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Outline

• Introduction 

• LHCb detectors 

• Anomalies in b→sll (l=muon/electron)  

• Anomalies in b→clνl (l=tau/muon)
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Patrick Owen Bristol HEP Seminar

• The decay                        is a semileptonic b—>s transition. 
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• The branching fraction of the muonic mode has been well measured 
and is slightly below the SM prediction.

1. Introduction 2/15

B! Kµ+µ�

B! Kµ+µ� is stereotypically a simpler, less interesting version of
B0! K ⇤0µ+µ�.

Its rate is sensitive to (axial-)vectors.

Angular distribution sensitive to (pseudo-)scalars and tensors.

LHCb UK 2014 Patrick Owen Isospin update

• q2  is the four-momentum 
transferred to the di-leptons.

B ! K(⇤)``
B ! K(⇤)``
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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Introduction
• Flavour physics is the study of the different generations of fermions 

and their interactions  

• The only relevant difference between them is the interaction with 
the Higgs field  

• All the other known interactions couple identically with each 
generation → for leptons this property  is called lepton flavour 
universality (LFU) 

• Virtual particles → probing high mass scales, higher than LHC energy
3
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Effective Hamiltonian
• Complex interactions substituted with Fermi-like operators 

‣ Wilson coeff. Ci(') encode short-distance physics 
How are rare decays sensitive?
EFT, Wilson coe�cients and other “boring” stu↵

Complex interactions substituted with Fermi-like operators: couplings hide the high
energy information
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Plus chirally flipped operators...
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Charged current Photon penguin EW penguin
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• New physics interactions can enter through new operators 
or modify the coefficients of the SM
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LHCb experiment

• ~1200 members, from 71 
institutes in 16 countries  

• Dedicated experiment for precision 
measurements of CP violation and 
rare decays of heavy-flavoured 
hadrons 

• pp collision at √s = 7, 8, 13 TeV  

• bb̅ quark pairs produced 
predominately in the forward 
(or backward) region
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LHCb experiment

RICH2

Tracking 
Stations

Muon System
Calorimeters

Magnet

Vertex
Locator

RICH1

Tracker
Turicensis

a
Excellent vertex and IP resolution: 
σ(IP) ≃ 24µm at pT = 2GeV 
Good momentum resolution: 
σ(p)/p ≃ 0.4-0.6% for p∈(0,100)GeV/c 

Muon identification: 
εµ = 98%, εK→µ = 0.6%, επ→µ = 0.3%  
Trigger efficiency: 
εµ = 90% for selected B decays

Fully instrumented in 
2 < η < 5
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LHCb experiment

~1011 bb̅ decays/fb 
in acceptance 

• Luminosity levelled at 4x1032cm−2s−1  → constant conditions  
• Analyses presented today are based on 3/fb collected during Run1
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loop-level b→sll transitions

Patrick Owen Bristol HEP Seminar

• The decay                        is a semileptonic b—>s transition. 
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• The branching fraction of the muonic mode has been well measured 
and is slightly below the SM prediction.
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.
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�0.073 ± 0.029± 0.069
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• FCNC forbidden at tree level  

• low branching fractions ~10-6 

• NP sensitivity up to about 50TeV
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b→sll branching fractions
• Measurements of b→sll decay rates systematically below the SM 

predictions, 2-3 σ depending on the final state

• c9 modification?

[JHEP06(2014)133] 

[JHEP11(2016)047] 

[JHEP06(2015)115] 

[JHEP06(2015)115] 

[JHEP06(2014)133] 
[JHEP06(2014)133] 

q2 = four-momentum transferred 
to the di-leptons. 
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B0→K*0µµAngular analysis of B0

d ! K⇤`+`� decays

• b ! s transition with vector in the final state

• Final state described by q2 = m2
µµ and three angles ⌦ = (✓`, ✓K ,�)

• FL, AFB , Si sensitive to C(0)
7 C(0)

9 C(0)
10
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B0 ! K ⇤0µ+µ�

⌘ Differential decay rate of B0 ! K⇤0µ+µ�:K⇤0µ+µ� signal can therefore be written as

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

=
9

32⇡

�
3
4(1 � FL) sin2 �K + FL cos2 �K (4)

+1
4(1 � FL) sin2 �K cos 2�l

�FL cos2 �K cos 2�l + S3 sin2 �K sin2 �l cos 2�

+S4 sin 2�K sin 2�l cos � + S5 sin 2�K sin �l cos �

+4
3AFB sin2 �K cos �l + S7 sin 2�K sin �l sin �

+S8 sin 2�K sin 2�l sin � + S9 sin2 �K sin2 �l sin 2�
�
.

Additional sets of observables, for which the leading form-factor uncertainties cancel,
can be built from FL and S3 through S9. Examples of such “optimised” observables
include the transverse asymmetry A(2)

T [22], where A(2)
T = S3/(1 � FL), and the P 0 series of

observables [23], with, for example, P 0
4,5 = S4,5/

�
FL(1 � FL).

At LHCb, the K⇤0 is reconstructed through the decay K⇤0 ! K+⇡�. In addition to
the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state, the K+⇡� can also
be in an S-wave configuration. The addition of an S-wave component introduces two new
complex amplitudes, AL,R

S , and results in six additional angular terms. The new angular
terms are given in the lower part of Table 1. In the analyses described in Refs [1, 7] the
S-wave pollution, which is expected to be on the order of ten percent, was treated as a
systematic uncertainty. The introduction of a K+⇡� system in an S-wave configuration
modifies the angular distribution to

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
S+P

= (1 � FS)
1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

(5)

+
3

16⇡
FS sin2 �` + S-P interference

where FS denotes the S-wave fraction and S-P interference refers to the terms in Table 1
that depend on both the P- and S-wave amplitudes.

For the present analysis, an unbinned maximum likelihood fit is used to determine
the CP -averaged observables FL, AFB, and S3 through S9. The S-wave observables are
explicitly included as nuisance parameters. The data are analysed in approximately
2 GeV2/c4 q2 bins and measurements are also made in wider 1.1 < q2 < 6.0 GeV2/c4

and 15.0 < q2 < 19.0 GeV2/c4 bins for which there are particularly precise theoretical
predictions (see Tables 2 and 3 for details).

3 Detector and simulation

The LHCb detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < � < 5, designed for the study of particles containing b- or c-quarks. The detector

3

⌘ Fit also for S-wave observables (not shown)
⌘ Si terms depend on short- and long-distance parameters

K.A. Petridis (UoB) IPPP September 2017 IPPP UK Flavour 6 / 19

The B0 ! K ⇤0(K+⇡�)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P � V V 0 (pseudoscalar to vector-vector)
� Vector K⇤(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , ��, �, q2¯

� Angular distribution �� Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P 0
4, P 0

5, P 0
6, P 0

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B0 to a vector K⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop

October 21, 2014 1 / 4

• Differential decay rate of B0→K*0µµ as a function of the q2=mℓℓ and three 
angles (θK,θℓ,φ) 

• Angular coefficients depend on hadronic form factor → significant 
uncertainty at the leading order 

FL = fraction of 
longitudinally polarised K* 
Si = angular coefficients

10



Several recents measurements

[Belle - Phys.Rev.Lett. 118 
(2017) no.11, 111801] 

[LHCb - JHEP 02 (2016) 104] 

) (GeV)−µ
+

µ−π+Κ(m
5 5.1 5.2 5.3 5.4 5.5

Ev
en

ts
 / 

( 0
.0

28
 G

eV
 )

