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Abstract

The discovery of the Higgs boson h in 2012 further confirmed the remarkable accuracy

of the Standard Model (SM). Despite this, some compelling excesses in multi-lepton final

states were recorded in both major runs of the Large Hadron Collider (LHC). The excesses

can be explained by the introduction of a model where a heavy boson X decays into a SM

Higgs boson h and a singlet scalar S with Higgs-like couplings. The h and S subsequently

produce opposite-sign different flavor lepton final states. Due to the plethora of SM

processes producing similar final states, an accurate selection of events produced in the

LHC is essential. This thesis investigates the optimization of the event selection using

the full LHC Run 2 data recorded using the ATLAS detector at a centre-of-mass energy

of 13 TeV, with the corresponding luminosity of 139 fb−1. An investigation of the lepton

isolation is conducted, where the highest performing working point is selected. In order to

further suppress background, an event selection is constructed using a multidimensional

signal significance scan. Finally, the background due to misidentified leptons is estimated

using a data-driven method.
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Nomenclature

Acronyms Meaning Symbols Meaning
ALICE A Large Ion Collider Experiment X Heavy scalar
ATLAS A Toroidal LHC ApparatuS S Higgs-like scalar
BR Branching ratio h Higgs boson
BSM Beyond standard model W W -boson
CERN European Org. for Nuclear Research Z Z-boson
CMS Compact Muon Solenoid γ Photon
CP Charge parity g Gluon
CR Control region u Up quark
CSC Cathode strip chamber d Down quark
DAQ Data acquisition s Strange quark
DCS Detector control system c Charm quark
EM Electromagnetic t Top quark
ggf Gluon fusion b Bottom quark
HEC Hadronic end-cap calorimeter e Electron
HLT High level trigger µ Muon
htt Top-associated production τ Tau lepton
IFF Isolation and Fake Forum Group νe Electron neutrino
ID Identified νµ Muon neutrino
JVT Jet vertex tagger ντ Tau neutrino
LAr Liquid argon fb−1 Inverse femtobarn
LHC Large Hadron Collider

√
s Centre of mass energy

LHCb Large Hadron Collider beauty pllT Transverse momentum
MC Monte Carlo mll Dilepton invariant mass
PBS Proton Synchrotron Booster mT Transverse mass
PDF Parton distribution function Emiss

T Missing transverse energy
QCD Quantum chromo dynamics Rll Angular separation
QED Quantum electro dynamics φll Azimuthal angle
QFT Quantum field theory η Pseudorapidity
RoI Region of interest
RPC Resistive plate chambers
SPS Super proton synchrotron
TGC Thin Gap Chamber
TRT Transition radiation tracker
VBF Vector boson fusion
Vh Higgs-strahlung
SCT Semiconducting tracker
SM Standard Model
SR Signal region



CONTENTS iv

Contents

1 Introduction 1

1.1 Outline of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Theoretical Background 3

2.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 The Elementary Particles of the Standard Model . . . . . . . . . . 3

2.1.2 Fermions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.3 Bosons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 The Higgs Boson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Beyond Standard Model Physics . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3.1 Heavier Scalar Bosons . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3.2 Multi-lepton Final States . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Experimental Background 11

3.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 The ATLAS Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2.1 The Coordinate System and Kinematic Variables . . . . . . . . . . 13

3.2.2 The Inner Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.3 The Calorimeter Systems . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2.4 Muon Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.5 Data Collection and Triggers . . . . . . . . . . . . . . . . . . . . . . 18

4 Data and Simulation 20

4.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Background Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.3 Signal Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5 Object Reconstruction and Pre-selection 23

5.1 Leptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.2 Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.3 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.4 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.5 b-tagged jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25



CONTENTS v

5.6 Pre-selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

6 Main Analysis Optimization 27

6.1 Optimization of Isolation Working Points . . . . . . . . . . . . . . . . . . . 28

6.1.1 Initial Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6.1.2 Selection of Isolation Working Point . . . . . . . . . . . . . . . . . . 29

6.2 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

7 The Fake Factor Method 37

7.1 Origin of Fakes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

7.2 Fake Factor Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

7.3 Z+jets Control Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

7.4 Electroweak Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

7.5 Fake Factor Computation . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

7.6 Same Sign Control Region . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

7.7 Closure test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

7.8 Investigation of Flavor Composition . . . . . . . . . . . . . . . . . . . . . . 45

7.9 Fake Estimation in the Main Analysis Region . . . . . . . . . . . . . . . . 47

8 Summary and Conclusion 49

8.1 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

A Cutflows 57

B Figures 61

C Tables 67



1. INTRODUCTION 1

1 Introduction

The idea that fundamental building blocks constitute the universe has been around for

millennia, and is still generally accepted today. Though the building blocks have for long

time been a mystery, much light has been shed on the matter since the discovery of the

atom. In the last 50 years there has been tremendous progress due to the introduction

of the Standard Model (SM), which attempts to describe all fundamental matter and

interactions. It is to this day one of the most powerful models, with impressive predictive

power despite having a few glaring weaknesses. For example, the SM describes three of

the four fundamental forces with great accuracy, but gravity is excluded from the theory.

Due to having great predictive power while at the same time being incompatible with

other observations, there is great incentive to extend the SM. This thesis focuses on one

such extension.

With the discovery of the Higgs boson h by both the ATLAS and CMS experiments

[1,2] in 2012, many opportunities to study new physics have opened up. A large number

of collaborations at the Large Hadron Collider (LHC) conduct massive experiments in

order to investigate extensions of the SM. One such extension predicts the existence of

a heavy boson X that decays into h and a singlet scalar S. The h and S bosons can

then decay into a pair of different flavor opposite-sign leptons. As many SM processes

produce similar final states, the signatures of X and S decays are exceedingly difficult

to detect. This thesis focuses on the optimization of the selection of events in order to

suppress background contribution and maximize signal yields, as well as the estimation

of background due to misidentified leptons in the W+jets process. The analysis uses

the LHC Run 2 data recorded by the ATLAS detector [25] at a centre-of-mass energy of

13 TeV with a luminosity of 139 fb−1.

1.1 Outline of Thesis

Three separate studies were performed for the optimization. In order to reduce the amount

of misidentified leptons that enter the analysis, constraints on the isolation of a lepton can

be requested. There exists a variety of isolation working points, where the optimal choice

is dependent on the analysis. The optimization of isolation working points in this analysis

is described in Section 6.1. The selection of events based on kinematic quantities is also

a useful tool to suppress the background. The optimization of the event selection is done

using a multidimensional scan, and is described in Section 6.2. The misidentification of
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leptons due to detector dynamics is difficult to model using Monte Carlo (MC) simulations.

The rate of misidentification therefore needs to be accounted for in other ways, and is

predicted using the Fake Factor method. This method is explained in Section 7. A brief

introduction the SM is given in Section 2 along with an introduction of the X and S

bosons. Section 3 provides background of the LHC and the ATLAS experiment, with

some introduction to the coordinate system and the kinematic variables. The data and

MC samples are specified in Section 4 and the reconstruction of objects along with the pre-

selection are described in Section 5. Finally, Section 8 offers a summary and conclusion

of the thesis.
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2 Theoretical Background

2.1 The Standard Model

The SM [3,4] is the current best attempt at describing the fundamental structures of the

universe. Many of the theoretical building blocks were formulated by numerous scientists

from all over the world during the 20th century, and it was not until 1978 that the current

view of the SM was formulated [3]. Since then, the discovery of the top quark [5], the

tau neutrino [6] and the Higgs boson have further established the SM as the current

theory of everything. Despite the overwhelming success of the theory, it also has a few

glaring weaknesses. The main limitations of the SM include the inability to describe

gravity as the forth fundamental force, the matter/antimatter asymmetry problem, the

exclusion of dark matter, and the seemingly ambiguous masses of some of the fundamental

particles [7]. Because of this dichotomy of being one of the most accurate theories while

simultaneously having obvious flaws, there is great incentive to further investigate the

theory and its extensions. Phenomena that can not be explained using the SM as well

as theories that go beyond the SM are usually called Beyond Standard Model (BSM)

physics. This thesis will investigate such BSM physics after a brief overview of the SM in

its current state.

2.1.1 The Elementary Particles of the Standard Model

Elementary particles are particles that thus far has shown no further internal structure.

They are according to current understanding the fundamental building blocks of all mat-

ter. A collection of all particles of the SM can be seen in Figure 1. Each particle has

a unique set of intrinsic properties such as electric charge, mass and spin. The spin of

a particle represents an intrinsic angular momentum and is usually used to divide the

particles of the SM into two main categories; the fermions and the bosons.

2.1.2 Fermions

The fermions are half-integer spin particles (1
2
, 3

2
, 5

2
...) which means they follow the Pauli

Exclusion Principle. The Pauli Exclusion Principle forbids any two fermions from being

in the same quantum state. This allows the fermions to be the building blocks of the

ordinary matter we see around us as no fermions can collapse into the same point in

space time. The fermions are additionally divided into two groups known as the quarks
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Figure 1: The elementary particles and the force carriers of the SM. Modified from Ref. [8].

and the leptons. There are six quarks that come in three different families. The first

family consists of the up (u) quark with an electric charge q = 2/3 and the down (d)

quark with q = −1/3. Different combinations of these quarks make up the protons and

neutrons which form the core of atoms, meaning only these two quarks make up a majority

of the world we inhabit. The other families retain similar structure as the first family,

but with increasing mass for each quark. The next family thus consists of the charm (c)

and strange (s) quark and the final family consists of the top (t) and bottom (b) quark.

The top is the heaviest quark with a sizable mass of mtop = 173.2 GeV compared to the

up quark, being the lightest quark at mu = 2.3 MeV.

Quarks cannot be observed alone due to a phenomenon known as color confinement,

meaning they always form composite particles known as hadrons. Different combinations

of quarks allow a vast variety of hadrons to exist, most of which are unstable. In fact,

only the proton and neutron are observed to be stable for any meaningful amount of time

inside atomic nuclei, which is why they make up most of the matter around us.

