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How are we doing
• LHCb has collected 9fb-1 of data.
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• We are currently commissioning the first upgrade.


• Hope to take another ~15fb-1 in run III without the limitations of a hardware trigger.

• Due to the pandemic, run III was 
delayed until 2022.

• Plans for upgrade II strongly supported by european strategy for particle physics. 
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Major developments  
from the 2013 Strategy

A. Since the recommendation in the 2013 Strategy to proceed with the programme 
of upgrading the luminosity of the LHC, the HL-LHC project, was approved by the 
CERN Council in June 2016 and is proceeding according to plan. In parallel, the LHC 
has reached a centre-of-mass energy of 13 TeV, exceeded the design luminosity, and 
produced a wealth of remarkable physics results. Based on this performance, coupled 
with the innovative experimental techniques developed at the LHC experiments and 
their planned detector upgrades, a significantly enhanced physics potential is expected 
with the HL-LHC. The required high-field superconducting Nb3Sn magnets have 
been developed. The successful completion of the high-luminosity upgrade of 
the machine and detectors should remain the focal point of European particle 
physics, together with continued innovation in experimental techniques. The 
full physics potential of the LHC and the HL-LHC, including the study of flavour 
physics and the quark-gluon plasma, should be exploited. 

B. The existence of non-zero neutrino masses is a compelling sign of new 
physics. The worldwide neutrino physics programme explores the full scope of the rich 
neutrino sector and commands strong support in Europe. Within that programme, the 
Neutrino Platform was established by CERN in response to the recommendation in the 
2013 Strategy and has successfully acted as a hub for European neutrino research at 
accelerator-based projects outside Europe. Europe, and CERN through the Neutrino 
Platform, should continue to support long baseline experiments in Japan and the 
United States. In particular, they should continue to collaborate with the United 
States and other international partners towards the successful implementation of 
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neutrino 
Experiment (DUNE).

General considerations
for the 2020 update

A.  Europe, through CERN, has world leadership in accelerator-based particle 
physics and related technologies. The future of the field in Europe and beyond depends 
on the continuing ability of CERN and its community to realise compelling scientific 
projects. This Strategy update should be implemented to ensure Europe’s 
continued scientific and technological leadership. 

B. The European organisational model centred on close collaboration between 
CERN and the national institutes, laboratories and universities in its Member and 
Associate Member States is essential to the enduring success of the field. This has 
proven highly effective in harnessing the collective resources and expertise of the 
particle, astroparticle and nuclear physics communities, and of many interdisciplinary 
research fields. Another manifestation of the success of this model is the collaboration 
with non-Member States and their substantial contribution. The particle physics 
community must further strengthen the unique ecosystem of research centres 
in Europe. In particular, cooperative programmes between CERN and these 
research centres should be expanded and sustained with adequate resources in 
order to address the objectives set out in the Strategy update. 

C. The broad range of fundamental questions in particle physics and the 
complexity of the diverse facilities required to address them, together with the need 
for an efficient use of resources, have resulted in the establishment of a global 
particle physics community with common interests and goals. This Strategy takes 
into account the rich and complementary physics programmes being undertaken by 
Europe’s partners across the globe and of scientific and technological developments in 
neighbouring fields. The implementation of the Strategy should proceed in strong 
collaboration with global partners and neighbouring fields.

ESPP 2020 update



Semileptonic decays at LHCb
• Do not have direct access to absolute branching fractions.


• Do have access to all b-hadron species.


• Have very large signal yields.
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Figure 5: Distribution of (left) mcorr and (right) p?(D�
s ) for the inclusive sample of signal D�

s µ
+

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 5: Fit results in the CLN parametrization. The uncertainty is split into two contributions,
statistical (stat) and that due to the external inputs (ext).

Parameter Value

|Vcb| [10�3] 41.4 ± 0.6 (stat)± 1.2 (ext)
G(0) 1.102± 0.034 (stat)± 0.004 (ext)
⇢
2(D�

s ) 1.27 ± 0.05 (stat)± 0.00 (ext)
⇢
2(D⇤�

s ) 1.23 ± 0.17 (stat)± 0.01 (ext)
R1(1) 1.34 ± 0.25 (stat)± 0.02 (ext)
R2(1) 0.83 ± 0.16 (stat)± 0.01 (ext)

7.2 Determination of |Vcb| with the BGL parametrization

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

⇤�
s µ

+
⌫µ decays,

and Eq. (30), for B0
s ! D

�
s µ

+
⌫µ decays. The fit parameters are the coe�cients of the

series of the z expansion. For B
0
s ! D

⇤�
s µ

+
⌫µ decays, the expansion of the f , g and

F1 form factors is truncated after the first order in z. The coe�cients b0 and c0 are
constrained through hA1(1) using Eqs. (25) and (26). The coe�cients b1, a0, a1, and c1

are free parameters. For B0
s ! D

�
s µ

+
⌫µ decays, the expansion of the f+(z) form factor is

truncated after the second order in z and the coe�cients d0, d1 and d2, are constrained
to the values obtained in Appendix A using Ref. [23], with d0 expressed in terms of the
parameter G(0) 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 �
2/ndf of 276/284, corresponding to a p-value of 63%. Figure 6

shows a comparison of the p?(D�
s ) background-subtracted distributions obtained with
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signal yields

B-fractions analysis, Phys.Rev. D100 (2019) no.3, 031102 |Vcb| from Bs, Phys. Rev. D101 (2020) 072004

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


Measurements of |Vub|/|Vcb| at LHCb

• Select b—>u decay and fit corrected mass.


• Normalise to convenient b—>c transition


• same b-hadron


• well known FF


• charm hadron BF


• Convert ratio of branching fractions using LQCD and/or LCSR.
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Branching fraction result
• Combine yields and efficiencies to obtain the 

branching fraction ratio.

40

7. Results 11/17

Ratio of branching fractions and B(⇤b! pµ�⌫µ)

Measure the ratio of branching fractions to be:

B(⇤b! pµ�⌫µ)q2>15GeV2/c4

B(⇤b! ⇤cµ⌫)q2>7GeV2/c4
= (1.00± 0.04(stat)± 0.08(syst))⇥ 10�2

LHCb-preliminary

Can use theory to extrapolate to a full branching fraction for
⇤b! pµ�⌫µ decays:

B(⇤b! pµ�⌫µ) = (3.92± 0.83)⇥ 10�4

LHCb-preliminary

LHCB-PAPER-2015-013

Moriond Electroweak 2015 William Sutcli↵e Vub from ⇤b ! pµ�⌫µ

• The negligible size of form factor uncertainties (1%) 
mean that the branching fraction result can be 
safely treated as independent from theoretical input.

e.g.



Measurement with 

• Measure ratio:
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⇤0
b ! pµ⌫ decays

Branching fraction result
• Combine yields and efficiencies to obtain the 

branching fraction ratio.
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• The negligible size of form factor uncertainties (1%) 
mean that the branching fraction result can be 
safely treated as independent from theoretical input.• Uncertainty split equally between experiment and lattice. 


• The former benefits from updates to B(⇤c ! pK⇡)
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⇤b ! ⇤c µ� ⌫̄µ

Detmold, Lehner, Meinel, Phys. Rev. D 92, 034503 (2015)

⇤0
b ! pµ�⌫µ and ⇤0

b ! (⇤+
c ! pK�⇡+)µ�⌫µ

candidates. The ratio of e�ciencies is 3.52±0.20,
with the sources of the uncertainty described be-
low.

Systematic uncertainties associated with the
measurement are summarised in Table 1. The
largest uncertainty originates from the ⇤+

c !
pK�⇡+ branching fraction, which is taken from
Ref. [35]. This is followed by the uncertainty
on the trigger response, which is due to the
statistical uncertainty of the calibration sam-
ple. Other contributions come from the track-
ing e�ciency, which is due to possible di↵er-
ences between the data and simulation in the
probability of interactions with the material
of the detector for the kaon and pion in the
⇤0

b! (⇤+
c ! pK�⇡+)µ�⌫µ decay. Another sys-

tematic uncertainty is assigned due to the lim-
ited knowledge of the momentum distribution
for the ⇤+

c ! pK�⇡+ decay products. Uncer-
tainties related to the background composition
are included in the statistical uncertainty for
the signal yield through the use of nuisance pa-
rameters in the fit. The exception to this is the
uncertainty on the ⇤0

b ! N⇤µ�⌫µ mass shapes
due to the limited knowledge of the form factors
and widths of each state, which is estimated by
generating pseudoexperiments and assessing the
impact on the signal yield.

