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Abstract

Investigating the electron reconstruction efficiency at
the LHCb

Martin Andersson

An exploratory investigation of the electron reconstruction efficiency 
at the LHCb is presented. The study is done through simulations of 
particle interaction with the full LHCb detector setup, both by firing 
single particles into the detector and by generating the decay of B-
mesons into J/psi K, where the J/psi decays into dileptons. Previous 
LHCb analysis of the decay has shown a large yield difference between 
the number of electron versus muon final states, around a factor of 
four. The kinematical dependence on the reconstruction efficiency of 
the leptons is studied and found to be non-discriminatory. The 
electronic channel loss of yield is compared to the muonic channel with 
the purpose of finding in which reconstruction and selection steps the 
yield discrepancy factor originates. A total factor of 1.8 is found, 
which combined with the L0 trigger factor of 2 makes the result 
comparable to the observed factor. A large loss of yield from a 
geometrical selection, which requires electrons to be in the acceptance 
of the electromagnetic calorimeter or in the pre-shower detector, 
triggers a study of the performance of electrons failing this 
requirement. The performance is determined by looking at how well the 
particles are identified, using both LHCb data and simulations. The 
failing electrons are found to perform well, therefore the requirement 
is considered superfluous and avoiding it would increase the electron 
final state yield with around 14.5%. 
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Populärvetenskaplig sammanfattning

Europeiska organisationen för kärnforskning (CERN) är drivande i experimentella studier
av universums mest fundamentala lagar vid höga energier. Det är världens största par-
tikelfysiklaboratorium, och är beläget 100 meter under jordytan i Genéve, Schweiz. Där
kolliderar man protoner, som accelereras och färdas i en 27 km l̊ang cirkulär tunnel
(LHC). Det finns sju olika experiment kring LHC och de mäter olika partiklars fysikaliska
kvantiteter som alla skapas i proton-proton kollisionerna. Ett av experimenten heter
LHCb, som specialiserar sig p̊a sönderfall som omfattar en specifik elementarpartikel
vid namn ”beauty” kvark. Syftet med LHCb experimentet är att studera och förklara
fundamentala fysikaliska fenomen som till exempel den observerade materia-antimateria
asymmetrin i universum, vilket ger upphov till v̊ar existens. Experimentet strävar ocks̊a
efter att ifr̊agasätta de fysikaliska lagar som vi idag erh̊aller som sanna, som beskrivs
av den s̊a kallade ”Standardmodellen inom partikelfysik”. Standardmodellen utvecklades
främst under 1970-talet och beskriver de elementarpartiklar vi känner till idag samt deras
växelverkan. Modellen är däremot inte komplett, och lämnar många fr̊agor obesvarade,
som experimenten vid LHC ämnar sig att svara p̊a.

LHCb detektorn är formad som en 21 meter l̊ang, 5600 ton tung trafikkon, där de initiala
mätningarna av partilkar sker i konens topp och partiklarna korsar detektorn mot konens
botten. Detektorn är formad som en kon för att de partiklar man är intresserad av kastas
framåt av kollisionen, i en riktining, till skillnad fr̊an andra LHC experiment där kolli-
sionspunkten är helt omringad av detektorsystem. Genom hela konen finns många olika
detektorsystem som är optimerade för att mäta olika fysikaliska kvantiteter tillhörande
olika partiklar. Eftersom LHCb är designad och optimerad för att mäta specifika par-
tiklar, andra partiklar är sv̊arare att finna och identifiera i den myriad av partiklar som
korsar detektorn samtidigt. Elektroner är en av de partiklarna. Att mäta egenskaperna
hos en stor andel av partiklar som korsar detektorn är viktigt för att samla mycket data
som sedan kan analyseras av fysiker.

Att finna brister i Standardmodellen anses vara mer kontroversiellt än att bekräfta den
och det har en större p̊averkan inom fysikvärlden, eftersom det betyder att det funnits
fundamentala fel i nuvarande modeller. LHCb har nyligen mätt avikelser fr̊an Stan-
dardmodellen i hur många av partiklarna elektroner och muoner som skapas i specifika
sönderfall. Avvikelserna är däremot inte tillräckligt statistiskt säkra för att man ska
kunna hävda en upptäckt, men avvikelserna har observerats i ett flertal analyser. Det
tyder p̊a ett djupare fel än ren statistisk slump, endera i de utförda analyserna, eller i
Standardmodellen. LHCb experimentet avser att fortsätta skapa en djupare först̊aelse
över fysikens mest fundamentala lagar, genom att göra fler mätningar med upgraderad
detektor-teknologi, som ger högre noggrannhet och mer data, för att ytterligare vidga
människans först̊aelse av naturen.

Syftet med det här projektet är att ta reda p̊a varför, hur och var genom detektorn
elektroner förloras, samt försöka återf̊a eller öka effektiviteten för att finna elektroner.
Lämnar elektronerna helt enkelt sidan av detektorn? G̊ar det att åtgärda anlednin-
gen till förlusten? Eller m̊aste detektorstrukturen ändras för att skapa förbättringar?
Förloras elektronerna i en stor bit, eller i små mängder vid flera ställen? Undersökningen
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har skett genom simulering för att se om det är skillnad p̊a effektiviteterna att upptäcka
de tv̊a partiklarna eletroner och muoner. Det har undersökts om effektiviteten beror p̊a
partiklarnas kinematik, partiklarnas träffar i detektorn och skillnad i mjukvarubehan-
dlingen av partiklarna. Målet är att skapa en djupare först̊aelse över ineffektiviteten av
att upptäcka elektroner vid LHCb experimentet, samt möjligen förbättra effektiviteten
beroende p̊a problemet. Att förbättra effektiviteten skulle leda till ökad känslighet till
de observerade avvikelserna, samt förse mer data till framtida analyser som involverar
elektroner vid LHCb, s̊a att Standardmodellen kan vidare bekräftas, eller brytas.
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Abbreviations

SM - Standard Model

NP - New Physics

NU - Natural Units

SPG - Single Particle Gun

LFU - Lepton Flavour Universality

YDF - Yield Discrepancy Factor

Std - Standard

VELO - Vertex Locator

SP - Scintillating Pad

PRS - Preshower

ECAL - Electromagnetic Calorimeter

HCAL - Hadronic Calorimeter
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1 Introduction

The LHCb experiment is constructed and optimised to study particle events involving b-
quarks, originating from the proton-proton (PP) collisions of the Large Hadron Collider
(LHC). It is designed to measure decays with muons in the final state, therefore the
efficiency of finding muon chafnnel events is much larger than the corresponding events
with electrons. This limits the LHCb discovery potential and the sensitivity to Lepton
Flavour Universality in Rare Decays.

