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MOTIVATIONS

▸ Processes that are strongly suppressed (forbidden) in the SM might be 
enhanced by new mediating particles 

▸ LFV predicted by a large variety of alternative models (Lepto-Quarks, new 
gauge Z’…) 

▸ Such particles can enter SM diagrams as virtual particles ⇒ can indirectly 

observe mediators unaccessible to direct searches 
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Theoretical motivation

The B0
s,d ! e±µ⌥decay is a Lepton Flavour Violating (LFV) process, thus strongly suppressed within the Standard Model (SM) of particle physics.

In various scenarios beyond SM, however, this decay would be allowed.

An example is the Pati-Salam model, predicting the existence of Lepto-
Quarks (figure) carrying both leptonic and baryonc quantum numbers[5]
(figure). Lepto-Quarks can couple to a quark and a lepton at the same
time, and could explain the similarity between quark and lepton sector.

Other examples are models with heavy singlet Dirac neutrinos [4] and supersymmetric models [2]

Experimental status

This analysis is currently in progress. The interest for such a study mainly
arises from:
I First analysis with 1.02 fb�1 published in 2013[1] established new

upper limits at 90% (95%) C.L. :

B(B0
s ! e±µ⌥) = 1.1(1.4) ⇥ 10�8

B(B0
d ! e±µ⌥) = 2.8(3.7) ⇥ 10�9

(⇠ 20 times lower than the previous bounds from CDF)
I Recently renewed interest for LFV after LHCb measurement of

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)
= 0.745+0.090

�0.074(stat) ±0.036(syst)

which hints for Lepton Flavour Non-Universality. This might imply the
existence of LFV at accessible branching ratios [3]

Multivariate Selection

A Boosted Decision Tree (BDT) is used to separate signal from back-
ground events.
It is trained on a signal simulated sample and B0

s,d ! e±µ± for back-
ground, using 9 kinematic variables, mainly related to tracks’ direction, the
isolation and the distance from the primary decay vertex.
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The analysis is then performed binning in 8 BDT bins. Having a flat output
for the signal allows to expect the same number of signal events in each
BDT bin.

The flat shape is then validated using a B ! hh0 data sample, where
h, h0 = K ,⇡, as a proxy of the signal.
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Improvements with respect to the 2013 analysis

Improvements are obtained mainly from:
I Increase of statistics: 3 times from full RUN I + 300 pb�1 of 2015

data;
I improvements in handling of radiative losses;
I new multivariate classifier, specifically designed;
I introduction of new normalisation channel: B± ! J/ K± along

with B0 ! K±⇡⌥.

Normalization

To estimate the branching fractions, the number of observed signal events
is normalized to that of B± ! J/ K± and B0 ! K±⇡⌥, whose
branching fractions are well known.
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Figure: Mass fit to B± ! J/ K± data. Figure: Mass fit to B0 ! K±⇡⌥ data.

Upper limits (from 2013 analysis)

Merely considering the increase of statistics, the new upper limits on the
B0

s,d ! e±µ⌥ branching fracton are expected to be at least a factor

⇠
p
3.6 lower than those from the 2013 analysis.

TABLE I. Expected background (bkg) from the fit to the data sidebands, and expected B0
(s) � h+h

�� � e+µ� events,
compared to the number of observed events in the mass signal region, in bins of BDT response.

BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8 – 0.9 0.9 – 1.0

Expected bkg (from fit) 2222 ± 51 80.9+10.1
�9.4 20.4+5.0

�4.5 13.2+3.9
�3.6 2.1+2.9

�1.4 3.1+1.9
�1.4 3.1+1.9

�1.4 1.7+1.4
�1.0

Expected B0
(s) � h+h�� bkg 0.67±0.12 0.47±0.09 0.40±0.08 0.37±0.06 0.45±0.08 0.49±0.08 0.57±0.09 0.54±0.12

Observed 2332 90 19 4 3 3 3 1
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FIG. 3. CLs as a function of the assumed branching fraction for (left) B0
s � e±µ� and (right) B0 � e±µ� decays. The dashed

lines are the medians of the expected CLs distributions if background only was observed. The yellow (green) area covers, at
a given branching fraction, 34%(47.5%) of the expected CLs distribution on each side of its median. The solid black curves
are the observed CLs. The upper limits at 90 % (95 %) C.L. are indicated by the dotted (solid) vertical lines in blue for the
expectation and in red for the observation.