0

10

20

30

40

50

60  16±Signal yield: 145 

CMS Preliminary  (8 TeV)1−20.5 fb

2 4.30 GeV−: 2.00 2q Data
Total fit
Corr.tag sig.
Mistag sig.
Background

)lθcos(
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
 / 

( 0
.0

5 
)

0

10

20

30

40

50

60

CMS Preliminary  (8 TeV)1−20.5 fb

2 4.30 GeV−: 2.00 2q Data
Total fit
Corr.tag sig.
Mistag sig.
Background

)Κθcos(
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

( 0
.1

 )

0
10
20
30
40
50
60
70
80

CMS Preliminary  (8 TeV)1−20.5 fb

2 4.30 GeV−: 2.00 2q Data
Total fit
Corr.tag sig.
Mistag sig.
Background

φ
0 0.5 1 1.5 2 2.5 3

Ev
en

ts
 / 

( 0
.1

57
08

 )

0
10
20
30
40
50
60
70

CMS Preliminary  (8 TeV)1−20.5 fb

2 4.30 GeV−: 2.00 2q Data
Total fit
Corr.tag sig.
Mistag sig.
Background

 [MeV]µµπKm
5200 5400 5600

Ev
en

ts
 / 

25
 M

eV

0

50

100
ATLAS -1= 8 TeV, 20.3 fbs
Preliminary

φ
0 1 2 3

π
Ev

en
ts

 / 
0.

04
 

0

20

40

60
ATLAS -1= 8 TeV, 20.3 fbs
Preliminary

Kθcos 
1− 0.5− 0 0.5 1

Ev
en

ts
 / 

0.
08

0

20

40

60

80
ATLAS -1= 8 TeV, 20.3 fbs
Preliminary

Lθcos 
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
04

0

20

40

60

ATLAS -1= 8 TeV, 20.3 fbs
Preliminary

q2 2 [0.04, 6.0] GeV2
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[ATLAS - ATLAS-CONF-2017-023] [CMS - CMS-PAS-BPH-15-008]
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B0→K*0µµ results

• Re-parametrisation of the angular 
coefficients in terms of observables 
with reduced dependency on FF 

• P5' shows a significant discrepancy 

• Global fits shows strong deviation in 
dilepton vector coupling C9 → tension 
at the level of 4-5 σ

B0

d ! K⇤µ+µ� results
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• Several observables appear
di↵erent than SM

• In particular P 0
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significant discrepancy

• Global fits show large
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ATLAS,CMS,Belle,LHCb at Moriond 2017 

5

�����
�����
���
����
���

-� -� -� � � � �
-�

-�

-�

�

�

�

�

�� μ
��

�
��

μ
�
�

�����
�����
���
����
���

-� -� -� � � � �
-�

-�

-�

�

�

�

�

�� μ
��

�
��
μ

FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (C
NP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding two-

dimensional hypotheses, using all available data (upper row, fit “All”) and only LFUV observables (lower row, fit “LFUV”).
We also show the 3 � regions for the data subsets corresponding to specific experiments. Constraints from b ! s� observables,
B(B ! Xsµµ) and B(Bs ! µµ) are included in each case (see text).

4. IMPLICATIONS FOR MODELS

Our updated model-independent fit to available b !

s`` and b ! s� data strongly favours LFUV scenarios
with NP a↵ecting mainly b ! sµµ transitions, with a
preference for the three hypotheses C

NP
9µ , CNP

9µ = �C
NP
10µ

and C
NP
9µ = �C90µ. This has important implications

for some popular ultraviolet-complete models which we
briefly discuss.

I LFUV: Given that leptoquarks (LQs) should posses
very small couplings to electrons in order to avoid
dangerous e↵ects in µ ! e�, they naturally violate LFU.
While Z 0 models can easily accommodate LFUV data,
LFU variants like the ones in Refs. [42, 43] are now
disfavoured. The same is true if one aims at explaining
P 0
5 via NP in four-quark operators leading to a NP

(q2-dependent) contribution from charm loops [44].
Models with right-handed currents such as Refs. [45, 50]
are also strongly disfavoured, even though they can
account for RK , since they would result in RK⇤ > 1.

I CNP
9µ : Z 0 models with fundamental (gauge) couplings

to leptons preferably yield C
NP
9µ -like solutions in order

to avoid gauge anomalies. In this context, Lµ � L⌧

models [46–49] are popular since they do not generate
e↵ects in electron channels. The new fit including
RK⇤ is also very favourable to models predicting
C
NP
9µ = �3CNP

9e [51]. Interestingly, such a symmetry
pattern is in good agreement with the structure of the
PMNS matrix [52]. Concerning LQs, a C

NP
9µ -like solution

can only be generated by adding two scalar (an SU(2)L
triplet and an SU(2)L doublet with Y = 7/6) or two
vector representations (an SU(2)L singlet with Y = 2/3
and an SU(2)L doublet with Y = 5/6).

I CNP
9µ = �CNP

10µ: This pattern can be achieved in Z 0

models with loop-induced couplings [53] or in Z 0 models
with heavy vector-like fermions [54] which posses also
LFUV. Concerning LQs, here a single representation
(the scalar SU(2)L triplet or the vector SU(2)L singlet
with Y = 2/3) can generate a C9µ = �C10µ like solu-
tion [55–60] and this pattern can also be obtained in
models with loop contributions from three heavy new
scalars and fermions [61–63].

I CNP
9µ = �C90µ: This pattern could be generated in

Z 0 models with vector-like fermions. For the Lµ � L⌧
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Figure 13: The measured values of FL , S3, S4, S5, S7, S8 compared with predictions from the theoretical groups
discussed in the text.
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Interpretations

• Combine rare semileptonic decay 
observables in an independent global fit 

• Several attempts to interpret the dataNP searches at LHCb and their (Re)interpretation 15 / 23

Model-independent global fits to b ! s data
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⌅ SM: hadronic charm loop contributions [Jäger et al.] [Lyon et al.] [Ciuchini et al.]

C. Langenbruch (RWTH), (Re)interpreting NP searches Data and likelihood release in LHCb

NP searches at LHCb and their (Re)interpretation 15 / 23

Model-independent global fits to b ! s data
h
W. Altmannshofer et al.,
EPJC 75 (2015) 382

i

Angular observables

Branching fractions

Combined

b s

µ
�

µ
+

Z
0

Possible NP

b s

d̄ d̄

c̄c

�

`
+

`
�SM cc̄ loop

⌅ Combine rare decay observables in model-independent global fits
(In [EPJC 75 (2015) 382] 91 measurements: b ! s`

+
`
�
, b ! s�, B

0
s ! µ

+
µ
�
,. . . )

⌅ Tension (⇠ 3 � 4 �) can be reduced with �Re(C9) ⇠ �1

⌅ Possible interpretation of shift in C9

⌅ NP: Z
0 [Gauld et al. 13] [Buras et al. 13]

[Altmannshofer et al. 13] [Crivellin et al. 15] Leptoquarks
[Hiller et al. 14] [Biswas et al. 14]
[Buras et al. 14] [Gripaios et al. 14]

⌅ SM: hadronic charm loop contributions [Jäger et al.] [Lyon et al.] [Ciuchini et al.]
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NP effect (corrections to C9)
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Impact of dilepton vector coupling
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Figure 1: Reconstructed K+µ+µ� mass of the selected B+! K+µ+µ� candidates. The fit to
the data is described in the text.

the decay. The coe�cient C9 corresponds to the coupling strength of the vector current
operator, C10 to the axial-vector current operator and C7 to the electromagnetic dipole
operator. The operator definitions and the numerical values of the Wilson coe�cients
in the SM can be found in Ref. [41]. Right-handed Wilson coe�cients, conventionally
denoted C 0

i, are suppressed in the SM and are ignored in this analysis. The Wilson
coe�cients C9 and C10 are assumed to be real. This implicitly assumes that there is no
weak phase associated with the short-distance contribution. In general, CP -violating
e↵ects are expected to be small across the mµµ range with the exception of the region
around the ⇢ and ! resonances, which enter with di↵erent strong and weak phases [42].
The small size of the CP asymmetry between B� and B+ decays is confirmed in Ref. [43].
In the present analysis, there is no sensitivity to CP -violating e↵ects at low masses and
therefore the phases of the resonances are taken to be the same for B+ and B� decays
throughout.

