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Abstract

The standard model of particle physics (SM) describes all the fundamental particles and their in-
teractions. It is a very successful theory; however, many experimental observations - such as the
origin of neutrino mass, particle origin of dark matter, e.t.c. - are either not consistent or not
explained by the SM. So, it is inevitable that there has to be a (physics) model beyond the SM
which will consistently explain all these observations, not covered by the SM. Several of such ex-
tensions predict new heavy particles that can interact with SM particles. This dissertation presents
searches for the resonant production of such high-mass particles in dielectron and top-antitop fi-
nal states. These searches use proton-proton collision data at the center-of-mass energy of 13 TeV
collected by the ATLAS detector at the Large Hadron Collider (LHC) between 2015 and 2018.
Electrons are stable and easy to reconstruct, but top-quarks decay instantaneously. Two dominant
top-decay final states, all-hadronic and semi-leptonic, are studied in this dissertation. The com-
bined mass distributions of all the final-state particles are used to perform model-dependent and
model-independent statistical searches. No evidence for the existence of new particles is found
in any of the explored final states. Hence, upper limits on production cross-section times branch-
ing ratio and lower limits on the mass of heavy Z’ particles, predicted by the BSM models, are
placed at a 95% confidence level. The dilepton resonance search excludes Z’ boson below 3.6 TeV.
The resonance search in the boosted all-hadronic top-antitop final state excludes Z’ bosons with
a mass lower than 4.1 TeV. Whereas in the semi-leptonic search, the same signal is expected to be
excluded up to 3.6 TeV.

The dissertation also presents a new algorithm for splitting the merged charge clusters in the
ATLAS pixel detector, based on a Mixture Density Network (MDN). The performance of this new
algorithm is found to be better than the existing algorithm. As a result, the MDN-based algorithm
is expected to be used as a default algorithm in ATLAS during the next data collection period,
which will start in 2022.
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Lay Summary

The Standard Model (SM) of particle physics describes the fundamental particles and their in-
teractions. Although it is a very successful theory, there are many theoretical and experimental
limitations to the SM. It only addresses ordinary matter particles and does not include dark mat-
ter and dark energy, the largest component of our universe. To solve the problems of the SM,
several theories, which include new fundamental particles and interactions, have been proposed.
Searches for such new particles decaying either into two electrons or two top-quarks, the heaviest
known fundamental particles, are presented in this dissertation by analyzing the data collected
during 2015-2018 by the ATLAS experiment at the Large Hadron Collider. Although no evidence
for the existence of new particles is found we can put very high constraints on some of the new
physics scenarios. Constraints derived in this dissertation improved significantly compared to the
previous ones, and they will help to streamline the future searches of new physics.
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Preface

This dissertation is based on research done with the ATLAS detector. The ATLAS collaboration
has over 3000 research scientists and comprising of graduate students, postdocs, research scien-
tists and professors. The operation of the experiment and collection of data is possible because
thanks to the collective effort of all the members of the collaboration. For example, physics scat-
tering processes are simulated by collaboration members, often with the help of experts outside
the collaboration. The ‘physics objects’ such as electrons, muons, jets are reconstructed using al-
gorithms and software developed by the collaboration members for everyone’s use. The analyses
included in this dissertation use software jointly developed by many members of the collaboration
and rely on shared computing resources. This dissertation would not have possible without the
effort of all the members.

Figures presented in this dissertation falls into different categories. Figures with “ATLAS”,
“ATLAS Simulation”, “ATLAS Preliminary”, “ATLAS Simulation Preliminary” or “ATLAS Online”
labels are public results reviewed and approved by the collaborations. The figures with “ATLAS”
or “ATLAS Simulation” are published in peer-reviewed journals. On the other hand, figures with
the “ATLAS Work in Progress” label or without any label are not approved by the collaboration
and are prepared by me. The sources of the figures which are not prepared by me or are directly
not part of my research are mentioned in the figure captions.

My work is summarized in chapter 3, chapter 6, chapter 7, and chapter 8. These led to two
journal publications, one conference proceeding, one conference note and one publication note.
The work presented in chapter 8 is not public yet and the publication is in progress. My contribu-
tion work and relevant contributions of all the collaborators are listed below.

ATLAS pixel cluster splitting with Mixture Density Network is presented in chapter 3. It was
done with the guidance of W. Fedorko and A. Lister. In the beginning, L. Gagnon provided lots of
support by providing the existing neural network training code and other scripts. Several useful
inputs were obtained from B. Nachman, G. Louppe, A. Kastanas, R. Owen, P. Butti, B. Murray,
G. Facini, N. Styles, M. Danninger, N. Pettersson at different stages of the study. I was the only
student working on this problem. I developed the training setup and strategy with the help of W.
Fedorko. All the relevant code for developing the mixture density network was written by me.
The results are public in my LHC Physics conference (2019) proceeding:

E.Khoda, ATLAS pixel cluster splitting using Mixture Density Networks
PoS LHCP2019 (2019) 009, LHCP Conference Proceedings (2019)

Di-lepton resonance search in the electron channel is presented in chapter 6 using 36 fb~!
proton-proton collision data collected with the ATLAS detector. This project was carried out by a
team of around 20 active people. I was working with W. Fedorko from the UBC group. I was one
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of the main analyzers in the electron channel along with C. Willis. My colleague from the UBC
group S. Rettie was working in the muon final state, and it was helpful to discuss with him to get
the full picture. I was involved in several aspects of the analysis.

* I developed the analysis code for electron channel with the help of D. Hayden.

* Together with C. Willis, I optimized the event selection.

* I estimated the background and make the distribution of the kinematic variables.

* The effects of the systematic uncertainties on the main discriminant was estimated by me.

* I performed the model-independent search with BumpHUNTER algorithm.

With the help of W. Fedorko, I developed the strategy to include systematics uncertainties in
the BumpHUNTER search algorithm.

Final and intermediate results were made public through one conference note and a journal
publication.

ATLAS Collaboration, Search for new high-mass resonances in the dilepton final state using proton-
proton collisions at \s = 13 TeV with the ATLAS detector
ATLAS-CONEF-2016-045, Public Conference Note (2016) for the International Conference on High
Energy Physics.

ATLAS Collaboration, Search for new high-mass phenomena in the dilepton final state using 36
fb=! proton-proton collision data at \/s = 13 TeV with the ATLAS detector
Journal of High Energy Physics, 10, 182 (2017).

Searches for top-antitop resonances in the boosted all-hadronic final state is presented in chap-
ter 7. This search is performed using 139 fb~! proton-proton collision data collected with the AT-
LAS detector. The analysis team consists of around 15 members in total. I was one of the main
analyzers and was involved in almost every step of the analysis. This work was done together with
my supervisor A. Lister. My collaborators who were helped me in this analysis are ]J. Cantero, Y-H.
Chen, A. Dattagupta, S.S. Farahani, T. Ou, K. Terashi, T. Poulsen, and H. Wang.

* [ was responsible for maintaining the analysis software framework with Y-H. Chen.

¢ I ran the full event selection on data and the simulations to select a small subset of data
interesting for our search. The work was distributed between Y-H. Chen and me.

* [ optimized the event selection and studies the b-tagging algorithms to find the one with the
highest sensitivity. Some aspects of the event selections were studied by T. Poulsen.

* The impact of the Deep Neural Network based top-tagger on the tf mass reconstruction was
studied by me.

* Together with T. Poulsen, I worked on the data-driven background estimation described in
this dissertation and the spurious signal tests. The data-driven method is the main way of
estimating background in this analysis. I also performed the signal injection test to demon-
strate the ability to extract signals from data.
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* I estimated the systematic uncertainties on the main discriminant, the mass of the ¢f system
in collaboration with Y-H. Chen.

* I developed the strategy for the statistical analysis, to interpret the search results in the
context of narrow width Z;-, resonance. I collaborated with T. Ou at the early stage of this
analysis, and T. Poulsen in the later stage. We used the TRExFitter software developed by
other members of the collaboration. All the necessary scripts to interface with this software
based on our needs were written by me.

* Finally the resonance search results were interpreted in the context of the dark matter me-
diator model. This work was done in collaboration with T. Poulsen, S. Crepe-Renaudind, K.
Pachal.

The search results are published. The dark-matter interpretations are made public in the form
of a publication note.

ATLAS Collaboration, Search for tt resonances in fully hadronic final states in pp collisions at
Vs = 13 TeV with the ATLAS detector
Journal of High Energy Physics, 10, 061, (2020)

ATLAS Collaboration, Dark matter summary plots for s-channel mediators
ATL-PHYS-PUB-2020-021, Publication Note (2020) for the International Conference on High En-
ergy Physics.

Searches for top-antitop resonances in lepton+jets final state is presented in chapter 8. This
search is also performed using 139 fb~! proton-proton collision data collected with the ATLAS
detector. This work is still ongoing. This work is being done with my supervisor A. Lister and the
analysis team consists around 10 people. My collaborators who are actively working on this project
are W. Barbe, S. Batlamous, S. Calvet, S. Crepe-Renaudin, F. Fassi, D. Hayden, K. Krowpman, B-E.
Ngair . I am currently the analysis contact and coordinating the analysis activities in the analysis
team. Being the analysis contact, I oversee the progress of different small segments of the project
and help people if they are facing anhy problem. I am also one of the main analyzers and am
involved in different aspects of the analysis.

* I am the only developer and maintainer of the analysis framework. My collaborators S.
Calvet, Y-H. Chen, D. E. Ferreira de Lima helped me in the past.

* ] optimized the event selection in collaboration with S. Batlamous and F. Fassi.

* Istudied how to effectively use the b-tagging and top-tagging algorithms to reduce the dom-
inant QCD and W+jets background.

* The lepton and the jet coming from boosted top decay are very close to each other. So, a non-
standard lepton-jet overlap removal process is needed to maintain signal efficiency at high
mass. The standard method used in the ATLAS experiment is not efficient for our search. I
collaborated with K. Krowpman and M. Pinamonti to study alternative methods to remove
the overlap between lepton and jet.

* I studied the isolation method for high momentum electrons and muon with helpful inputs
from O. ducu.
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* I developed a simplified method to reconstruct ¢f mass using the neural network-based re-
gression method. During the summer of 2020, I supervised an undergraduate student, T.
Zhang along with A. Lister to do a more detailed study of tf reconstruction.

* I am responsible for interpreting the search result and calculating the cross-section limits.

* I am responsible for writing parts of and coordinating the rest of the internal documentation.
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CHAPTER

ONE

Theoretical background

1.1 Historical introduction to the elementary particle physics

A brief evolution of particle experiments is given in this section. It does not cover all the devel-
opments that happened over the last century, but highlights several important discoveries. This
section is inspired by the particle physics book of David Griffiths [1], and the presentation style is
adopted from the first chapter of that book.

1.1.1 Electron, proton and neutron (1897 - 1932)

The birth of elementary particle physics can be related to the discovery of the electron in 1897
by J. J. Thomson. Although there were speculations about atomic structure in earlier times, those
were just philosophical concepts without any scientific evidence. Until J. J. Thomson’s discovery,
the particle nature of cathode rays was not known. Even physicist like Lord Kelvin wrote that
“electricity is a continuous homogeneous liquid” [2]. In the same year, J. J. Thomson performed
an experiment that showed cathode rays carry electric charge [3]. He showed that a hot filament
coming from a cathode ray deflects in the presence of a magnetic field. Thus, it became clear that
the cathode rays are not rays at all; instead, they are streams of particles. Thomson further mea-
sured the ratio of electric charge and mass, e/m, of the beam constituents. The e/m value measured
by Thomson was almost several thousand times larger than that of any known ions. It indicated
that either their charge was very large or the mass was very small. Thomson concluded that this
particle had a very tiny mass with a negative charge based on other indirect evidence. Thomson
initially called them corpuscles and their charge was called electron, the basic unit of electric charge
[4]. Later the particle itself was called an electron. The term electron was introduced in 1891 by
George Johnstone Stoney [5].

Thanks to the work of Thomson, atoms were then known to be full of these lightweight, neg-
atively charged electrons. Since the atom as a whole is charge neutral, there has to be an equal
amount of positive charges inside the atom. However, it was not known where this positive charge
resided within the atom. Thomson came up with a theoretical model of the atom in 1904, where
the positive charges were distributed homogeneously inside the atom, with the electrons embed-
ded within it. This model is known as plum pudding model because electrons were like the plums
inside the positively charged medium acting like the pudding. Later in 1911, it was proven wrong
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by Rutherford’s famous gold foil experiment [6]. He fired a beam of a-particles with charge +2e
through a thin sheet of gold foil. The gold foil experiment showed that the positive charges were
concentrated in the core of the atom, nucleus. Later, Rutherford named the nucleus of the hy-
drogen atom a proton. His atomic model was quite simple, but it was disproved since negatively
charged electrons do not collapse into the positively charged nucleus. In 1913, Niels Bohr pro-
posed the energy levels in the atomic model, and he described the hydrogen atom model where a
single electron circulates the proton [7]. But surprisingly, the heavier helium atom, carrying two
electrons, weighs four times hydrogen, and lithium weighs seven times the weight of hydrogen.
The puzzle was finally solved in 1932 with the discovery of neutron, the electrically neutral twin
of the proton, by Chadwick [8]. Originally, Rutherford proposed the existence of one such neutral
particle more than ten years prior, in 1920. The name ‘neutron’ was given by him.

1.1.2 Photon (1900-1926)

The discovery of another important particle happened also in the early nineteen hundreds. In the
first two decades of the 20th century, lots of development happened in understanding quantum
mechanics and which eventually lead to the discovery of the photon. Although there were some
discussions in late 1800s, the first contribution came from Max Plank in 1900 while he was at-
tempting to explain the blackbody spectrum. Max Plank found an empirical formula that fitted
the experimental data. To explain the fit, Plank needed to assume electromagnetic radiation was
quantized with a quantum that has energy E = hv, where v is the frequency of the radiation and
h is a constant adjusted by the fit. Later, this constant was named after him. The modern value
of h is 6.626 x 1073* J.s. Plank did not know why the radiation was quantized and assumed it
was due to a pathological effect in the emission process. Then in 1905, Albert Einstein explained
that quantization is a feature of the electromagnetic field itself [9]. Using Planck’s idea, Einstein
explained the photoelectric effect with the particle nature of light. But Einstein’s concept was not
taken very positively in the physics community at that time ! and other physicists were not ready
to accept the particle theory of light. The issue was finally settled down in 1923 by A. H. Compton
with the discovery of Compton effect [10]. The experimental evidence indicates that light indeed
behaves like a particle on a subatomic scale. The particle was called a photon.

1.1.3 Mesons (1934 - 1947)

By the mid-1930s, we had an atomic model, but we did not know what holds the nucleus together.
The positively charged protons should strongly repel one another, so there must be some other
stronger force that holds them together. The physicists called that force the strong force. In 1934,
Yukawa proposed the first theory of the strong interaction [11]. Yukawa assumed that protons and
neutrons were attached by some field, like electromagnetic or gravitational fields. He also thought
there should be a proper quantization of that field. Then he tried to understand the properties
of its quantum, the particle analogous to the photon. Yukawa predicted that the mass of such a
particle should be around 200 times the electron mass or about one-sixth of the proton mass. He
called these particles ‘mesons’. It was later confirmed independently by Anderson and Nedder-
meyer by 1937 [12]. At that time, it was proposed that cosmic rays contain these middleweight
mesons. But in 1946, it was shown that cosmic ray particles interact only very weakly with the
atoms, whereas a much stronger interaction would be expected from Yukawa’s meson. In 1947
this puzzle was solved by Powell’s group that discovered that there are two middleweight parti-

IThough Einstein ended up getting Nobel prize for photoelectric effect.
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cles in the cosmic rays [13]. They called them the pion (1) and muon (u). Then it was understood
that the true Yukawa meson is the pion. Two types of charged pions, ", and 7~ were experimen-
tally observed at that time. The neutral pion, 70, was observed later. A muon, on the other hand,
is just another charged particle that behaves very similar to electrons and has nothing to do with
strong interaction.

1.1.4 Isospin and SU(2)

The concept of isospin was introduced by Heisenberg in the year 1932 after the discovery of the
neutron [14]. It was observed that the newly discovered neutron had a very similar mass to a
proton. A proton has a positive electric charge, and a neutron is neutral. Otherwise, they seemed
identical in all other aspects. It was also found that the strong force that held the proton and the
neutron together did not depend on the electron charge. So, in absence of the electric charge of
the proton, it will not be possible to distinguish between the proton and the neutron. To explain
this symmetry of the strong nuclear force, Heisenberg treated the proton and the neutron as two
components of a nucleon doublet that is analogous to the two states of a spin-half particle. He
introduced the concept of another conserved quantity, which allowed protons to convert into neu-
trons and vice-versa. It was named isospin by Eugene Wigner in 1937 to indicate that the new
quantity is similar to spin in behavior, although it has nothing to do with actual spin [15]. This
symmetry is expressed by a unitary transformation governed by the SU(2) group in the abstract
isospin space. The three pions represent a triplet state of SU(2). In the past, it was believed that
the isospin symmetry was an exact symmetry of the strong interaction, and it was violated by elec-
tromagnetic and weak interactions. The mass difference between proton and neutron was thought
to be related to their charge content. If the mass difference was pure electrostatic, then the protons
had to be more massive. On the other hand, it was known that the opposite was true, and proton
decay was never observed. Isospin symmetry is an approximate symmetry, and neutrons have a
slightly higher mass due to isospin breaking. After the discovery of the quark model in 1964, it
was understood that mass difference is due to the mass difference of “up” and “down” quarks.
Isospin symmetry is thus an “accidental” property shown by the up and down quarks.

1.1.5 Antiparticles (1930-1956)

Surprisingly, all the major developments in nonrelativistic quantum mechanics happened just
within three years (1923-1926). The second development towards relativistic quantum mechan-
ics, after the Klein-Gordon equation, was in 1927 by Dirac [16]. Dirac’s equation gave a negative
energy solution for every positive energy solution. Dirac proposed a sea of negative energy parti-
cles, known as hole theory, to explain it. Later in 1932, Anderson discovered the positron, a posi-
tively charged twin of the electron [17]. The discovery was confirmed soon after by Occhialini and
Blacket, in 1933 [18]. In 1940, Feynman and Stuckelberg gave a much simpler interpretation of
the negative energy states that appeared in Dirac’s question [19]. They rewrote the negative energy
states as positive-energy states of the positron. Later as quantum field theory started developing,
it was clear that each particle should have its antiparticle. Anti-protons and anti-neutrons were
observed first at the Berkeley Bevatron in 1955 [20] and 1956 [21], respectively. The photon, on
the other hand, was it’s own anti-particle.
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1.1.6 Neutrinos (1930-2000)

The phenomena of radioactive beta decay was known since 1900, but it was observed that energy-
momentum did not seem to be conserved in beta decays. In a two-body decay (A — B + e) where
a nucleus (A) converts into another nucleus (B) and an electron (e), the conservation of energy-
momentum gives the electron energy to be
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So, the electron energy should be a fixed number once we fix the mass of the three particles, A, B, e.
However, the experimental data showed that Equation 1.1 only determines the maximum electron
energy, and the electron energy varies a lot. Pauli solved this puzzle in 1932 and offered a theory
of beta decay [22]. He proposed another neutral particle was emitted along with the electrons and
initially was called the neutron [23]. Later in 1932 Fermi called them neutrino.

After the discovery of neutrons, more accurate measurements showed that neutrons are slightly
heavier than protons. The neutron mass is greater than the combined mass of a proton and an
electron. An isolated neutron decays into a proton and an electron within about 15 minutes in the
same way as radioactive beta decay. It was understood that nuclear beta decay is a conversion of a
neutron to a proton, an electron, and a neutrino. Neutrinos were first detected in 1956 by Clyde
Cowan and Frederick Reines [24]. Later in 1962, Lederman, Schwartz, and Steinberger showed
that there is more than one type of neutrino [25]. At that time, the neutrino mass was assumed to
be zero. The third type of neutrino was proposed after the discovery of the third type of lepton,
tau (t) in 1975 [26]. The tau neutrino was detected 25 years later in 2000 by the DONUT experi-
ment of Fermilab [27]. Over several years of experiments, it was found that neutrinos can convert
from one type to the other. This phenomenon is generally known as neutrino oscillation and was
first proposed by Bruno Pontecorvo in 1957 [28]. The oscillation probability is proportional to
the neutrino mass difference square. Starting from 1998, several experimental pieces of evidence
(Super-Kamiokande and Sudbury Neutrino Observatory) proved neutrino oscillations [29], and it
became clear that the neutrinos have non-zero mass.

1.1.7 Strange particles (1947-1960)

In 1947, Rochester and Butler published their cloud chamber photograph showing a neutral parti-
cle decaying into two charged pions [30]. This particle showed a V-shaped decay pattern in cloud
chamber photographs. It was later identified as a neutral kaon, K°. In 1950 Anderson’s group
found another neutral “V’ particle, which decays into a proton and a pion [31]. It was later called
the lambda particle, A. At this time, the concept of baryon number was already known, and these
new particles were identified to be baryons. It was observed that these particles were produced co-
piously, but decayed very slowly. So, they were called strange particles. Later, we understood that
these particles get produced by the strong interaction, but decay via the weak interaction. It was
also observed that the strange particles were always produced in pairs. These productions follow a
rule, e.g. A was produced always together with a K*, but never with a K~. To explain this behavior,
Gell-Mann and Nishijihima assigned a new property to each particle called ‘strangeness’ [32-34].
Strangeness is conserved in any strong interaction, but is not conserved in the weak interaction. In
the next few years more baryons were discovered, namely the ¥, E particles.
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1.1.8 The Eightfold Way (1961-1964)

With the discovery of strange particles, the number of particles started exploding. To find an
underlying symmetry of these particles, first Sakata gave a model extending the isospin formalism
by strangeness [35]. Thus p, n, and A form the Sakata SU(2) triplet. Ikeda, Ogawa, and Ohnuki
introduced the SU(3) symmetry for the Sakata triplet [36]. However, this theory did do work
well for all the hadrons. Recognizing the success of the SU(3) symmetry, Murray Gell-Mann and
Yuval Ne’eman proposed the Eightfold Way in 1961 [37, 38]. The name comes from Gell-Mann’s
1961 paper. The Eightfold Way organizes all the mesons and baryons into geometric patterns
according to their charge and strangeness. It was observed, that the relation between the hadrons
is similar to that of the representation theory of SU(3). Spin-1/2 baryons are organized into an
octet, a hexagonal array, and two at the center as shown in Figure 1.1a. It consists of neutron,
proton, ¥, X% 3%, A%, £~ and E°. Similarly, meson octet was also build with eight lightest mesons,
K9 K*,K~, and K°, 7c*, 7%, =~ and 1 as shown in Figure 1.1b. The three horizontal lines crossing
the hexagonal shape determine the strangeness and corresponds to different values for mesons and
baryons. For mesons, the top line has S = 1, the middle line S = 0, and the bottom line S = —1. The
three lines in the baryon octet have S =0, S = -1, and S = -2 respectively. The Eightfold Way also
arranged the spin-3/2 baryons using the same principle, and they formed a decuplet. Nine out of
the ten particles were already observed experimentally. Gell-Mann named the tenth particle (7,
which was expected to have strangeness -3 and electric charge -1. Gell-Mann also predicted the
mass of this new particle. The particle was discovered in 1964 by the particle accelerator group at
Brookhaven [39].
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Figure 1.1: Octet of (a) spin-1/2 baryons and (b) mesons.

1.1.9 The quark model (1964)

It was still not understood why the hadrons follow the pattern predicted by the Eightfold Way.
In 1964 Gell-Mann and Zweig independently proposed that all hadrons are composite particles
[40-42]. The elementary constituents were called quarks by Gell-Mann. They proposed that three
types (known as ‘flavors’) of quarks form an Eightfold Way triangle. The quarks have a fractional
electric charge. They also proposed the anti-particles to each quark with opposite electric charge
and strangeness. The anti-quarks form an upside-down triangle. Two composition rules were
proposed for the quark bound states, baryons and mesons. Baryons are compositions of three
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quarks”. Mesons are quark-antiquark bound states®. While enumerating the mesons with quark-
antiquark combinations, a total of nine mesons were found. But in the Eightfold Way, there were
only eight. The ninth meson should be a s5 state with electric charge (Q) = 0 and S = 0. It turned
out that such particle had already been found experimentally, the 7" meson. 7" was a singlet in
the Eightfold Way. Finding the combinations for the baryons was a little bit more involved, but
the quark model explained the previously predicted octets and decuplets nicely. Although the
quark model predicts everything very nicely, isolated quarks were never found experimentally.
This phenomenon was explained with the introduction of quark confinement [47-49]. The exact
mechanism is still not completely known. The first experimental evidence was found in the deep
inelastic scattering experiment at the Stanford Linear Accelerator Center in 1968 [50, 51].

1.1.10 SU(3) flavor symmetry

The idea of isospin symmetry that originated from proton and neutron could be extended to
quarks. The strong interaction treats different quark types or flavors equally. The initial underly-
ing symmetry is SU(2) symmetry. The up/down flavor symmetry can be extended to include the
strange quark. The three quark states can be expressed as a triplet, and the underlying symmetry
will be SU(3). In the limit of m, = m; = m; where all three quark masses are the same, this is an
exact symmetry. But in reality, all three quark masses are different, and this is an approximate
symmetry. It is know how to correct results obtained using this approximate symmetry, so it still
makes this approximation useful.

1.1.11 SU(3) color

The spin-1/2 and spin-3/2 baryons with multiple quarks are expected to follows Pauli’s exclusion
principle. In 1964 after the discovery of the quark model, Oscar W Greenberg introduced a color
charge to explain how quarks states can be represented by anti-symmetric wave functions [52].
Greenberg proposed the quarks possess an additional SU(3) symmetry with three color charges,
red, blue, and green. Eventually, it was predicted that quarks might interact via gluons, which
correspond to the adjoint representation of the SU(3) color symmetry. Unlike SU(3) flavor, the
SU(3) color symmetry is an exact symmetry. The discovery of color later lead to the theory of
the strong interaction known as Quantum Chromodynamics (QCD). In the next few years, the
development of the QCD gauge theory started. The development of gauge theories started in 1954,
when Yang and Mills formulated a non-abelian gauge theory with SU(2) isospin to describe the
strong interaction [53]. The quantization of non-Abelian gauge theories was studied by a number
of other theorists in the 1960s [54-56]. Further developments happened in 1971 when ‘t Hooft
showed that non-abelian gauge theories are renormalizable [57, 58]. The concept of color as the
source of a strong field was developed into the theory of QCD by Harald Fritzsch and Heinrich
Leutwyler, along with Gell-Mann in 1973 [59]. The first direct evidence of gluons were seen at the
PETRA electron-positron collider of DESY, Germany, in 1979 [60-63].

1.1.12 The fourth quark and more particles

The fourth type of quark, the charm quark, was predicted before the discovery of the gluon.
Bjorken and Glashow predicted it in 1964, but there was very little evidence to support its ex-

%In July 2015 LHCb experiment observed resonances involving exotic baryons with pentaquark states [43].
3Tetraquark bound states were discovered by Belle experiment in 2007 [44]. The observed by BESIII experiment in
2013 [45] and LHCb experiment in 2014 [46].
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istence [64]. The credit is usually given to Glashow, Iliopoulos, and Maiani. In 1970, they pro-
posed the GIM mechanism to explain the observed suppression of flavor changing neutral cur-
rents (FCNC) [65]. The GIM mechanism required a fourth flavor of quark. The discovery of the
charm quark could be connected to the discovery of J/i) meson. This ] meson was first observed
at Brookhaven by C. C. Ting’s group in 1974 [66]. Ting named it ], but at the same time, a similar
observation was made at SLAC by Burton Richter’s group [67]. Richter called it i particle. So
this particle is now called J/1¢. The true nature of this new particle was debated for a few months.
Finally, the quark model explained it as a bound state of the charm quark, c. It was a great success
of the quark model. With the addition of this new elementary particle, the quark model predicted
charmed baryons and meson, which started to appear in experiments starting from 1975.

In 1973, Kobayashi and Maskawa extended the GIM mechanism to explain the CP violation
in Kaon decays [68] and predicted the existence of the third generation quarks [69]. Two years
later, in 1975, there was the first observation of the third generation elementary particle, 7 lepton.
Following that, in 1977, a new meson, upsilon, was discovered by the E288 experiment at Fermilab
[70]. It was recognized as a bound state of a fifth quark, b (beauty or bottom). Prediction of the
sixth quark, the top quark (¢), was also made by Kobayashi and Maskawa. It took almost 20 years
to confirm the existence of the top quark. It was discovered in 1995 by the Tevatron CDF [71] and
DO [72] experiments at Fermilab.

1.1.13 Weak interaction and intermediate bosons

Quantum Electrodynamics (QED) was introduced by Dirac in the late 1920s, and it laid the foun-
dation for Quantum Field Theory (QFT). Major developments in QED calculations and the intro-
duction of Feynman diagrams happened a bit later in 1947. Fermi proposed the theory of beta
decay, n — pe~v,, in 1934, which matched loosely with QED. Fermi teated this process as a con-
tact interaction and did not introduce any mediator particle. The strength of the weak interaction
was given by the Fermi constant, G. Since the weak force has an extremely short range, Fermi'’s
theory gave an excellent approximation at low energy. In 1956 T. D. Lee and C. N. Yang suggested
that the weak interaction violates parity [73, 74]. Parity violation in weak interaction was experi-
mentally shown by C. S. Wu and the collaborators in 1957 [75]. Fermi’s theory still survived with
some modifications. Fermi’s original theory had a vector current of the form ,y#,,. To include
parity violation, it was replaced by a vector-minus-axial-vector (V-A) current, i, y#(1 - y)ib,. V-A
theory was introduced in 1958 by Feynman, Gell-Mann, Sudarshan, and Marshak [76, 77]. Fermi’s
contact interaction theory was not renormalizable and was expected to fail at high energy. So a
theory with a mediator, intermediate vector boson, was developed. Theorists started predicting the
properties of the mediator particle. It gradually became clear that the new particle had to be a
massive boson with electric charge. Initially, two charged bosons W* were proposed. At the same
time, physicists tried to understand the underlying symmetry of the weak interaction. In anal-
ogy to the isospin in the strong interaction, a weak isospin doublet structure was proposed with
electron and neutrino. The anticipation of a possible SU(2) structure of weak interaction leads to
the prediction of a neutral boson (W?). Later in 1968, Glasgow, Salam, and Weinberg predicted
the electroweak (EW) theory by combining weak and electromagnetic interaction [78-80]. They
predicted three massive intermediate vector mediators charged W* and neutral Z boson. These
particles were discovered by UA1 and UA2 experiments of CERN in the year 1983 [81-84].
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1.2 Standard model

The term “standard model” was first used by Abraham Pais and Sam Treiman in 1975 while refer-
ring to the electroweak theory with four quarks [85]. The standard model (SM) of particle physics
is a gauge field theory, invariant under the non-abelian SU(3)c x SU(2); x U(1)y gauge group.
The subscripts do not have any meaning related to group theory, but refer to the physical appli-
cation. The subscript C stands for the color of the strong interaction, L denotes the weak isospin,
which refers to the left-chiral nature of the fermion coupling, and Y is the hypercharge. The SM
Lagrangian density can be written as a combination of strong QCD and electroweak (EW) terms,

[:SM = [:QCD + LEW (1.2)

The two components will be described in subsection 1.2.2 and subsection 1.2.4, respectively. This
summary is based on reference [86], and [87], and some inputs from [88]. Most of the experimental
measurements are taken from the review of the Particle Data Group [29].

1.2.1 Particles in the standard model

Our current understanding is that ordinary matter is made out of three kinds of elementary parti-
cles: leptons, quarks and the force mediators. There are six leptons and they are classified in three
generations. Each generation contains a charged lepton and the corresponding neutrino, which is
electrically neutral. The quarks come in six flavors and are also divided into three generations.
Each generation contains an up-type and down-type quark. The quarks also come in three colors,
so there are 18 different kinds of quarks based on their color and flavor. The name of the quarks
and leptons and their electric charge (Q) and color charges are summarized in Table 1.1. All these
fermions participate in the weak interaction, so they also have weak isospin charge. The quarks
and leptons have associated anti-particles.

There are four spin-1 bosons in the SM and they are the mediators of the electromagnetic, weak
and strong force. The only spin-0 boson in the SM is the Higgs boson. The SM bosons are shown
in Table 1.2. The gravity force carrier is hypothesized to be a spin-2 boson and is not discovered
yet, nor it is included in our current standard model.

1.2.2 Quantum chromodynamics

Quantum chromodynamics is the gauge field theory that describes the strong interaction. The
gauge group is denoted as SU(3)c, where the suffix C denotes color. The eight gluons are rep-
resented by eight gluon fields, G%, where the index a runs from 1 to 8. The quark field kinetic
term is written using a covariant derivative, which leaves the kinetic term invariant under SU(3)
transformation.

D, =9, + igtcGy, (1.3)
The matrices t( are the eight Gell-Mann matrices and are a three-dimensional generalization of
the Pauli matrices. They form an irreducible representation of SU(3) and satisfy [t(, té] = 2ifabesl,
where f¢ are the antisymmetric structure constants of SU(3). The corresponding gauge charge
is color. The Gluon field strength can be written as

Gy = 9,Gi - 9, Gl — g f GGy, (1.4)

where g is the coupling strength of the strong interaction. The quark fields are denoted by g,,
where the flavor index takes value r = u,d,s,c,t,b. If we include the kinetic term along with the
quark mass term the full Lagrangian can be written as
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Table 1.1: The fermions of the Standard Model and their electric and color charges. Data collected
from the Review of Particle Physics [29].

Generation | Particle Name | Symbol | EM Charge | Strong Charge Mass
(Q) (Color) (MeV)
Leptons
Lot | electron e -1 | 0 | 0.511+0.31x107®
| electron neutrino | v, | 0 | 0 | <1.1x107°
ond | muon x| -1 | 0 | 105.66+0.24x 107
‘ muon neutrino ‘ Vi ‘ 0 ‘ 0 ‘ <0.19
3 | tau ot -1 | 0 | 1776.86+0.12
| tauneutrino | v, | 0 | 0 | <18.2
Quarks
15t ‘ up ‘ u ‘ 2/3 ‘ R/G/B ‘ 2. 16*8 ‘212
| down |4 | -1/3 | R/G/B | 4.67+088
ond | charm | ¢ | 23 | R/G/B | (1.27£0.02)x10°
| strange | s | -1/3 | R/G/B | 93*1!
3 | top ¢ | 23 |  R/G/B | (17276+0.30)x103
| bottom b | -1/3 | R/G/B | (4187)33)x10°

Table 1.2: The force carries and the Higgs boson of the Standard Model and their charges. Mass
values are collected from the Review of Particle Physics [29].

Particle Name | Symbol | EM Charge Weak Charge | Strong Charge Mass
(Isospin) (Color) (GeV)
photon ‘ )4 ‘ 0 ‘ no ‘ no ‘ <1x107%
Z-boson | Z° | 0 | no | no | 91.188+0.002
W-boson |  W* | +1 | yes | no | 80.379+0.012
gluon ‘ g ‘ 0 ‘ no ‘ yes ‘ 0
Higgs ‘ h ‘ 0 ‘ yes ‘ no ‘ 125.10+0.14
1 .
[:QCD :_ZG;{ivGWV + Z’q_r(ly'MD/A_mr)er (1.5)
r

where y# are the Dirac matrices.

1.2.3 Parton distribution function

The parton model was proposed by Feynman in 1969 to explain high energy hadron collisions
[89]. This model proposed that any hadron can be considered as a composition of point-like con-
stituents called ‘partons’. In the same year, Bjorken and Paschos made a similar assumption to
understand electron-proton deep inelastic scattering [90]. The parton model avoided introducing

9
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any hypothesis about the nature of the constituents. Once the quark model was widely accepted,
we understood that the partons are quarks and gluons.

