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Chapter 1

Introduction

The ultimate objective of physics is to describe how nature behaves. The emer-
gence of Quantum Mechanics and General Relativity in the early 20th cen-
tury completely changed our understanding of the universe. Afterwards, in the
mid-1970s, the completion of the Standard Model formulation was a signifi-
cant success that combines the Classical Field Theory, Quantum Mechanics,
and the Special Relativity in one theoretical framework. So far, the Standard
Model (SM) of particle physics is one of the most successful theories in physics.
It fully describes nature in terms of the elementary particles and their interac-
tions. Similar to any other scientific theory, there are still unanswered questions
in the Standard Model, such as the dark matter and neutrino mass. Experi-
ments play many roles in science; one of the essential roles is to test theories
and to provide the basis for scientific knowledge [1]. The measurements in
subatomic scales required an enormous amount of energy. In modern particle
physics, this lead to the idea of particle beam colliders that can accelerate the
particles near the speed of light and collide them to observe the inner structure
of the particles. One of the largest research centers is the European Organi-
zation for Nuclear Research (CERN), which is located in Geneva, Switzerland.
The Large Hadron Collider (LHC), which is one of the world’s most complex
experimental facilities is situated at CERN. In 2012 a new particle was observed
by the two experiments, ATLAS (A Toroidal LHC ApparatuS) and CMS (Com-
pact Muon Solenoid) at the LHC that turned out to be compatible with the
Higgs boson, which was the last prediction of the Standard Model, remained
undetected in all previous searches. Since the Higgs boson discovery, one of
the main tasks of the LHC is to search for beyond the Standard Model. The
top quark is the most massive (strong coupling to the Higgs) standard model
particle, and it is unique among all quarks and leptons and might play a role
within the mechanism of electroweak symmetry breaking. Measurement of the
top quark’s coupling to vector bosons has a great importance to test the Stan-
dard Model, and any deviation from the Standard Model can give a hint about
beyond Standard Model underlying theories. In order to scrutinize the SM,
very precise measurements are needed, involving a good understanding of the
process under study and the background processes that mimic the signature of
the signal. This also requires a good knowledge of the detector performance.
One of the contributions to event signatures is the misidentification of physical
objects in the detector. In the study of top quark pair production associated
with a photon, misidentification of electrons as photons is one of the significant
backgrounds. The background is referred to as 4 → W fake. In this thesis, the
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probability of electrons to be misidentified as photons is investigated using the
full 13 TeV data of the ATLAS detector at the LHC at CERN. The description
of the theoretical background and the experimental setup is given in Chapters
2 and 3. The analysis is described in Chapter 4, and a summary of the results
and an outlook is given in Chapter 5.
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Chapter 2

Standard Model and Top Quark
Physics

2.1 Introduction to Standard Model of Particle
Physics

The Standard Model of Particle Physics classifies all the known elementary
particles and describes the interaction between them. It fully characterizes the
three out of four known fundamental forces; electromagnetic, weak, and strong.
The gravitational interaction not included in the SM. In the mid-1970s, the
current formulation of the SM was completed, and the first observation of the
quarks in 1968 was a bold, experimental proof of the SM. Since then, many more
experiments have confirmed the predictions of the SM, and the latest was Higgs
boson discovery in 2012 confirmed by ATLAS [2] and CMS [3] collaborations
based on the proton-proton collisions in the LHC at CERN.

The elementary particles divided into different classes depending on their
distinguishable properties such as spin, color charge, and flavor. They fall into
two major categories of fermions and bosons according to their spin angular
momentum. The fermions are spin-half particles, and the bosons have integer
spin. The fermions further classify as quarks (q) and leptons (l) according to
how they interact. The vector gauge bosons (spin = 1) and scaler boson (spin =
0) are two classes of bosons. The gauge bosons are known as the force carriers
in the SM.

2.1.1 Fermions (Quarks and Leptons)
There are six quarks (up u, down d, charm c, strange s, top t, bottom b) and
six leptons (electron 4

−, electron neutrino a4 , muon `
−, muon neutrino a`, tau

g
−, tau neutrino ag) divided into pairs of particles in three generations, see

figure 2.1. Each particle carries more mass than the corresponding previous
generation particle. The first generation particles do not decay, and they form
all the visible matter. The quarks carry a color charge (red, blue, green), and
anti-quarks carry an anti-color charge (anti-red, anti-blue, anti-green). The
color charge in quarks allows them to interact via strong force that only affects
the particle with color charge. Due to the color confinement, there is a tight
bond between quarks with the strong force. The quarks always form a color-
neutral bound state, baryon (qqq or @@@), or meson (@@). The color neutral
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Figure 2.1: Standard model of particle physics [4].

means either a color and anti-color (e.g, blue and anti-blue) or sum of the three
colors or anti-colors (e.g, red and blue and green). Which means, proton (p)
is a composite of three quarks with different color charges (DAD631 and all the
other possible colorless combinations). All fermions have the corresponding
anti-fermion with the opposite charge to the fermion.

2.1.2 Bosons
The intermediate vector bosons (gauge bosons) are the force carriers for the
SM interactions (strong, weak, electromagnetic). The SM gauge bosons are as
follows:

• Photon ($): It mediates the electromagnetic interactions between the
electrically charged particles, the interactions described by QED (Quan-
tum Electrodynamics). The photon rest mass is zero and has no electric
or color charge.

• ]± and `0 bosons: These bosons are the mediators of the weak force
between all fermions. The ,

± (∼ 80�4+ ) and /
0 (∼ 90�4+ ) are very

massive. As W has +1 or -1 electric charge, it participates in the electro-
magnetic interaction. The electroweak theory describes combined weak
and QED interactions.

• Gluons: There is a total of eight gluons. They are massless carriers of the
strong interaction between quarks and gluons. They carry a pair of color-
anti-color charges (e.g., blue-antired) but have no electric charge. The
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W

4
−

4
−

4
−

4
−

Figure 2.2: Feynman diagram of electron-electron scattering.
The diagram shows the two incoming 4− from left, exchange a

photon and scatter of to right.

gluons have self-interaction because they have a color charge. The theory
describes strong interactions is QCD (Quantum Chromodynamics).

