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Introduction

!2

• Conservation of the lepton number is well-established (μ! e! , μ! 3e…) but accidental in the theory 

• Oscillations of massive neutrinos demonstrate LFV occurs for neutrals, can mediate charged LFV in 
loops with BF~10-50 : beyond experimental reach

• Recent hints of deviation from LFU in semileptonic B decays (RK, RK*, RD, RD*…) strongly motivate 
searches for LFV decays

• NP models like Z’ or LQ foresee BF enhancements to levels accessible at LHC: probe massive 
particles beyond the reach of direct searches

[ArXiv: 1609.08895]
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In supersymmetric or multi-Higgs extensions, a viable set readsq(D) = ( q3 + 1 , q3, q3), where

q3 = 0 , 1, 2, 3, all of which are in mild conßict with Eq. (62). When the charges of the quark

doublets and up-type quarks are also changed, two viable solutions areq(Q) = q(U) = (3 , 2, 0) and

q(D) = (2 , 0, 0) or q(D) = (3 , 1, 1) [26]. Smaller charges generically give smaller VEVs. Choosing

q(D) = (3 , 1, 1) leads to
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the same FN-hierarchy as forS3, V1,3 obtained in Eq. (58). Therefore,c! ! 0.2(M/ TeV) (V2) and

c! ! [0.2 " 0.3](M/ TeV) ( ÷S2), and, consequently, leptoquark masses should be within the few

TeV-range. µ " e-conversion! "c2
! ! 6 is below experimental limits. ÷S2 does not induce charm FCNCs

at tree level.

Similar to the situation for V1 discussed previously, inV2 rapid kaon decays arise throughRµ(QE ).

This can be avoided once the sign ofq(E) is ßipped. In this case the constraint fromµ # e# reads

c! "! 3 ! 10" 4(M/ TeV)4 [3], which is always satisÞed for perturbative".

We learn that improved bounds on kaon decays together withb # sµµ data can strongly constrain

or rule out BSM models with ßavor patterns. If solutions with down quark singlets can be ruled

out, this leads to testable predictions, the equality of LNU ratiosRK and RK ! , as well as those of

other b # s induced decay modes [53]. We checked that the impact of leptoquark models explaining

RK at tree level on the observableB(B # D (! )µ$)/ B(B # D (! )e$) [54] is at permille level. We

further recall that RK -explaining leptoquarks can induce percent-level contributions tob # s# and

subsequentlyb # s%%spectra [21], which can be accessed at a future high luminosity facility (with

75ab" 1) [55].

LFV in b # s%%# transitions related to RK [7, 54, 56, 57] arises in the patterns studied in Eqs. (58)

-(61). Relative to b # sµµ the e! ects on the amplitudes read

b # sµµ : b # sµ (e,&) : b # se& as 1 : " : " 2 (L µ) , (64)

b # sµµ : b # sµ (e,&) : b # se& as 1 : 1 : 1 (÷L µ) . (65)

The ÷L µ pattern predicts sizable LFV rates for leptonic and semileptonicB(s) -decays which can be

searched for at future hadron colliders ande+ e" -machines, see [7] for details,
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[Glashow, Guadagnoli, Lane, Phys. Rev. Lett. 114, 091801]

Interesting correlations between 
observables in some LQ models

• Will report here 3 recent measurements from LHCb:                                                                 
1. B !  e± μ∓          2. B !  "± μ∓          3. B+ !  K+ e± μ∓

using Run 1 data sample: 1 fb-1 (√s=7 TeV) + 2 fb-1 (√s=8 TeV)

!

https://arxiv.org/pdf/1609.08895.pdf
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Bd,s !  e μ / selection and normalisation

!3

• Trigger on high-pT muon or high-ET electron
• Event selection based on electron and muon tracks (identified via PID criteria) forming a 

displaced vertex

To measure the BF, the signal events are normalised by means of two known channels:

• Large yield, similar trigger to the signal • Similar reconstruction to the signal

1. B + ! J/ ! (µ+ µ! )K + 2. Bd ! K + ! !

[JHEP 1803 (2018) 078]

Efficiencies for signal and normalisation modes are taken from MC with the exception of PID 
and trigger, which are obtained from high-purity data calibration samples
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Bd,s !  e μ / bremsstrahlung
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[JHEP 1803 (2018) 078]

Electrons emit significant bremsstrahlung photons at LHCb: to improve the momentum 
resolution, a photon cluster in the calorimeter is searched for

Electron Bremsstrahlung

Electrons lose a large fraction of their energy through Bremsstrahlung radiation

Bremsstrahlung recovery procedure to improve momentum measurement for
electrons
! Look for photon clusters in the calorimeter (ET > 75MeV) compatible with
electron direction before magnet

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 16/43

16/40
Selection efficiencies and mass shapes depend on wether or not the bremsstrahlung is recovered:

no brem
(~40%)

brem
(~60%)

The two event categories are analysed separately.

If found, the photon energy is added 
back to the electron

https://arxiv.org/abs/1710.04111
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[JHEP 1803 (2018) 078]Bd,s !  e μ / backgrounds

backgrounds. The remaining combinatorial background cannot be reduced by
means of rectangular cuts without loosing a significant amount of sensitivity. For
this reason, the events surviving the full selections are analysed in bins of a BDT
output, which is described in the following section.