Smaller uncertainties are assigned for the
following e↵ects: the uncertainty in the ⇤0

b life-
time; di↵erences in data and simulation in the
isolation BDT response; di↵erences in the rel-
ative e�ciency and q2 migration due to form
factor uncertainties for both signal and normali-
sation channels; corrections to the ⇤0

b kinematic
properties; the disagreement in the q2 migra-
tion between data and simulation; and the finite
size of the PID calibration samples. The to-
tal fractional systematic uncertainty is +7.8

�8.2%,
where the individual uncertainties are added in
quadrature. The small impact of the form factor
uncertainties means that the measured ratio of

Table 1: Summary of systematic uncertainties.
The table shows the relative systematic uncertainty
on the ratio of the ⇤0

b! pµ�⌫µ and ⇤0
b! ⇤+

c µ�⌫µ

branching fractions broken into its individual con-
tributions. The total is obtained by adding them in
quadrature. Uncertainties on the background levels
are not listed here as they are incorporated into the
fits.

Source Relative uncertainty (%)

B(⇤+
c ! pK+⇡�) +4.7

�5.3

Trigger 3.2
Tracking 3.0
⇤+

c selection e�ciency 3.0
⇤0

b ! N⇤µ�⌫µ shapes 2.3
⇤0

b lifetime 1.5
Isolation 1.4
Form factor 1.0
⇤0

b kinematics 0.5
q2 migration 0.4
PID 0.2

Total +7.8
�8.2

branching fractions can safely be considered in-
dependent of the theoretical input at the current
level of precision.

From the ratio of yields and their determined
e�ciencies, the ratio of branching fractions of
⇤0

b! pµ�⌫µ to ⇤0
b! ⇤+

c µ
�⌫µ in the selected q2

regions is

B(⇤0
b! pµ�⌫µ)q2>15GeV/c2

B(⇤0
b! ⇤+

c µ
�⌫µ)q2>7GeV/c2

=

(1.00± 0.04± 0.08)⇥ 10�2 ,

where the first uncertainty is statistical and
the second is systematic. Using Eq. 1 with
RFF = 0.68 ± 0.07, computed in Ref. [20] for
the restricted q2 regions, the measurement

|Vub|
|Vcb|

= 0.083± 0.004± 0.004 ,

is obtained. The first uncertainty arises from
the experimental measurement and the second is
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LHCb, Nature Physics 10 (2015) 1038
Expt Lattice



B0
s ! K+µ�⌫

|Vub|/|Vcb| in B0
s æ K≠µ+‹µ

1 Ratio of Branching fractions of B0
s æ K≠µ+‹µ & B0

s æ D≠
s µ+‹µ

B(B0
s æ K≠µ+‹µ)

B(B0
s æ D≠

s µ+‹µ)

2 Two partial BRs ratios:
• Split in two q2 regions for B0

s æ K≠µ+‹µ (q2
B0

sæK≠
µ

+
‹µ

< (>)7 GeV2)
• Use the full q2 spectrum of B0

s æ D≠
s µ+‹µ

B(B0
s æ K≠µ+‹µ)q2<7

B(B0
s æ D≠

s µ+‹µ)Full q2
,

B(B0
s æ K≠µ+‹µ)q2>7

B(B0
s æ D≠

s µ+‹µ)Full q2

B. Khanji (Dortmund) LHCb results and prospects on Semi-leptonic decays October 29, 2020 9 / 29

|Vub|/|Vcb| from

• Measure ratio

6

for new |Vub|/|Vcb| measurement with Bs decays. 
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• Do it to two q2 regions, to exploit both LCSR and LQCD calculations.

• In both cases LQCD is used to determine the denominator, but the uncertainty 
is sub-dominant.

LHCb, arXiv:2012.05143

• Ds mesons reconstructed with the Ds—>KKπ decay mode.

https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/2012.05143
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B0
s ! K+µ�⌫ ⇤0

b ! pµ⌫

Decay ⇤0
b B0

s

theory error 5% 3%
prod frac 20% 10%

BF 4⇥ 10�4 1⇥ 10�4

B(Xc) error
+5.3
�4.7% ±3.9%

background ⇤+
c ⇤+

c , Ds, D+, D0

|Vcb| using B0
s æ D≠

s µ+‹µ and B0
s æ Dú≠

s µ+‹µ

• Phys. Rev. D101 (2020), 3 fb≠1, Run 1 data
• Ds Momentum transverse to B0

s flight direction Ã form factors
• Fit in corrected mass-P‹(Ds): |Vcb| and form factors,

B(B0
s æ D≠

s µ+‹µ)/B(B0 æ D(ú)≠µ+‹µ)
• |Vcb| is the integral of the signal yield multiplied by ·B0

s
• Signal yields are normalized to yields of B0 æ D(ú)≠µ+‹µ

B. Khanji (Dortmund) LHCb results and prospects on Semi-leptonic decays October 29, 2020 18 / 29
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|Vcb| using B0
s æ D≠

s µ+‹µ and B0
s æ Dú≠

s µ+‹µ

• Phys. Rev. D101 (2020), 3 fb≠1, Run 1 data
• Ds Momentum transverse to B0

s flight direction Ã form factors
• Fit in corrected mass-P‹(Ds): |Vcb| and form factors,

B(B0
s æ D≠

s µ+‹µ)/B(B0 æ D(ú)≠µ+‹µ)
• |Vcb| is the integral of the signal yield multiplied by ·B0

s
• Signal yields are normalized to yields of B0 æ D(ú)≠µ+‹µ
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Results: |Vub|/|Vcb|

|Vub|/|Vcb|(low) = 0.0607 ± 0.0015(stat) ± 0.0013(syst) ± 0.0008(Ds) ± 0.0030(FF )

|Vub|/|Vcb|(high) = 0.0946 ± 0.0030(stat)+0.0024
≠0.0025(syst) ± 0.0013(Ds) ± 0.0068(FF )
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• |Vub|/|Vcb|(high): compatible with �b æ pµ≠‹µ

• Discrepancy between |Vub|/|Vcb|(low) and other Measurements
• Need to measure the full q2 shape of B0

s æ K≠µ+‹µ
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±2.8%
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• Xc branching fraction uncertainties scaled up the PDG. Important to get more 
measurements on these.


• Both Belle-II and BES-III very important here. 



8

B0
s ! K+µ�⌫

• Shapes for signal reasonably insensitive to form factors.


• Backgrounds more affected. Form factor predictions for e.g. Bs—>K*(*) welcome.

and B0
s ! D+

s µ
�⌫
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Figure 1: Distribution of mcorr for (top) the signal B0
s ! K�µ+⌫µ, with (left) q2 < 7GeV2/c4

and (right) q2 > 7GeV2/c4, and (bottom) the normalization B0
s ! D�

s µ
+⌫µ channel. The points

represent data, while the resulting fit components are shown as histograms.

by a combined shape. Other sources of background are the decays of the form B !
D

�
s DX and the semitauonic decay B

0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ . Due to similarity of their

shapes, the B
0
s ! D

⇤⇤�
s µ

+
⌫µ channels are grouped with Bs ! D

�
s DX decays, while

B
0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ is combined with Bu,d ! D

�
s DX decays.

The corrected mass distributions of the signal and normalization candidates are shown
in Fig. 1, with the binned maximum-likelihood fit projections overlaid. The B0

s ! K
�
µ
+
⌫µ

yields for q2 < 7GeV2
/c

4 and q
2
> 7GeV2

/c
4 regions are found to be NK = 6922 ± 285

and 6399 ± 370, respectively, while the B
0
s ! D

�
s µ

+
⌫µ yield is NDs = 201450 ± 5200.

The uncertainties include both the e↵ect of the limited data set and the finite size of the
samples used to derive the fit templates. Unfolding the two e↵ects in quadrature shows
that they have similar sizes.

This is the first observation of the decay B
0
s ! K

�
µ
+
⌫µ. The ratio of branching

fractions is inferred as
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Figure 1: Distribution of mcorr for (top) the signal B0
s ! K�µ+⌫µ, with (left) q2 < 7GeV2/c4

and (right) q2 > 7GeV2/c4, and (bottom) the normalization B0
s ! D�

s µ
+⌫µ channel. The points

represent data, while the resulting fit components are shown as histograms.
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Figure 1: Distribution of mcorr for (top) the signal B0
s ! K�µ+⌫µ, with (left) q2 < 7GeV2/c4

and (right) q2 > 7GeV2/c4, and (bottom) the normalization B0
s ! D�

s µ
+⌫µ channel. The points

represent data, while the resulting fit components are shown as histograms.

by a combined shape. Other sources of background are the decays of the form B !
D

�
s DX and the semitauonic decay B

0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ . Due to similarity of their

shapes, the B
0
s ! D

⇤⇤�
s µ

+
⌫µ channels are grouped with Bs ! D

�
s DX decays, while

B
0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ is combined with Bu,d ! D

�
s DX decays.