The quark model describes the proton as a static three quark bound state. It consists of two
up (u) quarks and one down (d) quarks. But a proton is much more complex. The quarks inside
the proton interact strongly with each other via gluon exchange. The gluons can also split into a
quark-antiquark pair, which essentially forms a sea of virtual gluons, quarks and antiquarks. The
three initial quarks, uud, usually are called valance quarks, and the other quarks and antiquarks
produced via gluon splitting are called sea quarks. Since the quarks inside the proton are always
interacting, the quark momentum follows a distribution. These distributions are described via
the parton distribution functions (PDF). A PDF gives us the probability of a parton having a mo-
mentum fraction between x and x + 0x of a proton. PDFs are probability density functions and
are parameterized in terms of momentum fraction, x, and momentum transfer in the scattering,
Q?%. The quark-parton model, explains the underlying process of a deep inelastic scattering as
elastic scattering between an electron and a parton with momentum fraction, x. Thus the cross-
sections can be described in terms of the PDFs. This description is experimentally verified. PDFs
cannot be calculated from first principles of QCD, therefore, they have to be measured by experi-
ments. Nonetheless their energy dependence (Q?) is calculable using Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) [91-93] equations. This ability enables us to calculate the PDFs relevant
for LHC experiments extrapolating from lower energy collisions. It is crucial to have a very good
knowledge of these PDFs to measure the cross-sections of all SM processes at LHC.

1.2.4 Electroweak theory

Electroweak theory is a unified gauge field theory of the weak and electromagnetic interactions. It
is a non-abelian gauge theory described by the SU(2); x U(1)y gauge group. The weak interaction
is chiral, and the subscript L denotes the left chiral nature of SU(2) coupling. In the electroweak
model of Glashow, Salam, and Weinberg, the U(1) gauge symmetry of electromagnetism is re-
placed by a new local gauge symmetry U(1)y, where the subscript Y denotes weak hypercharge.
Weak hypercharge relates the electric charge (Q) and the third component of weak isospin (T?) as

Y=Q-T73 (1.6)
The Lagrangian density of the electroweak physics can be broken down into several terms:

Lyw = ‘Cgauge + Ltermion + ﬁHiggs + Lyukawa (1.7)

The gauge fields related to SU(2); are denoted as W*, where a = 1,2,3. The coupling strength of
these gauge bosons is g. The gauge term looks very similar to the QCD one (Equation 1.4), but
now f%¢ = ¢, the totally antisymmetric three-index tensor. Therefore, the SU(2); field strength
tensor can be written as

Wi, = 9, W, — 9, Wi - ge® Wi Wy . (1.8)

The U(1)y part describes a gauge boson B, which has a coupling strength g’. The field strength
tensor looks very similar to electromagnetism,

B,, =9,B,~9,B,. (1.9)
So the electroweak gauge term can be written as
1 a apy 1 124
Loauge = =7 Wi W™ — 7B,y B (1.10)

10
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The gauge term gives the kinematics as well as the interactions of the gauge fields. Explicit mass
terms of the gauge bosons are not gauge invariant, hence cannot be added to the Lagrangian. So,
in presence of unbroken gauge invariance, the gauge bosons are massless.

The Lfermion component of the EW Lagrangian describes the fermion kinetic terms. Fermions
are spin 1/2 particles and can be categorized into three different types, namely, Dirac (massive),
Weyl (massless), and Majorana (particles that are their own anti-particles) fermions. All SM
fermions are massive. Based on our current understanding, all fermions except the neutrinos
are Dirac fermions. It is yet to be determined whether neutrinos are Dirac or Majorana fermions.
The kinetic term can be written using the Dirac equation with the following covariant derivative

D,=d, + ig'B,Y + igt{Wy. (1.11)

Because of the chiral nature of the weak interaction, it only couples to left-chiral (left-handed)
fermions and right-chiral (right-handed) anti-fermions*. Thus the left-handed leptons (er, yr, 71)
and corresponding neutrinos (v, v, v,) each form a doublet under SU(2);, whereas the right
handed leptons (eg, yg, Tr) forms a singlet under SU(2); group. In the quark sector also the left-
handed up-and down-type quarks form a doublet in each generation, whereas the right-handed
quarks form singlets. Unlike the lepton sector, the quark sector has two singlets of the form uy and
dr corresponding to the up-and down-type quarks, respectively. The fermions and their electric
charge (Q), third component of the weak isospin (T3) and weak hypercharge (Y) are summarized
in Table 1.3.

Table 1.3: SM fermion fields and their electric charge (Q), third component of weak isospin (T?)
and weak hypercharge (Y) are summarized for first generation fermions. The same is true for the
second and third generation leptons and quarks.

Fermion Type Field Q T3 Y
Ouarks L=\ 4, -1/3  -1/2 6

UR +2/3 0  +2/3

dgr -1/3 0 -1/3
Leptons L™\ e -1 -1/2 2

er -1 0 -1

Note that the left-handed and right-handed fermions carry different charges under SU(2); x
U(1)y gauge group, hence it is not possible to mix them. But the Dirac mass term mixes the left
and right-handed components and takes the following form —m ) = —mipgipy — mpy Pg. So, it is
not possible to insert an explicit mass term for fermion fields. As a result, the fermion part of the
EW Lagrangian only contains the kinematic term, and can be written as

3
Lrermion = ) Q(y"DuQ] + figy"Dyuy + dgyDydy + Liy"D,Ly + éky"Dyek (1.12)
i=1

4The left and right components of the fermion fields can be obtained by projection operators: {; = %(1 — %) and
Pr =501+
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1.2. Standard model

The Higgs field is an SU(2); doublet of the complex scaler field and can be written as

Y AN D
@_(¢0)_ﬁ(¢3+i¢4). (113)

The Higgs field transforms as a singlet under SU(3)¢, like the lepton fields, and it has a hyper-
charge Y = 1/2. The covariant derivative takes the same form as Equation 1.11, only the hyper-
charge will be replaced by that of the Higgs field. Thus the Lagrangian density of the Higgs sector
can be given by

Lttiggs = (Du®)" (D, @) - V(®), (1.14)

where the first term is the kinetic and gauge interaction term and the second term is the potential
term of the form 5
V(@) = p?ot0+ A (0f0)" . (1.15)

It is necessary to have A > 0, to make sure V(®) is bound, and allows a stable vacuum state. We
will discuss more about the Higgs potential in the next section.

The Yukawa terms describes the coupling between the Higgs doublet and the fermions, which
is needed to generate fermion masses. The Yukawa term can be written as

33
Lyukawa = ZZ [yfjéRiCDJrLLj+3/f’jﬂRicf)+QLj+}ffjf{Ri@+QLj] + h.c. (1.16)
=1 j=1

Here the indices i and j denote the three fermion generation and h.c. means the Hermitian con-
jugate term of the previous terms. The field @ is the conjugate Higgs doublet, ® = ig?®*. The
yfj,y;’j,yfj are the Yukawa coupling terms.

1.2.5 Electroweak symmetry breaking

As discussed in the last sections, in the presence of gauge invariance, all SM particles shall be
massless. However, experimental evidence does not support it, and we know that all the SM par-
ticles have non-zero mass. Therefore, to solve this problem, the concept of spontaneous symmetry
breaking is used to break the SU(2); x U(1)y symmetry spontaneously to U(1)q. It is done via the
Brout-Englert-Higgs mechanism, or the Higgs mechanism, for short [94-96]. The SU(2); doublet
Higgs field was introduced in the SM to break the symmetry.

For p? > 0, the minimum of the potential V(®) is located at ® = 0. Electroweak symmetry
is unbroken in the vacuum for this case, since a gauge transformation acting on the vacuum state
® = 0 does not change the vacuum state. When y? < 0, the potential minima are located away from
zero, as shown in the schematic diagram Figure 1.2. In this case, the vacuum is not invariant under
SU(2), xU(1)y. As soon as we choose a specific ground state, the symmetry gets spontaneously
broken. Without loss of generality we can choose the ground state such that (0|¢|0) = (0[¢$,|0) =
(0]¢p4|0) and (0|¢p3|0) = v = \/—p?/A, where |0) represents the vacuum state. v is called the vacuum
expectation value (VEV) of the Higgs field. Hence after the symmetry breaking, we are left with
U(1)q. So, the vacuum state can be written as

(0|®[0) =

< O

) (1.17)

5l-
N
———
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1.2. Standard model

(a),u2>0 (b),u2<0

Figure 1.2: The scalar field potential, V(®) as a function of |®| for (a) y#?> > 0 and (b) > <0

Based on perturbative calculations, the Higgs field can be expanded around the minimum.
Hence can be written as

1 0
CI)(x):%( vt h(x) ) (1.18)

h(x) here denotes a scalar field, and corresponds to the Higgs boson. This particular gauge choice
is the basis of the Higgs mechanism.
Higgs mass

Once we choose the VEV the Lagrangian of the Higgs field can be written as
1 1
— t 2\1,2 3 4
Liggs = (Dyh)' (D) = S(=2p")h” = Avh® = 2 AB" + ... (1.19)

where the covariant derivative is given by Equation 1.11. The second term in Equation 1.19 can be
parameterized in terms of tree-level mass of the Higgs boson, my

my = +/-2p% =V2Av. (1.20)

Thus the Higgs mass is related to the VEV and the quartic coupling and needs to be determined
experimentally.

Gauge boson mass and their interaction

The gauge boson interactions and their masses are obtained from the gauge kinetic term. We break
the SU(2); x U(1)y symmetry to U(1)q, so it is convenient to write the gague bosons in a different
basis where WI} and WM2 get mixed

1 2
wr=_—Ft 1 (1.21)

ST

W, FiW,
2
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1.2. Standard model

The other two gauge bosons, W;,Bﬂ respect the U(1)p symmetry, but they are not physical since
the two terms mix together. The physical bosons, which can independently propagate, can be
written by diagonalizing the mass matrix. The mass eigenstates can be written as

Z, cosGWW;—siHBWBﬂ, (1.22)

A, = sinGWWIf’JrcosGWBy (1.23)

Here the weak mixing angle is defined as

Ow = arctan(%) ,and cosBOyy = & sinQy = & . (1.24)

/g2 +g/2 g2 +g12
The mass terms of the gauge boson in this basis can be written as

2.2

2 12\0y2
MZPZM%W’;W—W (1.25)

LD 5

So, the mass of the Z and W bosons can be written as

1 1
mzzivw/gzﬁ—g’z and My = 58V (1.26)

Therefore the mass of the W boson is directly given by the Higgs VEV. my and g are directly mea-
sured, so we can determine v ~ 246 GeV. The mass of the photon, m, is zero.

Gauge boson interaction terms with the Higgs field are also generated from the gauge kinetic
term and can be written as

2 2 2 72 2 72
gv -8 _ (g7 +g" ) (g-+g")
hWi W, + S hh W W, + 25— hZ, 71 + Thhz,gﬂ (1.27)

2 4 4
All these couplings can be uniquely determined if we know the Higgs VEV, v, W and Z boson
masses.

LD

Fermion mass

Fermion masses come through the Yukawa term, where the fermion states are written in the weak-
eigenstate basis. v!,9* and y¥ shown in Equation 1.16 are 3 x 3 matrices corresponding to lepton,
up-and down-type quarks. Lepton masses are directly obtained from the Yukawa coupling and
can be expressed as
1
m; = u ’
V2

where | = ¢,p1, 7. The fermion masses are given by the Higgs VEV. Neither the fermion masses
nor the Yukawa couplings are predicted by the SM. They are determined from measurements.
The experimental data of measured fermion masses validates the nature of Higgs coupling. It is
observed that the couplings to the Higgs field are proportional to their masses as shown in Fig-
ure 1.3. Neutrinos are assumed to be massless since the right-handed neutrinos are not defined
in the SM. After the experimental confirmation of neutrino oscillations, we know that the neu-
trinos are massive, but the exact mechanism of generating neutrino mass is still not determined.

(1.28)
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1.2. Standard model

The neutrino weak or flavor eigenstates are related to the mass eigenstates by the 3 x 3 unitary
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.

Ve Uel UeZ Ue3 V1
V” = U}ll UyZ U‘u?’ Vo (129)
Ve UTl UT2 U’L’3 V3

The W= couples to the leptons belonging in the same generation. On the other hand, cross-
generational couplings of the W boson exist in the quark sector. In 1963 Cabibbo proposed that
the weak interactions of the quarks have the same strength as the leptons, but the weak eigenstates
in the quark sector are different from the mass eigenstate. The mass eigenstate of the quarks can
be determined from the weak eigenstate using the Cabibbo-Kobayashi-Maskawa (CKM) matrix,

dl d Vud Vus Vuh d
st |=Vexm| s |[=| Vea Vs Ve S (1.30)
by b Via Vis Vi JU D
T T o T T o

Eli [ AtLas B
= Vs=13TeV,245-79.8fb™ z .43
o C m,=12509GeV,ly |<25p_ =78% & = ]
ELL|> | H SM -"'W -
w S TR SM Higgs boson i |
x 107E E
102 !!b =
= T =
o —68%CL
103 = 95% CL  —|
S 3
Ce m,(m,,) used for quarks ]
104 =
> o 4 4 T
g C ]
— l4p -
oL 12f =
o r ]
K R SRR LY { --------------------------- g‘}~
0.8F =

10 1 10 10°
Particle mass [GeV]

Figure 1.3: Reduced coupling-strength modifiers for fermions, xp (F = t,b, 7, 4) and weak gauge
bosons, ky (V = W,Z) as a function of their masses mp, my, and the vacuum expectation value
of the Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line).
The black error bars represent 68% CL intervals for the measured parameters. For x, the light
error bars indicate the 95% CL interval. The coupling modifiers are measured assuming no BSM
contributions to the Higgs boson decays, and the SM structure of loop processes. The lower panel
shows the ratios of the measured values to their SM predictions. Figure taken from [97]

There are nine elements in the CMK matrix, but they are not all independent. So they can
be expressed in term of three ‘generalized Cabibbo angles’. The elements of the CKM matrix are
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1.3. Top physics

measured in different flavor physics experiments, and the values can be found in the particle data
group review [29]. Flavor changing charged current in the weak interaction is observed due to
the non-zero off-diagonal terms of the CKM matrix. The observed CP violation in the SM can be
accommodated by a single complex phase in the CKM matrix.

1.3 Top physics

The top quark is the heaviest known elementary particle with a mass of around 172.5 GeV. Being
so much heavier than the W boson, the top quark is the only quark that can decay into an on-shell
W-boson. Top-quark lifetime is very short (5 x 1072> s). Moreover the top quarks decay before
forming hadron bound states as the characteristic hadronization time of QCD is around 28 x 1072°
s, almost O(10) times longer than the top-quark lifetime. The top quark is also the only quark
whose Yukawa coupling is close to unity. Therefore top quarks play a very important role in the
standard model of particle physics and its extensions. This dissertation summarizes two searches
for new physics involving top quark. This section gives a brief overview of top-quark production
and its decay modes, relevant to the studies presented here. A more comprehensive summary of
the top-quark phenomenology can be found in [29].

1.3.1 Top-quark production

In hadron colliders like LHC and Tevatron, the top quarks are produced predominantly in pairs
through quark anti-quark annihilation (g4 — tf) and gluon fusion (gg — tf) at leading order (LO)
of QCD. At the Tevatron pp collider (v/s = 1.96 TeV), the dominant production mode was g4 anni-
hilation, which produced almost 85% of tf events. Whereas at the LHC almost 80 — 90% ¢t pairs
are produced via gluon fusion [29]. Figure 1.4 shows the four LO Feynman diagrams for top-quark
pair production via q4 annihilation and gluon fusion.

t OO0 ——— -
Figure 1.4: LO Feynman diagrams of the top-quark pair production.

tt pair production total cross sections are predicted at next-to-next-to-leading order (NNLO)
including next-to-next-to-leading-log (NNLL) soft-gluon resummation [98]. In general m; = 172.5
GeV is used while calculating the cross-sections for LHC. The cross-sections are summarized in
Table 1.4, where the first uncertainty is from the scale dependence and the second one comes from
the variations of parton distribution function. A summary of LHC and Tevatron measurements
of the top-pair production cross-section as a function of the center-of-mass energy is shown in
Figure 1.5. It can be seen that the measured cross-section values are very consistent with the the-
oretical predictions. This figure also shows that the production cross-section is almost the same
in the proton-proton and proton-antiproton collision processes above the center-of-mass 10 TeV.
Furthermore, the tf production cross-section is expected to increase only by a factor of 1.8 when
the LHC center-of-mass energy changes to 14 TeV.
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1.3. Top physics

The secondary production mode of top quark at the LHC is via electroweak single-top produc-
tion. Single-top quark production in the SM is via charged current, which involves tWb vertex.
Single-top can be produced via s-channel (g4’ — tb), t-channel (gq — q’t) and Wt associate pro-
duction (bg — Wt). At the LHC, the contribution from s-channel is very low.

Table 1.4: The best NNLO + NNLL theoretical prediction for t# pair production cross section at
Tevatron and LHC. The top quark mass (11;) is assumed to be 173.3 GeV, close to Tevatron + LHC
average. The values are taken from LHC Top Working group calculations [99].

Collider, v/s ‘ o7 [pb]
Tevatron 1.96 TeV | 7.16701375-17

LHC 7 TeV 177.3746+00

LHC 8 TeV 252.9*64+113

19.8+35.1
LHC 13 TeV 831.8%595732

23.2+41.3
LHC 14 TeV 984.5%232+413

E‘ E | T T T | T T T | T T T | T T T | T T T | T T T =

[N [ v Tevatron combined 1.96 TeV (L < 8.8 fb™) L -

= C e CMS dilepton,i+jets 5.02 Tev (L=27.4pb) ~ ATLASTCMS Preliminary  Sept 2019 4

c | = ATLASep7TeV (L=4.6fb" LHCtoOp WG i

o e CMSeu7TeV(L=5fb?
o - m ATLASep8TeV (L=20.21"Y 1
o e CMSeu8TeV(L=19.7fhY
(72} 103 | v LHC combined eu 8 TeV (L = 5.3-20.3 fb™) LHCtop WG
17, E m ATLASep*13TeV (L=36.1fb"
0 F v CMSeu13TeV (L=359fbY
o [+ CMS t+e/p* 13 TeV (L = 35.9 fb)
o [ O ATLAS I+jets* 13 TeV (L = 139 fb™)

= A CMS l+jets 13 TeV (L=2.2 fb™)

o - O CMS all-jets* 13 TeV (L = 2.53 fb™) 900k 1 -

> 5 * Preliminary 4

» 10°pn = = LJ'J """" —

= - soof | M l 13

8 - | .

- - 700F 1 4

NNLO+NNLL (pp)

B NNLO+NNLL (pp) R ]

10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vsrev] |

E NNPDF3.0, m,_ =172.5 GeV, a,(M,) = 0.118 * 0.001 3
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Figure 1.5: Summary of the LHC and Tevatron measurements of the top-pair production cross-
section as a function of the center-of-mass energy compared to the NNLO QCD calculation com-
plemented with NNLL resummation (Top++2.0). The theory band represents uncertainties due
to renormalization and factorization scale, parton density functions and the strong coupling. The
theoretical calculations and the measurements are quoted at m; = 172.5 GeV. There are two dif-
ferent theory lines, the pp line is used to compare LHC measurements and the pp line is used to
compare the Tevatron measurement. Figure taken from [100]
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1.3. Top physics

1.3.2 Top-quark decay

The top-quark almost always (99.9%) decays into a b-quark and a W boson. This is a consequence
of the V}; term of the CKM matrix being very close to unity. The b-quarks hadronize and form
b-jets. 68% of time the W boson decays hadronically into two quarks (ud or c3). And it decays
leptonically into a charged lepton and corresponding neutrino (Iv;) roughly 32% of time [29]. We
generally call the corresponding top-quarks containing hadronically or leptonically decaying W
bosons as ‘hadronic’ or ‘leptonic’ top, respectively. tf processes are typically classified according
to the final-state signatures, determined by the decay channels of the two W-bosons. The three
different tf final-state signatures are

* Fully hadronic channel: Both W bosons decay hadronically, tf — (bW*)(bW™) — (bq4,)(bq344).
The corresponding branching fraction is =~ 46%. We expect six jets in the final state at LO.

* Single lepton (semi-leptonic, lepton+jets) channel: Here one of the W boson decays hadon-
ically and the other one leptonically, tf — (bW*)(bW~) — (bqg,)(bl~v;) or (bl*v;)(bqg,). If
we consider three generations of leptons, the total branching fraction of the single lepton
channel is around 45%. Four jets, one charged lepton and missing transverse energy corre-
sponding to the neutrino is expected at LO. Generally, only electron and muon final states
are considered as single lepton final state and tau final states are categorized separately.

* Dilepton (fully lepton) channel: In this decay channel both the W boson decays leptoni-
cally giving rise to final state like this, tf — (bW*)(bW~) — (bl+vl)(l;l§17,2). This channel has
9% branching ratio. Two jets (b-jets), two opposite charged leptons and missing transverse
energy are expected at LO.

All different tf decay branching fractions are shown in Figure 1.6. Tau final states are not consid-
ered in the lepton+jets final state.

Top Pair Branching Fractions

“alljets” 46%

ttjets 15%

Ltjets 15%

etjets 15% .
"dileptons” "lepton+jets™

Figure 1.6: The branching ratios (BR) of different tf decay channels are shown in this pie chart.
The blue color shows the fully hadronic (alljets) BR of 46%, green sections are showing the semi-
leptonic decay (~30% with e and p), the orange-red section shows the dilepton channel (~4%
without 7 contribution). The contributions coming from 7 final states are shown in gray. Figure
taken from [101].
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1.4. Success and limitations of standard model

1.4 Success and limitations of standard model

The standard model of particle physics is an elegant theoretical framework based on non-abelian
gauge field theory where the exact nature of the particle interactions is determined by the local
gauges. The SM describes ordinary matter particles and their interactions. The predictions have
been tested in different particle physics experiments over several decades. The measured values of
all SM parameters and the cross-sections of different reactions are being measured with very high
precision. Figure 1.7 shows a summary of measured cross-section values of several SM processes
by the ATLAS experiment [102]. These measurements are done at a center-of-mass energy of /s =
7,8, and 13 TeV using proton-proton collision data. Most of the measured cross-sections agree
very well with the theoretical calculations. The third and fourth row from the top shows the Z
boson, and ¢f pair production cross-sections, respectively. These two processes are highly relevant
to the searches presented in this dissertation. Current precision test results and the discovery of
the Higgs boson established the validity of the SM up to the electroweak scale.

One problem with the SM is that it has many free parameters. The values of these free param-
eters are not predicted by the SM and are chosen by various assumptions and measurements. If
we consider neutrinos are Dirac fermions, then there are a total of 26 free parameters in the SM.
The parameters are:

* Twelve Yukawa couplings for a total of twelve fermions of the SM. They can be expressed as
the mass of the fermions.

* Three coupling constants of the gauge interactions: g, g,¢’. These quantities are often ex-
pressed as strong coupling a;, QED coupling @ and Fermi coupling for weak interaction
Ge.

* Two parameters describing the Higgs potential, the VEV (v) and the Higgs mass ().
* A total of eight mixing angles for the CKM and PMNS matrices.
* The Ogcp parameter, usually assumed to be zero.

If we put aside the Ogcp parameter, of the 25 SM parameters, 14 are related to the Higgs sector,
eight with the flavor sector, and three with the gauge interactions. With so many parameters, the
SM sometimes appears to be a model where the parameters are chosen to match observed data.
The mechanism of neutrino mass generation is still not known to us, and the neutrino masses are
not experimentally measured yet. Furthermore, all the fermion masses are free parameters in the
SM. So the fermion mass generation looks ad hoc, and it is not clear why the SM does not predict
them. There are also some underlying structures in the fermion masses of different generations,
which is unlikely to be incidental. The three gauge interactions are also of a similar order of mag-
nitude, indicating they might be a lower energy manifestation of a parameter of a Grand Unified
Theory (GUT).

Despite the success, there are several issues with the standard model and it can not explain
many experimental observations. One of the famous examples is the overwhelming evidence of
the existence of dark matter over a very large range of astrophysical scales. The SM does not de-
scribe this non-luminous dark matter (DM). Another problem is that we see more matter than
anti-matter in the universe. If the early universe started from matter-antimatter equality then
there has to be CP violation to explain the current asymmetry. Although CP is violated in the SM
through the CKM phase, this effect is too small to explain the observed baryon asymmetry. So,
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Figure 1.7: Summary of several Standard Model total production cross section measurements, cor-
rected for leptonic branching fractions, compared to the corresponding theoretical expectations.
All theoretical expectations were calculated at NLO or higher. The dark-color error bar represents
the statistical uncertainty. The lighter-color error bar represents the full uncertainty, including
systematics and luminosity uncertainties. The data/theory ratio, luminosity used and reference
for each measurement are also shown. Uncertainties for the theoretical predictions are quoted
from the original ATLAS papers. They were not always evaluated using the same prescriptions for
PDFs and scales. Not all measurements are statistically significant yet. Figure taken from [102].

far we have not found such CP-violating processes. The origin of neutrino mass is another un-
solved problem and SM does not include any description of the neutrino mass generation. After
the discovery of the Higgs boson by the ATLAS [103] and CMS [104] collaborations the mecha-
nism of electroweak symmetry breaking became more concrete. But the existence of the 125 GeV
Higgs boson introduces a conceptual problem associated with the quantum correction of its mass
term. The Higgs boson mass gets corrected by loops of other particles. In the SM, the dominant
contribution comes from the top quark loop to the Higgs propagator. If the momentum of these
virtual particles, corresponding to the loops, are cut off at a scale A, then the correction to the
observed Higgs mass, relative to the bare boson mass with no loop correction, is proportional to
AZ?. A, usually, corresponds to the relevant scale of the theory. So, the Higgs mass correction is not
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a problem up to the electroweak scale. But if we assume that the SM is a part of a more complete
theory valid up to a very high energy scale of a GUT, Agyr ~ 10'® GeV or Planck scale, Ap ~ 10'°
GeV, then these mass corrections become very large. This problem is known as electroweak hierar-
chy problem or fine-tuning problem. Many extensions to the SM predicts new particles that cancel
the mass corrections. Furthermore, there are also stability issues of the SM vacuum. We have
not directly measured the Higgs quartic coupling, A, yet. The Higgs quartic coupling tells us the
exact shape of the Higgs potential. Based on current data we know that the SM vacuum is in a
meta-stable state [105]. Besides, the SM does not provide us any description of gravity. There are
several other problems discussed in details in [106, 107]. To address all these problems, plenty of
theories Beyond the SM (BSM) were developed. A few of those theories will be summarized in the
next section.

1.5 Beyond standard model

Many BSM theories have being developed over the past three decades. In general, these GUT the-
ories extend the gauge of the SM and embed the SM into a larger symmetry group. Thus, these
theories introduce a lot more particles and interactions. A new force carrier could be heavy with
a mass in the TeV range, hence measurable in the LHC. Models with an alternative mechanism of
electroweak symmetry breaking were popular before the Higgs discovery, but some of the modi-
fied versions of those theories are still relevant for LHC physics. There are also models with an
extra dimension that includes gravity and solves the hierarchy problem. Some of the BSM models
are very generic minimal extensions of the SM with an additional U(1) gauge. Hence they predict
a new gauge boson. In the dissertation, searches for such new heavy gauge bosons are described.
The models are assumed to have non-zero coupling to the SM particles, thus can decay into SM
particles. Two classes of searches are presented in this dissertations, where the new particle decays
into two leptons (electrons and muons) or a top anti-top quark pair.

If the new vector boson has properties similar to other SM gauge bosons, then we expect it to
decay into SM particles. Thus, one simple final state will be a decay to two leptons like electrons or
muon. The existence of such new particles will, most of the time, enhance the production rate of
SM particles. Thus, if we can estimate the di-lepton production from all the SM processes, we can
see if there is any hint of new physics by comparing our estimate with data. In this dissertation,
a direct search for new high mass particles is performed with LHC data collected in the year
2015 and 2016. A high mass particle with significant coupling to the leptons will manifest as a
resonance. Several benchmark BSM signal models are used to interpret the results of this search.
Two such models are a GUT model based on Eg algebra and Sequential Standard Model (SSM).

However, the new physics could be leptophobic and could have very minimal coupling to lep-
tons. Many theories assume that the leptophobic BSM sector could couple strongly with the SM
quarks. In that case, an absence of any new physics in dilepton pair production will not rule out
these theories. Such a boson can instead form a di-quark resonance. Particularly the final states
with top-quarks are interesting. Due to its uniques properties, the top quark stands out among all
other SM particles. Its mass is a few orders of magnitude higher than the first generation quarks.
The top-quark mass is close to the VEV of the Higgs field, making its Yukawa coupling close to
unity. The highest contribution to the Higgs mass correction comes from the top-quark. Thus, it is
common to have new physics associated with the top-quark in the models addressing naturalness.
In models where Higgs is a pseudo-scalar, like Little Higgs models, a top-quark partner t’ with a
different electroweak coupling is predicted. These ¢’ and third-generation particles of supersym-
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1.5. Beyond standard model

metric models are expected to have large coupling to the SM top-quarks. So, their existence will
show up in the top-quark finals states. Some other models predict heavy boson, Z’, with preferen-
tial coupling to top-quarks. The propagator and its couplings to top quarks themselves might be
sensitive to any such new heavy particles. Thus, precision measurements of top-quark properties
can be considered as indirect searches for new physics. Almost in all the top measurements, the
data is found to be consistent with the theoretical predictions. In this dissertation, direct searches
for resonant signals in the ¢f final state are presented. The results are interpreted with benchmark
Topcolor assisted Technicolor model and simplified dark matter models.

1.5.1 GUT model based on E4 algebra

This kind of theory is motivated by superstring models and can be reduced to the SM after sym-
metry breaking.
Eg — SO(10)x U(1)y, = SU(5) x U(1), x U(1)y

where SU(5) would break down into Gg);, and the additional local U(1) symmetries will be
associated with new gauge bosons. Most studies assume only one Z’ boson, with coupling being

the linear combination
Z’(9E6)=Z)’(Cosf9Eé+Zl'l,sir16E6 (1.31)

where O € [-7, 7] is the mixing angle. Different values of the mixing angle correspond to differ-
ent state of Z’ as described in [108] and summarized in Table 1.5.

Table 1.5: List of commonly used Z’ models.

Model Name ‘ Z’ State ‘ O, Value
1 model Zz/p /2
1 model Z, 7 —tan~! (\/g)
Neutral N model Zy tan~! (\/ﬁ)
Insert model Z; tan! (\/g)
Secluded sector model Z tan! (\/g)
x model Zy 0

1.5.2 Sequential Standard Model

The sequential standard model (SSM) [109] is the simplest extension of SM with an additional
spin-1 heavy gauge bosons generally called Z’, W’. Z;,, boson has the same coupling to fermions
as the SM Z boson. It serves as a useful reference case when comparing constraints from vari-
ous sources. Many of the LHC analyses, including the ones presented here, use this model as a
benchmark for setting limits and generating simulated events. The Z;¢,, can decay into both two
leptons and quarks. Unlike the SM, the self-coupling of these new bosons are assumed to be zero.

Also, their coupling to the SM W and Z boson is assumed to be zero.
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1.5. Beyond standard model

1.5.3 Topcolor assisted Technicolor model

Several theories were introduced to solve the electroweak hierarchy problem introduced by the
electroweak symmetry breaking (EWSM). One idea proposes that the Higgs boson is a fermion
bound state, where the fermions are bound by a new strong interaction. In such strongly-coupled
systems, the electroweak symmetry breaking could be dynamic, analogous to the spontaneous
breaking of approximate chiral symmetry breaking in QCD. The possibilities of using simple QCD
for EWSB were largely ruled out after discovery of a SM-like Higgs boson. A scaled-up version of
this idea is based on a new non-Abelian gague group, Gr¢ together with additional techniquarks
that are charged under both Gr¢ and electroweak. Such theories are generally called Techni-
color theories [110, 111]. The initial QCD-like Technicolor was introduced by Weinberg [112] and
Susskind [113] in the late 1970’s. In the Technicolor theories, EWSB is achieved by adding a new
technicolor gauge force that becomes strong near 100 GeV. Technicolor models have several prob-
lems, but two important features are: all the fermions are massless and the existence of Higgs-like
scaler is not clear. To fix some of the issues of the Technicolor model, SM gauge group (Gsyy)
and Technicolor gauge group are connected. These models are called Extended Technicolor model
(ETC) [111]. In ETC, Gsp; and Gy are embedded in a larger gauge group Ggrc O Gsp X Gre, and
the SM fermions are connected with the techniquarks within representations of Ggpc. It can gen-
erate nonzero fermion mass, but the third generation fermion masses, particularly the top-quark
mass, were too small. To fix top-quark mass, topcolor models were connected to Technicolor mod-
els.

The topcolor model is a dynamic EWSB model where the large top-quark mass gets generated
through the formation of a dynamic ¢ condensate. The fermion condensates are formed by a
new strong gauge force, which preferentially couples with the third generation quarks. In the
topcolor scheme the QCD gauge group, SU(3)c is embedded into a minimal SU(3); x SU(3);
group. The first gauge interaction, SU(3);, is stronger and only acts on the third generation quarks.
While the second gauge interaction, SU(3), is weaker and acts on the first and second generation
quarks. A color octet of massive bosons, topgluons, is produced when the SU(3); x SU(3), —
SU(3)c symmetry is broken. These bosons couple mainly to tf and bb condensates and produce
degenerate top- and bottom-quarks around 600 GeV [114]. To get the top-quark mass scale correct,
the topcolor model needs to be combined with some other theory. Topcolor assisted Technicolor
(TC2) [115, 116] model is one such development.

To make the masses of the two quarks different, a tilting mechanism is implemented in this
model by introducing an additional strong U(1)’ interactions attractive to tf, but repulsive to bb.
This additional symmetry corresponds to a neutral gauge boson Z7,. The simplest approach is
to embed the weak hypercharge, U(1) — U(1); x U(1),. The up- and down-type quarks are given
different U(1) charges to achieve the tilting. So the gauge group structure of the topcolor with the
U(1)’ tilting mechanism takes the following form

SU(3)1 X SU(3)2 X U(l)l X U(1)2 X SU(Z)L — SU(3)C X U(l)Q

There are several models based on the scheme of the tilting mechanism. The model IV referred
to in the article [114] represents one special case, which couples strongly to the first and third-
generation quarks and has almost zero couplings to leptons. The predicted cross-sections of such
leptophobic topophyllic Z;, are large enough to be experimentally accessible at the LHC [117].
This model is parametrized by the topcolor fitting parameter, cos 0y, which controls the width
and production cross-section. The tilting parameters are denoted as f; and f,, which control the
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1.5. Beyond standard model

coupling to up-type and down-type quarks, respectively. The TC2 model used in this dissertation
(model IV) for tf resonance searches has f; =1 and f, = 0. These values are chosen to maximize
the tf branching ratio.

After the discovery of the Higgs boson, a wide range of Technicolor models are no longer con-
sidered as an alternative theory of EWSB, but it is demonstrated that a subset of these models with
walking technicolor can accommodate a Higgs-like scalar. Then the Higgs has to be a composite
particle. However, the motivation of using the TC2 model in the tf resonance search does not fully
rely on the validity of such. Since the signal widths are narrower than the experimental resolu-
tion, the derived upper limits on production cross-section are valid for any narrow width Z’ signal.
Moreover, this particular benchmark model was used in previous searches conducted by ATLAS
and other experiments. The choice of this benchmark model thus allows for direct comparisons
with previous results.