There is only one scalar boson (spin = 0) predicted by the SM, the Higgs
boson (�). The Higgs mechanism is essential to explain the mass of the gauge
bosons. In QFT, without the Higgs mechanism, all intermediate bosons con-
sidered massless. So the massive ,

± and /
0 bosons could not be explained

without having a Higgs mechanism that gives mass to the , ± and /
0 bosons.

2.1.3 Interactions
In the SM, each interaction is described by the corresponding Quantum Field
Theory (QFT). The interaction takes place by exchanging one of the spin-1
gauge bosons. In QED, the interaction between charged particles mediated by
the exchange of photons (W). As an example, in the electron-electron scattering
process, a photon (W) is emitted by one of the incoming electrons (4) and ab-
sorbed by the other one, see figure 2.2. The weak charged interactions mediated
by the charged, + and, − bosons, the nuclear beta decay is an example of weak
charged interaction. The weak neutral interactions take place by exchanging Z
bosons. The strong interaction described by QCD mediated by exchanging the
gluons (e.g., quark-quark scattering process).

The electromagnetic force is the force that acts between electrically charged
particles. It has an infinite range, unlike weak and strong are very short-
range interactions (sub-atomic). The signature of the weak interactions is CP-
symmetry (charge conjugation parity symmetry) violation, but CPT-symmetry
(charge, parity, and time reversal symmetry) is conserved in the weak interac-
tion. All fermions carry a property called iso-spin which allows them to interact
via the weak force. The strong interaction is a very short-range force that acts
only on the particles that carry the color charge. The quarks and gluons can
interact with the strong force.
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Table 2.1: Fundamental interactions strength comparison [5].

Force Strength Mediator
Strong 10 Gluon
Electromagnetic 10−2 Photon
Weak 10−13 W and Z
Gravity 10−42 Graviton

2.2 The Top Quark
The detection of heavy hadrons confirmed the existence of heavy quarks. The
top quark was not discovered until 1995, and all the early searches failed to
detect the top baryon or meson. Unlike the other five quarks, the top quark is
so heavy (∼ 174�4+ ) and has a very short lifetime, it does not form any bound
state of mesons or baryons. In other words, the top quark does not hadronize,
so it not possible to see any top-hadron. This implies that the top quark decays
before it gets confined by passing its spin information to its decay products.
Additionally, this also enables the possibility of studying the polarization of the
W -boson from the top quark.

The detection of the top quark, in 1995 through the CDF [6] and DØ [7]
experiments on the TEVATRON accelerator at the FERMILAB, turned into
a significant achievement on the way of completing the missing portions of a
beautiful puzzle, the SM. The reaction to produce top quark was D + D → C + C

; The analysis of decay products lead to the discovery as the t and C are very
short-lived to be detected. The top quark was theoretically hypothesized with
the bottom quark (b), in 1973 by Kobayashi and Maskawa [8], and they complete
the third generation of quark family.

2.2.1 Top Quark Production and Decay
Top quarks at LHC can be produced as single top quarks via weak interaction
or as top anti-top quark pairs production via strong interaction. The top quark
pair production is the dominant process at the LHC. Top quark pairs can be
produce via two different processes: gluon-gluon fusion and quark-antiquark
annihilation. The quark-antiquark annihilation is suppressed by gluon-gluon
fusion (approximately 90%) at LHC because the anti-quark only comes from
the sea-quarks of proton. The leading order feynman diagrams of top quark
pair production are given in 2.3.
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Figure 2.3: Representative Feynman diagrams for top anti-top
quark pair production at the leading order QCD matrix element.
From the left, the first three correspond to the gluon-gluon fusion
and the last one represents the quark anti-quark annihilation[9].

Single top quark production is an electroweak interaction and mostly asso-
ciated with b quark and W boson (Wtb vertex). The process is dominated by
t-channel (almost 70%) at

√
B = 13TeV at the LHC. The feynman diagrams for

the t-channel and s-channel process are given in 2.4.

Figure 2.4: Feynman diagrams for single top quark production
at leading order matrix element. From the left, the first two
diagram represent the t-channel production. The third diagram
is the s-channel production and the last one is the W t-channel

production[9].

The top quark lifetime is shorter than the hadronization time and it decays
almost 100% into a bottom quark and a W -boson. Therefore, the decay modes
are classified depending on further decays of daughter W ’s into: hadronic chan-
nel, dileptonic channel and semileptonic channel.

Figure 2.5: Feynman diagrams for semileptonic decay channel
of top-anti-top quarks[9].
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Hadronic decay channel: Both W -bosons decay into quark-anti-quark
pairs and the final state has a total of six jets in which two of them are b-jets.
The branching ratio of this channel is around 46% but the final state has large
background due to six final state jets.

Dileptonic decay channel: Both W -boson decay into a lepton and lepton
neutrino. The final state is very clean as compare to fully hadronic decay but
the branching ratio is around 10% which is very small. Also the two neutrinos in
the final state can make the analysis more difficult (neutrino cannot be detected
by ATLAS and only can be identified by missing energy at the final state).

Semileptonic decay channel: One of the W -boson’s decay hadronically
and the other one leptonically. The branching ratio of the decay channel is
around 43% and the final state is cleaner (4-jets) as compare to fully hadronic
decay. The Feynman diagram of the process represented in Figure 2.5.

τ+τ   1%

τ+µ   2%

τ+e   
2%

µ+µ   1
%

µ+e  
 2%

e+e 
  1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

Figure 2.6: Top-anti-top quark pair decay channels and the
pie chart with branching fractions. The decay channels are cat-
egorized depending on the the further decay of , ± into quarks

or leptons[10].

