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Status

• Pletora of measurements confirm 
CKM paradigm at high precision.


• B decays 


- Angles from CPV measurements, 
getting more and more precise.


- Oscillations constrain |Vtd|&|Vts|. 
Limited by theory uncertainties.


- |Vcb|&|Vub| (mainly) from  
B-factories, long standing puzzle.  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Inclusive vs Exclusive
The puzzle
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• LHCb entered the game with  
measurement of |Vub|/|Vcb| 
[Nature Physics 11 (2015) 743]. 


• Λb decays, different source  
of systematics uncertainties. 
Bring independent information.


• Bs sector promising too,  
for both |Vub| (Bs→K(*)μν) 
and |Vcb| (Bs→Ds(*)μν) 

https://www.nature.com/articles/nphys3415


to the |Vcb| puzzle
Adding strangeness
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• LHCb potential triggered interesting 
theoretical work on Bs decays  
(eg. see talk by N. Gubernari)


• Promising lattice QCD calculations, 
expect very good precision for  
Bs form factors to extract |Vcb|


- calculation on the full q2 spectrum 
already available for Bs→Dsμν 
decays [PRD 101 (2020) 074513]


- For Bs→Ds(*)μν good precision  
at zero-recoil [PRD 99 (2019) 114512] 
Awaiting full spectrum calculation.
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FIG. 6: Comparison of lattice QCD results for h
s

A1
(1)

and hA1(1). Our results for h
(s)
A1

(1) are marked ‘(HISQ,
HPQCD)’ and for hA1(1) are marked ‘(HPQCD)’. Those
marked ‘(NRQCD,HPQCD)’ are from [41] and the value
marked ‘(Fermilab, Fermilab/MILC)’ is from [39].

In Figures 6 and 7, we compare current lattice results
for hA1(1) and h

s

A1
(1). Figure 6 compares final results

for h
s

A1
(1) from the HPQCD calculation using NRQCD b

quarks and HISQ lighter quarks [41] with our full HISQ
result given here (Eq. (29)). It also compares final results
for hA1(1) from using the Fermilab approch [39] for b and
c quarks and asqtad light quarks, NRQCD b quarks and
HISQ lighter quarks [41] and our result from Eq. 32 using
the strange to light ratio from [41]. Good agreement
between all results is seen, well within the uncertainties
quoted.

In Figure 7, we show more detail of the comparison
by plotting the lattice results from the previous Fermi-
lab/MILC [39] and NRQCD b [41] calculations as a func-
tion of the valence spectator light quark mass (given by
the square of the pion mass). Note that, for the results
for hA1(1) to the left of the plot, the valence light and
sea masses are the same. For the h

s

A1
(1) points from [41]

to the right of the plot, the sea light (along with s and c)
quark masses take their physical values. Although agree-
ment for hA1(1) is seen at physical light quark mass in
the continuum limit from all approaches, the NRQCD-
HISQ results show systematic light quark mass depen-
dence away from this point that is not visible in the Fer-
milab/MILC results. The two sets of results move apart
as the spectator quark mass increases, and it is there-
fore not clear how well they would agree for spectator s

quarks.
Our results, shown in Figure 7 with black stars, agree

with the NRQCD-HISQ results for h
s

A1
(1). The smaller

uncertainties from using a fully nonperturbative current
normalisation here show that the perturbative matching
uncertainty allowed for in [41] was conservative. Using
the s/l ratio from this calculation, where the perturba-

FIG. 7: More detailed comparison of lattice QCD results
for hA1(1) (left side) and h

s

A1
(1) (right side). Raw results for

hA1(1) are from [41] and [39] and are plotted as a function
of valence (=sea) light quark mass, given by the square of
M⇡. On the right are points for h

s

A1
(1) from [41] plotted at

the appropriate valence mass for the s quark, but obtained at
physical sea light quark masses. The final result for hA1(1)
from [39], with its full error bar, is given by the inverted blue
triangle. The inverted red triangles give the final results for
hA1(1) and h

s

A1
(1) from [41]. Our results here are given by

the black stars.

tive matching uncertainty cancels, allows us to obtain an
hA1(1) result that agrees well with both earlier values.
Our uncertainty on hA1(1) is similar to that from [41]
once we have combined the uncertainty from the ratio
with that from our value for h

s

A1
(1). However we have re-

moved the perturbative matching uncertainty that dom-
inates the NRQCD-HISQ error.