1.5.4 Dark matter mediator models

The dark matter (DM) mediator model is one of simplified benchmark models with a s-channel
mediator, Z[),,, described in the LHC Dark Matter working group report [118]. This is a simple
extension to the SM with an additional U(1) gauge symmetry, in which a dark matter candidate
particle has charge only under this group. In this model, some of the SM particles also have
change under this group, hence this new gauge boson can mediate interactions between the SM
and DM particles. Two models are considered where the spin-1 Z” has vector and and axial-vector
couplings with the SM and DM fields. The dark matter particle x in this model is considered to
be a Dirac fermion with mass m, and gets produced via the exchange of the Z),, mediator. The
simple Lagrangian for the vector and axial-vector mediators can be written as

Locctor = & ) Zpiy'a+&Zxv'x (1.32)
q=u,d,s,c,t,b

Lovialvetor = & ) ZudV'y°a+ &2, x0" v’ x (1.33)
q=u,d,s,c,t,b

where g, and g, are the quark and DM coupling, respectively. These simplified models have five
free parameters, g,, g,, lepton coupling g, m, and mediator mass M. For the models considered
in this analysis, we specifically assume the mediator does not couple to lepton, g; = 0. The quark
coupling is assumed to be universal for all cases, thus it takes the same value for all quarks. For the
vector and axial-vector mediator model we assumed g, = 1 and g, = 0.25 following the benchmark
values recommended by the LHC Dark Matter Working Group [119, 120]. Many different values
of m, and My are used for the new physics searches described in this dissertation.
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CHAPTER

TWO

Experimental Setup

The research works described in this dissertation, is performed using the data from one of the ex-
periments of the European Organization for Nuclear Research, known as CERN®. The laboratory is
on the French-Swiss border outside Geneva. CERN is the largest particle physics laboratory in the
world. CERN has an international working environment with representatives of 110 nationalities,
and researches are spread around 1000 institutes or universities in 70 different countries. There
are several experiments around different beam-lines in the CERN complex as shown in Figure 2.1.
I worked on one of the experiments located around the Large Hadron Collider.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [122] is a hadron accelerator, which most of the time collides
protons with protons. It is installed in a 26.7 km long underground tunnel, which lies between
45 m and 170 m below the surface. The LHC uses the same tunnel previously used by the Large
Electron Proton (LEP) collider [123]. There are two rings with counter-rotating beams. The beams
are allowed to cross at the four interaction points, where the four LHC experiments, ATLAS [124],
CMS [125], LHCb [126] and ALICE [127] are located. The LHC is designed to collide proton beams
at the center-of-mass energy of /s = 14 TeV with an instantaneous luminosity of 1 x 103* cm™2s71.
This dissertation uses only the proton-proton collision data.

2.1.1 The LHC acceleration chain

The LHC relies on a series of low energy accelerators. For proton-proton collision runs, the process
starts with Hydrogen atoms. Protons are created by stripping the electron out of Hydrogen atoms
using an electric field. The resulting protons are accelerated to an energy of 50 MeV using the
linear accelerator, LINAC2. The protons are then sent to the Proton Synchrotron Booster (PSB) and
get accelerated to 1.4 GeV. The booster then injects the beam to the Proton Synchrotron (PS), which
increases the energy to 25 GeV. The protons then enter the Super Proton Synchrotron (SPS), where
they are accelerated to 450 GeV. Finally, protons enter the large ring of the LHC. The LHC has

S>The acronym CERN was historically derived from Conseil européen pour la recherche nucl” eaire. Nowadays, ‘CERN’
has become a standalone name for the lab itself and is currently referred to as the Organisation européenne pour la
recherche nucléeaire; or, in English: the ‘European Organization for Nuclear Research.’
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Figure 2.1: Illustration of the various beam lines and experimental facilities of the CERN accelera-
tor complex. The protons that circulate through the LHC, and that are eventually made to collide
inside the ATLAS detector, follow the path: LINAC2 — BOOSTER — Proton Synchrotron (PS) —
Super Proton Synchrotron (SPS) — LHC. Figure taken from [121].

two vacuum pipes, where two beams circulate in opposite directions. It takes roughly 4 minutes
20 seconds to fill each LHC ring. Although the LHC is designed to collide proton beams with a
center-of-mass energy of 14 TeV, due to technical limitations it was operated at v/s =7 TeV (2011)
and /s = 8 TeV (2012) during the first run. During the second run (2015-2018), the center-of-
mass energy was increased to 13 TeV. The beams of charged particles at LHC are accelerated using
radio frequency (RF) cavities and guided around the ring using superconducting magnets. The
LHC uses eight RF cavities per beam, each delivering 2 MV (an accelerating filed of 5 MV/m). The
RF cavities increase the beam energy by more than 14 times. It takes roughly 20 minutes for the
proton beams to reach their maximum energy of 6.5 TeV. The electric fields in the RF cavities are

26



2.1. The Large Hadron Collider

made to oscillate at 400 MHz and are operated at a temperature of 4.5 K temperature.

2.1.2 Beam structure

The proton beams circulating around the LHC rings are not continuous proton streams; instead,
they are made up of proton branches. It the LHC operates at its designed luminosity, each bunch
contains ~ 1.15 x 10'! protons at the start of a nominal fill. Each proton beam contains 2808
bunches at its full intensity [128]. The bunches are spaced by 25 ns (or 7.5 m), and each bunch is
roughly 7.7 cm long. All possible locations of bunches (called buckets) in a proton beam at LHC
are not filled in order to provide the necessary gaps for several actions to take place like the beam
dumps, the injection from the SPS to LHC, and the rise of the magnetic field of the kicker magnets.
The LHC bunch structure is discussed in detail in reference [129].

2.1.3 Luminosity and pileup

The event rate of a process with production cross-section o, can be written as

dN,
Fzﬁ'ap. (21)

The proportionality factor, £ is known as instantaneous luminosity. If the shape of the LHC
beams are approximated to be Gaussian, £ can be given by

_ N1N2freva S
4moyoy

L (2.2)

where:
* N, is the number of bunches in one beam,

* N; and N, are the number of protons in the colliding bunches (intensity of the colliding
bunches),

* f.ev is the bunch revolution frequency,
* 0y and oy, are the transverse beam width assuming Gaussian beam shape,

* S is the luminosity reduction factor coming from the geometric effects and non-zero bunch
crossing angle.

For LHC typical numbers are: Nj, = 2808,N; = N, = 1.15 x 10'!, f,,, = 11.2455 kHz. The beam
sizes at the crossing point are 16.7uym. S can be estimated roughly 0.808. With these numbers the
designed instantaneous luminosity of the LHC at the beginning of a fill becomes:

L£=121x10>*cm™ 25! x 0.808~1x10°* cm 257!,

The instantaneous luminosity can be integrated to get the total luminosity, L = I/Ldt. The inte-
grated luminosity is expressed in inverse femto-barn (fb~!) unit, where 1 b = 10728m?. Thus, the
total number of expected events of a process (p) with cross section o, can be estimated from the
total integrated luminosity, N;¥*™ = o, - L
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2.2. The ATLAS detector

At the LHC, many more than one head-on collision happens per bunch crossing. The majority
of them are low energy inelastic collisions. These additional collisions other than the collision
of interest are referred to as pileup. The in-time pileup comes from the additional collisions of
the same bunch in which the hard scattering happens. Out-of-time pileup is from the remnant of
collisions happening in the previous or later bunch crossings relative to the collision of interest.
The detector readout time is larger than the spaces between the bunches; hence the out-of-time
pileup events create additional responses in the detector making the measurements more difficult.
Pileup is parameterized with the mean number of interactions per bunch crossing. The number
of interactions in a bunch crossing, p, is assumed to obey Poisson distribution [130, 131]. p is
proportional to the inelastic scattering cross-section, ojpelastic and can be written as

_ ‘Cbunch‘jinelastic
ﬂ - f ’
rev

where Lyynen is the luminosity of a bunch.

(2.3)

2.1.4 LHC Run-2 performance

LHC data-taking period starting from the year of 2015 to the end of 2018 is referred to as Run-2.
In this dissertation, LHC Run-2 data are used for the searches for the new particles. At the very
beginning of 2015, bunches were spaced by 50 ns. But the bunch spacing changed to 25 ns soon
after, and data with 25 ns bunch spacing are used for physics analyses presented in this disser-
tation. LHC increased the intensity of the proton bunches during Run-2 operation; hence, the
instantaneous luminosity changed with time. LHC reached the designed instantaneous luminos-
ity of ~ 1 x103*cm 257! for first time in 2016. Later in 2017, the luminosity was increased further
and reached twice the design value. Higher instantaneous luminosity resulted in a higher num-
ber of interactions per bunch crossing. The average number of interactions per bunch crossing
< p >= 33.7 during Run-2, compared to < p >~ 20 during Run-1. The distributions of the mean
number of interactions per bunch crossing, y, are shown in Figure 2.2a for different data collection
years. A total of 156 fb~! of pp collision data was delivered by LHC, where ATLAS recording 147
fb~! data of that 139 fb~! are rated as ‘good’ based on the data quality requirements and used
for physics analysis. The integrated luminosity collected in Run-2 is shown in Figure 2.2b as a
function of time. Almost 95% of the collected data was used for physics analyses; which is a great
achievement. The dilepton search results, discussed in chapter 6 of this dissertation, are produced
using 36 fb~! data collected in 2015 and 2016. In the top-antitop resonance searches, discussed in
chapter 7 and chapter 8, the full Run-2 data of 139 fb™! is used.

2.2 The ATLAS detector

ATLAS is a general-purpose particle detector [124] located at one of the LHC collision points. It
investigates a wide range of physics, from precise measurements of SM quantities to searches for
a variety of BSM physics. This section contains a brief overview of the ATLAS detector.

2.2.1 Coordinate system

ATLAS uses a right-handed coordinate system where the beam direction defines the z-axis. The
x — v plane is perpendicular to the beam axis. The positive x direction is defined by the axis
pointing towards the centre of the LHC ring starting from the interaction point and the y points
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Figure 2.2: (a) The luminosity weighted distribution of mean number of interactions per bunch
crossing (pp) for the 2015 to 2018 data taking periods. The average u values for each year are
shown. (b) The cumulative luminosity as a function of time is shown. The total delivered lu-
minosity, ATLAS collected luminosity and luminosity used in the physics analysis are show in
different colors. Figures taken from [132].

upwards. The A-side of the detector is located at the positive z direction, and the opposite side
is called C-side. The azimuthal angle, ¢, is defined around the beam axis in the x — y plane,
whereas the polar angle, 6, is measured from the beam axis. In ATLAS, generally the polar angle
is not used directly. Instead a function of the polar angle called pseudorapidity, #, defined as
n = —Intan(6/2)is commonly used. Another similar variable is called rapidity and defined as

y=lh%E+pﬁ,
2 E-p,

where E is the energy and p, is the z-component of the momentum. The difference between the
rapidities of two particles is invariant under the Lorentz boost along the z-axis. The same is true
for pseudorapidity when the particle mass is zero. As a result, both variables are commonly used
in collider physics. It is difficult to measure the total momentum of a highly relativistic particle,
hence the measurement of rapidity becomes inaccurate. Thus # is a more commonly used variable
in ATLAS. So the very high momentum limit or in the very low mass limit, rapidity is the same as
pseudorapidity. For massive objects, rapidity is sometimes used in ATLAS. The transverse quan-

tities like transverse momentum, pr = /p2 +p}2,, transverse energy, Er = /m? +p% and missing

transverse energy, EF'*S are defined in the transverse (x —y) plane. The distance between two par-
ticles is generally defined as AR = \/A¢? + An?. For massive objects often the distance is defined
in the rapidity-azimuthal angle space like AR = \/A¢? + Ay2.

2.2.2 Detector overview

The ATLAS detector has a cylindrical shape. It is 44 meters long, and the diameter is 25 meters.
The total weight of the full detector is approximately 7000 metric tons. A cut-away view of the
ATLAS detector is shown in Figure 2.3. It is symmetric with respect to the interaction point. It has
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Figure 2.3: Cut-away view of the full ATLAS detector. Figure taken from [124].

an onion-like structure, where all the subdetectors are arranged in a concentric cylindrical shape
in the central barrel region. In the forward and backward regions, the subdetectors are arranged in
disk-like structures, known as the endcaps. There is a tracking detector in the core of the ATLAS
detector. The tracking detectors are embedded in a strong solenoidal magnetic field. Outside
the tracking detectors, there are calorimeters. Calorimeters are located outside the magnetic field
and measure particle energy. Almost all the particles lose their energies in the calorimeters. But
muons lose very little energy while passing through the calorimeters, so a set of dedicated muon
detectors are installed in the outermost part of the ATLAS detector. The muon detectors are all
tracking detectors and are embedded inside a toroidal magnetic field. The muon detectors are
often collectively referred as muon spectrometer.

2.2.3 ATLAS magnets

Four superconducting magnet systems are used in ATLAS [133]. They are the central solenoid,
the barrel toroid, and two endcap toroids. The central solenoid is aligned with the beam axis
and provides a 2 T magnetic field. The solenoid magnet provides a magnetic field for the inner
detector. Since the central solenoid is placed in front of the calorimeter system, the magnet sys-
tem needed to be as thin as possible to reduce material interaction. Thus, the solenoid assembly
contributes roughly 0.66 radiation length® at 90° incidence [134]. The single-layer coil is wound
with a high-strength Aluminum-stabilized Niobium-Titanium conductor, specially developed to
achieve a high field while keeping the thickness minimal.

The barrel and two endcap toroids provide roughly 0.5 T and 1 T magnetic field, respectively.
The barrel toroid consists of eight coils and provides a magnetic field to the muon detector system.
The conductor and coil-winding technology are the same in the barrel and endcap toroids; it is

The radiation length is the average distance over which the energy of an electron is reduced by a factor of 1/e by
bremsstrahlung.
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Figure 2.4: Cut-away view of the ATLAS inner detector. Figure taken from [124].

based on winding a pure Al-stabilized Nb/Ti/Cu conductor [124]. The two endcap toroids are
also made of eight coils each.

2.2.4 Inner detector

The innermost part of the ATLAS detector is known as the inner detector (ID) [135]. The ID is a
multi-technology tracking detector composed of three different sub-detectors: the Pixel Detector,
the Semiconductor Tracker, and the Transition Radiation Tracker. It is embedded in a 2 T solenoid
magnetic field, which bends the charged particles. The ID provides full ¢ coverage and extends
up to || = 2.5. The detector is designed to provide a transverse momentum resolution of o, /pr =
0.05%pr GeV @1% [135] and a transverse impact parameter resolution of 10 ym in the central
region for high momentum charged particles [124]. A cutaway view of the inner detector is shown
in Figure 2.4. The different ID subdetectors are briefly discussed in the next section.

The Pixel detector and the Insertable B-Layer

The silicon pixel detector [136] is the innermost part of the ID. It consists of 1744 silicon pixel
modules with 46,080 readout channels per module. There are three concentric cylindrical layers
at radii of 50.5, 88.5, and 122.5 mm around the beam pipe, and three disks perpendicular to the
beam pipe on each side, extending to 650 mm. The innermost pixel layer is called the b-layer
and the remaining two layers are layer-1 and layer-2. Typically pixels are 50 ym (400 ym) long in
the transverse (longitudinal) direction. In between the readout chips the longitudinal pixel size
is 600 ym due to design limitations. The sensors are 250 ym thick. There are almost 80 million
pixels in the pixel detector.

During the long shutdown between LHC Run-1 and Run-2, the pixel detector was upgraded,
and a new layer, the Insertable B-layer (IBL) [137, 138] was added. At present, IBL is the innermost
layer and has a mean radius of 33 mm. A typical IBL pixel has a size of 50 ym (250 pm) in the
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transverse (longitudinal) direction. Two different technologies are used in the IBL sensors. Planer
silicon sensors are used in the central region, and 3D pixel sensors at high |#|. The thickness of the
planner sensors is 200 ym, while the 3D sensors are 230 ym thick.

The Semiconductor Tracker

The pixel detector is surrounded by a silicon microstrip detector (SCT). SCT is arranged in four-
barrel layers and two end caps with nine disks each. It consists of 4,088 two-sided modules with
more than 6 million readout channels. SCT layers start at a radius of 299 mm and extend up to
514 mm [139]. All the SCT sensors in the barrel region have identical rectangular geometry, with
768 readout strips of 80 ym pitch (approximately 12 cm in length). Two such pairs are connected
in a module and a second pair of identical sensors are glued back-to-back at a stereo angle of 40
mrad. The endcap sensors have a trapezoidal shape and the strip pitches vary from 56.9 ym to
94.2 ym. SCT has a hit resolution of ~ 17 ym in r — ¢ direction and 580 ym along z direction.

The Transition Radiation Tracker

The outermost part of the ID consists of the Transition Radiation Tracker (TRT) detector [140],
which extends the track reconstruction further out to a radius of 1082 mm. It consists of poly-
imide drift (straw) tubes of 4 mm radius filled with a gas mixture of 70% Xe, 27% CO,, and 3%
O,. Each tube has a 0.03 mm diameter gold-plated tungsten wire in the center, acting as an anode
wire. TRT tubes are 144 (37) cm long in the barrel (endcap) regions. The tubes are arranged par-
allel (perpendicular) to z axis in the barrel (end-cap) region and covers up to || = 2.0. Charged
particles passing through the tubes ionize the gas mixture. Ultra-relativistic charge particles pro-
duce transition radiation in the X-ray range while crossing the material boundary used in the TRT.
The amount and pattern of transition radiation depend on the particle’s mass, and lighter charged
particles produce more radiation. So, electrons passing through the radiator will release a notably
larger amount of transition radiation than heavier charged particles, such as pions. Therefore,
the TRT plays an important role in electron identification and provides substantial discriminating
power between electron and pions over the energy range between 1 and 200 GeV.

2.2.5 Calorimeter

The calorimeter system is outside the solenoid magnet and covers up to || < 4.9. Calorimeters
are designed to measure the energy of particles either by completely stopping them or absorbing
most of the energy of particles passing through. Typically a calorimeter consists of alternating
high density “passive” absorber layers like lead and “active” medium such as solid lead-glass or
liquid argon. If the absorber and the active material are the same, the calorimeter is a homogeneous
calorimeter. Whereas in a sampling calorimeter the two materials are different. All the different
calorimeter subdetectors used in ATLAS are sampling calorimeters. The energy resolution of a
calorimeter can be written as

b
G—E:i@—@c, (2.4)

E E E
Here a is the stochastic term and stands for the photoelectron statistics and accounts for the
Poisson-like fluctuations. b is the noise term and is the energy equivalent of the electronic and
other background noise like pileup noise. This term is dominant at the low energy. c is the con-
stant term and it accounts for the non-uniformity of the detector like geometry, calibration. This
term is dominant at higher energy. The three terms are added in quadrature indicated by the &
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Figure 2.5: Cut-away view of the ATLAS calorimeter detector. Figure taken from [124].

symbol. Unlike the tracking detector, the relative uncertainty of calorimeter generally decreases
with energy as the stochastic and noise term vanishes.

Two separate calorimeter systems are used in ATLAS, the electromagnetic calorimeter, and
hadronic calorimeter. Figure 2.5 shows a cutaway view of the full ATLAs calorimeter systems.

Electromagnetic calorimeter

The electromagnetic calorimeter (EMCal) is designed to completely stop the electrons and pho-
tons. The ATLAS EMCal is a very high granularity liquid-argon (LAr) sampling calorimeter
[141] in which lead is used as the absorber. LAr is a radiation hard material and offers a stable
linear response. It is divided into one barrel (covering || < 1.475) and two endcaps (covering
1.375 < |n| < 3.2). The barrel is further divided into 16 modules each covering A¢ = 22.5%. When
an electron passes through lead, it emits bremsstrahlung photons on the other hand a high energy
photon can pair produce e”e*. The cascade of bremsstrahlung and pair production creates an elec-
tromagnetic shower and ionizes the LAr. The electromagnetic interactions of high energy electrons
and photons in matter are characterized by the radiation length, X,. The radiation length is the av-
erage distance over which the energy of an electron is reduced by a factor of 1/e by bremsstrahlung.
In the case of pair production, X, corresponds to 7/9 of the photon mean free path [142].

ATLAS EMCal depths are more than 22X, in the barrel region and more than 24X, in the
endcap region. The depth increases with [1j|. The are three longitudinal sampling layers for || < 2.5
region and two for 2.5|y| < 3.2 region. The second layer has the highest granularity in Ay x A¢
space, where the cell sizes are of 0.025 x 0.025. The fine segmentation helps to distinguish single
photons from diphoton produced in neutral pion decay (t° — yy).
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2.2. The ATLAS detector

Hadronic calorimeter

The hadronic calorimeter is designed to detect strongly interacting particles like hadrons. The
hadron calorimeters function very similarly to electromagnetic calorimeter but the longitudinal
shower development is determined by the nuclear interaction length, A;. The hadronic interac-
tion length is the mean distance between hadronic interactions for relativistic hadrons. For most
materials, the hadronic interaction length is significantly larger than the electromagnetic radia-
tion length. The ATLAS hadronic (HCal) calorimeter has three components: the Tile calorimeter
(TileCal) [143], LAr hadronic endcap calorimeter (HEC), and LAr forward calorimeter (FCal). The
TileCal has one barrel (covering || < 1.0) and two extended barrels (covering 0.8 < || < 1.7). There
are three layers with different Aj; at 17 = 0 the thickness is 9.7 Aj. The first two layers have a gran-
ularity of 0.1 x 0.1 in 71 x ¢ whereas the granularity is 0.2 x 0.1 in the last layer. The TileCal is a
sampling calorimeter with scintillating plastic tiles as active material and steel as an absorber. The
hadronic endcaps consist of two wheels on each side. The endcaps are LAr sampling calorimeters
and use copper plates instead of lead as an absorber. The highest granularity is 0.1 x0.1 in 77 x ¢ in
|| < 2.5 and outside this region the cell size doubles. The target resolution of the electromagnetic
calorimeter is [141]

op  10%
E  VE

The pion energy resolution obtained from test beams using TileCal as well the LAr calorimeter
[144] can be written as

®0.7% . (2.5)

o 52% ® 1.6GeV

E  VE E
The FCal is designed to measure both electromagnetic and hadronic activities. It covers the
very forward region, 3.1 <|r| < 4.9, and consists of three layers. The first layer is a LAr calorimeter
and uses copper as an absorber. It is optimized for electromagnetic measurement. The last two

layers are LAr calorimeters using tungsten as an absorber and measure the energy of hadronic
interaction. The depth of FCal is roughly 10A;.

®3.0% . (2.6)

2.2.6 Muon spectrometer

The muon spectrometer (MS) is designed to detect muons with a pseudorapidity coverage up to
|n| < 2.7. It measures the momentum of muons based on the deflection of charged particle tracks
in the large toroid magnetic field. The toroid magnet provides an average field of 0.5 T, pointing in
the ¢ direction. Thus the toroidal field is perpendicular to the muon tracks and deflects the muon
tracks in the 7 direction. A cutaway view of the full muon system is shown in Figure 2.6. Four
different types of detectors are used in the MS to do two types of tasks: precision tracking and
triggering. The barrel muon chambers are installed between eight coils of the superconducting
toroid magnets. In the two endcap regions, the chambers are in planes perpendicular to the beam
axis. The MS chambers are arranged in three stations in the barrel and endcap, and there is one
extra station in the transition region between barrel and endcap as shown in Figure 2.7. MS pro-
vide momentum measurements with a relative resolution below 3% over a wide muon pr range
increasing up to 10% at py ~ 1 TeV [145].
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Figure 2.6: Cut-away view of the ATLAS muon spectrometer. Figure taken from [124].

Monitored Drift Tubes

The monitored drift tube (MDT) chambers are built from pressurized drift tubes with a diameter
of 29.97 mm filled with a gas mixture of Argon and Carbon (93% and 7%). The electrons created
from the ionization are collected in the central anode wire (tungsten-rhenium). MDT covers up to
In| < 2.7. MDT modules are robust and a single tube failure has only a negligible consequences on
the module’s overall performance. The average spatial resolution per tube is around 80 ym.

Cathode-strip chambers

The cathode-strip chambers (CSC) are installed in the forward region, and cover 1.0 < || < 2.7.
In the forward region, the MDTs are not capable of handling the high particle rate, so CSCs are
used. The CSC is made up of multiwire proportional chambers where the anode wires are oriented
in the radial direction. ATLAS CSCs are filled with a gas mixture of Argon and Carbon dioxide.
The cathode plates are segmented into strips and arranged in the parallel and the perpendicular
directions relative to the wires. CSC has higher radiation tolerance and can safely operate at 1000
Hz/cm?.

Thin Gap Chambers

Thin Gap Cambers (TGC) are used in the endcaps covering 1.05 < || < 2.7. TGCs are multi-wire
proportional chambers like CSCs, and have very good timing resolution. Besides complementing
the MDT measurements in the endcap region, the TGCs are used to trigger muons. TGCs are used
for triggering events in the || < 2.4 region.

Resistive Plate Chambers

Resistive Plate Chambers (RPC) are gaseous parallel plate detectors. Two resistive plates are held
at a high potential difference, and the gap between them is filled with a gas mixture. RPCs are
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Figure 2.7: A schematic picture showing a quarter-section of the ATLAS muon system. Figure
taken from [146].

using in the barrel region (covering || < 1.05) and their timing resolution is very good, about 2 ns.
Thus RPCs are used for triggering along with providing #, ¢ position measurement.

2.2.7 Trigger and data acquisition

The ATLAS trigger and data acquisition (TDAQ) system is developed to select only a tiny fraction
of the 40 million collision events happening every second. Due to the limited bandwidth and
storage capability, it is impossible to record all the collision events. The trigger system is designed
to identify interesting events out of all the collision events and store them. In Run-2, the ATLAS
TDAQ system had two components, hardware-based low-level trigger or level-1 (L1) trigger and
software-based high-level trigger (HLT). With the help of the two-step triggering method, the
recorded event rate decreases to around 1 kHz [147]. A schematic diagram of the ATLAS TDAQ
system used in Run-2 is shown in Figure 2.8.

Level-1 trigger

The level-1 trigger is a hardware-based trigger and uses the calorimeter and muon detectors. For
each event, one or more regions of interest (ROI) are defined in the 7 space to identify interesting
events. It selects events with high energy electrons, muons, photons, jets, and t-leptons, large
missing energy, and high transverse energy. L1 calorimeter trigger uses reduced granularity in-
formation from both electromagnetic and hadronic calorimeters. On the other hand, the L1 muon
trigger system is used to identify high momentum muons in the barrel and two endcap regions
using RPCs and TGCs respectively. A new topological trigger processor (L1Topo) is introduced
at the beginning of the LHC Run-II. The topological trigger uses L1 trigger objects as inputs and
applies topological selection combining the kinematic and angular information of > 1 object. Us-
ing L1Topo, we can compute quantities like angular separation, energy sum, invariant mass, and
thus largely improve our background rejection ability. The L1 trigger reduces the event rate to
roughly 100 kHz. The L1 decisions are made by the Central Trigger Processor (CTP), which gets
information from L1Calo, L1Muon, and the L1Topo system. The system is optimized to provide a
fast decision. The acceptance decision is made within 2.5 ps.
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Figure 2.8: A schematic picture ATLAS trigger and data acquisition system using in Run-2. Figure
taken from [147].

The L1 trigger has a read-out latency and needs some time to read out a triggered event. If
a trigger gets fired while the previous event is still read out it needs to be stored in the memory
(generally called read-out buffer). To cope up with the memory limit, a mechanism is set up to
ignore the bunch crossings to limit the number of L1 accepts within the constraints on the detector
read-out latency [148]. This is called dead time.

High Level Trigger

Events passing the L1 trigger go through the software-based high-level trigger (HLT). There are
fast trigger algorithms to reject events in the earlier stage, followed by more involved and com-
putationally heavy full reconstruction algorithms. The algorithms used in HLT are not always the
same as the offline reconstruction used later on. One example is track reconstruction; track re-
construction involves several steps and tracking used in the HLT is a lighter and faster version of
the offline algorithm. The HLT software is very similar to ATLAS offline reconstruction software
Athena [149], which is based on the high energy physics data procession software, Gaudi [150].
HLT stores events with an average rate of 1 kHz.

2.2.8 Data quality

The data collection only starts after the LHC declares the collision of stable particles. Once all
the subdetector high voltages are ramped up and ATLAS declares itself ready to collect data for
physics, the data recording starts. During data collection, sometimes subdetector modules or com-
ponents can stop working, for example due to a high voltage trip. The collected data during this
transient detector stage is marked, such that they can be removed if needed during data analysis
[151]. To ensure this, the data collected by each subdetector system are monitored by automatic
procedures as well as manually during the data taking. This is the online data quality monitor.
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There is also a more thorough off-line data quality monitor procedure, where collected data are
properly checked, after full reconstruction, before storing on the disk. Finally, based on all the data
quality checks, a good run list (GRL) of the collected data is defined to identify which datasets are
good to use for physics analyses.

2.2.9 ATLAS detector simulation

A detailed simulation of the ATLAS detector is necessary in order to study the expected detector
response in a wide range of physics processes. Simulation of the full ATLAS detector is done using
the GEant4 simulation toolkit [152, 153] as a part of the ATLAS simulation framework [154] which
is integrated into the ATLAS Athena framework. Once the physics processes are simulated, all the
stable particles are propagated through the full ATLAS detector simulated by Geanr4. The pile-
up effects are simulated by overlaying the energy deposits (hits) on the detector. Trigger effects are
also simulated and the events are reconstructed using the same reconstruction method as used for
data. Simulating the full detector and pile-up effects take huge computing resources. In ATLAS,
it is seen that almost 90% of simulation time is spent to simulate the calorimeter responses. this
is mostly due to the complex calorimeter showers developed by the primary particles. To decrease
the simulation time and computing overhead, a fast calorimeter simulation method is developed
to parametrize the calorimeter responses. This simulation method is called ATLAS fast simulation
or AFII [155, 156]. AFII works reasonably well, but cannot simulate the quantities relevant for jet
substructure which will be needed for two of the searches presented in this thesis. Nonetheless,
ATLAS fast simulation method is very useful when these kinetic variables are not used and saves
lots of computing time.
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THREE

Pixel Cluster splitting with Mixture
Density Network

3.1 Introduction

The ATLAS inner detector consists of a silicon pixel detector in the core surrounded by a sili-
con strip detector and a transition radiation tracker in the outer region, summarized in subsec-
tion 2.2.4. The pixel detector has four layers in the central region and two sets of three disks in
the forward and backward regions [136, 138]. Charged particles ionize the silicon bulk of a pixel
sensor, then the created charges drift towards the electrodes across the sensor due to the voltage
difference. Typically charge from an ionizing particle gets deposited in multiple pixels as shown in
Figure 3.1 (left) due to charge drift in presence of a B-field, electron-hole diffusion and 6-rays. The
cluster formed by the activated pixels is called a hit. In a dense environment, where the average
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Figure 3.1: Left: (a) In presence of ATLAS solenoid magnet the charges get diffused and drifted to
nearby pixels. (b) Charge clusters of two very close charge particles get merged. (c) 6 rays extend
the charge cluster size [157]. Right: a schematic diagram where the clusters from two nearby
tracks get merged.

separation between particles becomes comparable to the detector granularity, their pixel clusters
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can get merged as shown in Figure 3.1 (right). As a result, multiple tracks can get associated
with one hit. It is crucial to understand the multiplicity of a hit i.e. how many charged particles
went through that same area. In the past, a connected component analysis (CCA) [158] was used
to group the neighboring pixels, and a charge interpolation technique was used to estimate the
particle intersections. In this approach, no attempts were made to split the merged clusters. In
2011, a neural network (NN)-based approach was introduced in ATLAS [157] to identify clusters
created from multiple charged particles and estimate the hit positions. With the use of these NN,
the number of shared measurements between tracks reduced almost by a factor of three, and the
position estimate of the clusters improved significantly [157].

3.2 Pixel cluster-splitting neural networks: current approach

There are three sets of neural networks used in the current algorithm. There is a 3-class classifier,
number network, to determine the particle multiplicity of a given pixel cluster. The outputs of
the network can be 1,2 and > 3. There are three regression networks, position networks, each
corresponding to the outputs of the number network and whose goal is to determine the best
estimate of the location where each charged particle crossed that pixel detector; this is called hit
position. The hit position is estimated in the local x and local y coordinates’. There are two error
networks for each position network to determine the associated uncertainties on the hit position.
The error networks are classifiers and there are a total of six of them. In total there are thus ten
different networks.

3.2.1 Network architectures

All the networks mentioned above are quite shallow with only two hidden layers. The layers are
not very dense either, with < 60 nodes in any layer. Hence, it is very fast to evaluate them. As these
networks are called very frequently during track reconstruction, making the network evaluations
faster is very important. There are a total of 60 input variables given to these networks which
include the following:

* A 7 x7 digitized charge matrix, obtained from the calibration of time-over-threshold values
measured by the pixel sensors, centered on the charge centroid. The charge matrix has been
flattened into a vector of 49 elements in row-major order;

* A length-7 vector of pixel pitches in the local y direction, in which the pixel pitch (size) is
not constant;

* A binary variable encoding the inner detector region (endcap or barrel);
* An integer variable representing the cylinder (barrel) or disc (endcap) number;
* The incidence angles (6, ¢) of the track candidate(s).

More details about the network parameters and their performances can be found in the ATLAS
note [159].

The positions are measured in a frame of reference local to the pixel sensor considered, in which the local x and y
directions correspond to the transverse and longitudinal directions with respect to the beamline, respectively.
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3.2.2 Network training: least-squares formalism

Neural networks model a mapping between a set of training input variables, x = {xy,...x4}, to a
set of output variables, t = {t;,...f.}. Usually the networks are trained on a finite set of training
examples, {x4,t7}, where g labels a particular training example and runs from 1 to n. The most
common method of neural network training involves the minimization of the sum-of-square error,
defined over the training data set, of the form

Ew)=5) Y [fiw—i], (1)

q=1 k=1

where t; denotes the components of the target vector and fi(x;w) denotes the corresponding out-
puts of the network mapping function which is a function of network parameters, w, called weights
and biases. The error function is minimized w.r.t the weights to get the best prediction, fi(x;w");
where w" is the set of weight values which minimizes the error function. It turns out that fi(x;w")
is the conditional average ® of the target data, conditioned on the input vector. This method is
used in the current algorithm.

3.3 Mixture Density Networks

The simple neural network-based algorithm performs well but there is scope for further improve-
ment. Currently the hit positions and the associated uncertainties are estimated in two steps using
two different types of network. One can try to reduce the network steps by estimating the position
and uncertainties simultaneously. Furthermore, the performance of the error networks does not
always match expectation [159]. This can be alleviated by using a more powerful algorithm. So
an alternative algorithm, mixture density networks (MDN) [160], based on probabilistic learning is
introduced which can estimate position and uncertainty together.