The corrected mass distributions of the signal and normalization candidates are shown
in Fig. 1, with the binned maximum-likelihood fit projections overlaid. The B0

s ! K
�
µ
+
⌫µ

yields for q2 < 7GeV2
/c

4 and q
2
> 7GeV2

/c
4 regions are found to be NK = 6922 ± 285

and 6399 ± 370, respectively, while the B
0
s ! D

�
s µ

+
⌫µ yield is NDs = 201450 ± 5200.

The uncertainties include both the e↵ect of the limited data set and the finite size of the
samples used to derive the fit templates. Unfolding the two e↵ects in quadrature shows
that they have similar sizes.

This is the first observation of the decay B
0
s ! K

�
µ
+
⌫µ. The ratio of branching

fractions is inferred as

RBF ⌘ B(B0
s ! K

�
µ
+
⌫µ)

B(B0
s ! D�

s µ
+⌫µ)

=
NK

NDs

✏Ds

✏K
⇥ B(D�

s ! K
+
K

�
⇡
�), (2)

4

B0
s ! D+

s µ
�⌫
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Low q2 High q2

fits LHCb, arXiv:2012.05143

|Vub|/|Vcb| @ LHCb: Strategy

• Analysis requires q2 reconstruction:
1 Infer P‹ from B0

s topology æ two-fold
ambiguity

2 Use linear regression (JHEP 02 (2017)
021) to choose correct P‹ solution

• B0
s æ K≠µ+‹µ & B0

s æ D≠
s µ+‹µ

• Fit data using "corrected mass"
• Mcorr =

Ò
M2

Xµ + p2
‹ + p‹

• Similar vetoes to select/reconstruct
B0

s æ K≠µ+‹µ& B0
s æ D≠

s µ+‹µ

• Use inclusive D≠
s æ K+K≠fi≠ decays

• Use 2 fb≠1(2012 LHCb data)
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• Fit corrected mass

|Vub|/|Vcb| @ LHCb: Strategy

• Analysis requires q2 reconstruction:
1 Infer P‹ from B0

s topology æ two-fold
ambiguity

2 Use linear regression (JHEP 02 (2017)
021) to choose correct P‹ solution

• B0
s æ K≠µ+‹µ & B0

s æ D≠
s µ+‹µ

• Fit data using "corrected mass"
• Mcorr =

Ò
M2

Xµ + p2
‹ + p‹

• Similar vetoes to select/reconstruct
B0

s æ K≠µ+‹µ& B0
s æ D≠

s µ+‹µ

• Use inclusive D≠
s æ K+K≠fi≠ decays

• Use 2 fb≠1(2012 LHCb data)

Bs X=K/Ds
�1

�

�2

p�

p�

X�

B. Khanji (Dortmund) LHCb results and prospects on Semi-leptonic decays October 29, 2020 10 / 29

https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/2012.05143
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• Relative efficiency is between two-track and four-track final state.


• Resulting systematic uncertainties due to effects such as tracking and trigger.

Branching fraction results

• Branching fraction ratios determined to be
Results: |Vub|/|Vcb| ingredients

B(B0
s æ K≠µ+‹µ)q2

<7

B(B0
s æ D≠

s µ+‹µ)Full q2
= (1.66 ± 0.08(stat) ± 0.07(syst) ± 0.05(Ds)) ◊ 10≠3

B(B0
s æ K≠µ+‹µ)q2

>7

B(B0
s æ D≠

s µ+‹µ)Full q2
= (3.25 ± 0.21(stat) + 0.16

≠ 0.17(syst) ± 0.09(Ds)) ◊ 10≠3

]2 [GeV2q
0 5 10

]
-2

 G
eV

-1
 [p

s
2

/d
q

Γ d
-2 |

ub
|V

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

K & R 

JHEP08(2017)112 Phys. Rev. D 100, 034501 (2019) Phys. Rev. D 101, 074513 (2020)

FFK = 4.14 ± 0.38 ps≠1 , FFK = 3.23 ± 0.46 ps≠1 , FFDs
= 9.15 ± 0.37 ps≠1

B. Khanji (Dortmund) LHCb results and prospects on Semi-leptonic decays October 29, 2020 14 / 29

• The branching fractions are less limited by the external input c.f. Λb0 case.

LHCb, arXiv:2012.05143

https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/2012.05143
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• For both B—>K measurements, we use lattice QCD for the Bs0->Ds+µν form factors in full range.


• Use most precise calculation from HPQCD.


• Would be interesting to see a LCSR calculation to be consistent at low q2.

Bs0->Ds+µν inputs

McLean, Davies, Koponen, Lytle [HPQCD]: Phys. Rev. D 101, 074513 (2020)
15

FIG. 10: Results for fs

0,+(q2) against q2 at the physical
point, comparing the ratio method (from Appendix B) and
the direct method (from Section III 2).

FIG. 11: Our final result for fs

0,+(q2) compared to form fac-
tors calculated using an NRQCD action for the b quark [35].
Part of the NRQCD band is shaded darker than the rest
(q2 ' 9.5GeV2) to signify the region where lattice results
were directly calculated. The NRQCD form factors in the
rest of the q2 range are the result of an extrapolation using a
BCL parameterization.

tion (1) from [28] and ⌘EW = 1.011(5) [23]. The distribu-
tion in the ⌧ case is cut o↵ at q

2 = m
2
⌧

and so, although
there is enhancement from m

2
`
/q

2 terms in Equation (1)
that reflect reduced helicity suppression, the integrated
branching fraction for the ⌧ case is smaller than for the
µ.

The ratio of branching fractions for semileptonic B de-
cays to ⌧ and to e/µ is being used as a probe of lepton
universality with an interesting picture emerging [36, 37].

0 2 4 6 8 10 12
q2[GeV2]

0.0

0.2

0.4

0.6

0.8

1.0

(1
/|

V
cb
|2

)
d�

/d
q2

⇥
10

12
[G

eV
�

1 ] Bs ! Dsµ⌫µ

Bs ! Ds�⌫�

FIG. 12: Di↵erential decay rates for the Bs ! Dsµ⌫µ and
Bs ! Ds⌧⌫⌧ decays, calculated using the form factors deter-
mined in this work.

Here we provide a new SM prediction for the quantity

R(Ds) =
B(Bs ! Ds⌧⌫⌧ )

B(Bs ! Dsl⌫l)
, (35)

where l = e or µ (the di↵erence between e and µ is neg-
ligible in comparison to our precision on R(Ds)). Our
result is

R(Ds)|SM = 0.2987(46), (36)

in which we averaged over the l = e and l = µ cases.
Note that |Vcb| and ⌘EW cancel in this ratio. We give
an error budget for this result in terms of the uncertain-
ties from our lattice QCD calculation in Table VII. Our
result agrees with, but is more accurate than, the previ-
ous lattice QCD value of R(Ds) (0.301(6)) from [35]. An
experimental result for R(Ds) would allow a new test of
lepton universality.

We expect very little di↵erence between R(Ds) and
the analogous quantity R(D) because the mass of the
spectator quark has little e↵ect on the form factors [34].
Lattice QCD calculations that involve light spectator
quarks have larger statistical errors, however, which is
why the process Bs ! Ds is under better control. Pre-
vious lattice QCD results for R(D) are 0.300(8) [23] and
0.299(11) [22], in which any di↵erence with our result for
R(Ds) is too small to be visible with these uncertainties.

IV. COMPARISON TO HQET

In Figure 13 we show our form factor results at two
key values of q

2, the zero recoil point and q
2 = 0, as a

function of heavy quark mass, given by M⌘h
. The plot

demonstrates how f+ at zero-recoil increases as the heavy

• Uncertainties that affect efficiencies and fit 
shapes included as small systematics in 
the measurements.
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• Many precise Bs0—>K lattice calculations available [1-4].

High q2 inputs

• In the end, we chose the one which minimised the uncertainty on |Vub|/|Vcb|.


• Of course the best now would be to use the recent FLAG average.

