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▸ Conservation well established (e.g. μ→e𝛾, μ→3e) … 

▸ … but not supported by strong theoretical reasons 

▸ Observation of neutrino oscillation implies LFV in loops (BR < 10-40) 

▸ LFV signatures: searches for forbidden decays in the SM

LEPTON FLAVOUR VIOLATION

�2

Lepton Flavour Violation (LFV): non-conservation of lepton flavour

b DECAYS: B→eμ, B→Keμ, B→𝛕μ, B→K(*)𝛕μ,  Λb→Λeμ 
c DECAYS: D0→eμ 
𝛕 DECAYS: 𝛕→μμμ

At LHCb:
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METHOD

�3

▸ 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 (Leptoquarks, new gauge Z’… 
[PRD94(2016)115021] [PRD92 (2015) 054013] [Phys.Rev.D94(2016)115021] [JHEP 06 (2015) 072])  

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

mediators unaccessible to direct searches (> TeV)

Search for the lepton flavour violatingSearch for the lepton flavour violating

decay B0

s,d ! e±µ⌥
in the LHCbdecay B0

s,d ! e±µ⌥
in the LHCb

experiment at CERNexperiment at CERN
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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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CURRENT SCENARIO

�4

▸ Potential LNU effects [1,2,3] open to new scenarios 

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

[1]  Phys. Rev. Lett. 115, 111803 
[2]  JHEP 08 (2017) 055  
[3]  arXiv:1903.09252 
[4]  arXiv: 1609.08895v2 
[5]  Phys. Rev. Lett. 114, 091801

22

In supersymmetric or multi-Higgs extensions, a viable set reads q(D) = (q3 + 1, q3, q3), where

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

doublets and up-type quarks are also changed, two viable solutions are q(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

Y
bµ
DL

�
Y

sµ
DL

�⇤ or Y
sµ
D̄L

⇣
Y

bµ
D̄L

⌘⇤
⇠ c

2
`�

2
, (63)

the same FN-hierarchy as for S3, V1,3 obtained in Eq. (58). Therefore, c` ⇠ 0.2(M/TeV) (V2) and

c` ⇠ [0.2 � 0.3](M/TeV) (S̃2), and, consequently, leptoquark masses should be within the few

TeV-range. µ� e-conversion ⇠ �c
2
`�

6 is below experimental limits. S̃2 does not induce charm FCNCs

at tree level.

Similar to the situation for V1 discussed previously, in V2 rapid kaon decays arise through Rµ(QE).

This can be avoided once the sign of q(E) is flipped. In this case the constraint from µ ! e� reads

c`��
3 . 10�4(M/TeV)4 [3], which is always satisfied for perturbative �.

We learn that improved bounds on kaon decays together with b ! sµµ data can strongly constrain

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

out, this leads to testable predictions, the equality of LNU ratios RK 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 observable B(B ! D
(⇤)

µ⌫)/B(B ! D
(⇤)

e⌫) [54] is at permille level. We

further recall that RK-explaining leptoquarks can induce percent-level contributions to b ! s� and

subsequently b ! s`` spectra [21], which can be accessed at a future high luminosity facility (with

75ab�1) [55].

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

-(61). Relative to b ! sµµ the effects on the amplitudes read

b ! sµµ : b ! sµ (e, ⌧) : b ! se⌧ as 1 : � : �
2 (Lµ) , (64)

b ! sµµ : b ! sµ (e, ⌧) : b ! se⌧ as 1 : 1 : 1 (L̃µ) . (65)

The L̃µ pattern predicts sizable LFV rates for leptonic and semileptonic B(s)-decays which can be

searched for at future hadron colliders and e
+
e
�-machines, see [7] for details,

B(B ! Kµ
±
e
⌥) ⇠ 3 · 10�8

✓
1 � RK

0.23

◆2

, B(B ! K(e±, µ±)⌧⌥) ⇠ 2 · 10�8

✓
1 � RK

0.23

◆2

, (66)