Recent measurements of B-meson decays in the LHCb show a consistent pattern of de-
viations with respect to Standard Model predictions. [1][2] Some of the most interesting
deviations are observed when comparing branching fractions of rare B-meson decays into

muon- and electron- final states, e.g. rK∗ = B(B0→K∗0µ+µ−)
B(B0→K∗0e+e−)

and rK+ = B(B+→K+µ+µ−)
B(B+→K+e+e−)

.
These branching fraction ratios are often normalised with a branching fraction ratio of a
common decay with the same final states, where the dilepton pair is produced through
the J/ψ meson, which is known to be unity [3]. This normalisation causes systematical
uncertainties and efficiency differences between the leptons to cancel in the ratio. The
decay of the J/ψ occurs at a different invariant mass energy compared to the direct chan-
nel, and it is therefore important that the reconstruction efficiencies are independent of
kinematics, such that the normalisation is valid. The decay channels for the branches in
rK∗ and rK+ only have small amplitude contributions in the SM through electroweak box-
and penguin diagrams, making them good candidates to search for New Physics (NP).
If a larger probability amplitude of the decay is seen than the predicted one in the SM,
there must be some NP, which in this case could be due to e.g. a heavy neutral gauge
boson or leptoquarks [1][2].

The idea of this exploratory project is to study and understand where the inefficiency
of reconstructing the electrons is coming from. According to previous LHCb papers
[4], the geometric acceptance is the main reason for the bad detection efficiency of elec-
trons. While traversing the LHCb detectors the electrons interact much more than the
muons, and suffer from energy losses via bremsstrahlung radiation which reduce the
track-reconstruction efficiency. Comparing the yields of decays from the J/ψ meson from
previous LHCb analyses, with muon and electron final states, the yield discrepancy factor
turns out to be between 3.4 and 4.7[1][2][5]. For this reason the study investigated differ-
ences in efficiencies in geometric acceptance, reconstruction, selection, and as a function
of kinematic variables. The study starts with single particle events, and then looks at
multi-particle events. The studied data comes from simulations run in GEANT4 with
the LHCb setup, the multi-particle event was generated using PYTHIA, and the studied
events are B+ → J/ψ(`+`−)`=e,µK

+. The final goal of the project is to identify the main
sources of inefficiency in the reconstruction of the electrons and, depending on the results,
investigate possible methods to recover electrons or improve the efficiency.
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2 Theoretical and Experimental Background

2.1 The Standard Model

The Standard Model is the theory describing how the fundamental particles that we know
of interact. So far that includes 6 quarks, 6 leptons, 4 gauge bosons and the Higgs boson.
A quantum field theory is defined through its Lagrangian density, and the compact form
of the SM Lagrangian density is

L = −1

4
FµνF

µν + iψ̄ 6Dψ + ψ̄λψφ+ h.c.+ |Dµφ|2 − V (φ). (1)

Term 1 describes the existence and interaction of the gauge bosons, consisting of the field
strength tensors of the SU(3) 8 component gauge field, the SU(2) 3 component gauge
field, and the U(1) gauge field. Term 2 describes how the gauge bosons interacts with
the quarks and leptons. Term 3 represents the Yukawa type coupling of the quarks and
leptons to the Higgs field such that they obtain mass. Term 4, the hermitian conjugate
of term 3, describes the same interaction but for the respective anti-particles. Term
5 represents the coupling of the gauge bosons to the Higgs field. The last term is the
Higgs potential, which describes how the Higgs bosons self-interact, and with its non-zero
vacuum expectation values (VEV) leads to spontaneous symmetry breaking. To see more
detail, these terms must be written out.
Term 1 can be written out in the different field strength tensors

−1

4
FµνF

µν = −1

4

(
Ga
µνG

µν
a +W b

µνW
µν
b +BµνB

µν
)
, (2)

where a ∈ {1, .., 8} for the 8 color indices representing the generators of SU(3), and
b ∈ {1, 2, 3} for the 3 generators of SU(2), the weak isospin. The third term carries no
such index because U(1) only has one generator, the weak hypercharge. Each field for
the non-abelian theories is given by

Xa
µν = ∂µX

a
ν − ∂νXa

µ + gfabcXb
µX

c
µ, (3)

and for U(1) it is given by
Bµν = ∂µBν − ∂νBµ (4)

where fabc is the structure constant of the relevant gauge group and g the coupling
constant.
Term 2 can be expressed in terms of the different gauge boson’s covariant derivatives for
each fermion family

Lf = iL̄L 6DLLL + iēR 6DeeR + iQ̄L 6DQQL + iūR 6DuuR + id̄R 6DddR. (5)

The general form of the covariant derivative including all gauge groups is

6D = γµDµ

Dµ = ∂µ − i
g′

2
Y Bµ − i

g

2
gτbW

b
µ − i

gs
2
λaG

a
µ,

(6)
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but differ due to the different quantum numbers of the fermions, shown in tab. 1. For
the right handed charged leptons we therefore have

De = ∂µ − i
g′

2
Y Bµ, (7)

and for left handed charged leptons

DL = ∂µ − i
g′

2
Y Bµ − i

g

2
τbW

b
µ, (8)

while all 3 groups are relevant for the left handed quarks, and the covariant derivative
then takes the expression of eq. 6. Note that no terms are just removed, but the action
of the field strength tensors on uncharged, or inappropriately charged particles is zero.

Table 1: Gauge group quantum numbers for the Standard Model fermions.

SM Fermion (SU(3)C , SU(2)L, U(1)Y )
uiR (3, 1, 4

3
)

diR (3, 1, -2
3
)

eiR (1, 1, -2)
Qi
L (3, 2, 1

3
)

LiL (1, 2, -1)

To clarify the details of the Yukawa terms, the last two terms is detailed first. They make
up the scalar Higgs part of the Lagrangian,

LHiggs = (Dµφ)†(Dµφ)− V (φ), (9)

where the covariant derivative is given in eq. 8, and the potential is given by

V (φ) = −µ2φ†φ+ λ(φ†φ)2, (10)

such that it is renormalisable and SU(2)L⊗U(1)Y gauge invariant. The Higgs field must
be built as

φ =

(
φ+

1 (x) + φ+
2 (x)

φ0
1(x) + φ0

2(x)

)
(11)

to couple with SU(2)L and U(1)Y , and have 3 degrees of freedom to provide the lon-
gitudinal polarisation of the W± and Z bosons. By finding the minimum of the Higgs
potential, the non-zero VEV is found as an infinite amount of degenerate states where
φφ† = µ2

