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Overview of the situation
The study of heavy-flavour hadron decays allows the 
indirect search for beyond-the-SM physics at large 
mass scales.

Two sets of anomalies have been seen in the B sector.
 * They seem to form a coherent pattern.
 * They seem to be flavour-dependent. → Connection 
with the flavour structure of the SM?

Proposed new models for combined explanations: leptoquarks, Z’, …

* Only occur in loops,
BR ≾ 10-6.
* New contributions can enhance 
SM-suppressed amplitudes.

* Tree level, BR ~ few %.

* Clean SM predictions.

Neutral currents Charged currents
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The LHCb detector

2
A. Gioventù B-flavour anomalies in b→sll and b→cl! transitions at LHCb DIS 2019

The LHCb detector
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[JINST 3 S080005 (2008)]  
[Int. J. Mod Phys. A30 1530022  (2015)] 
[PRL 118 052002 (2017)] 

‣ Large amount of b hadrons produced, σb=(144 ± 1 ± 21) μb at 13TeV
‣ Forward spectrometer for b- and c-hadron decays  (2<η<5)

‣ Good vertex and impact parameter resolution (σ(IP)~20 µm)
‣ Excellent momentum resolution (δp/p = [0.5 - 1] % p<200 GeV)

‣ Excellent charged particle identification (μ ID 97% for (π→μ) misID of 1-3%)

‣ Run 1 (2010 - 2012) √s = 7 TeV (8 TeV)
‣ Run 2 (2015 - 2018) √s = 13 TeV

The LHCb experiment

!5ALPS 2019 P. Álvarez Cartelle (ICL)

Forward arm spectrometer to study b- and c-hadron decays ( 2 < η < 5 ) 

‣ Good vertex and impact parameter resolution (σ(IP) = 15 + 29/pT  m) 

‣ Excellent momentum resolution (σ(mB ) ∼ 25 MeV/c2 for 2-body decays) 

‣ Excellent particle ID (μ ID 97% for (π → μ) misID of 1-3%) 

‣ Versatile & efficient trigger 
[ JINST 3 (2008) S080005 ]

[ Int. J. Mod. Phys. A 30 (2015) 1530022 ]

Run 1: 2010-2012
Run 2: 2015-2018

2018 (13 TeV):
2.19 /fb
2017 (13 TeV):
1.71 /fb
2016 (13 TeV):
1.67 /fb
2015 (13 TeV):
0.33 /fb
2012 (8 TeV):
2.08 /fb
2011 (7 TeV):
1.11 /fb
2010 (7 TeV):
0.04 /fb



Contents	of	the	talk

Branching ratios

Angular analyses

LFU tests
LFU tests

Interpretation

Prospects

Neutral currents Charged currents



Contents	of	the	talk

Branching ratios

Angular analyses

LFU tests
LFU tests

Interpretation

Prospects

Neutral currents Charged currents



Julián García Pardiñas (UZH) B-flavour anomalies at LHCb WIN 2019

Phenomenological treatment

Rare decay observables

• (Differential) branching ratios
– q2 dependence for b → s l+ l-

• Di-lepton invariant mass
• E.g. !" → $∗&'&(

• Angular distributions
– * → +,',( decays

• Lepton flavour non-universality
– Compare the decay rates of e� and µ� modes

• BSM processes can modify the effective Hamiltonian by
– Modifying Wilson coefficients of operators present in SM
– Introducing new operators
– Making Wilson coefficients dependent on the lepton flavour

10 August 2018 L. Eklund 4

Invariant mass2 of di-leptons 

Plot from Prog. Part. Nucl.  Phys 92 (2017) 50

Introduction 7 / 41

NP contributions and relevant e↵ective couplings
⌅ Model independent description in e↵ective field theory
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C. Langenbruch (RWTH), QCD@LHC Flavour Anomalies
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C. Langenbruch (RWTH), QCD@LHC Flavour Anomalies

The anomalies are studied in a common and model-independent framework, using 
the effective-Hamiltonian formalism:

3

Introduction 
• The amplitude of a hadron decay process can be described using OPE:

Hadronic Matrix 
Elements 

CKM 
couplings

Wilson 
Coefficients
(µ = scale)

"’

Electroweak scale ~ 1/MW  

New Physics scale ~ 1/M NP

Ci = CiSM + CiNP

C’i = C’iSM + C’iNP

Primed C’ → right handed currents:i
suppressed in SM

→ a series of effective vertices multiplied by effective coupling constants Ci .

07 "
09,10 08

q q’

01…6
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The very-rare-decay B0
(s) → μ+μ−

Loop and helicity suppressed.
Only C10 contributes in the SM.

PRL 118,191801 (2017) (LHCb)

4

B(s)→μ+μ–

!21ALPS 2019 P. Álvarez Cartelle (ICL)

• Latest measurement from LHCb uses

Run1 (3fb-1) and Run2 (1.4 fb-1)  data 

 
Compatible with the SM prediction. 

• First measurement of the effective
lifetime 

provides complementary constraints 

to NP models contributions.

[LHCb, PRL 118 (2017) 191801]
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B(B0s ! µ+µ�) = (3.0± 0.6+0.3�0.2)⇥ 10
�9

B(B0 ! µ+µ�) < 3.4⇥ 10�10 at 90% CL
<latexit sha1_base64="i3vuL6dYv4hkJONuAfg22NhOmbY="></latexit>

0 1 2 3 4 5

BR(Bs ! µ+µ�) ⇥10�9

0

1

2

3

4

5

6

B
R

(B
0

!
µ

+
µ

�
)

⇥10�10

ATLAS

LHCb

CMS

full comb.

Gaussian comb.

SM prediction

Figure 9: Two-dimensional likelihood contours in the space of the B0 ! µ+µ� and Bs ! µ+µ�

branching ratios from individual measurements (thin contours), the naive combi-
nation (thick solid contours), and the Gaussian approximation to it (thick dashed
contours), compared to the SM central values.

BR(Bs ! µ+µ�) = (2.65+0.46
�0.33) ⇥ 10�9 BR(B0 ! µ+µ�) SM-like. (46)

We stress that the similarity of these two numbers is not trivial, as for individual measurements,
especially the CMS and ATLAS ones, the best-fit value for BR(B0 ! µ+µ�) deviates strongly
from the SM prediction. Conversely, for B0 ! µ+µ� we get

BR(B0 ! µ+µ�) = (1.00+0.86
�0.57) ⇥ 10�10 BR(Bs ! µ+µ�) profiled, (47)

BR(B0 ! µ+µ�) = (0.57+0.86
�0.36) ⇥ 10�10 BR(Bs ! µ+µ�) SM-like. (48)

The values for the Gaussian approximation only di↵er from these numbers in a negligible way.
Compared to the SM predictions8,

BR(Bs ! µ+µ�)SM = (3.67 ± 0.15) ⇥ 10�9, (49)

BR(B0 ! µ+µ�)SM = (1.14 ± 0.12) ⇥ 10�10, (50)

we then find the following one-dimensional pulls9:

• if both branching ratios are SM-like, 2.3�10,

• if Bs ! µ+µ� is SM-like and B0 ! µ+µ� profiled over, 2.3�,

• if B0 ! µ+µ� is SM-like and Bs ! µ+µ� profiled over, 0.2�.
8For the SM values, we have used flavio v1.3 with default settings. The Bs ! µ+µ� branching ratio refers

to the time-integrated one. The decay constants are taken from the 2019 FLAG average with 2 + 1 + 1
flavours [110], Vcb = 0.04221(78) from inclusive decays, and Vub = 0.00373(14) from B ! ⇡`⌫.

