected
with the LHCb detector at center-of-mass energies of
7 and 8 TeV and corresponding to an integrated luminosity
of 3 fb−1. In both decays, only the D−

s μþ final state is
reconstructed using the Cabibbo-favored mode D−

s →
½KþK−&ϕπ−, where the kaon pair is required to have
invariant mass in the vicinity of the ϕð1020Þ resonance.
The photon or the neutral pion emitted along with theD−

s in
the D"−

s decay is not reconstructed. The value of jVcbj is
determined from the observed yields of B0

s decays nor-
malized to those of reference B0 decays after correcting
for the relative reconstruction and selection efficiencies.
The reference decays are chosen to be B0 → D−μþνμ and
B0 → D"−μþνμ, where the D− meson is reconstructed in
the Cabibbo-suppressed modeD−→ ½KþK−&ϕπ−. Hereafter
the symbolD"− refers to the D"ð2010Þ− meson. Signal and
reference decays thus have identical final states and similar
kinematic properties. This choice results in a reference
sample of smaller size than that of the signal but allows
suppressing systematic uncertainties that affect the calcu-
lation of the efficiencies. Using the B0 decays as a
reference, the determination of jVcbj needs in input the
measured branching fractions of these decays and the
ratio of B0

s- to B0-meson production fractions. The latter
is measured by LHCb using an independent sample of
semileptonic decays with respect to that exploited in this
analysis [24], and it assumes universality of the semi-
leptonic decay width of b hadrons [25]. The ratios of the
branching fractions of signal and reference decays,

R≡ BðB0
s → D−

s μþνμÞ
BðB0 → D−μþνμÞ

; ð1Þ

R" ≡ BðB0
s → D"−

s μþνμÞ
BðB0 → D"−μþνμÞ

; ð2Þ

are also determined from the same analysis. From the
measured branching fractions of the reference decays, the
branching fractions of B0

s → D−
s μþνμ and B0

s → D"−
s μþνμ

decays are determined for the first time.
This analysis uses either the CLN or the BGL para-

metrization to model the form factors, with parameters
determined by analyzing the decay rates using a novel
method: instead of approximating q2, which cannot be
determined precisely because of the undetected neutrino,
a variable that can be reconstructed fully from the

final-state particles and that preserves information on the
form factors is used. This variable is the component of the
D−

s momentum perpendicular to the B0
s flight direction,

denoted as p⊥ðD−
s Þ. The p⊥ðD−

s Þ variable is highly
correlated with the q2 value of the B0

s → D−
s μþνμ and B0

s →
D"−

s μþνμ decays and, to a minor extent, with the helicity
angles of the B0

s → D"−
s μþνμ decay. When used together

with the corrected mass mcorr, it also helps in determining
the sample composition. The corrected mass is calculated
from the mass of the reconstructed particles,mðD−

s μþÞ, and
from the momentum of the D−

s μþ system transverse to the
B0
s flight direction, p⊥ðD−

s μþÞ, as

mcorr ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2ðD−

s μþÞ þ p2
⊥ðD−

s μþÞ
q

þ p⊥ðD−
s μþÞ: ð3Þ

Signal and background decays accumulate in well-
separated regions of the two-dimensional space spanned
by mcorr and p⊥ðD−

s Þ. A fit to the data distribution in the
mcorr versus p⊥ðD−

s Þ plane identifies the B0
s → D−

s μþνμ
and B0

s → D"−
s μþνμ signal decays and simultaneously

provides a measurement of jVcbj and of the form factors.
The paper is structured as follows. The formalism

describing the semileptonic B0
ðsÞ decays and the paramet-

rization of their form factors is outlined in Sec. II.
Section III gives a brief description of the LHCb detector
and of the simulation software. The selection and the
expected composition of the signal and reference samples
are presented in Sec. IV. Section V describes the method
used to measure jVcbj and the other parameters of interest.
The determination of the reference B0-decay yields is
reported in Sec. VI, and the analysis of the signal B0

s
decays is discussed in Sec. VII. Section VIII describes the
systematic uncertainties affecting the measurements and
Sec. IX presents the final results, before concluding.

II. FORMALISM

The formalism used to describe the decay rate of a B
meson into a semileptonic final state with a pseudoscalar
or a vector D meson is outlined here. In this section,
the notation B → Dð"Þμν is used to identify both B0 →

Dð"Þ−μþνμ and B0
s → Dð"Þ−

s μþνμ decays, clarifying when
the distinction is relevant.

A. B → D"μν decays

The B → D"μν differential decay rate can be expressed
in terms of one recoil variable, w, and three helicity angles,
θμ, θD and χ, as

d4ΓðB → D"μνÞ
dwd cos θμd cos θDdχ

¼ 3m3
Bm

2
D"G2

F

16ð4πÞ4
η2EWjVcbj2jAðw; θμ; θD; χÞj2; ð4Þ
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD!

p

mB þmD!
ð1 − r2Þðwþ 1Þðw2 − 1Þ1=4

× hA1
ðwÞH̃&=0ðwÞ; ð6Þ

with r ¼ mD!=mB and

H̃&ðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2wrþ r2

p

1 − r

"
1 ∓

ffiffiffiffiffiffiffiffiffiffiffiffi
w − 1

wþ 1

r
R1ðwÞ

#
; ð7Þ

H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
þ

ffiffiffi
2

p : ð12Þ

The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
the D! meson decays to Dγ or Dπ0.

kiðθμ; θD; χÞ
i HiðwÞ D! → Dγ D! → Dπ0

1 H2
þ

1
2 ð1þ cos2 θDÞð1 − cos θμÞ2 sin2 θDð1 − cos θμÞ2

2 H2
−

1
2 ð1þ cos2 θDÞð1þ cos θμÞ2 sin2 θDð1þ cos θμÞ2

3 H2
0 2 sin2 θD sin2 θμ 4 cos2 θD sin2 θμ

4 HþH− sin2 θD sin2 θμ cos 2χ −2 sin2 θD sin2 θμ cos 2χ
5 HþH0 sin 2θD sin θμð1 − cos θμÞ cos χ −2 sin 2θD sin θμð1 − cos θμÞ cos χ
6 H−H0 − sin 2θD sin θμð1þ cos θμÞ cos χ 2 sin 2θD sin θμð1þ cos θμÞ cos χ
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD!

p

mB þmD!
ð1 − r2Þðwþ 1Þðw2 − 1Þ1=4

× hA1
ðwÞH̃&=0ðwÞ; ð6Þ

with r ¼ mD!=mB and

H̃&ðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2wrþ r2

p

1 − r

"
1 ∓

ffiffiffiffiffiffiffiffiffiffiffiffi
w − 1

wþ 1

r
R1ðwÞ

#
; ð7Þ

H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
þ

ffiffiffi
2

p : ð12Þ

The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
the D! meson decays to Dγ or Dπ0.