2λ
, v = µ√

λ
. The arbitrary choice of

〈φ〉 =
1√
2

(
0
v

)
, (12)

is commonly made. Note that it is the neutral part of the Higgs doublet that obtains the
VEV. The electric charge is therefore still conserved and the electromagnetic symmetry
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is what remains,
SU(2)L ⊗ U(1)Y → U(1)Q, (13)

known as spontaneous symmetry breaking. The physical bosons can be found by consid-
ering the dynamical part of the Higgs Lagrangian, when the Higgs field obtains its VEV

|Dµφ|2 =
v2

8

∣∣∣∣(g′BµYφ + gW a
µ τa
)(0

1

)∣∣∣∣2
=
v2

8

∣∣∣∣(g′BµYφ + gW 3
µ g(W 1

µ − iW 2
µ)

g(W 1
µ + iW 2

µ) g′BµYφ − gW 3
µ

)(
0
1

)∣∣∣∣2
=
v2

8

(
g2
(
(W 1

µ)2 + (W 2
µ)2
)

+ (gW 3
µ − g′Bµ)

)
,

(14)

from which one can define the two charged vector bosons

W±
µ =

1√
2

(W 1
µ ∓W 2

µ). (15)

The two neutral vector bosons are defined as

Zµ =
g√

g′2 + g2
(−g′Bµ + gW 3

µ)

Aµ =
g√

g′2 + g2
(gBµ + g′W 3

µ).
(16)

The average of eq. 14 then becomes

< |Dµφ| >2=
v2

8

(
2g2W+

µ W
µ− + (g′2 + g2)ZµZ

µ
)
, (17)

from which one can read off the boson masses as

mW =
gv

2

mZ =
v

2

√
g′2 + g2

mA = 0.

(18)

The masses can then be determined experimentally. The weak mixing angle can be
defined from the coupling constants of SU(2)L and U(1)Y

cos(θw) =
g√

g′2 + g2
, sin(θw) =

g′√
g′2 + g2

(19)

Term 3 and 4, the Yukawa terms, can be expanded for the different fermions and in left-
and right components, the charged lepton term is

LleptonY uk = −ψ̄LλψRφ− ψ̄RλψLφ = −L̄LλllRφ+ h.c. (20)
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When the Higgs field obtains its VEV, the Yukawa coupling generates a mass

LleptonY uk = −
(
νlL lL

)
λllR

(
0
v√
2

)
+ h.c. = −lLλllR

v√
2

+ h.c.

→ ml =
λlv√

2
,

(21)

and the separate couplings can be calculated from experimental data. For the quark
Yukawa term, to conserve hypercharge, it is useful to construct

φc = iτ2φ
∗, (22)

and obtain
LquarkY uk = −λijd Q

i
Lφd

j
R − λ

ij
u Q̄

i
Lφcu

j
R + h.c. (23)

for each family of quarks. When the Higgs field now obtains its VEV, the expression
contains the non-diagonal flavour (primed) eigenstates λijd,u

v√
2
, which can be diagonalised

through bi-unitary transformations

u′L
i = (UuL)iju

j
L, d′L

i = (UdL)iju
j
L

u′R
i = (UuR)iju

j
R, d′R

i = (UdR)iju
j
R,

(24)

to obtain the mass eigenstates of the quark Yukawa interaction,

−mdd̄d−muūu−mss̄s−mcc̄c−mbb̄b−mtt̄t. (25)

where the masses have the same relation to the Yukawa coupling as the mass in eq. 21.
Through the transformations in eq. 24, the CKM matrix can be found

V = UuLU
dᵀ
L =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 , (26)

whose non-zero elements allow for flavour changing charged currents. Note that the
treatment for leptons is different since the neutrino’s do not obtain their mass through
the Higgs field.
An illustrative example of the interactions described above is given in fig. 1, showing the
decay mode of the B-meson from which the electron reconstruction was analysed.

2.2 Lepton Universality

Lepton Universality is a property of leptons meaning that the couplings between leptons
and a specified gauge boson is the same. Hence the interaction of a lepton with itself, or
with its neutrino, is identical for all three generations, given that the mass differences are
accounted for. It is a fundamental assumption in the SM, based purely on experimental
results. It can be seen from the same lepton-gauge coupling g for each flavour in eq. 8.
On the other hand, the Higgs sector non-universality can be seen in eq. 21, where λl is
a free parameter. Convincing experimental results can be found by looking at e.g. the
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b s

c

c

u

e, µ

e, µ

W+

γ

B+ K+

Figure 1: Feynman diagram of the investigated decay, where the charm quarks makes up the
J/ψ.

tauon and muon lifetimes.[6] The experimental value of the average lifetime ratio between
tauons and muons (eq. 27), and other specific particle information in this section is taken
from reference [7][8].

Tτ
Tµ

= (1.321± 0.0017)× 10−7s, (27)

The experimentally obtained ratio can then be compared to a theoretical one, where
LFU is imposed, and compare the values to test the assumption. It follows from Fermi’s
Golden Rule that the decay width of the tauon and the muon depend on Fermi’s coupling
constant, the lepton mass, and the precise form of the interaction is represented by the
dimensionless factor K.[6]

Γ(µ− → e− + ν̄e + νµ) = Kµ→eG
2
Fm

5
µ (28)

Γ(τ− → e− + ν̄e + ντ ) = Kτ→eG
2
Fm

5
τ (29)

Γ(τ− → µ− + ν̄µ + ντ ) = Kτ→µG
2
Fm

5
τ (30)

Where K in eq. (28), (29) is the same due to assumed LFU between µ and τ , and LFU
between e and µ implies that eq. (29) equals eq. (30), hence

Kµ→e = Kτ→e = Kτ→µ. (31)

One can therefore evaluate the ratio of the lifetimes since

TA =
1

Γtot
=
B(A→ B)

ΓA→B
, (32)

using NU and B(A→ B) = ΓA→B

Γtot
. The lifetime ratio can then be expressed as

Tτ
Tµ

=
B(τ− → e− + ν̄e + ντ )

Γ(τ− → e− + ν̄e + ντ )
/B(µ− → e− + ν̄e + νµ)

Γ(µ− → e− + ν̄e + νµ)
, (33)
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which by eq. (28), (29) and (31) becomes

Tτ
Tµ

=
B(τ− → e− + ν̄e + ντ )

B(µ− → e− + ν̄e + νµ)

m5
µ

m5
τ

. (34)

The theoretical lifetime fraction can then be evaluated to

Tτ
Tµ

= (1.325± 0.0022)× 10−7s, (35)

which is comparable to the experimental lifetime fraction, which is one reason why LFU
is considered true.
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2.3 The LHCb Detector