B(Bs ! µ
+
e
�)

B(Bs ! µ+µ�)SM
⇠ 0.01

✓
1 � RK

0.23

◆2

,
B(Bs ! ⌧

+(e�, µ�))

B(Bs ! µ+µ�)SM
⇠ 4

✓
1 � RK

0.23

◆2

. (67)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://link.springer.com/article/10.1007%2FJHEP08%282017%29055
https://arxiv.org/abs/1903.09252
https://arxiv.org/pdf/1609.08895.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.091801
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▸ Forbidden decay from both Bd and Bs mesons 

▸ Trigger on muon or electron 

▸ Primary background: B0→h+h’− with both hadrons misidentified 

▸ Particle IDentification cuts play important role 

▸ Reject combinatorial background with MVA 

▸ Need to deal with bremsstrahlung (see next slide)

B(s)→eμ

�5

[JHEP 1803 (2018) 078]
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GUIDO ANDREASSI - SEARCH FOR B→eμ 

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)

▸ Need to deal with bremsstrahlung 

▸ Brem improves electron ID → helps with 
background 

▸ Need to split in categories

�6
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BREMSSTRAHLUNG RECOVERY [JHEP 1803 (2018) 078]

https://arxiv.org/abs/1710.04111
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GUIDO ANDREASSI - SEARCH FOR B→eμ 

MASS FIT

▸ Mass shape of Bd and Bs from simulation 

▸ PDF: double-sided Crystal Ball

9
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▸ Correct the core width of the distribution for data/MC differences using 
J/!→ee and J/!→μμ appropriately combined to reproduce eμ final state

no brem brem
(~40%) (~60%)
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BREMSSTRAHLUNG RECOVERY [JHEP 1803 (2018) 078]

https://arxiv.org/abs/1710.04111
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▸ BDT against combinatorial. 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 selection efficiency  

▸ Corrected for brem category

B(s)→eμ

�7

▸ Analysis binned in 8 BDT bins x 2 brem categories

GUIDO ANDREASSI - SEARCH FOR B→eμ 

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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▸ B → h+h’-  (h,h’ = K,π) double-misID only peaking background 

▸ Yield estimated in two independent ways:

�8

B(s)→eμ - Peaking background
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Figure 19: Invariant mass distribution of B0 ! ⇡e candidates with the fit superimposed. Mass
hyptheses of the two tracks is the muon mass, such that double misID mass shape behaves
reasonably Gaussian.
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Figure 20: Invariant mass distributions of ⇤0

b
! pµ⌫ (left) and B0 ! ⇡µ⌫ (right) candidates pass-

ing the B0
s ! e±µ⌥ full selection. The plots show separately candidates with one bremsstrahlung

photon emitted by the particle reconstructed as an electron (1�) and no photons emitted (0�)
together with their sum.
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▸ Efficiencies from MC, PID 
calibrated on data 

▸ Normalisation to B+→J/𝜓(→μμ)K+

▸ Directly from B → h+h’- data, fitting 
single-misID candidates and 
multiplying by additional misID 
probability from first method

Compatible results: <<1 candidates surviving

[JHEP 1803 (2018) 078]

https://arxiv.org/abs/1710.04111
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▸ 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)

B(s)→eμ

�9

 )2 c
C

an
di

da
te

s /
 ( 

10
 M

eV
/

2000

4000

6000

8000

10000 Data
Total
Combinatorial

−π+K →0B
−π+K →s

0
B

−hp → b
0Λ

LHCb

]2c [MeV/-π+Km
5400 5600 5800

Pu
ll

5−
0
5

5200 5400 5600

 )2 c
C

an
di

da
te

s /
 ( 

1 
M

eV
/

5000
10000
15000
20000
25000
30000
35000
40000
45000

]2c [MeV/+Kψ/Jm
5200 5400 5600

Pu
ll

5−
0
5

Data
Total
Combinatorial

+πψ/J →+B
+Kψ/J →+B

LHCbLHCb

{

RPDG = 0.321 ± 0.013 [PDG]