2.2.2 Top Quark Associated with Photon
Measurements of the top quark’s coupling to vector bosons have great impor-
tance to test the SM and any deviation from SM can give a hint about beyond
standard model underlying theories. The top quark coupling with photon is
our interest which theoretically, can be measured from the top quark pair pro-
duction via photon. The @@ → W → CC cannot be observed directly at LHC
because the top quark pair production is dominated by gg-fusion (∼ 90%). The
remaining ∼ 10% for @@ annihilation can be mediated by 6, / and W ; And the
production mediated by gluon is the dominating process so the t coupling with
W cannot be probed directly. There are two other processes, top quark pair
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production with photon: the radiative top quark production and the radiative
top decay. top quark pair production in association with a photon is our inter-
est and in the following briefly the radiative CC production and decay has been
discussed. Photon can be radiated of top quark in the pair production or in the
decay process of the the top quark.

In the radiative CC production process via @@ annihilation, the photon can
decay from one of the incoming or outgoing quarks. In the gluon gluon fusion
process, the photon only can be radiated of one of the top quarks. The respective
Feynman diagrams are shown in figure 2.7 for illustration.

Figure 2.7: Representative Feynman diagrams for radiative
top quark pair production [9].

The photon in the radiative CC decay, can be radiated from the top quark or
one of the top quark decay products: bottom-quark, W -boson and the leptons
from W -decay. The respective Feynman diagrams are given in the figure 2.8.
The top-photon coupling is our topic of interest but experimentally we cannot
distinguish the photons from radiative production or decay.

Figure 2.8: Representative Feynman diagrams for radiative
top quark decay[9].
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Chapter 3

The ATLAS Experiment at LHC

The experimental data for the measurement has been collected by ATLAS de-
tector, one of the detectors placed on LHC at CERN near Geneva city on
France-Swiss border. CERN is the largest and most complex high energy physics
facility in the world where physicists and engineers from all around the world
work together to study the fundamental particles. Since foundation in 1954,
many important discoveries have been made at the CERN laboratory. In this
chapter, LHC and the ATLAS detector structure are briefly described.

3.1 The Large Hadron Collider
The LHC is a circular beam collider with a circumference of about 27km de-
signed to accelerate the proton beams with up to a center-of-mass energy of
14 TeV. The collider is situated underground and the deepest point of LHC is
175 meters under the surface. The superconducting magnets cover the whole
tunnel to bend the beam, and the project was completed in 2000. There are
four main interaction points where the beams collide and the detectors, ALICE,
ATLAS, CMS, and LHCb, have been installed to collect the collision data. The
acceleration process at CERN involves the chain of accelerators in which each
accelerator injects the beam into the next one to bring the beam to higher en-
ergies. At last, the beam gets injected to LHC for the final acceleration and
collision process.

The beam acceleration started by ionization of hydrogen atoms and separat-
ing the protons through an electric field. The protons beam then gets injected
to the Linac2, where the protons accelerated up to the 50 MeV. From there,
the beam enters the Proton Synchrotron Booster (PSB) and get the energy
up to 1.4 GeV. In the next step, the beam gets into the Proton Synchrotron
(PS), where the energy of the beam increases to 25 GeV. Afterward, The Super
Proton Synchrotron (SPS) accelerates the beam to 450 GeV, which is the last
pre-acceleration step before the beam gets injected to LHC. In the LHC, the
protons beam divided into two pipes in which one beam accelerated in clockwise
and the second beam in the anti-clockwise direction up to 7 TeV. As a result,
in the head-to-head collision, the center of mass energy reaches up to 14 TeV,
schematic view of acceleration chain is shown in figure 3.1.
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Figure 3.1: Schematic view of the CERN accelerators chain,
the largest ring in dark blue color is the LHC [11].

3.2 ATLAS Detector
The ATLAS detector is a cylindrical shaped detector with a length of 46m, a
diameter of 25m, and it weighs about 7000 tonnes. ATLAS is a multi-purpose
detector that is designed to measure the energy and momentum of the particles
around the collision point. It uses an orthogonal right-handed coordinate system
in which the origin is the center of the detector (interaction point), and the
beamline direction defines the I-axis, G-axis points towards the center of LHC.
The G−~ plane is perpendicular to the beamline and referred to as the transverse
plane. The positive G-axis points towards the center of LHC, and the positive
~-axis points upward to the surface of the earth. The azimuthal angle (q) is the
angle in the transverse plane measured from the G-axis, and the polar angle (\)
is the angle in the ~−I plane which is often expressed in terms of pseudo-rapidity
([) and formulated as follows:

[ = − ln tan
\

2
. (3.1)

The distance between two physical objects defined in terms of pseudo-
rapidity and azimuthal angle (which is Lorentz invariant under the boost) as
follows:

Δ' =

√
Δ[2 + Δq2

. (3.2)
The energy and momentum of the particles are expressed in terms of trans-

verse momentum (?) ) and transverse energy (�) ); in this way, they are also
Lorentz invariant under the boost, defined as follows:
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?) =

√
?G

2 + ?~
2
= |? | sin\, �) = |� | sin\ . (3.3)

The ATLAS detector provides full coverage of the space around the collision
point. The inner structure significant parts can be split into four major compo-
nents: Inner detector, Calorimeters, Muon Spectrometer, and Magnet system.
The Inner detector part (closest part to the collision point) is responsible for
detecting the track of charged particles and the position primary and secondary
vertices. The calorimeters consist of two inner components, the Electromag-
netic Calorimeter (ECAL) and the Hadronic Calorimeter. Energy deposits of
the electrons, photons, muons and hadrons are recorded by the calorimeters.
The muon spectrometry is the outermost layer of the ATLAS detector. The
magnet system can be divided into two parts. The first part is a solenoid mag-
net that surrounds the inner detector and provides a homogenous magnetic field
of 2T to detect the charge and momentum of the particle. The second part con-
sists of three toroidal magnets for barrel and end-caps segments, which provide
the trajectory of the muons. A simulated model of the ATLAS detector and
the inner structure is given in figure 3.2. A cross section of the ATLAS detector
and the different points at which particles interact with the detector is shown
in figure 3.3.