The LHCb detector, commonly described as a single-arm forward spectrometer (fig. 2),
covering the pseudorapidity range 2 < η < 5, justified by the anisotropy of the b- and
b̄-production, occurring in a forward cone. The first interaction between particles and the
detector is in the Vertex Locator (VELO), consisting of silicon strip modules surrounding
the proton-proton collision point. It pinpoints the creation and decay vertex of B-mesons
among the myriad of particles created in the collisions. That is done by detecting the
protons and the decay particles of the B-meson, then inferring the vertices (O(10µm)) of
the B without directly detecting it [9]. The Ring Imaging Cherenkov Detector 1 (RICH1)
then measures the velocity of the decay products to help identify them. In the RICH1 the
particles travel in a gaseous medium faster than light, emitting a cone of light (Cherenkov
radiation). The particle’s velocity is inferred from the angle of the Cherenkov radiation
cone, which combined with charge and momentum information from the 4 Tm magnet and
the four tracker stations makes it possible to infer the mass. Through the charge and the
mass one has the particle identity. One tracker station, the TT, is placed upstream and
three stations are placed downstream of the magnet, which provides trajectory curvature
information, hence charge and momentum. The part of the trackers close to the beam,
where the particle flux density is high, consists of silicon strip detectors, providing good
spatial resolution. The part of the trackers further from the beam, where the particle
flux density is lower and spatial resolution less valued, is made from gas filled straw-tube
drift chambers. After passing a second RICH detector the particles interact, depending
on identity, with the SPD, PS, ECAL, HCAL or Muon-detectors M1-M5, which measures
their position and energy.

Figure 2: Schematic view of the LHCb detector, indicating the different sub-detectors [10].
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2.3.1 Electromagnetic Calorimeter

The calorimeters at the LHCb serves important purpose with its many functionalities.
It thins the data out by selecting transverse energy particles, which is the first trigger
known as the hardware trigger L0. It is also important in particle identification, position
and mainly energy measurement. One of the relevant detectors for electron identification
is the ECAL. It consists of alternating layers of lead and scintillating crystals. Whilst low
energy particles can interact directly with the crystals, high energy particles above the
threshold for inelastic interaction are measured through a cascade of lower energy particles
caused by the lead, making up a cost effective measurement system. The scintillating
crystal is excited by particles from the collision event interacting electromagnetically, and
re-emits the incident energy as visible light. The light is then collected by wavelength
shifting fibers that leads to photo-multipliers that create the electronic signal. Essentially
only photons and electrons are absorbed in the scintillating material, by pair production
and bremsstrahlung, the most dominant phenomena of energy transfer at high energies
for the respective particles. E.g. Muons leave no hits in the ECAL since they emit barely
any bremsstrahlung, due to their large mass.

2.3.2 SP- and PS- Detector

Another relevant detector system for the electron is the SP/PS detector. The SPD
consists of a scintillating plane, identifying charged particles and therefore aids the ECAL
in the separation of photons and electrons. The PSD is composed of a lead sheet followed
by a second scintillating plane, detecting particles that interact electromagnetically. The
scintillating planes function as described in the ECAL section. The cell granularity of
the SPD/PSD is projective to the ECAL to operate complementary, and it helps to
reject background signals, photon detection efficiency, and to identify the commonly
misidentified pions and electrons. [11]

2.3.3 Muon system

The muon system comprises of five rectangular shaped stations M1-M5, filled with a
gas mixture which the muons interact with, and wire electrodes detects the interaction
and carries the signal for further processing. As fig 2 displays, M1 is placed before the
calorimeters, and is used to improve the pT measurement in the trigger. M2-M5 is placed
after the calorimeters, and are separated by iron absorbers to detect more high energy
muons. The granularity of the stations is radially dependent, modelled after particle
density, to keep the occupancy constant across the detector. Stations M4 and M5 have
limited spatial resolutions and is mainly used for particle identification. The high bunch
crossing rate of the LHC demands fast detection, and the stations are therefore optimized
to provide fast pT information for the L0 trigger and muon identification for the HLT
and offline analysis. [10].
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2.3.4 Reconstruction Process and Particle Identification

The physical properties of the particles created in the proton-proton collision and their
decay products must be inferred using the output of the detector. At the LHCb, the most
commonly detected particles are pions, kaons, muons, electrons and photons, from which
mothers can be inferred. This is done by the event reconstruction algorithms, whose
main objectives are track reconstruction, particle identification, and vertexing. Fig. 3
illustrates the key steps relevant to this thesis from the proton-proton collisions to the
final event yield. Note that the hardware trigger (L0) and the analysis dependent offline
selection is not investigated in this thesis. Track reconstruction is done to all charged
particles at once, and gives the trajectories and charge of the particles. Vertexing refers to
the process of solving the optimisation problem that involves finding decay vertices from
the reconstructed tracks. These can then be used to build decay candidates by selecting
and pairing tracks accordingly, depending on the analysis. Nothing here is certain, the
reconstructed tracks might be composed of hits originating from more than one particle,
they might also be incorrectly matched to form a decay candidate, and the particle
properties might be incorrectly determined. The process is therefore statistically based
on the ensemble of initial detector hits. An important statistical variable for particle
identification is PIDx, which represents the combined delta-log-likelihood of a particle
with respect to the pion. For the electron, that is

PIDe = ∆log(Le−π) = log(
Le
Lπ

), (36)

where the L represents the likelihood that a track determined to belong to the indexed
particle actually belongs to that particle. The likelihood itself depends on a combina-
tion of information from the various sub-detectors described previously in this section.
The electron likelihood is mainly based on a comparison of the measured track and its
momentum with the ECAL cluster location and its energy. Additionally the recovery of
bremsstrahlung photons, track alignment with the HCAL cluster, and Cherenkov angle
distribution from the RICH affect the likelihood. [10][12]

Figure 3: Simplified flow chart of obtaining the final event yield by selection and reconstruction
from proton-proton collisions at the LHCb.

15



3 Methodology

This section is dedicated to explain how the analysed data was created through simula-
tion, and to explain the details of the carried out analysis.

3.1 Simulation

Particle physics MC simulations are important for many reasons, such as detector design
and optimisation, particle interaction with detector material, analysis of new physics
models, and estimation of detection efficiencies. The software GEANT4 was used, which
includes the entirety of the LHCb detector setup, to create MC simulations of the particle
interactions with the detector and to output signals. The following paragraphs explain
how the tuples differ.

For the SPG tuples, electrons and muons were fired into the detector setup to interact with
the detector material. The output signals of the simulated interactions were processed
into the final tuples which then was analysed.

The full event was generated using PYTHIA, which is an empirically tuned simulation
of hadronisation of particles. The interaction with the detector is then simulated with
GEANT4. The decay is controlled by requiring one of the B mesons in the pair to decay
to the J/ψK+.