Relative yield cross-checked:

[JHEP 1803 (2018) 078]



GUIDO ANDREASSI - LFV SEARCHES AT LHCb

B(s)→eμ

�10

‣ B→eµ on full Run I: 3fb-1 

‣ Fit to m(eμ): 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→πμν and Λ0b→pμν 
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▸ 3-body → lower helicity suppression than B→eμ 

▸ New Physics predictions (almost) within reach:  
 
[PRD 97 (2018) 015019, JHEP 06 (2015) 072, JHEP 12 (2016) 027 with 𝜅=1, JHEP 08 (2015) 123, PRD 92 (2015) 
054013, PL B750 (2015) 367, PLB 751 (2015) 54] 

▸ Trigger on muon 

▸ Normalise to B+→J/𝜓(→μμ)K+ 

▸ Fit in brem categories 

▸ Analysis still blind…!

B+→K+eμ

�11

LHCb UNOFFICIAL!

RD meeting, November 21, 2018 | Titus Mombächer

Introduction

‣ Hints for lepton flavour universality breaking in  
‣ In many New Physics models this breaking implies the existence of 

lepton flavour violating decays 
‣ Current world best limits by BaBar (90% CL) [PR D73 (2006) 092001] 

•   
•   

‣ New Physics predictions (almost) within reach: 
•

!2

RK, RK*

ℬ(B+ → K+ e+ μ−) < 9.1 ⋅ 10−8

ℬ(B+ → K+ e−μ+ ) < 13 ⋅ 10−8

ℬ(B+ → K+ e± μ∓ ) ∈ [0.043,3] ⋅ 10−8

[PRD 97 (2018) 015019, JHEP 06 (2015) 072, JHEP 12 (2016) 027 with '=1, JHEP 08 (2015) 123, PRD 92 (2015) 054013, PL B750 (2015) 367, PLB 751 (2015) 54]

Table 18: Fit parameters for the signal channel, for HasBremAdded==1. n is fixed (taken from
the B

+
! K

+
J/ (! µ

+
µ
�) fit to data).

Parameter Simulation Predicted

µ [MeV/c2] 5273.58 ± 2.44 5276.85 ± 2.63

� [MeV/c2] 28.54 ± 3.35 34.34 ± 4.98

�1 [MeV/c2] 81.38 ± 10.94 98.71 ± 17.57

n 8.33 ± 0.0 8.33 ± 0.0

↵ 0.6 ± 0.09 0.66 ± 0.1

↵1 -2.78 ± 0.61 -2.7 ± 0.24

c 0.681 ± 0.071 0.736 ± 0.044

Figure 55: Fits to the electron channel, for Run1 data. Left plot corresponds to the brem0
category, right one to the brem1 category.
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▸ Two categories of partially-reconstructed (PR) backgrounds 
explicitly vetoed: 

▸  
removed with 

▸ Charmonium decays with misID:   
removed with cut depending on type of misID 

▸ Very small contributions from non-resonant decays.

B+→K+eμ - Backgrounds

�12

LHCb UNOFFICIAL!

B+ → ℓ+νD0( → Kℓ′�ν) or B+ → ℓ+νD0( → Kπ)
m(K±ℓ∓) > 1885 MeV/c2

B+ → J/ψ(Ψ(2S))K+
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▸ First, topological, BDT against combinatorial, trained on upper sideband 

▸ Second BDT (BDTHOP) against part-reco, trained on lower sideband 

▸ Same features as first BDT, with the addition of HOP mass, ideal for rejecting 
PR in decays with electrons 

▸ Cut on both BDTs

B+→K+eμ - Backgrounds

�13

LHCb UNOFFICIAL!

