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Semileptonic decays
• Advantages: 

- large data samples 
- theoretically clean: only 1 

hadronic current 
- trigger on muons
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• Challenges: 

- neutrino: partially 
reconstructed decays 

- large amounts of backgrounds 
- huge simulation samples

lepton flavour universality

|Vcb|
c production:
fractions, lifetimes

decay properties:
form factors

b production:
fractions, lifetimes

b mixing, 
CPV



Overview
• Experiments: 

- B factories 
- LHCb 

• LFU in b→c�ν� decays 

- current status 
- impact of radiative corrections 

• Measurements with semileptonic Bs decays 
- form factor measurements 
- |Vcb| 

• Outlook and conclusion
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New results!



• pp collisions @ LHC 

• b quarks produced by 
gluon fusion ! forward 
direction 

• boosted CM energy 
helps to reconstruct 
vertices 

• many more b’s, but 
a lot more background  

• all b-hadron species are 
produced: B+, B0, Bs, Bc, "b

Experiments: LHCb
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JINST 3 (2008) S08005 

Run 1: 2011–2012: 3 fb-1 @ 7-8 TeV 
Run 2: 2015–2018: 6 fb-1   @ 13 TeV

http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta;jsessionid=A532987D2B2CAB4CAFDB89AB5255EE0C.c4.iopscience.cld.iop.org


Is flavour universal?
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UK Roma

→ definitely not universal, always ‘interesting’



Lepton flavour universality
In the SM there are three families of 
fermions: 

- they have same gauge charge 
assignments 
" same coupling (universality) 

- only difference between the 
families comes from the Yukawa 
couplings with the Higgs field, 
resulting in CKM and PMNS
matrices and different masses

- measure lepton universality in 
ratios: CKM elements cancel, and 
only difference is in lepton mass
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LFU in non b decays
• Most stringent results from kaon decays: 

• Prediction: 

• Also Z!�-�+ in agreement with SM. Small deviation in W!�-!�? 

• Excellent agreement in charged-current coupling to leptons, i.e.
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Phys. Lett. B 719 326

PRL 99 231801

https://www.sciencedirect.com/science/article/pii/S0370269313000786?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.99.231801


Overview R(D) and friends
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• Tree-level processes are 
sensitive to new physics: 
charged Higgs, leptoquarks 
etc. 

• Predictions are 
theoretically clean. 

• 3-4# tension with the SM 
for R(D)-R(D*).

�’ = $ (LHCb) 

�’ = e/$ (B-factories)
R(Hc) =

B(Hb ! Hc⌧⌫⌧ )

B(Hb ! Hc`0⌫`0)

https://hflav-eos.web.cern.ch/hflav-eos/semi/
spring19/html/RDsDsstar/RDRDs.html

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html


Reconstructing τ
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• %! $ !$ !%
• %! e !e !%

!(%! $ !$ !%) = 17.4%
!(%! e !e !%)  = 17.8%

Strategy:

Leptonic τ decays

• Signal and normalisation channels have same visible final state 

• Part of systematics cancels in the ratio. 

• Backgrounds from inclusive semileptonic decays, with many 
unknowns (form factors, decay rates etc).

K
&D*

%
!%

B

&
D0

$
!$!%

&
&
K
$

D*

$
!$

B

&

D0
K
&

&
&
K
$

Signal and normalisation channels have same visible final state 



Reconstructing τ
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• Hadronic decays: 

Strategy:

Hadronic τ decays

• Final states are not the same. 

• Systematics (at LHCb) do not cancel in the ratio between signal 
and normalisation channel.
" measure with respect to another decay with similar final state

1-prong decays, only at B factories

3-prong decays, only at LHCb



LHCb vs. B-factories
• LHCb:  

• use the B flight direction 
to measure transverse 
component of missing 
momentum 

• cannot measure 
longitudinal component, 
so use approximation to 
access rest frame 
kinematics: 

•    

• 18% resolution on B 
momentum
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• B factories:  

• B momentum is known 

• tag algorithms use the other B 
in the event: 

• hadronic tag: 0.3% 
efficient, very pure: all 
backgrounds are fully 
reconstructed 