IV. CONCLUSIONS

We have calculated the form factor at zero recoil,
F

Bs!D
⇤
s (1) or h

s

A1
(1), using the relativistic HISQ for-

malism in full lattice QCD. This allows us to normalise
the b ! c current fully nonperturbatively for the first
time and to determine how the form factor depends on
the heavy quark mass (at physical charm quark mass).
Our results show that dependence on the heavy quark
mass is very mild (see Figure 2).

Our result

F
Bs!D

⇤
s (1) = h

s

A1
(1) = 0.9020(96)stat(90)sys (33)

agrees with an earlier lattice QCD result [41], but with
half the uncertainty because of the nonperturbative nor-
malisation of the current. Using the strange to light
quark ratio from the earlier paper we are able to obtain
a result for F

B!D
⇤
(1)

F
B!D

⇤
(1) = hA1(1) = 0.914(24) (34)

PRD 99 (2019) 114512 

B0→D*μν 

Bs→Ds*μν 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512


Bs@LHCb
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• 6 years of 7-8-13 TeV pp collisions at 40 MHz (9 fb-1). 


• About 1010 Bs/fb-1 produced @LHCb vs 105 Bs/fb-1 @Belle Y(5S).


• O(103/s) Bs reconstructible and interesting for physics. 


• Store online 40-80% of them using muons, pT and displacement.


• Talking about several hundred thousands of Bs decays on tape.


• Large potential for a |Vcb| measurement with Bs→Ds(*)μν decays.



Know the number of Bs produced
Challenges
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• pp→bbX cross section known with 
O(10-15%) precision [PRL 118 (2017) 
052002, PRL 119 (2017) 169901]. Limit 
possible precision on |Vcb| to O(5-8%).  


• Use instead a normalisation channel:  
B0→D(*)μν reconstructed in the same 
dataset and final state [KKπ]μ.


• Bs-to-B0 relative production (fs/fd) 
known at 5% [PRD 100 (2019) 031102]. 
Dominant uncertainty on |Vcb| at 2.5%. 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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.169901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004


Discriminate signal and background
Challenges
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• Unreconstructed neutrino, cannot 
close the Bs kinematic à la B-factories.


- No clean peaks to discriminate the 
signal decays and the background.


- Recover part of the missing mass.
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• Previous LHCb analyses have shown this 
observable to be able to discriminate 
signal and background components
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B rest-frame kinematics
Challenges
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• |Vcb| extracted from measurement of 
decay rate as a function of recoil w 
(Ds(*) energy in the Bs rest frame).


• Would need to approximate w  
because of the missing neutrino.  


• New approach, use .  
Fully reconstructed and  
highly correlated with w.


• Very good sensitivity to the form 
factors, which are functions of w.

p⊥(D−
s )

daniele.manuzzi@cern.ch Measurement of with  decays|Vcb| B0
s → D(*)−

s μ+ νμ
Lake Louise WI  
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 preserves information on FF,  
since it is correlated with , 
and to a lesser extent with ,  

p⊥(D−
s )
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[PRD 101 (2020) 072004]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004


Fitting the differential decay rate
for |Vcb| and form factors

• Analyse inclusive sample of Dsμ final state (Ds* partially reconstructed).


• Fit as a function of  and  to determine |Vcb| and form factors.  
Use 2D templates to model data distribution including efficiency . 

• Constrain form factors from lattice QCD [PRD 101 (2020) 074513,PRD 99 (2019) 114512].


• Normalisation  contains measured B0 reference yields, input branching fractions,  
Bs-to-B0 production probabilities fs/fd, and Bs lifetime. 

mcorr p⊥
ε(p⊥, mcorr)

𝒩

dNobs

dp⊥dmcorr
= 𝒩

dΓ( |Vcb | , hA1
, …)

dp⊥dmcorr
ε(p⊥, mcorr)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512


BGL form factors
Need form-factor parametrisation to determine |Vcb|. General model from Boyd, 
Grinstein and Lebed (BGL, PRL 74 (1995) 4603). Obtain 

Results 
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- χ2/ndf=276/284  
p-value of 63%

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

[PRD 101 (2020) 072004]

https://inspirehep.net/literature/1774910
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004


CLN form factors
Test also with model from Caprini, Lellouch and Neubert (CLN, NPB 530 (1998) 153).  
No significant difference found. Obtain 

Results 
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Systematic uncertainties & BR
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• Dominant: external inputs, 3% relative on |Vcb| (mostly from fs/fd). 


• 2nd largest: knowledge of D(s)→KKπ Dalitz structure, 2% relative on |Vcb|.