1 Introduction

Carried out in the context of the 2016 Impactkit hackathon [1], this project aims to
implement the ideas of the HOP mass, discussed in Ref. [2], in the LHCb software to
make them more accessible to all the collaboration members. This variable, essential in
the R(K∗0) analysis [3], is conceived to exploit the kinematic characteristics of B decays
into final states involving electrons, by computing a mass in which the bremsstrahlung
losses are balanced along the B momentum. It is a variable of interest for all analyses of
decays including at the same time electrons and other particles in the final state.

This note documents the algorithm used for the implementation of the HOP variables
and also provides a pedagogical overview of how these tools have been implemented. In
the first part, the algorithm chosen to build the HOP mass will be presented. The precise
implementation of this variable as a LoKi functor is described in the second part while
the third part focuses on the TupleTool implementation.

2 General algorithm to compute the HOP mass

The physics details are described in the first three sections of the note presented in the
project description. As explained in the note we want to balance the three momentum
components transversal to the B flight direction of the electronic and hadronic parts of a
given B decay. The ratio of these transversal momenta defines the parameter αHOP :

αHOP =
P h
t

P e
t

,

which is then used to scale the three-momentum of the electronic part of the decay:

P⃗ corr(e+e−) = αHOPP⃗
meas(e+e−).

This new three-momentum (together with the hadronic part) is later used to calculate
the new invariant mass of the original B particle. This accounts for the bremsstrahlung
losses of the final state electrons and positrons.

The algorithm will treat all the decays in the following way:

• find all the particles which further decay exclusively into electrons and positrons;

• find all e± coming from particles that have both e± and other particles between
their children;

• add the four-momenta of the above-mentioned particles to obtain P e,

• find all particles which have no e± in their decay tree or are non-electronic basic
particles;

• add the four-momenta of these particles to obtain P h;

1
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F HOP variables

Decays with electrons in the final state tend to have a poor mass resolution due to the emission
of bremsstrahlung radiation, as discussed in multiple occasions in this thesis. Bremsstrahlung
emission can nevertheless be a helpful characteristic of the signal, as it allows to distinguish it
from partially-reconstructed backgrounds.

In a generic decay of a flying b-hadron (indicated here with B) to a final state containing both
electrons (grouped under the name Xe ) and other, different, particles (Xe ), one can build the
quantity

ÆHOP = pT (Yh)
pT (Xe )

, (F.1)

where pT (Yh) and pT (Xe ) are the combined transverse momenta, with respect to the flight
direction of the parent b-hadron, of the non-electronic and the electronic part of the decay,
respectively. These quantities are illustrated in Figure F.1. Because of imperfect reconstruction,
ÆHOP won’t be always exactly 1 as expected from momentum conservation: in some cases too
much energy is attributed to the electrons, resulting in a lower ÆHOP , and vice versa.
For signal candidates, anyway, ÆHOP will be peaked at 1, with short tails on either side. This
does not happen for partially-reconstructed backgrounds, where no kinematic constraint

Figure 1: Schema of the kinematic of a B � YhXe decay, highlighting the quantities relevant for
the definition of the variable HOP.

of decays is schematically represented in figure 1. The main features exploited by HOP
are the following:

• the primary vertex and the B-decay vertex define the direction of flight DoF (B) of
the B meson;

• the sum of the
��
Pt of the final state particles has to be zero, where

��
Pt is defined as

the momentum component orthogonal to the DoF (B) (note that this definition is
di�erent from that of the usual pT of a particle, which instead corresponds to the
component orthogonal to the direction of the beam axis);

• a bremsstrahlung photon is emitted in the same direction as the electron radiating it;

so, to a good approximation, the direction of
�����
P (Xe) can be assumed to be correct.

The second item implies that, for signal events, the transverse momentum of the hadronic
and electronic systems should balance: Pt(Yh) = �Pt(Xe). Often this does not happen
because of the ine�ciency of the bremsstrahlung recovery, which will a�ect the electronic
system Xe. Therefore, the ratio �HOP = Pt(Yh)

Pt(Xe)
will not be equal to unity.