We use the MILC/FNAL calculation [4].

[1] Bouchard et al [MILC], Phys. Rev. D 90, 054506 (2014)

[2] Flynn et al [RBC-UKQCD], Phys. Rev. D 91, 074510 (2015)

f+,0(q2 = 0)

Fermilab/MILC 18

RBC/UKQCD 16

HPQCD 14

Khodjamirian 17 (LCSR)

Faustov 13 (RQM)

Wang 12 (pQCD)

Duplancic 08 (LCSR)

0 0.1 0.2 0.3 0.4

FIG. 14. Comparison of the theoretical calculations of the Bs ! K`⌫ form factors at q2 = 0. The

results shown are from light-cone sum rules (LCSR) [34, 35], NLO perturbative QCD (pQCD) [36],

relativistic quark model (RQM) [33], and (2+1)-flavor lattice QCD (LQCD) from the HPQCD

Collaboration [30], the RBC and UKQCD Collaborations [31], and the Fermilab Lattice and MILC

Collaborations.

with q
2
max = t� = (MBs �MK)2, as in Eq. (6.4). The numerical results for �/|Vub|

2 are

|Vub|
�2�(Bs ! Kµ⌫) = 4.26(0.92) ps�1

, (7.4a)

|Vub|
�2�(Bs ! K⌧⌫) = 3.27(0.47) ps�1

. (7.4b)

In Appendix C, we also provide partially integrated differential decay rates in evenly

|V
u
b
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2
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�
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s
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K
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FIG. 15. Standard Model predictions of the differential decay rate divided by |Vub|
2 for Bs ! Kµ⌫

(left) and Bs ! K⌧⌫ (right).

37

and get: 

0 0.1 0.2
cbV/ubV

µν+µ
− K→ 0

sB LCSR (Khod.& Rus.2017)
4c/2 < 7 GeV2q

µν+µ
− K→ 0

sB LQCD (MILC2019)
4c/2 > 7 GeV2q

µν−µ p→ 0
bΛ LQCD (Detmold2015)

4c/2 > 15 GeV2q

(PDG)
exclcbV/

exclubV

LHCb

Figure 2: Measurements of |Vub|/|Vcb| in this Letter and in Ref. [7], and ratio inferred from the
PDG [24] averages of exclusive |Vub| and |Vcb| measurements, where the ⇤0

b ! pµ�⌫̄µ result is
not included. The form factor calculation used in each case is mentioned [29–31].

where the uncertainties are statistical, systematic, from the external inputs (D�
s

branching fraction, B
0
s lifetime and |Vcb|) and the B

0
s ! D

�
s form factor inte-

gral, respectively. Combining the systematic uncertainties, the branching fraction is
B(B0

s ! K
�
µ
+
⌫µ) = (1.06± 0.05 (stat)± 0.08 (syst))⇥ 10�4.

The ratio of CKM elements |Vub|/|Vcb| is obtained through the relation
RBF = |Vub|2/|Vcb|2 ⇥ FFK/FFDs . For the FFK value, a recent LQCD prediction is used
for the high q

2 range, FFK(q2 > 7GeV2
/c

4) = 3.32± 0.46 ps�1 [29], while a LCSR calcu-
lation is used for the low q

2 range, FFK(q2 < 7GeV2
/c

4) = 4.14± 0.38 ps�1 [30], due to
the lower accuracy of LQCD calculatons in this region. The obtained values are

|Vub|/|Vcb|(low) = 0.0607± 0.0015 (stat)± 0.0013 (syst)± 0.0008 (Ds)± 0.0030 (FF),

|Vub|/|Vcb|(high) = 0.0946± 0.0030 (stat)+ 0.0024
� 0.0025 (syst)± 0.0013 (Ds)± 0.0068 (FF),

where the latter two uncertainties are from the D
�
s branching fraction and the form

factor integrals. The discrepancy between the values of |Vub|/|Vcb| for the low and high
q
2 ranges is due to the di↵erence in the theoretical calculations of the form factors. To
illustrate this, the LQCD calculation in Ref. [29] gives FFK = 0.94 ± 0.48 ps�1 at low
q
2, which can be compared to the chosen LCSR value, 4.14 ± 0.38 ps�1 [30]. Figure 2
depicts the |Vub|/|Vcb| measurements of this Letter, |Vub|/|Vcb|(low) = 0.061± 0.004 and
|Vub|/|Vcb|(high) = 0.095± 0.008, with the uncertainties combined. The |Vub|/|Vcb| mea-
surement obtained with the ⇤0

b baryon decays [7], for which a form factor model based on
a LQCD calculation [31] was used, is also shown.

In conclusion, the decay B
0
s ! K

�
µ
+
⌫µ is observed for the first time. The branching

fraction ratios in the two q
2 regions reported in this Letter represent the first experimental

ingredient to the form factor calculations of the B
0
s ! K

�
µ
+
⌫µ decay. Moreover, the

|Vub|/|Vcb| results will improve both the averages of the exclusive measurements in the
(|Vcb|, |Vub|) plane and the precision on the least known side of the CKM unitarity triangle.

6

Large contribution to uncertainty from extrapolation.

[3] Monahan et al [HPQCD], Phys. Rev. D 98, 114509 (2018)

[4] Bazanov et al [MILC/Fermilab],Phys. Rev. D 100, 034501 (2019)

http://flag.unibe.ch/2019/Media?action=AttachFile&do=get&target=FLAG_HQB.pdf
http://flag.unibe.ch/2019/Media?action=AttachFile&do=get&target=FLAG_HQB.pdf
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• To treat correlated form factor uncertainties fully in the analysis, need full covariance 
matrix of simultaneous fit to B—>Xu and B—>Xc form factors.

Correlated form factor uncertainties

• This should give the ultimate precision.


• Important if uncertainty from B—>Xc form factors is significant.

12

TABLE IX. Coe�cients of z-expansion and the corresponding Blaschke factors for the Bs ! K`⌫ decay.

a(0)

1
a(0)

2
a(0)

3
P0 a(+)

0
a(+)

1
a(+)

2
P+

0.336(88) 1.23(70) 2.1(2.6) 5.6793(10) 0.301(18) -0.48(12) 2.39(86) 5.32450(27)

TABLE X. Coe�cients of z-expansion and the corresponding Blaschke factors, for the Bs ! Ds`⌫ decay.

a(0)

0
a(0)

1
a(0)

2
a(0)

3
P0 a(+)

0
a(+)

1
a(+)

2
P+

0.673(39) -0.02(34) 1.4(2.8) -0.1(3.0) 6.41(10) 0.773(37) -3.01(56) -0.01(2.95) 6.3300(90)

TABLE XI. Covariance matrix for the coe�cients of z-expansion and the corresponding Blaschke factors for the simultaneous
fit to the Bs ! K`⌫ and Bs ! Ds`⌫ decays. The rows correspond to the columns, moving from top to bottom and left to
right, respectively.

a(0),K
1

a(0),K
2

a(0),K
3

P (K)

0
a(+),K
0

a(+),K
1

7.81655746⇥10�3 5.11931999⇥10�2 1.26040746⇥10�1 -3.95599616⇥10�7 6.67729571⇥10�4 7.88936302⇥10�3

4.94505240⇥10�1 1.62865239 2.22974369⇥10�6 3.58512534⇥10�3 6.75709862⇥10�2

6.51816994 -4.88348307⇥10�8 9.03252850⇥10�3 1.99167048⇥10�1

9.99995307⇥10�7 -1.81816269⇥10�9 1.55891061⇥10�7

3.09228616⇥10�4 -5.88646696⇥10�5

1.46893824⇥10�2

a(+),K
2

P (K)

+
a(0),Ds
0

a(0),Ds
1

a(0),Ds
2

a(0),Ds
3

5.54055868⇥10�2 5.22263419⇥10�9 4.89761879⇥10�5 1.47978430⇥10�3 1.61294090⇥10�4 -1.50864482⇥10�5

5.20212224⇥10�1 4.60220124⇥10�8 4.23550639⇥10�4 -1.12557927⇥10�3 -4.15916006⇥10�4 6.86722615⇥10�6

1.72576055 1.64613013⇥10�7 5.32746249⇥10�4 -8.00096682⇥10�3 -1.57760368⇥10�3 6.07028861⇥10�5

1.27709131⇥10�6 4.34812507⇥10�15 -2.93868039⇥10�9 3.60812633⇥10�8 3.12552274⇥10�9 -2.93053824⇥10�10