Vector resonances, which produce dimuon pairs via a virtual photon, mimic a contri-
bution to C9. These long-distance hadronic contributions to the B+! K+µ+µ� decay are
taken into account by introducing an e↵ective Wilson coe�cient in place of C9 in Eq. 1,

Ce↵
9 = C9 + Y (q2), (2)

where the term Y (q2) describes the sum of resonant and continuum hadronic states
appearing in the dimuon mass spectrum. In this analysis Y (q2) is replaced by the sum of
vector meson resonances j such that

Ce↵
9 = C9 +

X

j

⌘je
i�jAres

j (q2), (3)

where ⌘j is the magnitude of the resonance amplitude and �j its phase relative to C9.
These phase di↵erences are one of the main results of this paper. The q2 dependence of
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the decay. The coe�cient C9 corresponds to the coupling strength of the vector current
operator, C10 to the axial-vector current operator and C7 to the electromagnetic dipole
operator. The operator definitions and the numerical values of the Wilson coe�cients
in the SM can be found in Ref. [41]. Right-handed Wilson coe�cients, conventionally
denoted C 0

i, are suppressed in the SM and are ignored in this analysis. The Wilson
coe�cients C9 and C10 are assumed to be real. This implicitly assumes that there is no
weak phase associated with the short-distance contribution. In general, CP -violating
e↵ects are expected to be small across the mµµ range with the exception of the region
around the ⇢ and ! resonances, which enter with di↵erent strong and weak phases [42].
The small size of the CP asymmetry between B� and B+ decays is confirmed in Ref. [43].
In the present analysis, there is no sensitivity to CP -violating e↵ects at low masses and
therefore the phases of the resonances are taken to be the same for B+ and B� decays
throughout.

Vector resonances, which produce dimuon pairs via a virtual photon, mimic a contri-
bution to C9. These long-distance hadronic contributions to the B+! K+µ+µ� decay are
taken into account by introducing an e↵ective Wilson coe�cient in place of C9 in Eq. 1,

Ce↵
9 = C9 + Y (q2), (2)

where the term Y (q2) describes the sum of resonant and continuum hadronic states
appearing in the dimuon mass spectrum. In this analysis Y (q2) is replaced by the sum of
vector meson resonances j such that

Ce↵
9 = C9 +

X

j

⌘je
i�jAres

j (q2), (3)

where ⌘j is the magnitude of the resonance amplitude and �j its phase relative to C9.
These phase di↵erences are one of the main results of this paper. The q2 dependence of

4

• Important to understand how much the long distance contribution from SM 
and interference with the short distance 

• Measurement of the phase difference between the short-distance and narrow 
resonances in B+→K+µ+µ–

• Dependence of the observables 
enters through C9  

• Y(q2) summarises contributions 
from bsqq̅ operators 

• Main culprit is the large cc ̅
component such as the J/psi

[Eur. Phys.J. C(2017)77:161] 
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Measuring phase differences
• Fit to full dimuon mass distribution including: 
‣ Resonances: ρ, ω, ϕ, J/ψ, ψ(2S) 
‣ Broad charmonium states: ψ(3770), ψ(4040), ψ(4160), ψ(4415)

• Four-fold ambiguity in J/ψ and 
ψ(2S) phases signs: 
‣ compatible with π/2 → minimal 

interference with non resonant 
• Dedicated analysis needed for 

B0→K*0µ+µ–

[Eur. Phys.J. C(2017)77:161] 
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Fit to Wilson coefficients

•Non resonant sensitive to C9 and 
C10 

• Deviation of 3.0σ from SM 

• Low B+→K+µ+µ– BR not explain 
by resonance interferences 

• Its measurement in agreement 
with previous measurement

Table 2: Parameters describing the e�ciency to trigger, reconstruct and select simulated
B+! K+µ+µ� decays as a function of mµµ.

"0 "1 "2 "3 "4 "5 "6
Value 0.9262 0.1279 �0.0532 �0.1857 �0.1269 �0.0205 �0.0229

Uncertainty 0.0036 0.0080 0.0116 0.0131 0.0155 0.0138 0.0148

Correlation "0 "1 "2 "3 "4 "5 "6
"0 1.000 �0.340 0.605 �0.208 0.432 �0.132 0.298
"1 1.000 �0.345 0.635 �0.207 0.411 �0.094
"2 1.000 �0.352 0.684 �0.224 0.455
"3 1.000 �0.344 0.608 �0.154
"4 1.000 �0.344 0.619
"5 1.000 �0.259
"6 1.000

from B+! ⇡+µ+µ� decays, where the pion is mistakenly identified as a kaon, is taken
from simulated events.

6 Results

The dimuon mass distributions and the projections of the fit to the data are shown in
Fig. 3. Four solutions are obtained with almost equal likelihood values, which correspond
to ambiguities in the signs of the J/ and  (2S) phases. The values of the phases and
branching fractions of the vector meson resonances are listed in Table 3. The posterior
values for the f+ form factor are reported in Table 4. A �2 test between the data and the
model, with the binning scheme used in Fig. 3, results in a �2 of 110 with 78 degrees of
freedom. The largest disagreements between the data and the model are localised in the
mµµ region close to the J/ pole mass and around 1.8GeV/c2. The latter is discussed in
Sec. 7.

The branching fraction of the short-distance component of the B+! K+µ+µ� decay
can be calculated by integrating Eq. 1 after setting the amplitudes of the resonances to
zero. This gives

B(B+! K+µ+µ�) = (4.37± 0.15 (stat)± 0.23 (syst))⇥ 10�7 ,

where the statistical uncertainty includes the uncertainty on the form-factor predictions.
The systematic uncertainty on the branching fraction is discussed in Sec. 7. This mea-
surement is compatible with the branching fraction reported in Ref. [22]. The two results
are based on the same data and therefore should not be used together in global fits. The
branching fraction reported in Ref. [22] is based on a binned measurement in q2 regions
away from the narrow resonances (�, J/ and  (2S)) and then extrapolated to the full
q2 range. The contribution from the broad resonances was thus included in that result.

A two-dimensional likelihood profile of C9 and C10 is also obtained as shown in Fig. 4.
The intervals correspond to �2 probabilities assuming two degrees of freedom. Only the
quadrant with C9 and C10 values around the SM prediction is shown. The other quadrants

9

[Eur. Phys.J. C(2017)77:161] 
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Lepton Flavour Universality

• Universality: the three charged leptons couple in 
a universal way to the SM gauge bosons 

• In the SM the only flavour non-universal terms 
are the three lepton masses 

• If NP couples in a non-universal way to the three 
leptons families discoverable through rare decays 
involving different leptons in the final state

17



Test of lepton universality using B+→K+ll decays

• Test of LFU measuring the ratio between the decay rates of B→K(*)ll, 
cancellation of hadronic form-factors uncertainties in predictions 

• Masses of leptons small compared with the b-quark 

• RK(*) is close to unity in SM, with very small uncertainties 

• QED effects can be large but this is accounted for in the 
measurements 

• Possible deviation from QED corrections ~1% in the central q2

Bordone, M., Isidori, G. & Pattori, A. Eur. Phys. J. C (2016) 76: 440.