3.3.1 MDN algorithm

The main goal of network training is to learn the underlying data generator. The data generator can
be quantified as the input-target joint probability distribution, p(x,t). The joint distribution can be
written in terms of the conditional distribution as p(x,t) = p(t|x) - p(x). Since p(x) is a property of
the network inputs, the conditional probability is the quantity that gets modeled through the net-
work training. As described in Equation 3.2.2 the conventional method is to use the least-squares
formalism but if we assume that the conditional distribution of the target data is a Gaussian, then
the least-squares formalism can be obtained using the maximum likelihood [160]. So one can start
with the following conditional probability

C 1 1 C
P(tlx)=!;[P(tk|x)= Vs P 52 ;{fk(’f;w)—tk}2 : (3.2)

Here o is the global variance and the target variable (#;) mean is modeled with a very flexible
network function, fi(x;w). The values of the parameters w are determined from the finite set of
training examples {x7,t7} by maximizing the likelihood

c=[ [pttxn =] [px")p). (3.3)
q=1 q=1

8Conditional average of a quantity Q(t) is defined as: (Q|x) = j Q(t)p(t|x)dt.
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The only w-dependent term in —log(£) is the least-squares term. Thus minimizing it will give
the conditional average as an estimate of the network prediction. It is seen that the conditional
averages predicted by the networks are optimal for classification problems [160]. However in
regression problems, the goal is to predict continuous variables and the conditional average rep-
resents a very limited statistic. Hence there can be significant benefit of using a more complete
description of the target data distribution. A Mixture Density Network is one such method. In
this algorithm, the Gaussian approximation is relaxed to a mixture model. The mixture model can
be written as a linear combination of different kernel functions (¢;(t|x)) as

m
px) = ) ai(x)i(tlx), (3.4)
i=1
where m is the number of mixture components, and the parameters a;(x) are called mixing coeffi-
cients. Only Gaussian kernels of the form

2
diltlx) = [ ||t20 all ] (3.5)

are considered in this study since any den31ty function can be approximated with this linear com-
bination [161]. This is called a Gaussian mixture model (GMM). The parameters of the mixture
model should be continuous functions of x and can be modeled using the outputs of a feed-forward
network. The combination of the feed-forward network and the mixture model is called mixture
density network [160]. Since the mixing coefficients a; are probabilities they should add up to
unity. To impose this condition «; is defined as a softmax function [162, 163] of the network out-
puts (z;) as
xp(z%¥
a; = ;Lzl)a. (36)
Z.j:l exp(z]. )

The variances Gi2 of the kernel functions should be non-negative. So, they are defined as the
absolute value of the network outputs as

on =zl (3.7)

The means, y;, represent location parameters and should be represented directly by the network
outputs as

pik =20 (3.8)

As before, the loss function is defined to be the —log(L), hence can be written as

Zln [Zoc (x)p tqlxq)] (3.9)

Finally, the loss gets minimized with respect to the network weights and biases during the training
process. More detailed discussion on this method can be found in [160] and [164].
3.3.2 Toy Example: Inverse Problem

Before addressing the actual problem at hand, the code is tested using a toy example. One of the
popular problems known to be solved by the MDN was chosen. Examples are generated from a
sinusoidal function of the form

y =7.0sin(0.75x) + 0.5x + €, (3.10)
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Figure 3.2: Performance of the MDN in modeling an inverse problem.

where € is a Gaussian distributed random number. First a conventional neural network is trained
such that it learns the mapping from x to y. In this case, for each input variable there can only be
a single output variable. The network with sum-of-square error minimization as well as with like-
lihood maximization under one Gaussian kernel approximation gives an excellent performance in
modeling the underlying generator of the data. This is shown in Figure 3.2a. Now let’s consider
the corresponding inverse problem using the exact same data but this time try to find a mapping
from y to x. So, essentially we want the network to learn the following relation between x and y

x =7.0sin(0.75y) + 0.5y + €. (3.11)

In this case there are many possible output values for a single input value and neither the least-
square method nor the one Gaussian kernel method can model the underlying generator, as shown
in Figure 3.2b. But a MDN with multiple Gaussian kernels successfully models the underlying
generator. The performance of a MDN with 10 one-dimensional Gaussian kernels is shown in
Figure 3.2c; it is able to accurately reproduce the underlying relationship.

3.3.3 Building MDN

The network is implemented using the Keras [165] software package with Theano [166] as a back-
end. The feed-forward network is built using the Keras functional API with three dense hidden
layers. The layers are activated using Rectifier-Liner (ReLU) activation function. The output layer
contains one or more GMM unit. There are three different networks for different cases, one for
each of solutions to the number network. The hit position estimates and the associated uncer-
tainties can be estimated from the network kernel parameters. For simplicity, only one Gaussian
kernel with dimension two is considered in this GMM. The kernels are parametrized with mean
and precision’. Two dimensional kernels can predict the mean and uncertainty along both local
x and y simultaneously. A schematic diagram of the workflow and the MDN structure is shown
in Figure 3.3. A customized loss function is developed for this study to calculate the negative log-
likelihood (Equation 3.9). The loss function uses the network outputs as described in Equation 3.6,
Equation 3.7 and Equation 3.8 to estimate the model parameters while calculating the loss. The
optimization is done using Adam optimizer [167]. Details of the network parameters are listed in
Table 3.1.

9The precision is defined as inverse of variance.
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Table 3.1: The network structure and the hyperparameters used to train the MDNs. The input and
output layer size is denoted in parenthesis in the structure row of the table.

Hyperparamaters MDN (1 particle) MDN (2 particles) MDN (3 particles)
Structure (60)-100-50-50-(1-2-2) (60)-100-80-50-(2-4-4) (60)-100-80-50-(3-6-6)
Activation ReLU ReLU ReLU
Output Layer 1 GMM 2 GMM 3 GMM
Output activation  (softmax-linear-absolute) (softmax-linear-absolute) (softmax-linear-absolute)
Learning rate 0.0001 0.0001 0.0001
L2 regularizer 0.0001 0.0001 0.0001
Batch Size 100 100 100
Gradient Clipping clipnorm =1 clipnorm =1 clipnorm =1
Loss Function custom custom custom

3.3.4 MDN training

The training dataset is the same as described in subsection 3.2.1. The training, testing, and valida-
tion dataset were created using Monte Carlo simulation of dijet process where the truth-level jets
have transverse momentum between 1.8 and 2.5 TeV. A total of 12 million training examples were
generated, and they were split 9 : 1 into training and validation set. An independent set of 5 mil-
lion examples is used to evaluate the performance of these networks. The training is done in small
mini-batches, and the model parameters are updated after each mini-batch. The size of the mini-
batch is a hyperparameter and is called batch size. A batch size of 100 is used for MDN training.
MDN is very sensitive to several hyperparameters, and a number of technical issues were observed
during the studies. Some of the issues are summarized in subsection 3.3.5 and subsection 3.3.6.

3.3.5 Overflow and Underflow problem

Two common issues of the MDN are the underflow and over flow problem. The underflow problem
is referred to the situation when a number of interest is too small for the computer to represent
it. Whereas the overflow problem occurs in presence of large numbers. These problems can lead
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to inaccuracy and sometimes can lead to NaNs!? in training or evaluation step. The underflow
and overflow problem is very common when the log of sums of exponentials are involved. Let’s

consider the following equation
N
z=ln[Zexp{xn}] , (3.12)

n=1

where a number z is expressed as a logarithm of sum of exponentials of another numbers x,. For
large values of x,, the exponential, exp{x,}, becomes very large and gets interpreted as infinity by
the computer. For example at x,, = 1000, exp(1000) = co due to this overflow problem. On the other
hand for very small x, the exponential becomes zero. When x,, = —-1000,exp(—-1000) = 0 because
of the underflow problem. The logarithm of these values thus becomes +oco or —co. This underflow
and overflow problem can arise in our case since the log likelihood includes the summation of
several exponential functions.

~InL(tx) = —ln{iai(xq)d)i(tqlxq)}

1

C 1 1t — o ()2
_ln{izl (2m)20i(x)? e"p(‘ 205(x)? )} (3.13)

A common trick to resolve the numerical instability is called log-sum-exp trick, which could be
given by the following identity

N
exp{x,} =a+1n ) exp{x,—a}, (3.14)

n=1 n=1

1=

In

for any a. Typically a is taken as max{x,} to make the exponent as small as possible. The log-sum-
exp trick is applied in this study while implementing the loss function of the MDN.

3.3.6 The persistent NaN problem

Even after using the log-sum-exp trick the loss function sometimes became NaN due to several
situations like:

1. o(x) is very small.

2. Big difference is seen between the predicted values(y(x) and the true values(t).

The second case is more common for this study. Sometimes the true values are outside the
expected range of [-3.5,3.5] in the pixel index unit '!. If the predicted position values are very
close to zero and the target true position values are comparatively large, then the exponential
becomes very small and the logarithm of that returns negative infinity. To resolve this issue three
things could be done:

1. Pre-process the training set by throwing away the training examples where the true values
are unexpectedly large.

10NaN means Not a Number
11 One pixel is one unit and the centre of the cluster is (0,0).
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2. Regulate the network prediction where it is too far off from the true values. For example the
exponent could be constrained to be in [-5,5], [t — y;(x)| <= 5.0. And if the [t — y;(x)| > 5.0, it
could be set to zero such that this particular example does not have any effect on the training
process.

3. The calculated likelihood before taking the logarithm could also be regulated to keep the
values in [-10,10]. If the values are outside this range those could be set to zero.

The above mentioned tricks are not applied in the current network. Some other tricks which
help stabilize the network training are also studied. Some of the tricks are used in the implemented
MDN.

1. Gradient Clipping: Some times the gradient of the loss function becomes large and that
eventually saturates the training loss and the network does not learn anything. This are
resolved by the using Gradient clipping [168] technique to clip the gradient to a smaller
range. The gradient clipping makes the training process stable across mini batches. Gradient
clipping is applied in our network.

2. Weight regularization: Weight regularization [169, 170] is applied to make the training
stable. Weight regularization is used in the MDN.

3. Batch normalization: On application of the batch normalization technique [171] on the hid-
den and output layers the network training becomes stable. The batch normalization acts
like weight regularization, so in presence of batch normalization further weight regulariza-
tion were not applied. In the final MDN used for the subsequent studies, batch normalization
is not used.

3.4 Results

The networks were trained up to the point where the loss gets saturated. The trained models
were evaluated on the testing set to get the predicted positions and uncertainties. Since MDNs
do two different predictions, two metrics are defined to examine their performance. The metric
for position estimation is the residual and defined as the difference between predicted and true
position,

residual = Xpred — Xirue or Ypred — Yirue - (3.15)

The other metric is the pull and is defined as the ratio of residual over predicted uncertainty:

Pull = Xpred ~ Xtrue or Ypred — Ytrue

O-x,pred O'y,pred

For all the MDNSs these two quantities are evaluated and their performance is compared with the
current networks. If the network predictions are very close to the true values the residuals are
expected to follow narrow distributions centered around zero. In addition, if the networks predict
uncertainties consistent with the predicted positions, then the pulls should follow a standard nor-
mal distribution. The performances are evaluated into different detector regions, barrel (central)
and endcap (forward, backward). Since the first barrel layer (IBL) has different pixel pitches, IBL
performance plots are made separately. The IBL-only performance plots in local y direction for
1-particle networks are shown in Figure 3.4. The residuals are narrower and the widths of the pull
distributions are closer to unit width for the new MDN. Similar performance plots for 2-particle

46



3.4. Results

> R o ! > 022 e T
g O.SiATLAS Simulation Preliminary o o B '% O'Z;ATLAS Simulation Preliminary o o é
o° E PYTHIAS dijet, 1.8 < pf‘ <25TeV - u= s?zsi::‘.nrm?gza 2 um E T (.18F PYTHIA8 dijet, 1.8 < pf‘ <25TeV - u= 0.3, ms =100
<@ [ 1-particle clusters - @ E 1-particle clusters 3
£ 0.25;‘0%‘ Y direction e P N etwork B £ 0.16[ Iocal Y direction L ATLASNN E
I C W =-1.40 pm, rms = 615 um | Il E W=-009, rms=144
O gpf BLoclusters B o 0.14F gL clusters =
s ] 0.12F- E
0.15F E 01 3
E B 0.08F =
01 E 0.06F E
0,05} E 0.04? E
F 1 0.02 —
= ! ! L (R L L J 05 S I IR B S|
—%.5 -04 -03 -02 -01 0 01 02 03 04 05 5 -4 -3 -2 -1 O 1 2 3 4 5
Truth hit residual [mm] Truth hit pull

(a) Local y residuals (b) Local y pulls

Figure 3.4: Comparison of residuals (a) and pulls (b) in the local y direction obtained from the
ATLAS NN (black) and MDN (red) using 1-particle IBL clusters.
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Figure 3.5: Comparison of residuals (a, c) and pulls (b, d) in the local x (a, b) and local y (c, d)
direction obtained from the ATLAS NN (black) and MDN (red) using 2-particle barrel (without
IBL) clusters.

networks are shown in Figure 3.5. The performance of 3-particle networks on endcap clusters
are shown in ??. MDN residuals are always more centered at zero, and have larger peaks. This
indicates that the MDN predictions are less bias, and network predicted positions are closer to the
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truth positions. In general MDN performs similarly or better than the current networks.
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Figure 3.6: Comparison of residuals (a, c) and pulls (b, d) in the local x (a, b) and local v (c, d)
direction obtained from the ATLAS NN (black) and MDN (red) using 3-particle endcap clusters.

3.5 Conclusions

An MDN-based algorithm can estimate the hit position and uncertainties at the same time. Only
one MDN is required along with the number network. So this algorithm has the potential to
be faster than the current one. MDNs also perform better than the current position and error
networks. The residual distribution has a higher peak around zero indicating that more often the
predicted values are close to the true values. MDN pulls are also much closer to standard normal
distributions indicating that the uncertainties are better modeled. All these studies are done in
standalone software set-ups, and we haven’t been able to study yet the improvements to the final
track reconstruction or establish the timing comparison. The MDN algorithm has now been added
to the ATLAS track reconstruction software framework. So, we will be able to do more one-to-one
comparisons of the results. In the future, the impact parameter resolution will be estimated using
the MDN algorithm. It will further help to understand any potential effect on flavor tagging.
Upon showing better performance on track reconstruction, MDN could be one of the powerful
algorithms used for future tracking in high luminosity LHC. The MDN algorithm is now being
studied actively by other members of the collaboration in the context LHC Run-3.
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CHAPTER

FOUR

Object Reconstruction

This chapter provides an overview of the reconstruction of physics objects with the ATLAS detec-
tor relevant to this dissertation. An overview of the reconstruction is given in section 4.1. The basic
components like tracks, vertices, and energy clusters, used for particle reconstruction and iden-
tification are described in section 4.2. Electrons and muons are the two charged leptons are used
in this dissertation. Their reconstruction and identification methods are described in section 4.3
and section 4.4, respectively. Many different types of jets are used in the searches presented in
this dissertation. The jet definitions and algorithms are summarized in section 4.5. The recon-
struction and calibration of the small radius calorimeter jets (with radius parameter R = 0.4) are
discussed in section 4.6. The truth jets are defined in section 4.7. Variable radius track jets where
the radius parameter is jet pr dependent are used in this dissertation to identify b-jets. These jets
are described in section 4.8. The large radius calorimeter jets (with radius parameter R = 1.0) are
described in section 4.9. A b-tagging algorithm is used to identify the jets coming from b-hadron
decay. Different b-tagging methods used in this dissertation are summarized in section 4.10. A
top-tagging technique is used to identify a large-R jet formed with the decay products of a high
momentum top-quark decay. The top-tagging methods and their performances are described in
section 4.11. Since the ATLAS detector cannot detect neutrinos, their momenta are usually recon-
structed using the missing transverse energy (MET). The definition of MET is described towards
the end of this chapter, in section 4.12.

4.1 Reconstruction overview

A schematic description of different particle interactions in the ATLAS detector is shown in Fig-
ure 4.1. All charged particles leave tracks in the ID. Besides leaving tracks in the ID, electrons pro-
duce electromagnetic shower in the electromagnetic calorimeter. Electrons deposit almost all their
energy in the electromagnetic calorimeter. As a result, electrons are reconstructed combining the
track and calorimeter responses. Muons, on the other hand, are very weakly interacting particles.
They leave tracks in the ID but do not interact much with the calorimeter. They form another set of
tracks in the muon spectrometer. Hence, information from the ID and MS are used to reconstruct
muons. Being neutral, a photon does not leave any track in the ID but deposit their energy on
the calorimeters. Hadrons develop a hadronic showers, mostly in the hadronic calorimeter. These
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showers are less confined than the electromagnetic shower. In addition, charged hadrons like pro-
tons, pions, and kaons also create tracks in the ID. Neutral hadrons like neutral pions, kaons, and
neutrons form similar showers in the calorimeter but do not have a charged track. Neutrinos go
undetected through the ATLAS detector. However, their presence is inferred by calculating the
missing transverse energy.

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks

are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet

Transition
R Radiation
Trackmg Tracker

Pixel/SCT detector

Figure 4.1: Schematic diagram showing the particle interactions with the ATLAS detector. Figure
taken from [172].

4.2 Tracks, vertices and energy clusters

This section summarizes some of the basic components used in particle reconstruction. All charged
particles create tracks in the ID or MS. The ID tracks are usually associated to a vertex. A vertex
is defined as the reconstructed point of origin of two or more particles. Vertices are crucial for
reconstructing almost all the particles and play an important role in identifying the b- and c-
hadron decay. Many particles deposit their energy in the calorimeter and activate the calorimeter
cells. The activated calorimeter energy cells are grouped to build energy clusters. Energy clusters
play an important role in constructing particles like electrons, photons, and all the hadrons. This
section will summarize the reconstruction method of tracks, vertices, and energy clusters.

4.2.1 Tracks

Charged particle trajectories are called tracks. All charged particles leave tracks in the ID, and
muons leave tracks in the MS as well. This section briefly describes the ID tracking [173, 174].
When a charged particle passes through the ID, it ionizes the sensor material, thus producing elec-
tric charges in the sensors. A connected component analysis (CCA) algorithm groups the adjacent
pixels and strips in a given sensor, where the deposited energy yields a charge above a threshold.
Then three-dimensional measurements are built to represent the point where the charged particle
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crosses the sensors. These three-dimensional charge clusters are called space points. These space
points are connected to build tracks. First, the track seeds are formed by combining three ad-
jacent space points. Then the track candidates are built from the chosen seeds by incorporating
additional space points from different layers of pixel and SCT using a combinatorial Kalman filter.
The baseline track finding algorithm uses an inside-out approach starting from seeds in the pixel
or SCT and extrapolating to outer layers. In busy environments in which charged particles are so
close to each other that their charge clusters merge forming one charge cluster, generally called a
merged cluster. Thus multiple track candidates get associated with one merged cluster. Merged
clusters make the track fitting more difficult since the track to cluster association becomes am-
biguous. This is addressed by using a dedicated ambiguity solving stage. In the ambiguity solver,
all the track candidates are scored based on their quality. Tracks candidates failing all the quality
criteria are scored low and are only considered after the high-quality tracks are reconstructed. The
track candidates with merged clusters are usually identified as low quality tracks. So the ambi-
guity solver splits the merged clusters using a neural network based algorithm. This method is
described in more detail in chapter 3. Once the ambiguities are solved the track finding algorithm
is run again to refit the tracks. Finally, the tracks are extended to the TRT. After finding the tracks,
the tracks are refitted using a x>-fitter. There is also an outside-in algorithm that starts with TRT
hits and extends the tracks inwards. This helps to recover any missing hits in one of the layers.
In presence of the ID solenoid magnet the tracks follow helical trajectories in the transverse plane
(r — ¢ plane) and can be fully parameterized by the following set of five parameters:

(dOJ ZO} (Pl 91 q/lpl)'

where dj and z; are the transverse and longitudinal impact parameters, respectively, ¢ and O are
the azimuthal and polar angle of the track, and gq/|p| is the ratio of particle charge and momentum.
The track reconstruction method and its performance are described in more detail in reference
[174].

4.2.2 Vertices

Vertices are referred to as particle interaction points. A proton-proton interaction point is defined
as the primary vertex. The primary production vertex is important to measure the kinematic prop-
erties of a charged particle. The primary vertex reconstruction [175] process is divided into two
stages: vertex finding where reconstructed tracks are associated with the vertex candidates and
vertex fitting where the actual vertex position and uncertainty are estimated [176]. The process
starts with a set of selected tracks and a seed vertex position. The vertex position is determined
using an iterative primary vertex fitting algorithm with an annealing procedure [177]. Each input
track is assigned a weight based on its compatibility with the vertex estimate. The track weights
and the vertex position are updated iteratively. Tracks found incompatible after the last iteration
are collected and used for another vertex reconstruction. The process continues until the algo-
rithm can not find any new vertices. Finally, all vertices with at least two tracks are kept as valid
vertex candidates. The vertex with the highest sum of squared track pr is considered to corre-
spond to the hardest proton-proton interaction point and is called the primary vertex. Vertices
that are incompatible with the beam collision region are considered as secondary or displaced ver-
tices. Secondary vertices usually originate from the decay of long-lived charged particles, such as
b-hadrons. Secondary vertex reconstruction is very important for identifying b- or c-jets and are
further discussed in section 4.10. Sometimes we also find displaced vertices coming from photon
conversion and uncharged long-lived BSM particle decay. Hence, displaced vertex reconstruction
is also very important for long-lived particle searches.
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4.2.3 Energy clusters

Calorimeter cells with deposited energy are grouped to form clusters if they share common edges.
There are two different clustering methods used in ATLAS. The topo-cluster reconstruction algo-
rithm is always used to build the energy clusters used for jet reconstruction. The sliding-window
algorithm was used to build the energy clusters used in electron and photon reconstruction until
the end of 2016. Since 2017 the topo-cluster reconstruction algorithm is also used to build the
EM clusters used for electron and photon reconstruction. The two methods are briefly described
below.

Sliding-window algorithm

The sliding-window [178] algorithm combines the EM calorimeter cells within a fixed-size rectan-
gular window and sums up their energies to identify electrons and photons. The sliding-window
algorithm is based on three main steps: tower building, precluster (seed) finding and cluster fill-
ing.

1. The 77— ¢ space of the EM calorimeter is divided into a grid of N,, x Ny = 200 x 256 elements
of size Ay x A¢ = 0.025 x 0.025. The element size corresponds to the second layer of the EM
calorimeter. The energies of all the cells in the longitudinal direction inside these elements
are summed to form a tower energy.

2. Assliding window of fixed size, 3x5 in 17 x ¢ is used to search for seeds. A seed is then selected
if the total transverse tower energy in window is more that 2.5 GeV. If two seed clusters are
found within an area of Ay xA¢ = 5x9, then the higher energy seed is kept. Hence duplicate
seeds do not appear.

3. The clusters are formed around the seeds by taking all the cells within a rectangular window
of 3 x7(5x5) in the barrel (endcap) region.

Topo-cluster reconstruction algorithm

The topological cluster-based algorithm [179] is implemented for reconstructing electrons, pho-
tons, and jets in ATLAS. The fixed-sized window was used in the past for electron and photon re-
construction for clustering due to the technical difficulties of applying calibration to dynamically-
sized clusters. By using a variable-sized cluster, it is possible to recover lower energy deposits
coming from bremsstrahlung photons and add them back to the electron energy. The topologi-
cal cluster-based algorithm is the default for jet reconstruction. This algorithm relies on the cell
energy significance which can be defined as:

EM

E
EM _ cell
Ceell = EM (4.1)
noise, cell
Here, ECEeI\{{ is the absolute cell energy at the EM-scale and afé‘fse’ <ol 18 the expected cell noise coming

from electronics and pileup. The clustering algorithm follows the following steps:

1. Proto-clusters are seeded from cells with ICCEeI\l/{I > 4.
2. Neighboring cells with [¢EM| > 2 are added to the proto-clusters.

cell

3. Neighboring proto-clusters sharing some cells are merged.
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There topoclusters are known as “4-2-0” topoclusters. The “4-2-0” topoclusters having high
EM fraction (ratio of ECAL and HCAL energy) are used to build the electron, photons and jet clus-
ters. First the seed clusters are formed using the “4-2-0” topoclusters. Then soft energy clusters,
mostly coming from bremsstrahlung photons, are identified as satellite clusters. Satellite clusters
are added to the seed clusters to form the final superclusters if they pass the necessary selection
criteria.

Next we review the reconstruction of the different physics objects like the leptons and the jets.
In this dissertation, electrons and muons are used, so the discussion will be restricted to those two
leptons.

4.3 Electrons

Most of the incoming particles deposit their energies in multiple calorimeter cells in both 7 and ¢
directions. Electrons are reconstructed in the central region of the ATLAS detector with || < 2.47.
Electrons deposit almost all their energy in the EM calorimeter. Being charged particles, they also
leave tracks in the ID. So, both ID and colorimeter information are used to reconstruct electrons.

4.3.1 Electron reconstruction

Electron reconstruction is a multi-step process and starts with the calorimeter cluster formation.
A schematic diagram of electron reconstruction is shown in Figure 4.2. Clustering algorithms are
designed to group the calorimeter cells. The efficiency to reconstruct EM-cluster candidates (local-
ized energy deposits) in the electromagnetic calorimeter is given by the number of reconstructed
EM calorimeter clusters N jysier divided by the total number of electrons produced, Nyj;. The effi-
ciency of this clustering algorithm depends on E7 and [1| and ranges from 65% at Ep = 4.5 GeV,
to 96% at Ep = 7 GeV, to more than 99% above Er = 15 GeV as shown in Figure 4.3. Once the
seed clusters are found, they are matched with the well-reconstructed ID tracks. If the matching
fails the cluster is marked as an unconverted photon. If the matching is possible but the associated
tracks are not coming from a primary vertex it is marked as a converted photon. The sliding-
window algorithm is used in the dilepton resonance search described in chapter 6.

In the other method, the calorimeter clusters are formed using the topo-cluster reconstruction
algorithm [181]. Once the electromagnetic calorimeter clusters are formed, regions of interest
(ROI) are created. The standard track pattern reconstruction is performed within these ROIs. If
this algorithm fails to form an ID track seed that is within ROI, a modified pattern reconstruction
algorithm is performed based on a Kalman filter formalism. Next, the track candidates are fitted
with a global x? fit, which allows additional energy loss due to material interaction in case the
Kalman filter-based algorithm fails. Finally, these tracks, loosely associated with a calorimeter, are
refitted using a Gaussian Sum Filter (GSF) to improve track parameter estimation. The loosely
matched tracks are then matched with EM clusters with a tighter requirement in # and ¢ to build
the electron candidates.

4.3.2 Electron identification

A likelihood-based (LH) identification method is used to select the prompt electrons. The prompt
electrons are defined as the signal. A combination of jets that mimic the signature of prompt
electrons, electrons from photon conversions in the detector material, and non-prompt electrons
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Figure 4.2: A schematic diagram of the path of an electron through the detector. The red trajectory
shows the path of an electron, which originates close to the beam spot, first traverses the tracking
system (pixel detectors, then silicon-strip detectors and lastly the TRT), and then enters the elec-
tromagnetic calorimeter. The dashed red trajectory indicates the path of a photon produced by the
interaction of the electron with the material in the tracking system. Figure taken from [180]

? l g 1: T T T T T T T L B ]
K o0 7 k) L N
o H 7 (&) I
= : ] £ 0.99 — ¢ =
i 5 - m + W ]
C ; ] 0.98 -
o 10x :
06 & 7 1
C N ] 0.97F {
04~ ° ATLAS Simulation N C ATLAS 1
r (s=13Tev . 0.96— (s=13TeV, 37.1 1" .
L A —4— Reconstructed seed cluster b C Reconstruction efficiency €, ]
0.2p ——o— Reconstructed seed track 7 L —e— Data -
[ Reconstructed cluster and track | r —&— MC B
L ¢ ! —e— Reconstructed electron candidate | 0.95 O ]
0 T TR TR TS R A I TSN NS NN SO S N c | PR e e e e e e by 1 o
0 5 10 15 20 25 20 40 60 80 100 120 140
True E; [GeV] E; [GeV]

(a) (b)

Figure 4.3: (a) Total electron reconstruction efficiency as a function of true electron Et is calcu-
lated from single electron simulation sample. (b) Reconstructed efficiency relative to reconstructed
clusters, given by the number of reconstructed electron candidates N, divided by the number
of EM-cluster candidates N yster, as a function of electron transverse energy, E calculated from
Z — ee events. Figure taken from [180]

from the decay of hadrons containing heavy flavors are defined as the background. All the rele-
vant quantities related to both the tracking system and calorimeter are included in the likelihood.
The likelihood discriminant used in this method is a combination of the signal and background
likelihoods built with the probability distribution functions of the quantities relevant for electron
identification. The LH-based electron identification is more efficient compared to a simple cut-
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based identification. In a cut-based method, an electron fails the identification criteria if it does
not pass the cut on a specific quantity. On the other hand, in an LH-based identification, all the
criteria are included in the LH and an electron does not fail the identification criteria just due to
one quantity.

Based on the selection efficiency and background rejection, four values of the LH discriminant
are used to define four operating points. Currently used operating points in ATLAS are VeryLoose,
Loose, Medium, and Tight. The efficiency of identifying a prompt electron with E; = 40 GeV is
93%, 88%, and 80% for Loose, Medium, and Tight operating points, respectively. LH-based iden-
tification operating points are optimized and studied using Z — ee and |/ — ee events [180]. The
identification efficiencies are shown in Figure 4.4. In this dissertation, Loose, Medium, and Tight
operating points are used.
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Figure 4.4: The electron identification efficiency in Z — ee events in data as a function of E for
Loose, Medium, and Tight operating point. Figure taken from [181].

4.3.3 Electron isolation

The amount of detector activity near the candidate electron object is referred to as isolation. A
characteristic signature of signal processes (electrons from hard scattering vertex, or from heavy
particles such as H,Z, W decay) usually shows very little activity both in the calorimeter and the
ID in an area Ay xA¢ surrounding the candidate object. Isolation variables are defined to quantify
the amount of activity in the vicinity of the candidate object, excluding the candidate itself. There
are two types of isolation variables, track-based isolation variable, and calorimeter-based isolation
variable.

. E%"“ezo : The raw calorimeter isolation variable, EX°

Toaw 1S the sum of the transverse energy of
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positive-energy topological clusters whose barycenter fall within a cone of AR = 0.2 around
the electron cluster barycenter. ES°"*?? is then defined by subtracting the electron contribu-

tion from EiTS";aW with some additional correction due to pile-up and leakage.

o pyarcone20 . A variable radius cone is used to construct the track isolation variable. When an
electron coming from a high momentum heavy particle other decay products can be close
to the electron direction. p¥™°"¢2¥ js computed by adding transverse momentum of all the

tracks with pr > 1 GeV in a cone of size AR = min(10 GeV/p%,0.2) around the electron track.

Different isolation operating points (OP) are defined based on isolation selection and efficiency
requirements. Isolation OPs are defined in three categories: track-only, calo-only and combined
track and calo. In this dissertation, Loose OP is used in the dilepton resonance search which
has around 99% efficiency in the calorimeter and track selection, but has a combined efficiency
of 98%. In the tf resonance search, described in chapter 8, track-only isolation OP is used to
maximize high momentum signal acceptance. In this track-only isolation method a new isolation

variable, p‘%arconeZOTTVApTlooo (slightly improved version of p¥2r°n¢20) is used. It is required to

have p}r"¢20TTVA,, 000/pr < 0.06.

4.4 Muons

Muons interact very weakly with the detector materials, so they deposit very little energy in the
calorimeter. So, muons are reconstructed using the tracks in the MS and the ID.

4.4.1 Muon Reconstruction

Muon reconstruction first starts with the independent reconstruction of tracks in the MS and the
ID. The tracks from the individual sub-detectors are then combined to form combined muon tracks
extending to the full detector. The ID muon tracks are reconstructed like any other charged par-
ticle track. In the MS, muon reconstruction starts with a search for hit patterns inside each muon
chamber to form track segments. The track candidates are then formed by using a combinatorial
fit of the track segments. At least two track segments are required to build a muon track candidate,
with the exception of the transition region between barrel and endcap where a single high-quality
segment can be used. Once the muon track candidates are built, they are fitted with a global x? fit.
Track candidates are accepted based on x? threshold. The track fitting is repeated several times
by removing the inconsistent hits and using additional hits.

There are several algorithms used in ATLAS to combine ID and MS muon tracks. Four different
types of muons [145] are defined depending on which sub-detector is used in the reconstruction:

* Combined (CB) muon: Combined muons are built by combining the MS and ID hits using
a global refit. Outside-in pattern recognition is used for most of the muons, where the MS
tracks are extrapolated towards the ID. MS hits can be added or removed during this process
to improve the fit quality. The remaining muons are reconstructed by an inside-out manner,
where the ID tracks are extrapolated out towards the MS.

* Segment-tagged (ST) muon: Segment-tagged muons are built from an ID track which is as-
sociated with at least one local track segment in the MDT or the CSC chamber. ST muons are
used when muons traverse only one layer of the MS chambers.
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* Calorimeter-tagged (CT) muon: Calorimeter-tagged muons are built from an ID track if it
can be matched to an energy deposit in the calorimeter compatible with a minimum-ionizing
particle. CT muons have the lowest purity but they recover acceptance in the || < 0.1 region
where there is no MS coverage.

* Extrapolated (ME) muon: Extrapolated muons are built only with the MS tracks using a
loose requirement on the track to interaction point association. ME muons are mainly used
to extend the acceptance in to the region uncovered by ID, 2.5 < |y| < 2.7.

The CB muons are used in the analyses described in this dissertation.

4.4,2 Muon Identification

Muon identification is performed by applying quality requirements in order to suppress the back-
ground mostly coming from pion and kaon decay and to select prompt muons with high efficiency.
The following variables are used in muon identification for combined tracks:

* q/p significance: This is defined as the absolute value of the difference between the ratio of
charge, g and the momentum, p measured from the track curvature in the ID and the MS
divided by quadratic sum of the corresponding uncertainties.

* p :This is defined as the absolute value of the difference between the transverse momentum
measurements in the ID and MS divided by the pr of the combined track.

* The normalized x? of the normalized fit. [145]

Muon identification operating points are defined based on the identification selections. There are
four such operating points in ATLAS: Loose, Medium, Tight, High-pr. Muon identification criteria
are optimized using Z — pup and J/\WW — pp decay [145] as shown in Figure 4.5. In this dissertation
only Loose and Medium working points are used.

The medium identification criteria provide the default muon selection in ATLAS. This selection
is optimized to minimize the systematic uncertainties associated with muon reconstruction and
calibration. It uses only CB and ME tracks. For CB tracks at least three hits in at least two MDT
layers are required. In the central region, |#| < 0.1, the criteria are relaxed and tracks are allowed
with at least one MDT layer but no more than one MDT hole layer. Here a hole refers to an active
sensor traversed by the track but containing no hits. The ME tracks need to have at least three
MDT or CSC layers. In addition, the q/p significance is required to be < 7 to suppress non-prompt
contamination. The muon reconstruction efficiency with this selection is around 96% for muons
with 20 < pr <100 GeV.

Loose identification criteria, on the other hand, are designed to maximize reconstruction effi-
ciency while providing good quality muon tracks. All muon types are used in this selection. All
the CB and ME tracks satisfying the medium selection also pass the loose selection. CT and ST
muons are only used in the central region, || < 0.1, to improve the acceptance. The reconstruction
efficiency of the loose muons with 20 < py <100 GeV.

4.4.3 Muon Isolation

Muon isolation refers to the measurement of detector activity around a muon candidate and is
used to reject non-prompt muons. Prompt muons produced from heavy boson decay, such as
W,Z, or H, are usually isolated from other particles. Non-prompt muons on the other hand are
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Figure 4.5: Reconstruction efficiency of the medium muon selection as a function of muon pr, in
the region 0.1 < || < 2.5 obtained from Z — pp and J/W — up events. The error bars indicate
statistical uncertainty. Figure taken from [145]

produced in a busy environment typically surrounded by other tracks and calorimeter deposits.
Two variables are defined to assess muon isolation: a track-based and a calorimeter based variable.

o pyareone30; This is a track-based isolation variable and is defined as the sum of the transverse
momenta of the tracks with pr > 1 GeV in a cone of size AR = min(10 GeV/p’;, 0.3) around the
muon pr, excluding the muon track. The pr-dependent variable cone size helps to improve
performance for the muons coming from high momentum particle decay.

. EtTOpoconezo: This is a calorimeter-based variable and defined as the sum of the transverse
energy of the topoclusters within a cone of size AR = 0.2 around the muon after correcting
the pileup effects and removing the muon energy deposits.