• 3rd largest: knowledge of background contamination, 1% relative on |Vcb|. 


By product of the analysis, first measurements of relative BR:to those of the exclusive B
0 ! D

(⇤)�
µ
+
⌫µ decays are measured to be

R ⌘ B(B0
s ! D

�
s µ

+
⌫µ)

B(B0 ! D
�
µ
+
⌫µ)

= 1.09± 0.05 (stat)± 0.06 (syst)± 0.05 (ext) ,

R⇤ ⌘ B(B0
s ! D

⇤�
s µ

+
⌫µ)

B(B0 ! D
⇤�
µ
+
⌫µ)

= 1.06± 0.05 (stat)± 0.07 (syst)± 0.05 (ext) .

Taking the measured values of B(B0 ! D
�
µ
+
⌫µ) and B(B0 ! D

⇤�
µ
+
⌫µ) as additional

inputs [39], the following exclusive branching fractions are determined for the first time

B(B0
s ! D

�
s µ

+
⌫µ) = (2.49± 0.12 (stat)± 0.14 (syst)± 0.16 (ext))⇥ 10�2

,

B(B0
s ! D

⇤�
s µ

+
⌫µ) = (5.38± 0.25 (stat)± 0.46 (syst)± 0.30 (ext))⇥ 10�2

,

where the third uncertainties also include the contribution due to the limited knowl-
edge of the normalization branching fractions. Finally, the ratio of B0

s ! D
�
s µ

+
⌫µ to

B
0
s ! D

⇤�
s µ

+
⌫µ branching fractions is determined to be

B(B0
s ! D

�
s µ

+
⌫µ)

B(B0
s ! D

⇤�
s µ

+
⌫µ)

= 0.464± 0.013 (stat)± 0.043 (syst) .

The novel method employed in this analysis can also be used to measure |Vcb| with
semileptonic B

0 decays at LHCb. In this case, the uncertainty from the external inputs
can be substantially decreased, as the dominant contribution in the current measurement
is due to the knowledge of the B

0
s - to B

0-meson production ratio fs/fd. The limiting
factor for B0 decays stems from the knowledge of the reference decays branching fractions,
but these are expected to improve from new measurements at the Belle II experiment [53].
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(⇤)�
µ
+
⌫µ decays are measured to be

R ⌘ B(B0
s ! D

�
s µ

+
⌫µ)

B(B0 ! D
�
µ
+
⌫µ)

= 1.09± 0.05 (stat)± 0.06 (syst)± 0.05 (ext) ,

R⇤ ⌘ B(B0
s ! D

⇤�
s µ

+
⌫µ)

B(B0 ! D
⇤�
µ
+
⌫µ)

= 1.06± 0.05 (stat)± 0.07 (syst)± 0.05 (ext) .

Taking the measured values of B(B0 ! D
�
µ
+
⌫µ) and B(B0 ! D

⇤�
µ
+
⌫µ) as additional

inputs [39], the following exclusive branching fractions are determined for the first time

B(B0
s ! D

�
s µ

+
⌫µ) = (2.49± 0.12 (stat)± 0.14 (syst)± 0.16 (ext))⇥ 10�2

,

B(B0
s ! D

⇤�
s µ

+
⌫µ) = (5.38± 0.25 (stat)± 0.46 (syst)± 0.30 (ext))⇥ 10�2

,

where the third uncertainties also include the contribution due to the limited knowl-
edge of the normalization branching fractions. Finally, the ratio of B0

s ! D
�
s µ

+
⌫µ to

B
0
s ! D

⇤�
s µ

+
⌫µ branching fractions is determined to be

B(B0
s ! D

�
s µ

+
⌫µ)

B(B0
s ! D

⇤�
s µ

+
⌫µ)

= 0.464± 0.013 (stat)± 0.043 (syst) .

The novel method employed in this analysis can also be used to measure |Vcb| with
semileptonic B

0 decays at LHCb. In this case, the uncertainty from the external inputs
can be substantially decreased, as the dominant contribution in the current measurement
is due to the knowledge of the B

0
s - to B

0-meson production ratio fs/fd. The limiting
factor for B0 decays stems from the knowledge of the reference decays branching fractions,
but these are expected to improve from new measurements at the Belle II experiment [53].
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Supporting the form factors
Measurement of w distribution for Bs→Ds*μν decays

• Independent data set. Fully reconstruct the Ds*→Dsγ by selecting the soft 
photon in a cone around the Ds flight direction.     
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Supporting the form factors
Measurement of w distribution for Bs→Ds*μν decays

• Use a MVA based algorithm  
to approximate w, the energy  
of the Ds* in the Bs rest frame 
[JHEP 02 (2017) 021]. 