As in the case of the quarks, the leptons also exhibit this pairwise structure where they

can be divided into families. In each family there is a charged lepton and its associated

neutral neutrino. The charged leptons are the electron (e−), the muon (µ−) and the tau-

lepton (τ−) and they have the associated neutrinos electron neutrino (νe), muon neutrino
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(νµ) and tau neutrino (ντ ) in their respective family. The charged leptons have similar

properties to each other except for their significant differences in mass. The heavier

charged leptons thus decay very quickly leaving the electron as the only stable charged

lepton. The remaining leptons are the elusive neutrinos, the reason for which will be

discussed in short. Although observed to have some low but non-zero mass, the SM in its

current states predicts them to be massless [4].

This concludes the fermions of the SM with one important exception; each particles

has an antiparticle associated with it. An antiparticle has identical mass of the original

particle, but with opposite charge. A particle-antiparticle pair in contact can annihilate

each other producing new particles, often a pair of photons.

2.1.3 Bosons

In general it is said that there are four fundamental forces which the fermions interact via;

the strong force, the weak force, the electromagnetic force and gravity. As in the case of

the mass of the neutrinos however, gravity is not included in the SM despite its apparent

existence and will not be dealt with here. The remaining three forces are mediated by the

gauge bosons shown in color in Figure 1. All gauge bosons possess a spin of 1, giving them

the name vector bosons. The mediation of force through the gauge bosons is responsible

for all interaction and subsequently the binding of particles. In the following section each

force will be described briefly.

The electromagnetic force is mediated by the photon (γ) and is responsible for ev-

erything from magnets to flashlights. It is the force that is at the core of all modern

electronics, as well as being responsible for binding atoms together. Since the photon is

a massless particle, the range of the electromagnetic force tends to the infinite. It affects

all particles except the neutrinos. The electromagnetic force is usually described by the

theory of quantum electrodynamics (QED).

The weak force is unique as it has three bosons associated with it; the charge neutral Z

boson (Z) and the chargedW bosons (W±). The weak force is responsible for phenomena

such as radioactive decay of atoms and fission. Due to the relatively high mass of the Z

and W± bosons, the range of the weak force is rather short. It can be approximated to

only reach about 0.1% of the diameter of a proton [9]. Despite being a rather short and

weak force, it does affect all particles of the SM. As can be seen in Figure 1, the neutrinos

are the only fermions which are only affected by the weak force. This means that their

probability of interaction is very low, making them substantially difficult to measure in
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experiments.

The strong force is mediated by the gluon (g) and it only affects the quarks and the

gluons themselves. Because of its considerable strength and short range compared to the

other forces, it is often said that the gluons glue quarks together to form the previously

mentioned hadrons. Multiple hadrons can also come together under the strong force to

form atomic nuclei.

2.2 The Higgs Boson

The most recent addition to the SM is the h boson. [4] [10]. It is a result of a mechanism

for spontaneous breaking of gauge symmetries that was first proposed in 1964 by Englert

& Brout, Higgs and Guralnik et al. [10, 11]. The theory helped explain why the gauge

bosons of the weak force had such high mass compared to the massless bosons of the

electromagnetic and strong force. An ever-permeating complex scalar quantum field that

spans the entire universe was postulated and the excitation of this field into a quantum

would be known as the Higgs boson. Such postulation of an ever-permeating field might

seem arbitrary but in fact such field is one of the fundamental assumptions of Quantum

Field Theory [12] (QFT), one of the theories the SM is based upon. Despite the wide suc-

cess of QFT, it predicted the masses of the gauge bosons to be zero which was considered

unreasonable. The addition of the Higgs field which the gauge bosons couple to gave a

solid explanation as to where they obtain their mass from. Intuitively the field is often

explained analogous to a viscous fluid which the particles have to traverse, and the more

the particles interact with the fluid the more massive they appear. In other words; the

mass of the particles is proportional to the coupling strength to the Higgs field, explaining

the difference in mass between the gauge bosons. Likewise, the masses of the fermions

are also generated from the Higgs field through something called Yukawa interaction.

There exists a multitude of possible production mechanisms for the Higgs boson al-

though the probability of producing it in any given collision is low. The four most common

production mechanisms can be seen in Figure 2 where the most dominant one is gluon

fusion (ggf). Here two gluons interact via the exchange of a virtual top quark to produce a

Higgs boson. The second most common production mechanism is the vector boson fusion

(VBF) where two (anti-)quarks are scattered through the exchange of a Z or W boson, of

which a Higgs boson can be radiated off. The third most relevant production mechanism

is known as Wh- and Zh-associated production or Higgs-strahlung (Vh). This is a result
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Figure 2: Feynman diagrams for the four most prevalent production mechanisms of the
Higgs boson. Modified from Ref. [4].

of a collision between a quark and an anti-quark, producing a Z or W boson which can

emit a Higgs boson. Finally, there is the top associated production (htt) where the Higgs

boson is radiated from the production of top quarks.

2.3 Beyond Standard Model Physics

2.3.1 Heavier Scalar Bosons

The first Higgs bosons were discovered in 2012 at the LHC by both the ATLAS [1] and

CMS [2] experiments. The measurements were found to be consistent with the predictions

which further established the accuracy and predictive power of the SM. Despite this, some

statistically significant excesses were found in the data obtained during the Run 1 period

of the LHC [13]. As discussed in references [13–17], the introduction of a heavy scalar X

could explain many of the anomalous features. The results in Ref. [13] show that with

only the parameter β2
g , which is the scale factor for the production cross section of X,

their data could be fit with a significance of 3σ. They also found that the best fit mass

of X was mX = 272+12
−9 GeV.

Another scalar boson S was further postulated as a potential decay product of X,
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allowing X to decay into SS, Sh and hh. The mass of S is usually studied in the mass

range mh < mS < mX −mh where mh = 125 GeV is the mass of the Higgs boson, mS is

the mass of S and mX is the mass of X, usually fixed to mX = 270 GeV. For the Run 1

data, the best fit mass of S was found to be mS = 150 GeV. The S boson is assumed to

not be directly produced in collisions, but instead through the decay of X. The dominant

decay channel for the production of S is assumed to be X → Sh, which is the focus

of this thesis, is usually simplified to have a 100% branching ratio (BR). The prevalent

production channels for X and its subsequent decay modes into Sh can be seen in Figure

3.

Figure 3: Feynman diagrams for the most prevalent production modes of X and its decay
modes into Sh. Modified from Ref. [16].

2.3.2 Multi-lepton Final States

The end of Run 2 in December 2018 at the LHC [31] introduced a larger set of data with

improved statistics allowing for further investigation of the previously described excesses.

In general, most features of the data that sparked the investigation of heavier scalar bosons

persisted or were magnified [15]. This created greater incentive to further investigate the

possibility of heavier scalar bosons. As in the case of the Higgs boson, neither X nor S can
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be observed directly in a detector and one has to instead examine their decay products.

As stated earlier, S is a decay product of X meaning that one has to ultimately examine

the decay products of S. There exist some models of this decay out of which this thesis

will focus on a Higgs-like S model where S is assumed to have globally re-scaled Higgs-like

couplings [15]. Here the couplings are assumed to be suppressed by some yet undefined

BSM physics resulting in a Higgs-like coupling hierarchy to the Standard Model particles.

This results in a relatively small cross section of the S, although its BRs are the same as

a higher-mass Higgs boson. In this model, S decays prevalently to W and Z boson pairs

as mS approaches ∼ 2mW . The BRs as a function of the mass of h can be seen in Figure

4. The S boson will thus produce multi-lepton final states, mostly through the decay of

W and Z bosons. In this analysis, only electron and muon final states will be considered

due to the increasing complexity resulting from the combinatorics of three lepton flavors.

Three different mass points for the X and the S are considered. Preferably the entire

range of plausible masses for the bosons would be scanned, but because of limitations on

the amount of signal samples that can be requested, the analysis has to be restricted to

three choices. The selected signal mass point configurations can be seen in Table 1.

Table 1: Mass configuration of the three signal mass points used in this analysis.

Notation mX [GeV] mS [GeV]
X240S170 240 170
X350S240 350 240
X400S240 400 240
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Figure 4: Branching ratios and total width of the SM Higgs boson. Ref. [18].
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3 Experimental Background

3.1 The Large Hadron Collider

The Large Hadron Collider [20] is the world’s largest particle collider and is hosted by the

European Organization for Nuclear Research (CERN). It is a two-ring circular accelerator

that forms a ring with a circumference of 27 km deep underground under the French-Swiss

border outside Geneva. Two beams of protons or heavy ions are accelerated in a counter-

rotating fashion at velocities approaching the speed of light. The beams are then focused

such that they collide with each other at four designated interaction points where the

collisions can be recorded. Extreme energies are required to produce massive particles,

and higher energies allows for increasingly massive particles to produce. The LHC is

therefore continually upgraded to increase the energy, often measured as centre-of-mass

energy, denoted
√
s. Run 1 of LHC started out at

√
s = 7 TeV in 2010-2011 but was

upgraded in 2012 to achieve
√
s = 8 TeV [30]. The second run of LHC was operated at

√
s = 13 TeV in the period 2015-2018 [31].

In order to accelerate protons to such high
√
s, they need to already have sufficient

energy when they enter the main rings. The process of producing protons with high

enough energy is a complicated multi-step process that briefly will be described here.

The protons are produced by stripping the electrons off hydrogen gas allowing them be

accelerated in a linear accelerator called Linac2. In this first step they are accelerated to

an energy of 50 MeV. Subsequently, the protons are directed to the Proton Synchrotron

Booster (PBS) where they are further accelerated to an energy of 1.4 GeV. The next step

is the Super Proton Synchrotron (SPS) where the protons reach an energy of 450 GeV.