Figure 3.2: Schematic view of the ATLAS detector [12].
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Figure 3.3: A computer simulation overview of the interactions
of different particles with the ATLAS subdetectors [13].
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Chapter 4

Determination of Electron Fake
Background

There are several background processes that mimic the topology of CCW such
as single top + W . The backgrounds are classified into three categories based
on the photon: hadronic-fake, electron-fake, and prompt-photon backgrounds.
The background categories are briefly described in the following. In this thesis,
the aim was to measure the contribution of e-fake (electron-fake) background
for l+jets and dilepton CC + W analyses. The e-fake background is not expected
to be well modeled by the MC simulations. Therefore, the number of expected
background events needs to be corrected by measurements on data. A method
based on data was developed to measure e-fake contribution using Z -boson de-
cay events. In this method, the fraction of events with fake-W over the measured
events with electrons defined as fake rate. In order to select a pure sample of
4 and fake-W , the events were selected in pairs of ee and 4W from the Z -boson
decay. Figure 4.1 shows the Feynman diagram of Z -boson production and de-
cay. The Z -boson events are selected to ensure that the probe electron and
photon (fake electron) of choice are correlated and can be compared to each
other. The high cross-section of Z -boson, also allows having a statistically high
and pure sample for the measurement, which cannot be achieved by using the
CCW or any other events. However, using the Z-boson events to calculate the
e-fake contribution in CCW analysis required to assume that the 4 → W fake rate
is independent of the process.

/
0

@

@ 4
+

4
−

Figure 4.1: Feynman diagram of Z-boson production and de-
cay into electron-positron.

In this chapter, first a short description of the CCW backgrounds is given.
Second, information about the data and simulation samples is presented. Third,
the tag-and-probe method is described, which is used to estimate the fake rate in
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both data and simulation. Fourth, the definition of the control regions are given,
and the event selection and object selection criteria are described. Afterward,
the fake rate calculation for MC, data and the resulting fake rate scale factors
are described in three sections. In a sub-chapter, the systematic uncertainties
calculation and relevant fits have been added. In the last section, an additional
calculation is done for the fake rate scale factors dependency on the photon
conversion type.

4.1 Background Description
The main background of CCW process are classified as:

• Hadronic-fake background: During the hadronization process of quarks
after the main ?? collision, several hadrons such as c

0, [ and d mesons
or baryons are produced. These mesons and baryons can then decay into
two or three photons which are ultimately misidentified as photons by the
detector. Additionally, mesons and baryons energy deposits to calorime-
ter can also be similar to photons. The background coming from these
processes has the largest contribution in CCW analysis. The majority of
hadronic-fake photons in the single-lepton channels come from CC events
where a final state jet radiates a photon.

• Electron-fake background: An important background to CCW single-
lepton channel, which is also the topic of this thesis, comes from the
electrons misidentified as photons. The background contribution origi-
nates from two main processes, the CCW dileptonic decay when at least one
of the final state leptons is an electron and, the Z + jets events when the
Z-boson decays into electron positron pair (/ → 4

+ + 4
−).

• Prompt photon background: The object that originates before the
hadronization, from the hard scattering process, is called the prompt ob-
ject. In case of the semileptonic channel of top quark pair production,
photons that are emitted from either the incoming quarks or the top
quarks or its electrically charged decay products are prompt photons.
This type of photon is also the photon object of interest for the final state
in CCW analysis. The prompt-photon background comes from the processes
containing prompt photon in the final state, such as ,W , /W , single top,
and diboson + W .

4.2 Data and Simulation Samples
The proton-proton collision data at

√
B = 13 TeV of the LHC recorded by the

ATLAS detector between years of 2015-2018 is used in this study. The total
integrated luminosity of the data-set is L = 139 fb−1.

The Monte Carlo (MC) simulation samples are generated by SHERPA (Sim-
ulation of High-Energy Reactions of PArticles). SHERPA is one of the MC pro-
grams which can generate lepton-lepton, lepton-photon, photon-photon, lepton-
hadron and hadron-hadron collisions events. MC generators produce the events
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with all the kinematics and information similar to the data events produced at
the LHC. After that step, detector simulation, trigger and event reconstruction
of the ATLAS experiment are added on top of the generated events. SHERPA
includes next-to-next-to-leading-order (NNLO) matrix element, and is used to
simulate Z+jets events for the measurements.

4.3 Tag and Probe Method
Tag and probe method depends upon the choice of a clean and with high purity
sample, in this case / → 44, making use of the Z -boson mass constraint. The
total events are divided into two control regions (CR) of CR1 (containing / →
44) and CR2 (containing / → 4W), see section 4.4. Tighter selection criteria
are applied to the so-called tag electron which is required to have fired trigger,
and the other one with looser selection, named probe electron (or photon).
In this method, the tag is used for reference, and the probe is the sample
to be tested. As the tag and probe are coming from Z -boson decay, they are
kinematically correlated. The only limiting factor in this method is the Z-boson
event number. To account for background, the lepton-pair (or lepton-photon
pair) invariant mass spectrum is fitted around the / mass peak using the sum
of the Crystal-Ball function and the Bernstein polynomial, described in section
4.6.

4.4 Control Regions and Event Selection
First control region is defined with events containing two electrons (CR1), tag,
and probe, and the tag electron has to be trigger matched. To ensure that
the tag and probe objects are coming from the Z boson decay, the two particles
required to have the opposite charge and the opening angle between them should
be more than 150◦. Besides, the invariant mass of the two particles needed to
be within 50 GeV around the Z-boson mass. A Second control region is defined
the same as the first control region by replacing the probe electron with the
photon (CR2). There is no process such / → 4 + W , but this can be since one
of the produced electrons in / → 4 + 4 decay can radiate a high energy photon
in the same direction as the mother electron and remain undetected, instead
photon will be detected in the final stage. The photon and electron leave a
similar impact on electromagnetic calorimeter, and the electron leaves a track
in addition to the energy deposit in the calorimeter. Sometimes if the track is
missing or not correctly created, the electron can be identified as a photon.