• SL tag: 1% efficient,  
less pure 

(��z)B = (��z)D⇤µ
<latexit sha1_base64="IcsH0zDI/qPLQERS0JLAzvBvuxc=">AAACF3icbVDLSgNBEJz1GeNr1aOXwSBED2E3CnoRQvTgMYJ5QDYuvZNJMmRmd5mZFeKSv/Dir3jxoIhXvfk3Th4HTSxoKKq66e4KYs6Udpxva2FxaXllNbOWXd/Y3Nq2d3ZrKkokoVUS8Ug2AlCUs5BWNdOcNmJJQQSc1oP+5civ31OpWBTe6kFMWwK6IeswAtpIvl3Ie10QAryAavAfjvy0PMQXeE69ujv2RDL07ZxTcMbA88SdkhyaouLbX147IomgoSYclGq6TqxbKUjNCKfDrJcoGgPpQ5c2DQ1BUNVKx38N8aFR2rgTSVOhxmP190QKQqmBCEynAN1Ts95I/M9rJrpz3kpZGCeahmSyqJNwrCM8Cgm3maRE84EhQCQzt2LSAwlEmyizJgR39uV5UisW3JNC8eY0VypP48igfXSA8shFZ6iErlEFVRFBj+gZvaI368l6sd6tj0nrgjWd2UN/YH3+AJi/nvQ=</latexit>



• Make the fit templates from most discriminating variables: kinematic  
• As an example*, the muonic R(D*) analysis from LHCb:
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• signal channel:
• normalisation channel:

Discriminating variables for R(D)
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PRL 115 (2015) 111803

m2
miss = (pB � pD⇤ � pµ)

2 q2 = (p` + p⌫)
=(pB � pD⇤)2

*Other analyses use 
different variables

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803


Measurements of  
R(D*) in LHCb



R(D*) leptonic
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PRL 115 (2015) 111803

R(D⇤) =
B

0 ! D⇤+⌧�⌫⌧

B
0 ! D⇤+µ�⌫µ

<latexit sha1_base64="M2+duclKchCFHrrCBJcvIvB+0hg="></latexit><latexit sha1_base64="M2+duclKchCFHrrCBJcvIvB+0hg="></latexit><latexit sha1_base64="M2+duclKchCFHrrCBJcvIvB+0hg="></latexit><latexit sha1_base64="M2+duclKchCFHrrCBJcvIvB+0hg="></latexit>

R(D⇤) = 0.336± 0.027(stat)± 0.030(syst)
<latexit sha1_base64="tAfIvFnasb7Uro0F3TCmONZ0DWI="></latexit><latexit sha1_base64="tAfIvFnasb7Uro0F3TCmONZ0DWI="></latexit><latexit sha1_base64="tAfIvFnasb7Uro0F3TCmONZ0DWI="></latexit><latexit sha1_base64="tAfIvFnasb7Uro0F3TCmONZ0DWI="></latexit>

• Compatible with SM within 2.1σ

Run 1

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803


R(D*) hadronic
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PRL 120, 171802 (2018)
PRD 97, 072013 (2018)

R(D⇤) =

 
B(B0 ! D⇤+⌧�⌫⌧ )

B(B0 ! D⇤+⇡�⇡+⇡�)

!

meas

⇥
 
B(B0 ! D⇤+⇡�⇡+⇡�)

B(B0 ! D⇤+µ�⌫µ)

!

external

• Signal and normalisation 
channels have the same 
final state, such that many 
systematics cancel in the 
ratio. 

• Use topology of the decay 
to suppress backgrounds.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013


•

•

• Compatible with SM within 1#

R(D*) hadronic
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K(D⇤) = 1.93± 0.12(stat)± 0.17(syst)

R(D⇤) =

 
B(B0 ! D⇤+⌧�⌫⌧ )

B(B0 ! D⇤+⇡�⇡+⇡�)

!

meas

⇥
 
B(B0 ! D⇤+⇡�⇡+⇡�)

B(B0 ! D⇤+µ�⌫µ)

!

external

K(D⇤)

PRL 120, 171802 (2018)
PRD 97, 072013 (2018)

R(D⇤) = 0.280± 0.018(stat)± 0.029(syst)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013


Radiative corrections on 
R(D) measurements

S.Calì, SK, M.Rotondo, B.Sciascia



Radiative corrections
• Generally assumed to cancel in the ratio  

• However, last year an article on soft-photon corrections claimed the 
following: PRL 120, 261804 (2018). 
➤ Long-distance QED corrections on R(D+) and R(D0) are non-negligible 

and can amplify the theoretical predictions by respectively ~5% and 
~3%. These corrections are not covered by PHOTOS. Since PHOTOS is 
used by LHCb, BaBar and Belle, all results could be influenced. 

