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Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies

2 / 16 David Gerick (LHCb collaboration) Electroweak Penguin Decays at LHCb (ICHEP 2020)
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https://arxiv.org/pdf/1412.6352.pdf
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Rare B decays
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Flavour-Changing Neutral Currents
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First  FCNC: b → s b → sγ

๏ Discovered in 1993 at CLEO
•
• Quark transition 

๏ Nowadays  well known
• Many decays studied → 
• Measured CP violation, mixing, 

polarisation of the emitted 

๏ All measurements agree with SM
• Great constraints on e.g. SUSY
• Still space for improvement

๏  hard at LHCb (neutral )

BR(B → K*γ) ≃ 4 × 10−5

b → sγ

b → sγ

γ

b → sγ γ
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b—>s transitions
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• The first b—>s transition was discovered in 1993 by the CLEO collaboration.

A historical example – B0→K*0γ 
•  In SM : occurs through a dominating W-t loop  
•  Possible NP diagrams : 
•  Observed by CLEO in 1993, two years before 

the direct observation of the top quark 
–  BR was expected to be (2-4)×10-4  
 → measured BR = (4.5±1.7) ×10-4    
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•  In SM : occurs through a dominating W-t loop  
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• At LHCb we focus more on Bs0 and Λb0 decays: 


• time-dependent CP asymmetry of Bs0—>ɸ!


• Branching fraction of Λb0—> Λ0!

 PHYS. REV. LETT. 118 (2017) 021801  PHYS. REV. LETT. 123 (2019) 031801 

• b—>s! transitions difficult at hadron collider due to neutral photon.
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 at LHCbb → sℓ+ℓ−

๏ Several fully charged final states
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Selecting b → sμμ
๏ Hardware trigger: µ

๏ Software trigger: displaced 
charged tracks forming vertex

๏ Muon and charged-hadron 
identification

๏ Machine Learning classifier to 
label events that are more likely 
to contain signal

๏ Fit to B invariant mass to 
subtract background
• Mostly combinatorial 

combination of tracks
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

~4k   
BR of about 

B+ → K+μ+μ−

1.2 × 10−7
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Measuring the BR
๏ Decay amplitude gets contribution from NP 
→ Decay Branching Ratio can be different

๏ Measuring BR at LHCb
• Hard to know how many B are produced
• Always normalise to other decay channel

๏  have excellent normalisation channelsb → sℓ+ℓ−

7
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A function of q2
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BR results

๏ Measured  in various decay modes

๏ Predictions have large uncertainties (10-20%)

๏ All rates lower than SM predictions
• Is this a sign of NP contributions (negative interference with SM)
• Or is this just a sign that these SM predictions are hard to do?

dBR/dq2
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B+ → K+μ+μ−
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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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B0 → K*0μ+μ−
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Bs → ϕμ+μ−

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-012.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-014.html
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Angular analyses
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Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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Analysis roadmap

● Selection and characterisation
 Online selection
 Multivariate selection
 Optimisation
 Sample composition
 Mass -t

● Angular $t
 Strategy
 Angular acceptance
 Background modelling
 Validation

● Results Martino Borsato, Fabrice Desse B0 ! K⇤0e+e� angular analysis July 7
th

2020 4 / 20

μ+

μ−

๏ Can study other properties of the B decay
• e.g.  has rich structure

๏ Full decay kinematic described as 
function of  and three angles 

B0 → K*0ℓ+ℓ−

q2

Patrick Owen HCPSS2021

First we write down the PDF
• The                      angular distribution can be written down as follows

25

for q2 < 1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable
corresponds to the fraction of longitudinal polarisation of the K∗0 meson and is therefore
more commonly referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
‖ |2 + |AR

‖ |2 + |AL
⊥|2 + |AR

⊥|2
. (3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-
tem AFB, with AFB = 3

4S6s. The CP -averaged angular distribution of the B0→ K∗0µ+µ−

decay can then be written as

1

d(Γ+ Γ̄)/dq2
d4(Γ+ Γ̄)

dq2 d!Ω
=

9

32π

[
3
4(1− FL) sin

2 θK + FL cos
2 θK
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4(1− FL) sin

2 θK cos 2θl

−FL cos
2 θK cos 2θl + S3 sin

2 θK sin2 θl cos 2φ

+S4 sin 2θK sin 2θl cosφ+ S5 sin 2θK sin θl cosφ

+4
3AFB sin2 θK cos θl + S7 sin 2θK sin θl sinφ

+S8 sin 2θK sin 2θl sinφ+ S9 sin
2 θK sin2 θl sin 2φ

]
.