The event selection is applied accordingly in both control regions. The first
control region with events containing electron and positron having invariant
mass of around Z-boson. The events with exactly one electron and one photon
have been selected for second control region. The two control regions referred
as / → 44 (CR1) and / → 4W (CR2) and almost same selection criteria are
applied for both regions. To get exactly the desired events, the following object
selection criteria is applied:

• exactly 2 objects depending on control region (4, 4/W)
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• tag electron is trigger matched

• ?
C06

)
> 25�4+ , ??A>14

)
> 20�4+

• |[C06 | < 2.47, |[?A>14 | < 2.37 (excluding the crack region 1.37 < |[ | < 1.52)

• "/ − 50�4+ /22 < " (4C06, 4/W?A>14) < "/ + 50�4+ /22

• Δq (C06, ?A>14) > 150◦

4.5 Fake Rates in MC Simulations
The selected MC events in the 4W control region can be classified as different
sources of efakes depending on the origin of the W . To do that, a reconstructed
photon in the event matched to the true object before the detector simulation
(defined as truth matching). The truth matching is achieved by extrapolating
the track of the true particle to the calorimeter and measuring the angular
distance (defined in the following) between the true particle and the EM cluster,
from which the photon is reconstructed. If the angular distance is smaller than
a reference value, the reconstructed photon is considered to be associated with
the true object, either a W or and 4. At hadron colliders, the angular distance
(ΔR) is defined using pseudo-rapidity ([) and azimuthal angle (q) the way that
it remains invariant under the longitudinal boosts. The definitions are given in
section 3.2.

4.5.1 Photon Classification
According to the truth matching, the photons are divided into four groups
according to the truth-level information.

• Type (a) : denoted as "mis-reco.", in the cases where the probe W is
matched to a true e. 86% of the selected photons belong to this class.

• Type (b) : denoted as "mis-match", in the cases where the probe W is
matched to a true W and their relative ?) difference |?A42>) − ?

CAD4
) |/?CAD4) | is

more than 10% and there is nearby a true electron within ΔR < 0.1 of
the photon. Around 2% of the selected photons belong to this class.

• Type (c) : denoted as "non-prompt QED", in the cases where the probe
W is matched to a true W and their relative ?) difference is less than 10%
and there is nearby true electron within ΔR < 0.1 of the photon. Around
3% of the probe photons belongs to this category.

• Type (d) : denoted as "prompt QED" in the cases where the probe W is
matched to a true W and there is no nearby true electron within ΔR < 0.1
of the photon. Around 9% of the probe photons belongs to this category.
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In the above categorization, Type (a),(b), and (c) are considered as fake
photons, where the type (d) corresponds to prompt photons. Overall around
91% of the selected probe photons are fake photons in 4W control region. In the
following the kinematic variables of the different types of probe photons and the
probe electrons are shown in figures 4.2 and 4.3. The shape of the transverse
momentum distribution is quite similar for the type (a),(b),(c) photons, and
the probe electron. The shape of type (d) photon is different from others, and
the peak, in this case, is shifted to the left. A similar effect can also be noted
for the invariant mass spectrum of each type. The pseudo-rapidity spectrum
shows a similar behavior between type (a),(b) with probe 4 and type (c), and
(d) have a similar [ distribution.
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Figure 4.2: ?) distribution of probe 4/W

4.5.2 Fake Rate
The fake rate is defined as the number of events in / → 4W (#4W) over the events
counts in / → 44 control region (#44), in other words the ratio of fake electrons
over the true electrons. The ratio of the probe over tag object events in each
control region can give us the probability of the electron to be misreconstructed
as a W . The above classification of the probe photon is used to exclude the
prompt photons and estimate the fake rate in MC.

�'"� =
#4W

#44

(4.1)
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Table 4.1: Number of MC events in each W category and fake
rate for each type of reconstructed photon. Only statistical un-

certainties are given.

Class # (W?A>14) �'"� (%)
Type(a) 1698959 ± 1303 3.59 ± 0.09%
Type(b) 34752 ± 186 0.07 ± 0.55%
Type(c) 60152 ± 245 0.13 ± 0.42%
Type(d) 167999 ± 409 0.35 ± 0.26%
All (Fakes) 1793864 ± 1339 3.79 ± 0.09%

From equation 4.1 the fake rate can be calculated for each bin, first the
inclusive fake rates have been calculated. The MC fake rate for each class of
probe photon is given in table 4.1. Major contribution of the fakes is coming
from the type (a) and type (b) and (c) have very tiny contribution as expected
because 86% of the probe photons classified as type (a). The differential fake
rate also has been measured as for application the differential calculation is
needed to account for differences in the fake rate depending on the kinematic
properties of 4− and W . The inclusive fake rate is only given to have an idea
about the overall ratio of the fakes depending on the probe photon type.
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Figure 4.5: The fake rate as a function of ?) of the probe
particles.
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Figure 4.6: The fake rate as a function of [ of the probe par-
ticles.

As can be seen from the figures 4.5 and 4.6, the fake rate varies for different
?) and [. To apply the fake rate scale factors into the signal region the depen-
dency on the kinematic variables needed to be considered. So the differential
fake rates have been calculated and presented in a 2D histogram. The events in
both control regions divided into 20 bin depending on ?) and |[ |. The binning
for ?) is [20, 35, 45, 60, 100] (in GeV) and for [ is [0, 0.5, 1.0, 1.37] and [1.52,
2.0, 2.37]. The / → 44 and / → 4W events distribution after the binning is give
in figures 4.7 and 4.8 respectively. The ?) -bin [35-45GeV] is more populated
in both control regions as expected because of the kinematic properties of the
electrons coming from the decay of the / boson, with a mass of 90�4+ . MC fake
rates are presented in figure 4.9, it shows that the fake rates increase by |[ | and
?) , but the changes in ?) have a relatively smaller impact on the fake rates. The
fake rates vary from 1.42%± 0.02% in low ?) −[-region to at most 12.09%± 0.15%
for high ?) and |[ | values. The uncertainties correspond to statistical only.
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Figure 4.7: Signal events in the / → 4
+
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− control region di-

vided into 20 bins according to the ?) and [ of the probe particle.
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Figure 4.9: The 2D histogram of the final MC fake rate in
20 bins of ?) and [ of the probe particle. Bin value shows the
fake rate for the corresponding bin in percentage (the values are

multiplied by 100).