• SM predictions could be amplified by 5.5% and 3.6%, which is 
larger than the uncertainties on the lattice predictions. 

• How does this affect our measurements? (Caveat: it does not 
contain any corrections on published or ongoing LHCb analyses) 

• Could this reduce the tension between experimental and 
theoretical values?
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R(Hc) =
B(Hb ! Hc⌧⌫⌧ )

B(Hb ! Hc`0⌫`0)
<latexit sha1_base64="Pzc5Fu2mevoqF4Q+Gc+kXzRgegw="></latexit>

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.261804


Radiation in simulation: PHOTOS
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• PHOTOS is a universal MC algorithm that simulates QED corrections.  
• PHOTOS includes both soft and hard photon corrections. The latter are 

not included in the study in PRL 120, 261804 (2018), so we cannot 
compare this. 

• Has successfully been tested for W, Z and B decays, should be tested for 
every type of measurements, especially when high precision is needed.  

• It does not include Coulomb interactions, which PRL 120, 261804 
(2018) does. These are relevant for the D+ (and D*+) mode, but not for 
the D0 mode:

B̄0

D+

ℓ−

ν̄ℓ

...

...

...

(a)

B−

D0

ℓ−

ν̄ℓ

...

...

(b)

1

http://dx.doi.org/10.1007/JHEP12(2017)026
https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1803.05881


Samples for studying radiative corrections
 

• Generated 3M events in 4 samples 
➤                           and                          , with  
➤ generator level only, no detector reconstruction 
➤ PHOTOS version 3.56, “Option with interference is active” 

• Calculate the four-momentum carried away by the radiative photons 
as: 

➤ Like in the paper, we only consider radiation from the D and not 
of its daughters. 

• QED corrections are defined as relative variation of the branching 
ratio due to events lost because Eγ>Emax: 

B
0 ! D+`�⌫`

<latexit sha1_base64="Xn4ob0yRKius6DreSbOdheLF71o="></latexit>

B� ! D0`�⌫`
<latexit sha1_base64="mn6SAIiHRIMIKADhXPlxBwvGzEQ="></latexit>

`� = µ�, ⌧�
<latexit sha1_base64="Oeh1XKD+eS8DR14JMcN1sxxKGv8=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCCzvMTLWPhVB047KCfUBnWjJppg3NPEgyQhm78FfcuFDErb/hzr8xfQgqeuByD+fcS26OFzMqpGl+aAuLS8srq5m17PrG5ta2vrPbEFHCManjiEW85SFBGA1JXVLJSCvmBAUeI01veDnxm7eECxqFN3IUEzdA/ZD6FCOppK6+7xDGOnl4Dp0g6eRPoCOR6l09ZxqmZZcqZ9A0LKtSLhYUsa1SsWJDyzCnyIE5al393elFOAlIKDFDQrQtM5ZuirikmJFx1kkEiREeoj5pKxqigAg3nd4/hkdK6UE/4qpCCafq940UBUKMAk9NBkgOxG9vIv7ltRPpl92UhnEiSYhnD/kJgzKCkzBgj3KCJRspgjCn6laIB4gjLFVkWRXC10/h/6RhG1bBsK9Pc9WLeRwZcAAOwTGwQAlUwRWogTrA4A48gCfwrN1rj9qL9jobXdDmO3vgB7S3T+S1lME=</latexit>

p� = pB � (pD + p`� + p⌫̄`)
<latexit sha1_base64="jogyjuybyKotr2bT8L9/pa6OVRg="></latexit>
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�QED =

R E
max

0 N(E�)dE�R1
0 N(E�)dE�

� 1
<latexit sha1_base64="gG77ycyRJDKiQ1fpZj9RL3Je8+8="></latexit>

 EPJC 79 (2019) 744

http://dx.doi.org/10.1007/JHEP12(2017)026
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x


The Emax variable
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• Results are shown as a function of Emax: maximum energy that 
radiative photons in the event are allowed to have to be considered 
signal rather than background. 