TABLE II. Expected (background only) and observed limits
on the B0

(s) � e±µ� branching fractions.

Mode Limit 90 % C.L. 95 % C.L.

B0
s � e±µ� Expected 1.5 � 10�8 1.8 � 10�8

Observed 1.1 � 10�8 1.4 � 10�8

B0 � e±µ� Expected 3.8 � 10�9 4.8 � 10�9

Observed 2.8 � 10�9 3.7 � 10�9

at
�

s = 7 TeV. The data are consistent with the
background-only hypothesis. Upper limits are set on the
branching fractions, B(B0

s � e±µ�) < 1.1 (1.4) � 10�8

and B(B0 � e±µ�) < 2.8 (3.7) � 10�9 at 90 (95) %
C.L., that are the most restrictive to date.
These limits translate into lower bounds on
the leptoquark masses in the Pati-Salam model
[10] of MLQ(B0

s � e±µ�) > 101 (107) TeV/c2 and
MLQ(B0 � e±µ�) > 135 (126) TeV/c2 at 90 (95) % C.L.,
respectively. These are a factor of two higher than the
previous bounds.
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Figure: Limits on B(B0
s,d ! e±µ⌥) as obtained from 2013 analysis.

Focusing on the Pati-Salam model, these limits can be translated in upper
bounds on the mass of the Lepto-Quark.
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EXPERIMENTAL SCENARIO

▸ Recent hints of LNU effects [1,2,3] open to new scenarios 

▸ Potential links between LNU and LFV [4,5] entail a renewed interest 
on the subject 
 
 

▸ Previous best limits are from LHCb, with 2011 (1 fb-1) data, published 
in 2013 [6]: 

3

[1]  Phys. Rev. Lett. 115, 111803 
[2]  JHEP 08 (2017) 055  
[3]  Phys. Rev. Lett. 113, 151601  
[4]  arXiv: 1609.08895v2 
[5]  Phys. Rev. Lett. 114, 091801 
[6]  Phys.Rev.Lett. 111, 141801

Current limits

Current best limit set by LHCb with 2011 data1

B(B0 ! e

±µ⌥) < 2.8(3.7) ⇥ 10�9@90%(95%)C .L

B(B0
s

! e

±µ⌥) < 1.1(1.4) ⇥ 10�8@90%(95%)C .L

Previous analysis

2011 1 fb�1 data set

used B

0
d ,s ! µ+µ� BDT

only trigger on muon at L0 ⌦ HLT1

Link to our Twiki page

1
See LHCb-PAPER-2013-030
Guido Andreassi (EPFL) Search for B

0
d,s ! e

±µ⌥ April 26, 2017 3 / 26

[arXiv: 1609.08895v2]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://link.springer.com/article/10.1007%2FJHEP08%282017%29055
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
https://arxiv.org/pdf/1609.08895.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.091801
https://journals.aps.org/prl/references/10.1103/PhysRevLett.111.141801
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OUR ANALYSIS

▸ Present analysis on Run1 data (2011+2012, 3 fb-1) 

▸ Improved candidate selection strategy and invariant mass fit 

▸ Benefits from improved reconstruction of electrons

4

WITH RESPECT TO THE PREVIOUS PUBLICATION FROM LHCB:

▸ Search for both B0
s
 and B0

d mesons decaying to an electron and a 
muon with opposite charge 

▸ B mass region [5100, 5500] MeV blind until the analysis strategy was 
finalised



MASS FIT 
including exclusive bkg 

from B0→πμν and Λ0b→pμν. 
Yields then normalised to 

known channels

PARTICLE IDENTIFICATION 
requirements against B→hh 

double-midID (h=K,π)

GUIDO ANDREASSI - SEARCH FOR B→eμ 

ANALYSIS OUTLINE

5

BDT 
against combinatorial 

using 12 topological variables (P, 
PT, quality of vertices and tracks) 

RECONSTRUCTION 
combining pairs of tracks w 

good sec. vertices

TRIGGER 
on electron OR muon

?

SPLIT IN 2x8 BINS 
of bremsstrahlung categories 

(see next slide) and BDT output
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BREMSSTRAHLUNG

6

The emission of bremsstrahlung photons by electrons has sizeable fallouts on 
some aspects of the analysis. 

Ideally, brem photons clusters in the ECAL are identified and their energy is 
recovered by assigning it back to the parent electron. 