The idea is to use the value of �HOP to correct Pt(Xe). In addition, since the
bremsstrahlung radiation does not modify the direction of the electron, the same correction
factor applies to the total momentum of the electron system:

���
P corr(Xe) = �HOP � ��

P (Xe).
This corrected value can than be used in the calculation of the invariant mass of the B
candidate, that will be named MB

HOP in the following.
Unfortunately, this correction will be degraded by other reconstruction e�ects:

• The DoF (B) has a non negligible resolution, depending on the quality of the
reconstructed vertices and on the value of the B flight distance (FD) itself. A
combined measurement of these quantities is provided by �2

FD, which is the �2 of
the B flight distance with respect to the primary vertex. The resolution of MB

HOP is
expected to depend upon �2

FD.

2

Figure F.1 – Representation of the kinematic of a B ! Yh Xe decay, highlighting the quantities
relevant for the definition of the variable HOP.
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▸ 𝛕 modes are important as LFU suggests hierarchical couplings 

▸ Using B+ from Bs2* decays allows to constrain kinematics of PR candidates 

▸ Strategy: tag B+→K+μX decays and look for 𝛕s in missing mass 
 
 
 
 
 
 

▸ Model signal and bkg missing mass shapes from MC and same-sign (SSK) 
Bs2*→BK data 

▸ Normalise to B+→J/𝜓(→μμ)K+ with and without Bs2* contribution 

▸ Exclude 𝛕→3𝜋, subject to separate analysis

B+→K+𝛕μ from Bs2* decays

�14

LHCb UNOFFICIAL!

Missing mass calculation

PV
B⇤

s2 B+

K �

K+

µ�

t

µK vertex +K track + mass constraints ! EB

Then fully reconstruct missing four momentum with a quadratic ambiguity

M. Rudolph 5 / 33
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▸ BDT against combinatorial 

▸ Trained against SSK 

▸ Bin in classifiers’ response 

▸ Other peaking backgrounds: 

▸ Vetoes on Kμ mass to remove J/𝜓 and 𝛷 contributions 

▸ Non-B+ decays must have combinatoric prompt kaon, and this 
contribution is present in SSK too, thus it is already accounted for! 

▸ Peaking missing mass must be produced from single missing 
particle. Only candidate is D meson, but not much SM background 
with B+→DμK… 

▸ misID very low, combined with low background BF…

B+→K+𝛕μ from Bs2* decays - Backgrounds

�15

LHCb UNOFFICIAL!
Signal optimization
BDT training

Signal MC trained against SSK
signal selection in restricted range
2 < m2

miss < 4GeV2

Include information about the track
and topological variables to
discriminate signal and backgrounds
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LFV AT LHCb
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B0→eµ JHEP 1803 078 2018 limit O(10-9)
D0→eµ PLB 754 167 2017 limit O(10-8)
𝛕→µµµ JHEP 02 121   2015 limit O(10-8)

Summary of LHCb LFV analyses and prospects:

B0→Keµ no helicity suppression
Λb→Λeµ baryon sector
B→K/K*𝛕µ LFU suggests hierarchical 

couplingsB→𝛕µ

coming soon:

published:

+ analyses of previously published channels adding new data
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LFV AT LHCb
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B decays
Limits on Lepton Flavor Violating Decays
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LHCb is significantly contributing to constrain new physics
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SUMMARY AND CONCLUSIONS

�18

‣ Observation of LFV would be a clear sign of new physics 
‣ Anomalies in LFU would make LFV searches also interesting 
‣ No LFV observed yet: 

‣  In many channels we are reaching the level of BSM predictions 
‣  Statistically limited: analysing Run 2! 
‣  New modes will be analysed 



GUIDO ANDREASSI - LFV SEARCHES AT LHCb

SUMMARY AND CONCLUSIONS

�18

‣ Observation of LFV would be a clear sign of new physics 
‣ Anomalies in LFU would make LFV searches also interesting 
‣ No LFV observed yet: 