• Note, the effects of the QED corrections are global, so they are still 
there when not applying a cut on Emax.
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Comparing results
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• Results are shown as a function of Emax, to be able to compare with 
the results from PRL 120, 261804 (2018):

• Differences of 0.5-1% for B- decays, even up to 2% for B0.  
• Discrepancies cancel largely, but not completely in the ratios R(D0) 

and R(D+), discrepant by 0.5%.
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Comparing results II

 23

• When discarding the Coulomb corrections from PRL 120, 261804 
(2018), results for B0 decay get in closer agreement and corrections 
on R(D+) are very consistent.
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• PRL 120, 261804 (2018) gives different results for R(D0) and 
R(D+), breaking isospin symmetry, while those are not there in 
PHOTOS. This difference disappears when ignoring the Coulomb 
corrections that are used for R(D+). 
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Second part of our study
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• What is the effect of mismodelling QED corrections in our MC on 
measurements of LHCb? 

• Applied LHCb-like selection on generated samples (see next slide). 
• Using this, we make a dummy analysis: 

➤ simplified: just signal and normalisation samples 
➤ generate 10.000 toy samples per decay mode with no cuts on Emax 
➤ generate templates with different cuts on Emax 
➤ fit for R(D) using 3D templates (q2, mmiss, E�)  

(same as in muonic R(D*)) and study the effect 
• This simulates worst-case scenario. 
• Done to develop a method to determine the effect on measurements, 

does not give corrections to existing/future measurements.

PRL 115 (2015) 111803

http://dx.doi.org/10.1007/JHEP12(2017)026
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803


LHCb-like selection
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•Simulate vertex resolution by smearing the pp vertex by (±13, ±13, ±70) $m 
and the B decay vertex by (±20, ±20, ±200) $m  

•Simulate LHCb acceptance using the cuts: 1.9 < ( < 4.9, p > 5 GeV,  
pT > 250 MeV on kaons, pions and muons and a distance between pp and B
vertex > 3 mm. 

•Reconstruct B meson momentum and related quantities using the LHCb rest 
frame approximation.

based on JHEP 02 (2017) 021
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•Distributions look very similar to those from full detector simulation!

EPJC 79 (2019) 744

http://dx.doi.org/10.1007/JHEP12(2017)026
https://doi.org/10.1007/JHEP02(2017)021
https://arxiv.org/abs/1905.02702
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x


Coulomb corrections in toys
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• Coulomb correction as a function of fit variables: 

• This does not cancel in the ratios of R(D). 
• In our LHCb-like analysis, shift on R(D+) is -0.003 (-1%) when including 

Coulomb corrections on toys, but not templates. 
• This can and should be studied for each analysis separately, because it 

depends on selection, reconstruction efficiency etc.
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Dummy analysis: effect on template
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• Applying different cuts on Emax: at 20, 100, 500, and 1500 MeV changes 
shape of fit templates. Cutting on photon energy probes over- or 
underestimation of radiative corrections. 

• Most clearly visible on missing mass variable, which is effected strongly in 
the μ decays, barely in the τ decay.

0 5 10
]2 [GeV2

missm

0.8
0.82
0.84
0.86
0.88
0.9

0.92
0.94
0.96
0.98

1
1.02

ra
tio

s o
f t

em
pl

at
e 

sh
ap

es

cut template/default

1500 MeV

500 MeV

100 MeV

20 MeV

µν−µ
+D→

0B

0 5 10
]2 [GeV2

missm

0.8
0.82
0.84
0.86
0.88
0.9

0.92
0.94
0.96
0.98

1
1.02

ra
tio

s o
f t

em
pl

at
e 

sh
ap

es

cut template/default

1500 MeV

500 MeV

100 MeV

20 MeV

τν−τ
+D→

0B

http://dx.doi.org/10.1007/JHEP12(2017)026


Outcome dummy analysis

 28

• By including cuts on Emax in the templates, but not toys (or vice versa), 
study the effect of over- or underestimating radiative corrections in MC.  

• Done for cuts on Emax, at 100, 300, 500, 800, and 1500 MeV.  

• Change on R(D) is very similar for R(D+) and R(D0)  

• Largest when applying a cut on Emax around 100 MeV, shifting R(D) by 
0.02, or 7%.