4.6 Fake Rate Estimation in Data
The events in data have been selected with the criteria discussed in section 4.4.
After the final event selection, the event count in the / → 4

+
4
− control region

was around 50 million, and around 2.5 million events survived after applying
the final cuts in / → 4W control region. Unlike the MC events, data events
include background events which are coming from other processes that have
similar final state with ee or 4W such as CC , Z/W +jets, diboson events and Z
decay to ee from Z decay to g . As we expect background in the data sample, it
is required to estimate the background and signal ratio. Since the background
contribution is not included in the MC, the MC samples cannot be used for the
background subtraction. The fits are used to get the signal and background
contribution; the sum of two Crystal-ball functions models the signal, and a
Bernstein-polynomial is used to model the background. The sum of the two
models is used to describe the data events distribution. The fitting results were
better in the CR2 comparing with the fits in CR1. The j

2/=3 5 shows the
goodness of the fits, values closer to one show a better agreement between the
data and fit model. Figure 4.10 shows the fits in both control regions. The
Crystall-Ball function is given by:

5 (G ;U, =, G, f) =


exp(− (G − G)2

2f2 ) :
G − G

f
> −U

�.(� − G − G

f
)−= :

G − G

f
≤ −U
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where

� = ( =|U | )
=
. exp(− |U |2

2
),

� =
=

|U | − |U |,

# =
1

f (� + �) ,

� =
=

|U | .
1

= − 1
. exp(− |U |2

2
),

� =

√
c

2
(1 + 4A 5 (− |U |

√
2
)) .

(4.2)

The Bernstein-polynomial is the sum of Bernstein basis polynomial with a
coefficient. The polynomial basis with n degrees of freedom is given by

1a,= (G) =
(
=

a

)
G
a (1 − G)=−a , a = 0, ..., = (4.3)
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Figure 4.10: Invariant mass distribution for the tag and probe
pair in CR1 (right) and CR2 (left). Data is shown in black, the
total fit function in blue, signal function in red and background

function in green, respectively.

To calculate the differential fake rates in the data, the data events in both
control regions were divided into the same 20 ?) − [ bins as in MC. The shape
of the distributions is similar for different [ ranges for the same ?) range. The
fit models are changed accordingly to get the best description of the / → 44

invariant mass distribution. The Bernstein polynomial is varied between 3rd
and 4th order depending on the shape of the distribution.

�'
8
�0C0 =

#
30C0,8
4W − #

=>=−/,8
4W

#
30C0,8
44 − #

=>=−/,8
44

(4.4)
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The inclusive fake rate calculated using the equation 4.4 in the data is
3.95% ± 0.25%. And from the equation below, the measured overall fake rate
scale factor is 1.04 ± 0.33% defined as (�

8
�' =

�'
8
�0C0

�'
8
"�

. This is the value by which
the prediction has to be corrected to describe the data.

In the figure 4.11 the fitted invariant masses are shown for 1st [-bin in both
control regions. A complete set of fit plots can be found in appendix A. The
results are shown here for 0.0 < |[ | < 0.5 for illustration. The shape of the
distribution in other regions of |[ | is similar. The integral of the signal function
is used for the event count to calculate the fake rate in the data. The event
counts for each bin is summarized in figures 4.12 and 4.13. The ?) -bin [35-
45] GeV is more populated in both control regions as expected from the MC
samples since ?) distribution peaks at about "/

2
. Using the equation 4.4 the

fake rates are measured for each bin and shown in 4.14. The distribution of the
fake rates in the data follows the same pattern as MC and it increases by [,
while the changes in ?) have a relatively smaller impact on the fake rates. The
fake rate varies from 2.5% in the central region of the detector (|[ | < 1) to 11%
in the endcap region (|[ | > 2.0). The differences in ?) are below 0.5%, except
for the 2.0 < |[ | < 2.37 region. The uncertainties correspond to statistical only;
the systematic uncertainties are discussed in the next section and results are
presented with total uncertainties.
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Figure 4.11: The fit in zee (left) and zeg (right) control regions
from four ?) − [ bins. As the shape is similar by changes in [,

only the 1st [-bin fits are shown.
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Figure 4.12: Signal events in / → 4
+
4
− control region divided

into 20 bins according to ?) and [ of the probe particle.
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4.7 Systematic Uncertainties
The systematic uncertainties for the fake rate scale factors measurement, have
been calculated by consideration of the following variations:

• Fitting range: The fitting range for the invariant mass distribution of
tag and probe reduced by 10 GeV (5 GeV from low tail and 5 GeV from
high tail). The resulting scale factor is calculated to be 1.03 ± 0.81%. It
shows less than 1% difference with the nominal scale factor.

• Signal template: The signal modeling function is changed from the sum
of two Crystal-Ball functions to monte carlo template. The calculated
scale factor by this change is 1.13±0.52% which shows around 9% difference
with the nominal scale factors

• Background template: The function for background modeling is changed
from a Bernstein-Polynomial to a Gaussian function. By changing the
background model the scale factor is 1.08 ± 0.72% and which is less than
4% difference.