5.57789886⇥10�4 3.44350904⇥10�9 1.08803466⇥10�4 7.14515361⇥10�4 1.46191770⇥10�4 -9.57576314⇥10�6

6.49789179⇥10�2 -1.42002142⇥10�7 2.37456520⇥10�4 -7.74705909⇥10�3 -1.63296714⇥10�3 9.27876845⇥10�5

7.40157233⇥10�1 8.20182628⇥10�7 9.33127619⇥10�4 3.38332719⇥10�4 -1.12948406⇥10�5 -1.17310027⇥10�5

5.28997606⇥10�8 -4.00252884⇥10�11 1.55683903⇥10�10 8.25859041⇥10�11 4.62131689⇥10�12

1.51331616⇥10�3 -1.32946477⇥10�3 -2.95921529⇥10�3 -1.18940865⇥10�4

1.14391084⇥10�1 3.77594136⇥10�1 -1.47064962⇥10�2

8.04802477 6.00685427⇥10�2

8.99580234

P (Ds)

0
a(+),Ds
0

a(+),Ds
1

a(+),Ds
2

P (Ds)

+

2.48190307⇥10�6 1.25952168⇥10�4 -1.00202940⇥10�3 3.13648146⇥10�5 -1.42966100⇥10�8

1.66495291⇥10�6 4.16420952⇥10�4 -8.93653944⇥10�4 4.32425257⇥10�4 -3.15809640⇥10�8

-3.14364934⇥10�6 2.30951064⇥10�4 1.62406281⇥10�3 1.00576304⇥10�3 8.26930192⇥10�10

5.51018709⇥10�11 -1.49607346⇥10�9 -1.05105378⇥10�8 3.28268609⇥10�10 -4.41710197⇥10�14

7.04107924⇥10�7 1.61718771⇥10�4 -9.47821843⇥10�4 -7.78344712⇥10�6 -1.33434640⇥10�8

-6.39749633⇥10�6 -1.59677031⇥10�4 4.95080220⇥10�3 5.36015327⇥10�4 2.94137887⇥10�8

2.60283535⇥10�6 1.06965630⇥10�3 -3.87458330⇥10�3 3.61587037⇥10�4 -8.16004467⇥10�8

-1.19874155⇥10�12 -3.95882072⇥10�11 2.69588869⇥10�10 -1.34953976⇥10�10 2.49776863⇥10�15

3.86973615⇥10�4 1.25442551⇥10�3 7.19766977⇥10�3 7.34363847⇥10�3 -6.23834522⇥10�7

-1.51873367⇥10�2 1.80319837⇥10�3 2.26955835⇥10�2 2.65518223⇥10�2 -2.61624148⇥10�6

4.53224736⇥10�3 1.19829415⇥10�2 1.18533968⇥10�1 2.29348564⇥10�1 -2.65313186⇥10�5

-2.72916676⇥10�4 -1.76329307⇥10�4 -1.96104068⇥10�3 -8.21918389⇥10�3 1.15675448⇥10�6

9.95331216⇥10�3 -5.12869129⇥10�5 -5.75838181⇥10�4 -9.37738726⇥10�4 1.10417128⇥10�7

1.37380763⇥10�3 -1.31877655⇥10�3 -8.10703811⇥10�3 4.47444315⇥10�6

3.21831236⇥10�1 2.71750438⇥10�1 -1.70915346⇥10�4

8.72142922 4.09895485⇥10�5

8.10107530⇥10�5

24

⇤b ! p a
f+
0 a

f+
1 a

f+
2 a

f0
0 a

f0
1 a

f0
2 a

f?
0 a

f?
1 a

f?
2 a

g?,g+
0 a

g+
1 a

g+
2 a

g0
0 a

g0
1 a

g0
2 a

g?
1 a

g?
2

a
f+
0 1 �0.7671 0.2482 0.5337 �0.2670 �0.0922 0.5121 �0.2469 �0.0180 0.3774 �0.2148 �0.0472 0.4420 �0.2680 0.0018 �0.2284 �0.0231

a
f+
1 �0.7671 1 �0.6611 �0.2486 0.1617 0.0653 �0.2526 0.1671 0.0056 �0.2177 0.1480 0.0287 �0.2496 0.1849 �0.0169 0.1534 0.0147

a
f+
2 0.2482 �0.6611 1 �0.0792 0.0267 0.2795 �0.0035 �0.0120 0.0425 �0.0562 0.0382 0.0559 �0.0279 �0.0074 0.0870 0.0370 0.0469

a
f0
0 0.5337 �0.2486 �0.0792 1 �0.7202 0.2599 0.4581 �0.2052 �0.0146 0.4734 �0.2798 �0.0031 0.3860 �0.2266 �0.0115 �0.2781 0.0048

a
f0
1 �0.2670 0.1617 0.0267 �0.7202 1 �0.6947 �0.2404 0.1415 0.0128 �0.2964 0.2603 �0.0377 �0.2410 0.1694 0.0090 0.2610 �0.0279

a
f0
2 �0.0922 0.0653 0.2795 0.2599 �0.6947 1 0.0190 �0.0056 0.0297 �0.0019 �0.0529 0.1086 �0.0081 �0.0097 0.0664 �0.0568 0.0874

a
f?
0 0.5121 �0.2526 �0.0035 0.4581 �0.2404 0.0190 1 �0.7672 0.1031 0.3418 �0.1831 �0.0539 0.4313 �0.2713 0.0163 �0.1994 �0.0127

a
f?
1 �0.2469 0.1671 �0.0120 �0.2052 0.1415 �0.0056 �0.7672 1 �0.5040 �0.1983 0.1259 0.0378 �0.2429 0.1907 �0.0274 0.1347 0.0083

a
f?
2 �0.0180 0.0056 0.0425 �0.0146 0.0128 0.0297 0.1031 �0.5040 1 �0.0271 0.0045 0.0524 �0.0286 0.0090 0.0530 0.0120 0.0187

a
g?,g+
0 0.3774 �0.2177 �0.0562 0.4734 �0.2964 �0.0019 0.3418 �0.1983 �0.0271 1 �0.6751 0.2299 0.5903 �0.2849 �0.0084 �0.6325 0.1314

a
g+
1 �0.2148 0.1480 0.0382 �0.2798 0.2603 �0.0529 �0.1831 0.1259 0.0045 �0.6751 1 �0.6972 �0.2576 0.1666 �0.0268 0.6832 �0.1976

a
g+
2 �0.0472 0.0287 0.0559 �0.0031 �0.0377 0.1086 �0.0539 0.0378 0.0524 0.2299 �0.6972 1 �0.0760 0.0463 0.2693 �0.3207 0.2419

a
g0
0 0.4420 �0.2496 �0.0279 0.3860 �0.2410 �0.0081 0.4313 �0.2429 �0.0286 0.5903 �0.2576 �0.0760 1 �0.7868 0.3673 �0.2892 �0.0105

a
g0
1 �0.2680 0.1849 �0.0074 �0.2266 0.1694 �0.0097 �0.2713 0.1907 0.0090 �0.2849 0.1666 0.0463 �0.7868 1 �0.7393 0.1798 0.0107

a
g0
2 0.0018 �0.0169 0.0870 �0.0115 0.0090 0.0664 0.0163 �0.0274 0.0530 �0.0084 �0.0268 0.2693 0.3673 �0.7393 1 0.0302 0.0637

a
g?
1 �0.2284 0.1534 0.0370 �0.2781 0.2610 �0.0568 �0.1994 0.1347 0.0120 �0.6325 0.6832 �0.3207 �0.2892 0.1798 0.0302 1 �0.6223

a
g?
2 �0.0231 0.0147 0.0469 0.0048 �0.0279 0.0874 �0.0127 0.0083 0.0187 0.1314 �0.1976 0.2419 �0.0105 0.0107 0.0637 �0.6223 1