9Here, the “one-dimensional pull” is �2 times the logarithm of the likelihood ratio at the SM vs. the ex-
perimental point, after the experimental uncertainties have been convolved with the covariance of the SM
uncertainties.

10Converting the likelihood ratio to a pull with two degrees of freedom, one obtains 1.8�; this is why the star
in Fig. 9 is inside the 2� contour.
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• Latest measurement from LHCb uses

Run1 (3fb-1) and Run2 (1.4 fb-1)  data 

 
Compatible with the SM prediction. 

• First measurement of the effective
lifetime 

provides complementary constraints 

to NP models contributions.

[LHCb, PRL 118 (2017) 191801]
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[arXiv:1903.10434]

Combination with recent CMS [PRL111(2013)101804]
and ATLAS [arXiv:1812.03017] measurements.

~2𝜎 from SMℬ(B0
s → μ+μ−) :

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.191801
https://arxiv.org/pdf/1903.10434.pdf
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Study of b→sl+l- transitions
Expected d�/dq2

LLWC Alberta 12/02/19 D. Lancierini (University of Zürich) 7

5

Different regions of q2 = M(l+l-)2 give sensitivity to different Wilson Coefficients.

The regions of the J/𝜓 and 𝜓(2S) resonances correspond to tree-level decays, 
assumed to be SM-like. They are vetoed in the analyses and used as control regions.

Julián García Pardiñas (UZH) Search for NP in heavy-hadron decays La Thuile 2019

Study of b→sll: q2 spectrum
Expected d /dq2

LLWC Alberta 12/02/19 D. Lancierini (University of Zürich) 7

4

Different regions of q2 = M(l+l-)2 give sensitivity to different Wilson Coefficients.

The regions of the J/! and !(2S) resonances correspond to tree-level decays,
assumed to be SM-like. They are vetoed in the analyses and used as control regions.

FCNC: theoretical description

10 August 2018 L. Eklund 3

• Processes at many different energy scales

•
–
–

• BSM processes may modify these coefficients

0.2 GeV ...   4 GeV … 80 GeV … 10-100 TeV

ΛQCD Λb ΛEW ΛBSM

(non-perturbative) b mass W mass BSM scale Example of SM terms

C7

C9

C10
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Branching fractions for b→s𝝻+𝝻-
The anomalies | b! sµµ decay rates 20 / 41

Similar to the rates of many other b! sµ+µ� decays!
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C. Langenbruch (RWTH), QCD@LHC Flavour Anomalies

B 0 ! K⇤0µ+µ�

JHEP 11 (2016) 047, LHCb JHEP 09 (2015) 179, LHCb JHEP 06 (2014) 133, LHCb

PLB 753,424 (2016), CMS JHEP 06 (2015) 115, LHCbJHEP 06 (2014) 133, LHCb

Data systematically below SM predictions, tensions at 1-3σ level.
Large hadronic theory uncertainties.

6

https://link.springer.com/article/10.1007/JHEP11(2016)047
https://link.springer.com/article/10.1007/JHEP09(2015)179
https://link.springer.com/article/10.1007/JHEP06(2014)133
https://www.sciencedirect.com/science/article/pii/S0370269315009685?via=ihub
https://link.springer.com/article/10.1007/JHEP06(2015)115
https://link.springer.com/article/10.1007/JHEP06(2014)133
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Evidence for the decay 

7

B0
s → K*0μ+μ−

JHEP 07 (2018) 020
Bs counterpart of B0→K*0𝜇+𝜇-.

Heavily suppressed b→dll transition,
SM BR ∈ [3,4] x 10-8.

Run1 + part of Run2, 4.6 fb-1.

BR measured relative to                    .

First evidence at 3.4𝜎, BR consistent 
with SM.

This study sets the ground for detailed 
analyses in the LHCb Upgrade.
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Figure 1: Distribution of reconstructed K�⇡+µ+µ� invariant mass of candidates outside the J/ 
and  (2S) mass regions, summing the three highest neural network response bins of each run
condition. The candidates are shown (left) over the full range and (right) over a restricted vertical
range to emphasise the B0

s

! K⇤0µ+µ� component. The solid line indicates a combination of
the results of the fits to the individual bins. Components are detailed in the legend, where they
are shown in the same order as they are stacked in the figure. The background from misidentified
B0! K⇤0µ+µ� decays is included in the B0! K⇤0µ+µ� component.
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Figure 2: Distribution of reconstructed J/ K�⇡+ invariant mass of the candidates in the J/ 
mass region summing the three highest neural network response bins of each run condition,
shown (left) over the full range and (right) over a restricted vertical range to emphasise the
B0

s

! J/ K⇤0 component. The solid line indicates a combination of the results of the fits to the
individual bins. Components are detailed in the legend, where they are shown in the same order
as they are stacked in the figure. The background from misidentified B0! J/ K⇤0 decays is
included in the B0! J/ K⇤0 component.

The e�ciency to trigger, reconstruct and select each of the decay modes is determined
from the simulation after applying the data-driven corrections. The e�ciency for the
B0

s

! K⇤0µ+µ� decay is corrected to account for events in the vetoed q2 regions following
the same prescription as Ref. [19]. The e�ciency corrected yields are further corrected
for contamination from decays with the K�⇡+ system in an S-wave configuration. For
the decay B0

s

! J/ K⇤0, the S-wave fraction of FS(B0! J/ K⇤0) = (6.4± 0.3± 1.0)%
determined in Ref. [43] is used. The S-wave contamination of the B0

s

! K⇤0µ+µ� decay
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and  (2S) mass regions, summing the three highest neural network response bins of each run
condition. The candidates are shown (left) over the full range and (right) over a restricted vertical
range to emphasise the B0

s

! K⇤0µ+µ� component. The solid line indicates a combination of
the results of the fits to the individual bins. Components are detailed in the legend, where they
are shown in the same order as they are stacked in the figure. The background from misidentified
B0! K⇤0µ+µ� decays is included in the B0! K⇤0µ+µ� component.
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Figure 2: Distribution of reconstructed J/ K�⇡+ invariant mass of the candidates in the J/ 
mass region summing the three highest neural network response bins of each run condition,
shown (left) over the full range and (right) over a restricted vertical range to emphasise the
B0

s

! J/ K⇤0 component. The solid line indicates a combination of the results of the fits to the
individual bins. Components are detailed in the legend, where they are shown in the same order
as they are stacked in the figure. The background from misidentified B0! J/ K⇤0 decays is
included in the B0! J/ K⇤0 component.