In practice:

7

Bremsstrahlung − I
› Electrons emit a large amount of bremsstrahlung that results in
degraded momentum and mass resolutions

› Two types of bremsstrahlung

CERN SeminarSimone Bifani 11

Upstream
brem

Downstream
brem

» Downstream of the magnet
- photon energy in the same
calorimeter cell as the electron
- momentum correctly measured

» Upstream of the magnet
- photon energy in different
calorimeter cells than electron
- momentum evaluated after
bremsstrahlung

Air

GUIDO ANDREASSI - LHCP 2017

▸ LHCb tested LU using B+→K+ll decays from LHC Run1 data

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+J/ (! (µ+µ�))

,
B(B+ ! K+e+e�)

B(B+ ! K+J/ (! (e+e�))

▸ Double ratio with B+ → K+J/!(l+l-) to cancel 
systematic uncertainties from each mode 

▸ Search performed in 1<q2<6 GeV2/c4

▸ Challenging due to 
electrons: 
bremsstrahlung and 
low trigger efficiency

[PRL 113 (2014) 151601]

‣ some real ɣ are missed, some wrong ɣ 
are added 

‣ resolution on the energy of the ɣ affects 
electron's P, PT quality of the vertices…

Selection efficiencies and mass shapes depend on whether or not 
a brem photon was added to the electron in the reconstruction 

(brem categories)
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SELECTION

▸ Trigger efficiencies in brem categories 

▸ BDT response modelled to be flat on signal 
(MC) (and peaked on zero for bkg) 

▸ Response on data evaluated on B0→Kπ, as a 
proxy channel 
▸ Unbiased for trigger selection 
▸ Corrected for PID selection efficiency 
▸ Corrected for brem category 

▸ Analysis binned in 8 BDT bins 

▸ PID efficiencies split in these bins and in brem 
category

7
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NORMALISATION

▸ Normalise simultaneously to two channels: 

▸ B+→J/𝜓(→μμ)K+, chosen for the large 
yield, allowing a precise fit 

▸ B0→K+π- , chosen for the similar 
topology to the signal (i.e. similar reco 
efficiencies) 

▸ Average with inverse of error:
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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+π− control channel. The total uncertainty is
shown as a light grey band. Each bin is normalised to its width.

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∓) =

∑

i

wi Bi
norm

N i
norm

εinorm
εsig

fq
fd(s)

Li
norm

Lsig
×NB0

(s)→e±µ∓

= αB0
(s)

×NB0
(s)→e±µ∓ , (5.1)

where the index i identifies the normalisation channel and N i
norm and Bi

norm are its number

of candidates and its branching fraction. The signal yields are denoted by NB0
(s)→e±µ∓ and

the factors fq indicate the probabilities that a b quark fragments into a B0 or B0
s meson.

Assuming fd = fu, the fragmentation probability for the B0 and B+ channels is set to

fd. The value of fs/fd used is measured in pp collision data at
√
s = 7 TeV by the LHCb

collaboration and is evaluated to be 0.259 ± 0.015 [25]. The two normalisation channels

are averaged with weights wi proportional to the square of the inverse of the uncertainty

related to their branching fractions and yields. A correction has also been applied for the

marginal difference in luminosity, L, between the channels. The branching fractions of

the signal decays include both charge configurations of the final-state particles, e+µ− and

e−µ+, so that B(B0
(s) → e±µ∓) ≡ B(B0

(s) → e+µ−) + B(B0
(s) → e−µ+). The results of the

two fits are shown in figure 2 and the measured yields are reported in table 1.

– 5 –

▸ Ratio of the two measured BF found in excellent agreement with PDG

J
H
E
P
0
3
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8
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7
8

B+ → J/ψK+ and B0 → K+π− decays are respectively (2.22 ± 0.05)%, (2.29 ± 0.05)%,

(2.215± 0.035)% and (0.360± 0.021)%, where the efficiencies for B0
(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 B0→ K+π− and B+→ J/ψK+ is determined as

Rnorm =
NB0→K+π− × εB+→J/ψK+

NB+→J/ψK+ × εB0→K+π−
= 0.332± 0.002 (stat)± 0.020 (syst), (5.2)

where εB+→J/ψK+ and εB0→K+π− are the selection efficiencies for the B0 → K+π− and

B+ → J/ψK+ decays respectively. A correction of about 1% is applied in order to take

into account the difference in luminosity between the two channels. The value obtained for

Rnorm is in excellent agreement with the measured value of 0.321± 0.013 [28].