Based on the isolation selection, several isolation operating points are defined. The operating

points are generally categorized into two groups: track-only isolation and combined track and
calorimeter based isolation. In this dissertation track-only isolation operating point, Tight TrackOnly_VarRad,
is used for muon isolation. In this track-only selection a new isolation variable, p‘%arconewTTVApTlooo
(slightly improved version of p¥ar°°n¢30) is used. It is required to have p‘}arconez’OTTVAPTlOOO/pT <

0.06. This isolation criteria provided a very high acceptance for high py muons.

4.5 Jets

QCD quark confinement prevents partons from existing as isolated particles. Moreover due to
the strength of the strong force, the final state partons produced in the proton-proton collision
form showers of quarks and gluons. The quarks then hadronize and form color-neutral hadrons.
The spray of these hadrons is collectively called a jet. Jets mostly contain pions (rc*, 777, ° coming
from 7° decay)) and roughly 60% of jet energy comes from the pions. Charged pions (1c*) are
considered as stable since they they have ct = 10 mm. On the other hand, neutral pions (7°) decay
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instantaneously to a pair of photons. The other significant contributions come from kaons, light
baryons (mostly protons and neutrons), and strange baryons. Thus the jets leave several tracks
in the ID and deposit most of their energy in the calorimeters. In ATLAS jets are reconstructed
from different input objects such as tracks and/or calorimeter clusters using different jet clustering
algorithms. Thus a jet is a proxy of the initial parton and helps us to understand short-distance
physics.

4.5.1 Jetreconstruction

At the LHC, jets are reconstructed with a bottom-up approach by clustering the constituents
(tracks or energy clusters) using anti-k7 algorithm [182]. The anti-kr algorithm is a sequential
recombination algorithm, and can be formulated as described below:

1. Consider all the constituents in the initial object list.
2. Build two sets of distances from the list of objects:

* inter object distance defined as

2
. -2 -2\ ij
dij :mm(pT,i’pT,j)F (4.2)
where Al.zj = (i = ;)% + (¢; — ¢;)* is the angular distance between i'" and j™ object and
R is the jet radius parameter.

e beam distance defined as
dig = P}i- (4.3)
where B refers to the beam.

3. Find the smallest distance among all d;; and d;3.

e If d;; is the smallest distance then object i and j are removed from the list and combined
to a new object k. The new object k is then added to the object list.

« If the smallest distance is d; then i'" object is called a jet and removed from the list.
4. Repeat the steps until there are no more objects left in the list.

A theoretically well-motivated jet algorithm should be both infrared and collinear safe. In an
infrared-safe algorithm, the jet definition should be much less sensitive to the soft radiation of the
initial parton. The anti-k¢ algorithm starts clustering jets from the hardest objects and successively
aggregates the soft objects around it. As a result, hard jets are less sensitive to surrounding energy
deposits. So, the anti-kr algorithm is infrared-safe by construction. Collinear-safe algorithms
ensure that the formation of a jet is insensitive to an exact collinear split, i.e. the jet formation
should not be affected if a single particle is replaced by two collinear particles of half the original
energy. The anti-kr algorithm is also collinear safe. The boundaries of a jet should be well-defined
even in the case where two jets would overlap. In the anti-kt algorithm, the constituents are
uniquely assigned to one jet, so jet boundaries are well defined. Thus anti-kr algorithm satisfies
all the criteria to be a theoretically motivated jet algorithm. The anti-k (AKT) algorithm is used to
reconstruct the different types of jets used in this dissertation. The AKT jets have a nearly circular
shape in the y — ¢ plane, where y is the rapidity. A slight variation of the anti-k algorithm,
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called the k7 algorithm where the exponent of pr used in and is +2 instead of —2. In the k (KT)
algorithm the clustering starts from the soft objects. This is useful for reconstructing low pr jets
and estimating contributions from pile-up or other soft radiations. The KT algorithm is used for
pile-up mitigation and probing the substructures of the large radius jets (R = 1.0).

4.6 Truth jets

Particle-level truth jets are created in the simulated events by clustering the stable particles which
have a lifetime ¢t > 1cm. In this process only particles with significant energy deposits in the
calorimeter are used, so muons and neutrinos are excluded. Particles from pile-up interactions
are not included when building the truth jets. Particle-level truth jets are built using the same jet
finding algorithm with the same selection as the reconstructed jets. The particle-level truth jets
are geometrically matched to the reconstructed jets using the angular distance AR. Particle-level
jets or the truth jets are taken as the reference for simulation-based jet calibrations performed in
ATLAS, and for studies of the jet energy and mass resolution.

4.7 Small-R jets

In this dissertation we call small-R jets the jets that are built from the calorimeter topoclusters
and/or tracks, reconstructed with the anti-ky algorithm with the jet radius parameter R set to 0.4.
These jets are often referred to as AKT4 jets. Truth particle jets are geometrically matched to the
reconstructed jets with the requirement AR < 0.3. There are two different methods of building
these jets in ATLAS. There are described in the next two sections.

4.7.1 EMTopo jets

EMTopo jets are built using only the topoclusters as jet constituents. The topoclusters are cali-
brated at the electromagnetic scale (EM-scale) which correctly accounts for the energy of electro-
magnetic showers. The topoclusters can further be calibrated using a local cell signal weighting
calibration scheme (LCW) [179]. In this dissertation, small-R jets built from EM-scaled topoclus-
ters are used [183]. EMTopo jets are used in the dilepton resonance search presented in chapter 6
and were studied initially in the context of the semi-leptonic t# resonance search presented in
chapter 8 but finally were not used.

EMTopo jet calibration

Jets are calibrated to correct the energy, mass, and direction such that they correspond to the
properties of the underlying truth particles. Thus jets need to be corrected to account for several
effects like pile-up, non-compensating calorimeter response, differences between data and MC etc.
The jet calibration work flow, shown in Figure 4.6, was developed in ATLAS at the beginning of
Run-2 in 2015. This calibration work flow was used in the dilepton resonance search presented
in chapter 6. The calibration steps are briefly discussed here, some of the steps are discussed in
detail in Appendix A. A complete description can be found in [183]. To derive this calibration,
reconstructed jets are geometrically matched to truth jets within AR = 0.3. Only isolated jets with
no other calorimeter jet with pr > 7 GeV within AR = 0.6, and with only one associated truth jet
with ptjfuth > 7 GeV within AR = 1.0 are used to avoid ambiguity in truth matching.
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The pileup effects are further mitigated by using a jet vertex tagger (JVT) algorithm. The JVT
algorithm uses a 2D likelihood to tag pileup jets [184]. Jets with a significant number of high
momentum tracks not coming from the primary vertex are not used in the physics analysis.

: . . Jet area-based pile- Residual pile-up
EM-scale jets Origin correction up i —-r

Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of u and Npv.

Absolute MC-based
calibration

Residual in situ
calibration

Global sequential
calibration

Corrects jet 4-momentum  Reduces flavor dependence A residual calibration
to the particle-level energy  and energy leakage effects is derived using in situ
scale. Both the energy and using calorimeter, track, and measurements and is

direction are calibrated. muon-segment variables. applied only to data.

Figure 4.6: A schematic diagram shows the calibration stages for EM-scale jets. Other than the
origin correction, each stage is applied to the jet four-vectors. Figure taken from [183].

The first four steps of the calibration are MC-based, while the in-situ calibration is done using
data. In the first calibration step, the origin correction is applied to correct jet 4-momenta to the
hard-scatter primary vertex while keeping the jet energy constant. Then the pileup correction is
used to remove the contribution to the jet energy due to pileup effects. It is done in two steps:
an area-based pr density subtraction followed by the residual correction. Next, jet energy and #
are corrected to the associated truth jets. The inverse of the energy response, E*°/E"th is ysed
as the correction factor. Then a global sequence calibration is applied to resolve the remaining
differences between truth and reconstructed jets. The correction is applied sequentially to a set
of jet observables without changing the average jet energy response. A residual in-situ calibration
is applied to the jets in data to account for the differences between the jet responses in data and
simulation. Some well-measured reference objects, including photons and Z bosons, are used to
derive this correction.

4.7.2 PFlow small-R jets

PFlow jets use calorimeter as well as ID information. In this case, the jets are built using topoclus-
ters and ID tracks. To avoid energy double-counting in PFlow reconstruction, the energy cor-
responding to the charged track is subtracted from the calorimeter energy. A cell-based energy
subtraction algorithm is developed to remove overlaps between momentum and energy measure-
ments. The topclusters used in the particle flow algorithm are calibrated at the EM scale as before.
This algorithm provides a list of tracks, unmodified topoclusers, and a list of new topoclusters
created after the energy subtraction procedure. The schematic flow chart showing different steps
of the algorithm is shown in Figure 4.7.

PFlow jets are reconstructed using anti-ky algorithm with R = 0.4 and is constructed from these
energy-subtracted topoclusters and tracks that are matched to the primary vertex. These tracks
are required to have |zpsin 6| < 2, where z; is the distance of the closest approach of a track from
the primary vertex.
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Figure 4.7: A flow chart of the particle flow algorithm. The algorithm takes ID tracks and
topolocusters as input and returns a set of tracks, energy-subtracted topoclusters and unchanged
topoclusters. Figure taken from [185].

PFlow jet calibration

The calibration of PFlow jets follows a similar scheme as the EMTopo jets, and the steps are the
same. Some of the differences are mentioned here. The area-based pileup correction for PFlow
jets is very similar to EMTopo jets. The pileup correction of EMTopo jets is done using transverse
energy density computed from the calorimeter inputs. In the case of PFlow jets, the charged and
neutral particle flow objects are treated differently and the correction is calculated accordingly.
The MC-based jet energy correction is derived following the same method as done in the EM-
Topo jets. In the global sequence correction a reduced number of variables is used. A detailed
description of the PFlow jet calibration can be found in [185].

4.8 Variable-R track jets

Track jets are reconstructed from ID tracks using the anti-kr algorithm. Only tracks in the region
Inl < 2.5 with pr > 500 MeV are selected as input to the anti-k7 algorithm. The input tracks
need to also pass the track selection requirements mentioned in subsection 4.2.1. To improve the
efficiency of selecting tracks coming from the primary vertex and reduce pileup effects, the tracks
are required to have a longitudinal impact parameter zy,sin6® < 3 mm. Until 2018, ATLAS used
track jets of fixed radius, like R = 0.2,0.4 etc. Since 2019 variable radius (VR) track jets are used
in most physics analyses using track jets [186]. Unlike fixed radius track jets, the radius of a VR
track jet is pr dependent.

Rmax: for P/PT > Rmax
Reff(pT) = l%' for Rpin < P/PT < Rpmax (44)
Rmini for P/ pr < Rmin

where p = 30 GeV, Ry.x = 0.4 and Ry, = 0.02. This algorithm allows very high pr jets to
be narrower, thus allowing close-by jets to be reconstructed with better accuracy. This strategy
was particularly optimized for boosted H — bb decay where the fixed-radius track jets overlap
with each other, and the two b’s were being reconstructed as one track jet. Similarly, VR tracks
are also useful in the boosted top-decay topology. In this dissertation, VR track jets are used to
identify a b-hadron using a flavor tagging method that uses these VR track jets as inputs. The
track jets, defined in the region |y| < 2.5, are required to have pr > 10 GeV. The momentum and
mass measurements of these jets are not used in this dissertation, so the calibration strategies are
not discussed here.
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4.9 Large-Rjets

Final state jets coming from the hadronic decay of high momentum H, W, Z bosons, or top
quarks become collimated along the decaying particle. As a result, the calorimeter signatures of-
ten overlap and can be reconstructed as a single jet with a large radius parameter. Large-R jets are
built from the calorimeter topoclusters with the anti-kr jet finding algorithm using the jet radius
R =1.0. These jets are sometimes referred to as AKT1 jets in this dissertation. The topoclusters
used to build large-R jets are locally calibrated to the hadronic scale (sometimes refers as LC-scale)
by using the Local Cell Weighting (LCW) scheme [179]. The large-R jets are further groomed with
the trimming algorithm [187] to reduce effects of pileup, soft emissions, and the underlying event
on jet substructure measurement. The trimming algorithm used in this dissertation reclusters the
large-R jet constituents to form subjets using the kr algorithm [188] with Ry, = 0.2. Soft subjets
with pSTUblet/p];t < 0.05 are removed. Jets are redefined using the remaining constituents and the jet
four-momenta are recalculated. In this dissertation, trimmed large-R jets with py > 200 GeV and
In| < 2.5 are used.

Large-R jet mass definitions

The large-R jet mass can be defined in three different ways.

1. Calorimeter-based mass, m 1, is the jet mass calculated from the calorimeter clusters.

2. Track-assisted mass, m™, is defined as jet mass built from tracks only and then multiplied by

the ratio of pt of the calorimeter jet and the track jet:

calo

mTA — mtrack Pr )
track

Pt

Track jets are reconstructed using tracks having pr > 500 MeV and are also ghost-associated
[189] to the large-R jet. Here m'™2k and ptTraCk are the mass and pr of the track jet obtained
from the ID. pCTalO is the pr of the calorimeter jet (in this case large-R jet). The track-assisted
mass measurement has better resolution for high pr jets than the pure calorimeter one.

3. Combined mass, m®™, is defined as the weighted sum of the calo mass and track-assisted

mass. It can be written as:

comb calo TA
m = WealoM +wram ",

where w,,), and wry are determined using the expected mass resolutions, o.,), and ora, of
the calorimeter and track-assisted measurements respectively [190]. It is expressed as

-2 -2
o O
_ calo _ TA
Wealo = ) 2’ WTA = ) ) (45)
O~Calo + OTp O'calo * OTp

Thus the combined mass always has better resolution than either of the two inputs. In this
dissertation the combined mass is used for large-R jets.

4.9.1 Large-R jet calibration

Large-R jets are calibrated in two steps like small radius jets. First, there is a MC simulation-based
calibration, then an in-situ calibration is done using data. Figure 4.8 shows a flow chart of the
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calibration steps used for full Run-2 data analyses. This calibration is used in the tf resonance
searches presented in this dissertation. In the MC simulation-based calibration the truth jets are
matched to the reconstructed large-R jets by using the requirement AR < 0.75.

Calorimeter energy

Large-R jet
reconstruction

Ungroomed large-R jets

Jet grooming

clusters (LCW scale) (LCW scale)

Large-R jets are recon- Soft subjets are removed
structed using the anti-k; from the reconstructed
algorithm with R = 1.0. jets.

Groomed large-R jets Elnl@micalibration Residual in situ Groomed large-R jets
(LCW scale) - calibration (LCW+JES+]MS scale)
A correction to the jet Residual correction
energy, pseudorapidity determined using in situ
and mass is derived from  measurements to bring
MC to bring the data in agreement with
reconstructed jet to the MC. Applied only to data.

particle jet scale.

Figure 4.8: Overview of the large-R jet reconstruction and calibration. Figure taken from [190]

The MC-based calibration of the large-R jets follows similar steps as the small-R jets. Along
with the energy calibration, a jet mass calibration is applied to the large-R jets. Since jet mass is
more sensitive to soft, wide-angle contributions, cluster splitting and merging, and calorimeter
geometry, it is important to properly calibrate it when jets are used in physics analysis. The in-
situ calibration also includes the jet mass calibration. There are two different methods of jet mass
calibration: the R, method and the forward folding method [190]. The R method relies on the
fact that the ATLAS detector gives two independent measurements of the large-R jet observables,
like mass pr. The jets constructed from the inner detector tracks only include the hits from their
charged particle constituents. The calorimeter jets, on the other hand, are built using the energy
clusters. The average calorimeter-to-track jet response

pcalo
Ry = <pT— (4.6)

track
T

should be proportional to the average calorimeter-to-truth jet response. The behavior should be
similar in data and MC simulation. Thus the double ratio of R, should be unity for well-modeled
observables and is used for in-situ calibration. This method is described in detail in [190, 191].
The Rk method is used in the boosted all-hadronic ¢ resonance search presented in chapter 7.
The forward folding method, on the other hand, uses high purity simulated samples with high-pr
large-R jets coming from hadronically-decaying W bosons and top-quarks. It is used to give the
relative energy and mass scales and resolutions between data and simulation. The forward folding
method is described in more detail in [190]. This method is used in the semi-leptonic tf resonance
search presented in chapter 8 of this dissertation.
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4.10 b-tagging

b-tagging is the method of identifying the jets which originate from b-partons and contains b-
hadrons. Such jets are called b-jets. Their identification is important for the reconstruction of the
top-quark decays presented in this dissertation. The top-quark decays very fast, before even form-
ing hadrons, almost always to a W boson and a b-quark. The identification of b-jets is also crucial
in Higgs physics since the Higgs boson decays to b-quarks almost 60% of the time.

The aim of b-tagging is to exploit the b-hadron decay signatures and lifetimes and discriminate
the b-jets from other jets. In contrast to b-jets, c-jets originate from c-quarks and contains D-
hadrons, whereas jets originating from gluons, first generation quarks and s-quarks are referred
as light jets. b-hadrons are relatively long-lived and have lifetime, 7, ~ 1.5 ps (¢t ~ 450 pum). So,
they can travel a few millimeters from the production vertex before decaying, therefore creating a
vertex displaced from the primary collision point, as shown in Figure 4.9. For example, a b-hadron
of pr =50 GeV can travel around ~ 4.5 mm inside the detector before it decays into other charged
particles.

3 tracks bjet

—————— b hadron \

—————— impact
parameter

428 secondary

’

7 vertex

7
K

\ 7'§mary vertex

Figure 4.9: Schematic diagram comparing the b-jet topology with light jets. Important variables
like primary vertex, secondary vertex, and impact parameter are shown in the diagram. Figure
taken from [192].

4.10.1 Key ingredients for b-jet identification

The identification of b-jets requires the reconstruction of several objects which are briefly de-
scribed here.

Tracks: ID tracks with pr > 500 MeV are considered in b-tagging. Additional requirements are
applied in some algorithms to reject fake and pile-up tracks.

Primary vertex (PV): PV reconstruction is crucial for b-tagging since the PV is the reference
point from where the secondary vertex displacement is computed. At least one PV is required
in each event. Displaced charged-particle tracks originating from b-hadron decays can then be
selected by requiring large transverse and longitudinal impact parameters.
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Track-jet matching: Track to jet matching is done using the angular separation AR (track, jet).
Since the decay products of a high py b-hadron are expected to be collimated along with the jet
momentum, AR (track, jet) is expected to be small. As a result, the AR (track, jet) requirement
depends on the pr of the jet. It is wider for low pr jets (0.45 for jet pr = 20 GeV) and narrower
for high pr jets (0.26 for jet pr = 150 GeV) [193]. If multiple jets fulfill the matching criteria, the
closest jet is chosen. The jet axis is used to assign the sign to the impact parameters. The impact
parameter is assigned a positive sign if the track crosses the jet axis at a point upstream (or above)
to the primary vertex along the jet axis. If the intersection point of the track and the jet axis is
downstream (or behind) the primary vertex along the jet axis, the impact parameter is assigned a
negative sign. Signed impact parameters are used in several b-tagging algorithms.

Jet flavor labeling: A flavor label is assigned to the jets in the simulation by matching them to
at least one heavy hadron with pr > 5 GeV within a cone of AR = 0.3 around the jet axis. A jet is
labeled as b-jet, if it is matches with at least one b-hadron. If no b-hadron is found, then the jet is
tried to be matched with c-hadrons and then to a 7 lepton. Jets matched to a c-hadron (7-lepton)
are labeled as c-jet (7-jet). The remaining jets are labeled as light-jets.

4.10.2 b-tagging algorithms

Usually, b-tagging is done on the small radius jets with R = 0.4 or track jets with a variable radius.
In this dissertation, b-tagging is done on both small-R jets and VR track jets in different searches.
There are many algorithms for b-tagging, and all of them use the impact parameters and the ver-
tices. These low-level algorithms evolved with time, and later in Run-2 outputs of some of these
algorithms are combined to develop high-level algorithms. The high-level algorithms, in general,
are better performant and are built based on multivariate discriminants. There are three differ-
ent low-level b-tagging algorithms and two different types of high-level algorithms. A detailed
description and performance of these algorithms are provided in reference [193].

Algorithms based on impact parameters: IP2D/IP3D

There are two complementary impact parameter-based algorithms, IP2D and IP3D [194]. IP2D
uses only the signed transverse impact parameter significance, do/o4, whereas the IP3D uses both
signed transverse and longitudinal impact parameter significance, zysin6/0; sn9. Both of these
algorithms are based on log-likelihood ratio (LLR) discriminant, separating b-jets from light-flavor
jets. In addition to that, two more LLR functions are defined to separate b-jets from c-jets and c-
jets from light jets. These three LLR discriminants for both IP2D and IP3D are used as inputs to
the high-level taggers.

Secondary vertex finding algorithm: SV1

The secondary vertex finding algorithm (SV1) reconstructs a single displaced secondary vertex in a
jet [195]. Then the algorithm identifies all the possible two-track vertices. Tracks compatible with
long-lived particle (for example: K, A) decay, photon conversion, or hadronic interaction with
the detector material are rejected. The SV1 algorithm runs iteratively until it finds a reasonable
track-to-vertex association based on a x? test and a vertex invariant mass less than 6 GeV. For a
b-jet containing both b- and c-hadron decay vertices, this method merges the vertices into a single
common vertex if they are close, otherwise reconstructs the vertex with largest jet multiplicity.
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Finally, a LLR discriminant is constructed using the vertex mass, the energy fraction'? and the
number of two-track vertices. Eight discriminating variables related to the SV1 algorithm are
used as inputs to the high-level taggers.

Topological multi-vertex finding algorithm: JetFitter

The topological multi-vertex finding algorithm, JetFitter [196], exploits the topological structure of
the weak b- and c-hadron decays inside a jet. It uses a modified Kalman filter to find a common line
containing the PV, and the b, or ¢ vertices to approximate the b or c-hadron flight direction. This
algorithm is responsible for vertex position and uncertainty reconstruction. Eight discriminating
variables from the JetFitter algorithm are used as inputs to the high-level taggers.

MV2

MV?2 algorithm is the first high-level b-tagging algorithm. The MV2 algorithm [194] consists of a
boosted decision tree (BDT) algorithm that takes variables from the previously described low-level
taggers. The BDT is trained on a hybrid sample of SM tf and Z’ — bb events. The BDT is trained
using b-jets as the signal and a mixture of c-jets (7%) and light-jets (93%) as background. The
output of this BDT is the MV2c10 score. The MV2 algorithm is used in this dissertation in the
dilepton resonance search, described in chapter 6.

DL1

The other high level b-tagging algorithm is DL1 [194]. It is based on a deep neural network (DNN).
The DNN is trained with the same hybrid sample tf and Z’ — bb events. DL1 algorithm uses a
multi-class classifier that outputs the probabilities for a jet to be a b-jet, a c-jet, or a light-jet. Al-
most all the inputs used in the MV2 BDT are also used as DL1 DNN inputs along with some addi-
tional JetFitter c-tagging variables. The final DL1 b-tagging discriminant is defined by combining
the b-jet, c-jet and light-jet probabilities as follows:

Py
Dpri =1n . (4.7)
PR pe+ (1= £0) prighe
Here py, pe, plight and f; are the b-jet, c-jet and light-jet probabilities, and the effective c-jet
fraction in the background training sample. The DL1 algorithm is used in this dissertation, in the
tt resonance searches described in chapter 7 and chapter 8.

Algorithm performance

The performance of the b-tagging algorithms is measured based on how correctly it identifies the
jets coming from a real b-quark (b-jet efficiency, €,) compared to the mis-tag rate where a jet orig-
inating from a c-quark (c-jet mis-tag efficiency, €.) or a light-jet (light-jet mis-tag efficiency, €)
incorrectly identified as a b-jet. The fixed cut operating points (OPs) are defined based on fixed
selection requirements on the discriminant of a b-tagging algorithm corresponding to a specific av-
erage b-jet tagging efficiency. The light-jet rejections (defined as 1/€;) and c-jet rejections (defined
as 1/e.) are shown Figure 4.10 as a function of b-tagging efficiency. The plots show comparisons of
the performances of the three low-level taggers and the two high-level taggers. The performance

12The energy fraction is the total energy of all the tracks associated with the secondary vertex divided by the energy
of all the tracks associated with the jet.
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of the MV2 and DL1 algorithms are very similar. DL1 has a slightly higher c-jet and light-jet re-
jection in the lower b-tag efficiency regions. But both algorithms perform much better relative to
the low-level taggers.

c L L L L L L c L B L LI
-% 105jATLAS Simulation | -% [ ATLAS Simulation ]
T [ E=13TeV, oz 1 & L s=13Tev,tt o 1
o 104;JetpT220GeV, <25 ... |p3D B B 1027JetpT220GeV, <25 ... |p3D B
3 O E —-svi E ° Tk —-svi E
K E - JetFitter ] F -+ JetFitter ]
£ 10° = L . i
2 E. T~ 3 J
— e ] r b
102 ; b ,‘_“\T\\\\\\ ; 10 ;‘}:}\ N _]
E RN E NG 3
: = . E
- - B L el i
10 - L TN i
1 - 1
S S5 E s S E
"9 1?‘ ----------------- = ..9 1? ----------- _’”"'_:f: j
o 05F e 3 9 05F e 3
T pEEE il i iatrias s R R T o P IR B
T 05 0.6 0.7 0.8 0.9 1 T 05 0.6 0.7 0.8 0.9 1
b-jet tagging efficiency b-jet tagging efficiency

(a) light-jet rejection (b) c-jet rejection

Figure 4.10: The (a) light flavor jet rejections and (b) c-jet rejections are shown as a function of
b-tagging efficiency for the IP3D, SV1, JetFitter, MV2 and DL1 b-tagging algorithms evaluated on
simulated tf events. Figure taken from [193].

Four OPs are defined corresponding to b-tagging efficiencies of 60%,70%,77% and 85%. The
corresponding discriminant cuts and c—jet, 7, and light-jet rejections are also summarized in Ta-
ble 4.1, which is taken from [193]. In this dissertation, the 70% and 77% OPs are used in the t#
resonance searches and the 85% OP is used in the dilepton resonance search.

Table 4.1: c-jet, T and light-flavor jet rejections for the different b-jet tagging efficiency single-
cut operating points and corresponding discriminant threshold values for the MV2 and the DL1
algorithms. These are evaluated using the baseline tf events. Table taken from [193].

. M2 DL
. ejection . ejection
Selection c-jet T ]Light—ﬂavour jet Selection c-jet | T-jet ] Light-flavour jet
60% >0.94 23 | 140 1200 >2.74 27 | 220 1300
70% >0.83 8.9 36 300 >2.02 9.4 43 390
77% > 0.64 4.9 15 110 >1.45 4.9 14 130
85% >0.11 27| 6.1 25 > 0.46 2.6 3.9 29
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4.11. Top tagging

4.10.3 b-tagging calibration

The b-tagging calibration is done to correct the simulation to match the tagger performance on
data. The b-tagging efficiency is estimated using b-, c-, and light-jet enriched data samples. Then

the b-tagging efficiency on a data sample is compared with that of the simulated events to derive

a scale factor (SF), SF = Ggata/egdc, where egata MO s the measured efficiency in data (MC) for a jet

to be b-tagged. The SFs depend on the truth label of the jet and are derived as a function of the pr
and 7 of the jet. Two types of jet weights are used depending on the truth labeling of the jet. If a
b-labeled jet gets b-tagged, the b-tagging weight is simply the MC-to-data (efficiency) scale factor,
SF(pr). On the other hand, if a b-labeled jet is not tagged as a b-jet the jet weight becomes:

1-ef*(pr) _1- SF(pr)el“(pr)

1-eMC(pr) 1-e(pr)

Wiet = (4~8)

4.11 Top tagging

In a two-body decay, the decay products of the high momentum parent particles become very
collimated along the direction of the parent particle because they get a high Lorentz boost. It can
be shown that the angular distance between the daughter particles AR ~ 2m/py, where m and
pr are the mass and transverse momentum of the decaying particle. Thus in a high-momentum
top-quark decay, the outgoing W-boson and the b-quark become very close to each other. In the
all-hadronic top decay topology, the W boson decays into two light quarks. So in a boosted (high
momentum) hadronic top decay, the calorimeter clusters of the three final state objects merge and
get contained within a single large-radius jet (R = 1). A schematic diagram of the resolved and the
boosted top-decay topologies are shown in Figure 4.11.

Low momentum

High momentum
top

boost

topology of resolved top quarks topology of boosted top quarks

Figure 4.11: Schematic diagram showing resolved (left) and boosted (right) top quark decays. In
the boosted case, all the decay products are close to each other being reconstructed as a single
large-R jet in ATLAS.

Top-tagging is the method of identifying large-R jets that are coming from boosted hadronic
top decay while rejecting other jets. Since a top jet is a combination of three different objects,
various structures and patterns are visible inside it. Jet substructure variables are defined to probe
the internal structure of the jets. These substructure variables of a top-jet are used to distinguish a
top-jet from other QCD jets. Top-tagging methods use these jet substructure variables to identify
a top-jet.
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4.11.1 Jet substructure variables

Many jet substructure variables are used in top-tagging. Some important variables are highlighted
in this section. The jet mass is an important substructure variable. Particularly, the mass of a
trimmed large-R jet is less susceptible to pileup contamination. On average large-R jets containing
top decay products have a higher mass than the background jets. The k; splitting scale is another
important substructure variable that comes from reversing the k; clustering algorithm. Subjets
merged in the last k; clustering step provide the splitting scale v/dj,. The other splitting scale,
V/d,3, corresponds to second-to-last merging. These splitting scales are proportional to jet masses
relevant to those respective steps. For a hadronic top decay V/d,, is expected to be m,/2, where m,
is the top quark mass. V/d,3 is expected to be myy /2. N-subjettiness, Ty is a measure of how well
the jet can be described with N or fewer subjets. The ratios of these variables like 73, = 73/7, and
Tp1 = T/T; acts as important substructure variables to distinguish hadronic top-jet with other jets.
Another important variable is minimum pairwise invariant mass of the subjets, Q,, = min; ;{m;;},
where i and j are the subjet indices. There are many other variables currently used and are all
listed in reference [197].

4.11.2 Jet truth labeling

To evaluate the performance of the top taggers it is necessary to match the jets to truth top-partons.
This is done in a three step process described below.

1. The reconstructed large-R jets are matched with a truth large-R jet computed using final
state hadrons and electrons by requiring AR (jirues jreco) < 0.75.

2. Those truth jets are matched with top-partons again with the same criteria AR (¢parton, jirue) <
0.75.

3. Finally the decay products of top-parton needs to be within AR < 0.75 - Rje; of the jet axis,
where Rje; = 1 is the radius of the jet. Jets satisfying this criterion are called fully contained
top-jets. This criterion is not absolutely required, an inclusive definition is also used without
this requirement. These jets are also labeled as top-jets and generally called inclusive top-
jets.

4.11.3 Top-tagging algorithms

Historically in ATLAS, different combinations of jet substructure variables along with the jet mass
are used to identify the jets coming from top-quark decay. A DNN based top-tagging algorithm,
developed in 2017, performs better than other methods. The DNN takes all the high-level sub-
structure variables and some other jet-related variables as inputs and gives a DNN discriminant
as the output. The tagger is trained on the jets obtained from simulated Z’ — tf events as signal
and light-jets from other QCD processes as background. The algorithm tags the high momentum
jets with pr above 450 GeV and below 4 TeV. A jet is identified as a top-jet if the DNN discrimi-
nant value is above a certain threshold. Different working points (WP) are defined depending on
the threshold values. The WPs are defined for a constant average efficiency of identifying a top
jet in the simulation. Two commonly used working points are 50% and 80% WPs. In this disser-
tation, the DNN top-tagger with the 80% WP is used. The performance of different top-tagging
algorithms is compared in Figure 4.12. The DNN top-tagger performs much better compared to
the old two-variable taggers. Details about the algorithms and their performance are discussed
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in reference [197]. Two different type of DNN top taggers are available which are trained with
contained and inclusive top-jets, respectively. Both the taggers are explored in this dissertation.
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Figure 4.12: The performance comparison in simulation of different top-tagging algorithms at
(a) low-pf" and (b) high-pF"¢. The performance of the DNN top-tagger is good in both the pr
regions. Figure taken from [197].

4.11.4 Top-tagging calibration

Top-tagging optimizations and performance studies are done on simulated events. To match up
the performance on data, SFs are derived similarly to b-tagging. The SFs are applied as per-jet
weights on the simulation. The calibration is done using tf events in the lepton+jets final state
while y+jet and multijet events are used to derive scale factors for quark and gluon-initiated back-
ground jets.

4.12 Missing Transverse Energy

From momentum conservation, it is expected that the vector sum of the momentum of all the fi-
nal state particles produced in the proton-proton collision at the LHC should be equal to the sum
of the momentum of the colliding partons. The initial momentum of colliding partons are not
well measured, so it is not possible to use momentum conservation accurately in the longitudinal
direction. Since the collisions are happening head-on, the initial transverse momentum can be
assumed to be zero. And from the momentum conservation, we expect the final transverse mo-
mentum should add up to zero. Not all particles produced are measured detected by the ATLAS
detector, for example, the neutrinos escape undetected. Thus the invisible (to ATLAS) particles
create an imbalance in the energy flow. The transverse component of energy imbalance (missing
energy) is called the missing transverse energy (MET). MET is usually parameterized by Er (the
magnitude) and the azimuthal angle, ¢, in the transverse detector plane.
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ETSS is estimated mostly using the reconstructed objects like leptons, photons, jets that have
been discussed in this chapter. The second contribution to the EIT“iss reconstruction comes from
soft particles, modeled via charged particle tracks that come from the primary vertex but are not
matched with any hard objects [198]. Thus it can be written as

EP == ) pbm ) phm ) pi- ) phm ) A= ) eP @)

selected accepted accepted selected accepted unused
electrons photons 7-leptons muons jets tracks

The overlap between different objects is removed before calculating the E?iss in order to reduce
double counting. MET plays an important role in several physics analyses in ATLAS and is in
particular a very important handle for several BSM searches. In the dissertation, MET is used to
calculate the neutrino four-momentum and to reconstruct leptonically decaying top quarks.
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CHAPTER

FIVE

Statistical methods

This chapter summarizes the statistical techniques and methods used to understand and interpret
the data for this dissertation. The frequentist approach, in which the probability is fundamen-
tally associated with the frequencies of repeatable events, is used here. At the beginning of this
chapter, the random variables are introduced, and then the relevant probability distributions are
discussed. Then statistical modeling is briefly discussed. Finally, inference methods are discussed
in detail. The likelihood-based inference is used in the searches for new particles described in this
dissertation.

5.1 Random variables and probability distributions

A random variable, X, is a variable whose possible values are the numerical outcomes of a repeat-
able experiment. A discrete random variable takes a countable finite number of distinct values. For
example, the number of defective detector modules in a box of ten modules is a discrete random
variable. The probability distribution function, p(x) = p{X = x}, of a discrete random variable
gives the probability of obtaining a particular value of the random variable X = x. The probability
values should always be non-negative real numbers and they should add up to 1. The cumulative
probability function, F(x) can be written as

F(x)=p{X<x}=) p(x), (5.1)

XZ'ZO

where the random variable X € [0, x]. On the other hand, a continuous random variable can take an
infinite number of possible values. The probability of a particular outcome is always zero in this
case, since infinite outcomes are possible. Instead, the probability is defined for a small range of
possible outcomes. The probability of observing values in the range [a, b] can be written as

b
pla<X<b}= J f(x)dx, (5.2)

where f(x) is the probability density function (pdf) which has dimension of 1/x. The pdf should also
be non-negative real numbers and is normalized to unity in the range [—co,00]. The cumulative
probability functions (cdf) for a continuous random variable can be written as
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F(x):p{XSx}:J-_ f(x)dx. (5.3)

The expectation value of a function of a random variable, g(X), is the weighted average of the
function over the full x range. The expectation value of g(X) can be written as

E[g(X)]=) &) p(x),
Vx

where X is a discrete random variable. For a continuous random variable, E [g(X)] can be written
as

E[g(X)] = fo g(x) f(x) dx.