At this point the protons have high enough energy to be injected into the LHC where

they are finally accelerated up to 6.5 TeV in each direction to be able to produce the final

centre-of-mass energy at
√
s = 13 TeV. A schematic view of the aforementioned acceler-

ators can be seen in Figure 5 along with the LHC and other accelerators and experiments.
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Figure 5: Schematic view of the Large Hadron Collider and its neighboring experiments
and accelerators. Ref. [21].

In order to detect and record the collisions from the protons or heavy ion beams, four

major experiments are stationed along the LHC as seen in Figure 5. A brief explanation

of each experiment will be given here. The ALICE (A Large Ion Collider Experiment)

experiment [22] is a general purpose and heavy-ion detector. It focuses on strongly inter-

acting matter and quark-gluon plasma at extreme energy densities and temperatures in

nucleus-nucleus collisions. It is therefore mostly used to examine Pb-Pb and Pb-p colli-

sions. The LHCb (Large Hadron Collider beauty) experiment [23] is devoted to precise

measurements of CP violation and rare decays of beauty and charm hadrons. For this

reason, the detector geometry differs from the other experiments as its a single-arm for-

ward spectrometer. This is because at high energies b hadrons are produced in the same

forward or backward cone, close to the beam line. The CMS (Compact Muon Solenoid)

experiment [24] hosts a multi-purpose detector which is used for various searches and

investigations. It is often used in tandem with the ATLAS (A Toroidal LHC ApparatuS)



3. EXPERIMENTAL BACKGROUND 13

experiment [25], also a general purpose detector, as they can offer extensions and support

each other. The next section offers a more detailed description of the ATLAS experiment

as it provided the data used in the analysis of this thesis.

3.2 The ATLAS Experiment

The ATLAS detector [25] is the largest general purpose detector at the LHC. Because

of this, it is designed to be utilized for a variety of investigations such as the search

for supersymmetry, new heavy W - and Z-like bosons, exotic Higgs bosons as well as high

precision measurements of electroweak interactions, QCD and flavor physics. The detector

is therefore optimized to be able to measure a broad range of physics processes, which

results in it having a layer-like structure made of many high precision instruments. It is

constructed in a cylindrical shape centered around the beam line and is 25 m in height and

42 m long weighing roughly 7000 tonnes. It is forward-backward symmetric relative to the

interaction point. In order to reconstruct and identify charged particles it uses a tracking

system, allowing for the measurement of particle momentum, identification of electrons

and photons, and jet tagging. The calorimeters of ATLAS allow for accurate energy

measurements of hadronic and electromagnetically interacting particles. The calorimeters

are surrounded by muon spectrometers, used for the measurement of muons. The detector

layout can be seen in Figure 6. The following sections describe the subsystems of ATLAS

in further detail.

3.2.1 The Coordinate System and Kinematic Variables

In order to properly measure and track particles, a coordinate system is constructed

where the interaction point is defined as the origin and the z-axis is defined along the

beam line [25]. The x-y plane is transverse to the beam direction where the x-axis is

pointing from the interaction point to the centre of the LHC while the y-axis is pointing

upwards. Cylindrical coordinates are also used in the transverse plane where φ is the

azimuthal angle, measured around the beam axis, and the polar angle θ is the angle

measured from the beam axis. The pseudorapidity η is often used as a measurement of

angle from the beam line, and is defined as

η = − ln tan(θ/2). (1)
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Figure 6: Cross-section view of the ATLAS detector. Ref. [25].

It is zero for particles moving directly perpendicular to the beam line (θ = 90o) and

approaches infinity for particles moving along a small polar angle. The angular separation

between particles is defined as

∆R =
√

∆η2 + ∆φ2 (2)

where ∆η and ∆φ are the differences in azimuthal angle and pseudorapidity between the

particles.

It is often advantageous to define some kinematic variables using the transverse com-

ponents in the x-y plane due do being invariant under Lorentz boosts in the z direction.

The missing transverse energy Emiss
T is a measurement of the missing energy of the system

due to particles not interacting with elements of the detector. This can be a result of

weakly or non-interacting particles such as neutrinos, or malfunctions in the detector. It

is defined as

Emiss
T =

√
(Ex

T)2 + (Ey
T)2. (3)

Similarly, the transverse momentum

pT =
√

(px)2 + (py)2, (4)
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is defined as the momentum perpendicular to the beam axis. Together these two kinematic

variables can be used to express the transverse mass, which is defined as

mT =
√

2pTEmiss
T (1− cosφ). (5)

3.2.2 The Inner Detector

The first detection system surrounding the beam line is called the inner detector [25].

It tracks charged particles above pT > 0.5 GeV and within the pseudorapidity range

|η| < 2.5 and provides accurate momentum resolution, primary and secondary vertex

measurements, charge identification and the direction and origin of tracks. It is also used

to identify electrons with pseudorapidities of |η| < 2.0 and energies between 0.5 − 150

GeV. The inner detector comprises of three independent sub-detectors at different radii

with respect to the beam line. The Transition Radiation Tracker (TRT) is the outmost

sub-detector system, enveloping the Semiconducting Tracker (SCT) system which in turn

envelops the silicon pixel detector (Pixel). All subsystems take on a cylindrical shape in

a layered structure around the beam line, and are in turn enveloped by a 2 T solenoid

magnetic field. The general layout of the inner detector can be seen in Figure 7.

Because of the massive flux of particles (high luminosity) close to the interaction points,

the Pixel detector is designed to have very high granularity. It is therefore well suited

for impact parameter- and vertex reconstruction, which is essential for identifying the

origin of the initial collision as well as measuring secondary vertices’s resulting from the

decay of primary particles. It is also used for b-tagging, which is a method for identifying

jets originating from b quarks and distinguishing them from jets originating from lighter

quarks. The Pixel detector contains a total of 1744 identical pixel sensors. The external

dimensions of each pixel sensor is 19×63 mm2, though the nominal pixel size ends up at

50×400 µm2 due to readout electronics. Each sensor contains 47323 pixels but because

of limited space there are a total of 406080 readout channels. In total, the Pixel detector

contains over 80 million readout channels.

The SCT [26] surrounds the Pixel detector and is important for accurate measurements

of momentum, but also help in the measurements of impact parameter and vertices. It

consists of a total of 4088 modules of silicon-strip detectors out of which 2112 modules

are contained in the barrel region where they are stacked in four cylindrical layers. The

remaining modules are contained in two end-caps each containing nine stacked disc-like

layers.
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Figure 7: Drawing of the detector elements and structural components of the inner de-
tector. Ref. [25].

The final subsystem of the inner detector is the TRT [27], which consists of 300000

straw detectors packed closely together parallel to the beam line. Each straw detector is

a drift tube with a diameter of 4 mm containing a xenon-based gas mixture that allows

for production of transition radiation from passing charged particles. The transition radi-

ation is a result of charged particles crossing boundaries of media with different dielectric

constants. The TRT exploits the fact that the probability of emitting transition radia-

tion for a given particle is proportional to its Lorentz γ-factor, and is used to distinguish

electrons and pions having a pT up to 100 GeV, along with identification of other particles.

3.2.3 The Calorimeter Systems

The ATLAS calorimeters [25] surround the inner detector and are used to measure the

energy of particles and jets as well as the missing transverse energy. They consist of

sampling detectors with φ-symmetry, providing full coverage around the beam line. The

detectors have layered structure with alternating active and passive absorbing materials.

Incoming particles create electromagnetic or hadronic showers of secondary particles in
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the absorbing material which can be detected using the active layers allowing for accurate

measurement of energy. The absorbing materials interact independently of the charge of

particles, meaning that energies of neutral particles such as neutrons can also be measured.

There are two kinds of calorimeters in ATLAS, one is optimized for electromagnetic

interactions and the other hadronic interactions. The different calorimeter systems can

be seen in Figure 8.

Figure 8: Cut-away drawing of the ATLAS calorimeters. Ref. [28].

The electromagnetic calorimeter consists of high-granularity elements and is divided

into a barrel (|η| < 1.475) and two end-caps (1.375 < |η| < 3.2). It uses liquid argon as

the active layer and lead as the passive layer. The lead absorbs the energy of particles that

interact electromagnetically, mainly photons and electrons causing them to deposit energy

in different forms depending on the particle. For example, electrons emit bremsstrahlung

and photons convert to e+e− pairs forming electromagnetic showers. The charged particles

can then enter a layer of liquid argon, creating a trail of ionization which can be read as

an electrical signal. Hadrons and muons pass in a relatively non-interacting manner while

neutrinos pass directly through as they only interact weakly.

The hadronic calorimeter is placed directly outside of the electromagnetic calorimeter.

It measures the energy and direction of particles that pass through the electromagnetic

calorimeters, such as hadronically decaying leptons and jets. The hadronic calorimeter

consists of three calorimeter systems: the tile calorimeter (TileCal), the liquid argon (LAr)
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hadronic end-cap calorimeter (HEC) and the LAr forward calorimeter (FCal). The TileCal

barrel covers the region |η| < 1.0 along with its extended barrels that cover the region

0.8 < |η| < 1.7. It uses steel as its absorbing layers and plastic scintillating tiles as the

active layers. When a charged particle passes through the scintillators, valence electrons

are excited which emit excess energy as photons. These photons are then detected and

amplified using photomultiplier tubes which create a signal. The HEC consists of two

wheels per end-cap and covers the region 1.5 < |η| < 3.2 where liquid argon is used as the

active medium and copper as the passive absorber. The FCal is situated in the forward

region and covers the range |η| < 4.9. It consists of three modules where the first uses LAr

and copper as the active and passive layers while the remaining modules use tungsten as

the passive layer.