The effect of changing the fit model and fit range can be seen from the figures
4.15, 4.16 and 4.17, the fits are shown for each variation only for |[ | − [0.0 −
0.5]. Complete set of the fits are given in appendices B, C, and D. The total
systematic uncertainty is calculated as the square root of quadrature sum of the
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three systematics. Each systematic uncertainty evaluated by difference between
the data scale factor and the scale factor for the selected events for systematics
sample. The total uncertainty results from 5% to 25% and it is dominated by
low ?) region ([20 − 35]�4+ ).

f
2
C>C0; = f

2
1 + f

2
2 + f

2
3 (4.5)

in which

f8 = |(�30C0 − (�8 | (4.6)
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Figure 4.15: The fit in zee (left) and zeg (right) control regions
from four ?) − [ bins and the fit range is reduced by 10GeV as
compare to the 4.11. As the shape is similar by changes in [,

only the 1st [-bin fits are shown.
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Figure 4.16: The fit in zee (left) and zeg (right) control regions
from four ?) − [ bins and the signal model is changed from
the Crystal-Ball function to the MC template. As the shape is

similar by changes in [, only the 1st [-bin fits are shown.
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Figure 4.17: The fit in zee (left) and zeg (right) control regions
from four ?) − [ bins and the background model is change to
Gaussian function from the Bernstein polynomial. As the shape

is similar by changes in [, only the 1st [-bin fits are shown.
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4.8 Fake Rate Scale Factors
The fake rate scale factors are presented in 4.18 with statistical and systematic
uncertainties. The differential scale factors will be applied to the MC signal
region to correct the e-fake background estimation. The scale factors are calcu-
lated for each bin from the data fake rates over the MC fake rates (� 8�' =

�'
8
�0C0

�'
8
"�

.
By calculating the e-fake contribution from one process and applying to an-
other process we are considering the fact that the mis-modeling e-fake in MC
is universal and independent from the process itself. The numbers presented
vary for different ?) and [, so SFs will be applied according the kinematics of
the particle in the signal region and it’s more accurate than applying an overall
fake rate scale factor neglecting the kinematics of the object.
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Figure 4.18: The 2D histogram of the final fake rates scale
factors in 20 bins of ?) and [.

4.9 Photon Conversion and SFs
Photons and electrons leave similar energy deposits in the electromagnetic
calorimeter (ECAL) in the ATLAS detector, and their reconstruction process
is parallel[14]. Unconverted photons are reconstructed from ECAL clusters,
which are not associated with any track. And converted photons are defined
as objects associated with at least one track from the primary vertex to the
ECAL cluster. From the reconstruction process, the converted photons have
similarities with electrons and it’s expected that the fake rates are higher for
converted photons. In the previous section, the fake rate scale factors have been
presented with total uncertainties. In this section, the fake rate scale factors
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are defined separately depending on the photon’s conversion type (converted or
unconverted).

The / → 4W control regions in data and MC are divided into two classes
of the converted and unconverted photon. From selected data events, around
60% of the final state photons belong to converted type and the remaining 40%
of the photons are unconverted. The fake rates in the MC and data have been
calculated with the same method described in sections 4.5 and 4.6. The inclu-
sive measured fake rates for data and MC and the fake rate scale factors are
summarized in table 4.2. The inclusive MC fake rate for the unconverted pho-
tons were 1.29± 0.14%, and 2.50± 0.10% for the converted photon. As expected,
The calculated fake rates for data also shown a similar difference between the
converted and unconverted photons. The MC fake rate for different ?) and |[ |
of probe photons are shown in figure 4.19. The fake rates are comparatively
higher for converted photons in the high |[ |-region. It is because the converted
photons are more populated in the high |[ |-region while unconverted photons
are distributed more uniformly in different |[ |-regions.

Table 4.2: The data and MC fake rates and scale factors for
converted and unconverted photons. Only the statistical uncer-

tainties are considered.

W Conversion �'"� (%) �'�0C0 (%) (��'

Converted 2.50 ± 0.10% 2.62 ± 0.28% 1.05 ± 0.38%
Unconverted 1.29 ± 0.14% 1.53 ± 1.51% 1.19 ± 1.65%
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Figure 4.19: The MC fake rate for converted and unconverted
W as a function of ?) (left) and [ (right) of the probe particles.

The fake rates and the scale factors are separately shown for unconverted
and converted photon in the following. The 2D histograms of figures 4.20 and
4.21 show the MC fake rate for unconverted and converted photons respectively.
The fake rates for the unconverted photons varies from 0.7% in the low ?) and
[ region to 2.6% in the high [ region. For the converted photons the variation is
much higher as compare to unconverted photons and the fake rates vary from
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0.7% to 10% by increase of ?) and [. The data fake rate distributions in figures
4.22 and 4.23 follow similar pattern as the MC fake rate. At last, the fake rate
scale factors are presented in figures 4.24 and 4.25. The scale factors for the
unconverted photons vary from 0.87 ± 0.08 to 1.74 ± 0.05, and for the converted
photons vary from 0.87 ± 0.02 to 1.63 ± 0.05.
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Figure 4.20: The 2D histogram of the MC fake rate (uncon-
verted) in 20 bins of ?) and [ of the probe particle. Bin value

shows the fake rate for the corresponding bin in percentage
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Figure 4.21: The 2D histogram of the MC fake rate (Con-
verted) in 20 bins of ?) and [ of the probe particle. Bin value

shows the fake rate for the corresponding bin in percentage
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Figure 4.22: The 2D histogram of the data fake rate (Uncon-
verted) in 20 bins of ?) and [ of the probe particle (The values

are in shown in percentage).
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Figure 4.23: The 2D histogram of the data fake rate (Con-
verted) in 20 bins of ?) and [ of the probe particle (The values

are in shown in percentage).
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Figure 4.24: The 2D histogram of the final fake rates scale
factors (Unconverted) in 20 bins of ?) and [.
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Figure 4.25: The 2D histogram of the final fake rates scale
factors (Converted) in 20 bins of ?) and [.
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Chapter 5