kiðθμ; θD; χÞ
i HiðwÞ D! → Dγ D! → Dπ0

1 H2
þ

1
2 ð1þ cos2 θDÞð1 − cos θμÞ2 sin2 θDð1 − cos θμÞ2

2 H2
−

1
2 ð1þ cos2 θDÞð1þ cos θμÞ2 sin2 θDð1þ cos θμÞ2

3 H2
0 2 sin2 θD sin2 θμ 4 cos2 θD sin2 θμ

4 HþH− sin2 θD sin2 θμ cos 2χ −2 sin2 θD sin2 θμ cos 2χ
5 HþH0 sin 2θD sin θμð1 − cos θμÞ cos χ −2 sin 2θD sin θμð1 − cos θμÞ cos χ
6 H−H0 − sin 2θD sin θμð1þ cos θμÞ cos χ 2 sin 2θD sin θμð1þ cos θμÞ cos χ
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD!

p

mB þmD!
ð1 − r2Þðwþ 1Þðw2 − 1Þ1=4

× hA1
ðwÞH̃&=0ðwÞ; ð6Þ

with r ¼ mD!=mB and

H̃&ðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2wrþ r2

p

1 − r

"
1 ∓

ffiffiffiffiffiffiffiffiffiffiffiffi
w − 1

wþ 1

r
R1ðwÞ

#
; ð7Þ

H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
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wþ 1

p
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The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
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i

HiðwÞkiðθμ; θD; χÞ; ð5Þ
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The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
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ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:
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where GF is the Fermi constant and the coefficient
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product of the four-velocities of the B and D! mesons,
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w ¼ 1 corresponds to zero recoil of the D! meson in the B
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of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as
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The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1
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the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i
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with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1
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The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ
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R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
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R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
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product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
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The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1
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ð1Þ.
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arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:
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contamination from partially reconstructed decays is
expected to be less severe than for their Bþ=0 counterparts.
Indeed, the majority of the excited states of the D−

s meson
(other than D"−

s ) are expected to decay dominantly into
Dð"ÞK final states.
This paper presents the first determination of jVcbj from

the exclusive decays B0
s → D−

s μþνμ and B0
s → D"−

s μþνμ.
The analysis uses proton-proton collision data collected
with the LHCb detector at center-of-mass energies of
7 and 8 TeV and corresponding to an integrated luminosity
of 3 fb−1. In both decays, only the D−

s μþ final state is
reconstructed using the Cabibbo-favored mode D−

s →
½KþK−&ϕπ−, where the kaon pair is required to have
invariant mass in the vicinity of the ϕð1020Þ resonance.
The photon or the neutral pion emitted along with theD−

s in
the D"−

s decay is not reconstructed. The value of jVcbj is
determined from the observed yields of B0

s decays nor-
malized to those of reference B0 decays after correcting
for the relative reconstruction and selection efficiencies.
The reference decays are chosen to be B0 → D−μþνμ and
B0 → D"−μþνμ, where the D− meson is reconstructed in
the Cabibbo-suppressed modeD−→ ½KþK−&ϕπ−. Hereafter
the symbolD"− refers to the D"ð2010Þ− meson. Signal and
reference decays thus have identical final states and similar
kinematic properties. This choice results in a reference
sample of smaller size than that of the signal but allows
suppressing systematic uncertainties that affect the calcu-
lation of the efficiencies. Using the B0 decays as a
reference, the determination of jVcbj needs in input the
measured branching fractions of these decays and the
ratio of B0

s- to B0-meson production fractions. The latter
is measured by LHCb using an independent sample of
semileptonic decays with respect to that exploited in this
analysis [24], and it assumes universality of the semi-
leptonic decay width of b hadrons [25]. The ratios of the
branching fractions of signal and reference decays,

R≡ BðB0
s → D−

s μþνμÞ
BðB0 → D−μþνμÞ

; ð1Þ

R" ≡ BðB0
s → D"−

s μþνμÞ
BðB0 → D"−μþνμÞ

; ð2Þ

are also determined from the same analysis. From the
measured branching fractions of the reference decays, the
branching fractions of B0

s → D−
s μþνμ and B0

s → D"−
s μþνμ

decays are determined for the first time.
This analysis uses either the CLN or the BGL para-

metrization to model the form factors, with parameters
determined by analyzing the decay rates using a novel
method: instead of approximating q2, which cannot be
determined precisely because of the undetected neutrino,
a variable that can be reconstructed fully from the

final-state particles and that preserves information on the
form factors is used. This variable is the component of the
D−

s momentum perpendicular to the B0
s flight direction,

denoted as p⊥ðD−
s Þ. The p⊥ðD−

s Þ variable is highly
correlated with the q2 value of the B0

s → D−
s μþνμ and B0

s →
D"−

s μþνμ decays and, to a minor extent, with the helicity
angles of the B0

s → D"−
s μþνμ decay. When used together

with the corrected mass mcorr, it also helps in determining
the sample composition. The corrected mass is calculated
from the mass of the reconstructed particles,mðD−

s μþÞ, and
from the momentum of the D−

s μþ system transverse to the
B0
s flight direction, p⊥ðD−

s μþÞ, as

mcorr ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2ðD−

s μþÞ þ p2
⊥ðD−

s μþÞ
q

þ p⊥ðD−
s μþÞ: ð3Þ

Signal and background decays accumulate in well-
separated regions of the two-dimensional space spanned
by mcorr and p⊥ðD−

s Þ. A fit to the data distribution in the
mcorr versus p⊥ðD−

s Þ plane identifies the B0
s → D−

s μþνμ
and B0

s → D"−
s μþνμ signal decays and simultaneously

provides a measurement of jVcbj and of the form factors.
The paper is structured as follows. The formalism

describing the semileptonic B0
ðsÞ decays and the paramet-

rization of their form factors is outlined in Sec. II.
Section III gives a brief description of the LHCb detector
and of the simulation software. The selection and the
expected composition of the signal and reference samples
are presented in Sec. IV. Section V describes the method
used to measure jVcbj and the other parameters of interest.
The determination of the reference B0-decay yields is
reported in Sec. VI, and the analysis of the signal B0

s
decays is discussed in Sec. VII. Section VIII describes the
systematic uncertainties affecting the measurements and
Sec. IX presents the final results, before concluding.

II. FORMALISM

The formalism used to describe the decay rate of a B
meson into a semileptonic final state with a pseudoscalar
or a vector D meson is outlined here. In this section,
the notation B → Dð"Þμν is used to identify both B0 →

Dð"Þ−μþνμ and B0
s → Dð"Þ−

s μþνμ decays, clarifying when
the distinction is relevant.