• Fit the corrected mass  
in bins of the approximate w.


• Unfold efficiency and resolution 
using MC. 


• Good agreement of the measured 
distribution w.r.t. form factors 
measured in the |Vcb| analysis
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• First measurement of the shape 
of the w distribution in Bs→Ds*μν 
decays.


• First measurement of |Vcb| at a 
hadron collider, using both 
Bs→Dsμν and Bs→Ds*μν decays.

Summary
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B→
Dμ

ν
B→

D*
μν

final state. These decays are normalized to the same B
0 ! D

(⇤)�
µ
+
⌫µ decays, with

D
� ! [K+

K
�]�⇡�, used in the default analysis to measure ratios of branching fractions

between control and reference decays consistent with unity. The control sample is selected
with criteria very similar to those of the reference sample, but the di↵erent D� final state
introduces di↵erences between the e�ciencies of the control and reference decays that are
40% larger than those between signal and reference decays. The control sample features
the same fit components as described in Sec. 6 for the reference sample, with signal
and background decays modeled with simulation and combinatorial background with
same-sign data. External inputs are changed to reflect the replacement of the signal with
the control decays. Fits are performed using both the CLN and the BGL parametrizations.
In both cases, the ratios of branching fractions between control and reference decays are
all measured to be compatible with unity with 5 to 6% relative precision.

9 Final results and conclusions

A study of the B
0
s ! D

�
s µ

+
⌫µ and B

0
s ! D

⇤�
s µ

+
⌫µ decays is performed using proton-

proton collision data collected with the LHCb detector at center-of-mass energies of 7
and 8TeV, corresponding to an integrated luminosity of 3 fb�1. A novel analysis method
is used to identify the two exclusive decay modes from the inclusive sample of selected
D

�
s µ

+ candidates, and measure the CKM matrix element |Vcb| using B
0 ! D

�
µ
+
⌫µ and

B
0 ! D

⇤�
µ
+
⌫µ decays as normalization. The analysis is performed with both the CLN [2]

and BGL [3–5] parametrizations to determine

|Vcb|CLN = (41.4± 0.6 (stat)± 0.9 (syst)± 1.2 (ext))⇥ 10�3
,

|Vcb|BGL = (42.3± 0.8 (stat)± 0.9 (syst)± 1.2 (ext))⇥ 10�3
,

where the first uncertainties are statistical (including contributions from both data and
simulation), the second systematic, and the third due to the limited knowledge of the
external inputs. The two results are compatible, when accounting for their correlation.
These are the first determinations of |Vcb| from exclusive decays at a hadron collider and
the first using B

0
s decays. The results are in agreement with the exclusive measurements

based on B
0 and B

+ decays, and as well with the inclusive determination [1].
The ratios of the branching fractions of the exclusive B

0
s ! D

(⇤)�
s µ

+
⌫µ decays relative

to those of the exclusive B
0 ! D

(⇤)�
µ
+
⌫µ decays are measured to be

R ⌘ B(B0
s ! D

�
s µ

+
⌫µ)

B(B0 ! D
�
µ
+
⌫µ)

= 1.09± 0.05 (stat)± 0.06 (syst)± 0.05 (ext) ,

R⇤ ⌘ B(B0
s ! D

⇤�
s µ

+
⌫µ)

B(B0 ! D
⇤�
µ
+
⌫µ)

= 1.06± 0.05 (stat)± 0.07 (syst)± 0.05 (ext) .

Taking the measured values of B(B0 ! D
�
µ
+
⌫µ) and B(B0 ! D

⇤�
µ
+
⌫µ) as additional

inputs [37], the following exclusive branching fractions are determined for the first time

B(B0
s ! D

�
s µ

+
⌫µ) = (2.49± 0.12 (stat)± 0.14 (syst)± 0.16 (ext))⇥ 10�2

,

B(B0
s ! D

⇤�
s µ

+
⌫µ) = (5.38± 0.25 (stat)± 0.46 (syst)± 0.30 (ext))⇥ 10�2

,

where the third uncertainties also include the contribution due to the limited knowl-
edge of the normalization branching fractions. Finally, the ratio of B0

s ! D
�
s µ

+
⌫µ to
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• In agreement with both exclusive and 
inclusive measurements. 
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