0 500 1000 1500
 [MeV]maxE

0.29

0.295

0.3

0.305

0.31

0.315

0.32

0.325

0.33)+
D(R )+D(R

 cut valuesmaxE
 cutsmaxEno 

0 500 1000 1500
 [MeV]maxE

0.29

0.295

0.3

0.305

0.31

0.315

0.32

0.325

0.33)0
D(R )0D(R

 cut valuesmaxE
 cutsmaxEno 

http://dx.doi.org/10.1007/JHEP12(2017)026


Conclusions and recommendations

 29

 

• Corrections described in PRL 120, 261804 (2018) are not fully included in 
PHOTOS.  

• Small corrections largely cancel out in the ratio R(D), but a 1% difference 
between R(D0) and R(D+) is due to Coulomb corrections. 

• Coulomb corrections affect kinematics of τ decays, which impacts shapes 
templates, yielding corrections of 1% on LHCb-like analysis. 
➤ Can and should be determined for each analysis separately. 

• Mis-modelling QED corrections in a worst-case scenario can lead to a bias 
of ~7% in LHCb-like analysis.  
➤ Cuts on photon energy should be studied by analysts. 

• Input is needed from the theory community to make accurate comparisons 
of radiative corrections, especially for future measurements with higher 
precision. Current studies stop at energies of 100 MeV, while we need also 
structure-dependent and high-energy photons.

http://dx.doi.org/10.1007/JHEP12(2017)026
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.261804


Semileptonic Bs decays



Motivation for Bs decays
• Semiletponic Bs decays offer a great environment to form factors, 

CKM matrix elements and LFU, complementary to B+/B0 decays, 
but have not been studied much yet 

• Lattice-QCD calculations are easier due to the heavier spectator 
quark → more precise predictions 

• Different backgrounds than in B→D(*) decays, specifically from 
excited D states:
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Shape of the Bs→Ds*!"  
decay distribution

NEW



Bs→Ds*!" decays
• Hadronic current in the decay can be described in terms of scalar 

functions, called form factors 

• For this decay, there are four form
factors, but this can be simplified
to one leading form factor, which
is the one that we fit 

• Integrate over all angles of the decay 

• Then measure the decay rate, as a 
function of lepton energy transfer (q2),
equivalent to hadron recoil (w)

• Decay rate is used to fit form factor,
with two different parametrisations

 33

B0
s D⇤�

s

W+

D�
s

�

µ+

⌫µ

✓Ds

�
✓µ



Form factor parametrisations
• Two commonly used parametrisations: 

- CLN (Caprini-Lellouch-Neubert): 

#  bla 

# fit for )2, others FF parameters fixed to the world average from               
decays                and lattice-QCD 

- BGL (Boyd-Grinstein-Lebed): 

# also fit only 1 form factor, constrain others from fits to
decays and lattice-QCD; fit parameters a1f and a2f 

# BGL must be truncated at order n, here n=2
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Signal selection
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• Measure the                           decay, with  
• Reconstruct the        in                   final state  

(specifically #$ and K*K resonances to reduce backgrounds) 

• Reconstruct soft photon,  
removing lots of background 
by fitting Ds* mass 

• Remove misID background by applying vetoes → very clean 
sample 

• Apply µ pT cut >1.2 GeV to remove backgrounds from % decays
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Useful variables and tools
Corrected mass: 
• use flight direction of visible 

particles to reconstruct missing 
mass

• quadratic ambiguity improved 
using MVA based on flight 
direction

pT,miss = pT,vis

m
corr

=
q
(m

vis

)2 + (p
T,miss

)2 + p
T,miss

JHEP 02 (2017) 21
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https://link.springer.com/article/10.1007/JHEP02(2017)021
http://10.1007/JHEP02(2017)021


• Fitting the corrected mass using template fits in 7 bins of w, chosen 
such that each bin has same amount of (MC) signal. 

• Templates are based on MC simulations, except for combinatorial 
background, which comes from                           decays (same-sign)                           

Extracting signal yields

 37

fixed w.r.t. Ds1& decays 
(negligible)

fixed to expected values 
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Extracting signal yields II
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• After the fit, data-MC comparisons to check our understanding 
of MC in angular distributions, but also soft photon momentum

Data-MC comparison
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Good agreement!