A. B → D"μν decays

The B → D"μν differential decay rate can be expressed
in terms of one recoil variable, w, and three helicity angles,
θμ, θD and χ, as

d4ΓðB → D"μνÞ
dwd cos θμd cos θDdχ

¼ 3m3
Bm

2
D"G2

F

16ð4πÞ4
η2EWjVcbj2jAðw; θμ; θD; χÞj2; ð4Þ

R. AAIJ et al. PHYS. REV. D 101, 072004 (2020)

072004-2

where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2
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p
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r
R1ðwÞ

#
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H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
þ

ffiffiffi
2

p : ð12Þ

The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
the D! meson decays to Dγ or Dπ0.
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the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:
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the D! meson decays to Dγ or Dπ0.
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hA1
ðwÞ ¼ fðwÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD$

p ð1þ wÞ
; ð13Þ

R1ðwÞ ¼ ðwþ 1ÞmBmD$
gðwÞ
fðwÞ

; ð14Þ

R2ðwÞ ¼
w − r
w − 1

−
F 1ðwÞ

mBðw − 1ÞfðwÞ
: ð15Þ

These functions are expanded as convergent power series
of z as

fðzÞ ¼ 1

P1þðzÞϕfðzÞ
X∞

n¼0

bnzn; ð16Þ

gðzÞ ¼ 1

P1−ðzÞϕgðzÞ
X∞

n¼0

anzn; ð17Þ

F 1ðzÞ ¼
1

P1þðzÞϕF 1
ðzÞ

X∞

n¼0

cnzn: ð18Þ

Here, the P1&ðzÞ functions are known as Blaschke factors
for the JP ¼ 1& resonances, and ϕf;g;F 1

ðzÞ are the so-called
outer functions. Adopting the formalism of Ref. [27], the
Blaschke factors take the form

P1&ðzÞ ¼ C1&

Ypoles

k¼1

z − zk
1 − zzk

; ð19Þ

where

zk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ −m2

k

q
− ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t−
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ −m2

k

q
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t−
p ; ð20Þ

t& ¼ ðmB &mD$Þ2, and mk denotes the pole masses of the
kth excited Bþ

c states that are below the BD$ threshold and
have the appropriate JP quantum numbers. The constants
C1& are scale factors calculated to use in B0

s decays the
same Blaschke factor derived for B0 decays. The outer
functions are defined as

ϕfðzÞ ¼
4r
m2

B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nI

3πχ̃1þð0Þ

r ð1þ zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − zÞ3

p

½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
ð1þ zÞ(4

;

ð21Þ

ϕgðzÞ¼16r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nI
3πχ̃1−ð0Þ

r

×
ð1þzÞ2ffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1−zÞ
p

½ð1þrÞð1−zÞþ2
ffiffiffi
r

p
ð1þzÞ(4

; ð22Þ

ϕF 1
ðzÞ ¼ 4r

m3
B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nI

6πχ̃1þð0Þ

r ð1þ zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − zÞ5

p

½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
ð1þ zÞ(5

;

ð23Þ

where nI ¼ 2.6 is the number of spectator quarks (three),
corrected for SUð3Þ-breaking effects [8]. The Bþ

c reso-
nances used in the computation of the Blaschke factors, the
χ̃1&ð0Þ coefficients of the outer functions, and the constants
C1& are reported in Table II. The coefficients of the series in
Eqs. (16)–(18) are bound by the unitarity constraints

X∞

n¼0

a2n ≤ 1;
X∞

n¼0

ðb2n þ c2nÞ ≤ 1: ð24Þ

The first coefficient of fðzÞ, b0, is related to hA1
ð1Þ by the

expression

b0 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD$

p
P1þð0Þϕfð0ÞhA1

ð1Þ; ð25Þ

while c0 is fixed from b0 through

c0 ¼ ðmB −mD$ Þ
ϕF 1

ð0Þ
ϕfð0Þ

b0: ð26Þ

B. B → Dμν decays

In the B → Dμν case, the decay rate only depends
upon the recoil variable w ¼ vB · vD. In the limit of
negligible lepton masses, the differential decay rate can
be written as [28]

dΓðB → DμνÞ
dw

¼ G2
Fm

3
D

48π3
ðmB þmDÞ2η2EW

× jVcbj2ðw2 − 1Þ3=2jGðwÞj2: ð27Þ

In the CLN parametrization, using the conformal vari-
able zðwÞ defined in Eq. (12), the form factor GðzÞ is
expressed in terms of its value at zero recoil, Gð0Þ, and a
slope parameter, ρ2, as [2]

TABLE II. Pole masses for the Bþ
c resonances considered in the

BGL parameterization of the B0
s decays, with the χ̃JPð0Þ constants

of the outer functions and the CJP constants of the Blaschke
factors [8]. For B0 decays, the Blaschke factors do not include the
last 1− resonance and C1& both have unit value.

JP Pole mass [GeV=c2] χ̃JPð0Þ [10−4 GeV−2c4] CJP

1− 6.329 5.131 2.52733
6.920
7.020
7.280

1þ 6.739 3.894 2.02159
6.750
7.145
7.150
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where nI ¼ 2.6 is the number of spectator quarks (three),
corrected for SUð3Þ-breaking effects [8]. The Bþ

c reso-
nances used in the computation of the Blaschke factors, the
χ̃1&ð0Þ coefficients of the outer functions, and the constants
C1& are reported in Table II. The coefficients of the series in
Eqs. (16)–(18) are bound by the unitarity constraints
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expression
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while c0 is fixed from b0 through
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ϕfð0Þ

b0: ð26Þ

B. B → Dμν decays

In the B → Dμν case, the decay rate only depends
upon the recoil variable w ¼ vB · vD. In the limit of
negligible lepton masses, the differential decay rate can
be written as [28]

dΓðB → DμνÞ
dw

¼ G2
Fm

3
D

48π3
ðmB þmDÞ2η2EW

× jVcbj2ðw2 − 1Þ3=2jGðwÞj2: ð27Þ

In the CLN parametrization, using the conformal vari-
able zðwÞ defined in Eq. (12), the form factor GðzÞ is
expressed in terms of its value at zero recoil, Gð0Þ, and a
slope parameter, ρ2, as [2]
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD!

p

mB þmD!
ð1 − r2Þðwþ 1Þðw2 − 1Þ1=4

× hA1
ðwÞH̃&=0ðwÞ; ð6Þ

with r ¼ mD!=mB and

H̃&ðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2wrþ r2

p

1 − r

"
1 ∓

ffiffiffiffiffiffiffiffiffiffiffiffi
w − 1

wþ 1

r
R1ðwÞ

#
; ð7Þ

H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
þ

ffiffiffi
2

p : ð12Þ

The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
the D! meson decays to Dγ or Dπ0.

kiðθμ; θD; χÞ
i HiðwÞ D! → Dγ D! → Dπ0

1 H2
þ

1
2 ð1þ cos2 θDÞð1 − cos θμÞ2 sin2 θDð1 − cos θμÞ2

2 H2
−

1
2 ð1þ cos2 θDÞð1þ cos θμÞ2 sin2 θDð1þ cos θμÞ2

3 H2
0 2 sin2 θD sin2 θμ 4 cos2 θD sin2 θμ

4 HþH− sin2 θD sin2 θμ cos 2χ −2 sin2 θD sin2 θμ cos 2χ
5 HþH0 sin 2θD sin θμð1 − cos θμÞ cos χ −2 sin 2θD sin θμð1 − cos θμÞ cos χ
6 H−H0 − sin 2θD sin θμð1þ cos θμÞ cos χ 2 sin 2θD sin θμð1þ cos θμÞ cos χ
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD!

p

mB þmD!
ð1 − r2Þðwþ 1Þðw2 − 1Þ1=4

× hA1
ðwÞH̃&=0ðwÞ; ð6Þ

with r ¼ mD!=mB and

H̃&ðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2wrþ r2

p

1 − r

"
1 ∓

ffiffiffiffiffiffiffiffiffiffiffiffi
w − 1

wþ 1

r
R1ðwÞ

#
; ð7Þ

H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
þ

ffiffiffi
2

p : ð12Þ

The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
the D! meson decays to Dγ or Dπ0.