4.2 The BDT for combinatorial background re-
jection

The most abundant source of fake B
0

d,s ! µ
+
µ

! signals is represented by the combi-
natorial background. Since b and b̄ are always produced in pairs, their semileptonic
decay can originate two oppositely charged muons. If the muon track extrapola-
tions cross to form a detached vertex, the event can be recognised as a B

0

d,s ! µ
+
µ

!

one, as sketched in Fig. 4.1. Given the arbitrariness of the momentum combination,

B

µ+

µ-

B

Figure 4.1: Cartoon of a combinatorial B
0

d,s ! µ
+
µ

! event. Two B mesons
produced at the PV (green ellipse) decay and produce two muons, whose track
extrapolations (dashed pink) form a B-like vertex (dashed blue).

the invariant mass of the two muons has an exponentially decreasing distribution,
i.e. the mass spectrum of the combinatorial background sharply decreases within
the signal mass region.
To fight this background, a BDT has been defined that exploits the full event

94

e+

1. Combinatorial background is rejected by 
means of a topological BDT, trained on 
signal MC vs same-sign data and calibrated 
on B! K!  data (proxy for the signal)

• Data are categorised in 8 bins in the BDT 
response to maximise the sensitivity

2. B! hh (h=K,! ) with two misidentified 
hadrons peaks under the Bd signal                                 
Two independent estimates:

1. Normalised to B! J/" K+

2. From B! hh! !e  data (single misID)
~0.1 event survive the PID selection

3. Bd! !#$  and %b! p#$ with !,p !e  misID are found to be sizeable (on the lower mass region) 
and included in the mass fit
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[JHEP 1803 (2018) 078]Bd,s !  e μ / results

GUIDO ANDREASSI - LFV SEARCHES AT LHCb

B(s)! e!

!10

! B! eµ on full Run I: 3fb -1 

! Fit to m(e ! ): no excess !  limits  with CLs
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if Bs light eigenstate dominates

if Bs heavy eigenstate dominates
@90(95)% CL

@90(95)% CL

Two exclusive 
backgrounds surviving 
B0! "!#  and $ 0b! p!#  

The BF is extracted with a simultaneous 
invariant-mass fit to the bremsstrahlung 
categories and BDT bins.

No excess in the signal region, set a limit with 
the CLs method at 95% (90%) C.L.:
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Abstract
A search for the lepton-flavour violating decays B0

s ! e±µ⌥ and B0 ! e±µ⌥

is performed based on a sample of proton-proton collision data corresponding
to an integrated luminosity of 3 fb�1, collected with the LHCb experiment at
centre-of-mass energies of 7 and 8TeV. The observed yields are consistent with
the background-only hypothesis. Upper limits on the branching fraction of the
B0

s ! e±µ⌥ decays are evaluated both in the hypotheses of an amplitude com-
pletely dominated by the heavy eigenstate and by the light eigenstate. The re-
sults are B(B0

s ! e±µ⌥) < 6.3 (5.4)⇥ 10�9 and B(B0
s ! e±µ⌥) < 7.2 (6.0)⇥ 10�9 at

95% (90%) confidence level, respectively. The upper limit on the branching fraction of
the B0! e±µ⌥ decay is also evaluated, obtaining B(B0! e±µ⌥) < 1.3 (1.0)⇥ 10�9

at 95% (90%) confidence level. These are the strongest limits on these decays to
date.

Published in JHEP 03 (2018) 078
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Figure 5: Results of the CLs scan used to obtain the limit on (left) B(B0! e±µ⌥) and (right)
B(B0

s ! e±µ⌥). The background-only expectation is shown by the dashed line and the 1� and
2� bands are shown as dark (green) and light (yellow) bands respectively. The observed limit is
shown as the solid black line.

fs/fd, which dominates the systematic uncertainty for the normalisation. The overall
impact on the limits is evaluated to be below 5%.

The two B0
s mass eigenstates are characterised by a large lifetime di↵erence. Depending

on their contribution to the decay amplitude, the selection e�ciency and the BDT shape
can be a↵ected. Given the negligible di↵erence in lifetime for the B0 system, this e↵ect
is not taken into account for the B0 ! e±µ⌥ limit evaluation. Two extreme cases can
be distinguished: when only the heavy or the light eigenstate contributes to the total
decay amplitude. For example, if the only contribution to the LFV B0

s ! e±µ⌥ decay
is due to neutrino oscillations, it is expected that the amplitude is dominated by the
heavy eigenstate as for the B0

s ! µ+µ� decay [23]. As the contribution to the total
amplitude from the heavy and light eigenstate can have an e↵ect on the acceptance,
the limit on B(B0

s ! e±µ⌥) is evaluated in the two extreme cases. The one reported
in Table 2 and obtained from the CLs scan in Fig. 5, is evaluated assuming only a
contribution from the heavy eigenstate. For the light eigenstate case the limit is found to
be B(B0

s ! e±µ⌥) < 7.2 (6.0)⇥ 10�9 at 95% (90%) CL.