Correct for efficiencies
• Most reconstruction efficiencies are determined from MC, comparing 

generator level with reconstructed MC 

• MC is corrected for known inconsistencies: 

- trigger using                        decays, tracking, photon and Bs 
kinematics 

• Ds selection efficiency comes from fully reconstructed  
                      decays 

• Muon PID is taken from                      decays  

• Efficiencies are not absolute
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Fitting form factors
• After normalising, unfolding and correcting the measured yields, 

we can fit form factors:  

• Only small differences between parametrisations, as expected.
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Systematic uncertainties
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Study the effect on form factor parameters for:



Results
• We find:                                                         (massive leptons) 
• Or:                                                            (massless leptons)  
• Results are in agreement with those from 

decays (                 ), as expected from SU(3) symmetry 
• In BGL parametrisation:

(results are highly correlated) 

• Will publish also unfolded spectrum
with covariance matrix so anyone can
make their own fit
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B ! D⇤µ⌫µ
⇢2 = 1.206

We find:                                                         (massive leptons) 

Or:                                                            (massless leptons)  
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Measurement of  |Vcb| using 
Bs→Ds(*)!" decays

NEW



|Vcb|
• Inclusive and exclusive measurements of |Vcb| rely on different 

theoretical assumptions → complementary measurements 

• For the past ~30 years,  
inclusive and exclusive showed 
disagreements 

• Previously thought to be due 
to form factor parametrisation,  
but no longer true  

• Since form factor parametrisations cannot explain the difference 
between inclusive and exclusive |Vcb|, could it be 
misunderstanding of backgrounds? We can test this with Bs decays!
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Introduction
• Extract |Vcb| and branching fractions from ratios of decays: 

• Decay rate is proportional to |Vcb| 

• Unlike previous analysis, this one does not reconstruct photon, 
and the different variable p": 

• the Ds momentum in direction
of Bs flight, correlated with w
and helicity angles
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1 Introduction and overview10

Semileptonic decays of B mesons have been abundantly studied at the B-factories and11

by LHCb, providing important precision tests of the Standard Model and yielding some12

puzzling results. Notorious examples are the longstanding discrepancy between the13

measurements of the CKM matrix element |Vcb| in inclusive and exclusive decays, and14

the measurement of the ratios of branching fractions R(D(⇤)) = B(B ! D

(⇤)
⌧⌫)/B(B !15

D

(⇤)
µ⌫), which appear to be in tension with the Standard Model predictions [1]. To16

elucidate such intriguing results, it is essential to expand the experimental programme to17

other dynamical systems, which are potentially subject to di↵erent sources of systematic18

uncertainties. In particular, semileptonic B

0

s decays are copiously produced at the LHC19

and have not yet been fully exploited. So far, only measurements of the semi-inclusive20

branching ratios have been performed at Belle, and with a relatively modest precision [2]:21

B(B0

s ! D

�
s `

+

⌫`X) = (8.1± 1.5)%, (1)

B(B0

s ! D

⇤�
s `

+

⌫`X) = (5.4± 1.1)%, (2)

where X indicates any possible particle that is not reconstructed. (The inclusion of22

charge-conjugate processes is implied throughout this note.) Semileptonic B

0

s decays are23

also more advantageous than B decays from the theoretical point of view; the absence of24

light valence quarks implies that lattice-QCD results have smaller statistical uncertainties25

and are less computationally expensive, thus possibly allowing for more stringent tests of26

the standard model [3–6].27

The aim of this analysis is to measure the exclusive branching fractions of the semilep-28

tonic decays B0

s ! D

�
s µ

+

⌫µ and B

0

s ! D

⇤�
s µ

+

⌫µ, and from them determine the Cabibbo–29

Kobayashi–Maskawa (CKM) matrix element |Vcb|. This is the first time such branching30

fractions are measured, and the first time that |Vcb| is determined from B

0

s decays or using31

exclusive decays at a hadron-collider experiment.32

The e↵ects of strong interactions on the dynamics of the underlying weak semileptonic33

decay are expressed in terms of form factors, which are Lorentz-invariant functions of q2,34

the squared mass of the virtual W . This analysis is performed using the parametrization35