The truth tuples contain information from all generated particles in the event, and the
actual kinematical information of the particles is known. Therefore particles that are not
detected, or not reconstructed, are also in the tuple and can be analysed. Efficiencies
and losses can therefore be estimated. The reconstructed tuples only contain information
gathered by the simulated detector, and allows for analysis of variables related to recon-
struction. Access restrictions to the simulated LHCb setup required that the tuples were
created by the help of supervisors.

3.2 Analysis

3.2.1 Geometric Acceptance and Reconstruction

To evaluate the origin of the yield discrepancy factor between electrons and muons, data
from simulations of a single particle gun (SPG) and the full event B+ → J/ψ(`+`−)K+

was studied. Two n-tuples were studied from each simulation, one truth tuple and one
reconstructed tuple. The study varied between the two tuples since the available infor-
mation and variables differ.

The truth tuple study consisted of the following: Comparing the kinematical variables
p, pT , η and φ for reconstructible versus reconstructed particles, where the variables
canonically stand for the momentum, transverse momentum, pseudorapidity and the
azimuthal angle surrounding the beam axis, respectively. A reconstructible particle is
defined as having left enough hits in the detector to be reconstructed. A reconstructed
particle is defined as having identified the particle and transformed hits in the detector
to a track, through kinematical information. Ratios of how many of the total number of
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particles that were reconstructible, and how many of the reconstructible particles that
were reconstructed, was extracted. Where the former contains the particles that were
within the geometric acceptance, and the latter contains the particles that also passed
the reconstruction algorithm. From this, the estimate contributing YDF from acceptance
and reconstruction for a dilepton pair could be extracted.

The study of the Reconstructed tuple consisted of comparing the same kinematical vari-
ables as listed above, for true values versus reconstructed values, comparing different
reconstruction variables, such as χ2

track and χ2
match, defined as residuals between the track

fit and the detector hits, and the residuals between the matching of different sub-detector
track segments forming a long track, respectively. The track segments are illustrated in
fig. 4. Note that when using the term ”reconstructed particles”, what is referred to is
charged long tracks, partially reconstructed tracks are not included.

Figure 4: Sub-detector track segments at LHCb, when linked together form a long track.[13]

3.2.2 Selection

The Standard Selection was analysed when a large loss in yield for both electrons and
muons was observed between the creation of standard leptons and standard dileptons.
The different cuts and requirements between the scripts was investigated. The stan-
dard leptons only contain reconstruction and geometric acceptance losses. The dileptons
contain additional cuts that are applied when combining two leptons into a pair. The
electron version contains the cuts in eq. 37, and the muon version contains the cuts in
eq. 39. The lepton selection differs as well, which contains further requirements for the
dielectrons shown in eq. 38, and for the dimuons shown in eq. 40. Fig. 5 illustrates the
alternative scripts. The YDF caused by the unalignment of the cuts in eq. 37-40 was
calculated.

peT > 500MeV, PIDe > −2,mJ/ψ > 30MeV, χ2
vx < 25, χ2

DOCA < 30. (37)

RequiresDet = CALO, PIDe > −2 (38)

χ2
vx < 25, χ2

DOCA < 30 (39)

isMuon = True, RequiresDet = Muon (40)
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Figure 5: Flowchart of the investigated standard selection done when creating the tuples, where
Leptons refers to Electrons or Muons, and Additional Cuts refers to eq. 37-40 depending on
particle ID.

The variables χ2
vx and χ2

DOCA represents the quality of the J/ψ decay vertex and the
distance of closest approach between the leptons. As the CALO requirement removed
a large fraction of the events, the performance of the removed electronic events was
analysed using data from the LHCb, with MC simulations to show consistency. Although
the CALO variable was not available in the data, a similar variable, hasCalo, was used
instead. They differ in the way that CALO requires the electrons to be in ’ECAL or
PRS’, whilst hasCalo requires electrons to be in ’ECAL or PRS or HCAL’, meaning that
it is less strict and removes fewer events.

To investigate the PIDe efficiency of the data the Tag-and-Probe method was used,
commonly applied to find efficiencies of di-object decays. A well identified tag electron is
required, to then use the probe electron to measure the efficiency. The tag electron was
required to be a L0 triggered electron and to have PIDe > 5. The efficiency was then
found by applying PIDe > 0 to the probe. To extract the efficiency the data was fitted for
the J/ψ mass, for different categories of hasCalo and probe electron PIDe pass/fail. The
fit was made using a so called Double Crystal Ball, which consists of a Gaussian core with
power-law tails on both sides. From the components of the fits, PIDe > 0 efficiencies
was extracted and used to compare the performance of the electrons in and outside
hasCalo acceptance. The two components are signal and combinatorial background,
where the signal contains correctly matched electron pairs, and the background contains
incorrect combinations of electron tracks. The PIDe efficiencies of the MC data was
also calculated, and binned in pT and p, to compare with the real data and between
the CALO and hasCalo requirements. Distributions of PIDe and pT was compared for
electrons passing/failing the CALO/hasCalo requirement.

The cut-flow analysis, investigating the stripping selection, was done on a n-tuple where
the Kaon was also reconstructed and truth-matched with the leptons, since the selection
required information from all particles in the event. The stripping selection is done to
obtain data of a more manageable, higher quality level, by applying the list of cuts shown
in tab. 2 [2]. These cuts were aligned between the leptons such that the results could
be compared well. The purpose was to see if there was any significant differences in the
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number of lost particles due to certain cuts, as well as obtaining another part of the YDF.
χ2
DV↔PV represents the distance from the primary vertex to the decay vertex. Cos(DIRA)

is the cosine of the angle between the momentum of the particle and its direction vector
obtained from its vertices. χ2

IP represents the impact parameter from a track to the
primary vertex. χ2

DV /ndof represents the quality of the decay vertex, essentially how
aligned the outgoing tracks are with the vertex. probghost represents the probability that
a track is reconstructed from random hits, instead of belonging to one particle. The rest
of the requirements are considered having clear representation.

Table 2: Displaying the stripping selection cuts used in RK analysis, aligned for electrons and
muons.

Keep if

B+

χ2
DV↔PV > 100

Cos(DIRA) < 0.995
χ2
IP < 25

χ2
DV /ndof < 9

m(GeV ) > 3.78
m(GeV) < 6.78

``
χ2
DV↔PV > 16

χ2
DV /ndof < 9

`

χ2
IP > 9

pT (MeV ) > 300
PIDe,µ > 0

All tracks
probghost < 0.5
χ2
TrackF it < 3

K+ χ2
IP > 9

pT (MeV ) > 400

Event nSPDHits < 600
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4 Results

In this section the results will be presented and discussed for the different parts of the
analysis. Kinematical distributions and relative differences in loss, as well as the YDFs
are presented for the SPG and full event tuples. Significance of cuts in the selection steps,
and the quality of electrons outside the CALO acceptance, as well as the respective YDFs
are also presented.