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 final-state particles are

misidentified or not reconstructed. The potentially most dangerous of these backgrounds

are hadronic B→ h+h′− decays where both hadrons are misidentified as an electron-muon

pair, resulting in peaking structures near the B0
s → e±µ∓ signal mass. Other decays which

could contribute, especially at low invariant masses, are B+
c → J/ψℓ′+νℓ′ with J/ψ → ℓ+ℓ−,

B0 → π−ℓ+νℓ, Λ0
b → pℓ−νℓ and B+ → π+J/ψ with J/ψ → ℓ+ℓ−, where ℓ/ℓ′± = 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 of B+→ J/ψK+

decays found in data as

NX = NB+→J/ψK+
fq
fu

B(X)

B(B+→ J/ψK+) · B(J/ψ→ µ+µ−)

ε(X)

ε(B+→ J/ψK+)
, (6.1)

where NX is the expected number of candidates from the X decay that fall into the B0
s →

e±µ∓ signal mass window; fq is the fragmentation fraction; B(X), B(B+→ J/ψK+) and

B(J/ψ → µ+µ−) are respectively the branching fractions of the decay under study, B+→
J/ψK+ and J/ψ→ µ+µ− [28]; ε(X) is the efficiency for each considered decay to pass the

B0
s → e±µ∓ selection; and ε(B+→ J/ψK+) is the efficiency for B+→ J/ψK+ candidates

to pass the respective selection.

The mass and BDT distributions of these background modes are evaluated using simu-

lated samples, while the probabilities of misidentifying kaons, pions and protons as muons

or electrons are determined from D∗+ → D0π+ with D0 → K−π+ and Λ → pπ− decays

selected from data. The expected total number of B→ h+h′− candidates is 0.11± 0.02 in

the full BDT range, which is negligible. This yield estimation is cross-checked using data.

A sample of B→ h+h′− decays is selected by applying only a partial B0
(s)→ e±µ∓ selection:

only the signal electron PID requirements are applied while the second particle is required

to be identified as a pion. The application of these criteria still leaves a sizeable peak to

– 7 –

plots from JHEP03 (2018) 078]

https://link.springer.com/article/10.1007/JHEP03(2018)078#citeas


GUIDO ANDREASSI - SEARCH FOR B→eμ 

MASS FIT

▸ Mass shape of Bd and Bs from simulation 

▸ PDF: double-sided Crystal Ball
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▸ Correct the core width of the distribution for data/MC differences using 
J/𝜓→ee and J/𝜓→μμ appropriately combined to reproduce eμ final state

no brem brem
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MASS FIT (2)
▸ Combinatorial: exponential pdf 

▸ Exclusive backgrounds (B0→πμν and Λ0
b→pμν): nonparametric functions from 

simulation, with total yields constrained to expected 

▸ Simultaneous fit in 7x2 bins (most background-like BDT bin is excluded) 

▸ No significant excess observed

10

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

)2 c
Ca

nd
id

at
es

/(5
0 

M
eV

/

0
2
4
6
8

10
12
14
16

Data
Total
Combinatorial

ν-µp → b
0Λ

ν+µ-π → 0B

±

µ±e → s
0B

±

µ±e → 0B

LHCb
1.0≤BDT≤0.7Systematics mostly from PDF 

parametrisations, yields of the 
backgrounds, shape of BDT response, 
selection efficiencies. 
Overall impact on the limit <5%

This is not an independent fit, just 
the sum of the last 3 bins. 

[JHEP03 (2018) 078]

https://link.springer.com/article/10.1007/JHEP03(2018)078#citeas
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ANALYSIS OUTLINE

11

CLs LIMIT

MASS FIT 
including exclusive bkg 

from B0→πμν and Λ0→pμν. 
Yields then  normalised to 

known channels

PARTICLE IDENTIFICATION 
requirements against B→hh 

double-midID (h=K,π)

BDT 
against combinatorial 

using 12 topological variables (P, 
PT, quality of vertices and tracks) 

RECONSTRUCTION 
combining pairs of tracks w 

good sec. vertices

TRIGGER 
on electron OR muon

SPLIT IN 2x8 BINS 
of bremsstrahlung categories 

(see next slide) and BDT output
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LIMIT

▸ Upper limits with pseudo-experiments using 
CLs with Likelihood ratio 

▸ Large lifetime difference between the two Bs 
mass eigenstates affects efficiencies. Limit in 
two assumptions: 100% heavy, 100% light 