Summary and Outlook

In this thesis, a data driven method using tag and probe and fits on the / →
4
+
4
− events, for the measurement of the misidentification probability of electrons

as photons has been presented. The fake rate has been calculated in the full√
B = 13 TeV of pp collisions data with L = 139 fb−1 recorded by the ATLAS

between 2015-2018. The fake rate is calculated using two control regions: the
/ → 44 control region, and / → 4W control region. The results are presented as
functions of kinematic variables of ?) and |[ | with total uncertainties (sum of
statistical and systematic). The fake rate distribution was similar for data and
MC, ascending from around 2.5% in the central region (|[ | < 1.0) to around 12%
for the endcap region (|[ | > 2.0). To compare the estimated e-fake contribution
by MC simulations with the data, scale factor has been defined as the ratio of
fake rate in data over the fake rate in MC. The resulting scale factors revealed
values close to unity for most of the ?) − |[ | regions, which means that the
4 → W fake background is well modeled by MC. For the low ?) and |[ |, the
scale factors were high up to 1.81± 0.44, and the 4 → W fake background in MC
needs the correction most. The resulting scale factors for the converted and
unconverted photons in the last section of chapter 4 shown the scale factor for
unconverted photons are less dependent on the [ as compare to the converted
photons. The derived Scale Factors from / → 4

+
4
− decay can be applied to MC

based 4 → W fake photon samples in the signal region as a correction factor. As
mentioned before, this is based on the assumption that the misidentification of
the electrons as photons should be a universal effect and can be corrected by
scale factors. The correctness of this assumption can be verified by a comparison
between the derived fake rates from / → 4

+
4
− events and the fake rates from

the signal region, in our case the CCW signal region.





43

Appendix A

Fit Results for The Fake Rate
Estimation in Data

Here all fits on the tag and probe invariant mass presented for all ?) − |[ | bins.
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Figure A.1: The fits for CR1 for all twenty ?) − |[ | bins (cont.)
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Figure A.2: The fits for CR1 for all twenty ?) − |[ | bins (cont.)
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Figure A.3: The fits for CR1 for all twenty ?) − |[ | bins.
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Figure A.4: The fits for CR2 for all twenty ?) − |[ | bins (cont.)
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Figure A.5: The fits for CR2 for all twenty ?) − |[ | bins (cont.)
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Figure A.6: The fits for CR2 for all twenty ?) − |[ | bins.
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Appendix B

Fit Results for The Systematics
(1)

Here all fits for first systematic on the tag and probe invariant mass presented
for all ?) − |[ | bins. In the first systematic the fitting range reduced by 10 GeV
as compare to the nominal.
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Figure B.1: The fits for systematics-1 (fitting range reduced
by 10 GeV compare to nominal) in CR1 for all twenty ?) − |[ |

bins (cont.)
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Figure B.2: The fits for systematic-1 (fitting range reduced by
10 GeV compare to nominal) in CR1 for all twenty ?) − |[ | bins

(cont.)
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Figure B.3: The fits for systematics-1 (fitting range reduced
by 10 GeV compare to nominal) in CR1 for all twenty ?) − |[ |

bins.
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Figure B.4: The fits for systematics-1 (fitting range reduced
by 10 GeV compare to nominal) in CR2 for all twenty ?) − |[ |

bins (cont.)
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Figure B.5: The fits for systematic-1 (fitting range reduced by
10 GeV compare to nominal) in CR2 for all twenty ?) − |[ | bins

(cont.)
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Figure B.6: The fits for systematic-1 (fitting range reduced by
10 GeV compare to nominal) in CR2 for all twenty ?) − |[ | bins.
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Appendix C

Fit Results for The Systematics
(2)

Here all fits for second systematic on the tag and probe invariant mass presented
for all ?) − |[ | bins. In the second systematic the signal modeling function is
changed from the Crystall-Ball function to MC template.
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Figure C.1: The fits for systematics-2 in CR1 for all twenty
?) − |[ | bins. In systematics-2, signal modeling function function

replaced by MC template (cont.)
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Figure C.2: The fits for systematics-2 in CR1 for all twenty
?) − |[ | bins. In systematics-2, signal modeling function function

replaced by MC template (cont.)
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Figure C.3: The fits for systematics-2 in CR1 for all twenty
?) − |[ | bins. In systematics-2, signal modeling function function

replaced by MC template.
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Figure C.4: The fits for systematics-2 in CR2 for all twenty
?) − |[ | bins. In systematic-2, signal modeling function function

replaced by MC template (cont.)
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Figure C.5: The fits for systematics-2 in CR2 for all twenty
?) − |[ | bins. In systematic-2, signal modeling function function

replaced by MC template (cont.)
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Figure C.6: The fits for systematics-2 in CR1 for all twenty
?) − |[ | bins. In systematic-2, signal modeling function function

replaced by MC template.
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Appendix D

Fit Results for The Systematics
(3)

Here all fits for third systematic on the tag and probe invariant mass presented
for all ?) − |[ | bins. In the third systematic the background modeling function is
changed from the Bernstein-Polynomial, used in nominal sample, to Gaussian
function.
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Figure D.1: The fits for systematic-3 in CR1 for all twenty
?) − |[ | bins. In systematic-3, background modeling function

function replaced by Gaussian function (cont.)
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Figure D.2: The fits for systematic-3 in CR1 for all twenty
?) − |[ | bins. In systematic-3, background modeling function

function replaced by Gaussian function (cont.)
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Figure D.3: The fits for systematic-3 in CR1 for all twenty
?) − |[ | bins. In systematic-3, background modeling function

function replaced by Gaussian function.
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Figure D.4: The fits for systematic-3 in CR2 for all twenty
?) − |[ | bins. In systematic C, background modeling function

function replaced by Gaussian function (cont.)
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Figure D.5: The fits for systematic-3 in CR2 for all twenty
?) − |[ | bins. In systematic C, background modeling function

function replaced by Gaussian function (cont.)
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Figure D.6: The fits for systematic-3 in CR2 for all twenty
?) − |[ | bins. In systematic C, background modeling function

function replaced by Gaussian function.
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