9 Summary

In summary, a search for the LFV decays B0
s ! e±µ⌥ and B0! e±µ⌥ is performed using

pp collision data collected at centre-of-mass energies of 7 and 8TeV, corresponding to
a total integrated luminosity of 3 fb�1. No excesses are observed for these two modes
and upper limits on the branching fractions are set to B(B0

s ! e±µ⌥) < 6.3 (5.4)⇥ 10�9

and B(B0! e±µ⌥) < 1.3 (1.0)⇥ 10�9 at 95% (90%) CL, where only a contribution from
the heavy eigenstate is assumed for the B0

s meson. If the B0
s amplitude is completely

dominated by the light eighenstate, the upper limit on the branching fraction becomes
B(B0

s ! e±µ⌥) < 7.2 (6.0)⇥10�9 at 95% (90%) CL. These results represent the best upper
limits to date and are a factor 2 to 3 better than the previous results from LHCb [11].

10

which supersedes the previous best limit (LHCb 1fb-1) [PRL 111 (2013) 141801]

https://arxiv.org/abs/1710.04111
https://arxiv.org/abs/1307.4889
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Bd,s !  " μ / selection and normalisation
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• Trigger on high-pT muon

• The muon is combined with an oppositely charged "  (reconstructed in 3!$ ) to form a displaced vertex

• Normalisation channel with similar topology:
• Same-sign data are employed to model the background 

[ArXiv:1905.06614]

B0 ! D�(K+⇡�⇡�)⇡+

]2c [GeV/BM
2 3 4 5 6 7

)2 c
N

or
m

al
is

ed
 y

ie
ld

 / 
(0

.1
 G

eV
/

0

0.05

0.1

0.15

0.2

0.25

simulation
±

µ)!±"
±

"±"! (±#!s
0B

Same-sign data

LHCb

Figure 1: Distribution of the reconstructed B invariant mass for B 0
s ! ! ± (! " ± " ! " ± #! )µ!

simulated decays and same-sign candidates in data after initial selection (see text).

low-mass region withMB < 4GeV/c 2 is discarded. The signal loss due to this requirement
is negligible.

To further reduce the background, additional requirements, optimised with same-
sign candidates and simulated samples, are applied to the selectedB 0

(s) ! ! ± µ! decays.
Taking advantage of the resonant structure of the! " ! " " " + " " #! decay, candidates with
both combinations of oppositely charged pions with invariant-masses below 550MeV/c 2

are removed. Candidates with a three-pion invariant mass greater than 1.8GeV/c 2 are
discarded to veto the background contribution due toD + ! " + " " " + decays. A set of
isolation variables is used to reduce background from decays with additional reconstructed
particles. The Þrst class of isolation variables exploits the presence of activity in the
calorimeter to identify the contribution of neutral particles contained in a cone centred
on the B or ! ßight directions. The second class is based on the presence of additional
tracks consistent with originating from theB or ! decay vertices, or uses a multivariate
classiÞer, trained on simulated data, to discriminate against candidates whose decay
products are compatible with forming good-quality vertices with other tracks in the event.
These variables are combined using a Boosted Decision Tree (BDT) [26], trained on
same-sign candidates and simulatedB 0

s ! ! ± µ! decays. Candidates with a BDT output
compatible with that of background are discarded. A second BDT is used to reduce to
a negligible level the contribution of combinatorial background, which extends over the
whole mass range but dominates at higher masses. It uses variables related to vertex
quality and reconstructed particle opening angles and is trained on samples of same-sign
candidates withMB > 6.2GeV/c 2 and simulatedB 0

s ! ! ± µ! decays. SpeciÞc background
decays, such asB 0

(s) ! D "
(s) (! µ" #µ)" + " " " + , haveMB distributions peaking in the signal

region. In these decays, the three pions come from theB decay vertex, and therefore
the reconstructedB and ! decay vertices are very close. Discarding candidates with a
reconstructed! decay-time signiÞcance lower than 1.8 reduces this type of background
to a negligible level while keeping" 75% of signal, according to studies performed on
simulation. All previously described selection criteria also reject" 96% of a possible
contribution from the B 0 ! a1(1260)" µ+ #µ mode. Its rate is currently unmeasured, but,
given that the largest knownb ! u semileptonic decay branching fractions are of the order
of 10" 4, its branching fraction is not expected to be much higher. Events from the decay
! " ! " " " + " " " 0#! passing the selection are also included as signal. After the selection

3

Kinematic constraints allow to 
compute the B mass analytically with 
a two-fold ambiguity. The solution 
with the highest S/B is kept (MB).

B(s)

⌧

3⇡

µ

⌫

PV

Figure 3: B 0
(s) ! ! ± (! " ± " ! " ± #)µ! process topology.