Test of Lepton Universality Using Bþ → Kþlþl− Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 25 June 2014; published 6 October 2014)

A measurement of the ratio of the branching fractions of the Bþ → Kþμþμ− and Bþ → Kþeþe− decays
is presented using proton-proton collision data, corresponding to an integrated luminosity of 3.0 fb−1,
recorded with the LHCb experiment at center-of-mass energies of 7 and 8 TeV. The value of the ratio of
branching fractions for the dilepton invariant mass squared range 1 < q2< 6GeV2=c4 is measured to be
0.745þ0.090

−0.074 ðstatÞ $ 0.036ðsystÞ. This value is the most precise measurement of the ratio of branching
fractions to date and is compatible with the standard model prediction within 2.6 standard deviations.

DOI: 10.1103/PhysRevLett.113.151601 PACS numbers: 11.30.Hv

The decay Bþ → Kþlþl−, where l represents either a
muon or an electron, is a b → s flavor-changing neutral
current process. Such processes are highly suppressed in the
standard model (SM) as they proceed through amplitudes
involving electroweak loop (penguin and box) diagrams.
This makes the branching fraction of Bþ → Kþlþl− (the
inclusion of charge conjugate processes is implied through-
out this Letter.) decays highly sensitive to the presence of
virtual particles that are predicted to exist in extensions of the
SM [1]. The decay rate of Bþ → Kþμþμ− has been
measured by LHCb to a precision of 5% [2] and, although
the current theoretical uncertainties in the branching fraction
areOð30%Þ [3], these largely cancel in asymmetries or ratios
of Bþ → Kþlþl− observables [2,4].
Owing to the equality of the electroweak couplings of

electrons and muons in the SM, known as lepton univer-
sality, the ratio of the branching fractions of Bþ →
Kþμþμ− to Bþ → Kþeþe− decays [5] is predicted to be
unity within an uncertainty ofOð10−3Þ in the SM [1,6]. The
ratio of the branching fractions is particularly sensitive to
extensions of the SM that introduce new scalar or pseu-
doscalar interactions [1]. Models that contain a Z0 boson
have recently been proposed to explain measurements of
the angular distribution and branching fractions of B0 →
K%0μþμ− and Bþ → Kþμþμ− decays [7]. These types of
models can also affect the relative branching fractions of
Bþ → Kþlþl− decays if the Z0 boson does not couple
equally to electrons and muons.
Previous measurements of the ratio of branching frac-

tions from eþe− colliders operating at the ϒð4SÞ resonance
have measured values consistent with unity with a precision
of 20%–50% [8]. This Letter presents the most precise
measurement of the ratio of branching fractions and the

corresponding branching fraction B (Bþ → Kþeþe−) to
date. The data used for these measurements are recorded in
proton-proton (p p) collisions and correspond to 3.0 fb−1

of integrated luminosity, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV.
The value of RK within a given range of the dilepton

mass squared from q2min to q2max is given by

RK ¼

R q2max
q2min

dΓ½Bþ→Kþμþμ−(
dq2 dq2

R q2max
q2min

dΓ½Bþ→Kþeþe−(
dq2 dq2

; ð1Þ

where Γ is the q2-dependent partial width of the decay. We
report a measurement of RK for 1 < q2< 6GeV2=c4. This
range is both experimentally and theoretically attractive as
it excludes the Bþ → J=ψð→ lþl−ÞKþ resonant region,
and precise theoretical predictions are possible. The high q2

region, above the ψð2SÞ resonance, is affected by broad
charmonium resonances that decay to lepton pairs [9].
The value of RK is determined using the ratio of the

relative branching fractions of the decays Bþ → Kþlþl−

and Bþ → J=ψð→ lþl−ÞKþ, with l ¼ e and μ, respec-
tively. This takes advantage of the large Bþ → J=ψKþ

branching fraction to cancel potential sources of systematic
uncertainty between the Bþ → Kþlþl− and Bþ →
J=ψð→ lþl−ÞKþ decays as the efficiencies are correlated
and the branching fraction to Bþ → J=ψKþ is known
precisely [10]. This is achieved by using the same selection
for Bþ → Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays
for each leptonic final state and by assuming lepton
universality in the branching fractions of J=ψ mesons to
the μþμ− and eþe− final states [10]. In terms of measured
quantities, RK is written as

RK ¼
!
N Kþμþμ−

N Kþeþe−

"!
N J=ψðeþe−ÞKþ

N J=ψðμþμ−ÞKþ

"

×
!
ϵKþeþe−

ϵKþμþμ−

"!
ϵJ=ψðμþμ−ÞKþ

ϵJ=ψðeþe−ÞKþ

"
; ð2Þ

* Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published articles title, journal citation, and DOI.

PRL 113, 151601 (2014)
Selected for a Viewpoint in Physics

PHY S I CA L R EV I EW LE T T ER S
week ending

10 OCTOBER 2014

0031-9007=14=113(15)=151601(10) 151601-1 Published by the American Physical Society

18



Bremsstrahlung issues
• Electrons more difficult than muons due to bremsstrahlung 

• energy recovered exploiting calorimeter information 

• Low trigger efficiency 

• Trigger by the electron, hadron and other particles in the event 

• Final result from likelihood combination
19



The RK measurement

• Combination of the various trigger 
channels gives: 

• Compatible with SM at 2.6σ level 

• Branching fraction of B+→K+e+e– 
compatible with the SM 

1GeV2/c4 < q2 < 6GeV2/c4 

Electron trigger

– Full fit 

◼Comb. background

– Full fit 

◼Part. reco. 

◼Comb. back.

due to different final-state particle kinematic distributions
in the resonant and nonresonant dilepton mass region.
The dependence of the particle identification on the

kinematic distributions contributes a systematic uncer-
tainty of 0.2% to the value of RK. The efficiency
associated with the hardware trigger on Bþ →
J=ψð→ eþe−ÞKþ and Bþ → Kþeþe− decays depends
strongly on the kinematic properties of the final state
particles and does not entirely cancel in the calculation of
RK , due to different electron and muon trigger thresholds.
The efficiency associated with the hardware trigger is
determined using simulation and is cross-checked using
Bþ → J=ψð→ eþe−ÞKþ and Bþ → J=ψð→ μþμ−ÞKþ

candidates in the data, by comparing candidates triggered
by the kaon or leptons in the hardware trigger to
candidates triggered by other particles in the event.
The largest difference between data and simulation in
the ratio of trigger efficiencies between the Bþ →
Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays is at the
level of 3%, which is assigned as a systematic uncertainty
on RK . The veto to remove misidentification of kaons as
electrons contains a similar dependence on the chosen
binning scheme and a systematic uncertainty of 0.6% on
RK is assigned to account for this.
Overall, the efficiency to reconstruct, select, and identify

an electron is around 50% lower than the efficiency for a
muon. The total efficiency in the range 1 < q2 <
6 GeV2=c4 is also lower for Bþ → Kþlþl− decays than
the efficiency for the Bþ → J=ψð→ lþl−ÞKþ decays, due
to the softer lepton momenta in this q2 range.