(4)

Additional sets of observables, for which the leading B0 → K∗0 form-factor uncertainties
cancel, can be built from FL and S3–S9. Examples of such optimised observables include
the transverse asymmetry A(2)

T [23], where A(2)
T = 2S3/(1 − FL), and the P (′)

i series of
observables [24]. In this paper the notation used is

P1 =
2S3

(1− FL)
= A(2)

T ,

P2 =
2

3

AFB

(1− FL)
,

P3 =
−S9

(1− FL)
,

P ′
4,5,8 =

S4,5,8√
FL(1− FL)

,

P ′
6 =

S7√
FL(1− FL)

.

(5)

The definition of the P ′
i observables differs from that of Ref. [24], but is consistent with

the notation used in the LHCb analysis of Ref. [8].
In addition to the resonant P-wave K∗0 contribution to the K+π−µ+µ− final state,

the K+π− system 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 the six additional

3

B0 → K∗0!+!−

Probe observables such as the forward-backward asymmetry 
(AFB) and and the fraction of longtitundal polarisation of the K* (FL)
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Correcting acceptance effects
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Figure 2: Relative e�ciency in cos ✓l, cos ✓K , � and q2, as determined from a principal moment
analysis of simulated three-body B0! K⇤0µ+µ� phase-space decays. The e�ciency as a function
of cos ✓l, cos ✓K and � is shown for the regions 0.1 < q2 < 0.98GeV2/c4 (black solid line) and
18.0 < q2 < 19.0GeV2/c4 (red dashed line). The e�ciency as a function of q2 is shown after
integrating over the decay angles. The histograms indicate the distribution of the simulated
three-body B0! K⇤0µ+µ� phase-space decays used to determine the acceptance.

7 Angular analysis of the decay

The three methods used to determine the CP -averaged angular observables, CP asym-
metries and the zero-crossing points of S4, S5 and AFB are detailed below. Section 7.1
describes the determination of the observables in bins of q2 using a maximum likelihood
fit. Section 7.2 discusses the determination of the same set of observables using a principal
moment analysis. Finally, Sec. 7.3 describes a fit to the angular and q2 distribution of the
decay, parameterised in terms of the decay amplitudes rather than the observables. This
fit is used to determine the zero-crossing points of S4, S5 and AFB.

7.1 Determination of angular observables with a likelihood fit

In each q2 bin, an unbinned maximum likelihood fit to m(K+⇡�µ+µ�) and the three decay
angles cos ✓l, cos ✓K and � is used to determine the angular observables introduced in
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Figure 2: Relative e�ciency in cos ✓l, cos ✓K , � and q2, as determined from a principal moment
analysis of simulated three-body B0! K⇤0µ+µ� phase-space decays. The e�ciency as a function
of cos ✓l, cos ✓K and � is shown for the regions 0.1 < q2 < 0.98GeV2/c4 (black solid line) and
18.0 < q2 < 19.0GeV2/c4 (red dashed line). The e�ciency as a function of q2 is shown after
integrating over the decay angles. The histograms indicate the distribution of the simulated
three-body B0! K⇤0µ+µ� phase-space decays used to determine the acceptance.

7 Angular analysis of the decay

The three methods used to determine the CP -averaged angular observables, CP asym-
metries and the zero-crossing points of S4, S5 and AFB are detailed below. Section 7.1
describes the determination of the observables in bins of q2 using a maximum likelihood
fit. Section 7.2 discusses the determination of the same set of observables using a principal
moment analysis. Finally, Sec. 7.3 describes a fit to the angular and q2 distribution of the
decay, parameterised in terms of the decay amplitudes rather than the observables. This
fit is used to determine the zero-crossing points of S4, S5 and AFB.