The e�ciency to trigger, reconstruct and select each of the decay modes is determined
from the simulation after applying the data-driven corrections. The e�ciency for the
B0

s

! K⇤0µ+µ� decay is corrected to account for events in the vetoed q2 regions following
the same prescription as Ref. [19]. The e�ciency corrected yields are further corrected
for contamination from decays with the K�⇡+ system in an S-wave configuration. For
the decay B0

s

! J/ K⇤0, the S-wave fraction of FS(B0! J/ K⇤0) = (6.4± 0.3± 1.0)%
determined in Ref. [43] is used. The S-wave contamination of the B0

s

! K⇤0µ+µ� decay

6

B0
s → J/ψK *0

[PRD 98, 094012 (2018)]
[EPJ C73 (2013) 10, 2593]

[JHEP 07 (2018) 020]

https://link.springer.com/article/10.1007/JHEP07(2018)020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.094012
https://link.springer.com/article/10.1140/epjc/s10052-013-2593-5
https://link.springer.com/article/10.1007/JHEP07(2018)020
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Angular analysis of B0 → K*0μ+μ−B  -> K mumu

A. Mauri (UZH) 17

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS
Study the full angular distribution (θl, θK,φ) of the 4 final state particles.

Described by eight independent observables:

10Francesco Polci – CKM 2016	

B ! K⇤µµ angular observables

I P ! VV decay depends on q2 and three decay angles
I angular analysis allow to probe the observables FL, AFB, Si

I observables are sensitive to the Wilson coeffs.

The B0 !K ⇤0 (!K+⇡�)`+`� decay

⌅ CP-average di↵erential decay width as a function of
⇤ squared invariant mass of the dilepton pair =) q2 = m2

``

⇤ 3 decay angles =) ~⌦ = (cos ✓`, cos ✓
K

, �)

1
d(�+�̄)/dq2

d

4(�+�̄)

d

~⌦dq

2
= 9

32⇡ [ 3
4 (1 � F

L

) sin2 ✓
k

+ F

L

cos2 ✓
k

+1
4 (1 � F
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) sin2 ✓
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cos 2✓` � F

L

cos2 ✓
k

cos 2✓`
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Decay rate described in terms of three helicity angles and q2:

FL, AFB and Si are combinations of polarization amplitudes and depend on 
Wilson coefficients (                    ) and form factors.C(′�)

7 , C(′�)
9 , C(′�)

10

B  -> K mumu

A. Mauri (UZH) 17

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS
Study the full angular distribution (θl, θK,φ) of the 4 final state particles.

Described by eight independent observables:

10Francesco Polci – CKM 2016	

Optimized observables, where form 
factors cancel at leading order:

8

[JHEP, 1305:137 (2013)]

https://link.springer.com/article/10.1007/JHEP05(2013)137
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JHEP 02 (2016) 104 (LHCb)

B  -> K mumu

A. Mauri (UZH) 27

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS
Study the full angular distribution (θl, θK,φ) of the 4 final state particles.

Described by eight independent observables:

Observables (AFB, FL and Sj) are function of the Wilson coefficients.

A cleaner set of observables, where hadronic form factor uncertainties 
cancels at the leading order, can be defined (JHEP 1305(2013)137), ex:

10Francesco Polci – CKM 2016

B

0 æK

ú0 [æK

+fi≠ ]µ+µ≠ angular analysis [C7, C9, C10]

Angular decay fully described by the dilepton mass (q2) and the angles cos(◊
l

)
cos(◊

K

) and „:

3D fit to all three angles (in q

2 bins), exploiting the correlations between the S

i

,
F

L

and A

FB

terms to obtain their respective values (+ swave - see back-up).

4/24 Beauty 2018 (7-11 May 2018) Eluned Smith .

B → K*µµ angular analysis

5

✴ Study the full angular distribution of the 4 final state 
particles (                             ) in  

A. Mauri (UZH) 

cos✓l, cos✓K , �, q2

P 0
5 =

S5p
FL(1� FL)

B0 ! K⇤µ+µ�
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LHCb data
Belle data

ATLAS data
CMS data

SM from DHMV
SM from ASZB✴ Clean set of variables where hadronic form factor 

uncertainties cancels out (e.g. P’)

[JHEP 02 (2016) 104, ATLAS-CONF-2017-023 
   PRL 118 (2017),        PLB 781 (2018) 517541]

Local SM tension of 2.8 and 3.0 σ
Global (LHCb only) → 3.4 σ

5

9

Both branching fractions and P5’ 
discrepancies can be explained 
with a shift in either C9 or C9/C10 
simultaneously.

 13

Theory uncertainty

Be aware of long-distance effectsb æ s¸+¸≠
See e.g. [PK, Scholarpedia, arXiv:1606.00999]

Start with b æ s“, pay a factor –EM
‹ Decay the “ into 2 leptons

Add an interfering box diagram
‹ b æ s¸+¸≠, very rare in the SM

7 But beware of long-distance e�ects:
Tree b æ ccs, (cc)æ ¸¸

4 Can be removed by mass cuts
7 4 Interferes elsewhere
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Patrick Koppenburg Anomalies at LHCb 22/10/2018 — Implications of flavour anomalies [12 / 38]

✓  removed by mass cuts 
 interferes elsewhere 
difficult to access reliably

"charm-loop"

,

Angular observables 

Angular observables - B0 ! K⇤0µ+µ�
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ATLAS data
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SM from DHMV
SM from ASZB

• Complementary constraints on NP & orthogonal experimental systematics
compared to BR’s

• Give access to observables with reduced dependence on hadronic e↵ects
[JHEP 1204 (2012) 104]

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 8/43

8/40

[LHCb, JHEP 02 (2016) 104]

9 

•  Angular observables have reduced dependence on 
hadronic effects and also show some tension with SM 

 
•  BF and angular data consistent, best fit prefers shifted 

vector coupling C9 (or C9 and axial-vector C10) 
•    

•  … could QCD effects mimic vector-like NP ?  

 
 

Global fits to b ! sµ+µ� observables

• Best fit prefers shifted vector
coupling C9

(or C9 and axial-vector C10)

• Branching fractions and angular
observables consistent

[S. Descotes-Genon et al. JHEP06 (2016) 092]

[W. Altmannshofer et al. Phys. Rev. D96 (2017) 055008,

B. Capdevila et al. JHEP 01 (2018) 093, T. Hurth et al. Phys. Rev. D96 (2017) 095034,

G. DAmico et al. JHEP 09 (2017) 010, L.-S. Geng et al. Phys. Rev. D96 (2017) 093006,

M. Ciuchini et al. Eur. Phys. J. C77 (2017) 688,

S. Jäger and J. Martin Camalich, Phys. Rev. D93 (2016) 014028 and many others]

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 10/43

10/40

[P
R

L 118 (2017) 111801]	
[JH

E
P 02 (2016) 104] 

[JH
E

P 10 (2018) 047] 
[P

LB
 781 (2018) 517] 

[JH
E

P
06 (2016) 092] 

Both branching ratios and P’ discrepancies can be 
explained with a shift in C9 (or C9 and C10)

5

,

Long debate in the community if these effect can be 
interpreted as NP or must be attributed to charm loop

JHEP 10 (2018) 047 (ATLAS)
PLB 781 (2018) 517541 (CMS)
PRL 118 (2017) 111801 (Belle)

Angular analysis of B0 → K*0μ+μ−

https://link.springer.com/article/10.1007/JHEP02(2016)104
https://link.springer.com/article/10.1007/JHEP10(2018)047
https://www.sciencedirect.com/science/article/pii/S0370269318303149?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.111801
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Charm-loop contribution

New Physics or QCD?