3.2.4 Muon Spectrometer

The outmost detector system at ATLAS is the muon spectrometer [25]. The only particle

that in principle travels through the preceding detector systems (with the exception of

non- or weakly interacting particles like neutrinos) is the muon, and thus a separate

muon spectrometer is required. It consists of four subsystems that together perform high

precision tracking and triggering. The tracking is made possible by the muon system

being contained in a toroidal magnetic field of ∼ 0.5 T inside the barrel and ∼ 1 T

at the end-caps. Monitored Drift Tubes (MDT) and Cathode Strip Chambers (CSC)

are used for high precision tracking in the barrels and end caps respectively, covering

the range |η| < 2.7. Resistive Plate Chambers (RPC) are used as triggers inside the

barrel (|η| < 1.05) while Thin Gap Chambers (TGC) are used as triggers at the end caps

(1.05 < |η| < 2.4). The different subsystems are highlighted in Figure 9.

3.2.5 Data Collection and Triggers

The collection of data is a complicated process that requires multiple systems because

of the high luminosities at ATLAS. The Data Acquisition (DAQ) system, the Detector

Control System (DCS) and the timing- and trigger-control logic systems are all used in

the data acquisition and they are all in turn partitioned into subsystems [25].

The trigger system of ATLAS consists of two levels: a hardware-based first level (L1)

and a software-based high level trigger (HLT). The L1 trigger runs with a latency of 2.5 µs

which reduces the event race from the LHC interaction rate from approximately 40 MHz

to 100 kHz [29]. For every measured event, the L1 trigger defines Regions-of-Interests
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Figure 9: Conceptual layout of the ATLAS muon system. Ref. [25].

(RoI) using the coordinates η and φ to record regions where potentially interesting fea-

tures were identified. The RoI data contains information about identified features and

what criteria was passed, and is subsequently passed to the HLT. The HLT consists of

reconstruction algorithms that are run using approximately 40000 processor cores, allow-

ing decisions to be made typically within 300 ms. It provides around 2500 independent

trigger chains which are executed within the RoIs defined by the L1 trigger allowing for

full-event reconstruction. Events that are accepted by the HLT are written into data

streams to be used for detector calibration, trigger analysis and physics analysis.
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4 Data and Simulation

4.1 Data

There has thus far been two major data acquisition periods at the LHC referred to as

Run 1 [30] and Run 2 [31]. They were separated by a shut-down period of roughly three

years dedicated to maintenance and upgrades to the LHC and the experiments. Run 1

operated at a centre-of-mass energy of
√
s=7-8 TeV in the period 2009-2012, reaching

a recorded luminosity of 21.3 fb−1. Run 2 operated at
√
s = 13 TeV during the period

2015-2018, and provided the data used in this analysis. The luminosity delivered by the

LHC was increased throughout Run 2 reaching as high as 153 fb−1, out of which 146

fb−1 was recorded by ATLAS and 139 fb−1 was considered data of good quality [32]. The

progression of the luminosities over the Run 2 period can be seen in Figure 10.

Figure 10: Progression of the total integrated luminosity in ATLAS during the Run 2
period. Ref. [33].

4.2 Background Samples

All processes that produce final state dileptons with opposite charge and different fla-

vor contribute to the background. The most dominant contribution to the background

comes from correctly identified SM processes although fake background and lepton charge

misidentification must also be taken into account. Background and signal samples are
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modeled using MC generators where the choice of generator is dependent on the process.

The event generators and event generator settings used in this analysis are presented in

the following section. A summary is presented in Table 2.

The production and decay of the Higgs boson are simulated for all main production

modes: ggF, VBF, Vh and htt (see Section 2.2). The standard Higgs mass of mh = 125

GeV is used for all samples. The samples are generated using Powheg [34] + Pythia

8.210 [35] where the CTEQ6L1 [36] parton distribution function (PDF) is used with the

AZNLO [37] tune.

Top quark associated events events are generated in two distinct ways. Samples in-

cluding tt and tW are generated using Powheg + Pythia8 while samples including

ttW , ttZ and tZ are generated using MadGraph5 [38] + Pythia8. In both cases, the

NNPDF2.3LO [39] is used with the A14 tune [39]. The mass of the top quark is set to

mt = 175.5 GeV.

Wγ and Zγ (V γ) samples are generated using Sherpa 2.2.8 [40] with the NNPDF3.0NNLO

PDF and the Sherpa Default tune. The transverse momenta of both processes are re-

quired to be pT > 7 GeV, and the distance in the η − φ plane is restricted to ∆R > 0.1.

The leptons from the Z boson in the final states are also required to have mll > 2 GeV.

Triboson (WWW , WWZ, WZZ, ZZZ) and Diboson (WW , WZ, ZZ) samples are

produced using Sherpa 2.2.2. In both cases, NNPDF3.0NNLO is used for the PDF with

the Sherpa Default tune.

W → eν/µν/τν+jets or simply W+jets samples are generated with Powheg +

Pythia8, using the CTEQ6L1 PDF with the AZNLO tune. In addition to MC samples,

a data driven method is also used to model the W+jets processes more accurately and

is described in Section 7. Z+jets events are produced with Sherpa 2.2.1 using the

NNPDF3.0NNLO PDF and the Sherpa default tune.

Table 2: Summary of the event generators, PDF’s and tunes for the different background
processes used in the X → Sh analysis.

Process Event Generator PDF Tune
Higgs Powheg + Pythia8 CTEQ6L1 AZNLO
Top
tt, tW Powheg + Pythia8 NNPDF2.3LO A14

ttW, ttZ, tZ MadGraph5 + Pythia8 NNPDF2.3LO A14
V γ Sherpa 2.2.8 NNPDF3.0NNLO Sherpa default

Triboson Sherpa 2.2.2 NNPDF3.0NNLO Sherpa default
Diboson Sherpa 2.2.2 NNPDF3.0NNLO Sherpa default
W+jets Powheg + Pythia8 CTEQ6L1 AZNLO
Z+jets Sherpa 2.2.1 NNPDF3.0NNLO Sherpa default
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4.3 Signal Samples

TheX → Sh signal samples are generated using Pythia 8.210 at leading order. NNPDF23LO

is used for the PDF with the A14 tune. The samples are produced for the three different

signal mass points described in Section 2.3.2 with the Higgs mass set to mh = 125 GeV.

The samples are produced such that they are inclusive of all possible decays of S and h.

A multi-lepton filter is applied, requiring at least 2 leptons with transverse momentum

pT > 8 GeV in the region |η| < 3. The filter has an efficiency of ∼ 4-12%. Table 3

summarizes the settings for each signal mass point.

Table 3: Signal samples of the three different signal mass points for the X → Sh analysis.

Process mX ,mH [GeV] Event Generator PDF Tune
X → Sh 240, 170 Pythia8 NNPDF23LO A14

350, 240 Pythia8 NNPDF23LO A14
400, 240 Pythia8 NNPDF23LO A14
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5 Object Reconstruction and Pre-selection

In order to conduct an analysis, the electrical signals recorded by the detector systems

described in Section 3.2 need to be reconstructed and identified. The X → Sh search

focuses mostly on final state electrons, muons, jets and b-tagged jets. Their method of

reconstruction and identification will be described in this chapter.

5.1 Leptons

The lepton selection in this analysis is conducted such that the rejection of fake lepton

background is maximized while the loss in signal efficiency is minimized. Only leptons

that originate from a primary vertex (see Section 3.2.2) are considered, and if there is

more than one primary vertex for an event, only the one with the highest sum square

of track Σp2T is considered. In the primary vertex construction, only tracks which pass

quality cuts with pT > 500 MeV are selected.

Misidentified leptons can cause significant contamination and need to be dealt with

efficiently. This can be done by the exploitation of the impact parameter, which is deter-

mined by the point of closest approach between the primary vertex and a track [41]. There

are two distinct kinds of impact parameter depending on its orientation in the 3D plane.

The transverse impact parameter d0 measures the distance between the point and the

primary vertex in the x-y plane and the longitudinal impact parameter z0 is the distance

in the z plane along the beam axis. The significance of the transverse impact parameter

is used for the selection, and is defined as |d0|/σ(d0) where σ(d0) is the uncertainty in d0.

It is used to select for electrons with |d0|/σ(d0) < 5 and muons with |d0|/σ(d0) < 3. The

longitudinal impact parameter is multiplied by sin θ and its absolute value is required to

be |z0 sin θ| < 0.5 mm for both leptons.

In order to reduce the number of misidentified leptons, one can require criteria on the

isolation. There exists a wide variety of isolation working points which are being regularly

updated. The choice of isolation is dependent on the the details of the analysis, and the

choice for this analysis will be detailed in Section 6.1.

5.2 Electrons

To be able to distinguish electrons from other objects such as photons and jets, identi-

fication and isolation requirements are used. The identification is based on a likelihood
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method described in Ref. [42]. There are three levels of identification called LooseLH,

MediumLH and TightLH with average identification efficiencies of 93%, 88% and 80% re-

spectively. In this analysis, TightLH is used for electron with pT < 25 GeV and MediumLH

is used otherwise. In order to require reconstructed electrons to only be reconstructed

from real electrons, the setting Author = 1 is used. Electrons are also required to have

pseudorapidities of |η| < 2.47 with the exception of 1.37 < |η| < 1.52 due to the transition

region between the barrel and the end-caps in the LAr calorimeter. The aforementioned

selection is summarized in Table 4.

Table 4: Selection for identified electrons.

pT range Electron ID η range Author Impact parameter

< 25 GeV LHTight |η| <1.37, 1.52 < η < 2.47 1 |z0 sin θ| < 0.5 mm,
|d0|
σ(d0)

< 5

> 25 GeV LHMedium |η| <1.37, 1.52 < η < 2.47 1 |z0 sin θ| < 0.5 mm,
|d0|
σ(d0)

< 5

5.3 Muons

Muons are reconstructed using mostly information from the inner detector and the Muon

Spectrometer, although the calorimeters are also used to some extent. Ref. [43] provides

a detailed description of how the reconstruction is conducted. Muon candidates are cate-

gorized as either Loose, Medium or Tight based on the quality of the reconstruction and

only Tight quality muons are considered in this analysis. Selected muons are required to

be within the pseudorapidity range of |η| < 2.5. The muon selection is summarized in

Table 5.