7.1 Determination of angular observables with a likelihood fit

In each q2 bin, an unbinned maximum likelihood fit to m(K+⇡�µ+µ�) and the three decay
angles cos ✓l, cos ✓K and � is used to determine the angular observables introduced in
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Analysis roadmap

● Selection and characterisation
 Online selection
 Multivariate selection
 Optimisation
 Sample composition
 Mass -t

● Angular $t
 Strategy
 Angular acceptance
 Background modelling
 Validation

● Results Martino Borsato, Fabrice Desse B0 ! K⇤0e+e� angular analysis July 7
th

2020 4 / 20
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Multidimensional fit

๏ Fit physical probability density function 
(PDF) to acceptance-corrected data

๏ Use B mass fit to substract background 
and to model it in the angular dimensions

๏ Fit three angles simultaneously and 
extract angular observables in bins of q2
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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Results angular analysis
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Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)
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๏ Measure 8 angular observables in 8  bins (64 numbers!)

๏ Deviations at 1-2 sigma level observed in some observables 
→ is it simply look-elsewhere effect?

q2
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Interpretation

14

๏ Integrate out  

๏ four-fermion interaction described 
by effective couplings

      

๏ Main SM contributions:
• Vector ( ) and Axial-vector ( ) 

leptonic currents
•  contribution in ( ) 
→ very well constrained by 
radiative decays

> mW

Ci = CSM
i + CNP

i

C9 C10

b → sγ* C7

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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Interpretation
๏ Fit most relevant effective 

couplings  and  to data

๏ Use all  measurements 
• Branching ratios
• Angular analyses

๏ Fitted couplings do not match SM 
expectation (anomaly!)
• Coherent picture from BR and 

angular analyses
• SM predictions still under scrutiny

C9 C10

b → sμμ

15

Scenarios with two Wilson coef�cients

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0

Cbsµµ
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C
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10

flavio
Bs ! µµ 1�

RK & RK⇤ 1�, 2�

b ! sµµ 1�, 2�

WET at �.8 GeV

I After Moriond ����:
I RK : smaller uncertainty
I Bs ! µµ: smaller uncertainty,

better agreement with b ! sµµ

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� ��/��
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Fit at 1 and 2 σ 

SM

C9 − CSM
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C 1
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−
C

SM 10

Hadronic uncertainties: charm loops

I important for resonance
regions (charmonia)

I SM effect contributing to C�`

I depends on q�, lepton univ.
I quark-hadron duality approx

at large q� (syst of few %) B M

`+

`�

Oi

cc̄

3

Several approaches agree at low-q�

I LCSR estimates [Khodjamirian, Mannel, Pivovarov, Wang; Gubenari, Van Dyk]

(see talk by Gubenari)
I order of magnitude estimate for the �ts (LCSR or ⇤/mb), check with bin-by-bin

�ts QM: we include a nuisance parameter si to allow for
constructive/destructive interference between charm and short-distance

for each amplitude widening theo uncertainties [Crivellin, Capdevila, SDG, Hofer, Matias;

Straub, Altmannshoffer; Hurth, Mahmoudi]
I �t of sum of resonances to the data [Blake, Egede, Owen, Pomery, Petridis]
I dispersive representation + J/ , (�S) data [Bobeth, Chrzaszcz, van Dyk, Virto]

Is charm-loop overestimated instead of underestimated?

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� ��/��

Fit from arXiv:2103.13370 

Similar fits from other groups:
Algueró et al., arXiv:1903.09578 

Kowalska et al., arXiv:1903.10932 
Ciuchini et al., arXiv:2011.01212 

Datta et al., arXiv:1903.10086 
Arbey et al., arXiv:1904.08399 
Geng et al., arXiv:2103.12738 

https://inspirehep.net/literature/1853232
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The very rare Bs → μμ

16

๏ Purely leptonic  decay 
• Same diagrams as  

(spectator quark in initial state)
• More precise predictions because of 

leptonic final state
• Much smaller BR because of 

helicity suppression (  
pseudoscalar)

B(s) → μ+μ−

b → sμμ

B(s)

• SM branching fractions prediction: 
 

with only 4% uncertainty
ℬ(B0

s → μ+μ−) = (3.66 ± 0.14) × 10−9
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The very rare Bs → μμ
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The very rare Bs → μμ

18

BR(B0
s → μ+μ−) = (3.09 + 0.46 + 0.15

− 0.43 − 0.11) × 10−9

16% uncertainty!

Latest LHCb result
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Interpretation

๏ Combining results  results 
from ATLAS, CMS and LHCb

๏ Uncertainty on  
reduced to about 12%

๏ Measurement below SM by about 2σ 
→ Compatible with  shift that 
could explain !