Unaccounted for cc̄-loop contributions would mimic vector-like NP ) shifts in C9

[Phys. Rev. D 98 (2018)]

To resolve this situation:

• Improve experimental precision on angular observables

• Make new measurements of clean observables with reduced dependence on
these theory uncertainties and still sensitive to NP e↵ects...

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 11/43

11/40

- The charm loop causes a contribution to 
C9 difficult to estimate.

- This effect can be considered as that of 
the sum of the tails of the resonances + 
open charm.

EPJ C77 (2017) 161

 15

Phases in B+→K+µµ
EPJ C77 (2017) 161

 31

Phases in  B+ → K+µµ
EPJ C77 (2017) 161

Phases in B+ æ K +¸+¸≠
[LHCb, Eur. Phys. J. C77 (2017) 161, arXiv:1612.06764]
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2
‹ the interference with

the short-distance
component far from the
pole masses is small

The BF is measured over the
whole q2 range:

B(B+ æ K+µ+µ≠) = (4.37 ± 0.15 ± 0.23) ◊ 10≠7

Patrick Koppenburg Anomalies at LHCb 22/10/2018 — Implications of flavour anomalies [20 / 38]

Fit to B+ → K+µµ to determine the 
interference between “rare mode” 
and resonances 

Included resonances: ρ(770), 
ω(782), φ(1020), J/ψ, ψ(2S), 
ψ(3770), ψ(4040), ψ(4160), 
ψ(4415) 

4 solutions equally compatible with 
data 

J/ψ-“rare mode” phase difference 
compatible with ±π/2 

interference far from the 
pole mass is small

                   decays present simpler phenomenology compared to                       (K+ is a scalar)                

Fit to m(µµ) to determine the interference between “rare mode” and resonances  

4 solutions equally compatible with data 

J/ψ-“rare mode” phase difference                                                                                
compatible with ±π/2 

interference far from the                                                                                                        
pole mass is small

B+ → K+μμ B0 → K*0μμ

Fit to m(𝜇𝜇) to determine the interference 
between “rare mode” and resonances.
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Phases in B+→K+µµ
EPJ C77 (2017) 161

 31

Phases in  B+ → K+µµ
EPJ C77 (2017) 161

Phases in B+ æ K +¸+¸≠
[LHCb, Eur. Phys. J. C77 (2017) 161, arXiv:1612.06764]
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Fit to B+ → K+µµ to determine the 
interference between “rare mode” 
and resonances 

Included resonances: ρ(770), 
ω(782), φ(1020), J/ψ, ψ(2S), 
ψ(3770), ψ(4040), ψ(4160), 
ψ(4415) 

4 solutions equally compatible with 
data 

J/ψ-“rare mode” phase difference 
compatible with ±π/2 

interference far from the 
pole mass is small

                   decays present simpler phenomenology compared to                       (K+ is a scalar)                

Fit to m(µµ) to determine the interference between “rare mode” and resonances  

4 solutions equally compatible with data 

J/ψ-“rare mode” phase difference                                                                                
compatible with ±π/2 

interference far from the                                                                                                        
pole mass is small

B+ → K+μμ B0 → K*0μμ

B+ → K+μμPhases in

10

https://link.springer.com/article/10.1140/epjc/s10052-017-4703-2
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Lepton-flavour-universality tests

 Challenges for electrons at LHCb:
 
 - Lower trigger and reconstruction efficiency.

 - Bremsstrahlung strongly affects the q2,
B invariant mass and momentum resolutions.
 → Partial energy recovery adding photons.

Decays involving electrons:

• LHCb is far better with muons than electrons

• Trigger, reconstruction, selection and particle  
identification are harder with electrons
• Mass resolution affected by e bremsstrahlung
→ need energy recovery

• Mass shape modelled according to the  
number of bremsstrahlung recovered

Data-MC for the number of γ recovered by triggercategory

0γ
1γ 2γ 0γ 1γ

B → K* J/Ψ (→e+e-) B → K* γ (→e+e-)

ECAL

B
e+

K

π

e-

L0Hadron

L0Electron

L0Indep.  
of signal

10

Analysis of b→s"" events

The SM is lepton universal: electroweak couplings are the same for e/μ/τ.
This can be different if NP is present.
For rare decays, focus on muons vs. electrons.

Ratios of branching fractions represent clean tests of LFU.

Julián García Pardiñas (UZH) Search for NP in heavy-hadron decays La Thuile 2019

Lepton-flavour-universality tests

 LHCb is much better at muons than at electrons.

 - Less efficient trigger for electrons.
 - Bremsstrahlung strongly affects the resolution.
 - Partial energy recovery adding photons.

Decays involving electrons:

• LHCb is far better with muons than electrons

• Trigger, reconstruction, selection and particle
identification are harder with electrons
• Mass resolution affected by e bremsstrahlung
→ need energy recovery

• Mass shape modelled according to the
number of bremsstrahlung recovered

Data-MC for the number of γ recovered by triggercategory

0γ
1γ 2γ 0γ 1γ

B → K* J/Ψ (→e+e-) B → K* γ (→e+e-)

ECAL

B
e+

K

π

e-

L0Hadron

L0Electron

L0Indep.
of signal

10

Analysis of b→s"" events

Clean observables: LFU tests

10A. Mauri (UZH) 

✴ SM implies lepton universality:  
✤ lepton flavours are identical to one other       electroweak couplings are the same 
✤ Amplitude processes involving e, µ, τ should be the same once the effects

depending on the different mass are factorised out 

Lepton non-universality would be a clear sign of NP

taking the ratio cancels 
most uncertainties in 

QCD transitions

✴ SM prediction:
EPJ C76 (2016) 8 440

✴ Experimentally measured as double ratio:

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
= 1±O(10�2)

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)J/ (! µ+µ�))

. B(B ! K(⇤)e+e�)

B(B ! K(⇤)J/ (! e+e�))

most of the 
systematics 
cancel out

Clean observables: LFU tests

10A. Mauri (UZH) 

✴ SM implies lepton universality:  
✤ lepton flavours are identical to one other       electroweak couplings are the same 
✤ Amplitude processes involving e, µ, τ should be the same once the effects

depending on the different mass are factorised out 

Lepton non-universality would be a clear sign of NP

taking the ratio cancels 
most uncertainties in 
hadronic transitions

✴ SM prediction:
EPJ C76 (2016) 8 440

✴ Experimentally measured as double ratio:

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
= 1±O(10�2)

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)J/ (! µ+µ�))

. B(B ! K(⇤)e+e�)

B(B ! K(⇤)J/ (! e+e�))

most of the 
systematics 
cancel out

The SM is lepton universal: electroweak couplings are the same for e/μ/τ.
This can be different if NP is present.
Ratios of branching fractions represent clean tests of LFU.