The Þrst step of the analysis is the signal reconstruction (described in Section 4).110

A speciÞc reconstruction technique is used in order to infer the energy of the! , taking111

advantage of the known" vertex position given by the 3# reconstructed vertex. This way,112

the complete kinematics of the process can be solved up to a two-fold ambiguity.113

Once the complete reconstruction procedure has been performed, theB invariant mass can114

be computed. Using the reconstructedB invariant mass with the help of signal simulation115

samples, a signal region is deÞned and the data sample is blinded in that region.116

In order to disentangle signal from background, an o! ine selection consisting of di" erent117

steps is applied. Data driven and multivariate analysis techniques, such as Boosted118

Decision Trees (BDT) [20], are used during the selection process.119

First, a preselection is applied at two di" erent levels:120

¥ A cut based preselection (Section 5.1) consisting of simple cuts to veto potentially121

dangerous backgrounds (i.e.B 0
(s) ! Ds (! ###) X ) and on variables providing a122

high discrimination power between signal and background.123

¥ A BDT based preselection (Section 5.2) based on isolation variables, built to provide124

a high background rejection and reduce the data into a manageable level. The125

isolation variables look at the presence of undesired tracks in the vicinity of the126

candidate track and/or vertexes.127

Following the preselection, in order to prune the data from identiÞed speciÞc background128

components, two more selection steps are applied. The Þrst step consists of a BDT targeting129

the combinatorial background (Section 6.1). In the second step a requirement is placed on130

the " decay time to reject a given type of partially reconstructed backgrounds (Section 6.2).131

Once the complete o! ine selection has been applied, only one partially reconstructed132

background component survives: partially reconstructed background where the 3# come133

from a displaced vertex mimicking the signal signature. No peaking background in134

the signal region remains, as shown in Section 6.3. The signal e# ciency is taken from135

simulation, although corrections are applied using data driven tools and techniques136

(Section 7).137

6

Only candidates with MB > 4 GeV are retained

https://arxiv.org/abs/1905.06614
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Bd,s !  " μ / backgrounds
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Two background components survive the selection:
1. Partially reconstructed, two topologies:
     

2. Combinatorial
     A BDT is trained on signal MC vs upper mass sideband (>6.2 GeV) of SS data

reduced to ~0 with a cut on 
the "  decay time sizeable, included in the fit

BDV

D
(⇤)

3⇡

µ

⌫

(⇡0)

BDV

D(! )

3!

µµ

(! 0)

"

Figure 20: Partially reconstructed backgrounds main topologies. Left: Signal reverse topology.
Right: Signal-like topology.
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Figure 21: Combinatorial background BDT input variables distributions. Signal on the complete
B mass spectrum (blue) and Same Sign samples on the highMB side-band (green).

• B DOCA: distance of closest approach between the ⌧ and the µ reconstructed candi-455

dates.456

• B ENDVERTEX CHI2: �2 of the B decay vertex reconstruction fit.457

• B DiraAngle: Angle between the B reconstructed momentum and the B direction458

of flight from the best PV to the B decay vertex.459

• Angle Mu PiHighestPT: Angle between the µ and the ⇡ (coming from the tau460

candidate) with highest transverse momentum.461

• Angle Mu PiLowestPT: Angle between the µ and the ⇡ (coming from the tau candi-462

date) with lowest transverse momentum.463

• Vertex Displacement: Di↵erence in the Z component between the ⌧ and the B464

decay vertex positions.465
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Figure 21: Combinatorial background BDT input variables distributions. Signal on the complete
B mass spectrum (blue) and Same Sign samples on the highMB side-band (green).

• B DOCA: distance of closest approach between the ⌧ and the µ reconstructed candi-455

dates.456

• B ENDVERTEX CHI2: �2 of the B decay vertex reconstruction fit.457

• B DiraAngle: Angle between the B reconstructed momentum and the B direction458

of flight from the best PV to the B decay vertex.459

• Angle Mu PiHighestPT: Angle between the µ and the ⇡ (coming from the tau460

candidate) with highest transverse momentum.461

• Angle Mu PiLowestPT: Angle between the µ and the ⇡ (coming from the tau candi-462

date) with lowest transverse momentum.463

• Vertex Displacement: Di↵erence in the Z component between the ⌧ and the B464

decay vertex positions.465
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• Cut-based preselection reduces the dataset while keeping ~100% signal efficiency
• Isolation criteria are applied to reject backgrounds with extra tracks

[ArXiv:1905.06614]

https://arxiv.org/abs/1905.06614
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Bd,s !  " μ / mass fits
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LHCb
• A Final BDT trained on MC vs SS data (full mass range) 

is used to categorise the events
• BDT signal distribution is flattened, while background 

reduces at high BDT values
• Events in 4 BDT bins are simultaneously fitted
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Bd,s !  " μ / results
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• No presence of signal, limit with CLs method at 95% CL: 

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2019-076
LHCb-PAPER-2019-016

May 16, 2019

Search for the

lepton-flavour-violating decays

B0
s! ⌧±µ⌥

and B0! ⌧±µ⌥

LHCb collaboration

Abstract

A search for B0
s ! ⌧±µ⌥ and B0! ⌧±µ⌥ decays is performed using data corre-

sponding to an integrated luminosity of 3 fb�1 of proton-proton collisions, recorded
with the LHCb detector in 2011 and 2012. For this search, the ⌧ lepton is re-
constructed in the ⌧�! ⇡�⇡+⇡�⌫⌧ channel. No significant signal is observed.
Assuming no contribution from B0! ⌧±µ⌥ decays, an upper limit is set on the
B0

s ! ⌧±µ⌥ branching fraction of B
�
B0

s ! ⌧±µ⌥� < 4.2⇥ 10�5 at 95% confidence
level. If instead no contribution from B0

s ! ⌧±µ⌥ decays is assumed, a limit of
B
�
B0! ⌧±µ⌥� < 1.4 ⇥ 10�5 is obtained at 95% confidence level. These are the

first limit on B
�
B0

s ! ⌧±µ⌥� and the world’s best limit on B
�
B0! ⌧±µ⌥�.