The ratio of efficiency-corrected yields of Bþ → Kþeþe−

to Bþ → J=ψð→ eþe−ÞKþ is determined separately for
each type of hardware trigger and then combined with the
ratio of efficiency-corrected yields for the muon decays. RK

is measured to have a value of 0.72þ0.09
−0.08ðstatÞ$ 0.04ðsystÞ,

1.84þ1.15
−0.82ðstatÞ$ 0.04ðsystÞ, and 0.61þ0.17

−0.07ðstatÞ$ 0.04ðsystÞ
for dielectron events triggered by electrons, the kaon, or
other particles in the event, respectively. Sources of system-
atic uncertainty are assumed to be uncorrelated and are
added in quadrature. Combining these three independent
measurements of RK and taking into account correlated
uncertainties from the muon yields and efficiencies, gives

RK ¼ 0.745þ0.090
−0.074ðstatÞ $ 0.036ðsystÞ:

The dominant sources of systematic uncertainty are due to
the parametrization of the Bþ → J=ψð→ eþe−ÞKþ mass
distribution and the estimate of the trigger efficiencies that
both contribute 3% to the value of RK.
The branching fraction of Bþ → Kþeþe− is determined

in the region from 1 < q2 < 6 GeV2=c4 by taking the ratio
of the branching fraction from Bþ → Kþeþe− and Bþ →
J=ψð→ eþe−ÞKþ decays and multiplying it by the mea-
sured value of B (Bþ → J=ψKþ) and J=ψ → eþe− [10].
The value obtained is BðBþ → Kþeþe−Þ ¼
½1.56þ0.19

−0.15ðstatÞ
þ0.06
−0.04ðsystÞ' × 10−7. This is the most precise

measurement to date and is consistent with the SM
expectation.
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FIG. 2. Mass distributions with fit projections overlaid of selected Bþ → J=ψð→ eþe−ÞKþ candidates triggered in the hardware
trigger by (a) one of the two electrons, (b) by the Kþ, and (c) by other particles in the event. Mass distributions with fit projections
overlaid of selected Bþ → Kþeþe− candidates in the same categories, triggered by (d) one of the two electrons, (e) the Kþ, and (f) by
other particles in the event. The total fit model is shown in black, the combinatorial background component is indicated by the dark
shaded region and the background from partially reconstructed b -hadron decays by the light shaded region.

PRL 113, 151601 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

10 OCTOBER 2014

151601-5

B(B+ ! K+e+e�) = 1.56+0.19
�0.15(stat)

+0.06
�0.05(syst)⇥ 10�7

LHCb  [PRL 113 (2014) 151601] 
BaBar [PRD 86 (2012) 032012] 
Belle [PRL 103 (2009) 171801] 

20



The RK* measurement
• Results use Run1 data ~3fb-1 of integrated luminosity 

• Measure the double ratio with the resonant mode B→ K*J/ψ(→ℓ+ℓ–) 

• Systematics due to different experimental efficiencies reduced  

• Selection as similar as possible between µµ and ee 

• Fit B mass in two q2 regions: low [0.045-1.1] GeV2/c4 and central [1.1-6.0] GeV2/c4

J/ψ→ℓ+ℓ–
ψ(2S)→ℓ+ℓ–

central q2

low q2

[JHEP 08 (2017) 055]
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Fit results
µµ mode

ee mode

[JHEP 08 (2017) 055]
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Cross-Checks
• Measure single ratio for the J/ψ mode to control absolute scale 

of the efficiencies:

rJ/ =
B(B0 ! K⇤0J/ (! µ+µ�))

B(B0 ! K⇤0J/ (! e+e�))
= 1.043± 0.006(stat)± 0.045(syst)

• Additional cross-check from measurement of the ratio:

R (2S) =
B(B0 ! K⇤0 (2S)(! µ+µ�))

B(B0 ! K⇤0J/ (! µ+µ�))

�
B(B0 ! K⇤0 (2S)(! e+e�))

B(B0 ! K⇤0J/ (! e+e�))

measured with 2% precision  
compatible with 1 within 1σ

Splot technique used to 
statistically subtract background 
from data → good agreement 
between data and simulation

[JHEP 08 (2017) 055]
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Results

Measured values of RK* in the three trigger categories found in good agreement

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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Figure 9: Distributions of the RK⇤0 delta log-likelihood for the three trigger categories separately
and combined.

selection criteria, to the residual background, to the fit to the invariant mass and to bin
migration.

11 Results

The determination of RK⇤0 exploits the log-likelihoods resulting from the fits to the
invariant mass distributions of the nonresonant and resonant channels in each trigger
category and q

2 region. Each log-likelihood is used to construct the PDF of the true
number of decays, which is used as a prior to obtain the PDF of RK⇤0 . The true number
of decays is assumed to have a uniform prior. The three electron trigger categories
are combined by summing the corresponding log-likelihoods. Uncorrelated systematic
uncertainties are accounted for by convolving the yield PDFs with a Gaussian distribution
of appropriate width. Correlated systematic uncertainties are treated by convolving the
RK⇤0 PDF with a Gaussian distribution. The one, two and three standard deviation
intervals are determined as the ranges that include 68.3%, 95.4% and 99.7% of the PDF.
In each q

2 region, the measured values of RK⇤0 are found to be in good agreement among
the three electron trigger categories (see figure 9). The results are given in table 5 and
presented in figure 10, where they are compared both to the SM predictions (see table 1)
and to previous measurements from the B factories [4, 5].

The combined RK⇤0 PDF is used to determine the compatibility with the SM ex-
pectations. The p-value, calculated by integrating the PDF above the expected value,
is translated into a number of standard deviations. The compatibility with the SM
expectations [26–35] is determined to be 2.1–2.3 and 2.4–2.5 standard deviations, for the
low-q2 and the central-q2 regions, respectively, depending on the theory prediction used.

12 Conclusions

This paper reports a test of lepton universality performed by measuring the ratio of the
branching fractions of the decays B

0! K
⇤0

µ
+
µ
� and B

0! K
⇤0

e
+
e
�. The K

⇤0 meson is
reconstructed in the final state K

+
⇡
�, which is required to have an invariant mass within

100 MeV/c
2 of the known K

⇤(892)0 mass. Data corresponding to an integrated luminosity
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[JHEP 08 (2017) 055]
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Results (2)

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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‣ Most precise measurement to date 
‣ Error dominated by the statistical uncertainty 
‣ Compatible with the SM at 2.1-2.3σ in the low q2 and 2.4-2.5σ in the central q2

[JHEP 08 (2017) 055]
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tree-level b→clν transitions
• Can proceed via tree-level 
large BF ~O(%) 

• NP sensitivity up to about 
1TeV
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Measurement R(D(*))
• Access to a large rate of charged current decays  

• Ratio of decays with different lepton generations 

• Theoretically clean due cancellation of form factor uncertainties 

• Cancellation of experimental uncertainties  

• Sensitive to any physics model favouring 3rd generation leptons 

R(D(⇤)) =
B(B ! D(⇤)⌧⌫⌧ )

B(B ! D(⇤)`⌫`)

Patrick Owen Bristol HEP Seminar

R(D*)
• Large rate of charged current decays allow for measurement 

in semi-tauonic decays.

9

1. Introduction 2/23

B! D⇤⌧⌫

b c

q q

⌫⌧

⌧
�

}D(⇤)B{
W

�
/H

�

• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean - ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• New measurement B! D⇤⌧⌫ with ⌧ ! µ⌫⌫ published in PRL last year

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

• Form ratio of decays with different 
lepton generations. 

• Cancel QCD/expt uncertainties.