11

11
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Measurement of R(K) PRL 122 (2019) 191801

Strategy

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+e+e�)

B(B+ ! K+J/ (e+e�))

=
N(B+ ! K+µ+µ�)

N(B+ ! K+J/ (µ+µ�))
⇥
"B+!K+J/ (µ+µ�

)

"B+!K+µ+µ�

⇥ N(B+ ! K+J/ (e+e�))

N(B+ ! K+e+e�)
⇥ "B+!K+e+e�

"B+!K+J/ (e+e�)

• RK is measured as a double ratio to cancel out most systematics

! B+ ! K+J/ (`+`�) measured to be LF-universal within 0.4%

• Yields determined from a fit to the invariant mass of the final state
particles

• E�ciencies computed using simulation that is calibrated with control
channels in data

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 18/43

18/40

Re-analysis of Run 1 data
(improved reconstruction and
re-optimised analysis strategy)

Addition of 2015 + 2016 data
} Data sample increased in a factor ~2,

with respect to the previous analysis

Three trigger types for the electron sample: focused on electrons, focused on hadrons
and signal independent.

Efficiency computed using simulation that is calibrated with control channels in data.

Measurement via a double ratio, to further reduce uncertainties:

12

[PRL 113,151601 (2014)]Previous measurement:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
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Measurement of R(K)
Cross-check 4 & 5

• Measurement of the double ratio

R (2S)

=
B(B+ ! K+ (2S)(µ+µ�))

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+ (2S)(e+e�))

B(B+ ! K+J/ (e+e�))
,

Result well compatible with unity:

R (2S)

= 0.986 ± 0.013 (stat + syst)

! Good compatibility found separately for Run 1 and Run 2 datasets,
and in all trigger categories.

• Checked that the B(B+ ! K+µ+µ�) is compatible with previous
determination [LHCb JHEP06 (2014) 133], but less precise owing to the
selection being optimised for RK .

! Good compatibility between the measurements in the Run 1 and
Run 2 samples is also found.
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Cross-check 4 & 5
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Cross-check 1: Measurement of rJ/ 

• To ensure that the e�ciencies are under control, check

rJ/ =
B(B+ ! K+J/ (µ+µ�))

B(B+ ! K+J/ (e+e�))
= 1,

known to be true within 0.4%.

• Very stringent check, as it requires direct control of muons vs electrons.

• Result:

rJ/ = 1.014 ± 0.035 (stat + syst)

• Checked that the value of rJ/ is compatible with unity for both Run 1
and Run 2 datasets, and in all trigger samples.
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(within 0.4%)

To check the description of the efficiency, several tests are performed.
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Measurement of R(𝜓(2S)), expected to be 1:

Result:

Measurement of the single ratio rJ/𝜓 predicted to be

Strong test of the procedure, as both muons and electrons have to be under control.
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Measurement of R(K)

Cross-check 2: rJ/ as a function of kinematics
Check that e�ciencies are understood in all kinematic regions ! rJ/ is flat for
all variables examined
! e.g. given expected min(pT (`+), pT (`�)) spectra, bias expected on RK if deviations

are genuine rather than fluctuations is 0.1%
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Cross-check 3: rJ/ in 2D

• Repeat the exercise in 2D, to check against correlated e↵ects.

• Choose q2-dependent variables relevant for the detector response.

• Select B+ ! K+J/ (`+`�) events in bins of this 2D space and compute rJ/ 
in each of them
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! Flatness of R2D
J/ plots gives confidence that e�ciencies are understood over all

phase-space
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PRL 122 (2019) 191801

Measurement of
rJ/𝜓 in 1D bins of 
kinematic variables.

Measurement of
rJ/𝜓 in 2D bins of 
kinematic variables.
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Fit to B+ ! K+`+`� candidates
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• Signal and background shapes determined from calibrated simulation.

• Mass shift and resolution scale fixed to that observed in the fit to the
resonant mode.

• Leakage from B+ ! J/ (ee)K+ in the B+ ! K+e+e� signal region
(1.1 < q2 < 6.0GeV

2/c4), constrained from the fit to the resonant mode.
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Fit to the resonant modes

Yields for B+ ! K+J/ (`+`�), used as input for cross-checks and final
determination of RK , obtained from a fit to the J/ -constrained B mass
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• Signal and background shapes determined from calibrated simulation

• Allow for a shift in the position in the signal peak and a scale factor to
the resolution to float in the fit

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 30/43

30/40

[LHCb-PAPER-2019-009]Fit to the resonant modes

Yields for B+ ! K+J/ (`+`�), used as input for cross-checks and final
determination of RK , obtained from a fit to the J/ -constrained B mass
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• Signal and background shapes determined from calibrated simulation

• Allow for a shift in the position in the signal peak and a scale factor to
the resolution to float in the fit
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Resonant
modes

Rare
mode

PRL 122 (2019) 191801

Yields extracted via invariant-mass fits.
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Measurement of R(K)Updated RK

 25A. Mauri (UZH) 

LHCb updated RK measurement 

re-analysing 2011-2012 data 

adding 2015-2016 data

Updated RK measurement 

25 

[LHCb-PAPER-2019-009] 
[LHCb, PRL 113 (2014) 151601] 
[BaBar, PRD 86 (2012) 032012] 
[Belle, PRL 103 (2009) 171801] 

Final results

Using 2011 and 2012 LHCb data:

RK = 0.745 +0.090
�0.074 (stat) ± 0.036 (syst),

compatible with the SM expectation at 2.6�.

Reanalysing 2011-2012 and adding 2015 and 2016 data, RK becomes

RK = 0.846 +0.060
�0.054 (stat) +0.014

�0.016 (syst)

which is compatible with the SM expectation at 2.5�.
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•  Using 2011 and 2012 data: 

•   compatible with the SM 
expectation at 2.6σ  

•  Reanalysing the 2011-2012 data 
and adding 2015 and 2016,  

 
•   compatible with the SM 

expectation at 2.5σ  

R new
K Run1 = 0.717 +0.083

−0.071 (stat) +0.017
−0.016 (syst)

RK Run2 = 0.928 +0.089
−0.076 (stat) +0.020

−0.017 (syst)
RK = 0.846 +0.060

−0.054 (stat) +0.014
−0.016 (syst)

Combined 2.5 sigma 
from SM prediction

1.9 sigma compatibility between Run1 and Run2

PRL 122 (2019) 191801
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•  Using 2011 and 2012 data: 

•   compatible with the SM 
expectation at 2.6σ  

•  Reanalysing the 2011-2012 data 
and adding 2015 and 2016,  

 
•   compatible with the SM 

expectation at 2.5σ  

R new
K Run1 = 0.717 +0.083

−0.071 (stat) +0.017
−0.016 (syst)

RK Run2 = 0.928 +0.089
−0.076 (stat) +0.020

−0.017 (syst)
RK = 0.846 +0.060

−0.054 (stat) +0.014
−0.016 (syst)

Combined 2.5 sigma 
from SM prediction

1.9 sigma compatibility between Run1 and Run2

Updated result compatible with the SM at the 2.5σ level (previously 2.6σ)

   - Run 1 and Run 2 results compatible at the 1.9σ level.
   -                               compatible with previous measurement.ℬ(B+ → K+μ+μ−) [JHEP06 (2014) 133]
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Measurement of R(K*)LFU test in                       decays 

 26A. Mauri (UZH) 

LHCb Run 1:

B0 → K*ℓ+ℓ−

18 review of b-anomalies

In conclusion, the ratios RX are very clean observables both form
the theoretical and the experimental point of view, and can give an
unquestionable hints of New Physics.