kiðθμ; θD; χÞ
i HiðwÞ D! → Dγ D! → Dπ0

1 H2
þ

1
2 ð1þ cos2 θDÞð1 − cos θμÞ2 sin2 θDð1 − cos θμÞ2

2 H2
−

1
2 ð1þ cos2 θDÞð1þ cos θμÞ2 sin2 θDð1þ cos θμÞ2

3 H2
0 2 sin2 θD sin2 θμ 4 cos2 θD sin2 θμ

4 HþH− sin2 θD sin2 θμ cos 2χ −2 sin2 θD sin2 θμ cos 2χ
5 HþH0 sin 2θD sin θμð1 − cos θμÞ cos χ −2 sin 2θD sin θμð1 − cos θμÞ cos χ
6 H−H0 − sin 2θD sin θμð1þ cos θμÞ cos χ 2 sin 2θD sin θμð1þ cos θμÞ cos χ
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GðzÞ ¼ Gð0Þ½1 − 8ρ2zþ ð51ρ2 − 10Þz2 − ð252ρ2 − 84Þz3&:
ð28Þ

In the BGL parametrization, it is expressed as [3–5]

jGðzÞj2 ¼ 4r
ð1þ rÞ2

jfþðzÞj2; ð29Þ

with r ¼ mD=mB and

fþðzÞ ¼
1

P1−ðzÞϕðzÞ
X∞

n¼0

dnzn: ð30Þ

The outer function ϕðzÞ is defined as

ϕðzÞ ¼ 8r2

mB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8nI

3πχ̃1−ð0Þ

s
ð1þ zÞ2

ffiffiffiffiffiffiffiffiffiffi
1 − z

p

½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
ð1þ zÞ&5

:

ð31Þ

The coefficients of the series in Eq. (30) are bound by
unitarity,

X∞

n¼0

d2n ≤ 1; ð32Þ

with the coefficient d0 being related to Gð0Þ through

d0 ¼
1þ r
2

ffiffiffi
r

p Gð0ÞP1−ð0Þϕð0Þ: ð33Þ

III. DETECTOR AND SIMULATION

The LHCb detector [29,30] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed down-
stream of the magnet. The tracking system provides a
measurement of the momentum p of charged particles
with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary vertex, the impact parameter, is
measured with a resolution of ð15þ 29=pTÞ μm, where pT
is the component of the momentum transverse to the
beam, in GeV=c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov detectors. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-
pad and preshower detectors and an electromagnetic and a

hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.
Simulation is required to model the expected sample

composition and develop the selection requirements, to
calculate the reconstruction and selection efficiencies,
and to build templates describing the distributions of signal
and background decays used in the fit that determines the
parameters of interest. In the simulation, pp collisions are
generated using PYTHIA [31] with a specific LHCb con-
figuration [32]. Decays of unstable particles are described
by EvtGen [33], in which final-state radiation is generated
using PHOTOS [34]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the GEANT4 toolkit [35] as described in
Ref. [36]. The simulation is corrected for mismodeling
of the reconstruction and selection efficiency, of the
response of the particle identification algorithms, and of
the kinematic properties of the generated B0

ðsÞ mesons. The
corrections are determined by comparing data and simu-
lation in large samples of control decays, such as
D'þ → D0ð→ K−πþÞπþ, Bþ → J=ψð→ μþμ−ÞKþ, B0

s →
J=ψð→ μþμ−Þϕð→ KþK−Þ, B0→D−ð→Kþπ−π−Þπþ, and
B0
s → D−

s ð→ KþK−π−Þπþ. Residual small differences
between data and the corrected simulation are accounted
for in the systematic uncertainties.

IV. SELECTION AND EXPECTED
SAMPLE COMPOSITION

The selection of the B0
ðsÞ→Dð'Þ−

ðsÞ μþνμ candidates closely
follows that of Ref. [37]. Online, a trigger [38] selects
events containing a high-pT muon candidate associated
with one, two, or three charged particles, all with origins
displaced from the collision points. In the offline
reconstruction, the muon candidate is combined with three
charged particles consistent with the topology and kin-
ematics of signal B0

s → ½KþK−π−&D−
s
μþνμ and reference

B0 → ½KþK−π−&D−μþνμ decays. The KþK−π− mass is
restricted to be in the ranges ½1.945; 1.995& GeV=c2 and
½1.850; 1.890& GeV=c2 to define the inclusive samples of
D−

s μþ signal and D−μþ reference candidates, respectively.
Cross-contamination between signal and reference samples
is smaller than 0.1%, as estimated from simulation. The
KþK− mass must be in the range ½1.008; 1.032& GeV=c2, to
suppress the background under the D−

ðsÞ peaks and ensure
similar kinematic distributions for signal and reference
decays. Same-signD−

ðsÞμ
− candidates are also reconstructed

to model combinatorial background from accidental
D−

ðsÞμ
þ associations. The candidate selection is optimized

toward suppressing the background under the charm
signals and making same-sign candidates a reliable model
for the combinatorial background: track- and vertex-
quality, vertex-displacement, transverse-momentum, and
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hA1
ðwÞ ¼ fðwÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD$

p ð1þ wÞ
; ð13Þ

R1ðwÞ ¼ ðwþ 1ÞmBmD$
gðwÞ
fðwÞ

; ð14Þ

R2ðwÞ ¼
w − r
w − 1

−
F 1ðwÞ

mBðw − 1ÞfðwÞ
: ð15Þ

These functions are expanded as convergent power series
of z as

fðzÞ ¼ 1

P1þðzÞϕfðzÞ
X∞

n¼0

bnzn; ð16Þ

gðzÞ ¼ 1

P1−ðzÞϕgðzÞ
X∞

n¼0

anzn; ð17Þ

F 1ðzÞ ¼
1

P1þðzÞϕF 1
ðzÞ

X∞

n¼0

cnzn: ð18Þ

Here, the P1&ðzÞ functions are known as Blaschke factors
for the JP ¼ 1& resonances, and ϕf;g;F 1

ðzÞ are the so-called
outer functions. Adopting the formalism of Ref. [27], the
Blaschke factors take the form

P1&ðzÞ ¼ C1&

Ypoles

k¼1

z − zk
1 − zzk

; ð19Þ

where

zk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ −m2

k

q
− ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t−
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ −m2

k

q
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t−
p ; ð20Þ

t& ¼ ðmB &mD$Þ2, and mk denotes the pole masses of the
kth excited Bþ

c states that are below the BD$ threshold and
have the appropriate JP quantum numbers. The constants
C1& are scale factors calculated to use in B0

s decays the
same Blaschke factor derived for B0 decays. The outer
functions are defined as

ϕfðzÞ ¼
4r
m2

B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nI

3πχ̃1þð0Þ

r ð1þ zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − zÞ3

p

½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
ð1þ zÞ(4

;