4.1 Geometric Acceptance and Reconstruction Algorithm

4.1.1 Single particle event

Truth Tuple

The results from the SPG simulation truth tuple is presented below. Tab. 3 show the
statistical basis, including the total number of particles with enough detector hits to be
reconstructible, and the total number of particles that pass the reconstruction algorithm.
Particles failing to be reconstructible are the ones that for example leave the side of the
detector, e.g. by having a large off beam angle at creation or being bent too much by
the magnet. The values of ε represents the efficiency of acceptance and reconstruction
respectively.

Table 3: Showing number of particles of different categories for SPG Truth n-tuple.

Total Reconstructible Reconstructed εspgacc εspgreco
Electrons 10 000 8201 7455 0.820 0.909

Muons 10 000 8804 8585 0.880 0.975

From the relative differences in fraction of reconstructed particles the relative difference
in loss from geometric acceptance and reconstruction between the two leptons, dLacc,reco,
can be evaluated. From the fraction of total number of particles that were reconstructed,
the relative difference in loss from geometric acceptance, dLacc, can be evaluated. From
these values, or from the ratios, the relative difference in loss from reconstruction, dLreco,
is found. These are evaluated to

dlossacc,reco = 15.2%,

dlossacc = 7.35%,

dlossreco = 7.27%.

(41)

The dilepton yield discrepancy factor from geometric acceptance and reconstruction is
then found to be

Y DF SPG
acc,reco = 1.33. (42)

From the relative differences in loss from reconstruction and geometric acceptance it
is clear that to match the efficiency of the muonic channels, there are improvements
to be made when reconstructing electrons. To improve the geometric acceptance, one
would have to change the structure of the LHCb detector. To improve the reconstruction
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algorithms, one needs to mainly improve how bremsstrahlung recovery is handled, since
it is the main difference between electrons and muons. So far this study has revealed
that the geometric inefficiency seems to not be more significant that the reconstruction
inefficiency, as assumed in previous analyses [4].

Fig. 6-7 show that all differences between reconstructible and reconstructed particles,
as well as between the two leptons, are within the statistical uncertainty. Hence no
discrimination due to kinematics is observed.

(a) (b)

(c) (d)

Figure 6: Plots of p and pT distributions, comparing the true values, with
√
Nbin
Ntot

errors. Plot
(a)-(b) is reconstructible particles, and (c)-(d) reconstructed particles.
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(a) (b)

(c) (d)

Figure 7: Plots of η and φ distributions, comparing the true values, with
√
Nbin
Ntot

errors. Plot
(a)-(b) is reconstructible particles, and (c)-(d) reconstructed particles.
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Reconstructed tuple

For the SPG Reconstructed n-tuple, fig. 8 shows a difference between the true values
and the reconstructed values outside the statistical uncertainty. It is caused by the elec-
trons with reconstructed values having suffered from Bremsstrahlung radiation loss, and
therefore have a lower momentum. Looking at the true values, there is no discrimina-
tion between the two leptons outside statistical uncertainty. The pseudorapidity and phi
show no discrimination between the leptons or the true and reconstructed values outside
statistical uncertainty, indicating that they are unaffected by Bremsstrahlung, since they
are geometrical variables. Fig. 10 shows a large difference between the leptons, indicating
a cause for the relative difference in loss from reconstruction algorithms.

(a) (b)

(c) (d)

Figure 8: Plots of p and pT distributions, comparing reconstructed SPG leptons, with
√
Nbin
Ntot

errors. Plot (a)-(b) is true values, and (c)-(d) reconstructed values.
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(a) (b)

(c) (d)

Figure 9: Plots of η and φ distributions, comparing reconstructed SPG leptons, with
√
Nbin
Ntot

errors. Plot (a)-(b) is true values, and (c)-(d) reconstructed values.

Figure 10: χ2
track and χ2

match for each lepton, with
√
Nbin
Ntot

errors. The averages and relative
differences are displayed.

24



4.1.2 Multi particle event

Truth tuple

The results from the full event simulation Truth n-tuple is presented below. Tab. 4 show
the statistical basis, and the number of particles in the tuples from the multi particle
event is much larger, therefore the statistical uncertainty should no longer be an issue.

Table 4: Showing number of particles and fractions for the full event Truth n-tuple.

Total Reconstructible Reconstructed εacc εreco
Electrons 4 880 472 3 853 072 3 479 513 0.789 0.903

Muons 4 800 082 4 157 130 4 045 034 0.866 0.973

The relative differences in loss are then evaluated to

dlossacc,reco = 18.2%,

dlossacc = 9.76%,

dlossreco = 7.75%,

(43)

and the combined yield discrepancy factor is

Y DFacc,reco = 1.40. (44)

The reconstruction efficiencies shown in tab. 4 are similar to the ones from the SPG,
for both leptons. That leads to a similar relative difference in loss from reconstruction,
although slightly increased for the full event and electron reconstruction is therefore less
efficient compared to the muon efficiency for the full event. The major difference is found
in the relative difference in loss from geometric acceptance. Electrons in the full event
leave the detector more frequently.

As seen in fig. 11a and 11c, low momentum electrons are less often reconstructible, since
they are more easily bent out of the detector by the magnet, and do therefore not leave
enough hits. This effect is however not large, and the gap at low momentum shrinks
for reconstructed particles. The statistically certain difference between the soft leptons
is therefore not considered significant. Fig. 11b and 11d show very similar values for
the leptons, and is therefore also considered non-discriminatory. Fig. 12a show that low
η (high off-beam angle) electrons are less reconstructible, due to being bent out of the
detector by the magnet, since their initial angle was large. The reconstructed particles
in fig. 12c show a decreased gap at low η, and instead a difference at high η, indicating
that electrons close to the beam are harder to reconstruct. The effect is small, and the
pseudorapidity is therefore also considered non-discriminatory in reconstruction of the
leptons. The beam surrounding angle, seen in fig. 12b and 12d, is not discriminatory
either.
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(a) (b)

(c) (d)

Figure 11: Plots of p and pT distributions, comparing the true values, with
√
Nbin
Ntot

errors. Plot
(a)-(b) is reconstructible particles, and (c)-(d) reconstructed particles.