BACKUP



GUIDO ANDREASSI - SEARCH FOR B→eμ 

LHCB UPGRADE

17



TEXTGUIDO ANDREASSI - SEARCH FOR B→eμ 

MASS FITS

18

5

10

15 [0.25, 0.4]

5

10

15 [0.25, 0.4]

5

10

15 [0.4, 0.5]

5

10

15 [0.4, 0.5]

5

10

15 [0.5, 0.6]

5

10

15 [0.5, 0.6]

 )2 c
C

an
di

da
te

s /
 ( 

50
 M

eV
/

2
4
6
8

10
[0.6, 0.7]

2
4
6
8

10
[0.6, 0.7]

2
4
6
8

10
[0.7, 0.8]

2
4
6
8

10
[0.7, 0.8]

2
4
6
8

10
[0.8, 0.9]

2
4
6
8

10
[0.8, 0.9]

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

2
4
6
8

10
[0.9, 1.0]

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

2
4
6
8

10
[0.9, 1.0]

Data
Total
Combinatorial

ν−µp → b
0Λ

ν+µ−π → 0B

±

µ±e → s
0B

±

µ±e → 0B

LHCb



TEXTGUIDO ANDREASSI - SEARCH FOR B→eμ 

MASS FITS (2)

19

5

10

15 [0.25, 0.4]

5

10

15 [0.25, 0.4]

5

10

15 [0.4, 0.5]

5

10

15 [0.4, 0.5]

5

10

15 [0.5, 0.6]

5

10

15 [0.5, 0.6]

 )2 c
C

an
di

da
te

s /
 ( 

50
 M

eV
/

2
4
6
8

10
[0.6, 0.7]

2
4
6
8

10
[0.6, 0.7]

2
4
6
8

10
[0.7, 0.8]

2
4
6
8

10
[0.7, 0.8]

2
4
6
8

10
[0.8, 0.9]

2
4
6
8

10
[0.8, 0.9]

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

2
4
6
8

10
[0.9, 1.0]

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

2
4
6
8

10
[0.9, 1.0]

Data
Total
Combinatorial

ν−µp → b
0Λ

ν+µ−π → 0B

±

µ±e → s
0B

±

µ±e → 0B

LHCb

5

10

15 [0.25, 0.4]

5

10

15 [0.25, 0.4]

5

10

15 [0.4, 0.5]

5

10

15 [0.4, 0.5]

5

10

15 [0.5, 0.6]

5

10

15 [0.5, 0.6]

 )2 c
C

an
di

da
te

s /
 ( 

50
 M

eV
/

2
4
6
8

10
[0.6, 0.7]

2
4
6
8

10
[0.6, 0.7]

2
4
6
8

10
[0.7, 0.8]

2
4
6
8

10
[0.7, 0.8]

2
4
6
8

10
[0.8, 0.9]

2
4
6
8

10
[0.8, 0.9]

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

2
4
6
8

10
[0.9, 1.0]

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

2
4
6
8

10
[0.9, 1.0]

Data
Total
Combinatorial

ν−µp → b
0Λ

ν+µ−π → 0B

±

µ±e → s
0B

±

µ±e → 0B

LHCb



TEXTGUIDO ANDREASSI - SEARCH FOR B→eμ 

EXCLUSIVE BACKGROUNDS

20

Peaking backgrounds: mass shapes

Only B0 ! ⇡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 B0 ! ⇡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 B0 ! ⇡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 B0 ! ⇡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 B0 ! ⇡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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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 ET (new changed from
electron track pT ) for electron and pT 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 pT and nSPDHits

reweighting of MC

B0

d,s ! e±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B0

d,s ! e±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B+ ! J/ (µ+µ�)K+ 0.876± 0.006
B0 ! K+⇡� 0.212± 0.002

Maarten van Veghel (Nikhef) Search for B0

d,s ! e±µ⌥
May 10, 2017 15 / 26
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E�ciencies: PID

Determined using PIDCalib

Reweighting to signal MC in bins of BDT and HasBremAdded with
track pT , ⌘ (and nSPDHits for electron to data nSPDHits distribution)
B0 ! K+⇡� uses p and ⌘ binnings (isMuon included in reco
e�ciency)