ð21Þ

ϕgðzÞ¼16r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nI
3πχ̃1−ð0Þ

r

×
ð1þzÞ2ffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1−zÞ
p

½ð1þrÞð1−zÞþ2
ffiffiffi
r

p
ð1þzÞ(4

; ð22Þ

ϕF 1
ðzÞ ¼ 4r

m3
B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nI

6πχ̃1þð0Þ

r ð1þ zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − zÞ5

p

½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
ð1þ zÞ(5

;

ð23Þ

where nI ¼ 2.6 is the number of spectator quarks (three),
corrected for SUð3Þ-breaking effects [8]. The Bþ

c reso-
nances used in the computation of the Blaschke factors, the
χ̃1&ð0Þ coefficients of the outer functions, and the constants
C1& are reported in Table II. The coefficients of the series in
Eqs. (16)–(18) are bound by the unitarity constraints

X∞

n¼0

a2n ≤ 1;
X∞

n¼0

ðb2n þ c2nÞ ≤ 1: ð24Þ

The first coefficient of fðzÞ, b0, is related to hA1
ð1Þ by the

expression

b0 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD$

p
P1þð0Þϕfð0ÞhA1

ð1Þ; ð25Þ

while c0 is fixed from b0 through

c0 ¼ ðmB −mD$ Þ
ϕF 1

ð0Þ
ϕfð0Þ

b0: ð26Þ

B. B → Dμν decays

In the B → Dμν case, the decay rate only depends
upon the recoil variable w ¼ vB · vD. In the limit of
negligible lepton masses, the differential decay rate can
be written as [28]

dΓðB → DμνÞ
dw

¼ G2
Fm

3
D

48π3
ðmB þmDÞ2η2EW

× jVcbj2ðw2 − 1Þ3=2jGðwÞj2: ð27Þ

In the CLN parametrization, using the conformal vari-
able zðwÞ defined in Eq. (12), the form factor GðzÞ is
expressed in terms of its value at zero recoil, Gð0Þ, and a
slope parameter, ρ2, as [2]

TABLE II. Pole masses for the Bþ
c resonances considered in the

BGL parameterization of the B0
s decays, with the χ̃JPð0Þ constants

of the outer functions and the CJP constants of the Blaschke
factors [8]. For B0 decays, the Blaschke factors do not include the
last 1− resonance and C1& both have unit value.

JP Pole mass [GeV=c2] χ̃JPð0Þ [10−4 GeV−2c4] CJP

1− 6.329 5.131 2.52733
6.920
7.020
7.280

1þ 6.739 3.894 2.02159
6.750
7.145
7.150
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where GF is the Fermi constant and the coefficient
ηEW ≈ 1.0066 accounts for the leading-order electroweak
correction [26]. The recoil variable is defined as the scalar
product of the four-velocities of the B and D! mesons,
w ¼ vB · vD! ¼ ðm2

B þm2
D! − q2Þ=ð2mBmD!Þ, with mBðD!Þ

being the mass of the B (D!) meson. The minimum value
w ¼ 1 corresponds to zero recoil of the D! meson in the B
rest frame, i.e., the largest kinematically allowed value
of q2. The helicity angles (represented in Fig. 1) are θμ, the
angle between the direction of the muon in theW rest frame
and the direction of theW boson in the B rest frame; θD, the
angle between the direction of the D in the D! rest frame
and the direction of the D! in the B rest frame; and χ, the
angle between the plane formed by the D! decay products
and that formed by the two leptons. In the limit of massless
leptons, the decay amplitude A can be decomposed in
terms of three amplitudes H&=0ðwÞ, corresponding to the
three possible helicity states of the D! meson, and its
squared modulus is written as

jAðw; θμ; θD; χÞj2 ¼
X6

i

HiðwÞkiðθμ; θD; χÞ; ð5Þ

with the Hi and ki terms defined in Table I. The helicity
amplitudes are expressed by three form factors, hA1

ðwÞ,
R1ðwÞ, and R2ðwÞ, as

H&=0ðwÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD!

p

mB þmD!
ð1 − r2Þðwþ 1Þðw2 − 1Þ1=4

× hA1
ðwÞH̃&=0ðwÞ; ð6Þ

with r ¼ mD!=mB and

H̃&ðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2wrþ r2

p

1 − r

"
1 ∓

ffiffiffiffiffiffiffiffiffiffiffiffi
w − 1

wþ 1

r
R1ðwÞ

#
; ð7Þ

H̃0ðwÞ ¼ 1þ ðw − 1Þð1 − R2ðwÞÞ
1 − r

: ð8Þ

The CLN parametrization uses dispersion relations and
reinforced unitarity bounds based on heavy quark effective
theory to derive simplified expressions for the form factors
[2]. For the B → D!μν case, the three form factors are
written as [2]

hA1
ðwÞ ¼ hA1

ð1Þ½1 − 8ρ2zþ ð53ρ2 − 15Þz2

− ð231ρ2 − 91Þz3(; ð9Þ

R1ðwÞ ¼ R1ð1Þ − 0.12ðw − 1Þ þ 0.05ðw − 1Þ2; ð10Þ

R2ðwÞ ¼ R2ð1Þ − 0.11ðw − 1Þ − 0.06ðw − 1Þ2; ð11Þ

where the same numerical coefficients, originally computed
for B0 decays, are considered also for B0

s decays, and where
the conformal variable z is defined as

z≡
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
þ

ffiffiffi
2

p : ð12Þ

The form factors depend only on four parameters: ρ2,
R1ð1Þ, R2ð1Þ and hA1

ð1Þ.
The BGL parametrization follows from more general

arguments based on dispersion relations, analyticity, and
crossing symmetry [3–5]. In the case of B → D!μν decays,
the form factors are written in terms of three functions,
fðwÞ, gðwÞ and F 1ðwÞ, as follows:

FIG. 1. Graphical representation of the helicity angles in B →
D!μν decays. The definitions are provided in the text.

TABLE I. Functions describing the differential decay rate of B → D!μν decays, separately for the cases in which
the D! meson decays to Dγ or Dπ0.

kiðθμ; θD; χÞ
i HiðwÞ D! → Dγ D! → Dπ0

1 H2
þ

1
2 ð1þ cos2 θDÞð1 − cos θμÞ2 sin2 θDð1 − cos θμÞ2

2 H2
−

1
2 ð1þ cos2 θDÞð1þ cos θμÞ2 sin2 θDð1þ cos θμÞ2

3 H2
0 2 sin2 θD sin2 θμ 4 cos2 θD sin2 θμ

4 HþH− sin2 θD sin2 θμ cos 2χ −2 sin2 θD sin2 θμ cos 2χ
5 HþH0 sin 2θD sin θμð1 − cos θμÞ cos χ −2 sin 2θD sin θμð1 − cos θμÞ cos χ
6 H−H0 − sin 2θD sin θμð1þ cos θμÞ cos χ 2 sin 2θD sin θμð1þ cos θμÞ cos χ
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hA1
ðwÞ ¼ fðwÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD$

p ð1þ wÞ
; ð13Þ

R1ðwÞ ¼ ðwþ 1ÞmBmD$
gðwÞ
fðwÞ

; ð14Þ

R2ðwÞ ¼
w − r
w − 1

−
F 1ðwÞ

mBðw − 1ÞfðwÞ
: ð15Þ

These functions are expanded as convergent power series
of z as

fðzÞ ¼ 1

P1þðzÞϕfðzÞ
X∞

n¼0

bnzn; ð16Þ

gðzÞ ¼ 1

P1−ðzÞϕgðzÞ
X∞

n¼0

anzn; ð17Þ

F 1ðzÞ ¼
1

P1þðzÞϕF 1
ðzÞ

X∞

n¼0

cnzn: ð18Þ

Here, the P1&ðzÞ functions are known as Blaschke factors
for the JP ¼ 1& resonances, and ϕf;g;F 1