of the form factors derived by Caprini, Lellouch and Neubert (CLN) [7].36

The exclusive B

0

s ! D

�
s µ

+

⌫µ and B

0

s ! D

⇤�
s µ

+

⌫µ are partially reconstructed in the37

analysis. The neutrino cannot be detected and in the D

⇤�
s ! D

�
s X decay only the D

�
s38

meson is reconstructed using the [K+

K

�]�⇡� final state, with kaon pairs having an invariant39

mass in the vicinity of the � resonance. The B

0

s branching fractions are determined using40

as reference channels the exclusive decays B0 ! D

�
µ

+

⌫µ and B

0 ! D

⇤�
µ

+

⌫µ, selecting41

D

� in the Cabibbo-suppressed [K+

K

�]�⇡� mode. Since signal and reference mode have42

identical final states and similar kinematics, in the ratios of branching fractions43
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Analysis strategy
• Relies on template fit (mcorr vs. p⊥) with huge MC samples, except 

for combinatorial background, which comes from same-sign data 

• Signal templates depend on form factors which are recalculated 
each iteration of the fit, so not only sensitive to the decay rates and 
|Vcb|, but also to form factor parameters 

• Fit simultaneously the signal Ds decays and the normalisation D 
decays 

• Fits performed with both BGL and CLN parametrisations
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Run 1

LHCb-PAPER-2019-041



Signal fits
• Signal fit using CLN parametrisation: 

• Background-subtracted distributions of Ds and Ds*

 48

preliminary preliminary

preliminarypreliminary

good agreement
between CLN and BGL

LHCb-PAPER-2019-041



Results branching fractions
• Measured ratios are: 

• Measured for the first time! 

• Ds/Ds* ratio: 

• Largest uncertainty comes from fs/fd
 49
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Conclusion |Vcb|
• These are the first exclusive |Vcb| measurements from a hadron 

collider and the first using Bs decays 

• Consistent results with different form factor parametrisations:
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Outlook and conclusions



• So far, all LHCb’s LFU measurements are only on Run 1 data. Run 2 
is analysed as we speak and new results can be expected, including 
an extension of the muonic R(D*) ! R(D)-R(D*). 

• Other channels are also being
studied: R(D+), R('c), 
R(Ds(*)), R(pp), … 

• Of course Belle II and LHCb
upgrades are on their way  

• Prospects of various decays
modes in the coming years.

Prospects for LFU measurements

 52

J. Phys. G: Nucl. Part. Phys. 46 (2019) 023001

https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de/pdf


LHCb upgrades
• LHCb upgrades are on their way, aiming for a dataset of 300 fb-1
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https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de/pdf


• Similar precision for Run II as current  
• Benefit of             w.r.t.            
- better understanding of bkg from excited states, which are 

also very narrow (easy to constrain) due to isospin 
violation.  

- looking forward to Stefano’s 
thesis! 

• In parellel: study             , 
to study different NP 
couplings, i.e. to tensors.

Measurement of R(Ds(*))
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R(D⇤
s) R(D⇤)

R(D⇤⇤
s )

R(D⇤)

LHCb-PAPER-2018-050

https://cds.cern.ch/record/2660233


Conclusions
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• We can measure form factors, |Vcb| and LFU using semileptonic Bs 

decays and the first of these measurements will be published soon! 

• There’s lots more data to be analysed, many different decay 
channels to study. 

• Never forget to check the effect of radiative corrections! 
“QED is the new QCD in terms of unaccounted for effects in so many areas.” 

• New experiments (LHCb upgrade and Belle II) will allow us to 
(hopefully) finally confirm or rule out LFU breaking. 

• Rome is a lovely place to live, with much better flavour than other 
places I lived ;-)

http://cds.cern.ch/record/2320509?ln=en


Backup



Belle II
• Belle II has started taking physics data and will soon join 

us in these measurements!
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LHCb recorded luminosity
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Experiments: B-factories
• e+e- colliders @ *(4S) resonance 

• b quarks produced from 
*(4S) ! B+B- or B0 B! 0, 
" 4& detectors (asymmetric, 
boost of *(4S) ) 

• very clean environment, little 
background 

• well-constrained kinematics help 
reconstruct final states with 
neutrinos
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Nucl.Instrum.Meth.A479:1-116,2002 

BaBar

Nucl.Instrum.Meth. A479 (2002) 117-232

BaBar: 1999–2008: 433 fb-1 @ *(4S)  
Belle:  1999–2010: 711 fb-1 @ *(4S)

Belle

https://www.sciencedirect.com/science/article/pii/S0168900201020125?via=ihub
https://www.sciencedirect.com/science/article/pii/S0168900201020137


R(J/Ψ) muonic

 60

•

• Compatible with SM within 2#
• Systematics come from limited 

sample simulations, but largest 
from uncertainty on form 
factors (fit from data). Will 
improve with lattice calculations.