B(s) → μμ

BR(Bs → μμ)

C10
b → sμμ

19

Fit from arXiv:2103.13370 

Scenarios with two Wilson coef�cients
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https://inspirehep.net/literature/1853232
https://inspirehep.net/literature/1853232
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 tests of LUb → sℓ+ℓ−

๏  is lepton universal in the SM 
→ can identify LU violating NP contribution

Hiller & Kruger arXiv:hep-ph/0310219

๏  not observed yet → compare µ and e

๏ Predictions are extremely precise
• QCD uncertainty cancels to 
• Up to  ~1% QED corrections

Bordone et al arXiv:1605.07633

๏ Main challenge at LHCb is e/µ differences in 
the detector response

b → sℓ+ℓ−

b → sττ

10−4

21

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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μ+

μ−

?=

RH =
∫ qmax

q2
min

dℬ(B → Hμ+μ−)
dq2 dq2

∫ qmax

q2
min

dℬ(B → He+e−)
dq2 dq2

≅ 1

SM

https://inspirehep.net/literature/630881
https://arxiv.org/abs/1605.07633
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e+e− at LHCb: Selection

22

๏ Electrons at LHCb:
• Being light, they are produced in a 

plethora of decay channels
• Trigger on large e±/h± energy deposit on 

calorimeters
• Electron ID relies on calorimeter for 

suppression of π mis-ID
• Large combinatorial background:  

machine-learning based classification 
using kinematics info and isolation

๏ Muons trigger and ID is easier
• Selection more efficient

                 
ϵ (B+ → K+μ+μ−)
ϵ (B+ → K+e+e−)

≃ 3

15/04/16 M. Borsato - USC 5

Selection of electron decays
● Level-0 online hardware trigger lines:

● Electron: large ET deposit in ECAL (main)
● Hadron: large ET deposit in HCAL (low q2)
2 triggering on kaon (also pion for RK*)

● Trigger independent of the signal tracks
2 all types of Level-0 trigger

● Electron identification
● ECAL energy deposit and associated track
● E/pc required to be close to 1

● Pre-selection has been optimized 
● can now go lower in pT
● Still learning how to best treat dielectrons

● Multivariate classifier (BDT) 
● trained to reject combinatorial background

Hardware trigger at LHCb:

Electron ID at LHCb

Int.J.Mod.Phys. A 30, 1530022 (2015) 

•
•

pT(μ±) > 1.5 − 1.8 GeV
ET(e±) > 2.5 − 3.0 GeV

Phys. Rev. Lett. 122 (2019) 191801
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Bremsstrahlung
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

Mass resolution

๏ Background with missing pion (Part. Reco.) due to mass resolution

๏ Combinatorial background is much larger

24

LHCb arXiv:2103.11769

N(K+e+e−) = 1640 ± 70 N(K+μ+μ−) = 3850 ± 70
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Backgrounds in electrons

๏ Particle ID and mass vetoes to suppress peaking bkg
• Remove  by requiring 
• Remove  with electron ID

๏ Reduce combinatorial background with multivariate 
analysis (Boosted Decision Tree)

๏ Choose  window  
to suppress other backgrounds
• Cross-check using control regions  

and changing  window

B+ → D̄0( → K+e−ν)e+ν̄ m(K+e−) > mD0

B+ → K+π+π−

m(K+e+e−)

m(K+e+e−)

25

Selection and backgrounds

⌘ As in our previous measurement, use particle ID requirements and mass vetoes to suppress

peaking backgrounds from exclusive B-decays to negligible levels

⇤ Backgrounds of e.g B+ ! D̄0(! K+e�⌫)e+⌫̄: cut on mK+e� > mD0

⇤ Mis-ID backgrounds, e.g. B ! K⇡+
(!e+)

⇡�
(!e�)

: cut on electron PID

⌘ Multivariate selection to reduce combinatorial background and improve signal significance

(BDT)

Residual backgrounds suppressed by choice of

m(K+`+`�) window

⌘ B+ ! K+J/ (e+e�)

⌘ Partially reconstructed dominated by

B ! K+⇡�e+e�
decays

⌘ Model in fit by constraining their fractions between

trigger categories and calibrating simulated

templates from data.
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LHCb
simulation

Cross-check our estimates using control regions in data and changing m(K+`+`�) window in fit