▸ Scans performed independently on Bs and 
Bd, fixing each time the other yield to the 
best fit

12

)
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µ±e → 0BBF(
0.5 1 1.5
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CL
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1
LHCb

J
H
E
P
0
3
(
2
0
1
8
)
0
7
8

channel expected observed

B(B0
s → e±µ∓) 5.0 (3.9)× 10−9 6.3 (5.4)× 10−9

B(B0→ e±µ∓) 1.2 (0.9)× 10−9 1.3 (1.0)× 10−9

Table 2. Expected (assuming no signal) and observed upper limits for B(B0
s → e±µ∓) and B(B0→

e±µ∓) at 95% (90%) CL. The upper limit on the B(B0
s → e±µ∓) is evaluated under the assumption

of pure heavy eigenstate contribution on the decay amplitude.

lower than 0.25, which is mostly populated by combinatorial background, is excluded from

the fit. The B0 → e±µ∓ and B0
s → e±µ∓ yields are obtained from a single unbinned

extended maximum likelihood fit performed simultaneously to the me±µ∓ distributions in

each subset. The B0
(s) → e±µ∓ fractional yields and the mass shape parameters in each

category are Gaussian-constrained according to their expected values and uncertainties.

The combinatorial background is modelled with an exponential function with independent

yield and shape parameters in each subset. The exclusive backgrounds are included as

separate components in the fit. Their mass shapes are modelled using nonparametric

functions determined from simulation for each bremsstrahlung category. The overall yields

and fractions of these backgrounds are Gaussian-constrained to their expected values. The

result of this fit is shown in figure 4.

No significant excess of B0 → e±µ∓ or B0
s → e±µ∓ decays is observed and upper

limits on the branching fractions are set using the CLs method [30]. The ratio between the

likelihoods in two hypotheses, signal plus background and background only, is used as the

test statistic. The likelihoods are computed with nuisance parameters fixed to their nominal

values. Pseudoexperiments, in which the nuisance parameters are varied according to their

statistical and systematic uncertainties, are used for the evaluation of the test statistic.

The resulting CLs scans are shown in figure 5 and upper limits at 95% and 90% confidence

level are reported in table 2.

Several systematic uncertainties can affect the evaluation of the limit on the B0
s → e±µ∓

and B0→ e±µ∓ branching fractions through the normalisation formula in eq. (5.1) and the

fit model used to evaluate the signal yields. The systematic uncertainties are taken into

account for the limit computation by constraining the respective nuisance parameters in the

likelihood fit with a Gaussian distribution having the central value of the parameter as the

mean and its uncertainty as the width. The nuisance parameters for the B0
(s)→ e±µ∓ yields

are related to the calibration of the BDT response, the parameters of the signal shape, the

estimated yields of the B0 → π−µ+νℓ and Λ0
b → pℓ−νℓ backgrounds and the fractional

yield per bremsstrahlung category. For the limit on the B0
(s)→ e±µ∓ branching fractions,

the nuisance parameters are in addition related to the signal efficiency, whose uncertainty

is dominated by the systematic uncertainty on the trigger efficiencies, and the uncertainties

on the efficiencies, branching fractions and yields of the normalisation channels. For the

B0
s → e±µ∓ branching fraction estimation, eq. (5.1) also includes the hadronisation fraction

fs/fd, which dominates the systematic uncertainty for the normalisation. The overall

impact on the limits is evaluated to be below 5%.

– 9 –
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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 1σ and 2σ
bands are shown as dark (green) and light (yellow) bands respectively. The observed limit is shown
as the solid black line.

The two B0
s mass eigenstates are characterised by a large lifetime difference. Depending

on their contribution to the decay amplitude, the selection efficiency and the BDT shape

can be affected. Given the negligible difference in lifetime for the B0 system, this effect is

not taken into account for the B0→ e±µ∓ limit evaluation. Two extreme cases can be dis-

tinguished: when only the heavy or the light eigenstate contributes to the total decay ampli-

tude. 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 [24]. As the contribution to the total amplitude from the heavy and light

eigenstate can have an effect 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

figure 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].
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CONCLUSIONS & OUTLOOK

▸ The analysis presented here as recently been published [JHEP03 
(2018) 078] 

▸ No evidence of LFV 

▸ New world’s best UL on both Bd→eμ and Bs→eμ  

▸ LHC Run 2 data still to be analysed, could provide significantly 
stronger limits or open to new perspectives 

▸ Even more potentially interesting data to come after the LHCb 
detector upgrade (Run3)! 