3.3.1 The RK and RK⇤ anomalies

The LHCb experiment recently published two measurements - RK
and RK⇤ - analysing the two decays B+ ! K+`+`� and B0 ! K⇤`+`�

respectively [50, 51]. The observed values are

RK = 0.745+0.090
�0.074 ± 0.036 , (21)

in the range 1 < q2 < 6 GeV2, and

RK⇤0 =

(

0.66+0.11
�0.07 ± 0.03 for 0.045 < q2 < 1.1 GeV2 ,

0.69+0.11
�0.07 ± 0.05 for 1.1 < q2 < 6.0 GeV2 ,

(22)

where the first uncertainty is statistical and the second systematic.
These measurements are in tension with the Standard Model predic-

tion at a level of 2.6 standard deviations (RK) and 2.1 and 2.4 standard
deviations (RK⇤) for the low and central q2 bin respectively.

3.4 global fits

[52]
in B0 ! K⇤0`+`�

[24, 26, 46]

2.1 (2.4) σ tension with the SM

Belle recently updated 
measurement of RK*

JHEP 08 (2017) 055

arXiv:1904.02440

Lepton Flavour universality in b→s

!27ALPS 2019 P. Álvarez Cartelle (ICL)

Ratios of muons/electrons are extremely 
well predicted in the SM

‣ Hadronic uncertainties of O(10-4) 
‣ QED uncertainties can be O(10-2) 

Any statistically significant deviation from 1 
is a sign of New Physics

[JHEP 07 (2007) 040]

[EPJC 76 (2016) 8,440]

[LHCb, PRL 113 (2014) 151601]

[LHCb, JHEP 08 (2017) 055]

[Belle, PRL 103 (2009) 171801]

[Belle, arXiv:1904.02440]

[BaBar, PRD 86 (2012) 032012]
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LHCb Run 1 measurement:
JHEP 08 (2017) 055, LHCb

LFU in Rare Decays

 16Nico Serra - Pheno 2019 6th - 8th May 2019

R(K*) = ℬ(B0 → K*0μ+μ−)
ℬ(B0 → K*0e+e−)

ℬ(B0 → K*0J/ψ ( → e+e−))
ℬ(B0 → K*0J/ψ ( → μ+μ−))

JHEP 1708 (2017) 055 

2.5(2.4)σ tension with the SM

Recent updated measurement
from Belle. [arXiv:1904.02440]
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LFU in charged currents
 - Tree-level decays in the SM.
 - Very large data samples.
 - Theoretically very clean.
 - μ/τ deviations observed by three
   experiments (LHCb, Belle, BaBar).

Aim of this talk: two-front LFU

R
⇣
D(⇤)

⌘
⇤ B(B ! D(⇤)⌧�⌫⌧)/B(B ! D(⇤)µ�⌫µ)R

⇣
D(⇤)

⌘
⇤ B(B ! D(⇤)⌧�⌫⌧)/B(B ! D(⇤)µ�⌫µ)R

⇣
D(⇤)

⌘
⇤ B(B ! D(⇤)⌧�⌫⌧)/B(B ! D(⇤)µ�⌫µ) [b ! cl⌫][b ! cl⌫][b ! cl⌫]

} Tree level in the SM.

} Abundant decay.

} Potential NP contributions that
mainly couples to the third family.

R
⇣
K(⇤)

⌘
⇤ B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�)R

⇣
K(⇤)

⌘
⇤ B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�)R

⇣
K(⇤)

⌘
⇤ B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�) [b ! sll][b ! sll][b ! sll]

} FCNC process, rare decay,
forbidden at tree level in the SM.

} Very sensitive to either tree or
loop NP contributions.

�
Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����

LHCb: Difficult decay reconstruction due to missing neutrinos.
Rest-frame approximation:

18% resolution on the B momentum.

First LHCb measurement of R(D⇤)

Data: � fb�1 (Run �), using ⌧ and µ (no electrons), muonic decay of the ⌧.

R
�
D⇤+�

⇤
B(B ! D⇤+⌧�⌫⌧)
B(B ! D⇤+µ�⌫µ)

with ⌧� ! µ�⌫µ⌫⌧

Measure semileptonic decays to the same visible final state D⇤+µ�D⇤+µ�D⇤+µ�.

} Separate ⌧ and µ components via a �D binned template fit on the
m2

miss , E⇤
µ and q2 variables.

Rest-frame approximation:
B boost along z >> boost of decay
products in B frame.

LHCb muonic R(D*) 

06/06/17 A. Romero Vidal 12 
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•  First measurement of  R(D*) in a 
hadron collider. 

•  τ reconstructed with τ→µνν. 

•  Difficult, due to missing kinematic 
constraints (ϒ(4S)). 

•  B boost along z >> boost of  decay 
products in B rest frame. 

•  The B momentum approximated by: 

•  18% resolution on pB good enough to 
preserve signal and background 
discrimination in m2

miss , Eµ* and q2. 

(γβz )B = (γβ)D*µ ⇒ (pz )B =
mB

m(D*µ)
(pz )D*µ

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

[LHCb-PAPER-2015-025] 
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B0→D*-τν 

B momentum direction: PV ! SV.

��% resolution on pB ! enough to
separate the components.

�

Phys. Rev. Lett. ���, ������ (����)
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Muonic R(D*)
PRD 115,111803 (2015), LHCb

Beatriz	García	Plana	(IGFAE-USC) Mainz Model Builders 2019

[Phys.	Rev.	Lett.	115,	111803	(2015)]
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• ML		fit	to	m2
miss,	Eµ,	q2		distributions	with	3D	templates	representing	

B0àD*tn,		B0àD*µn and	background	sources.	
• Templates	validated	with	separate	fits	on	data	control	samples

D*tn

D*µn

PRL 115, 11804 (2015)

2.1	s higher		than	SM					

R(D*)	=	0.336	± 0.027	(stat) ± 0.030	(syst)
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• ML		fit	to	m2
miss,	Eµ,	q2		distributions	with	3D	templates	representing	

B0àD*tn,		B0àD*µn and	background	sources.	
• Templates	validated	with	separate	fits	on	data	control	samples

D*tn

D*µn

PRL 115, 11804 (2015)

2.1	s higher		than	SM					

R(D*)	=	0.336	± 0.027	(stat) ± 0.030	(syst)

Result:	separate	τ	and μ components	
via a	3D	binned	template	fit	to	the	q2,	
m2miss and	E*! distributions

B
0

D⇤+

µ�

m2
miss

10

q2 = (pB � pD⇤)2 = m2
W⇤

m2
miss = (pB � pD⇤ � pµ)

2 = m2
3⌫

E⇤
µ

R(D⇤) = 0.336± 0.027(stat)± 0.030(syst)

m2 miss E*μ q2

[PRD	115,	111803	(2015)]

~2.1	σ	from	SM

R(D*)	muonic at	LHCb

[Run	1	data]

τ− → μ−ντν̄μ
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τ reconstruction

Reconstructing τ

 7

• 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

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

Leptonic:  Br ~17 %  
  
  

Reconstructing τ

 6

• τ → μ νμ ντ  
• τ → e νe ντ

ℬ(τ → μ νμ ντ) = 17.4%  
ℬ(τ → e νe ντ)  = 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).
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normalization have the 
same visible final state

Reconstructing τ
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Strategy: 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• Part of systematics cancels in the ratio. 
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Suzanne Klaver        LFU in B→Dℓν decays        FPCP        8 May 2019
Hadronic  

 requires an other decay channel with similar final state, e.g. 