BDT classifier
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0.66
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PID efficiencies for Bs2emu without brem recovery in BDT bins for 2012PID efficiencies for Bs2emu without brem recovery in BDT bins for 2012
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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)
B0 ! K+⇡� 0.3850± 0.0001 (stat)

Maarten van Veghel (Nikhef) Search for B0
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PID selection optimisation
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Large number of combinations of
DLL and ProbNN variables tested

Optimisatised with respect to
B0

(s) ! h+h� double misID, with

figure of merit (FOM):

FOM =

X

B0

d,s!hh

fd,s
fd

B(B0

d,s ! hh)✏PID
hh!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

Maarten van Veghel (Nikhef) Search for B0

d,s ! e±µ⌥
May 10, 2017 8 / 26

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
B0

(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

NB0

(s)!h+h� = 0.06± 0.01 (stat)

Cross-check

Single misID determined in
B0

(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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EFFICIENCIES - PID
E�ciencies: PID

Determined using PIDCalib

Reweighting to signal MC in bins of BDT and HasBremAdded with
track pT , ⌘ (and nSPDHits for electron to data nSPDHits distribution)
B0 ! 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
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0.82

0.84
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0.88
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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)
B0 ! K+⇡� 0.3850± 0.0001 (stat)

Maarten van Veghel (Nikhef) Search for B0

d,s ! e±µ⌥
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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 ET (new changed from
electron track pT ) for electron and pT 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 pT and nSPDHits

reweighting of MC

B0

d,s ! e±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B0

d,s ! e±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B+ ! J/ (µ+µ�)K+ 0.876± 0.006
B0 ! K+⇡� 0.212± 0.002

Maarten van Veghel (Nikhef) Search for B0

d,s ! e±µ⌥
May 10, 2017 15 / 26

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 ET (new changed from
electron track pT ) for electron and pT 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 pT and nSPDHits

reweighting of MC

B0

d,s ! e±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B0

d,s ! e±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B+ ! J/ (µ+µ�)K+ 0.876± 0.006
B0 ! K+⇡� 0.212± 0.002

Maarten van Veghel (Nikhef) Search for B0

d,s ! e±µ⌥
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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 ET (new changed from
electron track pT ) for electron and pT 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 pT and nSPDHits

reweighting of MC

B0

d,s ! e±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B0

d,s ! e±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B+ ! J/ (µ+µ�)K+ 0.876± 0.006
B0 ! K+⇡� 0.212± 0.002

Maarten van Veghel (Nikhef) Search for B0

d,s ! e±µ⌥
May 10, 2017 15 / 26

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 ET (new changed from
electron track pT ) for electron and pT 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 pT and nSPDHits

reweighting of MC

B0

d,s ! e±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B0

d,s ! e±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B+ ! J/ (µ+µ�)K+ 0.876± 0.006
B0 ! K+⇡� 0.212± 0.002

Maarten van Veghel (Nikhef) Search for B0

d,s ! e±µ⌥
May 10, 2017 15 / 26

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 ET (new changed from
electron track pT ) for electron and pT 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 pT and nSPDHits

reweighting of MC

B0

d,s ! e±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B0

d,s ! e±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B+ ! J/ (µ+µ�)K+ 0.876± 0.006
B0 ! K+⇡� 0.212± 0.002

Maarten van Veghel (Nikhef) Search for B0
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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 ET (new changed from
electron track pT ) for electron and pT 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 pT and nSPDHits

reweighting of MC

B0

d,s ! e±µ⌥ (HasBremAdded == 0) 0.726± 0.002 (stat)± 0.015 (syst)

B0

d,s ! e±µ⌥ (HasBremAdded == 1) 0.621± 0.002 (stat)± 0.015 (syst)
B+ ! J/ (µ+µ�)K+ 0.876± 0.006
B0 ! K+⇡� 0.212± 0.002
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