(o)

The mean, p, of the random variable is given by the expectation value of X. The variance of the
random variable is the expectation value of the distance to the mean, Var(X) = E[(X — /,1)2]. The
standard deviation is defined as the square root of the variance. The probability distribution of two
random variables, X and Y, can be described together by a joint distribution f(x,v). Integrating
the joint distribution over one of the variables gives the marginal distribution. Joint variability of
the two random variables can be measured by the covariance. The covariance is defined as

Vi = cov(X,Y) = E[(X - E[X))(Y ~E[Y])] = E[XY] - E[X]E[Y] = E[XY]~juupty,  (5.4)

where p, and p, are the means of X and Y, respectively. For X =Y, cov(X, X) = o2 where oy is
the standard deviation of x. In multivariate analyses, understanding the relationship between two
variables often gives useful insight. The correlation of two random variables can be measured by
the correlation coefficient (p) defined as

X, Y
Correlation = p = —COV( ) . (5.5)
oy 0y

If there are more than two variables, X, X»,..., Xy, the covariance and correlation matrices can
be defined as

Vij = cov(X;, X;) = E[X; X;] - E[X;]JE[X;], (5.6)
Y (5.7)
pl] = o Uj' .

5.1.1 Poisson distribution

The Poisson distribution function is defined for a discrete random variable and the probability
mass function is given by
e ¥

f(x;A) = s for x=0,1,2,... and 1 >0. (5.8)

If X is a random variable which represents the number of independent events occurring in a fixed
time, then X follows a Poisson distribution. The only parameter of the Poisson distribution, A,
represents the average number of events occurring within the time interval. A is also the variance
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of the Poisson distribution. Poisson distribution is a count distribution; it is used in this disserta-
tion in counting events in the histogram bins of the kinematic variables. Each bin of a kinematic
quantity can be thought of as an independent counting experiment, so the number of events in
a histogram bin is assumed to be Poisson-distributed. The means of these independent Poisson-
distributed random variables are estimated from the simulated or data-driven background dis-
tributions. Finally, a bin content observed in data is assumed to be a single draw from the same
Poisson-distributed random variable.

5.1.2 Gaussian distribution

The Gaussian, or normal distribution, is a very widely used probability distribution. One of the
major reasons for this is the Central Limit Theorem. The Gaussian distribution function is defined
for a continuous random variable, and is given by

1 ~(x-p)?
e 202 . (5.9)

flxip o) =— N
A Gaussian distribution has two parameters, the mean (y) and the standard deviation (o). The
Gaussian distribution is an important distribution and used in many studies presented here. As
an example, the parameters corresponding to the systematic uncertainties presented in this disser-
tation are assumed to be Gaussian distributed. Standard normal random variables follow Gaussian
distributions with g = 0 and o = 1. If X follows a Gaussian distribution with mean y and o, then
Z = (X —p)/o follows the standard normal distribution.

5.1.3 Chi-squared (x?) distribution

If Y1,Y,,...Y, are independent standard normal random variables then

n
x = ny (5.10)
i=1

follows a x? distribution function with n degrees of freedom, denoted as x2. The chi-squared

distribution is defined as
x%_le

2ir(3).

[T

flx;n) =

(5.11)

The gamma function I'(n) = (n — 1)! for integer n > 0. For n = 1, the chi-squared distribution

can be written as
Kx) = —=—=e”
! V2r Vx
The chi-squared value is used as a measure of goodness of fit in this dissertation, where Y =
(data - fit).

(1P

(5.12)

5.1.4 Log-Normal distribution

If the logarithm of a random variable, X, follows a Gaussian distribution with mean y and standard
deviation o, then X follows a log-normal distribution. The distribution function can be written as

_[anx-p?
11t

X4, 0) = = 2?
flomo) oo

(5.13)
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It is a continuous probability distribution function. The mean of the log-normal distribution
is exp (y + ‘772) and the variance can be written as (exp(az) - 1)exp (ey + 02).

Any variable that is the product of a large number of random factors where none of the factors
dominates can be described by the log-normal distribution. A variable which is a product of a
large number of independent, identically-distributed variables follows a log-normal distribution
based on the central limit theorem in the log domain.

For example, the signal registered by an electron in the calorimeter may be described by a log-
normal distribution, since an electron loses its energy in many ways: to dead material, neutron
production, lost photons, and so on.

5.2 Likelihood function

The probability distributions discussed in section 5.1 are used to model the data. Let us suppose
we have N different measurements, x = {x1,x,,...,xy}, where the measurements are statistically
independent. Each x; follows the probability distribution f(x; &), where a = (ay, a», ..., a,,) are the
m parameters of the statistical model. These parameters could be the parameters of the probabil-
ity distributions as well as some other additional free parameters used to model the data. If we
consider f(x;a) as a function of x; for specified « it gives the probability of all possible samples
determined by the specified a. This is relevant before the experimental results are unblinded or
before an experiment takes data, i.e. where there is no observation. But it does not allow us to
learn anything new about the real world or the model. The other way is to consider f(x;a) as
a function of a for an observed x;. Note, f(x;a) is not a probability density function of & as it
does not normalize to unity. This way of expressing f(x;;a) is called likelihood. The likelihood
function constructed with all the measurements is numerically equivalent to the joint distribution
with specified values of x and can be written as

e

LO)=]| |f(x;;a). (5.14)
i=1

Likelihood-based inference enables us to determine the model parameters using the observed
data in the experiment. In this dissertation, we always used likelihood-based statistical inference.
The measurements are always binned into histograms. Suppose we are measuring a variable x.
The event counts in each bin are considered as independent counting experiments. Let’s denote
them by v = {v{,v,,...,vn}, for a N bin measurement, and denote the expected number of SM
background events in those N bins as b = {b1, by, ..., by}. Similarly, the expected BSM signal events
can be written as s = {s1,s,,...,sy}. Since data can have contributions from both background and
signal, the expected value v; in the ih bin can be written as

vi=bi+ps;, (5.15)

where, the signal strength, y = oyps/011, is given by the ratio of a measured cross-section and the
theory cross-section. Hence, u is one of the likelihood parameters used in this dissertation. So,
in this case a = {u}. Now, the probability of finding n; data events in a bin where v;(y) events are
expected can be written by the Poisson probability. Thus the likelihood of y with N measurements,
n={ny,ny,...,ny}, can be written as

N
L(w) = p(nlw) = | | Poisson(milvi(w)), (5.16)

=1
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where, p denotes the probability distribution function. In our statistical analysis, p is the main
parameter of interest (POI).

5.2.1 Systematic uncertainties

Typically, the expected number of counts in a bin is affected by different sources of systematic
uncertainty. To model the effect of the systematic uncertainty, the expected number of background
and signal counts are parametrized with additional parameters, 6 = {01,0,,...,0,,}. So, we rewrite
Equation 5.15 as

vi(p, 0) = b;(0) + ps;(0) . (5.17)

With this new parametrization the likelihood becomes a function of these additional parameter,
6. We do not particularly want to measure these parameters, so there are called the nuisance pa-
rameters. Since these nuisance parameters are part of the likelihood, they have an impact on the
estimated uncertainty of the POI. To reduce the parameter space and constrain the nuisance pa-
rameters, auxiliary measurements, y, are needed. One can build a joint model by using the auxiliary
measurements and the combined likelihood can be written as

L(p,0) = p(n|p;8) - p(v10) . (5.18)

Here it is assumed that the auxiliary measurements follow the probability distribution p(y|0). The
auxiliary measurements could be measurements in a background region where they are expected
to be Poisson-distributed over the bins. Often the auxiliary measurements for the systematic un-
certainties are approximated by Gaussian constraints. Sometimes Gamma and log-normal distri-
butions are also used to constrain the nuisance parameters. In our studies, the nuisance parameters
are assumed to follow Gaussian distributions with mean 9,(3 and standard deviation og,, where og,

corresponds to a 1¢ variation of the k' systematics. The final likelihood is written as:

N
L(u,0)=p(n|p;0) = l_[Poisson(ni | vi(10)) ]_[ Gaus(6; | Qg;agk) (5.19)
i=1 kesyst

The effect of limited statistics on simulation or background estimation methods is almost always
included in the likelihood with a set of additional parameters for each bin. Those parameter
variations are modelled with Gamma functions and are generally denoted as y-stat.

5.3 Statistical inference

The inference methods used in the statistical analysis are summarized in this section. The two
main inferences methods used in this thesis are parameter estimation and hypothesis testing.

5.3.1 Parameter estimation

Two popular methods of parameter estimation are maximum likelihood and least square. Maximum
likelihood estimation is used in this dissertation. The maximum-likelihood estimator (MLE) of
the model parameter 6 = {0,,0,,...,0,,} are referred to as 6. They are obtained by finding the
global maximum of the likelihood function L(0). For convenience and numerical stability, we use
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the logarithm of the likelihood function, called the log-likelihood, and find the minimum of the
negative log-likelihood defined as

N
~InL(B;x) = —Zlnf(xi;e). (5.20)

The following equation is solved to find the MLEs of the model parameters

B dInL(6;x)

70,

=0, for j=1,2,...,m. (5.21)

The estimated parameters are denoted as 8 and they are asymptotically normally distributed. The

A

covariance matrix of the estimated parameters, V(8), is asymptotically equal to the inverse of the
observed information matrix and can be written as

2’InL(6;x)

-1
. (5.22)
961~86]~ ezé]

7i(6)=[10)] " = —[

The matrix of the second derivative of the negative log-likelihood function is also called the Hes-
sian matrix, H of the negative log-likelihood function. The standard deviation of a parameter 0;
can be estimated from the diagonal elements of this matrix and can be written as

d5, =y V;(6). (5.23)

The solutions to Equation 5.21 and Equation 5.22 are found numerically using ROOT and MINUIT
[199] software package in this dissertation.

Another way to estimate the uncertainty on a model parameter is to look at the change of the
log-likelihood. We can find two points 0, = O — AO_and Oup = 6 + AO, such that AlnL = —0.5.
[O10w, Oup] Will be the 68% confidence interval for 6. This method is not used in any of the studies
presented in this dissertation.

5.3.2 Hypothesis testing

Hypothesis testing is used to compare different hypotheses. In this dissertation, only models with
one parameter of interest (POI) p and a set of nuisance parameters 6. They can be denoted together
by a = (4, 0), are studied. The POI is used to distinguish the hypotheses used in this dissertation.
The null hypothesis, Hy, corresponds to p = 0 (SM prediction) while the alternative hypothesis is
a simple hypothesis where y > 0 and can take a positive value (BSM prediction for our studies).
In order to support or reject Hy, we need to define a test statistic. The test statistic is a lower
dimensional summary of the data with discriminatory power. The Neyman-Pearson lemma [200]
says the likelihood ratio
_ L(Holx)
L(H,|x)

maximizes the statistical power to reject Hy in favour of H;, where x denotes observed data. Thus
the likelihood ratio can be considered to be the most powerful test statistic to search for new
physics. Test statistics in general are denoted as t or g in this chapter. The test statistic can take

A(x)

(5.24)
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values in the range [0,1]. In order to evaluate the level of agreement between data and the null
hypothesis, the p-value is defined as

o0

p=| s, (5.25)
tobs

where t.,¢ is the test statistic calculated from data and f(t|H;) is the pdf of the test statistic. In

general it is not easy to find a functional form of the test statistic distribution. Figure 5.1a shows

an example test statistic distribution and the shaded area shows the p-value of the observation. In

particle physics, the p-values are generally expressed in terms of significance, Z, defined as

Z=011-p), (5.26)

where @~ is the inverse cumulative function of a unit Gaussian pdf with mean zero and unit
standard deviation. The Z values are defined from one-sided tail probabilities of a unit Gaussian
distribution. Figure 5.1b illustrates the relationship between Z and the p-value. p-values can also
be expressed in terms of Z values using the following expression

1 —erf(Z/V2)

= 5.27
: (5.27)
where erf denotes the error function. It is defined as
2 z
erf z = —J e dt . (5.28)
T Jo

In the particle physics community it is commonly accepted that in order to claim discovery of
a new particle a significance of at least Z = 5 (generally referred as 50) is required to reject the
background hypothesis (Hy) . The corresponding p-value is p = 2.87 x 10~7. On the other hand, a
threshold of p = 0.05 (corresponds to 95% confidence level) is used for the purpose of excluding
a given signal hypothesis (H;); the corresponding Z value is 1.64. In the studies presented in this
dissertation, the hypothesis is always defined based on the value of the POI, which is the signal
strength ().

5.3.3 Profile likelihood ratio

As described in the previous section, the likelihood ratio is the most powerful test statistic for
rejecting the null hypothesis. The likelihood ratio can be expressed as a function of likelihood
parameters « as

L(a;x)

M= Tam

(5.29)
where x represents the data and & are the MLEs. In the large sample limit, when the likelihood
approaches a Gaussian, according to Wilk’s theorem [201] —21n A(0) follows a chi-squared distri-
bution (x?) with m degrees of freedom, where m corresponds to the number of parameters of the
model. In this limit the quantiles X%—a of the x? distribution can be used to evaluate 100-(1 —a)%
confidence intervals.

In the case where the likelihood depends on many parameters, but one is interested only in
one parameter y, and its uncertainty, one can use a profile likelihood ratio defined as:
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5}
—
I
- o)
T S
rwyl o
= Il
3
5
=
tobs t X
(a) (b)

Figure 5.1: (a) Demonstration of how to calculate the p-value after knowing the observed test
statistic value, t,;s. The p-value is the integral of the right-hand tail of the test statistic distribution.
(b) The relationship between the p-value and the significance Z is shown using a standard normal
distribution.

A
A

L(p, 6,)
Ap) = L 5.30
(1) L 0) (5.30)

where GAF in the numerator is the conditional MLE of 6 that maximizes L for a given value of pu.
The denominator is the unconditional maximized likelihood function, i.e., ji and 6 maximize the
likelihood, L. The profile likelihood ratio also follows a x? distribution in the limit of high statis-
tics. The likelihood ratio is used for some studies presented in this dissertation, and the profile
likelihood ratio is always used in the hypothesis test done for significance and limit calculation.

5.3.4 Test statistic

The profile likelihood ratio is used as a test statistic in our statistical analysis. For convenience, we
use the log of the profile likelihood ratio, and it is multiplied by negative 2 by convention. So the
exact test statistic is defined as,

t,=-2InA(p). (5.31)

The profile likelihood ratio takes values between 0 and 1. Higher values of t, indicate larger
disagreement between data and y. To quantify the level of disagreement, the p-value can be com-
puted. Most of the discussions related to the test statistics are adopted from [202].

Discovery test statistic

To test for the discovery of a new signal, the background-only hypothesis with y = 0 is used. The
one-sided test statistic used is

ty=-2InA(0) [0
%={° nA0) pz (5.32)
<0.

0 p
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Here A(0) is the profile likelihood ratio as defined in Equation 5.30 computed for p = 0. It is used
to reject the y = 0 hypothesis against a positive signal hypothesis, y > 0. The discovery significance
can be given by the p-value computed in a similar manner as Equation 5.25

(e

po = £(q0l0) dqq . (5.33)

qO, obs

£(q0l0) is the pdf of gy under the background-only (u = 0) hypothesis.

Test statistic for upper limit

For setting an upper limit on the signal strength parameter, y, the hypothesis test is inverted.
The signal plus background hypothesis is tested against the background-only hypothesis (H;,; or
H,-1). In the case where the data is not consistent with the H,,; hypothesis, we do not reject it,
rather we set an upper limit on the signal strength. The test statistic is defined as:

t,=-2InA 1<
q,,:{ ' wnE (5.34)
0 A>p.
In this case the p-value (p,) can be calculated in a similar fashion :
Pu= f(qy | ﬂ)dt/,t , (5.35)
qp,0bs

where ¢, ops is the value of the test statistic g, obtained from data and f(q, | ) denotes the pdf of
q, under the hypothesis of signal strength . The upper limit on y is the largest y that still satisfies
pu < @, where a is the specified threshold (a = 0.05 for 95% CL).

5.3.5 Asymptotic approximation

As shown in the last section, to calculate the p-values, a test statistic pdf is needed and it is not
trivial to model the distributions. The pdf f(t,|H,) is estimated by repeatedly generating expected
datasets according to a particular hypothesis, H, (referred to as toys or pseudoexperiments). Gen-
erating toys is computationally very expensive. To overcome this problem, an approximation for
the sampling distribution provided by [202] is used in this dissertation. The method is briefly
summarized in this section.

Let us consider a test of the signal strength parameter y, and data distributed according to a
strength parameter p’. If the estimated signal strength i follows a Gaussian distribution centered
around p’ with a standard deviation ¢, then based on Wald’s approximation [203], it can be shown
that for a single parameter of interest

—2In A(y) = (”;f‘)z +O(1/VN), (5.36)

where N is the sample size and p is the hypothesized value of the signal strength parameter.
For large N the higher order terms, O(1/VN), can be ignored and it can be shown that the test
statistic £, = —2In A(u) follows a non-central chi-square distribution with one degree of freedom,

fltsA) = 21%\/%_71 [exp (—% (\/54— \/X)z) + exp(—% (\/a— \/K)Z)], (5.37)

81



5.3. Statistical inference

where the non-centrality parameter A is
N2
A:Q;%L. (5.38)
o

It can be denoted as f(f;;A) = %X%(A)- For an important special case where ' = y, A = 0 and the
test statistic, —2In A(p), follows a chi-squared distribution with one degree of freedom, f(ty;O) ~
%)(2(0). This result was first shown by Wilks [201]. Figure 5.2 shows the test statistic distribution
of a toy example. In the toy example a two bin distribution of data, background and signal is
assumed. Here p’ = p = 1.0 was chosen, and the test statistic is created using the H,—; hypothesis,
also denoted as H,,;,. Figure 5.2 shows that the test statistic distribution follows a x? distribution
with one degree of freedom.

=1.00)

I:I Sampling distribution

Ly
5 X0

f(tIn

107'H

i R R B |
5 6 7
t, = - 2 log A(1=1.00)

Figure 5.2: Test statistic distribution created from toy data containing two bins for signal, back-
ground and data. The sampling distribution shown in the blue histogram, is created with hypoth-
esis Hy,,. Since p’ = y = 1.0, the sampling distribution follows a x? distribution with one degree
of freedom shown in the red curve.

Discovery test statistic

Assuming the validity of the asymptotic approximation (Equation 5.36), the discovery test statistic

can be written as ,

®oo.
qo={o =% (5.39)
0 pa<o,

where i follows a Gaussian distribution with mean " and standard deviation o. The pdf of g
takes the following form

221 V40 o

For the special case of y’ = 0, it reduces to the half chi-squared distribution %X% with one degree
of freedom

7 7 2
o) =(1-0 & )Jotanr+ 5 = = exp -5 Vi~ & ] . (5.40)

NS

NI'—‘

f(q0l0) = —5(610
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Under the asymptotic approximation the significance can be written with a very simple expression
Zy =D 1 (1-po) = V4o - (5.42)

Test statistic for upper limit

Assuming the validity of the asymptotic approximation (Equation 5.36), the test statistic used for
setting an upper limit can be written as

Qu = . .
0 n>u,

where i follows a Gaussian distribution with mean y’ and standard deviation o. The pdf of f(q,[p’)
takes the following form

’ 11 1

’ - - 1 _/\?
f(qylﬂ)=®(” - ")a<q,4>+§\/7_w—q_”exp[—5(@- hol ) } | (5.44)

For the special case of p’ = p, it reduces to the half chi-squared distribution,

1 1 1 1
faulm) = 55(%) + E\/T_nﬁ[

The corresponding significance for the hypothesized signal strength, p, is
ZV:CD_l(l—p”):M. (5.46)

If the p-value is below a specified threshold, a (o = 0.05 for the 95% confidence level), the upper
limit on y can be written as

au
2

(5.45)

pop = i+0@ ! (1-a). (5.47)

5.3.6 CLg method

In the standard hypothesis testing for estimating the upper limit, we test the s + b hypothesis Hy,
against the background-only hypothesis H, . The p-value, py,p, is defined as the probability of
finding a value g equally or less compatible with Hg,, relative to what is obtained in data, ggps. In
the standard “CLg,,” method, we carry out the test based on pg,;. Hy,p, is excluded at a confidence
level (1 —a) if we find py,p, < a.

The problem with only considering the s + b p-value, p,.p, is that one can exclude a signal
hypothesis with probability close to a even if the sensitivity to that signal model is very low. Such
a scenario is illustrated in the schematic diagram Figure 5.3b where the g distribution under b
and s + b hypothesis almost overlap each other. But based on the pg,;, one might exclude the
s + b hypothesis. In general, if the expected number of signal events (s) are very low compared to
the background events b and the observed data has downward fluctuation, H,; will be excluded.
Intuitively, in the limit where s << b, Hy,;, ~ Hj, hence the exclusion probability should go to zero.
But in CL,}, method it approaches a - 100%.

Here, one can also build the test statistic distribution under the b hypothesis, Hj, and calculate
the corresponding p-value p;. Figure 5.3a shows a schematic diagram showing the distributions

83



5.3. Statistical inference

——> Critical Region
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Figure 5.3: (a) Distributions of the test statistic ¢ under the s+ b and b hypotheses in an example
where sensitivity to the signal model is very small. (b) Schematic diagram showing the test statistic
distribution under b and s + b hypotheses. The observed test statistic value is indicated by the
dotted line. The s+b p-value is shown by the red filled area, whereas the area filled with skyblue
shows (1-py).

and the p-values. In order to protect against this situation, most modern particle physics experi-
ments use the “CL;” method [204]. Instead of using p,,; directly, we use “CL;” which is defined
as

CLs = Pstb (5.48)
L=py

Essentially the p;,;-value is penalized by dividing it by the power of the test, 1 — p;. If the test
statistic distributions under Hg,;, and H; are well separated, then (1 —p;) > p,,; and the exclusion
based on CL will be very similar to the exclusion based on p,, ;. However, if the two distributions
almost overlap on each other, then (1 -p;) = psyp. As a result, CLg becomes approximately equal to
one, and the ability to exclude the s+ b hypothesis gets reduced. The exclusion limit on the signal
strength (u) is set with 95% confidence level by finding the y for which CLg < a, where a = 0.05.

5.3.7 Asimov data

The asymptotic approximation discussed in subsection 5.3.5 is valid in the large sample limit. To
determine A appearing in Equation 5.37, we need to estimate o, the standard deviation of the i
distribution. It can be estimated using a special artificial dataset called the Asimov dataset. The
Asimov dataset is defined in such a way that estimators of all the parameters a = {y, 6} evaluated
using this dataset are equal to the true or expected parameter values [202]. In practice, the Asimov
dataset is defined as the one in which the bin content for each bin of a distribution is set to simu-
lated values and the uncertainty is set to the Poisson or Gaussian error depending on the expected
number of events. In this dissertation, the Asimov dataset is created from the MC simulations of
signal and background processes, and data-driven background estimates. If a signal strength p’
is used for the generation of the Asimov dataset, then the corresponding profile likelihood ratio,
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Aa(p), is A .
_ La(p, 6,) B La(w, 6,)
T La(p,6)  La(w,06)
L, is the Asimov likelihood and @ are the true or expected values of the parameters. Since the
Asimov dataset corresponds to a signal strength fi = 4/, Equation 5.36 becomes

Aa(p) . (5.49)

Aua=-2Inds(p) = M =A. (5.50)
%4

Then the variance can be approximated as

s (p=p)?r  (u—-p)?
o5 = = . 5.51

It is important to note that using the Asimov dataset we get an estimate of the noncentrality param-
eter A that characterizes the f(q,[p’) distribution. The test statistics g9 and g, are monotonically
related to ji. Therefore the median of the test statistic distributions can be found using the median
of fi, which is p’. If 04 is used then the median of f(q,|¢’) is g,,4. Furthermore, assuming a signal
strength p’, the discovery significance can be given by med[Zy|p] = \/qo,a- Similarly the median

exclusion significance assuming ' = 0 can be written as med [Z”|O] = \VApA-

5.3.8 Toy example

To give a visualization of the hypothesis testing performed in this dissertation, a simple Poisson
model is created as a toy model. The background event count (b) is set to 10, with a 20% un-
certainty assumed to be Gaussian distributed. The data count (d) is set to 12. The parameter of
interest is the signal count, denoted as y-s. An inverted hypothesis test is performed here to set an
upper limit on the signal count. The test statistic distributions for b-only and s + b hypotheses are
shown in Figure 5.4a. The blue histogram is the sampling distribution of the test statistic under
the b-only hypothesis, f(q,[0). In this case, the hypothesized signal count (y-s) is 15. The x axis
is the negative log profile likelihood ratio (g,). The blue curve is drawn using the x? distribution
given by Equation 5.44 with p’ = 0 and p = 15 in the asymptotic limit. The red histogram is the
sampling histogram of the test s + b statistic distribution under the s + b hypothesis, f(q,l|u). If
the asymptotic approximation is valid, the distribution should follow the x? distribution with one
degree of freedom, shown by the red curve. While the majority of the distribution is well modeled
by the asymptotic approximation, it is observed that the asymptotic formula overshoots the higher
tail of the q,, where the Wald approximation does not hold. The use of the asymptotic approxima-
tion results in higher values of p;,; than the true distribution and usually results in a conservative
limit on the signal count. The observed value of the test statistic obtained from the data, g, is
shown by the solid black vertical line. The observed test statistic is compared with the expected
test statistic obtained from the median of g, under the background-only hypothesis shown by the
dashed black vertical line. To know how much the data distribution should vary from the nomi-
nal background-only prediction due to statistical fluctuations and systematic variations, the 1o
(dashed green vertical line) and +20 (dashed orange vertical line) quantiles are drawn around the
expected median. Figure 5.4b shows a similar distribution where the hypothesised signal count
p-s = 3. The test-statistic distributions under the b-only and s + b hypotheses look very similar,
and the chi-squared approximation does not hold throughout. In this case, the negative 10 and 2o

85



5.3. Statistical inference

quantiles are impossible to calculate from the inverse cumulative distribution since we are doing
a one-sided test here. And g, cannot take values below zero. The s+ b p-value, pg,p, is shown
by the red shaded area in the distributions of Figure 5.4. The blue shaded area on the same plot
shows (1-p;), where pj, is the p-value under the background-only hypothesis. So, the CL; value is
the ratio of the red shaded area and the blue shaded area shown in the distributions of Figure 5.4.

Limit calculation from toy model

The toy model described in subsection 5.3.8 is also used to calculate exclusion limits. The limit
setting is done using the CL; method described in subsection 5.3.6 with 95% confidence level
(a = 0.05). To calculate the exclusion limits, the POI needs to vary until the CL; becomes 0.05.
In this toy example, a scan over the signal count (y-s) is done in the range [0,21] in 21 points.
For each scan, the test statistic distribution, similar to Figure 5.4, is estimated. The observed and
expected p-values are calculated, including their +10 and +20 values. p-values are calculated both
with the pseudoexperiements as well as using the asymptotic formula for all 21 points.

Figure 5.5a shows the CLg scan using the asymptotic approximation, whereas Figure 5.5b
shows a similar scan with pseudoexperiements. CLy on these plots represents the background
only p-value, p,. The upper limit on the signal strength is obtained from the crossing point of
the horizontal red line (corresponding to p-value = 0.05) and the relevant CL; curve. The median
expected CLg values are shown by the black dotted curve. The green band shows the expected
+10 limit, and the yellow band shows expected +2¢0 limit. The positive 10 and 20 test statistic
values highlighted in Figure 5.4 give stronger limits on the signal counts, hence they represent
the negative bands in the two plots of Figure 5.5. Similarly, the negative 10 and 20 test statistic
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(a) p-s=15 (b)yp-s=3

Figure 5.4: Test statistic distribution for upper limit based on a toy Poisson counting model. Back-
ground and data counts are given by b = 10+2, d = 12. The signal counts are (a) p-s = 15 (b) p:s = 3.
The blue and red histograms are sampling distributions, generated through pseudoexperiments,
of the test statistic (g,) under the b-only and s+b hypothesis (denoted by H), respectively. The blue
and red curves show the distribution obtained from the asymptotic approximation. The observed
test statistic is shown by the solid black vertical line. The background-only distribution is used to
get the median and the +10 and +20 values shown by the dashed black, green, and orange lines
respectively.
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values shown in Figure 5.4 correspond to the positive bands in the CLg scan plots. The positive
bands as well as the median values are not properly calculable for some cases because of the one-
sided test statistic used here. This feature can be seen in the example case shown in Figure 5.4b,
where y-s = 3. The consequence of this feature can be seen in Figure 5.5b. The positive 10 band
is not properly calculated for p-s < 4, whereas the positive 20 band is not properly defined for
p-s < 9. Nonetheless, the computed observed and expected upper limits are very similar for the
two methods. The observed upper limit on the signal count with the asymptotic approximation
M- SZES, asym = 1023, whereas the observed upper limit with toys is p - 5355, toys = 10.46. So in this
case, asymptotic approximation works nicely.

In ATLAS in general the asymptotic approximation is used wherever possible as it saves con-
siderable computing resources. Nonetheless, if the event counts are low then the results are often
validated by calculating the limit with toys. In the dilepton resonance search (chapter 6) the
asymptotic formula was used. In the tf resonance search (chapter 7) the final results are made
with the asymptotic formula, but the limits on the signal strength are also computed with toys
and compared.

Asymptotic CL Scan Frequentist CL Scan

L —&— Observed CLs —3§— Observed CLs
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0.8
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Figure 5.5: The CLg scans over a range of signal counts (u-s). The toy Poisson counting model with
d =12 and b = 10 with 20% background uncertainty is used. The p-values are calculated from
the test statistic distributions (a) sampled with pseudoexperiments (toys) (b) approximated with
asymptotic formula.

5.3.9 Wilks’ test

Wilks’ test is another a likelihood ratio-based test often used to determine how many parameters
are required to fit data. The test statistic is given by

t:—2o1n(IIJJ—m) , with m<mn, (5.52)

n

where L,, is the likelihood of the model with m parameters, and L, is the likelihood of the model
with n parameters. It is important to note that the two models are nested and the m-dimensional
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parameter space is a subset of the n-dimensional parameter space. furthermore, according to
Wilks’ theorem, in the asymptotic limit of a large data sample, the pdf of t is a chi-square distri-
bution with n —m degrees of freedom. The p-value can be calculated from the cumulative density
function of x2_,,. If the p-value is more than the threshold a, the fit with the fewer parameters,
in this case with m parameters, is favoured since adding more parameters to the model does not
make it describe the data better. Wilks’ test is used in the boosted all-hadronic tf search to choose
the number of parameters describing the background distributions, discussed in subsection 7.9.4.

5.4 BumpHUNTER search

The BumpHuNTER algorithm [205] is a model-independent statistical search method. The algo-
rithm searches for a statistically significant deviation of data from the expected background. It
can search for either excesses or deficits. The algorithm scans the full spectrum of the variable of
interest in all possible search intervals. The search starts with the left-most minimum interval of
the distribution, and the search interval position is shifted by one bin. The search interval size is
then increased by one bin and the scan starts from the left again. The search method is demon-
strated in the schematic diagram of Figure 5.6, where the minimum search interval is one bin. The
sizes of the minimum and maximum search intervals are user-defined.

—

— —

Figure 5.6: Diagram showing the intervals of the BumpHUNTER search process. The background
expectation is depicted as black rectangles, and the observed data is shown as red dots. The arrows
along the bottom of the diagram indicate the method where the BumpHunter searches over the
bins, going from a minimum interval width of one to a maximum interval width of three.

The local p-value is evaluated by counting the number of events in the observed data d and
summing the number of expected background events b in each interval. The local p-value gives the
probability of observing data (1) that is more deviant from the background (b) than the measured
data (d), in a particular window. It is expressed in terms of an upper-incomplete gamma function
['(d,b), the cdf of a chi-squared distribution:

o bn b
local p-value = p(n >d|b)=T(d,b) = Fe‘ . (5.53)

n>d

The interval with smallest local p-value is marked as the interval with most significant devia-
tion. The negative log of this smallest local p-value is taken as the BumpPHUNTER test statistic.
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BH-statistic = —In(smallest local p-value) . (5.54)

Example plots are shown in Figure 5.7 to demonstrate the algorithm. All the subsequent plots
in this section are shown in the context of the dilepton resonance search with two electrons and
two muons final state. In these examples, the dilepton invariant mass spectrum (ng = pf + pg)
is used to search for bumps. Figure 5.7a shows the scanned windows marked by red horizontal
lines of variable lengths and the local p-value of each window. The interval in which this p-value
is the smallest is flagged as the most deviant interval and the negative log of the smallest p-value
is the BuMPHUNTER test statistic. In Figure 5.7b the most deviant interval is marked with blue
vertical lines. In this analysis searches are done only for excesses (bumps); deficits (dips) are not
considered.
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Figure 5.7: (a) Tomography plot: shows the test statistic of each window scanned by BumpHUNTER.
The horizontal axis is showing the search intervals. (b) The interval with most significant deviation
found by BumpHUNTER marked by two blue vertical lines.

The local p-values and the BH-statistic are not very meaningful. Any form of background
fluctuation appearing in data will also contribute to the p-value. To estimate the BH-statistic
coming from the background fluctuation, we need to obtain a distribution of the BH-statistic. The
distribution is estimated by calculating the BH-statistic from pseudo-experiments obtained by
Poisson fluctuations of the expected background spectrum. Then the BH-statistic value observed
in data is compared with the background-only BH-statistic distribution. Hence a global p-value of
the BumpHUNTER algorithm is defined using the following steps:

* Pseudo-experiments are generated by taking Poisson fluctuation of the nominal background
spectrum. Each bin is fluctuated independently with Poisson distributed random numbers.

* The BH-statistic is calculated for each pseudo-experiment to get the background-only BH-
statistic distribution.

¢ The BH-statistic is calculated in the data.
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5.4. BumpPHUNTER search

* Finally the BH global p-value is defined as

No. of PEs where (background-only statistic > observed BH-statistic)

BH global p-value = No. of all pseudo-experiments

(5.55)

Figure 5.8 shows the distribution of the BH-statistic from the pseudo-experiments. The blue
line shows the observed BH-statistic value in data. The BH global p-value is the ratio of the integral
of the distribution to the right of the blue arrow and the full yellow distribution.
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Figure 5.8: BumpHUNTER statistic distribution obtained with the background-only pseudo-
experiments. The blue line corresponds to the BH-statistic obtained in data. The global p-value
is the ratio of the right integral of the distribution staring from the blue line over the total area
under the distribution.

5.4.1 Adding systematic uncertainties to the BumpHUNTER framework

The BumpHuUNTER algorithm used in the ATLAS Collaboration did not have a consistent method
for including the effect of systematic uncertainties. Several possibilities are studied for includ-
ing systematic uncertainties in the BumpPHUNTER framework. The most consistent method is a
likelihood-based method with the systematic uncertainties added as likelihood parameters. The
following steps are done:

* The background template is defined as the nominal background template plus the linear
combination of the systematic variations. Thus the background count in the k' interval can

be written as

N, sys

br(0) = b 1+Z€,Uik . (5.56)
i=1

Here oj; is the relative uncertainty coming from ih systematic variation in the k™" interval,
and 0; is the it" nuisance parameter.
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5.4. BumpPHUNTER search

* Next the likelihood is built using the bins outside the search interval, often called the side-
band region. The likelihood can be written as

Nbins bnk NS)’S

£(6) = ]_[ nik'ebk ]_[G(el-;o, 1). (5.57)
k=1 %

i=1

Here 1y is the number of data event in the k" interval and G(6;;0,1) is the standard nor-
mal Gaussian for the i" nuisance parameter. The nuisance parameters are assumed to be
Gaussian-distributed and the Gaussian constraints are added to the likelihood to ensure the
likelihood has an upper bound.

* The negative log-likelihood is minimized in the sideband region to get the best-fit nuisance
parameter values. Those estimated values of the nuisance parameters are used to define the
background count in the search interval. Then the BH-statistic is calculated using Equa-
tion 5.54.