• R(D*) sensitive to any physics model favouring 3rd generation 
leptons (e.g. charged Higgs).
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Three competitors
BaBar Belle LHCb

n. B's produced O(400M) O(700M) O(800B)

Production 
mechanism Υ(4S) → BB̅ Υ(4S) → BB̅ pp → gg → bb̅

Pubblications

Phys.Rev.Lett 109,  
101802 (2012)  

Phys. Rev. D 88, 
072012 (2013)  

Phys.Rev.D 92, 
072014 (2015) 

Phys. Rev. D 94, 
072007 (2016)

Phys.Rev.Lett.115, 
111803 (2015)  

LHCb-PAPER-2017, 
in preparation  

• LHCb measurements with muonic and 3prong mode
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Challenges at LHCb
• Missing neutrinos → no sharp peak to fit  

• large background from partially reconstructed B decays: B→D**µ, B→Hc(→Xµ)D*X 

• B-factories exploit kinematics of the e+e– → Y(4S) → BB ̅reaction 

• Tagging technique provides info of missing system 

• Reduced background from partially reconstructed 

• Low efficiency (~10-3) 

• More difficult at LHCb, compensate using large boost and huge production 

B

PV

D*

π

D

K

τ

μ

π

ν

ν

ν
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Key features 
• Most discriminating variables E*µ, m2miss = (pB-pD*-pµ)2, and q2 = (pB-

pD*)2  

• Missing neutrinos → no analytical solution for pB 

• Rest frame approximation: B boost along z >> boost of the decay 
products in the B rest frame → (pz)B = mB/m(D*µ)(pz)D*µ → resolution 
on pB ~18% 

BD*

μ

E*µ

m2missB0 → D*+τ–ν B0 → D*+µ–ν

m2miss > 0 m2miss = 0

E*
ℓ spectrum is soft E*

ℓ spectrum is hard

m2
τ ≤ q2 ≤ 10.6 

GeV2
0 ≤ q2 ≤ 10.6 GeV2

[PRL 115 (2015) 111803] 
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Result
• Template fit in three variables: m2miss, Eµ, q2 
‣ Simulated samples for signal and physics background 
‣ Background from µ mis-ID and combinatorial from data

Dominant uncertainties: statistical and size of simulated samples.

R(D*) = 0.336±0.027±0.030 Compatible with the SM 
at 2.1σ level

[PRL 115 (2015) 111803] 

31



R(D*) with 3-prong τ decays
• First measurement of R(D*) using 𝛕→3𝜋ν. 

Using 3fb-1 of Run I data 

• No background from B → D*(*)ℓν decays 

• Main background from part-reco 

• Exploiting τ lifetime 

• Train BDT agains B → D*DsX 
exploiting isolation and kinematic 
information

B0 →D*−τ +ντ

π − K +

π −

π −
π +

π +

D0

B0

π 0...

PV

pp

B0 →D*−π +π −π +XSignal Background
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Normalisation
• Normalisation to  B0 → D*–π+π–π+ decays, similar signal topology 
→ reduced systematics 

proton-proton collisions, corresponding to an integrated luminosity of 3 fb�1, collected
with the LHCb detector at center-of-mass energies of

p
s = 7 and 8TeV is used.

The three-prong ⌧ decay modes have di↵erent features with respect to leptonic ⌧
decays, leading to measurements with a better signal-to-background ratio and statistical
significance. The absence of leptons in the final state avoids backgrounds originating
from semileptonic decays of b or c hadrons. The three-prong topology enables the precise
reconstruction of a ⌧ decay vertex detached from the B0 decay vertex due to the non
zero ⌧ lifetime, thereby allowing the discrimination between signal decays and the most
abundant background due to B! D⇤�3⇡X decays, where X represents unreconstructed
particles and 3⇡ ⌘ ⇡+⇡�⇡+.2 The requirement of a 3⇡ decay vertex detached from the B
vertex suppresses the D⇤�3⇡X background by three orders of magnitude, while retaining
about 40% of the signal. Moreover, because only one neutrino is produced in the ⌧ decay,
the measurements of the B0 and ⌧ lines of flight allow the determination of the complete
kinematics of the decay, up to two quadratic ambiguities, leading to four solutions.

After applying the 3⇡ detached-vertex requirement, the dominant background consists
of B decays with a D⇤� and another charm hadron in the final state, called double-charm
hereafter. The largest component is due to B! D⇤�D+

s (X) decays. These decays have
the same topology as the signal, as the second charm hadron has a measurable lifetime
and its decay vertex is detached from the B vertex. The double-charm background is
suppressed by applying vetoes on the presence of additional particles around the direction
of the ⌧ and B candidates, and exploiting the di↵erent resonant structure of the 3⇡ system
in ⌧+ and D+

s decays.
The signal yield, Nsig, is normalized to that of the exclusive B0 ! D⇤�3⇡ decay,

Nnorm, which has the same charged particles in the final state. This choice minimizes
experimental systematic uncertainties. The measured quantity is

K(D⇤�) ⌘ B(B0 ! D⇤�⌧+⌫⌧ )

B(B0 ! D⇤�3⇡)
=

Nsig

Nnorm

"norm
"sig

1

B(⌧+ ! 3⇡⌫⌧ ) + B(⌧+ ! 3⇡⇡0⌫⌧ )
, (3)

where "sig and "norm are the e�ciencies for the signal and normalization decay modes,
respectively. The absolute branching fraction is obtained as B(B0 ! D⇤�⌧+⌫⌧ ) =
K(D⇤�) ⇥ B(B0 ! D⇤�3⇡), where the branching fraction of the B0 ! D⇤�3⇡ decay
is taken from Ref. [20]. A value for R(D⇤�) is then derived by using the branching fraction
of the B0! D⇤�µ+⌫µ decay from Ref. [19].

This paper is structured as follows. Descriptions of the LHCb detector, the data and
simulation samples and the trigger selection criteria are given in Sec. 2. Signal selection
and background suppression strategies are summarized in Sec. 3. Section 4 presents
the study performed to characterize double-charm backgrounds due to B! D⇤�D+

s (X),
B! D⇤�D+(X) and B! D⇤�D0(X) decays. The strategy used to fit the signal yield
and the corresponding results are presented in Sec. 5. The determination of the yield of
the normalization mode is discussed in Sec. 6. The determination of K(D⇤�) is presented
in Sec. 7 and systematic uncertainties are discussed in Sec. 8. Finally, overall results and
conclusions are given in Sec. 9.

2The notation X is used when unreconstructed particles are known to be present in the decay chain
and (X) when unreconstructed particles may be present in the decay chain.

2

Table 1: Relative systematic uncertainties on R(D⇤�).

Source �R(D⇤�)/R(D⇤�)[%]
Simulated sample size 4.7
Empty bins in templates 1.3
Signal decay model 1.8
D⇤⇤⌧⌫ and D⇤⇤

s ⌧⌫ feeddowns 2.7
D+

s ! 3⇡X decay model 2.5
B ! D⇤�D+

s X, B ! D⇤�D+X, B ! D⇤�D0X backgrounds 3.9
Combinatorial background 0.7
B ! D⇤�3⇡X background 2.8
E�ciency ratio 3.9
Normalization channel e�ciency (modeling of B0 ! D⇤�3⇡) 2.0
Total uncertainty 9.1

the 3⇡ system have the same charge is used to normalize data and simulation in the region
where the D⇤�3⇡ mass is above the known B mass. The background not including a real
D⇤� decay chain is parameterized and constrained using candidates outside a window
around the known D0 mass.