PRL 120, 121801 (2018) 

R(J/ ) = 0.71± 0.17(stat)± 0.18(syst)

R(J/ ) =
B+

c ! J/ ⌧+⌫⌧
B+

c ! J/ µ+⌫µ

Run 1

Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019

https://arxiv.org/abs/1711.05623


Coulomb corrections
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• The biggest discrepancy between our results and those in  
1803.05881 seems to be that common from the Coulomb 
interactions, which is not implemented in PHOTOS. 

• This correction term can be calculated for our generator level MC 
following the equations in the paper:

⌦C = �2⇡↵

�D`

1

e�
2⇡↵
�D` � 1
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• Using these expressions, we can see the effect of the Coulomb 
corrections as a function of our usual fit variables, e.g. q2

http://dx.doi.org/10.1007/JHEP12(2017)026
https://arxiv.org/abs/1803.05881


SL-tagged R(D(*)) by Belle
• At Moriond EW, new results were presented by Belle, 

followed by a conference note: 
• Update of the SL-tagged analysis: from measuring R(D*) 

to a simultaneous measurement of R(D)-R(D*).  

• Using the full ((4S) data set with 772+106 BB   events. 

• First SL-tagged R(D): Btag reconstructed using BDT and 
B!D(*)�! decays, where � = e, $. 

• On tag side: � = %(!$/e !!) vetoed by applying a cut on 
cosB,D(*)�         : angle between B and D(*)� in ((4S) rest frame.
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2|pB ||pD(⇤)`|
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Data samples and selection
• 4 data samples:

- D0 reconstructed as 

- D+ reconstructed as  

- D*+ reconstructed as   or   

- D*0 reconstructed as 

• D candidates are required to be within a mass window around their 
nominal mass. 

• B mesons are required to have opposite flavour to suppress 
combinatorial background.
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Fit parameters and components
• Use a 2D fit for these 4 samples 

- one parameter is EECL: energy
deposited in ECL not associated
with reconstructed particles 

- other parameter is class: 
outcome of a BDT based on 

• Fit is performed simultaneously on the 4 samples, components are: 

- D(*)%!
- D(*)�!
- D**�!, where D** = D1, D2*, D1’, D0* 

- feed-down from D*�! to D�! decays
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Fit templates
• Shapes of the templates are based on MC samples with a luminosity 

of 10+ the total BB   luminosity. For the D** backgrounds this was 
5+ the total luminosity. 

• MC samples have corrections applied from measurements on 
control samples: 

- lepton identification: corrected separately for e and $ using 
and                       decays. 

• Backgrounds are fixed in fits, yields are based in mD*-mD sidebands 
for fake D’s, and others from MC. 

• Yields of signal, normalisation, D** and feed-down are free in the fit.
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Fit results D+l and D0l
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Fit results D*+l and D*0l
arXiv:1904.08794
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Systematic uncertainties
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Results SL-tagged R(D(*))
• This analysis finds: 

• Most precise measurements of R(D) and R(D*) to date! 

• Breakdown between muon and electron modes:
electron: muon: 

• Different measurement from Belle shows LFU between e and $:
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R(D) = 0.307± 0.037± 0.016

R(D⇤) = 0.283± 0.018± 0.014

R(D) = 0.281± 0.042± 0.017

R(D⇤) = 0.304± 0.022± 0.016

R(D) = 0.373± 0.068± 0.030

R(D⇤) = 0.245± 0.035± 0.020

⇢ = �0.53 (stat)

⇢ = �0.52 (syst)

B(B0 ! D⇤�e+⌫e)

B(B0 ! D⇤�µ+⌫µ)
= 1.01± 0.01± 0.03

arXiv: 1809.03290v3

! see talk by Eiasha Waheed

Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019

https://arxiv.org/abs/1904.08794
https://arxiv.org/abs/1809.03290v3


BGL parametrisation
• All form factors: 

• Unitarity constraints:
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CLN parametrisation
• All form factors:
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1D Toy fit

Stefano Calì - LHCb-Italia 2019 - 01/04/2019

• Example of 1D toy fit. 

• Fit separately on q2,           and El. 

• Same result on f! and f" of the 3D fit. 

m2
miss