The effect of the systematic uncertainties is also considered while generating the background-
only pseudo-experiments. Figure 5.9 shows the dilepton mass distributions in the electron and
muon channels. The nominal background histogram is shown as a black histogram, and the green
histograms are obtained by using the best-fit nuisance parameter values obtained from likelihood
fit in the sideband region outside the most significant interval, marked by the vertical blue lines.
The local p-values are calculated including the systematic uncertainties.
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Figure 5.9: BumpHUNTER scan on the dilepton mass distribution in (a) dielectron and (b) dimuon
channel in presence of systematic uncertainties. The observed data are shown in red points and
the total nominal background is shown in the back histograms, where all the nuisance parameters
are set to zero. The green histogram is obtained by setting the nuisance parameters to their best-
fit values obtained from the profile likelihood fit of the sideband region. The lower panel shows
bin-by-bin local significance. The most significant interval is indicated by the vertical blue lines.
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CHAPTER

SIX

Search for high mass resonances in
di-lepton final state

This chapter summarizes a search for high mass resonance (Z’) which decays into two leptons
(e*e” and p*p~) with the ATLAS detector at the LHC operating at /s = 13 TeV. The search was
performed with 36.1 fb~! of Run-2 proton-proton collision data collected in 2015 and 2016. The
analysis considers narrow width resonances, corresponding new high mass boson particles (Z’)
decaying to two leptons. Two benchmark models, Sequential Standard Model (SSM) and E¢ ex-
tended symmetry model, are used to interpret the results. The models are described in section 1.5.
The results presented in this chapter were published in 2017 [206]. I was one of the main analyz-
ers in the electron channel, so the final states with two electrons will be discussed in more detail.
I optimized the event selections in the electron channel and performed the model-independent
statistical search in both electron and muon channels. Previously, the search was carried out in
ATLAS with the 3.2 fb~! LHC Run-2 proton-proton collision data collected in 2015. Data was
consistent with SM prediction and no evidence for new physics was found. A narrow width (3%)
SSM Z{g,, boson was excluded up to 3.4 TeV with 95% confidence level [207].

The chapter is organized as follows. An overview of the full analysis is given in section 6.1.
The reconstructed objects involved in this search are defined in section 6.2. The two-lepton final
state involves a small set of objects: electrons, muons, and jets. After the objects are defined, a
set of selection criteria are developed to select events with two high momentum leptons. These
event selection criteria are summarized in section 6.3. The background processes are described in
section 6.4. Details of how the signal processes are simulated are discussed in section 6.5. Then
the reconstruction of the main discriminant used in this analysis is described in section 6.6. The
systematic uncertainties used in this analysis are summarized in section 6.7. The statistical search
results are summarized in section 6.8 and the final limit results are shown in section 6.9.

6.1 Analysis overview

The analysis targets final states with two same flavor leptons, either two electrons, or two muons.
Figure 6.1 shows a Feynman diagram of the signal process (Z’ — e*e™ or y*u~). The analysis
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q e /u”

q et /ut

Figure 6.1: Feynman diagram of the Z’ signal process decaying into two electrons or muons.

searches in the invariant mass spectrum of two leptons. The new Z’ boson is expected to appear
as a narrow bump over the dilepton invariant mass distribution of the SM. The invariant mass is
built by combining the momenta of the two highest pr electrons in an event, and defined as,

mg, = (pf +p5)°. (6.1)

Here p{ and p{ are the momentum 4-vectors of the two highest pr electrons. The major back-
ground contribution comes from the irreducible Drell-Yan processes with two lepton final states.
The other reducible background contribution comes from the SM tt, single top, diboson, W +jets,
and multijet processes. Multijet and W+jets processes are estimated using a data-driven tech-
nique, whereas all other processes are modeled with Monte Carlo simulation. The statistical
searches are performed using a model-independent bump-hunting algorithm as well as with a
model-dependent profile likelihood ratio-based hypothesis test. The searches are performed on
the two channels independently first, and then a combined search is also performed. No trace of
new physics is observed in the data. So in the absence of new physics, the upper limit on the signal
cross-section times branching ratio is set with 95% CL.

6.2 Object definition

Electrons

In the two-electron final state, the main objects needed are the electrons. The electron reconstruc-
tion is described in section 4.3. In this analysis, the electrons are required to be within |y| < 2.47.
The electrons falling in the transition region of the barrel calorimeter and the endcap calorimeter,
which is located at 1.37 < |y| < 1.52, are not used. The electrons coming from bad calorimeter
clusters are also rejected. The transverse energy (E7) of the electrons is required to be greater than
30 GeV since we are looking for high momentum leptons. To ensure that the electrons are asso-
ciated with the correct primary vertex, requirements are applied to the impact parameters. The
dgL—signiﬁcance is required to be within [-5,5], IdgL/odol < 5.0. The longitudinal impact param-
eter with respect to the beamline is required to be within —0.5 mm and 0.5 mm of the primary
vertex, |zosin 6| < 0.5 mm. Finally, the electrons are required to pass the medium likelihood-based
identification criteria and loose isolation criteria. The medium identification criteria has roughly
95% efficiency for electrons with E; between 30 GeV and 500 GeV and it decreases at high E7.

The loose isolation uses the track isolation variable p%?7°"¢%-2 and calorimeter isolation variable
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Table 6.1: Summary of the electron object definition.

Selection ‘ Criteria

1 coverage |n| < 2.47 without 1.37 < || < 1.52
Cleaning Remove bad calorimeter clusters
Energy Er >30 GeV

dy-significance |dgL/O'd0| <5.0

Zpsin O |zgsin O] < 0.5 mm

Identification | LH medium

Isolation Loose

ESone0-2 Tsolation selection efficiency of the loose working point is around 98%. The electron defi-
nition is summarized in Table 6.1. Calibrations are applied to the electron candidates to correctly
estimate the electron energies from the calorimeter signals and to match energy scale and resolu-
tion in the simulation to the data. Electron energy scale and resolution is calibrated up to Er =1
TeV using Run-1 data collected at v/s = 8 TeV and Run-2 data collected at /s = 13 TeV. The energy
resolution is extrapolated beyond E7 =1 TeV and is estimated to be around 1%.

Small radius calorimeter jets

Jets are also used to study some of the background processes. Calorimeter small-R jets of R = 0.4,
AntiKt4EMTopoJets, are using for these studies. The jets are required to have pr > 20 GeV and
|| < 2.5. Jet cleaning is applied to remove the calorimeter noises and badly reconstructed jets. To
suppress pile-up jets, a JVT cut is applied and the medium operating point is used. The medium
operating points requires a jet JVT > 0.59 if the jet pyr < 60 GeV and || < 2.4. It has 92% average
selection efficiency. The jets are also required not to overlap with electrons and it is required that
the AR'3(el, jet) > 0.4. The jet definitions are summarized in Table 7.6.

Table 6.2: Summary of the jet object definition.

Selection ‘ Criteria

1 coverage Il <2.5

Jet cleaning Loose

Momentum pr > 20 GeV

JVT Medium, JVT> 0.59

Overlap removal | AR(el, jet) > 0.4

6.3 Event selection

To select events with two electrons, a series of selection requirements are applied. Each event
should belong to the Good Run List as described in subsection 2.2.8. Next the event needs to
pass the di-electron trigger, 2e17_1hloose trigger. Then an event cleaning is applied to remove

BAR = \[(A))2 + (An)?
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events flagged as being incomplete. The events are further required to pass LAr and Tile error
requirements to discard the noise bursts and corrupted data in the ECAL and HCAL. The SCT
corrupted events are also removed. Each event needs to have at least one reconstructed proton-
proton interaction vertex. Then the events are required to have at least two good quality well-
reconstructed isolated electrons as defined in section 6.2. If there are more than two electrons in an
event, the two highest pr electrons are selected. Opposite charge requirement is not applied while
selecting the events to avoid the consequences of charge misidentification for high momentum
electrons. Finally, the invariant mass of the di-electron system is required to be greater than 80
GeV to reduce the photon-induced contribution. The di-electron event selection is summarized in
Table 6.3. The acceptance times efficiency after all the selection criteria is around 70% for Z; mass
above 1 TeV as shown in Figure 6.2.

Table 6.3: Summary of the event selection

Selection ‘ Criteria

GRL Data events in the Good Run List

Di-electron trigger | 2e17_1hloose

Event cleaning Remove calorimeter noise, LAr, SCT errors, noise burst, corrupted error

At least 2 electrons | > 2 high pr electrons
Dielectron mass cut | m,, > 80 GeV

ATLAS Work in Progress

Efficiency

- o

0.8
'f ....' eessses et o8 o _
e  Trigger Only

.uo-:_-..- L]
s
+ Event Cleaning

MC 15c Drell-Yan + (>=2e)

e +Eta
e+ Object Quality Cut
+pT
+d,
L] + Z0
e+ Electron ID
+ Isolation
+ Mass Cut

L 4
.........oo.°"--.. R *
)

-——————

0.2

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Dielectron Invariant Truth Mass [GeV]

Figure 6.2: Signal acceptance times efficiency as a fucntion of dielectron truth mass. Different
curves (with different colors) are showing the acceptance time efficiency after applying each selec-
tion cut.
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6.4 Background modeling

The modeling of the background processes is summarized in this section. Most of the background
processes are simulated by using Monte Carlo (MC) simulation. The QCD multijet and W+jets
backgrounds are estimated using a data-driven technique.

6.4.1 Background processes

The SM background to a dilepton search consists of an irreducible component due to Drell-Yan
(g9 = Z/y* — €*€") as well as a small contribution from photon-induced events (yy — €7¢",
through t— and u— channel processes), and reducible components. The reducible background
components are tf, multijet & W+jets, and diboson backgrounds. The multijet & W+jets back-
ground contains events with a maximum of one real lepton and one or more non-prompt leptons
or jets faking leptons. These contributions are non-negligible in the electron channel. Most of
the processes are modeled using simulation, but it does not work well for the multijet & W+jets
background. Therefore, a data-driven (DD) approach is used to determine the multijet & W+jets
background in the electron channel. This background component is very negligible in the di-muon
final state, therefore not considered.

Drell-Yan background

The expected contribution from the SM Drell-Yan process is modeled with the next-to-leading-
order (NLO) Powsnec [208] event generator implementing the CT10 [209] Parton Distribution
Function (PDF) in conjunction with Pyraia 8.186 [210] for showering, and the ATLAS AZNLO
tune [211]. To ensure that the statistical uncertainty remains small in the search region 19 mass-
sliced samples were created with parton-level dilepton invariant masses ranging between 120 GeV
and > 5000 GeV. To cover the region below 120 GeV, an inclusive sample which only has a
lower mass threshold of 60 GeV is used. The inclusive sample and the mass-sliced samples are
added together to get the full invariant mass spectrum. To correct the DY cross-section from
NLO (CT10) to next-to-next-to-leading-order (NNLO) using the CT14NNLO [212] PDF, a dilep-
ton mass-dependent k-factor is calculated with VRAP 0.9 [213] for QCD corrections, and Mc-
saNc [214] 1.20 for EW corrections. The NNLO QCD correction factor is around ~ 0.98 at a dilep-
ton (m;;) mass of 3 TeV whereas the NLO EW correction is ~ 0.86 at m;; = 3 TeV. The contribution
from Photon-Induced (PI) events to the Drell-Yan process is not taken into account in the genera-
tion. So, it is described with a k-factor using MRST2004QED [215]. On top of these corrections,
the DY background is smoothed in the range 120GeV < my, < 1TeV to minimize the statistical
fluctuations due to limited Monte Carlo sample size.

Diboson (WW,WZ,ZZ) processes

The diboson processes (WW,WZ,ZZ) are generated using SHerpa 2.1.1 [216] at NLO with the
CT10 PDEF. These simulated samples are generated with a series of mass thresholds, ensuring a
small statistical uncertainty across the entire mass spectrum of interest to this search. As in Drell-
Yan, all these mass-binned samples are added together to get the full distribution.

tt and single-top processes

The tf background is generated at NLO using PowsEec with CT10 PDF and Perugia 2012 tune [217],
in conjunction with PyrtHia 6 for the event showering. The single-top background (associated W —t
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production) is generated at NLO using Pownec with the CT10 PDF and Perugia 2012 tune, in con-
junction with PyrtHia 6 for the event showering. These samples are generated for a top quark mass
of 172.5 GeV, and with high enough statistics to ensure a small statistical uncertainty.

These samples are normalized to the higher-order cross-sections calculated with Top++ 2.0 [218].
It uses a global k-factor of 1.1949 (1.054), which brings the ¢f (single-top) cross-section values from
NLO to NNLO in QCD, including resummation of next-to-next-to-leading logarithmic (NNLL) soft
gluon terms. Details of these major SM background simulations are summarized in Table 6.4.

Table 6.4: Summary of the simulation information used to model the background processes in the
dilepton resonance search. The columns from left to right give the process of interest, generator,
matrix element order, correction to order of calculation, parton shower program, and PDF utilized.

Process | Generator | Order | Corrected | Parton Shower | PDF
Z/y*— e Pownec v2 [208] | NLO NNLO Pyraia 8.186 [210] | CT10 [209]
tFt—> X, Wt > X Powneg v2 [208] | NLO NNLO PyrHia 6.428 [219] | CT10[209]

WW,WZ,ZZ — £X/¢v/€€ | Suerra 2.1.1 [216] | NLO NLO Suerpa 2.1.1 [216] | CT10[209]

Multi-jet and W+jets background estimation

At most one real lepton gets produced in the multijet or W+jets process. These processes con-
tribute mainly due to one or more jets being reconstructed as leptons. The background contri-
bution coming from the multijet process is not possible to model accurately using simulation.
Whereas the simulated W+jets process does not have enough statistics to model the background
contribution in the signal region. Instead, these processes are estimated using data with a data-
driven technique called matrix method. The matrix method relies on two important quantities,
the real rate and the fake rate. Two different lepton selections are implemented for calculating the
real and fake rates. The tighter selection is called tight (T), and the looser one is called loose (L).
The tight selection is identical to the nominal signal selection described earlier in this chapter.
The loose selection needs to pass the Loose electron identification criteria, and no isolation criteria
are required. These two definitions are inclusive i.e. the set of objects passing tight selection is a
subset of those passing the loose selection.

Realrate Therealrate, r, is defined as the probability of a real electron passing the loose selection
to satisfy also the tight (nominal) selection. To estimate r, a sample enriched with a real electron
is needed. Hence, the real rate is estimated from simulated Drell-Yan samples in different Et and
|| regions. The real rate is around 95% for the low pr electrons and increases with pr.

Fake rate The fake rate, f, is defined as the probability of a fake electron satisfying the loose
selection to also pass the tight (nominal) selection. The fake rate is estimated using fake electrons
in data. The fake enriched data sample is obtained for different regions of Et and 1| using the
events satisfying a single electron trigger with Loose or Very Loose identification criteria. The phase
space is divided into separate pr regions, and in each region, a specific trigger is used. The pr
regions and the triggers are summarized in Table 6.5 and Table 6.6. The real and fake rates can be
written as:

tight tight
_ NR _ NF
r= Nloose’ f - Nloose' (6.2)
R F
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N;{ight(Nllfose) is the number of real electrons passing the tight (loose) selection. Ntlght (Nloose) i

the number of fake electrons passing the tight (loose) selection.

Table 6.5: Trigger scheme used for the selection of a fake-enriched sample for 2015 data.

Trigger Pre-scale corrected luminosity [pb~! ‘ P1low [GeV]  prhigh [GeV]
HLT _e24_lhvloose_L1IEM20VH 91.7987 29 65
HLT _e60_lhvloose 267.746 65 125
HLT_e120_lhloose 3212.96 125 00

Table 6.6: Trigger scheme used for the selection of a fake-enriched sample for 2016 data.

Trigger Pre-scale corrected luminosity [pb~! ‘ P1low [GeV]  Prhigh [GeV]
HLT _e24 _lhvloose_L1IEM20VH 138.772 29 31
HLT _e26_lhvloose L1IEM20VH 208.158 31 65
HLT_e60_lhvloose_nod0 436.698 65 125
HLT_e120_lhloose 2202.35 125 145
HLT _e140_lhloose 10064.3 145 00

The real electron contamination coming from W and Z decay is restricted by applying a few
specific criteria. The W decay contribution is suppressed by vetoing events with large missing
transverse energy, EX'S > 25 GeV. Real electrons coming from the Z decay are suppressed by
vetoing events with two-electron candidates passing Medium identification criteria or by vetoing
events with two Loose electrons where the reconstructed mass, mo°, is compatible with the Z mass
by requiring ImPDG myec°| > 20 GeV. Even though these criteria reduce the real contamination, the
real contribution in the fake enriched data sample can not be completely ignored. The expected
real contamination is estimated using simulated Drell-Yan, W+jets, Di-Boson, and tf events. This
contribution is then subtracted from the number of fake electrons passing either loose or tight
selection. The fake rate is also determined as a function of pr and |r|. At the very low pr, the fake
rate is estimated to be around 25%, then it decreases with pr and goes down to ~ 17% around 45
GeV. The fake rate eventually starts increasing for electrons above py = 1 TeV and reteaches up to
33% at higher pr.

The analysis considers two-electron candidates in the final state, and the selected events can
be categorized based on which selection each lepton passes. The number of events is denoted by
N, with x,y € T,L. This leads to four different quantities: Ny, Ny, Ny, Nrr. The first index
represents the leading object and the second one subleading (E} > E%). Equation 6.3 shows the
relation between the reconstructed and the real quantities N,;, with a,b € R, F. The subscript R and
F refer to real and fake electron candidates, respectively.

Nrr r? rf fr f? Ngr

Nrp|_[r(@=r)  r(1-f) f=r)  f(1=f)|| Ngr (6.3)
Nt (I-rr  (1-1r)f (I-f)r  (A=f)f || Ner )
Nrp (1-r)? A-r1-f) A-f)a-r) (1—-f)* )\ Ner

The fake background can be estimated from the part of Ny that originates from a pair of
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objects containing at least one fake electron:

Multi-jet & W+jets 2
Npp " = rf(Ngp + Ng) + f2Npp (6.4)
The equation depends on non-reconstructible truth quantities like Ngg, Npg and Npp. These
can be expressed in terms of measurable quantities (Np1, Ny, Ny 7, Ny ) by inverting the matrix in
Equation 6.3.

N (f-1%  (f-Df f(f-1) f>)\(Nrr
Npe|_ 1 J(f=-DA-r) A=f)r f(1-r) —fr{fNrr (6.5)
Nep| (r=f)2|(r=1)A-f) A=-nf r(A-f) —fr||Ner '
Ngp (1-7r)? (r—=1)r r(r-1) > J\Nyt
The combined fake contributions to the signal selection is given by,
N]M;lti—jets & Wjets - [27f(f _ 1)(1 _ 7’) + f2(1 _ T)Z]NTT
+ afr’(1-f)(Npp+Nrr) (6.6)
- OKfZTZNLL ’
where .
a= = (6.7)

High mass extrapolation The Z peak region is excluded in the QCD estimation process to mit-
igate the instabilities due to limited fakes in that region. At the Z peak, the estimated values
become negative due to the overcorrection of the real electrons failing tight selection. So the ma-
trix method is applied above 125 GeV. The fakes estimation suffers at a higher mass tail due to
limited data events. A functional fit is performed to overcome this issue and extrapolate the fakes
estimation to the highest mass region. The following polynomial function is used

f(x) = pl(l _x)pZ . xP3+P4lnx+P5(lnx)2 ) (6.8)

where x = m,,/+/s. This function is commonly known as the di-jet function and is widely used
to estimate di-jet invariant mass. The fit is performed up to m,, = 13 TeV. In order to estimate
uncertainties on the result, the fit is repeated eight times, excluding each time one more bin from
the low edge of the range. The weighted mean of all these fits is used as the central value of fakes
estimation. The envelope estimated from the variation of the fits is used as the fit uncertainty.

6.5 Signal modeling

The benchmark signal models are simulated using Monte Carlo (MC) simulation. The Z’ sig-
nal samples were generated at leading-order (LO) using PyrHia 8186 with the NNPDF23LO PDF
set [220] and the ATLAS A14 set of tuned parameters for parton shower and hadronization. Signal
interference with SM Drell-Yan (DY) is not considered for the Z’ signal of SSM and E¢ models due
to their large model dependence. Higher-order QCD corrections in the signal process are calcu-
lated in the same way as for the DY background. The higher-order electroweak (EW) corrections
are not applied to the Z’ signal. Samples were produced for the Eq Z; model at a few represen-
tative pole masses (1,2,3,4,5 and 6 TeV). Z{s,, was also generated for a few pole masses. The fine
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grid signal models are created reweighting the LO Drell-Yan sample. Each DY event is reweighted
to get the desired signal at a particular pole mass. The reweighting factor is calculated by taking
the ratio of the BSM and SM cross-section for each event. The summary of the signal processes
used in this search is presented in Table 6.7.

Table 6.7: SSummary of the simulation process used to generate the signal events used in the
dilepton resonance search. The columns from left to right give the process of interest, generator,
matrix element order, correction to order of calculation, parton shower program, and PDF utilized.

Process | Generator | Order | Corrected | Parton Shower | PDF

Z/y* —> "¢ | PyrHia 8.186 [210] LO NNLO PyrHia 8.186 [210] | NNPDF23LO [220]
7' —¢*¢- | Pyraia 8.186 [210] | LO NNLO | Pyrmia 8.186 [210] | NNPDF23LO [220]

6.6 Dilepton invariant mass

The m,, distribution is estimated for all the major background processes and binned. A total of 66
bins, starting from 120 GeV till 5 TeV, are used. The binning choice is optimized for resonances
with 3% width. A different binning based on the resolution in the di-electron channel is used
in the search phase. The bin width varies from 10 GeV at m,, = 1 TeV to 15 GeV at m,, = 2
TeV and 20 GeV at m,, = 3 TeV in the search phase. The invariant mass spectrum is shown in
Figure 6.3 for both the Figure 6.3a di-electron and Figure 6.3b di-muon channels. The colored
stacked histograms show the various SM backgrounds properly scaled by the production cross-
section and data luminosity. The expected signal distributions predicted by the Eg model are
overlaid on the m,, distribution for Z; pole mass of 3,4 and 5 TeV. There are two panels at the
bottom showing the ratio of data and background. The sky-blue band shows the total contribution
coming from the systematic uncertainties (discussed later), where all the uncertainties are added
in quadrature. The upper bottom panel shows the ratio of data and nominal background, whereas
the lower panel shows the ratio of data and the post-fit background. The post-fit background
is obtained by adjusting the nominal background using the best-fit nuisance parameter values.
Figure 6.3 shows that the data is consistent with the SM prediction, and there is no visible excess
of events. The ratio of data and background does not have any particular shape either.

6.6.1 Differences between electron and muon channels

The mass resolution is much better in the electron channel. This is clearly visible in Figure 6.3 and
Figure 6.4. The Z’ signals are narrower in the two-electron final state. Due to worse reconstruction
resolution, the signal m,,, distribution is much wider than m,,. The reconstruction efficiency is also
lower in the muon channel. High pr electrons are reconstructed more efficiently compared to high
pr muons. The signal acceptance times efficiency is around 70% in the electron channel, whereas
it is only around 40% in the muon channel.

6.6.2 Event yields

The expected and observed event yields in different mass regions are presented in Table 6.8 for the
di-electron channel. The expected background yields are split into different background processes,
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Figure 6.3: Invariant mass distribution in the (a) di-electron and (b) di-muon channels. The back-
ground processes are shown as filled histograms, and the Z; signal distributions for pole mass 3,
4,5 TeV are overlaid. The upper ratio plot shows the ratio of data and total predicted background.
The lower ratio plot shows the ratio of data and post-fit background. The cyan bands in the two
ratio plots show the total systematic uncertainty [206].
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Figure 6.4: Simulated signal templates for the Z; signal in the (a) di-electron and (b) di-muon
channels are presented for six representative pole masses. The widths of the di-electron mass
distributions are much narrower, since the mass resolution is better in the electron channel.

and the yields for two signal scenarios are also added. In general, there is a very good agreement
between data and the SM prediction.
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6.7. Systematic uncertainties

Table 6.8: Expected and observed event yields in the dielectron channel in different dilepton mass
intervals. The quoted errors correspond to the combined statistical, theoretical, and experimental
systematic uncertainties. Expected event yields are reported for the Z; model, for two values of
the pole mass. All numbers shown are obtained before the marginalisation procedure.

Mee [GeV] 80-120 120-250 250-400 400-500 500-700
Drell-Yan 11800000 + 700000 216000+ 11000 17230+ 1000 2640 + 180 1620 £ 120
Top quarks 28600 £ 1800 44 600 + 2900 8300 + 600 1130 £ 80 560 + 40
Dibosons 31400 + 3300 7000 £ 700 1300 + 140 228 £ 25 146 + 16
Multi-jet & W+jets 11000 + 9000 5600 + 2000 780 £ 80 151 + 21 113+ 17
Total SM 11900000 £ 700000 273000+ 12000 27600+ 1100 4150 + 200 2440 + 130
Data 12415434 275711 27538 4140 2390

Z)'( (4 TeV) 0.00635 + 0.00021 0.0390 £ 0.0015 0.0564 + 0.0025 0.0334 + 0.0027 0.064 + 0.004
Z)'( (5 TeV) 0.00305 £ 0.00012 0.0165 £ 0.0006 0.0225+0.0010 0.0139 +0.0007 0.0275 + 0.0015
Mee [GeV] 700-900 900-1200 1200-1800 1800-3000 3000-6000
Drell-Yan 421 + 34 176 £ 17 62+7 8.7+1.3 0.34 £ 0.07
Top quarks 94 + 8 27.9+2.8 5.1+0.7 < 0.001 < 0.001
Dibosons 39+4 169+ 2.1 5.8+0.8 0.74 +0.11 0.028 + 0.004
Multi-jet & W+jets 39+6 16.1 + 2.0 7.9+23 1.6 +1.2 0.08 £ 0.27
Total SM 590 + 40 237 £ 17 81+7 11.0+1.8 0.45 +0.28
Data 589 209 61 10 0

Z)'( (4 TeV) 0.0585 £ 0.0035 0.074 + 0.005 0.121 £0.011 0.172 £ 0.017 2.57 £0.27
Z)'( (5 TeV) 0.0218 £ 0.0013 0.0295 £ 0.0021 0.040 + 0.004 0.040 + 0.004 0.280 £ 0.030

6.7 Systematic uncertainties

The dilepton resonance analysis is affected by several sources systematic uncertainties. All the
systematic uncertainties with a non-negligible effect on the final results are considered and mod-
eled in this analysis. The systematic uncertainties come from both theoretical and experimental
sources. Both theoretical and experimental sources of uncertainties are considered for the back-
ground processes, whereas only the experimental effects are considered for the signal process.
Both up and down systematic variations (+10) are modeled where possible. The uncertainties are
then symmetrized, taking the largest of the up and down variations. The effect of each systematic
uncertainty on the di-electron invariant mass is estimated. The estimated uncertainties are used
in the statistical search and limit setting along with the nominal m,,.

6.7.1 Theory uncertainties

Theory uncertainties in background modeling mostly come from the DY background. The main
sources are the variations of the nominal parton distribution function (PDF) set, PDF scales, the
strong coupling (ag), and electro-weak corrections as well as photon-induced (PI) corrections. The
DY production cross-section also changes if a different PDF is chosen. This effect is also considered
in this analysis. The theoretical uncertainties are the same in both electron and muon channels at
generator lever, but the effect on the reconstructed dilepton mass spectrum becomes different in
the two channels due to different reconstruction resolutions and efficiencies.
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6.7. Systematic uncertainties

PDF variation systematic The variation of parton distribution functions has an effect on the DY
cross section. Each PDF has a set of independent parameters associated to it, known as the eigen-
vectors of the PDF set in the functional space. These eigenvectors form an orthogonal basis and can
be varied independently to quantify the systematic uncertainties associated to the PDF variations.
Total 28 + eigenvector error set variations of the CT14NNLO PDF with respect to its central value
are used. For each eigenvector variation at 90% CL in the CT14NNLO parametrization [221], the
DY cross section is calculated at NNLO as a function of m, using using VRAP program [213]. The
relative differences compared to the central CT14NNLO PDF values are used as the uncertainties
on the cross-section due to PDF variations. The asymmetric uncertainty at each mass point is
calculated using following equations

Aot = J i [max{a{r — 00,07 — 00,0”2, and Ao = J i [max{cro -0 00— ai_,O}]z, (6.9)
i=1 i=1

where 7 is the number of PDF eigenvectors, and of (O‘i
value of the i" PDF eigenvector. Using one nuisance parameter corresponding to these 28 vari-
ations might underestimate the effect since the variations have different impacts at different m,
region. So the variations with similar mass dependence are bundled together and re-diagonalized
to a set of seven PDF eigenvectors [222]. Then seven different nuisance parameter are used cor-
responding to these seven variations. The larger of the positive and negative variation is taken as
the systematic uncertainty on the signal cross-section. The seven PDF eigenvector variations are

shown in Figure 6.5.

) is the cross-section for the higher (lower)

PDF scale and ag uncertainties The PDF scale and ag systematic uncertainties at NNLO for the
Drell-Yan background are estimated using VRAP program [213]. The PDF scale uncertainty is
estimated by varying the nominal CT14NNLO PDF renormalization and factorization scales by a
factor of two following the PDF4LHC prescription [223]. The resulting maximum variations with
respect to the nominal setting are used as PDF scale uncertainty.

The ag variation is computed using VRAP program by varying the nominal input value of ag =
0.118 by an uncertainty of £0.003. The difference between the resulting spectrum and nominal
spectrum is used as the systematics uncertainty.

PDF choice The nominal PDF used for the Drell-Yan background is CT14NNLO. The uncertainty
due to this choice is investigated by comparing the central value of CT14NNLO with those from
similar other PDFs. In his search, two other alternative PDFs, MMHT14 [224] and NNPDF3.0 [225]
are used. The maximum absolute difference from the envelope of these comparisons is used as the
PDF choice uncertainty. This background is only applied on the Drell-Yan background. This
variation is shown in Figure 6.6.

Photon induced effects The photon induced dilepton cross-section is calculated at LO QCD us-
ing MRST2004qed. This background can be estimated with the analysis cuts at || < 2.5 and
pr > 25 GeV for both the leptons. To reduce this contribution an invariant mass cut is applied
on in the analysis selection. The uncertainty on the PI is large since the photon radiation changes
when choosing different quark masses for the photon PDF. The PI uncertainty accounts for the ef-
fect of the quark mass uncertainty on photon PDE. The uncertainty coming from photon induced
effect is shown in Figure 6.6.
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6.7. Systematic uncertainties

Higher order EW and QCD correction In the analysis, the both EW and QCD corrections are
applied by adding the corrections on the DY background. The combined correction on the nom-
inal spectrum can be written by (1 + dgw + dgcp). The EW correction systematics is estimated
by comparing this additive approach with the multiplicative approximation (1 + égw)(1 + dqcp)
treatment of the EW correction while combining the effect of the higher order QCD effects. The
uncertainty is the difference from the nominal kinematic distribution and the spectrum obtained
in the multiplicative treatment. It is shown in Figure 6.6.

Top quark and Diboson background uncertainties The theoretical uncertainties on the estima-
tion of top quark and diboson backgrounds are derived by varying the factorization scale (ug),
renormalization scale (ug), PDF and ag are using the PDF4LHC prescription [223]. The normal-
ization uncertainties are less than 1% of the total background as shown in Figure 6.6.
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Figure 6.6: Theoretical uncertainties on the top-quark and diboson backgrounds are shown in the
top row. PDF choice and scale uncertainties are shown in the second row from the top. Systematic
uncertainties corresponding to ag variation, electroweak correction, and photon-induced correc-
tion on the Drell-Yan background are shown in the bottom two rows. The up (down) variations
are shown in orange (cyan) points.

6.7.2 Experimental uncertainties

The experimental uncertainties mostly come from lepton trigger, identification, isolation, and re-
construction efficiencies, lepton energy scale and resolution, pileup effects. Luminosity and beam
energy uncertainties are also considered. Same sources of uncertainties are considered on all the
background processes as well as on the signal. All systematic variations coming from the experi-
mental sources are shown in Figure 6.7.

Electron isolation and identification uncertainties The electron identification efficiency is eval-
uated from the Z — ee events and extrapolated to higher masses. The uncertainty in the electron
identification is estimated from the shower shape differences in the EM calorimeters between data
and MC simulation in the Z — ee peak and propagated to higher E7 region. The effect of then
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6.7. Systematic uncertainties

electron identification efficiency is independent of Er above E; = 150 GeV and is found to be
around 2%. Isolation efficiencies on the other hand depend on the electron Et and the uncertain-
ties are estimated for electrons with 150 < py < 500 GeV and above 500 GeV separately. Large
electron isolation uncertainties occur in the combined calorimeter and track based isolation. The
track-only isolations have smaller uncertainties.
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Figure 6.7: Experimental systematic uncertainties as a function of dielectron invariant mass. Top
three rows shows the electron energy resolution, scale, identification efficiency correction, iso-
lation efficiency correction, trigger efficiency correction and reconstruction efficiency correction
uncertainties. Bottom two rows show the uncertainties coming from pile-up, beam energy and
luminosity.
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6.7. Systematic uncertainties

Pileup, Luminosity and Beam energy uncertainties The pileup uncertainties are obtained by
varying the pileup reweighting in the MC events. The pileup uncertainty is estimated to be very
small. An uncertainty of 0.65% due to beam energy is included. A flat luminosity uncertainty of
3.2% is used for the combined 2015 and 2016 dataset.

6.7.3 Systematics summary

All the systematic uncertainties and their contributions are summarized in Table 6.9. The electron
isolation uncertainty contributes the most out of all the experimental uncertainties. It contributes
around 9.1% (9.7%) at m,, = 2 TeV (m,, = 4 TeV). The dominant theory uncertainty is the PDF
eigenvector variation uncertainty coming from the DY background. It is around 8.7% (19%) at
M, =2 TeV (m,, = 4 TeV).

Table 6.9: Summary of the pre-marginalised relative systematic uncertainties in the expected num-
ber of events at dilepton masses of 2 TeV and 4 TeV. The values reported in parenthesis correspond
to the 4 TeV mass. The reported values for the background represent the relative change in yields
in the corresponding m, histogram bin containing my, = 2 TeV (4 TeV). For the signal uncer-
tainties the values were computed using a Z; signal model with a pole mass of 2 TeV (4 TeV) by
comparing yields in the core of the mass peak (within the full width at half maximum) between
the distribution varied due to a given uncertainty and the nominal distribution. “-” represents
cases where the uncertainty is not applicable.

Source Dielectron channel [%]
Signal Background
Luminosity 3.2(3.2) 3.2(3.2)
MC statistical <1 0 (<1.0) <1 0 (<1.0)
Beam energy 0(4.1) 0(4.1)
Pile-up effects <1 O (<1.0) <1 0 (<1.0)
DY PDF choice - <1.0 (8.4)
DY PDF variation - 8.7 (19)
DY PDF scales - 1.0 (2.0)
DY ag - 1.6 (2.7)
DY EW corrections - 2.4 (5.5)
DY y-induced corrections - 3.4 (7.6)
Top quarks theoretical - <1.0 (<1.0)
Dibosons theoretical - <1.0 (<1.0)
Reconstruction efficiency | <1.0 (<1.0) <1.0 (<1.0)
Isolation efficiency 9.1(9.7) 9.1 (9.7)
Trigger efficiency <1.0 (<1.0) <1.0(<1.0)
Identification efficiency 2.6 (2.4) 2.6 (2.4)
Lepton energy scale <1.0 (<1.0) 4.1(6.1)
Lepton energy resolution | <1.0 (<1.0) <1.0 (<1.0)
Multi-jet & W+jets - 10(129)
Total 0(11) 18 (132)
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6.8. BumPHUNTER search method

6.8 BumpHuUNTER search method

The model independent search in the di-lepton analysis is performed using the BumpHUNTER de-
scribed in section 5.4. The search is performed on the invariant mass spectrum of di-electron
and di-muon, separately. In this resonance search, signal is expected to appear as a bump on the
background spectrum, so the BumpHUNTER algorithm is used to search for a potential excess. The
minimum search interval is two bins and the maximum search interval is half of the invariant mass
spectrum. Some additional studies related to the BumpHUNTER algorithm is done in the context of
dilepton resonance search and one such study is summarized in subsection 5.4.1.