⇤b ! ⇤c a
f+
0 a

f+
1 a

f+
2 a

f0
0 a

f0
1 a

f0
2 a

f?
0 a

f?
1 a

f?
2 a

g?,g+
0 a

g+
1 a

g+
2 a

g0
0 a

g0
1 a

g0
2 a

g?
1 a

g?
2

a
f+
0 1 �0.5220 0.1623 0.7106 �0.2661 �0.0293 0.6259 �0.2683 0.0077 0.1992 �0.1307 �0.0277 0.2833 �0.1838 0.0436 �0.1611 0.0088

a
f+
1 �0.5220 1 �0.6595 �0.3199 0.4277 0.0649 �0.2548 0.2618 �0.0102 �0.1403 0.1878 0.0413 �0.1575 0.1932 �0.0364 0.1703 0.0030

a
f+
2 0.1623 �0.6595 1 �0.0350 0.1309 0.0939 0.0181 �0.0149 0.0300 �0.0111 0.0190 0.0007 0.0005 �0.0041 0.0186 0.0246 0.0088

a
f0
0 0.7106 �0.3199 �0.0350 1 �0.5132 0.1123 0.5190 �0.2037 �0.0014 0.2531 �0.2100 0.0128 0.2012 �0.1481 0.0096 �0.2057 �0.0079

a
f0
1 �0.2661 0.4277 0.1309 �0.5132 1 �0.5243 �0.1791 0.2285 0.0094 �0.1770 0.2589 0.0134 �0.1266 0.1854 �0.0086 0.2339 0.0127

a
f0
2 �0.0293 0.0649 0.0939 0.1123 �0.5243 1 �0.0222 0.0275 0.0138 0.0044 �0.0148 0.0300 �0.0074 0.0112 �0.0034 �0.0218 0.0075

a
f?
0 0.6259 �0.2548 0.0181 0.5190 �0.1791 �0.0222 1 �0.5829 0.1142 0.1754 �0.1255 �0.0168 0.2874 �0.1811 0.0416 �0.1320 �0.0086

a
f?
1 �0.2683 0.2618 �0.0149 �0.2037 0.2285 0.0275 �0.5829 1 �0.4656 �0.1154 0.1472 0.0360 �0.1487 0.1650 �0.0341 0.1319 0.0096

a
f?
2 0.0077 �0.0102 0.0300 �0.0014 0.0094 0.0138 0.1142 �0.4656 1 �0.0006 �0.0003 0.0057 0.0049 �0.0059 0.0087 �0.0006 0.0033

a
g?,g+
0 0.1992 �0.1403 �0.0111 0.2531 �0.1770 0.0044 0.1754 �0.1154 �0.0006 1 �0.4436 0.0876 0.7054 �0.2594 0.0128 �0.4268 0.0479

a
g+
1 �0.1307 0.1878 0.0190 �0.2100 0.2589 �0.0148 �0.1255 0.1472 �0.0003 �0.4436 1 �0.5465 �0.2790 0.3438 0.0541 0.4776 �0.1381

a
g+
2 �0.0277 0.0413 0.0007 0.0128 0.0134 0.0300 �0.0168 0.0360 0.0057 0.0876 �0.5465 1 �0.0447 0.1194 0.0577 �0.1482 0.2692

a
g0
0 0.2833 �0.1575 0.0005 0.2012 �0.1266 �0.0074 0.2874 �0.1487 0.0049 0.7054 �0.2790 �0.0447 1 �0.5511 0.2196 �0.3015 0.0059

a
g0
1 �0.1838 0.1932 �0.0041 �0.1481 0.1854 0.0112 �0.1811 0.1650 �0.0059 �0.2594 0.3438 0.1194 �0.5511 1 �0.7687 0.2440 0.0190

a
g0
2 0.0436 �0.0364 0.0186 0.0096 �0.0086 �0.0034 0.0416 �0.0341 0.0087 0.0128 0.0541 0.0577 0.2196 �0.7687 1 0.0004 0.0405

a
g?
1 �0.1611 0.1703 0.0246 �0.2057 0.2339 �0.0218 �0.1320 0.1319 �0.0006 �0.4268 0.4776 �0.1482 �0.3015 0.2440 0.0004 1 �0.5028

a
g?
2 0.0088 0.0030 0.0088 �0.0079 0.0127 0.0075 �0.0086 0.0096 0.0033 0.0479 �0.1381 0.2692 0.0059 0.0190 0.0405 �0.5028 1

TABLE XI. Correlation matrices of the higher-order form factor parameters for ⇤b ! p (top) and ⇤b ! ⇤c (bottom).

Monahan et al, Phys. Rev. D 98, 114509 (2018)Detmold, Lehner, Meinel, Phys. Rev. D 92, 034503 (2015)
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• New for Bs0—>K measurement was to also provide a measurement at low q2.

Low q2 measurement

• Measurements do not agree.


• Would be interesting to see a full LQCD fit including both BF measurements.


• Also interesting to see a LCSR Bs0—>Ds calculation.

0 0.1 0.2
cbV/ubV

µν+µ
− K→ 0

sB LCSR (Khod.& Rus.2017)
4c/2 < 7 GeV2q

µν+µ
− K→ 0

sB LQCD (MILC2019)
4c/2 > 7 GeV2q

µν−µ p→ 0
bΛ LQCD (Detmold2015)

4c/2 > 15 GeV2q

(PDG)
exclcbV/

exclubV

LHCb

Figure 2: Measurements of |Vub|/|Vcb| in this Letter and in Ref. [7], and ratio inferred from the
PDG [24] averages of exclusive |Vub| and |Vcb| measurements, where the ⇤0

b ! pµ�⌫̄µ result is
not included. The form factor calculation used in each case is mentioned [29–31].

where the uncertainties are statistical, systematic, from the external inputs (D�
s

branching fraction, B
0
s lifetime and |Vcb|) and the B

0
s ! D

�
s form factor inte-

gral, respectively. Combining the systematic uncertainties, the branching fraction is
B(B0

s ! K
�
µ
+
⌫µ) = (1.06± 0.05 (stat)± 0.08 (syst))⇥ 10�4.

The ratio of CKM elements |Vub|/|Vcb| is obtained through the relation
RBF = |Vub|2/|Vcb|2 ⇥ FFK/FFDs . For the FFK value, a recent LQCD prediction is used
for the high q

2 range, FFK(q2 > 7GeV2
/c

4) = 3.32± 0.46 ps�1 [29], while a LCSR calcu-
lation is used for the low q

2 range, FFK(q2 < 7GeV2
/c

4) = 4.14± 0.38 ps�1 [30], due to
the lower accuracy of LQCD calculatons in this region. The obtained values are

|Vub|/|Vcb|(low) = 0.0607± 0.0015 (stat)± 0.0013 (syst)± 0.0008 (Ds)± 0.0030 (FF),

|Vub|/|Vcb|(high) = 0.0946± 0.0030 (stat)+ 0.0024
� 0.0025 (syst)± 0.0013 (Ds)± 0.0068 (FF),

where the latter two uncertainties are from the D
�
s branching fraction and the form

factor integrals. The discrepancy between the values of |Vub|/|Vcb| for the low and high
q
2 ranges is due to the di↵erence in the theoretical calculations of the form factors. To
illustrate this, the LQCD calculation in Ref. [29] gives FFK = 0.94 ± 0.48 ps�1 at low
q
2, which can be compared to the chosen LCSR value, 4.14 ± 0.38 ps�1 [30]. Figure 2
depicts the |Vub|/|Vcb| measurements of this Letter, |Vub|/|Vcb|(low) = 0.061± 0.004 and
|Vub|/|Vcb|(high) = 0.095± 0.008, with the uncertainties combined. The |Vub|/|Vcb| mea-
surement obtained with the ⇤0

b baryon decays [7], for which a form factor model based on
a LQCD calculation [31] was used, is also shown.

In conclusion, the decay B
0
s ! K

�
µ
+
⌫µ is observed for the first time. The branching

fraction ratios in the two q
2 regions reported in this Letter represent the first experimental

ingredient to the form factor calculations of the B
0
s ! K

�
µ
+
⌫µ decay. Moreover, the

|Vub|/|Vcb| results will improve both the averages of the exclusive measurements in the
(|Vcb|, |Vub|) plane and the precision on the least known side of the CKM unitarity triangle.

6

Khodjamirian, Rusov, JHEP08(2017)112
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Figure 1. The vector (tensor) form factors of Bs ! K, B ! K and B ! ⇡ transitions calculated
from LCSRs including estimated parametrical uncertainties are shown on the upper, middle and
lower left (right) panels, respectively, with the dark-shaded (green) bands. Extrapolations of the
lattice QCD results for Bs ! K [23], B ! K [25] and B ! ⇡ [27, 28] form factors are shown with
the light-shaded (orange) bands.

terms, largely compensate the shift caused by the B-decay constant, so that our result in

Table 2 is close to fT
BK(0) = 0.39+0.05

�0.03 obtained in [11].