ðzÞ are the so-called
outer functions. Adopting the formalism of Ref. [27], the
Blaschke factors take the form

P1&ðzÞ ¼ C1&

Ypoles

k¼1

z − zk
1 − zzk

; ð19Þ

where

zk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ −m2

k

q
− ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t−
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ −m2

k

q
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t−
p ; ð20Þ

t& ¼ ðmB &mD$Þ2, and mk denotes the pole masses of the
kth excited Bþ

c states that are below the BD$ threshold and
have the appropriate JP quantum numbers. The constants
C1& are scale factors calculated to use in B0

s decays the
same Blaschke factor derived for B0 decays. The outer
functions are defined as

ϕfðzÞ ¼
4r
m2

B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nI

3πχ̃1þð0Þ

r ð1þ zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − zÞ3

p

½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
ð1þ zÞ(4

;

ð21Þ

ϕgðzÞ¼16r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nI
3πχ̃1−ð0Þ

r

×
ð1þzÞ2ffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1−zÞ
p

½ð1þrÞð1−zÞþ2
ffiffiffi
r

p
ð1þzÞ(4

; ð22Þ

ϕF 1
ðzÞ ¼ 4r

m3
B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nI

6πχ̃1þð0Þ

r ð1þ zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − zÞ5

p

½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
ð1þ zÞ(5

;

ð23Þ

where nI ¼ 2.6 is the number of spectator quarks (three),
corrected for SUð3Þ-breaking effects [8]. The Bþ

c reso-
nances used in the computation of the Blaschke factors, the
χ̃1&ð0Þ coefficients of the outer functions, and the constants
C1& are reported in Table II. The coefficients of the series in
Eqs. (16)–(18) are bound by the unitarity constraints

X∞

n¼0

a2n ≤ 1;
X∞

n¼0

ðb2n þ c2nÞ ≤ 1: ð24Þ

The first coefficient of fðzÞ, b0, is related to hA1
ð1Þ by the

expression

b0 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD$

p
P1þð0Þϕfð0ÞhA1

ð1Þ; ð25Þ

while c0 is fixed from b0 through

c0 ¼ ðmB −mD$ Þ
ϕF 1

ð0Þ
ϕfð0Þ

b0: ð26Þ

B. B → Dμν decays

In the B → Dμν case, the decay rate only depends
upon the recoil variable w ¼ vB · vD. In the limit of
negligible lepton masses, the differential decay rate can
be written as [28]

dΓðB → DμνÞ
dw

¼ G2
Fm

3
D

48π3
ðmB þmDÞ2η2EW

× jVcbj2ðw2 − 1Þ3=2jGðwÞj2: ð27Þ

In the CLN parametrization, using the conformal vari-
able zðwÞ defined in Eq. (12), the form factor GðzÞ is
expressed in terms of its value at zero recoil, Gð0Þ, and a
slope parameter, ρ2, as [2]

TABLE II. Pole masses for the Bþ
c resonances considered in the

BGL parameterization of the B0
s decays, with the χ̃JPð0Þ constants

of the outer functions and the CJP constants of the Blaschke
factors [8]. For B0 decays, the Blaschke factors do not include the
last 1− resonance and C1& both have unit value.

JP Pole mass [GeV=c2] χ̃JPð0Þ [10−4 GeV−2c4] CJP

1− 6.329 5.131 2.52733
6.920
7.020
7.280

1þ 6.739 3.894 2.02159
6.750
7.145
7.150
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GðzÞ ¼ Gð0Þ½1 − 8ρ2zþ ð51ρ2 − 10Þz2 − ð252ρ2 − 84Þz3&:
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In the BGL parametrization, it is expressed as [3–5]

jGðzÞj2 ¼ 4r
ð1þ rÞ2

jfþðzÞj2; ð29Þ

with r ¼ mD=mB and

fþðzÞ ¼
1

P1−ðzÞϕðzÞ
X∞

n¼0

dnzn: ð30Þ

The outer function ϕðzÞ is defined as

ϕðzÞ ¼ 8r2
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8nI
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s
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½ð1þ rÞð1 − zÞ þ 2
ffiffiffi
r

p
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The coefficients of the series in Eq. (30) are bound by
unitarity,

X∞

n¼0

d2n ≤ 1; ð32Þ

with the coefficient d0 being related to Gð0Þ through

d0 ¼
1þ r
2

ffiffiffi
r

p Gð0ÞP1−ð0Þϕð0Þ: ð33Þ

III. DETECTOR AND SIMULATION

The LHCb detector [29,30] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed down-
stream of the magnet. The tracking system provides a
measurement of the momentum p of charged particles
with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary vertex, the impact parameter, is
measured with a resolution of ð15þ 29=pTÞ μm, where pT
is the component of the momentum transverse to the
beam, in GeV=c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov detectors. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-
pad and preshower detectors and an electromagnetic and a

hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.
Simulation is required to model the expected sample

composition and develop the selection requirements, to
calculate the reconstruction and selection efficiencies,
and to build templates describing the distributions of signal
and background decays used in the fit that determines the
parameters of interest. In the simulation, pp collisions are
generated using PYTHIA [31] with a specific LHCb con-
figuration [32]. Decays of unstable particles are described
by EvtGen [33], in which final-state radiation is generated
using PHOTOS [34]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the GEANT4 toolkit [35] as described in
Ref. [36]. The simulation is corrected for mismodeling
of the reconstruction and selection efficiency, of the
response of the particle identification algorithms, and of
the kinematic properties of the generated B0

ðsÞ mesons. The
corrections are determined by comparing data and simu-
lation in large samples of control decays, such as
D'þ → D0ð→ K−πþÞπþ, Bþ → J=ψð→ μþμ−ÞKþ, B0

s →
J=ψð→ μþμ−Þϕð→ KþK−Þ, B0→D−ð→Kþπ−π−Þπþ, and
B0
s → D−

s ð→ KþK−π−Þπþ. Residual small differences
between data and the corrected simulation are accounted
for in the systematic uncertainties.