▸ More LFV searches ongoing at LHCb, many results out soon!

13

https://link.springer.com/article/10.1007/JHEP03(2018)078#citeas
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THE LHCB EXPERIMENT

▸ Single-arm forward spectrometer (2<𝜂<5) 

▸ Designed to study b and c 
quarks physics 

▸ High resolution on decay 
vertex of flying b hadrons 
and momenta 

▸ Good particle identification

16
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LHCB UPGRADE
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MASS FITS
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MASS FITS (2)
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EXCLUSIVE BACKGROUNDS
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Peaking backgrounds: mass shapes

Only B

0 ! ⇡µ⌫ and ⇤0
b

! pµ⌫ significant

Shapes are included in fit with RooKeysPdfs

Shapes shown are BDT bin 2 [0.25, 0.4], with brem recovery at bottom,
top without
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Peaking backgrounds: mass shapes

Only B

0 ! ⇡µ⌫ and ⇤0
b

! pµ⌫ significant

Shapes are included in fit with RooKeysPdfs

Shapes shown are BDT bin 2 [0.25, 0.4], with brem recovery at bottom,
top without
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Peaking backgrounds: mass shapes

Only B

0 ! ⇡µ⌫ and ⇤0
b

! pµ⌫ significant

Shapes are included in fit with RooKeysPdfs

Shapes shown are BDT bin 2 [0.25, 0.4], with brem recovery at bottom,
top without
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Peaking backgrounds: mass shapes

Only B

0 ! ⇡µ⌫ and ⇤0
b

! pµ⌫ significant

Shapes are included in fit with RooKeysPdfs

Shapes shown are BDT bin 2 [0.25, 0.4], with brem recovery at bottom,
top without

B0 ! ⇡µ⌫
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Peaking backgrounds: mass shapes

Only B

0 ! ⇡µ⌫ and ⇤0
b

! pµ⌫ significant

Shapes are included in fit with RooKeysPdfs

Shapes shown are BDT bin 2 [0.25, 0.4], with brem recovery at bottom,
top without

B0 ! ⇡µ⌫
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TRIGGER STRATEGY AND EFFICIENCIES

21

Comments TISTOS discrepancies

At first, electron seemed to agree
more with MC than muon

After investigation, a bug was
found and resolved

Muon e�ciency shown here with
same trigger thresholds for MC
and TISTOS data

Close agreement with MC for
muon

For electron as well, but larger
uncertainties
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Comments TISTOS discrepancies

At first, electron seemed to agree
more with MC than muon

After investigation, a bug was
found and resolved

Muon e�ciency shown here with
same trigger thresholds for MC
and TISTOS data

Close agreement with MC for
muon

For electron as well, but larger
uncertainties
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E�ciencies: trigger

Data-driven method TISTOS for L0⌦ HLT1 level

Using TIS sample of B+ ! J/ (µ+µ�/e+e�)K+

Comments electron mode no calorimeter TIS triggers and muon
mode no muon TIS triggers

Reweighting TISTOS e�ciencies to IP and E

T

(new changed from
electron track p

T

) for electron and p

T

for muon; to account for
TISTOS biases and signal/calibration sample di↵erences

HLT2 e�ciency from MC

New Systematics from TISTOS binning and B p

T

and nSPDHits

reweighting of MC

B

0
d,s ! e

±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B

0
d,s ! e

±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B

+ ! J/ (µ+µ�)K+ 0.876± 0.006
B

0 ! K

+⇡� 0.212± 0.002
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E�ciencies: PID

Determined using PIDCalib

Reweighting to signal MC in bins of BDT and HasBremAdded with
track p

T

, ⌘ (and nSPDHits for electron to data nSPDHits distribution)
B

0 ! K

+⇡� uses p and ⌘ binnings (isMuon included in reco
e�ciency)

BDT classifier
0 0.2 0.4 0.6 0.8 1

PI
D

ε

0.66

0.68

0.7

0.72

0.74

0.76

PID efficiencies for Bs2emu without brem recovery in BDT bins for 2012PID efficiencies for Bs2emu without brem recovery in BDT bins for 2012

BDT classifier
0 0.2 0.4 0.6 0.8 1

PI
D

ε

0.82

0.84

0.86

0.88

0.9

0.92

PID efficiencies for Bs2emu with brem recovery in BDT bins for 2012PID efficiencies for Bs2emu with brem recovery in BDT bins for 2012