Turning finally to the LCSR result for the vector B ! ⇡ form factor, which was

updated several times in past, let us mention that although we use the same analytical

expressions as in Ref. [7], the input parameters such as µ⇡ (determined by the light quark

masses) and Gegenbauer moments a⇡
2
, a⇡

4
became more accurate, leading to a narrower

interval of our prediction, compared to the interval f+

B⇡(0) = 0.26+0.04
�0.03 obtained in Ref. [7].

The central value of the latter is somewhat below the one we present in Table 2, since we

use a smaller (larger) central input value of fB (of µ⇡). In Ref. [7] one can also find a

– 10 –

LHCb, arXiv:2012.05143

https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/2012.05143
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• Need to start making differential measurements as fine as possible.


• In the Bs0 case this would massively improve the sensitivity.


• In the Λb0 it would serve as a powerful validation of the lattice calculations (Λb0->Λc already shown 
to be good agreement in our 2017 measurement).

Medium term prospects

Ciezarek, Lupato, Rotondo, Vesterinen: JHEP02 (2017)021
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Figure 10. A comparison of the q2 resolution achieved with the regression based method versus a
random choice of quadratic solutions.
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Figure 11. The bin purity, as defined in the text, as a function of the true q2. The open markers
correspond to a random choice of the two quadratic solutions whereas the closed markers correspond
to the regression based analysis. Left: seven bins in both cases. Right: twelve bins in the regression
case.

In Fig. 11 (left) seven equal width bins are used over the full q2 range, and it can be seen
that our method achieves a 10-20% increase in purity. Fig. 11 (right) shows that twelve
appropriately defined bins could yield the same purity as for seven bins with the random
approach. Particularly narrow bins can be used in the high q2 region.

5.2 Discrimination between different classes of semileptonic decays

In this section we consider the use of Pinf to define an optimal variable for discriminating
between decays with differing quantities of missing mass. We take as an example the
separation of B0

s ! K�µ+⌫µ from B0
s ! K⇤�µ+⌫µ, with K

� ! K�⇡0, where the ⇡0

isn’t reconstructed. The corrected mass variable is defined with respect to the flight vector
as [12],

Mcorr =
q
(Mvis)

2 +
�
P?
miss

�2
+ P?

miss. (5.8)

It is heavily used in the LHCb trigger [13] to inclusively select b-hadron decays, and was
the main discriminating variable that was used to extract the yield of ⇤0

b ! pµ�⌫̄µ decays
in the LHCb analysis of that mode [4]. The upper row of Fig. 12 shows the Mcorr and Mvis

– 10 –
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• The systematics most likely to saturate are those related to the 
efficiency.


• Trigger calibration expected to be greatly simplified in run III 
and beyond.


• Tracking efficiency is more challenging, need to measure the 
material in the detector.


• The rest should go down to small levels.

Long term prospects

Table 1: Relative systematic uncertainties on the ratio B(B0
s ! K�µ+⌫µ)/B(B0

s ! D�
s µ

+⌫µ),
in percent.

Uncertainty All q2 low q
2 high q

2

Tracking 2.0 2.0 2.0
Trigger 1.4 1.2 1.6
Particle identification 1.0 1.0 1.0
�(mcorr) 0.5 0.5 0.5
Isolation 0.2 0.2 0.2
Charged BDT 0.6 0.6 0.6
Neutral BDT 1.1 1.1 1.1
q
2 migration – 2.0 2.0
E�ciency 1.2 1.6 1.6
Fit template +2.3

�2.9
+1.8
�2.4

+3.0
�3.4

Total +4.0
�4.3

+4.3
�4.5

+5.0
�5.3

with B(D�
s ! K

+
K

�
⇡
�) = (5.39± 0.15)% [24] and gives

RBF(low) = (1.66± 0.08 (stat)± 0.07 (syst)± 0.05 (Ds))⇥ 10�3
,

RBF(high) = (3.25± 0.21 (stat)+0.16
� 0.17 (syst)± 0.09 (Ds))⇥ 10�3

,

RBF(all) = (4.89± 0.21 (stat)+0.20
� 0.21 (syst)± 0.14 (Ds))⇥ 10�3

,

where the uncertainties are statistical, systematic and due to the D�
s ! K

+
K

�
⇡
� branch-

ing fraction. Table 1 summarizes the systematic uncertainties. It includes uncertainties on
the calibration and correction of the track reconstruction, trigger, particle identification,
selection variables, migration of events between q

2 regions, e�ciencies and the fit template
distributions. The largest systematic uncertainty originates from the fit templates and is
evaluated by varying the shape of the fit components according to alternative models and
also by modifying within its uncertainty the mixture of exclusive decays representing some
of the background contributions. In particular, the signal shape is varied using various
form factor models [27–30]. A similar procedure is applied to the normalization channel.
The tracking uncertainty comprises the limited precision on tracking e�ciency corrections
obtained from control samples in data, and the uncertainty on modelling the hadronic
interactions with the detector material. The uncertainty on the q

2 migration is related to
the limited accuracy of the evaluation of the cross-feed between low and high q

2 regions
in simulation.

To determine the branching fraction B(B0
s ! K

�
µ
+
⌫µ) and the ratio

|Vub|/|Vcb|, the predicted integrals of the form factors FFY = |Vxb|�2
R d�(B0

s!Y µ+⌫µ)
dq2 dq

2

(Y = K
�
, D

�
s ; x = u, c) are required. The absolute branching fraction is calculated as

B(B0
s ! K

�
µ
+
⌫µ) = ⌧Bs ⇥ |Vcb|2 ⇥ FFDs ⇥RBF. The inputs are the exclusive value of

|Vcb| = (39.5± 0.9)⇥ 10�3 [24], the B
0
s meson lifetime ⌧Bs = 1.515± 0.004 ps [24] and the

form factor integral FFDs = 9.15± 0.37 ps�1 based on a recent LQCD computation [26].
This leads to

B(B0
s ! K

�
µ
+
⌫µ) = (1.06± 0.05 (stat)± 0.04 (syst)± 0.06 (ext)± 0.04 (FF))⇥ 10�4

,

5

Bs0—>K systematics

• Official goal is to determine |Vub|/|Vcb| at 1% level with full upgrade II dataset (300fb-1)


• This requires Ds and/or Λc branching fractions to be measured at 1% level. 


• Lattice assumed to be at 1% as well, seems doable particularly if we can make very 
high q2 bin.
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|Vcb| measurement from Bs decays
• Recently measured |Vcb| with Bs decays.
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Figure 5: Distribution of (left) mcorr and (right) p?(D�
s ) for the inclusive sample of signal D�

s µ
+

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 5: Fit results in the CLN parametrization. The uncertainty is split into two contributions,
statistical (stat) and that due to the external inputs (ext).

Parameter Value

|Vcb| [10�3] 41.4 ± 0.6 (stat)± 1.2 (ext)
G(0) 1.102± 0.034 (stat)± 0.004 (ext)
⇢
2(D�

s ) 1.27 ± 0.05 (stat)± 0.00 (ext)
⇢
2(D⇤�

s ) 1.23 ± 0.17 (stat)± 0.01 (ext)
R1(1) 1.34 ± 0.25 (stat)± 0.02 (ext)
R2(1) 0.83 ± 0.16 (stat)± 0.01 (ext)

7.2 Determination of |Vcb| with the BGL parametrization

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

⇤�
s µ

+
⌫µ decays,

and Eq. (30), for B0
s ! D

�
s µ

+
⌫µ decays. The fit parameters are the coe�cients of the

series of the z expansion. For B
0
s ! D

⇤�
s µ

+
⌫µ decays, the expansion of the f , g and

F1 form factors is truncated after the first order in z. The coe�cients b0 and c0 are
constrained through hA1(1) using Eqs. (25) and (26). The coe�cients b1, a0, a1, and c1

are free parameters. For B0
s ! D

�
s µ

+
⌫µ decays, the expansion of the f+(z) form factor is

truncated after the second order in z and the coe�cients d0, d1 and d2, are constrained
to the values obtained in Appendix A using Ref. [23], with d0 expressed in terms of the
parameter G(0) 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 �
2/ndf of 276/284, corresponding to a p-value of 63%. Figure 6

shows a comparison of the p?(D�
s ) background-subtracted distributions obtained with
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is required to have invariant mass in the vicinity of the �(1020) resonance. The photon
or the neutral pion emitted along with the D

�
s in the D

⇤�
s decay is not reconstructed.