Table 5: Selection for identified muons.

pT range Muon ID η range Impact parameter

> 15 GeV Tight |η| < 2.5 |z0 sin θ| < 0.5 mm,
|d0|
σ(d0)

< 3

5.4 Jets

Because of the effects of color confinement, quarks and gluons produced in collisions

rapidly hadronize. A shower of hadrons then continues to travel in the same direction

as the original parton due to the conservation of momentum, producing multiple energy

deposits in the calorimeters. Because of the abundance of quarks and gluons in any given
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collision, it is advantageous to consider such a collection of particles a single object called

a jet. The complexity arising from measurements of jets makes the definition of a jet

exceedingly important.

The anti-kt algorithm [44] is used to construct jets in this analysis with a radius

parameter of R = 0.4, implemented using the FastJet package [45]. Collections of positive

energy topo-clusters remaining after the energy subtraction step of the Particle Flow

algorithm are used as inputs to FastJet. The details of this process are beyond the scope

of this thesis, but are thoroughly explained in Ref. [46]. All jets are required to be in

the range of |η| < 4.5 and have a transverse momentum of pT > 20 GeV. EMPFlow jets

between 20 < pT < 60 GeV are required to pass JVT > 0.5 where JVT is the Jet Vertex

Tagger [47]. Jets in the range 20 < pT < 30 GeV are considered "sub-threshold" and are

used in the counting of b-tagged jets (see section 5.5) while jets with pT > 30 GeV are

included in the jet counting.

5.5 b-tagged jets

Events containing b-hadrons are of major interest as h→ bb is the primary decay channel

with the largest BR of the Higgs boson [48]. Reconstructed jets originating from a b

quark are therefore tagged and referred to as b-tagged jets or simply b-jets. The DL1r

b-tagging algorithm 1, which is a deep-learning neural network, is used to identify jets

containing b-hadrons. Jets originating from b-quarks must have pT > 20 GeV and be

within the region |η| < 2.5 to be considered b-jets. b-jets are also selected to have at least

85% efficiency, determined by simulated tt events.

5.6 Pre-selection

In addition to the above mentioned conditions, a set of event pre-selection requirements

are applied. Standard cuts on the overlap [50] of V γ and V jets, as well as jet cleaning [51]

are applied. Trigger selection and trigger matching are also applied, and are described in

Ref [52]. Exactly two leptons are selected to have different flavor and opposite charge,

giving the possible combinations e+µ− and e−µ+. The leading lepton, meaning that it

is the lepton with highest pT, is required to have a transverse momentum pT > 22 GeV

while the sub-leading lepton is required to have pT > 15 GeV. As some processes already
1The DL1r algorithm is an update of the DL1 algorithm [49]. No official documents on the DL1r

algorithm has been published as of writing this thesis.
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have a threshold on the dilepton invariant mass mll, a requirement on all leptons to have

mll > 10 GeV is used for consistency.
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6 Main Analysis Optimization

In order to maximize the signal yields while at the same time minimizing the background

yields, a main event selection can be constructed. The relative strength of signal yields

with respect to the background varies for different threshold requirements applied on the

kinematic variables. Setting up a selection that rejects regions of a kinematic variable

that is rich in background yields therefore enhances the signal efficiency. The kinematic

variables of interest in this analysis are

• Transverse momentum of the leptons, pllT

• Invariant mass, mll

• Transverse mass, mT

• Missing transverse energy, Emiss
T

• Angular separation between leptons, ∆Rll

• Difference in azimuthal angle, ∆φll

• Difference in pseudorapidity, ∆ηll

• Number of b-jets, nbjet.

The construction of the event selection is discussed in Section 6.2.

An effective method to evaluate the signal yield with respect to the background is to

calculate the significance. There exists a variety of definitions, and the choice depends on

the analysis. In this analysis, the approximate Poisson significance is used as the default

definition if nothing else is stated. It is defined as

σp =
√

2((s+ b) log(1 + s/b)− s) (6)

where s is the signal yield and b is the background yield. The Poisson significance is a

solid general purpose definition although sometimes too general, making it necessary to

introduce complementary definitions.

As will be investigated in Section 6.1, the choice of isolation is important in order to

minimize the amount of misidentified leptons. Due to misidentified leptons originating

mainly fromW+jets processes, an additional significance definition introduced in the 2020

H → WW ∗ optimization note [53] that takes the uncertainty of W+jets into account is
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used. It is defined as

σW+jets =
s√

s+ b+ δ2W+jets bkg + δ2Other bkg

, (7)

where δ2W+jets bkg is the uncertainty inW+jets background and δ2Other bkg is the uncertainty

in the total background excluding W+jets. As in the H → WW ∗ optimization note,

δ2W+jets bkg and δ2Other bkg are set to 40% and 10% respectively, as they represent conservative

estimates of the total systematic uncertainty affecting each process. This definition is

necessary as W+jets has a relatively small background contribution compared to the

total background. Using different isolation working points therefore only has minor effect

on the Poisson significance, as it only takes the total signal and background yields into

account. The H → WW ∗ definition is significantly more sensitive to different isolation

working points, and is used to select the best performing working point.

6.1 Optimization of Isolation Working Points

During the reconstruction of objects in the detector, it is not impossible that other parti-

cles are misidentified as leptons. Although muons run a low chance of being misidentified

due to being unique in fully penetrating the calorimeter, electrons have a relatively high

chance. This is due to there being numerous other particles such as charged hadrons

that leave curved tracks and deposit their energy in the EM calorimeter [54]. Correctly

identified leptons originate from hard interactions or decays of unstable states, such as

final-state radiation or mesons. Leptons that do not stem from hard interactions tend

to be surrounded by other particles and energy deposits, thus creating a distinguishable

feature of misidentified leptons. It is then possible to create isolation variables which can

be used to differentiate between prompt and non-prompt leptons. They are defined as the

ratio of the sum of the energy or momentum in a cone around the lepton, and the pT of

the lepton. The smaller the ratio, the larger the probability of the lepton being prompt

due to being more isolated.

There exists a variety of isolation working points [55] that are provided by the Isolation

and Fake Forum Group (IFF). Due to the difference in the reconstruction of electrons and

muons, some isolation working points are defined differently for each lepton. The isolation

working points considered in this analysis can all be found in Ref. [56] and are listed in

Table 6.
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Table 6: All isolation working points that were evaluated in this analysis and their desig-
nated lepton flavor.

Lepton Isolation Working Point
Electron FCHighPtCaloOnly

TightLoose
Muon FixedCutHighPtTrackOnly

FCTightTrackOnly
FCTightTrackOnly_FixedRad

Both FCTight
FCLoose

FCTight_FixedRad
FCLoose_FixedRad
FixedCutPflowLoose
PromptLeptonVeto

6.1.1 Initial Selection

Before evaluating the highest performing isolation working point for this analysis, an

initial selection was performed. All isolation working points follow standard definition

with the exception of TightLoose, which is defined as FCTight when pT < 25 GeV and

FCLoose otherwise. The preselection described in Section 5 was used with a cut on

pT > 30 GeV, and a region of mll < 150 GeV was constructed due to signal yields being

negligible at mll > 150 GeV. In order to gain further insight into the performance of

the isolation working points, the mll region was further divided into three sub-regions:

0 < mll < 50 GeV, 50 < mll < 100 GeV and 100 < mll < 150 GeV. As can be seen

in Figure 11, the majority of the signal yields are concentrated in the lower mll regions,

making the choice of the optimal isolation working point increasingly driven by such

regions. Each isolation working point is evaluated for each signal mass points, based on

the W+jets significance in each mll region. The highest performing isolation working

points are found to be FCTight, FCLoose and FCTightTrackOnly.

6.1.2 Selection of Isolation Working Point

In order to evaluate the highest performing isolation working points, they are applied sep-

arately for each lepton such that every combination was tested. The possible combinations

and their notations are listed in Table 7. Note that the working point FCTightTrackOnly

is defined for muons only which limits the total number of combinations to six. The same

selection as for the initial selection of isolation working points was used, as well as the
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Figure 11: Kinematic distribution of the dilepton invariant mass, normalized to unity. The
fully colored distributions correspond to yields of different background processes while the
empty distributions correspond to the yields of the signal mass points.

three regions of mll.

Table 7: The possible combinations of isolation working points for each lepton flavor.

Electron Muon Notation
FCTight FCTight eTight_mTight
FCTight FCLoose eTight_mLoose
FCLoose FCTight eLoose_mTight
FCLoose FCLoose eLoose_mLoose
FCTight FCTightTrackOnly eTight_mTightTrackOnly
FCLoose FCTightTrackOnly eLoose_mTightTrackOnly

There are some differences in dynamics depending whether the electron or the muon

is the leading lepton. One important difference is that the contribution from misidentified

leptons are higher for electrons, which makes a noticeable difference if the leading lepton

is an electron. The event yields are therefore split into two channels: eµ and µe, where

eµ denotes that the electron is the leading lepton and vice versa.

Tables 20 and 21 in Appendix A show the full event yields for the signal, total back-

ground and W+jets for the selection of isolation working points in the eµ and µe channel

respectively. The significance was calculated using Equation 7 for every combination of

isolation working point, in each mll range for every signal mass point. Figures 12 and 13

show the significances in the eµ and µe channel respectively where the uncertainties are

purely statistical. The larger uncertainties in the X240S170 mass point significances is
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a result of signal yields being relatively small compared to the other signal mass points,

giving poorer statistics. As can be seen in Figure 11, the X240S170 signal yields (indi-

cated by the red line) are negligible in the 100 < mll < 150 GeV region, and are omitted

from the significance calculation due to giving trivial results. Figures 12 and 13 show

that using the eTight_mTight working point meaning FCTight for both the electron and

muon gives the highest significance for all signal mass points and mll ranges, in both

channels. This is in line with the choice of isolation working point in the H → WW ∗

analysis [41], and is the choice of isolation in the following sections of this analysis.