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 11 / 20
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Charmonium control channel
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

๏  decays are known (and expected) to respect LFU at 0.4% level

๏ Excellent control channel: samples of 750k electrons and 2.3M muons

๏ Can be isolated from background using  mass constrain

B+ → K+J/ψ(ℓ+ℓ−)

J/ψ

LHCb arXiv:2103.11769
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Double ratio
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Double ratio with ψ(2S)
๏ Can also test that RK measured at the ψ(2S) is 1 

๏ Validation of  dependence of efficiency correction

๏ Compatible with unity to 1% precision: 

Cross-check: Measurement of R (2S)

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�))

⌘ Independent validation of
double-ratio procedure at q2 away
from J/ 

⌘ Result well compatible with unity:

R (2S) = 0.997 ± 0.011 (stat + syst)

! can be interpreted as world’s best LFU

test in  (2S) ! `+`�
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Figure S2: Candidate invariant mass distributions. Distribution of the invariant mass
m (2S)(K

+`+`�) for B+
!  (2S)K+ resonant candidates in the (left) sample previously anal-

ysed [10] and (right) the new data sample. The top row shows the fit to the muon modes, the
combinatorial component is included in the fit but is too small to be seen. The subsequent rows
show the fits to the electron modes triggered by (second row) one of the electrons, (third row)
the kaon and (last row) by other particles in the event. The fit projections are superimposed.
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[LHCb-PAPER-2021-004]

Fit to new B+ !  (2S)(`+`�)K+
data

Use  (2S) constrained m(K+`+`�)

q2

Rψ(2S) = 0.997 ± 0.011( stat  +  syst )

28

]2c [MeV/)−µ+µ+(K(2S)ψm
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (4

 M
eV

/

5000

10000

15000

20000

25000

-1Data 4 fb

Total fit
+)K−µ+µ(2S)(ψ →+B

Combinatorial

LHCb

]2c [MeV/)−e+e+(K(2S)ψm
5200 5400 5600

)2 c
C

an
di

da
te

s /
 (1

2 
M

eV
/

2000

4000

6000

8000

10000
-1Data 4 fb

Total fit
+)K−e+(2S)(eψ →+B
*0)K−e+(2S)(eψ →0B

+)K−e+(eψ/J →+B
+K−e+e →+B

+X)Kψ(2S)(J/ψ →+B
(KX)sX)Hψ(J/cX →B 

Combinatorial

LHCb



Martino Borsato - Heidelberg U.

RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Compatibility with the SM obtained by
integrating the profiled likelihood as a
function of RK above 1

⇤ Taking into account the 1% theory
uncertainty on RK [EPJC76(2016)8,440]
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RK with full Run 1 and Run 2 LHCb data

The measured value of RK is:

RK = 0.846 +0.042
�0.039 (stat.) +0.013

�0.012 (syst.)

dominant systematic e�ect: fit model
� e�ects such as calibration of trigger & kinematics

are at permille-level

p-value under SM hypothesis: 0.0010

significance: 3.1 � (evidence)
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[LHCb-PAPER-2021-004]Submitted to Nature Physics

RK result

๏ Measured with full dataset  
(9/fb at √s=7, 8 and 13 TeV) 
 

๏ Yield of ~1640 events  
(vs ~3850 in ) driving 
the total uncertainty:
• 5% statistical error vs 1.5% systematic

๏  is found to be lower than 1 by 
~15% with a significance of 3.1σ 

RK = 0.846+0.042
−0.039( stat )+0.013

−0.012 (syst) 

B+ → K+e+e−

B+ → K+μ+μ−

RK

29

LHCb arXiv:2103.11769

Previous result  
confirmed by  

new data!
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Other LU tests

๏ Tested LU in other decay 
channels

๏ Precision limited, but 
coherent results

๏ Combination not trivial 
(cannot simply average)

30
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Intepretation
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Scenarios with two Wilson coef�cients
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flavio

Bs ! µµ 1�

RK & RK⇤ 1�, 2�

b ! sµµ 1�, 2�

WET at �.8 GeV

I After Moriond ����:
I RK : smaller uncertainty
I Bs ! µµ: smaller uncertainty,

better agreement with b ! sµµ

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� ��/��

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370 

Similar fits from other groups:
Algueró et al., arXiv:1903.09578 

Kowalska et al., arXiv:1903.10932 
Ciuchini et al., arXiv:2011.01212 

Datta et al., arXiv:1903.10086 
Arbey et al., arXiv:1904.08399 
Geng et al., arXiv:2103.12738 

SM

https://inspirehep.net/literature/1853232
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Interpretation
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Scenarios with two Wilson coef�cients
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Figure 4: Constraints in the Wilson coe�cient plane C
bsµµ
9 vs. C

bsµµ
10 . Left: LFU ratios

only. Right: Combination of LFU ratios, combination of b ! sµµ observables,

BR(Bs ! µ
+
µ
�), and the global fit. The dashed lines show the constraints

before the recent updates [11, 13].