Part of the systematic 
cancels in the ratio!

B → D*πππ

Reconstruction of the tauon as:
Signal and normalization have the same visible final state.
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Set of variables 
Eµ 
q2  
m2miss

Set of variables 
tτ 
q2  
BDT output

R(D⇤) = 0.336± 0.027± 0.030

#IDC!� ?��FDC!�

2.1σ greater than SM

Projection in one of 
the four q2 bins

Projection in one bin 
of BDT response

LHCb: RD⇤ muonic [PRL115(2015)111803]
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The result is 2.1𝝈 above the SM

Measurement via a 3D fit to data.
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2.1σ greater than SM

Projection in one of 
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Projection in one bin 
of BDT response

Projections in one bin of q2
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Hadronic R(D*)
PRD 97,072013 (2018), LHCb

PRL 120,171802 (2018), LHCb
τ− → π+π−π−(π0)Reconstruction of the tauon as:

Hadronic R(D⇤) in LHCb

Today: first LHCb measurement of R(D⇤) using the hadronic ⌧ decay,
⌧� ! ⇡�⇡+⇡�(⇡0)⌫⌧ , with Run � data.

Complementary to the muonic decay:
} Explore a complementary data sample.

} No charged leptons in the final state:
! Zero bkg. from usual SL decays!
! Some of the backgrounds peak.

Khad(D⇤) ⇤ B(B0 ! D⇤�⌧+⌫⌧)
B(B0 ! D⇤�⇡+⇡�⇡+) , R(D⇤)R(D⇤)R(D⇤) ⇤ Khad(D⇤)⇥B(B0 ! D⇤�⇡+⇡�⇡+)

B(B0 ! D⇤�µ+⌫µ)
B(B0 ! D⇤�⌧+⌫⌧) from a �D binned template fit.
B(B0 ! D⇤�⇡+⇡�⇡+) from an un-binned fit to M(D⇤�⇡+⇡�⇡+).
B(B0 ! D⇤�⇡+⇡�⇡+) and B(B0 ! D⇤�µ+⌫µ) external, from the PDG.

�

LHCb-PAPER-����-���, in preparation

Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����
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of BDT response

The result is ~1𝝈 above the SM
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• Signal yield extracted from a 3D fit to q2, τ decay time and BDT: Nsig = 1296 ± 86.

• Normalisation yield from a fit to M(D*−π+π−π+) invariant mass: Nnorm = 17080 ± 143.

Recently, HFLAV provided separated averages for B0 and B+ semileptonic decays: 

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

R(D*) with τ−⟶"−"+"−ντ decays

R(D*) = 0.291 ± 0.019 ± 0.026 ± 0.013Using 2017 WA: 
ℬ %& → (∗*+,-. = 4.88 ± 0.10 ×10*7
ℬ %& → (∗*",","* = 7.21 ± 0.28 ×10*:

ℬ %& → (∗*ℓ,-ℓ = 5.05 ± 0.02 ± 0.14 ×10*7
ℬ %, → =(∗&ℓ,-ℓ = 5.66 ± 0.07 ± 0.21 ×10*7 R(D*) changes to ⇒ R(D*) = 0.280 ± 0.018 ± 0.029 

New updated result closer to SM prediction (<1?)

External branching ratios

23/05/2019 A. Romero Vidal 13
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• Signal yield extracted from a 3D fit to q2, τ decay time and BDT: Nsig = 1296 ± 86.

• Normalisation yield from a fit to M(D*−π+π−π+) invariant mass: Nnorm = 17080 ± 143.

Recently, HFLAV provided separated averages for B0 and B+ semileptonic decays: 

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

R(D*) with τ−⟶"−"+"−ντ decays

R(D*) = 0.291 ± 0.019 ± 0.026 ± 0.013Using 2017 WA: 
ℬ %& → (∗*+,-. = 4.88 ± 0.10 ×10*7
ℬ %& → (∗*",","* = 7.21 ± 0.28 ×10*:

ℬ %& → (∗*ℓ,-ℓ = 5.05 ± 0.02 ± 0.14 ×10*7
ℬ %, → =(∗&ℓ,-ℓ = 5.66 ± 0.07 ± 0.21 ×10*7 R(D*) changes to ⇒ R(D*) = 0.280 ± 0.018 ± 0.029 

New updated result closer to SM prediction (<1?)
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R(D) and R(D*) combination

New R(D) and R(D*) measurement by Belle.
[arXiv:1904.08794]

New world average for R(D) and R(D*) at 3.1𝝈 from the SM
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Measurement of R(J/ψ)
RJ/ [PRL120(2018)121801]

I Test LU in Bc decays:

RJ/ ⌘ B (Bc ! J/ ⌧⌫)
B (Bc ! J/ µ⌫)

I FFs not constrained by B factories,
RSM

J/ 2 [0.25, 0.28]

I LHCb analysis:
– ⌧ ! µ⌫⌫
– J/ ! µµ
– RJ/ = 0.71 ± 0.17 ± 0.18

I ⇠ 2� above SM

I More RXc measurements coming!
RD+ , R⇤c , R⇤⇤

c ...
[see M. Smith’s presentation]
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Similar decay, change of spectator quark
(c instead of u or d).

Form factors not constrained from B factories.

RJ/ [PRL120(2018)121801]

I Test LU in Bc decays:

RJ/ ⌘ B (Bc ! J/ ⌧⌫)
B (Bc ! J/ µ⌫)

I FFs not constrained by B factories,
RSM

J/ 2 [0.25, 0.28]

I LHCb analysis:
– ⌧ ! µ⌫⌫
– J/ ! µµ
– RJ/ = 0.71 ± 0.17 ± 0.18

I ⇠ 2� above SM

I More RXc measurements coming!
RD+ , R⇤c , R⇤⇤

c ...
[see M. Smith’s presentation]
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RJ/ ⌘ B (Bc ! J/ ⌧⌫)
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I More RXc measurements coming!
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PRL 120,121801 (2018), LHCb

Measurement via a 3D fit: m2
miss, tB, Z(q2, E*μ )

the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400' 300 signal
and 19140' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values '2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400' 300 signal
and 19140' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values '2.
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/ψhþ candidates, where hþ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the hþ failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/ψhþ sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.
A binned maximum likelihood fit is performed using the

templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/ψ background, are allowed to vary in
the fit, as are the shape parameters corresponding to the Bþ

c
lifetime and the A0ðq2Þ form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states Bþ

c → ψð2SÞμþνμ, Bþ
c →

χcð0;1;2Þð1PÞμþνμ are allowed to vary in the fit, whereas the
ratio of the branching fractions R½ψð2SÞ% ¼ B½Bþ

c →
ψð2SÞτþντ%/B½Bþ

c → ψð2SÞμþνμ% is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.
Extensive studies of the fit procedure are carried out to

identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of RðJ/ψÞ from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw RðJ/ψÞ value after unblinding.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
m2

miss, decay time, and Z. The fit yields 1400' 300 signal
and 19140' 340 normalization decays, where the errors
are statistical and correlated. Accounting for the τþ →
μþνμν̄τ branching fraction and the ratio of efficiencies
[ð52.4' 0.4Þ%] gives an uncorrected value of 0.79 for
RðJ/ψÞ. Correcting for the mean expected bias at this
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FIG. 1. Distributions of (top) m2
miss, (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values '2.
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Phenomenological interpretation
See the talk by 
Joaquin Matias

Many NP models that would explain the anomalies predict sizable branching 
fractions in charged LFV decays.