The results of the fit are shown in Fig. 3. The signal yield is corrected for a small bias
of 40 candidates, due to the finite size of the templates from simulation, as detailed below,
giving Nsig = 1273± 85 candidates. From Eq. 1 the result

K(D⇤�) = 1.93± 0.13 (stat)± 0.18 (syst)

is determined, having applied a correction factor 1.056±0.025 to account for discrepancies
between data and simulation, and for a small feeddown contribution from B0

s ! D⇤⇤�
s ⌧+⌫⌧

decays, where D⇤⇤�
s ! D⇤�K0.

The branching fraction

B(B0 ! D⇤�⌧+⌫⌧ ) = (1.40± 0.09 (stat)± 0.12 (syst)± 0.10 (ext))⇥ 10�2

is obtained by using B(B0 ! D⇤�3⇡) = (7.23± 0.51)⇥ 10�3 from Ref. [15]. Finally, the
ratio of branching fractions

R(D⇤�) = 0.286± 0.019 (stat)± 0.025 (syst)± 0.021 (ext)

is obtained by using B(B0 ! D⇤�µ+⌫µ) = (4.88± 0.10)⇥ 10�2 from Ref. [13]. In both
results, the third uncertainty is due to the limited knowledge of the external branching
fractions.

Systematic uncertainties on R(D⇤�) are reported in Table 1. The uncertainty due to
the limited size of the simulated samples is computed by repeatedly sampling each template
with a bootstrap procedure, performing the fit, and taking the standard deviation of the
results obtained. Empty bins in the templates used in the fit also introduces a positive
bias of 3% in the determination of the signal yield. This corresponds to a correction of 40
candidates, with an uncertainty of 1.3%. The limited size of the simulated samples also
contributes to the systematic uncertainty on the e�ciencies for signal and normalization
modes.
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• R(D*) measured through:

R(D⇤�) = K(D⇤�)
B(B0 ! D⇤�3⇡)

B(B0 ! D⇤�µ+⌫µ)

• External inputs:
[Phys. Rev. D87 (2013) 092001]

[arXiv:1612.07233]

33



Main backgrounds
• Dominant background B0 → D*DsX 

• Evaluated using data
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Signal Fit

• Perform a 3D template fit to q2 
and τ lifetime in bins of BDT 
response 

• Dominant uncertainties: statistics 
of the simulated sample (efficiency 
corrections and bkg shapes). 

• Result combined with external 
inputs to determine R(D*) 

• Compatible with the muonic 
measurement

Table 1: Relative systematic uncertainties on R(D⇤�).

Source �R(D⇤�)/R(D⇤�)[%]
Simulated sample size 4.7
Empty bins in templates 1.3
Signal decay model 1.8
D⇤⇤⌧⌫ and D⇤⇤

s ⌧⌫ feeddowns 2.7
D+

s ! 3⇡X decay model 2.5
B ! D⇤�D+

s X, B ! D⇤�D+X, B ! D⇤�D0X backgrounds 3.9
Combinatorial background 0.7
B ! D⇤�3⇡X background 2.8
E�ciency ratio 3.9
Normalization channel e�ciency (modeling of B0 ! D⇤�3⇡) 2.0
Total uncertainty 9.1

the 3⇡ system have the same charge is used to normalize data and simulation in the region
where the D⇤�3⇡ mass is above the known B mass. The background not including a real
D⇤� decay chain is parameterized and constrained using candidates outside a window
around the known D0 mass.

The results of the fit are shown in Fig. 3. The signal yield is corrected for a small bias
of 40 candidates, due to the finite size of the templates from simulation, as detailed below,
giving Nsig = 1273± 85 candidates. From Eq. 1 the result

K(D⇤�) = 1.93± 0.13 (stat)± 0.18 (syst)

is determined, having applied a correction factor 1.056±0.025 to account for discrepancies
between data and simulation, and for a small feeddown contribution from B0

s ! D⇤⇤�
s ⌧+⌫⌧

decays, where D⇤⇤�
s ! D⇤�K0.

The branching fraction

B(B0 ! D⇤�⌧+⌫⌧ ) = (1.40± 0.09 (stat)± 0.12 (syst)± 0.10 (ext))⇥ 10�2

is obtained by using B(B0 ! D⇤�3⇡) = (7.23± 0.51)⇥ 10�3 from Ref. [15]. Finally, the
ratio of branching fractions

R(D⇤�) = 0.286± 0.019 (stat)± 0.025 (syst)± 0.021 (ext)

is obtained by using B(B0 ! D⇤�µ+⌫µ) = (4.88± 0.10)⇥ 10�2 from Ref. [13]. In both
results, the third uncertainty is due to the limited knowledge of the external branching
fractions.

Systematic uncertainties on R(D⇤�) are reported in Table 1. The uncertainty due to
the limited size of the simulated samples is computed by repeatedly sampling each template
with a bootstrap procedure, performing the fit, and taking the standard deviation of the
results obtained. Empty bins in the templates used in the fit also introduces a positive
bias of 3% in the determination of the signal yield. This corresponds to a correction of 40
candidates, with an uncertainty of 1.3%. The limited size of the simulated samples also
contributes to the systematic uncertainty on the e�ciencies for signal and normalization
modes.
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R(D*) summary
• LHCb combination 2.1σ from SM 

• All the experiments see an excess of 
signal w.r.t. SM predictions 

• HFLAV average 4.1σ from SM 

http://www.slac.stanford.edu/xorg/hfag/semi/fpcp17/RDRDs.html
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LFU test with Bc decays
• b-quarks free to hadronise into all sorts of different 

flavoured particles. Bc/B0 production ratio ~1/200 

• LFU test measuring R(J/ψ) 

• Scarce knowledge of form factors → prediction in the 
range of 0.25 – 0.28 

• Similar approach used for R(D*) measurement

Semileptonic b-hadron decays provide powerful probes for testing the Standard Model
(SM) and for searching for the e↵ects of physics beyond the SM. Due to their relatively
simple theoretical description via tree-level processes in the SM, these decay modes serve as
an ideal setting for examining the universality of the couplings of the three charged leptons
in electroweak interactions. Recent measurements of the parameters R(D) and R(D⇤),
corresponding to the ratios of branching fractions B(B ! D

(⇤)
⌧
�
⌫⌧ )/B(B ! D

(⇤)
µ
�
⌫µ),

by the BaBar [1, 2], Belle [3–6] and LHCb [7–9] collaborations indicate larger values than
the SM predictions [10]. Proposed explanations for these discrepancies include extensions
of the SM that involve enhanced weak couplings to third-generation leptons and quarks,
such as interactions involving a charged Higgs boson [11, 12], leptoquarks [13], or new
vector bosons [14]. Furthermore, other hints of the failure of lepton flavor universality
have been seen in electroweak loop-induced B-meson decays [15, 16].

Measurements of semitauonic decays of other species of b hadrons can provide additional
handles for investigating the sources of theoretical and experimental uncertainties, and
potentially the origin of lepton nonuniversal couplings. This Letter presents the first study
of the semitauonic decay B

+
c ! J/ ⌧

+
⌫⌧ and a measurement of the ratio of branching

fractions

R(J/ ) =
B(B+

c ! J/ ⌧
+
⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

, (1)

for which the current SM predictions are in the range of 0.25 to 0.28, where the spread
arises from the choice of modeling approach for form factors [17–20]. Here and throughout
the Letter charge-conjugate processes are implied.