(a) (b)

(c) (d)

Figure 12: Plots of η and φ distributions, comparing the true values, with
√
Nbin
Ntot

errors. Plot
(a)-(b) is reconstructible particles, and (c)-(d) reconstructed particles.
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Reconstructed tuple

In a similar fashion to fig. 11 and 12, fig. 13 and 14 is not considered discriminatory
between the leptons either. The difference observed between the true and reconstructed
values in fig. 8 is caused by bremsstrahlung. Fig. 15 show, like the SPG, a large statisti-
cally certain difference. The relative difference between the respective lepton average is
slightly smaller compared to the SPG, as shown in the plots. This indicates that χ2

track

and χ2
match for the muons suffered more from the chaos of the full event than the elec-

trons did. However reconstruction is more complicated than track fitting and segment
matching, noted since the quantified relative difference in loss from reconstruction in eq.
43 increased from the SPG to the full event.

(a) (b)

(c) (d)

Figure 13: Plots of p and pT distributions, comparing reconstructed leptons, with
√
Nbin
Ntot

errors.
Plot (a)-(b) is true values, and (c)-(d) reconstructed values.
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(a) (b)

(c) (d)

Figure 14: Plots of η and φ distributions, comparing reconstructed leptons, with
√
Nbin
Ntot

errors.
Plot (a)-(b) is true values, and (c)-(d) reconstructed values.

Figure 15: χ2
track and χ2

match for each lepton, with
√
Nbin
Ntot

errors. The averages and relative
differences are displayed.
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4.2 Standard Selection

As seen in tab. 5, from the standard leptons which only contains geometric acceptance
and reconstruction losses, compared to the standard dileptons there is an additional 25%
loss in yield for electrons, and a 19% loss in yield for the muons. Tab. 6 shows, with
low statistics, the events that remain after subsequent application of the requirements in
eq. 37 and 38, the vast majority being lost to the CALO requirement and the pT cut.
It also verifies that the found additional requirements is what differs standard electrons
from standard dielectrons, and that eq. 38 is what differs between the two electron
selections. The Standard Selection is, despite the varying cuts for the two leptons, not

Table 5: Showing the percentage loss of events for each lepton between standard lepton and
standard dilepton, and the fraction removed by the most significant cuts applied.

Std Leptons Std Dileptons Significant cuts

Electrons 1 0.75
pT : 9.5%

CALO : 17%
Muons 1 0.81 IsMuon : 13%

Table 6: Showing number of events left depending on the applied requirement for electrons, where
unless stated all kinematical cuts in eq. 37 are applied. NoPID and Loose refer to the different
electron selection. Note that for these events, J/ψ is required to be the mother of the electrons
with correct True ID.

Applied requirement No. of events
NoPID, no kinematical cuts 1217

NoPID, no pT cut 1213

NoPID 1093

NoPID, CALO cut 904

NoPID, CALO and PIDe cut 896

Loose 896

Std Dielectron 896

very discriminatory between the lepton and contributes with a relatively low factor

Y DFstd = 1.08. (45)

Regardless of the lack of discrimination, the loss in yield for both leptons is large, and the
necessity of one of the cuts is questioned. The acceptance requirement CALO removes
roughly 17% of the electronic channel events. This requirement is considered disputable
since it simply implies additional geometrical restriction to electrons of potentially high
quality that pass the particle identification requirements.
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4.3 Performance of electrons outside CALO acceptance

The fits of the LHCb data are shown in fig. 16, showing the different components from
which the efficiencies are extracted. Note again that it is plotted for the looser hasCalo
requirement, instead of the CALO requirement. One can see that probe electrons that
fail the PIDe requirement contain close to no signal, regardless if they are fulfilling the
hasCalo criteria or not. Note also that there is a clearer signal peak in fig. 16d compared
to 16b, since the efficiency is higher for electron passing the hasCalo requirement.

Fig. 18 shows the binned PIDe efficiencies, indicating that the issues with establishing
a convincing identification lies primarily in high p, but also low pt bins. It stems from
detector design rather than with the acceptance requirement. Most of the electron iden-
tification information for the electrons outside the hasCalo acceptance comes from the
RICH detectors. The growing inefficiency of electrons outside hasCalo with increasing
momentum can therefore be explained by the similar velocity of electrons and pions at
high momentum. Fig. 17 indicates that the PIDe for a majority of electrons outside
CALO and outside hasCalo is acceptable. Tab. 7 shows the high efficiencies of electrons
in hasCalo for both MC and LHCb data, and the less efficient, but still well performing
electrons outside hasCalo. The efficiencies are consistent between the MC and the real
data. The simulated performance of the electrons in CALO and outside CALO is found
to be better than the respective hasCalo requirement. Hence electrons in the HCAL
acceptance contribute with a low efficiency. Note that PIDe can be inaccurate in MC,
since occupancy has a smaller impact, which is why it is important to look at real data.
Accounting for the 17% CALO cut electronic channel events, and a lower end PIDe effi-
ciency of 70%, one ends up cutting 12% less data, hence increasing the number of electron
final state yields available for further analysis by 14.5%.

Table 7: PIDe > 0 efficiencies for MC and LHCb Data, for different categories of the hasCalo
and CALO requirements.

In hasCalo Outside hasCalo In CALO Outside CALO
MC 0.982 ± 0.004 0.737 ± 0.012 0.986 ± 0.004 0.798 ± 0.010

LHCb Data 0.970 ± 0.015 0.680 ± 0.083
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(a) In acceptance, PID-Pass (b) In acceptance, PID-Fail

(c) Outside acceptance, PID-Pass (d) Outside acceptance, PID-Fail

Figure 16: Fitted LHCb data showing the signal component, the combinatorial background, and
the total fit for electrons with different hasCalo and PID categories.

Figure 17: PIDe and pT distribution comparison between electron passing versus failing the

hasCalo/CALO requirement, with
√
Nbin
Ntot

errors.
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Figure 18: PIDe efficiency comparison between electron passing versus failing the
hasCalo/CALO requirement, in bins of p and pT , with standard errors.
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4.4 Cut-flow analysis

The various cuts shown in tab. 2 results in independent cut fractions displayed in fig. 19.
The stripping selection cuts on the dielectron channel is consistently significantly larger
or close to even, and when subsequently applied results in

Y DFstr = 1.19 (46)

Some of the more interesting variables in tab. 2 are presented in fig. 20. Fig. 20a shows a
shape representing the decay probability of the B-meson over distance, where the cut can
be interpreted as requiring a flight distance of around 1 cm from creation to annihilation.
That is a property of the B-meson, making it appropriate to study, although the most
probable decay length is shorter, but then harder to distinguish. In the fig. 20d the
bremsstrahlung losses for electrons is clear, due to the lower end tail, but note also the
upper end tail indicating worse momentum resolution for the electrons.