Submitted to Phys. Rev. Lett.

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.
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• Bd limit improves by a factor of 2 BaBar’s result
• First limit on the Bs mode 
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2019-076
LHCb-PAPER-2019-016

May 16, 2019

Search for the
lepton-ßavour-violating decays
B 0

s ! ! ± µ " and B 0 ! ! ± µ "

LHCb collaboration

Abstract

A search for B 0
s ! ! ± µ! and B 0 ! ! ± µ! decays is performed using data corre-

sponding to an integrated luminosity of 3fb" 1 of proton-proton collisions, recorded
with the LHCb detector in 2011 and 2012. For this search, the! lepton is re-
constructed in the ! " ! " " " + " " #⌧ channel. No signiÞcant signal is observed.
Assuming no contribution from B 0 ! ! ± µ! decays, an upper limit is set on the
B 0

s ! ! ± µ! branching fraction of B
�
B 0

s ! ! ± µ!
�

< 4.2 " 10" 5 at 95% conÞdence
level. If instead no contribution from B 0

s ! ! ± µ! decays is assumed, a limit of
B
�
B 0 ! ! ± µ!

�
< 1.4 " 10" 5 is obtained at 95% conÞdence level. These are the

Þrst limit on B
�
B 0

s ! ! ± µ!
�

and the worldÕs best limit onB
�
B 0 ! ! ± µ!

�
.

Submitted to Phys. Rev. Lett.

c# 2019 CERN for the beneÞt of the LHCb collaboration. CC-BY-4.0 licence.
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(assuming no Bs signal)
(assuming no Bd signal)

[Phys. Rev. D77 (2008) 091104]

[ArXiv:1905.06614]

https://arxiv.org/abs/0801.0697
https://arxiv.org/abs/1905.06614
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Figure 1: Invariant mass distributions of the B+! K+J/ (! µ+µ�) normalisation channel in the full
data set on data in logarithmic Y scale.
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Figure 2: E�ciency of B+! K+µ�e+ (left) and B+! K+µ+e� (right) as function of the invariant masses
of the particles in the final state m2

Ke and m2
Kµ. The e�ciency numbers are given in ‰.

between data and simulation observed in B+! K+J/ (! µ+µ�) and B+! K+J/ (! e+e�)137

decays.138

The signal yields are obtained from an unbinned extended maximum-likelihood fit to139

B+! K+µ�e+ and B+! K+µ+e� data using the previously described B+! K+µ±e⌥ signal140

shapes and an exponential function for the background parametrization. The fit result is shown141

in Fig. 3.142

Table 1: Normalisation factor ↵ for B+! K+µ�e+ and B+! K+µ+e� final states.

Decay ↵/10�9

B+! K+µ�e+ 1.97 ± 0.14
B+! K+µ+e� 2.21 ± 0.14

4

B+ !  K+ e μ / selection and normalisation

!11

[LHCB-PAPER-2019-022]

• Trigger on high-pT muon
• K, e and # tracks must originate from a common, displaced vertex

B + ! J/ ! (µ+ µ! )K +
• Normalisation channel with similar 

topology:

• Same selection applies to the 
normalisation channel + m(#+#-) must 
be consistent with the J/" mass 

• Simulated samples needed for efficiencies are corrected from data concerning B production 
kinematics, vertex quality, detector occupancy and PID

preliminary
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B+ !  K+ e μ / backgrounds

!12

1. Partially reconstructed, most abundant are double semileptonic:
     

B+ ! D
0
(! K+Y l�⌫l)Xl+⌫l

Rejected by requiring m(K+l-)>1885 MeV

2. Decays via charmonium resonances with lepton misidentification, e.g.
     Rejected via mass vetoes

3. Combinatorial background
     Reduced with a dedicated BDT algorithm exploiting the event topology and isolation, 

trained on signal MC vs upper mass data sideband 

4. Fully (partially) reconstructed B decays with at least one misidentificated particle                        
e.g. 

     Rejected by means of PID cuts + dedicated BDT, trained on signal MC vs lower mass data 
sideband

B + ! K + l+ l ! (B 0 ! K ! l+ l " )

Each background contamination is estimated from MC, normalising to B + ! J/ ! (µ+ µ! )K +

[LHCB-PAPER-2019-022]

B + ! J/ ! (l+ l ! )K +
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B+ !  K+ e μ / results

!13

• Signal shape is modelled from MC separately in two bremsstrahlung categories, and corrected 
with differences observed in B + ! J/ ! (µ+ µ! , e+ e! )K + data
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Figure 3: Invariant mass distributions of theB+ ! K+ µ" e+ (left) and B+ ! K+ µ+e" (right) decays
obtained on the combined datasets recorded in 2011 and 2012 with background Þt functions superimposed.