Run 1
B

+ !J/ (!µ+µ�)K+ 0.9781± 0.0002 (stat)
B

0 ! K

+⇡� 0.3850± 0.0001 (stat)
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PID selection optimisation

] (relative)µ e→misID rate [hh 
0 1 2 3

-910×
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e
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0.9
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1

Large number of combinations of
DLL and ProbNN variables tested

Optimisatised with respect to
B

0
(s) ! h

+
h

� double misID, with

figure of merit (FOM):

FOM =
X

B

0
d,s!hh

f

d,s

f

d

B(B0
d,s ! hh)✏PIDhh!eµ

Same signal PID e�ciency
(' 80%), but lower misID rate

Particle Variable Value Tuning
Muon ProbNNmu · (1� ProbNNk) · (1� ProbNNp) > 0.4 MC12TuneV2

Electron DLLe > 5.5
Electron ProbNNk < 0.95 MC12TuneV3
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wrt old LHCb analysis
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PEAKING BACKGROUNDS - B→HHPeaking backgrounds: B0
(s) ! h

+
h

�

Main method

Estimation of expected
amount of B0

(s) ! h

+
h

� is
determined using
B

0
(s) ! h

+
h

� MC weighted
with PIDCalib e�ciencies

Normalise with respect to
B

+ ! J/ (! µ+µ�)K+

Expected result shown here
in full mass, BDT and
HasBremAdded range and is
negligible

N

B

0
(s)

!h

+
h

� = 0.06± 0.01 (stat)

Cross-check

Single misID determined in
B

0
(s) ! h

+
h

� data

Electron PID on one of the tracks
and hadron PID on other

Additional misID e�ciency with
main method

Result compatible (0.02± 0.01)
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MULTIVARIATE CLASSIFIERMultivariate classifier
Boosted Decision Tree (BDT) from TMVA
Purpose: separate two-body B decay without any PID assumptions
from combinatorial background
12 input variables, containing B kinematics and topology, vertrex
quality and track isolation

Maarten van Veghel (Nikhef) Search for B0
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EFFICIENCIES - PID
E�ciencies: PID

Determined using PIDCalib

Reweighting to signal MC in bins of BDT and HasBremAdded with
track p

T

, ⌘ (and nSPDHits for electron to data nSPDHits distribution)
B

0 ! K

+⇡� uses p and ⌘ binnings (isMuon included in reco
e�ciency)

BDT classifier
0 0.2 0.4 0.6 0.8 1

PI
D

ε

0.66

0.68

0.7

0.72

0.74

0.76

PID efficiencies for Bs2emu without brem recovery in BDT bins for 2012PID efficiencies for Bs2emu without brem recovery in BDT bins for 2012

BDT classifier
0 0.2 0.4 0.6 0.8 1

PI
D

ε

0.82

0.84

0.86

0.88

0.9

0.92

PID efficiencies for Bs2emu with brem recovery in BDT bins for 2012PID efficiencies for Bs2emu with brem recovery in BDT bins for 2012

Run 1
B

+ !J/ (!µ+µ�)K+ 0.9781± 0.0002 (stat)
B

0 ! K

+⇡� 0.3850± 0.0001 (stat)
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EFFICIENCIES - TRIGGER
E�ciencies: trigger

Data-driven method TISTOS for L0⌦ HLT1 level

Using TIS sample of B+ ! J/ (µ+µ�/e+e�)K+

Comments electron mode no calorimeter TIS triggers and muon
mode no muon TIS triggers

Reweighting TISTOS e�ciencies to IP and E

T

(new changed from
electron track p

T

) for electron and p

T

for muon; to account for
TISTOS biases and signal/calibration sample di↵erences

HLT2 e�ciency from MC

New Systematics from TISTOS binning and B p

T

and nSPDHits

reweighting of MC

B

0
d,s ! e

±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B

0
d,s ! e

±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B

+ ! J/ (µ+µ�)K+ 0.876± 0.006
B

0 ! K

+⇡� 0.212± 0.002
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TISTOS for L0xHlt1 
E�ciencies: trigger

Data-driven method TISTOS for L0⌦ HLT1 level

Using TIS sample of B+ ! J/ (µ+µ�/e+e�)K+

Comments electron mode no calorimeter TIS triggers and muon
mode no muon TIS triggers