Figure 12: The signal significance from Eq. 7 of each isolation working point for each
mass point in the eµ channel.
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Figure 13: The signal significance from Eq. 7 of each isolation working point for each
mass point in the µe channel.

6.2 Event Selection

The event selection is constructed by performing a scan on the significance for each main

kinematic variable (see Section 6). The kinematic variables are correlated of varying

degree, and it is important to take that into account when performing a significance

scan. Scanning the significance separately for each kinematic variable would ignore their

interdependency, making a multidimensional significance scan advantageous.

Before conducting a scan, histograms for each kinematic variable are defined. A cut

is then applied on a bin for each kinematic variable and the total Poisson significance is

evaluated. A new cut is then applied on the next bin for one of the kinematic variables,

and the significance is evaluated again. The process is repeated such that the scan is

performed by evaluating the significance for every combination of cuts, for each signal

mass point. The combination of cuts that give the highest significance out of all possible

combination should in principle be the optimal choice of cuts for the analysis region.

A multidimensional scan can be very computationally heavy due to scaling significantly

with the number of kinematic variables as well as the number of bins per variable. It is
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therefore necessary to reduce the number of inputs by making a few assumptions.

An initial assumption is that optimal threshold values found by using multidimensional

scanning are in the relative vicinity of optimal cuts found by scanning each kinematic

variable independently. This allows for the reduction of the scanning range and thus the

number of bins of each kinematic variable when using multidimensional scanning, reducing

the number of iterations of the algorithm drastically. This method is used conservatively

in order to not risk disregarding optimal cuts. Figure 14 shows normalized kinematic

distributions with the signal yields of the X240S170 mass point in the eµ + µe channel,

along with a significance scan. Figures 19 and 20 in Appendix B show the kinematic

distribution for the other signal mass points. The eµ + µe channel is the combination

of the eµ and µe channels, where the yields are added together. The blue line in the

significance scan denotes the significance if an upper cut is applied, rejecting all events

above that threshold. The red line denotes the significance if a lower cut is applied. The

choice of lower or upper cut is dependent on which cut preserves most of the signal yields

while rejecting the most background.

In order to further decrease the computational time, the number of dimensions in the

multidimensional scan is reduced by making a few assumptions. A cut on nbjets < 2 is

assumed as events with two or more b-jets contain only ∼ 10% of the total signal, and are

mostly dominated by the tt process. A cut on mll < 150 GeV is also assumed for the same

reason. Table 8 shows the optimal cuts determined by performing a multidimensional

significance scan for each signal mass point. As the signal is concentrated to higher

regions for a majority of the kinematic variables for the higher-mass signal mass points,

the optimal threshold value also increases. The only exception is Emiss
T , where no cut

was found that gave an increase in significance. The same pattern is seen in mT for the

X400S240 mass point, where a lower cut gives better significance due to the signal being

concentrated to higher regions.
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Figure 14: Normalized kinematic distributions in the eµ + µe channel where the signal
yields correspond to the X240S170 mass point.

Table 8: The best obtained cuts determined by performing a multidimensional significance
scan for each mass point.

X240S170 X350S240 X400S240
pllT > 25.5 GeV pllT > 34 GeV pllT > 34 GeV
mT < 184 GeV mT < 242 GeV mT > 10 GeV
Emiss

T > 0 GeV Emiss
T > 0 GeV Emiss

T > 0 GeV
∆Rll < 1.7 ∆Rll < 2.6 ∆Rll < 3.2
∆φll < 1.7 rad ∆φll < 2.5 rad ∆φll < 2.8 rad
∆ηll < 1.5 ∆ηll< 1.8 ∆ηll< 2.2
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Because the interdependency of the kinematic variables vary, some contribute heavily

in the evaluation of significance while others have insignificant effect. The significance can

be re-evaluated using the best-obtained cuts in Table 8 while removing one or multiple

cuts. If the change in total significance is minor when disregarding certain cuts, they can

safely be omitted from the event selection in order to have a straightforward selection while

preserving high significance. The upper section of Table 9 shows the change in significance

when removing one cut at a time for each signal mass point. The cuts that had the least

effect on the significance when removed were the cuts on ∆φll, ∆Rll and pllT. This is due

to the variables being correlated, and applying the cuts would mainly attempt to remove

the same Z+jets background (see Figure 14). Another evaluation of the significance was

performed while removing combinations of cuts on ∆φll, ∆Rll and pllT and the resulting

change in significance can be seen in the lower section of Table 9. Removing the cuts on

pllT and ∆Rll had the least impact on the significance on average across all three signal

mass points, and were subsequently omitted from the event selection.

Table 9: The changes in the significance when cuts on each kinematic variable for each
signal mass point. The uncertainties are purely statistical.

Removed cut Sign. (X240S170) Sign. (X350S240) Sign. (X400S240)
None 0.437± 0.011 1.384± 0.021 1.541± 0.022
pllT 0.437± 0.011 1.370± 0.020 1.501± 0.021
mT 0.422± 0.010 1.372± 0.020 1.541± 0.022
∆Rll 0.431± 0.010 1.377± 0.021 1.539± 0.022
∆φll 0.437± 0.011 1.383± 0.021 1.533± 0.022
∆ηll 0.435± 0.010 1.377± 0.021 1.536± 0.022
pllT, ∆Rll, ∆φll 0.338± 0.005 1.204± 0.005 1.375± 0.004
pllT, ∆φll 0.326± 0.010 1.368± 0.006 1.410± 0.005
pllT, ∆Rll 0.432± 0.010 1.361± 0.007 1.497± 0.006
∆Rll, ∆φll 0.377± 0.007 1.337± 0.006 1.527± 0.006

The final step in constructing the event selection is to determine a single selection for

all three signal mass points. In order to preserve high significance for all three signal mass

points, cuts that preserve most of the signal yields across all signal mass points are used.

For example, if the optimal cuts for the X400S240 were to be used, a significant portion

of the signal would be rejected for the lower signal mass points. The remaining cuts on

mT, ∆φll and ∆ηll for the X240S170 mass point are therefore used as baseline. The cuts

can then be varied slightly, and the significance can be evaluated for all three signal mass

points. The selection that gives the best overall significance across all signal mass points

is
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• Invariant mass, mll < 150 GeV

• Transverse mass, mT < 260 GeV

• Difference in azimuthal angle, ∆φll < 2.7

• Difference in pseudorapidity, ∆ηll < 1.5

• Number of b-jets, nbjet < 2.

Table 10 presents the full event selection with the signal yields and significance for each

signal mass point, and the total background yields in the eµ+µe channel. The significance

shows an increase for all three signal mass points as a result of the event selection.

Table 10: Cutflow of the full event selection with signal yields and significance in the
eµ+ µe channel.
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7 The Fake Factor Method

Although the ATLAS detector exhibits high efficiencies in the reconstruction of events, it

is not flawless. Dilepton decays originating from W bosons can occasionally be difficult

to distinguish from non-prompt leptons, resulting in jets and other particles sometimes

being misidentified as leptons. These fake leptons are simply referred to as "fakes". The

rate of misidentification is challenging to accurately model using MC simulation and needs

to be accounted for in other ways. In this analysis, W+jets is a large contributor to the

background and thus a major source of fakes. The fake factor method is a data-driven

technique that estimates the amount of misidentification efficiently, and will be described

in this chapter.

7.1 Origin of Fakes

The ATLAS detector provides excellent lepton identification which in general leads to

accurate background suppression. Only a small amount of jets get misidentified, but due

to standard W processes having high cross sections compared to signal processes they

need to be accounted for accurately. The misidentification of leptons can come from

a variety of sources depending on the lepton flavor [57]. Electron fakes can arise from

charged hadrons, semi-leptonic heavy-flavor decays and photon conversions. In the latter

two cases, real electrons are included in the final state although they are still considered

fake. Only the leptons produced from the decay of W bosons are considered real leptons,

and are referred to as prompt leptons. Muon fakes originate from semi-leptonic heavy

flavor decays or meson decays. In the case of both flavors, fake contribution is higher for

lower pT.

There are multiple reasons why the rate of fakes is not accounted for in the MC simu-

lation. In order to accurately predict the fake contribution, simulations of all misidentified

particles as well as the rate of misidentification would be required. The modeling of the

rates would also require accurate modeling of non-Gaussian tails of the detector response

to the jets. The sources of all fake leptons would also have to be predicted. Taking all

these factors into account would require significantly higher levels of detail in the MC,

making the fake factor method a more suitable choice [57].
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7.2 Fake Factor Method

The idea of the fake factor method is to select a control sample that is enriched in the

background being estimated, and use an extrapolation factor to relate those events to the

background in the main analysis. This extrapolation factor is what is known as the fake

factor. The control region is defined to select the background that is being estimated

in a way that increases the rate of misidentification. The number of fake leptons is

estimated by constructing a region where leptons that do not meet lepton identification

criteria still satisfy looser requirements designated for fakes. The tighter criterion is called

identified (ID) and is the same as described in Section 5. The looser criterion is called

anti-identified (anti-ID). The ID and anti-ID lepton requirements are listed in Tables 11

and 12 for electrons and muons respectively. The fake factor relates the number of fake

leptons that pass the full ID selection, to the number of fake leptons that pass the anti-ID

selection. Because of the different properties of electrons and muons, the fake factor is

measured separately.