After unblinding the dataset we have observed1(2) candidates in the signal mass window143

for the B+ ! K+ µ" e+ (B+ ! K+ µ+e" ) channels respectively, in agreement with background144

only hypothesis. Therefore upper limits on the branching fractions are set with the CLs145

method [26], using the GammaCombo framework [30]. The likelihoods are computed with146

nuisance parameters Þxed to their nominal values. Pseudo-experiments, in which the nuisance147

parameters are varied according to their statistical and systematic uncertainties, are used for the148

evaluation of the test statistic. The resulting upper limits are shown in Fig. 4 and Table 2.149
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Figure 4: Upper limits on the branching fractions ofB+ ! K+ µ" e+ (left) and B+ ! K+ µ+e" (right)
decays obtained on the combined datasets recorded in 2011 and 2012 assuming the background-only
hypothesis. The dashed (solid) line corresponds to the distribution of the expected (observed) upper
limits, and the cyan (blue) band contains the1! (2! ) uncertainties.

Table 2: Upper limit on the branching fraction ofB+ ! K+ µ" e+, B+ ! K+ µ+e" andB+ ! K+ µ±e# Þnal
states obtained on the combined datasets recorded in 2011 and 2012 for conÞdence levels of90%and
95%.

B/ 10" 9 90%C. L. 95%C. L.
B+ ! K+ µ" e+ 7.0 9.5
B+ ! K+ µ+e" 7.1 9.1

5

preliminary preliminary

• Single exponential shape for the combinatorial background
• The two lepton charge combinations are measured separately

[LHCB-PAPER-2019-022]
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Figure 3: Invariant mass distributions of the B+! K+µ�e+ (left) and B+! K+µ+e� (right) decays
obtained on the combined datasets recorded in 2011 and 2012 with background fit functions superimposed.

After unblinding the dataset we have observed 1(2) candidates in the signal mass window143

for the B+! K+µ�e+ (B+! K+µ+e�) channels respectively, in agreement with background144

only hypothesis. Therefore upper limits on the branching fractions are set with the CLs145

method [26], using the GammaCombo framework [30]. The likelihoods are computed with146

nuisance parameters fixed to their nominal values. Pseudo-experiments, in which the nuisance147

parameters are varied according to their statistical and systematic uncertainties, are used for the148

evaluation of the test statistic. The resulting upper limits are shown in Fig. 4 and Table 2.149

 )+e-µ+ K→+( BBr
0 10 20 30 40 50 60

9−10×

S
CL

0

0.2

0.4

0.6

0.8

1

Observed
Expected
σ 1±
σ 2±

90.0%95.0%

LHCb
Preliminary

 )-e+µ+ K→+( BBr
0 10 20 30 40 50 60

9−10×

S
CL

0

0.2

0.4

0.6

0.8

1

Observed
Expected
σ 1±
σ 2±

90.0%95.0%

LHCb
Preliminary

Figure 4: Upper limits on the branching fractions of B+! K+µ�e+ (left) and B+! K+µ+e� (right)
decays obtained on the combined datasets recorded in 2011 and 2012 assuming the background-only
hypothesis. The dashed (solid) line corresponds to the distribution of the expected (observed) upper
limits, and the cyan (blue) band contains the 1! (2! ) uncertainties.

Table 2: Upper limit on the branching fraction of B+! K+µ�e+, B+! K+µ+e� and B+! K+µ±e⌥ final
states obtained on the combined datasets recorded in 2011 and 2012 for confidence levels of 90% and
95%.

B/10�9 90% C. L. 95% C. L.
B+! K+µ�e+ 7.0 9.5
B+! K+µ+e� 7.1 9.1
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Figure 3: Invariant mass distributions of theB+ ! K+ µ" e+ (left) and B+ ! K+ µ+e" (right) decays
obtained on the combined datasets recorded in 2011 and 2012 with background Þt functions superimposed.

After unblinding the dataset we have observed1(2) candidates in the signal mass window143

for the B+ ! K+ µ" e+ (B+ ! K+ µ+e" ) channels respectively, in agreement with background144

only hypothesis. Therefore upper limits on the branching fractions are set with the CLs145

method [26], using the GammaCombo framework [30]. The likelihoods are computed with146

nuisance parameters Þxed to their nominal values. Pseudo-experiments, in which the nuisance147

parameters are varied according to their statistical and systematic uncertainties, are used for the148

evaluation of the test statistic. The resulting upper limits are shown in Fig. 4 and Table 2.149
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Figure 4: Upper limits on the branching fractions ofB+ ! K+ µ" e+ (left) and B+ ! K+ µ+e" (right)
decays obtained on the combined datasets recorded in 2011 and 2012 assuming the background-only
hypothesis. The dashed (solid) line corresponds to the distribution of the expected (observed) upper
limits, and the cyan (blue) band contains the1! (2! ) uncertainties.

Table 2: Upper limit on the branching fraction ofB+ ! K+ µ" e+, B+ ! K+ µ+e" andB+ ! K+ µ±e# Þnal
states obtained on the combined datasets recorded in 2011 and 2012 for conÞdence levels of90%and
95%.