The measurement is performed using data recorded with the LHCb detector at the
Large Hadron Collider in 2011 and 2012, corresponding to integrated luminosities of 1 fb�1

and 2 fb�1 collected at proton-proton (pp) center-of-mass energies of 7TeV and 8TeV,
respectively. The analysis procedure is designed to identify both the signal decay chain
B

+
c ! J/ ⌧

+
⌫⌧ and the normalization mode B

+
c ! J/ µ

+
⌫µ, with J/ ! µ

+
µ
� and

⌧
+ ! µ

+
⌫µ⌫⌧ , through their identical visible final states (µ+

µ
�)µ+. The muon candidate

not originating from the J/ is referred to as the unpaired muon. The two modes
are distinguished using di↵erences in their kinematic properties. The selected sample
contains contributions from the signal and the normalization modes, as well as several
background processes. The contributions of the various components are determined from
a multidimensional fit to the data, where each component is represented by a template
distribution derived from control data samples or from simulation validated against data.
The selection and fit procedures are developed without knowledge of the signal yield.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [21, 22]. Notably for this analysis, muons are
identified by a system composed of alternating layers of iron and multiwire proportional
chambers [23]. The online event selection is performed by a trigger [24], which in this
case consists of a hardware stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full event reconstruction. Simulated
data samples, which are used for producing fit templates and evaluating the signal to
normalization e�ciency ratio, are produced using the software described in Refs. [25–28].

Events containing a J/ µ
+ candidate are required to have been selected by the LHCb

hardware dimuon trigger, with both muon candidates at the trigger level matched to the
decay products of the J/ candidate in the o✏ine selection. In the software trigger, the
events are required to meet criteria designed to select J/ ! µ

�
µ
+ candidates constructed
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Result
• Main backgrounds: J/ψ + random µ, B+→J/ψh+, and Bc→J/ψHc    

• 3D template fit. Bc lifetime additional handle against lighter b-hadrons
of the ratio of branching fractions

R(J/ ) =
B(B+

c ! J/ ⌧
+
⌫⌧ )

B(B+
c ! J/ µ+⌫µ)

= 0.71± 0.17 (stat) ± 0.18 (syst). (3)

This result lies within 2 standard deviations of the range of existing predictions in the
Standard Model, 0.25 to 0.28, assuming lepton universality.
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Yandex LLC (Russia), GVA, XuntaGal and GENCAT (Spain), Herchel Smith Fund, the
Royal Society, the English-Speaking Union and the Leverhulme Trust (United Kingdom).

References

[1] BaBar collaboration, J. P. Lees et al., Evidence for an excess of B ! D
(⇤)
⌧
�
⌫⌧

decays, Phys. Rev. Lett. 109 (2012) 101802, arXiv:1205.5442.

[2] BaBar collaboration, J. P. Lees et al., Measurement of an excess of B ! D
(⇤)
⌧
�
⌫⌧

decays and implications for charged Higgs bosons, Phys. Rev. D88 (2013) 072012,
arXiv:1303.0571.

[3] Belle collaboration, M. Huschle et al., Measurement of the branching ratio of B !
D

(⇤)
⌧
�
⌫⌧ relative to B ! D

(⇤)
`
�
⌫` decays with hadronic tagging at Belle, Phys. Rev.

D92 (2015) 072014, arXiv:1507.03233.

[4] Belle collaboration, Y. Sato et al., Measurement of the branching ratio of B0 !
D

⇤+
⌧
�
⌫⌧ relative to B

0 ! D
⇤+
`
�
⌫` decays with a semileptonic tagging method, Phys.

Rev. D94 (2016) 072007, arXiv:1607.07923.

[5] Belle collaboration, S. Hirose et al., Measurement of the ⌧ lepton polarization
and R(D⇤) in the decay B ! D

⇤
⌧
�
⌫⌧ , Phys. Rev. Lett. 118 (2017) 211801,

arXiv:1612.00529.

8

• Main systematics: statistical, simulated sample size, form factors

First evidence within 2σ from SM
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Summary

• Muonic b→sll BFs tend to be below the SM predictions 

• RK and RK* less then unity 

• NP seems to not couple strongly with the first generation  

• All seems to be related to a change in the C9 coefficient (or 
C9 and C10) → Bs→µµ crucial role to disentangle NP in C10 

• Anomaly more evident in the third generation 

• Can b→c and b→s anomalies be related? 

• Consistent picture BUT there is no single result above 3σ yet 
→ too early to claim for NP?
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Summary and Outlook

• LFU tests are powerful probes for new physics 

• Anomalies observed in both tree- and loop-level 
semileptonic B decays 

• All the presented measurements are based on 
Run1 data → 4fb-1 already on tape in Run2 + 2018 
data-taking 

• Many other observables useful to probe the nature 
of the NP: BR(Bs→µµ), LFV searches, Λb decays
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Backup
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q2 spectrum
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High Central B->K*J/ψ B->K*ψ(2s) B->K*γ 

• Three q2 regions considered: 

‣ Low-q2:    0.0004 < q2 < 1.1 dominated by the photon pole  

‣ Central-q2: 1.1 < q2 < 6 most interesting to observe new physics 

‣ High-q2:     q2 > 15GeV2/c4



Electrons at LHCb

• Lepton identification is anything but universal!  

• Electrons emit a large amount of bremsstrahlung, 
degrading momentum and mass resolution  

• Recovery procedure in place for bremsstrahlung but 
incomplete  

• energy threshold of bremsstrahlung photons ET>75 MeV, 
calorimeter acceptance and resolution, presence of energy 
deposits wrongly interpreted as bremsstrahlung clusters  

• Due to higher occupancy of calorimeters, trigger 
thresholds are higher for electrons (~2.5 to 3.0 GeV) than 
for muons (~1.5 to 1.8 GeV) .  

• Mitigated by selecting decays with electrons using hadron 
trigger either fired either by K* products (hadron) or by 
any other particle in the event not associated with signal 
(TIS) 
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J/psi mass resolution
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dimuon @LHCb
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Figure 1: Dimuon mass distribution divided by trigger groups (see text) for Run 1 and 2015
data. An inset plot with a zoom on the bottomonium region is shown on the top right corner.

Bottomonium: Pairs of two well reconstructed tracks that have hits in the muon system,
form a common vertex, have momentum higher than 6GeV/c and a mass greater
than 4.7GeV/c2 are recorded. These dimuons are used for measurements such as ⌥
production [12] and B! µ+µ� searches [23].

Other triggers: This category contains dimuons that are linked to any trigger line other
than those used in the groups above, or were not used in making any positive
trigger decision. The main contributor in the region 3–4.7GeV/c2 is the topological
trigger [24], which searches for topologies consistent with coming from a b-hadron
decay. Decays of b-hadrons to many final state particles are selected with the
topological trigger [22, 25,26].

Minimum-bias triggers dominate the region below 3 GeV/c.

Dimuons can be selected by several trigger lines. The categories are filled in the order
listed above, meaning a dimuon triggered by a single muon line will not feature in the
other categories. In particular, Z bosons are almost all selected by both the single muon
and the bottomonium lines. Due to the ordering, they will be featured in the single muon
category, which is the cause of the apparent absence of dimuons from the bottomonium
category at high masses.

The mass histogram shown in Figs. 1–3 have 1850 bins of variable width, starting at
1MeV/c2 at masses of 0.2GeV/c2. The bin width is then kept approximately proportional
to the bin centre, up to a width of 280MeV/c2 at a dimuon mass of 400GeV/c2. The
bin contents are scaled such that the number of dimuon candidates per GeV/c2 is shown.
Therefore the sum of the bin contents does not correspond to the number of dimuon
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Outline

• Angular analysis of B->K*µµ and B->ϕµµ -> 
access to variables with reduced dependency on 
theoretical uncertainties 

• Test of LFU measuring the ratio between the 
decay rates of B->K*ll, cancellation of hadronic 
form-factors uncertainties in predictions
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