An assumption of the fake factor method is that the efficiency of fake leptons depends

on the properties of the lepton, and not of the rest of the event. This is justified as

lepton reconstruction uses information from a small region of the detector [41]. The

estimation of the fake factor can thus be done in a three-lepton selection in a Z+jets

enriched region where two prompt leptons originate from a Z boson and the third lepton

is a fake candidate. The fake factor is calculated using

F =
Ndata
i,i,i −N

non-Z+Jets(MC)
i,i,i

Ndata
i,i,a −N

non-Z+Jets(MC)
i,i,a

. (8)

The subscripts i and a denote if the lepton is ID or anti-ID respectively. The superscript

data denotes that the yield N is measured from p-p collisions, while the superscript

non-Z+Jets(MC) means that the yield comes from all MC simulation processes excluding

Z+jets contribution. The fake factor can then be applied to the W+jets process, using

the expression

NW+jets
ID+ID = F ×NW+jets

ID+anti-ID, (9)

where NW+jets
ID+ID is the yield in a region where both leptons pass ID, and NW+jets

ID+anti-ID is the

yield with one ID and one anti-ID lepton.
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Table 11: Selection criteria for ID and anti-ID electrons.

ID Both anti-ID
pT > 15 GeV

|η| <2.47, excluding 1.37 < |η| < 1.52
|z0 sin θ| < 0.5 mm
|d0|/σ(d0) < 5
Author = 1

Pass LHTight if Pass LHLoose
pt < 25 GeV

Pass LHMedium if
pT > 25 GeV

Pass FCTight Isolation Fail FCTight Isolation

Table 12: Selection criteria for ID and anti-ID muons.

ID Both anti-ID
pT > 15 GeV
|η| < 2.5

|z0 sin θ| < 0.5 mm
|d0|/σ(d0) < 3 |d0|/σ(d0) < 15

Pass Quality Tight Pass Quality Medium
Pass FCTight Isolation Fail FCTight Isolation

7.3 Z+jets Control Region

In order to calculate the fake factor, a region which is enhanced in Z+jets is defined.

Events with three lepton candidates with a total charge of ±1 are considered where

all leptons are required to have pT > 15 GeV. The selection is split into four different

categories based on the possible flavor combinations: three muons, two muons and an

electron, two electrons and one muon, and three electrons. The selection of leptons is done

in such a way where the leading lepton (l0) has different charge than the other leptons

(l1 and l2). This means that in principle l0 can not be a fake as it originates from a Z

boson decay along with l1 or l2. This leaves l1 and l2 as the only possible fake candidates.

Because of this, there are eight distinct combinations where a fake candidate can be

identified. Table 13 highlights the different categories and their notations. The flavor of

the fake candidate is also highlighted as it is dependent on the lepton combination. For

example, if the flavor combination is two muons and an electron, the two muons originate

from a Z boson leaving the electron as a fake candidate.
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Table 13: Different combinations of leptons and fake candidates in the Z+jets analysis
region. The fake lepton flavor denotes the flavor of the fake in each respective combination
of leptons.

Lepton Combination Fake Candidate Fake Candidate Flavor Notation
Muon, Muon, Muon l1 Muon mmml1
Muon, Muon, Muon l2 Muon mmml2

Electron, Muon, Muon l1 Electron emml1
Electron, Muon, Muon l2 Electron emml2

Electron, Electron, Muon l1 Muon eeml1
Electron, Electron, Muon l2 Muon eeml2

Electron, Electron, Electron l1 Electron eeel1
Electron, Electron, Electron l2 Electron eeel2

In order for two leptons to qualify as Z decay particles, they need to be of the same

flavor and of opposite charge and have an invariant mass between [80, 110] GeV if they

are electrons, and [70, 110] GeV if they are muons. If both combinations of l0, l1 and l0,

l2 pass these criteria, the pair closest to the mass of the Z boson is considered Z decay

leptons and the remaining lepton is considered a fake candidate. A cut on the mT < 50

GeV is applied in order to reduce events with leptonic WZ decays. The Z decay leptons

both need to pass the ID criteria. Two regions are then constructed depending on whether

the fake candidate passes ID or anti-ID. The full cutflows can be found in Tables 22 and

23 in Appendix A.

The WZ process contributes largely to the total background in the Z+jets region

and is a major component in the uncertainty of the fake factor. A WZ control region

(CR) is therefore constructed by reversing the cut on the transverse mass to be mT > 50

GeV. This region is very pure in WZ, and a combined normalization factor ((Ndata −
Nnon-WZ,MC)/NWZ,MC) using all eight categories was calculated to be 1.00 ± 0.01. The

normalization factor for each category is presented in Table 14.
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Table 14: Normalization factors for the different fake candidate categories in the WZ CR.
The uncertainties are statistical.

Category Normalization Factor
mmml1 1.01± 0.01
mmml2 0.98± 0.01
eeml1 1.02± 0.01
eeml2 0.93± 0.01
eeel1 1.01± 0.01
eeel2 1.00± 0.01
emml1 1.01± 0.01
emml2 1.06± 0.01

7.4 Electroweak Uncertainty

The fake factor that is obtained using Equation 8 relies on non-Z+jets processes which can

have theoretical uncertainties in the normalization, resulting in systematic uncertainty in

the fake factor. This is referred to as electroweak subtraction uncertainty. The anti-ID

regions are mainly populated by fakes while the ID regions contain mostly electroweak

background processes. This means that the calculation of the fake factor is predominantly

sensitive to MC uncertainties in the ID region and influenced negligibly in the anti-ID

region. The uncertainties in the anti-ID region can therefore be neglected.

As can be seen in the cutflows in Tables 22 and 23 in Appendix A, the dominant

contribution to the background comes from the WZ process. The uncertainty estimation

is therefore approximated to have WZ as the only contributor. The WZ yield is depen-

dent on the normalization factors in the WZ CR, and thus the uncertainties need to be

extrapolated from the WZ CR to the Z+jets CR. This is done by taking the difference in

the normalization factor between the largest varying categories in the WZ CR (see Table

14), giving a variation of 13%. The WZ normalization in the Z+jets CR can then be

varied by that amount to obtain an estimate of the uncertainty in the fake factors.

7.5 Fake Factor Computation

The fake factors were calculated using Equation 8 for each fake candidate category and

are presented in Table 24 in Appendix C. The total fake factors for the electron and muon

were also calculated by combining the yields of the different categories for each respective

lepton and are presented in Table 15. The uncertainties in Table 24 are purely statistical
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while the uncertainties in Table 15 are the combined statistical and electroweak uncer-

tainty. The majority of the uncertainty in the fake factors emerge from the electroweak

contribution, and the muon is significantly more affected. This can mostly be attributed

to WZ processes having relatively higher yields compared to the total background for

events including fake muons than for events including fake electrons (see Table 22 and

23).

Table 15: Fake factors for the electron and muon with statistical and electroweak uncer-
tainty.

Lepton Flavor Fake Factor
Electron 0.127± 0.023
Muon 0.041± 0.024

7.6 Same Sign Control Region

In order to validate the accuracy of the fake factor method, the fake factors are evaluated in

a region enriched in theW+jets process. The same preselection as described in Section 6.2

is used, with the exception of selecting for same sign instead of opposite sign leptons. To

suppress the signal yields to be within the statistical uncertainties of the total background

yield, a cut on ∆φll is made. Figure 15 shows the distributions of ∆φll where the signal

yield are concentrated primarily to ∆φll < 2.0 and thus a cut on ∆φll > 2.0 is applied.

Figure 16 shows a direct comparison between two pT distributions with and without the

implementation of the fake factor. Figure 17 presents distributions of the main kinematics

in the same sign CR. The kinematic distributions without the application of fake factors

can be seen in Figure 21 in Appendix B. It is clear from the figures that the application

of the fake factor method provides a more accurate W+jets estimation than using purely

MC simulation.
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Figure 15: Distributions of ∆φll in the eµ+ µe channel in the main analysis region. The
fully colored distributions correspond to yields of different background processes while the
empty distributions correspond to the yields of the signal mass points.
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Figure 16: Distributions of the dilepton transverse momentum in the same sign control
region usingW+jets from MC simulation (left) and from the estimation of the data-driven
fake factor method (right). The fully colored distributions correspond to yields of different
background processes and black dots represent data yields. The bottom panels present
the ratio of data and MC yields.

7.7 Closure test

In order to get further confirmation of the accuracy of the fake factor method, a closure

test can be conducted. It is performed by applying the fake factors to the W+jets MC

yields in the ID+anti-ID CR, and comparing the number of events to that of the W+jets
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Figure 17: Same sign CR kinematic distributions in the eµ+µe channel after applying the
fake factors. The black dots represent data yields while colored bars represent background
emerging from different processes. The bottom panels present the ratio of data and MC
yields.
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MC in the ID+ID signal region (SR). The test is performed at the end of the SR in

the dilepton selection. Because there are separate fake factors for each lepton flavor, the

W+jets events are split into two parts with respect to each lepton flavor. The closure

test is calculated using

N
W+jets(MC)
i,i = Fe ×NW+jets(MC),e

i,a + Fµ ×NW+jets(MC),µ
i,a , (10)

where Fe and Fµ are the fake factors, NW+jets(MC),e
i,a and NW+jets(MC),µ

i,a are the W+jets

MC yields in the anti-ID+ID CR region for the electron and muon respectively and

N
W+jets(MC)
i,i is the W+jets MC yields in the ID+ID SR. The results of the closure test

can be seen in Table 16 where the combined yields of both regions can be compared.

The application of fake factors in the CR resulted in the combined W+jets yields that is

well within the statistical uncertainties of the SR W+jets yields. The relative difference

between SR W+jets yields and the CR W+jets yields with the fake factors applied is

approximately 2%. The relatively large uncertainty in the CR W+jets yields can be

attributed mostly to the uncertainty in the muon fake factor (see Table 15).

Table 16: The first section of the table shows the yields of theW+jets MC in the ID+anti-
ID CR with and without application of the fake factors Fl. The lower section shows the
yields of W+jets MC in the ID+ID SR region.