B/ 10" 9 90%C. L. 95%C. L.
B+ ! K+ µ" e+ 7.0 9.5
B+ ! K+ µ+e" 7.1 9.1

5

• No presence of signal: a limit on the BF is set according to the CLs prescription

• Previous best limits from BaBar are improved by more than an order of magnitude

[LHCB-PAPER-2019-022]

https://arxiv.org/abs/1905.06614
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Conclusions
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• Hints of lepton non-universality in b decays demand searches for LFV decays

• LHCb is currently dominating the scene, with Belle II to join on some channels

• 3 recent results presented here provide strong constraints to NP models with Run 1 data

• LQ models being pushed to M > 120 TeV
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• Many more LFV measurements being performed at LHCb, not only on B decays

• Run 2 (6fb-1 at √s = 13 TeV) data have ~ 4 x B candidates with respect to Run 1!
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The LHCb detector 
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2 CHAPTER 1. OVERVIEW
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!  5m
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TTVertex
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Figure 1.1: Reoptimized LHCb detector layout, showing the Vertex Locator (VELO), the dipole magnet,
the two RICH detectors, the four tracking stations TT and T1–T3, the Scintillating Pad Detector (SPD),
Preshower (PS), Electromagnetic (ECAL) and Hadronic (HCAL) calorimeters, and the five muon stations
M1–M5. It also shows the direction of the y and z coordinate axes; the x axis completes the right-handed
framework.

introduced compared to the TDR [4]. The ma-
terial budget has been reduced by optimizing the
thickness of the silicon sensors and the number of
stations. The thickness of the sensors has been re-
duced from 300 to 220µm, and the number of sta-
tions from 25 to 21 without significantly affecting
its performance, as shown in this document.

The dipole magnet has not been modified from
the TDR design [5] and its construction is advanc-
ing. Compared to the TP spectrometer layout, no
shielding plate is placed upstream of the magnet.
This change has been made in order to introduce
magnetic field between the VELO and the magnet,
i.e. in the region of RICH1, for the Level-1 trigger
improvement.

Compared to the TP, the number of tracking
stations is reduced to four in order to reduce the
material budget, without introducing performance
losses, as demonstrated in this document2. The
first station after the VELO, referred to as the
Trigger Tracker (TT), is in front of the magnet
and just behind RICH 1. It consists of four planes
of silicon strip detectors. They are split into two
pairs of planes separated by 30 cm. Together with

2In the track reconstruction the VELO is now used as an
integral part of the the tracking system.

the VELO, the TT is used in the Level-1 trigger.
Large impact parameter tracks found in the VELO
are extrapolated to the TT and the magnetic field
in the RICH1 region allows their momenta to be
measured. The three remaining stations are placed
behind the magnet with equal spacing. Each sta-
tion consists of an Inner Tracker (IT) close to the
beam pipe and an Outer Tracker (OT) surrounding
the IT. The OT is made of straw tubes and the IT
of silicon strip detectors. Their designs remain un-
changed from those described in the corresponding
TDR’s [6, 2].

The RICH1 material has been reduced, largely
by changing the mirror material and redesigning
the mirror support. The mirror will be made from
either carbon-composite or beryllium. The mirror
support has been moved outside of the acceptance.
Further reduction of the material has been achieved
by removing the entrance window, by connecting
the front face of RICH1 to the flange of the VELO
exit window. Iron shielding boxes for the photon
detectors have been introduced for two reasons.
Firstly, they protect the photon detectors from the
magnetic field. Secondly, they help to focus the
magnetic field in the region where it is needed for
the momentum measurement of the Level-1 trigger.

JINST 3 (2008) S08005

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/pdf
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Figure 1: Expected distribution of the BDT response for B0
(s)! e±µ⌥ decays with recovered

bremsstrahlung photons obtained from the B0! K+⇡� control channel. The total uncertainty
is shown as a light grey band. Each bin is normalised to its width.

consistent with a uniform distribution across the range [0,1]. The distribution of the BDT
response is also checked on a B0! K+⇡� simulated sample and a uniform distribution is
obtained. Candidates with a value smaller than 0.25 are then excluded, as this region is
highly contaminated by background, leaving a total of 476 signal candidates. The signal
candidates are classified in a binned two-dimensional space formed by the BDT response
and the two bremsstrahlung categories. The expected probability density function (PDF)
of the BDT response for B0

(s)! e±µ⌥ decays with recovered bremsstrahlung photons is
shown in Fig. 1.

Unrecovered bremsstrahlung photons emitted by signal electrons can a↵ect the BDT
response and are not accounted for in the calibration procedure since hadrons do not emit
significant bremsstrahlung. The impact of bremsstrahlung on the BDT response distribu-
tion is evaluated using simulation and a correction is applied where no bremsstrahlung is
recovered.

5 Normalisation

The B0
(s)! e±µ⌥ yields are obtained from a fit to the lepton-pair invariant mass distribu-

tion and translated into branching fractions according to

B(B0
(s)! e±µ⌥) =

X

i

wi Bi
norm

N i
norm

"inorm
"sig

fq
fd(s)

Li
norm

Lsig
⇥NB0

(s)!e±µ⌥

= ↵B0
(s)

⇥NB0
(s)!e±µ⌥ , (1)
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Figure 1: Expected distribution of the BDT response for B 0
(s) ! e± µ! decays with recovered

bremsstrahlung photons obtained from theB 0 ! K + ! " control channel. The total uncertainty
is shown as a light grey band. Each bin is normalised to its width.

consistent with a uniform distribution across the range [0,1]. The distribution of the BDT
response is also checked on aB 0 ! K + ! " simulated sample and a uniform distribution is
obtained. Candidates with a value smaller than 0.25 are then excluded, as this region is
highly contaminated by background, leaving a total of 476 signal candidates. The signal
candidates are classiÞed in a binned two-dimensional space formed by the BDT response
and the two bremsstrahlung categories. The expected probability density function (PDF)
of the BDT response forB 0

(s) ! e± µ! decays with recovered bremsstrahlung photons is
shown in Fig. 1.