IV. SELECTION AND EXPECTED
SAMPLE COMPOSITION

The selection of the B0
ðsÞ→Dð'Þ−

ðsÞ μþνμ candidates closely
follows that of Ref. [37]. Online, a trigger [38] selects
events containing a high-pT muon candidate associated
with one, two, or three charged particles, all with origins
displaced from the collision points. In the offline
reconstruction, the muon candidate is combined with three
charged particles consistent with the topology and kin-
ematics of signal B0

s → ½KþK−π−&D−
s
μþνμ and reference

B0 → ½KþK−π−&D−μþνμ decays. The KþK−π− mass is
restricted to be in the ranges ½1.945; 1.995& GeV=c2 and
½1.850; 1.890& GeV=c2 to define the inclusive samples of
D−

s μþ signal and D−μþ reference candidates, respectively.
Cross-contamination between signal and reference samples
is smaller than 0.1%, as estimated from simulation. The
KþK− mass must be in the range ½1.008; 1.032& GeV=c2, to
suppress the background under the D−

ðsÞ peaks and ensure
similar kinematic distributions for signal and reference
decays. Same-signD−

ðsÞμ
− candidates are also reconstructed

to model combinatorial background from accidental
D−

ðsÞμ
þ associations. The candidate selection is optimized

toward suppressing the background under the charm
signals and making same-sign candidates a reliable model
for the combinatorial background: track- and vertex-
quality, vertex-displacement, transverse-momentum, and
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In the BGL parametrization, it is expressed as [3–5]

jGðzÞj2 ¼ 4r
ð1þ rÞ2

jfþðzÞj2; ð29Þ

with r ¼ mD=mB and
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The outer function ϕðzÞ is defined as
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The coefficients of the series in Eq. (30) are bound by
unitarity,

X∞

n¼0

d2n ≤ 1; ð32Þ

with the coefficient d0 being related to Gð0Þ through

d0 ¼
1þ r
2

ffiffiffi
r

p Gð0ÞP1−ð0Þϕð0Þ: ð33Þ

III. DETECTOR AND SIMULATION

The LHCb detector [29,30] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed down-
stream of the magnet. The tracking system provides a
measurement of the momentum p of charged particles
with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary vertex, the impact parameter, is
measured with a resolution of ð15þ 29=pTÞ μm, where pT
is the component of the momentum transverse to the
beam, in GeV=c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov detectors. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-
pad and preshower detectors and an electromagnetic and a

hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.
Simulation is required to model the expected sample

composition and develop the selection requirements, to
calculate the reconstruction and selection efficiencies,
and to build templates describing the distributions of signal
and background decays used in the fit that determines the
parameters of interest. In the simulation, pp collisions are
generated using PYTHIA [31] with a specific LHCb con-
figuration [32]. Decays of unstable particles are described
by EvtGen [33], in which final-state radiation is generated
using PHOTOS [34]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the GEANT4 toolkit [35] as described in
Ref. [36]. The simulation is corrected for mismodeling
of the reconstruction and selection efficiency, of the
response of the particle identification algorithms, and of
the kinematic properties of the generated B0

ðsÞ mesons. The
corrections are determined by comparing data and simu-
lation in large samples of control decays, such as
D'þ → D0ð→ K−πþÞπþ, Bþ → J=ψð→ μþμ−ÞKþ, B0

s →
J=ψð→ μþμ−Þϕð→ KþK−Þ, B0→D−ð→Kþπ−π−Þπþ, and
B0
s → D−

s ð→ KþK−π−Þπþ. Residual small differences
between data and the corrected simulation are accounted
for in the systematic uncertainties.

IV. SELECTION AND EXPECTED
SAMPLE COMPOSITION

The selection of the B0
ðsÞ→Dð'Þ−

ðsÞ μþνμ candidates closely
follows that of Ref. [37]. Online, a trigger [38] selects
events containing a high-pT muon candidate associated
with one, two, or three charged particles, all with origins
displaced from the collision points. In the offline
reconstruction, the muon candidate is combined with three
charged particles consistent with the topology and kin-
ematics of signal B0

s → ½KþK−π−&D−
s
μþνμ and reference

B0 → ½KþK−π−&D−μþνμ decays. The KþK−π− mass is
restricted to be in the ranges ½1.945; 1.995& GeV=c2 and
½1.850; 1.890& GeV=c2 to define the inclusive samples of
D−

s μþ signal and D−μþ reference candidates, respectively.
Cross-contamination between signal and reference samples
is smaller than 0.1%, as estimated from simulation. The
KþK− mass must be in the range ½1.008; 1.032& GeV=c2, to
suppress the background under the D−

ðsÞ peaks and ensure
similar kinematic distributions for signal and reference
decays. Same-signD−

ðsÞμ
− candidates are also reconstructed

to model combinatorial background from accidental
D−

ðsÞμ
þ associations. The candidate selection is optimized

toward suppressing the background under the charm
signals and making same-sign candidates a reliable model
for the combinatorial background: track- and vertex-
quality, vertex-displacement, transverse-momentum, and
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In the BGL parametrization, it is expressed as [3–5]

jGðzÞj2 ¼ 4r
ð1þ rÞ2

jfþðzÞj2; ð29Þ

with r ¼ mD=mB and

fþðzÞ ¼
1

P1−ðzÞϕðzÞ
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The outer function ϕðzÞ is defined as

ϕðzÞ ¼ 8r2
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The coefficients of the series in Eq. (30) are bound by
unitarity,

X∞

n¼0

d2n ≤ 1; ð32Þ

with the coefficient d0 being related to Gð0Þ through

d0 ¼
1þ r
2

ffiffiffi
r

p Gð0ÞP1−ð0Þϕð0Þ: ð33Þ

III. DETECTOR AND SIMULATION

The LHCb detector [29,30] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed down-
stream of the magnet. The tracking system provides a
measurement of the momentum p of charged particles
with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary vertex, the impact parameter, is
measured with a resolution of ð15þ 29=pTÞ μm, where pT
is the component of the momentum transverse to the
beam, in GeV=c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov detectors. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-
pad and preshower detectors and an electromagnetic and a

hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.
Simulation is required to model the expected sample

composition and develop the selection requirements, to
calculate the reconstruction and selection efficiencies,
and to build templates describing the distributions of signal
and background decays used in the fit that determines the
parameters of interest. In the simulation, pp collisions are
generated using PYTHIA [31] with a specific LHCb con-
figuration [32]. Decays of unstable particles are described
by EvtGen [33], in which final-state radiation is generated
using PHOTOS [34]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the GEANT4 toolkit [35] as described in
Ref. [36]. The simulation is corrected for mismodeling
of the reconstruction and selection efficiency, of the
response of the particle identification algorithms, and of
the kinematic properties of the generated B0

ðsÞ mesons. The
corrections are determined by comparing data and simu-
lation in large samples of control decays, such as
D'þ → D0ð→ K−πþÞπþ, Bþ → J=ψð→ μþμ−ÞKþ, B0

s →
J=ψð→ μþμ−Þϕð→ KþK−Þ, B0→D−ð→Kþπ−π−Þπþ, and
B0
s → D−

s ð→ KþK−π−Þπþ. Residual small differences
between data and the corrected simulation are accounted
for in the systematic uncertainties.