The value of |Vcb| is determined from the observed yields of B0
s decays normalized to

those of reference B
0 decays after correcting for the relative reconstruction and selection

e�ciencies. The reference decays are chosen to be B
0 ! D

�
µ
+
⌫µ and B

0 ! D
⇤�
µ
+
⌫µ,

where the D� meson is reconstructed in the Cabibbo-suppressed mode D� ! [K+
K

�]�⇡�.
Hereafter the symbol D⇤� refers to the D

⇤(2010)� 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 a↵ect the calculation of the e�ciencies. Using the B

0 decays as a
reference, the determination of |Vcb| needs in input the measured branching fractions
of these decays and the ratio of B0

s - to B
0-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 semileptonic decay
width of b hadrons [25]. The ratios of the branching fractions of signal and reference
decays,

R ⌘ B(B0
s ! D

�
s µ

+
⌫µ)

B(B0 ! D
�
µ
+
⌫µ)

, (1)

R⇤ ⌘ B(B0
s ! D

⇤�
s µ

+
⌫µ)

B(B0 ! D
⇤�
µ
+
⌫µ)

(2)

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

s ! D
�
s µ

+
⌫µ and B

0
s ! D

⇤�
s µ

+
⌫µ decays

are determined for the first time.
This analysis uses either the CLN or the BGL parametrization to model the form factors,

with parameters determined by analyzing the decay rates using a novel method: instead
of approximating q

2, 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 B

0
s flight direction, denoted as p?(D�

s ). The p?(D�
s )

variable is highly correlated with the q
2 value of the B

0
s ! D

�
s µ

+
⌫µ and B

0
s ! D

⇤�
s µ

+
⌫µ

decays, and, to a minor extent, with the helicity angles of the B
0
s ! D

⇤�
s µ

+
⌫µ 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, m(D�

s µ
+), and from the momentum of the D

�
s µ

+ system transverse to the B
0
s

flight direction, p?(D�
s µ

+), as

mcorr ⌘
q
m2(D�

s µ
+) + p

2
?(D

�
s µ

+) + p?(D
�
s µ

+). (3)

Signal and background decays accumulate in well-separated regions of the two-dimensional
space spanned by mcorr and p?(D�

s ). A fit to the data distribution in the mcorr vs. p?(D�
s )

plane identifies the B
0
s ! D

�
s µ

+
⌫µ and B

0
s ! D

⇤�
s µ

+
⌫µ signal decays and simultaneously

provides a measurement of |Vcb| and of the form factors.
The paper is structured as follows. The formalism describing the semileptonic B

0
(s)

decays and the parametrization of their form factors is outlined in Sec. 2. Section 3 gives
a brief description of the LHCb detector and of the simulation software. The selection

2

• Normalise Bs0 signal to corresponding B0 decays.

• Fit to determine form factors and signal yield.

• Use B0->D(*)µν branching fractions to determine 
normalisation with 4(3)% uncertainty from PDG.


• Measurement of fs/fd used to control production 
fractions.


• Also limited by current knowledge on D(s) branching 
fractions.

LHCb, Phys. Rev. D101 (2020) 072004

• Also measured Bs->Ds(*) form factors:
LHCb, arXiv:2003.08453

https://doi.org/10.1103/PhysRevD.101.072004
https://doi.org/10.1103/PhysRevD.101.072004
http://arxiv.org/abs/2003.08453
http://arxiv.org/abs/2003.08453
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|Vcb| results
• Performed analysis with CLN and BGL parameterisations.

• Both results compatible with each other 
and existing measurements.

shift in the R(⇤) central values when fitting the data with the BGL parametrization.
The experimental systematic uncertainties are combined together, accounting for their

correlations, in the middle section of Table 7. The correlations are reported in Appendix B.
As a consistency test, the fit is repeated by expressing the signal yields of the

B
0
s ! D

�
s µ

+
⌫µ and B

0
s ! D

⇤�
s µ

+
⌫µ decays in terms of two di↵erent |Vcb| parameters.

The fit returns values of the two parameters in agreement with each other within one
standard deviation.

Finally, a data-based null test of the analysis method is performed using a control
sample of B0 ! D

(⇤)�
µ
+
⌫µ decays where the D� decays to the Cabibbo-favored K

+
⇡
�
⇡
�

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
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• First measurement of Vcb on a hadronic environment and first measurement 
using Bs mesons.

10 20 30 40
]3−| [10cbV|

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104, 011802 (2010)]
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]
OPAL [PLB 482, 15 (2000)]
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77, 032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100, 052007 (2019)]
BaBar [PRL 123, 091801 (2019)]
LHCb [LHCb-PAPER-2019-041]

CLN
BGL

CLN
BGL
CLN
BGL

CLN
BGL

Exclusive average (HFLAV 2019)
Inclusive average (HFLAV 2019)

Results on Vcb

|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

• Confirm the trend that the 
parametrisation is not responsible for 
inclusive vs exclusive disagreements.


• Both results are in agreement with 
the exclusive and inclusive 
determinations.

30

• Parameters have constraints from e.g. HPQCD [1]. 

[1] McLean, Davies, Koponen, Lytle [HPQCD]: Phys. Rev. D 101, 074513 (2020)
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Yes, it really is a |Vcb| measurement 
• If both numerator and denominator depend on |Vcb|, how can one be sensitive to |Vcb|?

• The point is that the denominator is measured, we do not use a prediction which 
depends on |Vcb|.


• The B0—>D(*) branching fraction measurements could be correlated to the 
exclusive |Vcb| B-factory measurements, but I understand this is a small effect(?).


• We do, however, rely on the equally of semileptonic widths. 


• We are heavily dependent on this in LHCb, so might be useful to provide precise 
validations in data. More lifetime measurements? 

Bigi, Mannel, Uraltsev, JHEP09(2011)012

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP09%25282011%2529012&v=78a8fb85
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP09%25282011%2529012&v=78a8fb85
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Planned measurements
• Plan to perform a similar measurement with Λb0 decays.


• Here the normalisation is a bit different, we instead normalise to inclusive Λb0 

semileptonic decays and employ equally of partial widths. 


Analysis Strategy
1. Determine the corrected number of  𝜦𝒃𝟎 → 𝜦𝒄+µ− 𝝂µ events by:

a. Measuring the efficiency corrected 𝜦𝒃𝟎 → 𝜦𝒄+µ− 𝝂µ𝑿 yield 
b. Subtracting  the contribution of Λ𝑏0 → Λ𝑐∗+µ− νµ inferred  from the efficiency corrected 

𝜦𝒃𝟎 → 𝜦𝒄+𝝅+𝝅−µ− 𝝂µ (both resonant and non-resonant contributions)

2. Determine  the total Cabibbo-favored corrected yield by adding the contribution from Λ𝑏0 →
Λ𝑐∗+µ− νµ with Λ𝑐∗+ → 𝐷0𝑝 [including non-resonant final state]

3. Analysis will be performed in the full q2 range &  studying the unfolded dG/dq2  distribution 
with the same method used in LHCb-Paper-2017-16

4. Using the equality between semileptonic widths of b-flavored hadrons we have:

4/15/2020 S. Ely 3• Plan is to use the differential measurement as a function of q2 to control form factor 
uncertainties a la LHCb-PAPER-2017-016

• Also plan to perform a measurement with B0—>D*µν decays using a similar method:

Recap of previous episodes

• Goal: exclusive measurement of |"!"| with ## → %∗%&&'' decays
• Expected precision at the level of b-factories 
• Need to determine ## → %∗%&&'' signal yields and normalise to inclusive decays # → ()!&&''), 

correcting for yields and branching fractions
ℬ ## → %∗%&&''
ℬ(# → ()!&&''))

= 2/!()) ## → %∗%&&''
/!()) 0%#&&) + /!()) %%&&)

• Using known value of ℬ # → ()!&&'') = 10.70 ± 0.19 %, one can measure ℬ 9
:

## →
%∗%&&'' → determine |"!"| and form factors from a differential measurement of the corrected 
yields

;/!()) ## → %∗%&&''
;< ;=>?(@') ;=>? @* ;A

• Today focus mostly on denominator determination, with some partial work on numerator

Fabio Ferrari Vcb from Bd -> DstarMuNu 2

Link to presentation on method
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Summary and prospects
• LHCb is still relatively new to performing precise |Vxb| measurements.


• More dependent on external inputs, but can make precise measurements in the 
future which are largely uncorrelated to B-factory ones.


• Expect to stay competitive with Belle-II but will take a lot of work.

• Eventually we will perform full angular analyses of these modes, which will also 
help determinations indirectly.


• Expect shape information from e.g. B0—>D*µν decays to be complimentary to 
those obtained at e+e- machines.