Reweighting TISTOS e�ciencies to IP and E

T

(new changed from
electron track p

T

) for electron and p

T

for muon; to account for
TISTOS biases and signal/calibration sample di↵erences

HLT2 e�ciency from MC

New Systematics from TISTOS binning and B p

T

and nSPDHits

reweighting of MC

B

0
d,s ! e

±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B

0
d,s ! e

±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B

+ ! J/ (µ+µ�)K+ 0.876± 0.006
B

0 ! K

+⇡� 0.212± 0.002
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Using TIS sample of  E�ciencies: trigger

Data-driven method TISTOS for L0⌦ HLT1 level

Using TIS sample of B+ ! J/ (µ+µ�/e+e�)K+

Comments electron mode no calorimeter TIS triggers and muon
mode no muon TIS triggers

Reweighting TISTOS e�ciencies to IP and E

T

(new changed from
electron track p

T

) for electron and p

T

for muon; to account for
TISTOS biases and signal/calibration sample di↵erences

HLT2 e�ciency from MC

New Systematics from TISTOS binning and B p

T

and nSPDHits

reweighting of MC

B

0
d,s ! e

±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B

0
d,s ! e

±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B

+ ! J/ (µ+µ�)K+ 0.876± 0.006
B

0 ! K

+⇡� 0.212± 0.002
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Reweight efficiencies to IP and ET (for electron)  
or pT (for muon) to account for biases E�ciencies: trigger

Data-driven method TISTOS for L0⌦ HLT1 level

Using TIS sample of B+ ! J/ (µ+µ�/e+e�)K+

Comments electron mode no calorimeter TIS triggers and muon
mode no muon TIS triggers

Reweighting TISTOS e�ciencies to IP and E

T

(new changed from
electron track p

T

) for electron and p

T

for muon; to account for
TISTOS biases and signal/calibration sample di↵erences

HLT2 e�ciency from MC

New Systematics from TISTOS binning and B p

T

and nSPDHits

reweighting of MC

B

0
d,s ! e

±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B

0
d,s ! e

±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B

+ ! J/ (µ+µ�)K+ 0.876± 0.006
B

0 ! K

+⇡� 0.212± 0.002
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Hlt2 efficiencies from MC E�ciencies: trigger

Data-driven method TISTOS for L0⌦ HLT1 level

Using TIS sample of B+ ! J/ (µ+µ�/e+e�)K+

Comments electron mode no calorimeter TIS triggers and muon
mode no muon TIS triggers

Reweighting TISTOS e�ciencies to IP and E

T

(new changed from
electron track p

T

) for electron and p

T

for muon; to account for
TISTOS biases and signal/calibration sample di↵erences

HLT2 e�ciency from MC

New Systematics from TISTOS binning and B p

T

and nSPDHits

reweighting of MC

B

0
d,s ! e

±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B

0
d,s ! e

±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B

+ ! J/ (µ+µ�)K+ 0.876± 0.006
B

0 ! K

+⇡� 0.212± 0.002
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Systematics from TISTOS binning and MC reweighted for B pT and nSPDHits

Comments TISTOS discrepancies

At first, electron seemed to agree
more with MC than muon

After investigation, a bug was
found and resolved

Muon e�ciency shown here with
same trigger thresholds for MC
and TISTOS data

Close agreement with MC for
muon

For electron as well, but larger
uncertainties
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Comments TISTOS discrepancies

At first, electron seemed to agree
more with MC than muon

After investigation, a bug was
found and resolved

Muon e�ciency shown here with
same trigger thresholds for MC
and TISTOS data

Close agreement with MC for
muon

For electron as well, but larger
uncertainties
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E�ciencies: trigger

Data-driven method TISTOS for L0⌦ HLT1 level

Using TIS sample of B+ ! J/ (µ+µ�/e+e�)K+

Comments electron mode no calorimeter TIS triggers and muon
mode no muon TIS triggers

Reweighting TISTOS e�ciencies to IP and E

T

(new changed from
electron track p

T

) for electron and p

T

for muon; to account for
TISTOS biases and signal/calibration sample di↵erences

HLT2 e�ciency from MC

New Systematics from TISTOS binning and B p

T

and nSPDHits

reweighting of MC

B

0
d,s ! e

±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B

0
d,s ! e

±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B

+ ! J/ (µ+µ�)K+ 0.876± 0.006
B

0 ! K

+⇡� 0.212± 0.002
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0.758