IV. SELECTION AND EXPECTED
SAMPLE COMPOSITION

The selection of the B0
ðsÞ→Dð'Þ−

ðsÞ μþνμ candidates closely
follows that of Ref. [37]. Online, a trigger [38] selects
events containing a high-pT muon candidate associated
with one, two, or three charged particles, all with origins
displaced from the collision points. In the offline
reconstruction, the muon candidate is combined with three
charged particles consistent with the topology and kin-
ematics of signal B0

s → ½KþK−π−&D−
s
μþνμ and reference

B0 → ½KþK−π−&D−μþνμ decays. The KþK−π− mass is
restricted to be in the ranges ½1.945; 1.995& GeV=c2 and
½1.850; 1.890& GeV=c2 to define the inclusive samples of
D−

s μþ signal and D−μþ reference candidates, respectively.
Cross-contamination between signal and reference samples
is smaller than 0.1%, as estimated from simulation. The
KþK− mass must be in the range ½1.008; 1.032& GeV=c2, to
suppress the background under the D−

ðsÞ peaks and ensure
similar kinematic distributions for signal and reference
decays. Same-signD−

ðsÞμ
− candidates are also reconstructed

to model combinatorial background from accidental
D−

ðsÞμ
þ associations. The candidate selection is optimized

toward suppressing the background under the charm
signals and making same-sign candidates a reliable model
for the combinatorial background: track- and vertex-
quality, vertex-displacement, transverse-momentum, and
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jGðzÞj2 ¼ 4r
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The coefficients of the series in Eq. (30) are bound by
unitarity,
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n¼0
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with the coefficient d0 being related to Gð0Þ through
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III. DETECTOR AND SIMULATION

The LHCb detector [29,30] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed down-
stream of the magnet. The tracking system provides a
measurement of the momentum p of charged particles
with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary vertex, the impact parameter, is
measured with a resolution of ð15þ 29=pTÞ μm, where pT
is the component of the momentum transverse to the
beam, in GeV=c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov detectors. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-
pad and preshower detectors and an electromagnetic and a

hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.
Simulation is required to model the expected sample

composition and develop the selection requirements, to
calculate the reconstruction and selection efficiencies,
and to build templates describing the distributions of signal
and background decays used in the fit that determines the
parameters of interest. In the simulation, pp collisions are
generated using PYTHIA [31] with a specific LHCb con-
figuration [32]. Decays of unstable particles are described
by EvtGen [33], in which final-state radiation is generated
using PHOTOS [34]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the GEANT4 toolkit [35] as described in
Ref. [36]. The simulation is corrected for mismodeling
of the reconstruction and selection efficiency, of the
response of the particle identification algorithms, and of
the kinematic properties of the generated B0

ðsÞ mesons. The
corrections are determined by comparing data and simu-
lation in large samples of control decays, such as
D'þ → D0ð→ K−πþÞπþ, Bþ → J=ψð→ μþμ−ÞKþ, B0

s →
J=ψð→ μþμ−Þϕð→ KþK−Þ, B0→D−ð→Kþπ−π−Þπþ, and
B0
s → D−

s ð→ KþK−π−Þπþ. Residual small differences
between data and the corrected simulation are accounted
for in the systematic uncertainties.

IV. SELECTION AND EXPECTED
SAMPLE COMPOSITION

The selection of the B0
ðsÞ→Dð'Þ−

ðsÞ μþνμ candidates closely
follows that of Ref. [37]. Online, a trigger [38] selects
events containing a high-pT muon candidate associated
with one, two, or three charged particles, all with origins
displaced from the collision points. In the offline
reconstruction, the muon candidate is combined with three
charged particles consistent with the topology and kin-
ematics of signal B0

s → ½KþK−π−&D−
s
μþνμ and reference

B0 → ½KþK−π−&D−μþνμ decays. The KþK−π− mass is
restricted to be in the ranges ½1.945; 1.995& GeV=c2 and
½1.850; 1.890& GeV=c2 to define the inclusive samples of
D−

s μþ signal and D−μþ reference candidates, respectively.
Cross-contamination between signal and reference samples
is smaller than 0.1%, as estimated from simulation. The
KþK− mass must be in the range ½1.008; 1.032& GeV=c2, to
suppress the background under the D−

ðsÞ peaks and ensure
similar kinematic distributions for signal and reference
decays. Same-signD−

ðsÞμ
− candidates are also reconstructed

to model combinatorial background from accidental
D−

ðsÞμ
þ associations. The candidate selection is optimized

toward suppressing the background under the charm
signals and making same-sign candidates a reliable model
for the combinatorial background: track- and vertex-
quality, vertex-displacement, transverse-momentum, and
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The coefficients of the series in Eq. (30) are bound by
unitarity,
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III. DETECTOR AND SIMULATION

The LHCb detector [29,30] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes placed down-
stream of the magnet. The tracking system provides a
measurement of the momentum p of charged particles
with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary vertex, the impact parameter, is
measured with a resolution of ð15þ 29=pTÞ μm, where pT
is the component of the momentum transverse to the
beam, in GeV=c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov detectors. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-
pad and preshower detectors and an electromagnetic and a

hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.
Simulation is required to model the expected sample

composition and develop the selection requirements, to
calculate the reconstruction and selection efficiencies,
and to build templates describing the distributions of signal
and background decays used in the fit that determines the
parameters of interest. In the simulation, pp collisions are
generated using PYTHIA [31] with a specific LHCb con-
figuration [32]. Decays of unstable particles are described
by EvtGen [33], in which final-state radiation is generated
using PHOTOS [34]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the GEANT4 toolkit [35] as described in
Ref. [36]. The simulation is corrected for mismodeling
of the reconstruction and selection efficiency, of the
response of the particle identification algorithms, and of
the kinematic properties of the generated B0

ðsÞ mesons. The
corrections are determined by comparing data and simu-
lation in large samples of control decays, such as
D'þ → D0ð→ K−πþÞπþ, Bþ → J=ψð→ μþμ−ÞKþ, B0

s →
J=ψð→ μþμ−Þϕð→ KþK−Þ, B0→D−ð→Kþπ−π−Þπþ, and
B0
s → D−

s ð→ KþK−π−Þπþ. Residual small differences
between data and the corrected simulation are accounted
for in the systematic uncertainties.

IV. SELECTION AND EXPECTED
SAMPLE COMPOSITION

The selection of the B0
ðsÞ→Dð'Þ−

ðsÞ μþνμ candidates closely
follows that of Ref. [37]. Online, a trigger [38] selects
events containing a high-pT muon candidate associated
with one, two, or three charged particles, all with origins
displaced from the collision points. In the offline
reconstruction, the muon candidate is combined with three
charged particles consistent with the topology and kin-
ematics of signal B0

s → ½KþK−π−&D−
s
μþνμ and reference

B0 → ½KþK−π−&D−μþνμ decays. The KþK−π− mass is
restricted to be in the ranges ½1.945; 1.995& GeV=c2 and
½1.850; 1.890& GeV=c2 to define the inclusive samples of
D−

s μþ signal and D−μþ reference candidates, respectively.
Cross-contamination between signal and reference samples
is smaller than 0.1%, as estimated from simulation. The
KþK− mass must be in the range ½1.008; 1.032& GeV=c2, to
suppress the background under the D−

ðsÞ peaks and ensure
similar kinematic distributions for signal and reference
decays. Same-signD−

ðsÞμ
− candidates are also reconstructed

to model combinatorial background from accidental
D−

ðsÞμ
þ associations. The candidate selection is optimized

toward suppressing the background under the charm
signals and making same-sign candidates a reliable model
for the combinatorial background: track- and vertex-
quality, vertex-displacement, transverse-momentum, and
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