Using the three found YDFs, and assuming a factor 2 from the hardware trigger of the
detector [2], the total found YDF is 3.6. Comparing to the upper end of the observed
factor, 4.7, roughly a factor of 1.3 remains between dielectron and dimuon yields from
J/ψ. Although comparing to the lower end of the interval, 3.4, the found factor is
larger. There are three main explanations for the remaining factor; the variability in the
total YDF, the accuracy of the hardware trigger YDF, and the YDF from the analysis
dependent offline selection, which is not taken into consideration here. The found factor
is therefore considered well comparable to the observed factor in the final yield, when the
factors from the blocks in fig. 3, that are not considered in this thesis, is included.

Figure 19: Displaying cuts on different particles, showing for each lepton what fraction was
removed per cut when independently applied. Where no bar is visible, close to no fraction was
removed.
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(a) (b)

(c) (d)

(e) (f)

Figure 20: Distributions of different stripping selection showing cuts for each lepton, with
√
Nbin
Ntot

errors. The black line indicates where the cut is, and the removed percentage is shown in each
graph.
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5 Conclusion

From MC simulation of the decay B+ → J/ψ(`+`−)`=e,µK
+, no significant discrimination

in geometric acceptance and reconstruction due to kinematics is observed. Hence no
doubt is placed on the use of rJ/ψ for normalisation of branching fractions ratios of the
corresponding rare decay channels. The origin of the event yield discrepancy between
electrons and muons is to a large portion found and quantified in the different steps.
The necessity of the geometrical CALO requirement in the LHCb standard dielectron
definition was questioned. The removed electrons were found to be of good quality by
investigating how well identified they were through LHCb data, showing consistency
using MC. The CALO requirement should therefore not be used, to increase the number
of electron channel events, and thereby the discovery potential and sensitivity to LFU in
Rare Decays at the LHCb.

35



6 References

[1] The LHCb Collaboration. “Test of Lepton Universality with B0 → K∗0`+`−”. In:
Journal of High Energy Physics 2017.8 (Aug. 2017). url: http://dx.doi.org/
10.1007/JHEP08(2017)055.

[2] The LHCb Collaboration. “Search for Lepton-Universality in B+ → K+`+`−”. In:
Physical Review Letters 122.19 (May 2019). issn: 1079-7114. url: http://dx.
doi.org/10.1103/PhysRevLett.122.191801.

[3] M. Ablikim et al (BESIII Collaboration). “Precision Measurements of B[ψ(3686)→
π+π−J/ψ] and B[J/ψ → `+`−]”. In: Phys. Rev. D 88 88.3 (Dec. 2013). doi: 10.
1103/PhysRevD.88.032007.

[4] The LHCb Collaboration. “Measurement of the electron reconstruction efficiency
at LHCb”. In: Journal of Instrumentation 14.11 (Nov. 2019). url: http://dx.
doi.org/10.1088/1748-0221/14/11/P11023.

[5] The LHCb Collaboration. “Test of lepton universality with Λ0
b → pK−`+`− decays”.

In: Journal of High Energy Physics 2020 (May 2020). url: http://dx.doi.org/
10.1007/JHEP05(2020)040.

[6] B. R. Martin and G. Shaw. Particle Physics 3rd Edition. Wiley, 2008. Chap. 2.
[7] P. A. Zyla et al (Particle Data Group). In: Prog. Theor. Exp. Phys. 083C01 (2020).

url: https://pdg.lbl.gov/2020/listings/rpp2020-list-tau.pdf.
[8] P. A. Zyla et al (Particle Data Group). In: Prog. Theor. Exp. Phys. 083C01 (2020).

url: https://pdg.lbl.gov/2020/listings/rpp2020-list-muon.pdf.
[9] CERN LHCb Collaboration. “The LHCb detector”. In: public web cern (2008).

url: https://lhcb-public.web.cern.ch/en/detector/Detector-en.html.
[10] The LHCb Collaboration. “The LHCb Detector at the LHC”. In: JINST (2008).

url: https://cds.cern.ch/record/1129809.
[11] Eduardo Picatoste Olloqui and the LHCb Collaboration. “LHCb Preshower(PS)

and Scintillating Pad Detector (SPD): Commissioning, calibration, and monitor-
ing”. In: Journal of Physics: Conference Series 160 012046 (Apr. 2009). url:
https://doi.org/10.1088%5C%2F1742-6596%5C%2F160%5C%2F1%5C%2F012046.

[12] “LHCb detector performance”. In: International Journal of Modern Physics A 30.07
(Mar. 2015). url: http://dx.doi.org/10.1142/S0217751X15300227.

[13] The LHCb Collaboration. “Measurement of the track reconstruction efficiency at
LHCb”. In: JINST 10 (Feb. 2015). url: http://dx.doi.org/10.1088/1748-
0221/10/02/P02007.

36

http://dx.doi.org/10.1007/JHEP08(2017)055
http://dx.doi.org/10.1007/JHEP08(2017)055
http://dx.doi.org/10.1103/PhysRevLett.122.191801
http://dx.doi.org/10.1103/PhysRevLett.122.191801
https://doi.org/10.1103/PhysRevD.88.032007
https://doi.org/10.1103/PhysRevD.88.032007
http://dx.doi.org/10.1088/1748-0221/14/11/P11023
http://dx.doi.org/10.1088/1748-0221/14/11/P11023
http://dx.doi.org/10.1007/JHEP05(2020)040
http://dx.doi.org/10.1007/JHEP05(2020)040
https://pdg.lbl.gov/2020/listings/rpp2020-list-tau.pdf
https://pdg.lbl.gov/2020/listings/rpp2020-list-muon.pdf
https://lhcb-public.web.cern.ch/en/detector/Detector-en.html
https://cds.cern.ch/record/1129809
https://doi.org/10.1088%5C%2F1742-6596%5C%2F160%5C%2F1%5C%2F012046
http://dx.doi.org/10.1142/S0217751X15300227
http://dx.doi.org/10.1088/1748-0221/10/02/P02007
http://dx.doi.org/10.1088/1748-0221/10/02/P02007

	Abstract
	Populärvetenskaplig sammanfattning
	Acknowledgements
	Abbreviations
	Introduction
	Theoretical and Experimental Background
	The Standard Model
	Lepton Universality
	The LHCb Detector
	Electromagnetic Calorimeter
	SP- and PS- Detector
	Muon system
	Reconstruction Process and Particle Identification


	Methodology
	Simulation
	Analysis
	Geometric Acceptance and Reconstruction
	Selection


	Results
	Geometric Acceptance and Reconstruction Algorithm
	Single particle event
	Multi particle event

	Standard Selection
	Performance of electrons outside CALO acceptance
	Cut-flow analysis

	Conclusion
	References