Recent LHCb results on                           and                     .B+ → K+μ±e∓ B0
(s) → τ±μ∓ See the talk by 

Cedric Meaux
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Figure 3. Left: Preferred regions (at the 1, 2 and 3� level) for the Lµ � L⌧ model of Ref. [11]
from b ! s`+`� data (green) in the (mQ, mD) plane with Y D,Q = 1. The contour lines denote

the predicted values for R[1.1,6]
K (red, dashed) and R[1.1,6]

K⇤ (blue, solid). Right: Preferred regions
at the 1, 2 and 3� level (green) in the (CV

9µ = �CV
10µ, CU

9 ) plane from b ! s`+`� data. The red
contour lines show the corresponding regions once RD(⇤) is included in the fit (for ⇤ = 2 TeV). The
horizontal blue (vertical yellow) band is consistent with RD(⇤) (RK) at the 2� level and the contour
lines show the predicted values for these ratios.

For instance, in scenarios like (CV
9µ and CU

9 ) the LFU component is negligible (at least its

b.f.p.). On the contrary, if the LFUV-NP has a (V �A) structure the LFU-NP component

(CU
9 ) is very large. So the new values of RK and RK⇤ seem to open the window for some

RHC contributions while the new B(Bs ! µµ) update (theory and experiment) favours

the scenarios with CNP
10µ, marginally.
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observables, especially in the Cbsµµ

9 direction.

Overall, we find a similarly good fit of the data in a scenario with NP in Cbsµµ
9 and C 0bsµµ

9 .
The scenario is shown in the right plot of Fig. 1. The best fit values for the Wilson coe�cients
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No dramatic changes after
newest LFU results.

Interesting new possible
interplay between neutral
and charged currents, with
NP in b→cl𝜈 playing a role
in the b→sll anomalies.

[arXiv:1903.10434]

Complementary measurements: lepton flavour violation (LFV)

https://arxiv.org/abs/1903.09578
https://arxiv.org/abs/1903.10434
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Near-term prospects for b→sll 

- R(K*) measurement with full Run 1 + Run 2 (previously only Run 1).

- R(K) measurement with full Run 1 + Run 2 (previously Run 1 + 2015 + 2016).

-                          angular analysis.

- New ratios: R(𝜙), R(K𝜋𝜋), R(𝛬(*)), …

-                         angular analysis: non-LFU angular asymmetries        .

- Direct measurement of Wilson Coefficients from data, via amplitude analysis of
                            .

B0 → K*μ+μ−

B0 → K*μ+μ−

B0 → K*e+e− ΔP′�i
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- Simultaneous measurement of R(D0) and R(D*) (Run 1).

- Simultaneous measurement of R(D+) and R(D*) (Run 2).

- New ratios: R(𝛬c), R(Ds), …

- Updated analyses: addition of Run 2 data; hadronic versions of the muonic analyses.

Annarita Buonaura Flavor 2019: new Physics in flavor from LHC to Belle II, MIAPP, 22nd May 2019

Beyond ratios: angular analysis

"21

‣ B →D*τν decays fully described by q2 and θL, 
θD and χ.

‣  q2 and angles, τ/D* polarisation have:
-  different sensitivity to NP
- can allow disentanglement of different helicity 

amplitudes

SM
current
scalar
tensor

[PHYSICAL REVIEW D 94, 094021 (2016)]
[arXiv:1610.03038v5]

θD

Next step: angular analyses

Allow to differentiate among different
possible new models.

Challenging due to the resolution on
the angular variables, but very large
data samples available.

Near-term prospects for b→cl𝛎

25



Julián García Pardiñas (UZH) B-flavour anomalies at LHCb WIN 2019

Long-term prospects

Annarita Buonaura Flavor 2019: new Physics in flavor from LHC to Belle II, MIAPP, 22nd May 2019

Experimental prospects

"19

‣ In R(D*) measurements systematic uncertainties comparable to statistic ones. 
‣ Main contributions:

- modelling of fit components
- limited size of simulated samples

‣ Increased luminosity results in 
decrement of statistical uncertainty

Improve with larger statistics

Software development to speed 
up production times

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

Figure 24: Projected uncertainty for various RHc ratios from the Belle-II and LHCb experiments
(years are indicative). The Belle-II uncertainties include estimates of the evolution of the
systematic uncertainties. The systematic uncertainties at LHCb are assumed to scale with the
accumulated statistics until they reach limits at 0.003, 0.004 and 0.012 for RD⇤ , RD and RJ/ ,
and 0.006 for both RDs and R

⇤c .

2015 2020 2025 2030 2035
Year

0.00

0.05

0.10

0.15

0.20

0.25

0.30

P
ro

je
ct

ed
u
n
ce

rt
ai

nt
y

Belle � II RK

Belle � II RK⇤

LHCb RK

LHCb RK⇤

LHCb R�

LHCb RpK

Figure 25: Projected uncertainty for various RHs ratios from the Belle-II and LHCb experiments
(years are indicative) in the range ⇠ 1 < q2 < 6 GeV2/c4. The Belle-II values include estimates
of the evolution of the systematic uncertainties (for RK⇤ , the charged and neutral channels have
been combined). The LHCb uncertainties are statistical only (the precision of all measurements
will be dominated by the size of the available data samples except for RK and RK⇤ at 300 fb�1).
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(years are indicative) in the range ⇠ 1 < q2 < 6 GeV2/c4. The Belle-II values include estimates
of the evolution of the systematic uncertainties (for RK⇤ , the charged and neutral channels have
been combined). The LHCb uncertainties are statistical only (the precision of all measurements
will be dominated by the size of the available data samples except for RK and RK⇤ at 300 fb�1).
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[Journal of Physics G, 46, 2 (2018)]

Interplay between the
LHCb Upgrades and Belle II.

Large reduction of the
uncertainty on the LFU measurements.
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Summary and conclusions

27

Very interesting pattern of anomalies in neutral and charged currents.

Still larger data samples are needed to understand their nature.

Several measurement updates using Run 2 data and new 
measurements to come in the near future.

The LHCb Upgrades and Belle II will allow to further clarify the situation 
and, if the anomalies are due to beyond-the-SM physics, to disentangle 
between different scenarios.