Unrecovered bremsstrahlung photons emitted by signal electrons can a! ect the BDT
response and are not accounted for in the calibration procedure since hadrons do not emit
signiÞcant bremsstrahlung. The impact of bremsstrahlung on the BDT response distribu-
tion is evaluated using simulation and a correction is applied where no bremsstrahlung is
recovered.

5 Normalisation

The B 0
(s) ! e± µ! yields are obtained from a Þt to the lepton-pair invariant mass distribu-

tion and translated into branching fractions according to

B(B 0
(s) ! e± µ! ) =

!

i

wi Bi
norm

N i
norm

" i
norm

"sig

f q

f d(s)

L i
norm

L sig
" NB 0

( s)# e± µ!

= #B 0
( s)

" NB 0
( s)# e± µ! , (1)

4

weights proportional to BF and yield hadronisation rationormalisation/signal efficiency ratio

The BF is measured with respect to normalisation channels to remove some systematic errors

BDT calibration is performed on 
B! K!  data, triggered independently 
of the signal presence (TIS)

e! ciencies are then combined with a weighted average over the properties of the electron
and muon tracks of aB 0

s ! e± µ! simulated sample.
Particle identiÞcation e! ciencies are evaluated using calibration samples where the

identity of one of the particles can be inferred by means uncorrelated to particle identiÞca-
tion requirements. A tag-and-probe method is applied onJ/ ! ! µ+ µ" and J/ ! ! e+ e"

decay samples, where only one lepton, the tag, is required to be well identiÞed and the
identity of the other lepton is deduced. The single-track e! ciencies, calculated as a
function of kinematic variables, are then combined and averaged using the momentum
distributions of the leptons in aB 0

s ! e± µ! simulated sample.
The two normalisation factors" B 0

s
and " B 0 are determined to be (2.48± 0.17)" 10" 10

and (6.16 ± 0.23) " 10" 11. The total e! ciencies for theB 0 ! e± µ! , B 0
s ! e± µ! ,

B + ! J/ ! K + and B 0 ! K + #" decays are respectively (2.22± 0.05)%, (2.29± 0.05)%,
(2.215± 0.035)% and (0.360± 0.021)%, where the e! ciencies forB 0

(s) ! e± µ! are for the
full BDT and bremsstrahlung category range.

To validate the normalisation procedure, the ratio between the measured branching
fractions of B 0 ! K + #" and B + ! J/ ! K + is determined as

Rnorm =
NB 0# K + ! ! " $B + # J/ " K +

NB + # J/ " K + " $B 0# K + ! !
= 0.332± 0.002 (stat)± 0.020 (syst), (2)

where $B + # J/ " K + and $B 0# K + ! ! are the selection e! ciencies for theB 0 ! K + #" and
B + ! J/ ! K + decays respectively. A correction of about 1% is applied in order to take
into account the di" erence in luminosity between the two channels. The value obtained
for Rnorm is in excellent agreement with the measured value of 0.321± 0.013 [27].

6 Backgrounds

In addition to the combinatorial background, the signal region is also potentially polluted
by backgrounds from exclusive decays where one or more of the Þnal-state particles are
misidentiÞed or not reconstructed. The potentially most dangerous of these backgrounds
are hadronicB ! h+ h$" decays where both hadrons are misidentiÞed as an electron-muon
pair, resulting in peaking structures near theB 0

s ! e± µ! signal mass. Other decays which
could contribute, especially at low invariant masses, areB +

c ! J/ ! %$+ &#" with J/ ! ! %+ %" ,
B 0 ! #" %+ &#, ' 0

b ! p%" &# and B + ! #+ J/ ! with J/ ! ! %+ %" , where%/ %$± = e± or µ± .
These decays do not peak under the signal but are potentially abundant. The expected
number of candidates from each possible background decay that pass the signal selection is
evaluated using simulation. The candidates are normalised to the number ofB + ! J/ ! K +

decays found in data as

NX = NB + # J/ " K +
f q

f u

B(X )
B(B + ! J/ ! K + ) á B(J/ ! ! µ+ µ" )

$(X )
$(B + ! J/ ! K + )

, (3)

where NX is the expected number of candidates from theX decay that fall into the
B 0

s ! e± µ! signal mass window;f q is the fragmentation fraction;B(X ), B(B + ! J/ ! K + )
and B(J/ ! ! µ+ µ" ) are respectively the branching fractions of the decay under study,
B + ! J/ ! K + and J/ ! ! µ+ µ" [27]; $(X ) is the e! ciency for each considered decay to
pass theB 0

s ! e± µ! selection; and$(B + ! J/ ! K + ) is the e! ciency for B + ! J/ ! K +

candidates to pass the respective selection.

6

The correctness of the normalisation procedure is validated by measuring:

[JHEP 1803 (2018) 078]

https://arxiv.org/abs/1710.04111
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The a1 and ⍴ mediating the "# 3πν decay are exploited for background removal:

[ArXiv:1905.06614]
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