Figure 5: Constraints in the Wilson coe�cient planes C
bsµµ
9 vs. C

0 bsµµ
9 (left) and C

univ.
9

vs. �C
bsµµ
9 = �C

bsµµ
10 (right). The dashed lines show the constraints before

the recent updates [11, 13].

13

SM5.7σ 

https://inspirehep.net/literature/1853232
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A handle on the cc loop
๏ Experimental handles on  loop:
• NP in C9 would give helicity and q2 

independent effect while hadronic effects 
could be helicity and q2 dependent 

• Perform full angular analysis of B→K*µµ 
including cc resonances and measure 
interference phases 

cc̄

34

b→sll interpretation 
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•  Community have started to look critically at the 
theory predictions – in particular, the O1,2 
operators have a component that could mimic a 
NP effect in C9 through cc loop 

•  Effect can be parameterised as function of three 
helicity amplitudes, h+-0  [EPJC (2017) 77: 377]  
–  Absorb effect of these amplitudes into a helicity 

dependent shift in C9,                                        
 C9

SM + ΔC9
+-0(q2)       cf.     C9

SM + ΔC9
NP     

–   Look for q2 and helicity dependence of shift in C9 

–  “The absence of a q2 and helicity dependence is 
intriguing, but cannot exclude a hadronic effect as 
the origin of the apparent discrepancies”   

•  Recent 1st NLO calculation of contribution 
includes phases between long and short-
distance amplitudes for 1st time  

Blake et al., arXiv:1709.03921 

W.Altmannshofer et al Eur.Phys.J. C77 (2017) no.6, 377

no clear q2 dependence  
in current data

Figure 3: Distributions of the angular observables P 0
5, AFB S7, and FL as a function of

q2 for regions below (left) and above (right) the open charm threshold (cyan). Specific
choices are highlighted for ✓0j = 0 (hatched band) and ✓0j = ⇡ (dark band). The measured
values of the observables from Ref. [49] are also shown (black points). The theoretical
predictions (magenta band) using flavio [48] are shown for comparison.

in the SM. The observable S7 exhibits a particularly large dependence on the strong
phases, demonstrating that measurements of the angular distribution of B0

! K⇤0µ+µ�

decays can be used to determine the phases of the hadronic resonances. Therefore, this
observable can be used to separate short-distance from the non-local contributions, as only
the non-local part has a strong-phase di↵erence. The remaining CP -averaged observables
can be found in Appendix B. Definitions of these observables can be found for instance in
Ref. [47]. As the phase ✓0j of all the resonant final states appearing in Table 1 are unknown,
all possible variations of phases ✓0j are considered. The uncertainties arising from the
combined light-cone sum rules and lattice QCD calculations of B ! K⇤ form factors are
accounted for using the covariance matrix provided in Ref. [15]. The predictions of these
observables using flavio [48] are also shown for comparison. The lack of knowledge of
the phase ✓0j results in a large uncertainty for the prediction of P 0

5, diluting the sensitivity
of this observable to the e↵ects of physics beyond the SM. However, for the choice of ✓0j
that results in a non-local charm contribution that is compatible with the latest prediction
presented in Ref. [21] and is shown in Fig. 2), the tension of the prediction with the
measured value of P 0

5 cannot be explained solely through hadronic e↵ects.

9
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 and Bs → e+e− Bs → τ+τ−

๏ Different levels of helicity suppression depending 
on the lepton mass

๏ Electrons and taus present additional 
experimental challenges

๏ LHCb has search for both and has set upper limits 
 BR(B0

s → e+e−) < 11.2 × 10−9 at 95 % CL
BR(B0

s → τ+τ−) < 6.8 × 10−3 at 95 % CL
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