Lepton flavor W+jets MC (anti-ID+ID) Fl ×W+jets MC (anti-ID+ID)
Electron 36532.80± 607.54 4639.67± 880.20
Muon 39403.23± 590.55 1615.53± 682.54

Combined 75936.03± 847.26 6255.20± 1113.83

Lepton flavor W+jets MC (ID+ID)
Combined 6361± 250.15

7.8 Investigation of Flavor Composition

One of the assumptions of the fake factor method is that fake leptons originate from similar

sources for both W+jets and Z+jets processes. If the fakes stem from very different

sources, the probabilities of being identified as ID or anti-ID would be different between

the samples, resulting in disparities in the fake factors. In order to confirm that the

fakes originate from similar sources for both W+jets and Z+jets MC samples, a flavor

composition study is conducted. This is done by inspecting the truth origin of the fake

leptons from MC simulation, where "truth" refers to the true particle a reconstructed

object corresponds to. To find the fake composition of Z+jets fakes, the same selection
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described in Section 7.3 is used and the truth origin is examined for both the electron and

muon in the ID and anti-ID regions. In the case of W+jets, the event selection presented

in Section 6.2 is used where an ID and an anti-ID region is set up. Given that prompt

leptons originate from W bosons, the remaining lepton which is not associated with the

W decay is considered the fake lepton. Such events are examined for the electron and

muon in the regions where either both leptons pass ID (ID+ID), or one passes ID and

one anti-ID (ID+AID).

Figures 22 and 23 in Appendix B show the fake flavor composition for W+jets and

Z+jets respectively. The relevant truth origins corresponding to each bin are presented

in Table 25 in Appendix C. The approximate relative contribution from each origin is

presented in Table 17 for electron fakes, and in Table 18 for muon fakes. Heavy flavor

corresponds to events originating from hadrons including heavy quarks, such as bottom,

strange and charm quarks. Light flavor corresponds to events originating from hadrons

containing light quarks, such as up and down quarks. As can be seen in Table 17, the

contributions agree well and heavy flavor is the dominant contribution for both W+jets

and Z+jets samples. Photon conversion is a major component in the full ID region

while light flavor is more prevalent in the ID+anti-ID region. The variance in origins for

electron fakes is somewhat expected, as there exists a large number of ways to misidentify

an electron compared to a muon (see Section 6.1). This is also reflected in Table 18,

where the contributions agree more between W+jets and Z+jets samples. Heavy flavor

is consistently the dominant contribution, at around 90%. The origins of the fakes show

good agreement, and using the fake factor method is thus well justified. This is also

supported by the same sign region confirmation and the closure test.

Table 17: Table showing the origins of fakes in the electron ID and anti-ID regions for the W+jets
and Z+jets processes.

W+jets(ID+ID) Z+jets(ID+ID) W+jets(ID+AID) Z+jets(ID+AID)
Photon Conversion 31% 21% 4% 3%
Heavy Flavor 43% 42% 61% 52%
Light Flavor 14% 24% 27% 35%
Other 11% 13% 8% 9%
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Table 18: Table showing the origins of fakes in the muon ID and anti-ID regions for the W+jets and
Z+jets processes.

W+jets(ID+ID) Z+jets(ID+ID) W+jets(ID+AID) Z+jets(ID+AID)
Photon Conversion 0% 0% 0% 0%
Heavy Flavor 85% 92% 90% 93%
Light Flavor 7% 4% 7% 4%
Other 8% 6% 3% 3%

7.9 Fake Estimation in the Main Analysis Region

Although W+jets only is the fourth largest contributor to the total background, it is

still important that it is modeled accurately. The main reason for this is that W+jets

contributes the most in lower mll regions where the signal is also confined. Figure 18

shows normalized distributions of the dilepton invariant mass in the main analysis region

where the overlap of the signal and W+jets background is observed. Table 19 shows the

contribution of W+jets when using the data driven method compared to using purely

MC simulation. The fake contribution is calculated to be 2.3% of the total background.
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Figure 18: Normalized kinematic distribution of the dilepton invariant mass in the main
analysis region. The fully colored distributions correspond to yields of different back-
ground processes while the empty distributions correspond to the yields of the signal
mass points.
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Table 19: Full cutflow of the main analysis in the eµ + µe channel highlighting the
differences in yields between using the data driven method for W+jets and purely MC
simulation.
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8 Summary and Conclusion

The aim of this thesis is to optimize the selection of the X → Sh → e±µ∓ analysis in

ATLAS. The signature final states of the postulated bosons are similar to a broad range of

SM background processes, making them exceedingly difficult to measure. A well optimized

selection that effectively distinguishes signal events from the background is therefore key

in performing a reliable analysis. The author contributed to the optimization of the

analysis through three separate studies: the selection of lepton isolation working points,

the optimization of the event selection, and the estimation of the W+jets process using

the fake factor method. All studies were performed using the same set of MC simulated

samples and data collected using the ATLAS detector during Run 2 of the LHC.

Restrictions on the isolation are important as they limit the amount of misidentified

leptons that enter the analysis. There exists a wide variety of working points that have

varying performance depending on the analysis, and each was evaluated based on the

signal significance. The best performing combination of isolation working points is found

to be FCTight for both leptons.

The event selection plays a major role in the rejection of background and subsequently

the strength of the signal. Different threshold requirements on kinematic quantities allows

for the selection of events that contribute to the signal. Because of the interdependency of

kinematic quantities, a multidimensional scan is performed that evaluates combinations

of cuts based on the approximate Poisson significance. An event selection is determined,

where threshold cuts on mll < 150 GeV, mT < 260 GeV, ∆φll < 2.7, ∆ηll < 1.5 and

nbjet < 2 are applied.

Lepton misidentification due to detector inefficiencies is difficult to simulate using MC,

and is instead accounted for using the data driven fake factor method. The fake factor

is calculated in a trilepton selection using Z+jets with two prompt leptons and one fake,

and is applied to W+jets processes in the main analysis. The accuracy of the fake factors

is evaluated using a closure test, where the relative difference between the yields in the full

ID region and the anti-ID region with applied fake factors are found to be approximately

2%. The flavor composition of fake leptons in W+jets and Z+jets are investigated and

found to be sufficiently consistent.
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8.1 Outlook

The work performed in this thesis serves as a contribution to the ongoing X → Sh

analysis. The selection and optimization performed establishes a foundation that can be

incorporated in the main analysis. Although the fake factor method used in this thesis

gives good agreements, there exist more sophisticated methods. For example, the fake

factor can be calculated for different ranges of pT to obtain improved accuracy, and is

something that can be considered in the future.
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A Cutflows

Tables 20 and 21 contain the full cutflow used for the selection of isolation working points

for different ranges of mll in the eµ and µe channel respectively. The method is explained

in Section 6.1. Tables 22 and 23 present the first and second half of the full cutflow used

in the fake factor analysis described in Section 7.

Table 20: Full cutflow of the selection used for the optimization of isolation working points
in the eµ channel. Errors are purely statistical.
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Table 21: Full cutflow of the selection used for the optimization of isolation working points
in the µe channel. Errors are purely statistical.
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Table 22: First half of the full cutflow of the Z+jets fake factor analysis. The errors are
purely statistical.
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Table 23: Second half of the full cutflow of the Z+jets fake factor analysis. The errors
are purely statistical.
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B Figures

Figures 19 and 20 show the normalized kinematic distributions and significance scan in the

eµ+ µe channel for the X350S240 and X400S240 signal mass points respectively. Their

use is discussed in Section 6.2. Figure 21 shows the kinematic distributions in the SS

CR without the application of the fake factors. For comparison, Figure 17 in Section 7.6

shows the same distributions with the fake factors applied. The methodology is explained

in Section 7. Figures 22 and 23 show the origins of reconstructed leptons for W+jets and

Z+jets respectively. Table 25 in Appendix C show the relevant origins corresponding to

the bins in the plots. The origins and flavor composition is discussed in Section 7.8.
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Figure 19: Normalized kinematic distributions and significance scan in the eµ+µe channel
where the signal yields correspond to the X350S240 mass point.
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Figure 20: Normalized kinematic distributions and significance scan in the eµ+µe channel
where the signal yields correspond to the X400S240 mass point.
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Figure 21: Kinematic distributions in the SS CR without the application of the fake factor
method.
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(a) ID+ID region truth origin for the electron.

0 5 10 15 20 25 30 35 40 45 50

Fake Muon Origin

0

200

400

600

800

1000

1200

1400

1600

1800

E
ve

nt
s

 SM (stat)  W+Jets

 

-1 Ldt = 139 fb∫ = 13 TeV, s

Lepton Flavor Origin

(b) ID+ID region truth origin for the muon.
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(c) ID+anti-ID region truth origin for the
electron.
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Figure 22: Truth origin of electron and muon fakes from W+jets processes in the ID+ID
and ID+anti-ID regions.
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(b) ID+ID region truth origin for the muon.
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(d) ID+anti-ID region truth origin for the
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Figure 23: Truth origin of electron and muon fakes from Z+jets processes in the Z+ID
and Z+anti-ID regions.
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C Tables

Table 24 shows the fake factor for each fake lepton category. The method of obtaining the

fake factors is explained in Section 7. Table 25 shows the relevant origins corresponding

to each bin in Figures 22 and 23.

Table 24: Numerical results of the fake factors for the different fake candidate categories.
The uncertainties are only statistical.

Fake Candidate Flavor Category Fake Factor
Muon mmml1 0.055± 0.002

mmml2 0.043± 0.001
eeml1 0.041± 0.001
eeml2 0.021± 0.001

Electron eeel1 0.145± 0.011
eeel2 0.112± 0.009
emml1 0.135± 0.008
emml2 0.109± 0.008

Table 25: The bins corresponding to relevant truth origins.

Bin Truth Origin
0 Unknown
5 Photon Conversion
6 Dalitz Decay
9 Tau Lepton
13 Z boson
23 Light Meson
24 Strange Meson
25 Charmed Meson
26 Bottom Meson
32 Charmed Baryon
33 Bottom Baryon
34 Pion Decay
35 Kaon Decay
42 π0
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