The final search results in both di-electron and di-muon channels are shown in Figure 6.8.
Different binning are used in the two channels. Since the dilepton mass resolution is higher in
the electron channel, finer bins are used in the electron channel. The local p-values are always less
than 30. The global p-values are calculated using 10,000 pseudo-experiments. The global p-values
are 0.71 o and 0.94 o in the electron and muon channel, respectively. So, we can conclude that
there is no significant deviation in the observed data over the SM background hypothesis.
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Figure 6.8: Dilepton mass distributions in the (a) di-electron and (b) di-muon channel are shown.
The data are shown in red points and the total nominal background is shown in back histogram.
The lower panel shows the bin-by-bin local significance of the BumpHUNTER test statistic. The
most significant interval is indicated by the vertical blue lines. The local significance values are
almost always less than 30, indicating no significant deviation [206].

6.9 Limit setting

In absence of a new signal, limits are set at 95% CL on the BSM Z’ signal cross-section x branching
ratio (BR). The upper limits on the cross-section x BR (o B) are interpreted as the lower limits
on the Z’ pole mass using the Z’ theory cross-sections. A binned likelihood is built from the
dilepton invariant mass distributions. The m, region from 80 GeV to 6 TeV is included in the
likelihood. The 80 GeV < my; < 120 GeV region is used as a control region and included in
the likelihood as a single bin. This region is used to fix the normalization of the DY background
and help constrain the systematic uncertainties. All the systematic uncertainties, described in
subsection 5.2.1, are included in the likelihood as nuisance parameters. The signal strength, p,
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6.10. Conclusion

defined as the ratio of the observed signal cross-section times branching ratio (o B) and its values
predicted by theoretical models, is used as the main parameter of interest. Upper limits on ¢ B
are set using Bayesian approach and the calculations are performed with the Bayesian Analysis
Toolkit (BAT) [226]. BAT uses a Markov Chain Monte Carlo (MCMC) technique to compute the
marginal posterior probability density of the parameter of interest. An uniform prior probability
for the parameter of interest was used. The upper limits on the Z’ ¢ B as a function of Z’ mass
(M) for the di-electron channel is shown in Figure 6.9. Theory cross-sections of two Eq models,
Zy, Z l/l) and the Z{g,, are shown on the limit plot. The o B limit becomes weaker above 3.5 TeV due
to rapidly falling signal cross-section and increasing proportion of signal being produced off-shell.
All the lower limits on Z’ mass are summarized in Table 6.10. The limits are slightly weaker in
the di-muon channel due to worse mass resolution than the electron channel. Combined dilepton
mass limit on Z} and Zgg), model are 4 TeV and 4.5 TeV respectively.
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Figure 6.9: Upper 95% CL limit on Z’ signal cross-section x branching ratio as a function of Z’
pole mass (My/). The results are shown for the di-electron channel. The red line represents the
observed limit whereas the black dotted line shows the expected limit. The green and yellow bands
represent the expected limit +1¢0 and +2¢ bands respectively. The theory cross-sections lines for
three different signal models are shown in solid black, blue and green lines [206].

6.10 Conclusion

A search for a new high mass resonance decaying into a pair of electrons is performed with partial
Run-2 proton-proton collision data corresponding to 36 fb~!. Events with two high p good qual-
ity isolated electrons are selected. The invariant mass of the two-electron system is used as the
discriminant in this analysis. The narrow width BSM signals are expected to appear as a bump on
the SM dilepton mass spectrum. We do not find any hint of a new resonant signal in the data; the
observed di-electron mass spectrum is consistent with the SM prediction within the statistical and
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6.10. Conclusion

Table 6.10: Observed and expected 95% CL lower mass limits for different Z’ narrow width mod-
els. The widths are quoted as a percentage of the resonance mass. Limits are shown for di-electron,
di-muon and combined dilepton channel [206].

Lower limits on My, [TeV]

Model | Width [%] | O, [rad] ee Hp 124
Obs Exp | Obs Exp | Obs Exp
Ziom 3.0 - 43 43 | 40 39 | 45 45
Z)’( 1.2 0.50 1 3.9 3.9 3.6 3.6 4.1 4.0
Zé 1.2 0.63 7 3.9 3.8 3.6 3.5 40 4.0
ZI, 1.1 0.71 3.8 3.8 3.5 3.4 4.0 3.9
Z,’1 0.6 0.21m 3.7 3.7 34 33 3.9 3.8
A8 0.6 -0.08 3.6 3.6 3.4 3.3 3.8 3.8
Zl,[) 0.5 0m 3.6 3.6 3.3 3.2 3.8 3.7

systematic uncertainties. So, upper limits on the signal production cross-section x branching ratio
are set with 95% CL. These cross-section limits are interpreted as the lower limit on the pole mass
of the BSM signal. A lower limit on the Z{g,, (3% width) mass is set at 4.3 TeV in the di-electron
channel. The limit on Z{g,, mass was improved by 1.1 TeV in this analysis. The mass limits on the
E¢ model are weaker than the Z{g,,. The lower limit on the Zz/p (0.5% width) mass is 3.6 TeV. The
events with two electrons in the final states give a clean detector signature, and the reconstruction
efficiency is high. So, there is less room for improvement. Hence, the analysis sensitivity increase
with full Run-2 data was expected to be mostly driven by the increase in luminosity. So, I did
not continue working on this search. The dilepton resonance search results with the full Run-2
data are available now [227]. The mass limit on the Z{g,, improved roughly by 600 GeV. The new
analysis used several new techniques and estimated the total SM background contribution using a
data-driven approach. Overall the sensitivity improved by a factor of 1.5 above the m,, of 3.5 TeV.
But below 3.5 TeV the sensitivity is comparable to the analysis presented in this chapter.

112



CHAPTER

SEVEN

Search for high mass resonances in
boosted all-hadronic top-antitop final sate

This chapter summarizes a tf resonance search in the all-hadronic final state, where both the top-
quarks decay hadronically. This search focuses on the final state with high momentum (boosted)
top quarks. The search is performed with full Run-2 proton-proton collision data (139 fb™!) col-
lected during the years 2015 — 2018 by the ATLAS detector at the LHC operating at /s = 13 TeV.
The tf final state is promising as a potential site of new physics as described in section 1.5. Among
the different tf decay modes, the all-hadronic final state has the highest branching ratio, hence
it is one of the favourite channels to search for new physics. The analysis is looking for narrow
width resonances decaying into tf pairs and the results are interpreted in terms of the benchmark
BSM models described in section 1.5. The results were published in 2020 [228]. No evidence for
new physics was observed in the data, and limits were set on the Z~, production cross-section x
branching ratio (BR) as well as on the mass of Z{, with a 95% confidence level (CL).

This chapter is organized as follows. A brief overview of the analysis is provided in sec-
tion 7.1. The all-hadronic top-decay topology is discussed in section 7.2. The modeling of the
SM background processes and BSM signal processes are described in section 7.3 and section 7.4,
respectively. The analysis involves different physics objects like jets, electrons, muons, and missing
transverse energy (MET). All these physics objects are defined in section 7.5. The event selections
are summarized in (section 7.6). The categorization of the selected events in different signal and
control regions is described in section 7.7. Modelling of the signal shape with analytic functions
is described in section 7.8. The final background estimation is done using data, and the data-
driven method is described in section 7.9. The observed distribution of the final discriminant is
presented in section 7.10. The systematic uncertainties considered in this search are described in
section 7.11. The final statistical analysis results are presented in section 7.12 and section 7.13.
The search results are also interpreted using a dark matter mediator model and the results are
summarized in section 7.14.
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7.1 Analysis overview

The analysis presented in this chapter targets the boosted all-hadronic tf final state with two high
momentum top-quarks. The high momentum top-quarks form two large-radius jets as described
in section 7.2. An example Feynman diagram of the signal process (Z" — tt — qqbqqb) is shown in
Figure 7.1. In our case, the Z’ would manifest as a narrow resonance through its decay into two top
quarks which is expected to appear as a narrow bump on the tf invariant mass spectrum. That’s
why the analysis uses the invariant mass spectrum of two top quarks as the main discriminant.
The invariant mass is defined as follows

mtzf:(p71+p]z)2' (7~1)

Here pj, and pj, are the momentum 4-vectors of the two highest pr top-tagged large-R jets passing
all the selection criteria. In this search, the major background contributions come from other high
cross-section SM multijet processes and the SM tf process. In this chapter, ‘Multijet background’
will refer to the background originating from the multijet production but not resulting in the
production of top quarks. The hadronically decaying boosted top-quarks are identified using a
DNN-based top-tagger. To further suppress the non-tf backgrounds and increase the sensitivity,
b-quarks coming from the top-quark decay are identified using a b-tagging technique. The signal
regions are defined based on the number of b-tagged jets within a top-tagged jet. A fully data-
driven approach is taken in this analysis to model the backgrounds. The invariant mass spectrum
of the SM background processes is obtained by fitting an analytic function to the data. Then a
model-independent bump-hunting algorithm is used to search for signals on the invariant mass
spectrum. A profile-likelihood based signal model-dependent statistical search is also performed.
Since no trace of new physics is observed, upper limits on the signal cross-section (o) x branching
ratio are set at 95% CL using the profile-likelihood based approach. A previous version of this
search was performed with 36.1 fb~! LHC Run-2 proton-proton collision data and a narrow width
Z1cy (T/m =1.2%) boson of mass less than 3.1 TeV was excluded at 95% CL [229].

Figure 7.1: Feynman diagram of the Z’ signal process where both the top quarks decays hadroni-
cally.

7.2 Top quark decay topology

The fully hadronic channel, where both W bosons decay hadronically, has a branching fraction
of 46%. The six quarks in the final state appear as six jets in the ATLAS detector, but the event
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topology depends on the momenta of the decaying top-quarks. For low transverse momentum
top-quarks, the decay products are spread out, and the jets are far from each other. In this case six
distinct small-radius (R = 0.4) jets are formed in the ATLAS calorimeter. This topology is called
the resolved topology. If the top quark has high momentum, then the daughter particles become
collimated along the top momentum due to the Lorentz boost. Hence, the hadrons coming from
the top-decay become very close to each other, and their responses overlap in the calorimeter
forming a large-radius jet with radius parameter (R) of 1. This is called the boosted topology. These
two top decay topologies are shown schematically in Figure 7.2. This analysis focuses on the
boosted top-decay topology where two large-R jets are expected in the final state.

Low momentum High momentum
top top

b-jet in busy environment

topology of resolved analysis topology of boosted analysis

Figure 7.2: Schematic diagram showing the all-hadronic ¢f final state in resolved and boosted
regime.

7.3 Background processes

In this search, the total background is estimated directly from data using a functional fit to the
data. The functional form and other relevant studies are done on the simulated background as a
proxy to the data. This section summarizes the background processes and how they are simulated.
The major background contribution comes from standard model tf and multijet processes. The
contributions from other processes like single top (t+ W), boson (V) +jets and tf+ W are negligible
and not considered in this search. The modeling of the two major backgrounds is described below.

7.3.1 Standard model ¢t process

Standard model ¢t events are produced using the next-to-leading-order (NLO) generator PowHEG-
Box v2 [208, 230, 231] with the NLO NNPDF3.0 [225] PDF set in the matrix element calculations.
The next-to-next-to-leading-order (NNLO) tf production cross-section in QCD is calculated using
Top++2.0 [98, 218, 232-236]. It includes the resummation of next-to-next-to-leading logarith-
mic (NNLL) soft gluon terms. Parton showering, hadronization, and the underlying event are
simulated using PytHia v8.230 with the LO NNPDF2.3 PDF set and the A14 set of tuned parame-
ters. The hg,mp parameter, which controls the transverse momentum of the first additional parton
emission beyond the Born level, was set equal to the top-quark mass [237]. The main effect of
this parameter is to regulate the high-pr emission against which the tf system recoils. The top-
quark kinematics in tf events are further corrected to account for electroweak (EW) higher-order
effects [238]. This correction is used as an event weight, so the generated events are weighted by
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this correction factor. The weights are derived as a function of the flavor and center-of-mass en-
ergy of the initial partons, as well as the decay angle of the top quarks in the center-of-mass frame
of the initial partons. The value of the EW correction is 0.98 at m;; = 0.4 TeV and increases to 0.87
at m;; = 3.5 TeV.

7.3.2 Standard model multijet processes

The SM multijet process is simulated using PytHia 8.186 [210] with two jets in the hard process at
leading order (LO) with the NNPDF23LO [220] PDF set and the A14 set of tuned parameters for
the underlying event. The samples are produced in 13 slices of the leading truth jet pr to ensure
sufficient MC statistics over the wider range of pr. The modeling of the multijet process in the
MC simulation is not accurate and it is also estimated using a data-driven approach as described
in section B.1.

Simulated multijet and ¢f processes are used to study different data-driven methods to estimate
all or part of the background. The simulations are not used to estimate the final background used
in this analysis. Details of these major SM background simulations are summarized in Table 7.1.

Table 7.1: Summary of MC sample information for background processes used in the boosted
all-hadronic t resonance search.

Process | Generator | Order | Corrected | Parton Shower | PDF

tf — q192b 9394 | Pownec v2 [208] NLO NNLO PyrHia 8.230 [210] | NNPDF3.0 NLO [225]
pp — jj Pyrmia 8.186 [210] | LO LO Pyria 8.186 [210] | NNPDF23LO [220]

7.4 Signal processes

The benchmark signal models are simulated using Monte-Carlo simulation. Signal interference
with SM tf is not considered for the Z’ signal model due to its large model dependence and mini-
mal effect. The primary benchmark signal model is the Top-color assisted-Technicolor model [115,
116]. The other benchmark model is the Heavy Vector Triplet model [239], and it is used for com-
bining the results with other searches in ATLAS. A summary of both the signal models is given in
this section.

7.4.1 Topcolor-assisted-Technicolor model

Topcolor-assisted-technicolor (TC2) Z, — tfsignal [115, 116]is simulated using PyTH1a v8.186 [210]
with the default settings as a generic Sequential Standard Model (SSM) Z{s,, process. The cross-
sections are rescaled to the TC2 values while using them in the analysis. The samples are gener-
ated for a set of Z’ masses ranging from 400 GeV to 5 TeV, using the LO NNPDF2.3 [220] PDF
set with the A14 set of tuned parameters for parton shower and hadronization. The generated
sample width is 1.2% of its mass, which ensures that the generated width is narrower than the
reconstructed resolution. The leading-order (LO) cross-sections at 13 TeV used for the Z;, are
presented in Table 7.2. A multiplicative k-factor of 1.3 is used following [117] to bring the cross-
sections to the next-to-leading order (NLO). The same method was used in the tf resonance search
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with 36 fb™! data [229]. The interference with SM t7 is negligible and not considered in this anal-
ysis. In this analysis, only Z -, samples above mass 1.4 TeV are used.

Table 7.2: Leading-order theoretical cross-sections for the Z;-, — tf signal, before applying the
k-factor of 1.3.

Z1c, mass | LO cross-section [pb]

400 GeV 70.3
500 GeV 40.1
750 GeV 10.7
1 TeV 3.70
1.25 TeV 1.51
1.5 TeV 0.684
1.75 TeV 0.334
2. TeV 0.172
2.25 TeV 0.0924
2.5 TeV 0.0511
2.75 TeV 0.0289
3 TeV 0.0167
4 TeV 0.00213
5 TeV 0.000331

7.4.2 Heavy Vector Triplet model

Heavy Vector Triplet (HVT) Z{y, — tf signal [239] is another signal model which will be used for
the combination of the results from different ¢f search channels. The HVT signal process is simu-
lated using MaDGrAPH5_aMC@NLO v2_6_0 [240] with the LO NNPDF2.3 PDF set, interfaced with
PyrHia v8.212 with the A14 set of tuned parameters for parton shower and hadronization. The
Ziyy7 signal cross sections are given in Table 7.3. The total decay widths are around 2.5% for the
mass range considered in this study. The HVT samples are generated only for three pole masses.
To get the intermediate mass points, matrix-element (ME) reweighting using Z;, samples as in-
puts is studied. Although the two processes share the same initial and final states the total width
of the Z{,,,1 is consistently smaller. The same PDFs are used for the two processes so we only need
to consider ME reweighting. Different event generators are used for these processes, Z, signal
are simulated using Pyruia8, whereas Z{;,; MapGraPH5_AMC@NLO. Different approximations
are used in the two different generators, making the reweighting difficult.
A summary of the signal processes used in this search is presented in Table 7.4.

7.5 Object definition

Jets are the most relevant physics objects in this search. They are used to reconstruct hadronically
decaying top-quarks and to identify the b-quark coming from top-quark decay. Leptons, on the
other hand, are not directly used in this search. They are used to veto events to guarantee that the
sample of selected events is orthogonal to that used in the tf resonance search in the lepton+jets
channel described in chapter 8. All these physics objects are described in this section.
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Table 7.3: Leading-order theoretical cross-sections for only the fully hadronic tf final state,
Zlryr — tf — qq’b+qq’b signal including all branching fractions.

Z{y Mass ‘ LO cross-section [pb]

1 TeV 0.441
4 TeV 2.08x1074
8 TeV 491x10°8

Table 7.4: Summary of Monte Carlo sample information for signal processes used in the boosted
all-hadronic tf resonance search. The columns from left to right give the process of interest, gen-
erator, matrix element order, parton shower program, and PDF utilized.

Process | Generator | Order | Corrected | Parton Shower | PDF

Zigy — tt PyrHia 8.186 [210] LO NNLO PyrHia 8.186 [210] | NNPDF23LO [220]
Zlr — t | MG5_AMC@NLO v2.6 0 [240] | LO LO Pyrria 8.186 [210] | NNPDF23LO [220]

Large radius calorimeter jets

Large radius jets with R = 1 are used in this analysis to reconstruct the boosted top quarks. Large-R
jets are built using three-dimensional topological energy clusters calibrated with the local cluster
weighting (LCW) procedure, described in section 4.2.3. The reconstructed jets are trimmed by
building the subjets coming from the soft radiations using the radius parameter Ry, = 0.2, and
the subjets with pr less than 5% of the pr of the parent large-R jet (f.y) are discarded. Large-R
jets are required to have pr greater than 200 GeV, || < 2.0 and mass greater than 40 GeV. The
large-R jet definition is summarized in Table 7.5. Large-R jets were further used in this analysis
for identifying top jets using the DNN-based top-tagging algorithm. Details of the top-tagging
method were described in subsection 4.11.3.

Table 7.5: Summary of the large-R jet object definition.

Selection ‘ Criteria

1 coverage In| < 2.5
Input constituent LCTopo
Grooming algorithm | Trimming
Trimming radius Ritim = 0.2
Trimming fraction feut = 0.05
Momentum pr > 200 GeV
Overlap removal Not applied

Small radius calorimeter jets

Small-R jets of R = 0.4 are built using the three-dimensional topological clusters, calibrated to the
electromagnetic energy scale. Small-R jets are required to have pr > 25 GeV and || < 2.5. Jet
cleaning is applied to remove the beam backgrounds and detector problems. A high-efficiency
working point, called the loose working point [241], is used for jet cleaning. To suppress pile-up

118



7.5. Object definition

jets, a JVT cut is applied and the medium operating point is used. The medium operating point
requires a jet JVT > 0.59 if the jet pr < 60 GeV and || < 2.4. The medium operating point has 92%
average selection efficiency.

Table 7.6: Summary of the small-R jet object definition.

Selection ‘ Criteria

1 coverage In| < 2.5

Input constituent | EMTopo

Jet cleaning Loose

Momentum pr > 25 GeV

JVT Medium, JVT> 0.59

Overlap removal | AR(e, jet) > 0.4

Overlap removal | AR(p, jet) > min (0.4, 0.04+10 GeV/p’;)

Variable radius (VR) track jets:

Track jets are built using the anti-k; algorithm using the charged particle tracks in the inner detec-
tor. The tracks used in the jet reconstruction are required to be associated with a primary vertex,
and to have pr > 500 MeV and |#| < 2.5 as described in section 4.8. Instead of using a fixed radius
parameter, a py dependent radius parameter is used as defined in Equation 4.4 with p = 30 GeV,
Riax = 0.4 and R,,;, = 0.02. By construction VR track jets can overlap on each other. The overlap-
ping VR track jets in an event are removed. The deep learning based b-tagging technique is used
to identify the VR tracks jets to identify the b jets.

Table 7.7: Summary of the variable-R track jet object definition.

Selection ‘ Criteria

1] coverage |l <2.5
Input constituent | tracks
Momentum pr > 10 GeV

Minimum radius | Ry, =0.2
Maximum radius | Ry, = 0.4

The small-R jets are further required not to overlap with electrons and muons defined below.

It is required that the AR (e, jet) > 0.4 '* and AR(y, jet) > min(0.4_,0.04+ 10 GeV/p’;). The jet
definitions are summarized in Table 7.6.

Electrons

Electrons are only used to veto events. The reconstruction of an electron object is described in
section 4.3. The electrons are reconstructed from EM calorimeter clusters matched to an ID track
within || < 2.47 excluding the transition region between the barrel and the endcap calorimeter
located at 1.37 < || < 1.52. Electrons coming from the bad calorimeter clusters and noise bursts
are removed. The transverse energy (E7) of the electrons is required to be greater than 25 GeV.

AR = V(AG)? +(Ay)?
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To ensure that the electron candidates are associated with the correct primary vertex, require-
ments are applied to the impact parameters. The dgL—signiﬁcance is required to be within [-5,5],
|dgL/0‘dO| < 5.0. The longitudinal impact parameter with respect to the beamline is required to be
within —0.5 mm and 0.5 mm, |zpsin 8| < 0.5 mm. Then the electrons are required to pass the tight
likelihood-based identification criteria. The electron candidates are not required to be isolated
from the hadronic activity in the event. This choice is made to be orthogonal to the ¢f resonance
search in the lepton + jets final state. The efficiency of the tight identification criteria varies from
67% at ET = 25 GeV to 99% at E1 = 100 GeV. The electron definition is summarized in Table 6.1.

Table 7.8: Summary of the electron object definition.

Selection ‘ Criteria

1 coverage |n| < 2.47 without 1.37 < || < 1.52
Cleaning Remove bad calorimeter clusters
Energy Er > 25 GeV

dy-significance |d(])3L/(7d0| <5.0

Zpsin O |zgsin O] < 0.5 mm

Identification | LH Tight

Isolation Not applied

Muons

Muons are also used only to veto events. The reconstruction of a muon object in ATLAS is de-
scribed in section 4.4. Combined muons are used in this analysis and are reconstructed using both
ID and MS tracks within |¢| < 2.5. Similar to the electrons, the muons are required to have pr
greater than 25 GeV. Conditions are imposed on the impact parameters to ensure that muons
are associated with the correct primary vertex. The dj--significance is required to be within
|d(1)3L/ado| < 3.0. The longitudinal impact parameter with respect to the beamline is required to
be within |z)sin 6] < 0.5 mm. The muons are required to satisfy the medium identification criteria.
The muons are further required to be isolated from hadronic activities. In this case, track-only
tight isolation criteria are used for muons. The muon identification efficiency is around 99% for
muons with py =100 GeV. The muon definition is summarized in Table 7.9.

Table 7.9: Summary of the muon object definition.

Selection ‘ Criteria

1 coverage |l <2.5
Momentum pr > 25 GeV
dy-significance |dgL/0"d0| <3.0
Zpsin O |zpsin O] < 0.5 mm
Identification | Medium
Isolation Tight track-only
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7.6 Event selection

The data events are required to pass the good run list. The events are then cleaned by removing
detector noise. As we are searching for hadronically decaying top quarks pairs, two high pr large-R
jets are required. The selected events are required to pass the single large-R jet trigger. The single
large-R jet trigger requires at least one large-R jet with py > 360 — 460 GeV depending on data
taking periods. In 2015 and 2016, the untrimmed jets were used for triggering. During the later
years, trimmed jet triggers were available. The analysis uses trimmed large-R jets to reconstruct
the top-quark, so triggering on trimmed jets is preferred. To make sure the selected events are
in the trigger plateau, the leading pr large-R jet is required to have py > 500 GeV. The trigger
efficiency of individual jets as a function of jet pr and the trigger efficiency as a function of Z’ pole
mass is shown in Figure 7.3. These plots are showing that the selected events are in the trigger
plateau.
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Figure 7.3: (a) Per-jet trigger efficiency as a function of trimmed large-R jet pr for 2017 and 2018
data. Credit: Josu Cantero. (b) Trigger efficiency as a function of Z}, pole mass. Almost 99.9%
efficiency observed after applying leading large-R jet py > 500 GeV.

The two highest pr large-R jets, J; and ], are required to be top-tagged by the DNN top tagging
algorithm with 80% signal identification efficiency. The top-tagger is trained for a fully contained
top decay topology, where all three partons coming from the top-quark decay are contained within
the radius of the large-R jet. The top-tagger requires the large-R jet to have pr > 350 GeV and mass
> 40 GeV. As a result, the second-highest py jet is required to have pr > 350 GeV. The tagger is
calibrated for jet momentum up to 4 TeV. The scale factors are extrapolated outside the range of
the calibration for the jets with higher pr.
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Trigger plateau

The physics objects used for triggering events are built on the fly during data taking. The
reconstruction of these objects is not the same as the off-line reconstruction. The jet triggers
used in this analysis operate above a certain pr threshold, the on-line threshold. The triggers
are fired if the identified jet has py greater than the on-line threshold. In this search, we use
large-R jet triggers. In the schematic diagram of Figure 7.4 the trigger efficiency is shown
as a function of large-R jet pr. Due to jet pr resolution effects and differences between on-
line and off-line jets, the efficiency does not have a vertical turn-on at the on-line threshold
value. Instead, it takes an S shape, and the trigger efficiency increases up to a point and then
flattens out. The point where the trigger efficiency starts to flatten out is called the off-line
threshold. The region above the off-line threshold, where the trigger efficiency is stable, is
called the trigger efficiency plateau.

Efficiency Plateau
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Figure 7.4: Schematic diagram illustrating the trigger efficiency turn-on. The trigger ef-
ficiency is shown as a function of large-R jet pr. The diagram shows the efficiency curve
for data (red) and simulation (green). Its usually easy to calibrate the trigger effects in the
plateau, so physics analyses often need to use an off-line pr threshold higher than the on-
line trigger threshold.

The region where the trigger efficiency starts increasing from zero to its maximum is called
the trigger turn-on region. It is difficult to model the trigger turn-on in simulation, so the
calibrations are not typically derived for this region. In general, analyses require the trig-
gered objects to have py greater than the off-line threshold. Thus it becomes easier to calcu-
late scale-factors to account for differences in the measured trigger efficiencies in data and
MC simulation.

In a signal event, the large-R jets are expected to be back-to-back in the transverse detec-

tor plane, as they are coming from a heavy particle decay. Hence, the jets are required to have
A¢(]1,],) greater than 1.6. In this analysis, we are searching for s-channel signals, and to suppress
the t-channel tf events and the other multijet events a rapidity cut, An(J;,J;) < 1.8, is applied.
The events are also required to have at least one b-tagged track jet inside the large-R jet. Finally,
the search region is defined to have the invariant mass of the two leading top-tagged large-R jets
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be greater than 1400 GeV. This cut is applied to make sure the shape of the mass spectrum is
strictly falling, and this is further discussed in section 7.9. The event selections are summarized
in Table 8.3.

Table 7.10: Summary of the event selection for the ¢f resonance search in the boosted all-hadronic
final state.

Selection Criteria

GRL Data events in the Good Run List

Single large-R jet trigger pr > 360-460 GeV (depending on run period)

Event cleaning Remove calorimeter noise, LAr, SCT errors, noise burst

At least 2 large-R jets pr,j, > 500 GeV and pr;, > 350 GeV

Back-to-back AP(J1,]2) > 1.6

Suppress t-channel production | Ar(Jy,];) <1.8

top-tagging Both J; and ], with 80% DNN top-tagger (for signal region)
b-tagging > 1 b-tagged track jets (for signal region)

Di-jet mass cut my j, > 1400 GeV

7.7 Event categorization

Selected events are further categorized into three orthogonal regions based on b-tagging. Exactly
two b quarks are expected in the tf signal, and hence our signal regions are created requiring at
least 1 b-tagged track jet within the top-jets. Figure 7.5 shows a schematic diagram of the event
topologies in the signal and control regions.

7.7.1 Control region (CROb)

The control region (CR) is defined to validate the multijet process. Events in this region are re-
quired to have zero b-tagged track jets within dR < 1.0 of the top-tagged large-R jets. Two types
of event can contribute in this CR. In the first case, there can be exactly zero b-tagged track jets
in the event. Whereas, in the other situation there could be b-tagged jets in the event but none of
them are close to the top-jets i.e. within dR < 1.0 of the jet axis. These two situations are shown
in the bottom row of Figure 7.5 and marked as category ‘0’ and ‘-1’. This control region is used as
a template region for the data-driven estimate of the multijet process described in section B.1 of
Appendix B.

7.7.2 Signal regions

There are two signal regions based on the number of b-jets close to the top-tagged large-R jets.

1 b-tag signal region (SR1b)

This signal region is defined to collect events with just one b-tagged track jet within dR < 1.0 of
the top-tagged large-R jets. Although two b jets are expected in the tf process, due to b-tagging
inefficiency in the dense environment within a top-jet we often get only one b-tagged jet. This
region is created to capture all those cases. Due to looser b-tagging requirement, many multijet
events enter in this region. SR1b is shown as category ‘1’ and ‘2’ in Figure 7.5.

123



7.7. Event categorization
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Figure 7.5: Schematic diagram showing the signal and control region definitions with different
event categories.

2 b-tag signal region (SR2b)

The 2 b-tag signal region is created to collect the events where both the top-tagged large-R jets
are associated with at least one b-tagged track jet. This region is enriched in tf events and has the
highest sensitivity. It is shown as category ‘3’ in Figure 7.5.

The relative fraction of multijet background is shown in Figure 7.6. Contribution from non-
allhadronic top decay (with one or two leptons) is also considered. The contribution is very small,
roughly 1-3% of total background. CROb is mostly dominated by multijet background (~ 97.4%).
SR1b has almost 77% multijet contribution whereas SR2b has the highest tf purity, and is enriched
to ~ 76% tt process. Signal contributions to the signal and control regions are shown in Figure 7.7.
Here Z, signal of pole mass 3 TeV (Figure 7.7a) and 4 TeV (Figure 7.7b) is used. SR2b has higher
sensitivity as expected.

7.7.3 Validation regions

Validation regions are defined in order to validate the background estimation. The 1 b-tag and
2 b-tag regions with high rapidity difference |[Ay(];,],)| > 1.8 are very close to the signal regions.
The relative fraction of the ¢t and multijet background in these regions are expected to be similar
to the signal regions. The signal contamination coming from s-channel processes such as the
targeted signal are relatively low. Thus these regions can be used to validate the total background
estimation. These two regions are called 1 b-tag validation region (VR1b) and 2 b-tag validation
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Figure 7.6: Background composition in control, validation and signal regions. The pie chart shows
relative contributions per process in the different regions.

region (VR2b). The background composition of the validation regions are also shown in Figure 7.6.

Table 7.11: Summary of kinematic selections and categorization of signal, control and validation
regions. The top-tagging requirement is applied to the two leading large-R jets for all the regions.

Kinematics ‘ Number of associated b-jets
pr(1) pr(J2) IAGU1 T2 (Av(Ur, T2l | Ob 1b 2b
>1.8 Multijet CR  tf+ Multijet VR  tf+ Multijet VR
>500GeV  >350GeV >1.6 <18 Multijet CR SR SR

7.7.4 Addition regions for multijet estimation

In addition to these regions, 16 categories are defined to estimate the multijet background in the
signal regions. These 16 categories are defined according to whether the leading and subleading
large-R jets are top-tagged or b-tagged respectively. All these categories are shown in Table 7.12.
The attributes in the row correspond to the leading large-R jet (highest pr) and those in the column
correspond to the sub-leading (second highest pr) large-R jet. If the large-R jet is top-tagged, it
is denoted by ¢, and otherwise by £, as indicated in the left column or the bottom row. Similarly,
if the large-R jet is b-tagged, it is denoted by b, and otherwise by J. A total of 13 regions out of
the 16 are used in this analysis. The data-driven method to estimate the multijet background is
described in section B.1 of Appendix B.
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Figure 7.7: Signal contribution in each signal regions, calculated with the expected number of (a)
3 TeV and (b) 4 TeV Z;, signal events (S) and total background events (B) in each region. The

histograms show S/vB with blue bar in the control region and red bars in the signal regions.

Table 7.12: Event categorization used to model the multijet background from data according to
whether the leading and subleading large-R jets are top-tagged or b-tagged. Top(b)-tagged large-R
jets are denoted by f (b), otherwise they are denoted by £ (k). The percentages in parentheses show
the expected fractions of SM tt events obtained using the tf and multijet simulation samples. Non-
tt or non-multijet background events are negligible. The analysis signal regions, SR1b and SR2b,
are split into three regions and are shown in light orange color. The template region (TR) is shown
in light green and the rest of the control regions A-I are shown in light blue [228].

Py th | A (6.1%) SR1b (23%) | SR2b (90%)

s }Q th | B(0.5%) | E(1.8%) | TR (2.6%) | SR1b (28%)

%; | £ | C(04%) G (2.3%)

P~ | /B | D(<0.1%) | F(0.3%) | H(0.4%) 1(6.7%)
7/ b th th

Leading large-R jet
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7.7. Event categorization

7.7.5 Signal efficiencies

The signal shapes for a few representative mass points in the two signal regions are shown as a
function of reconstructed tf mass, mi?co, in Figure 7.8. The area under each curve is normalized
to unity. So the distributions represent the signal shapes at the different mass points. We can
notice that the higher mass signals have a large tail in the low mass region. This tail is coming
from the low energy partons produced in the collision event. The signal acceptance x efficiency is
estimated as a function of the invariant mass of the top quark pair at the generator level, m%f " and
shown in Figure 7.9. The branching fractions of the tf into all possible final states are included in

the acceptance calculation. The acceptance is measured as the fraction of events with two lead-
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Figure 7.8: The m{3*® distributions of the simulated Z" — tf signal events for Z’ masses of 2, 3, 4

and 5 TeV in (a) SR1b and (b) SR2b [228].
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Figure 7.9: Acceptance (dashed histograms) and acceptance times selection efficiency (solid his-
tograms) as a function of mi?n in (a) SR1b and (b) SR2b. The mi-en is calculated from the momenta
of top and anti-top quarks at the generator (parton) level before final-state radiation. The branch-
ing fractions of the tf into all possible final states are included in the acceptance calculation [228].

ing truth-contained large-R jets, both satisfying the kinematic requirements used in this analysis,
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7.8. Signal shape modeling using function fit

and does not contain generator-level electrons or muons. The acceptance x efficiency is calcu-
lated using the events passing full analysis selections. The values of acceptance x efficiency are
similar in the two signal regions. The minor differences are mainly due to the different b-tagging
requirements.

7.7.6 Eventyields

Expected and observed event yields in different signal regions are presented in Table 7.13 for the
signal and control regions. The estimated background yield is very close to the observed data, as
shown in the table.

Table 7.13: Event yields in CROb, SR1b and SR2b regions in 2015-2018 data.

Type CROb SR1b SR2b

tf (all-had) 1117.5+1191.3 (2.4%) 5967.1+ 43.2(21.1%) 6195.7+ 38.4(76.0%)
tf (non-all-had) 102.2+  99.1 (0.2%) 500.7+ 9.9 (1.8%) 2292+ 5.2 (2.8%)
Multijet 45466.5+1329.2(97.4%) 217642+ 98.6(77.1%) 1729.1+  11.1(21.2%)
Total 46686.3+ 488.3 28232 + 108 8154.1+ 40.4

Data 46454 + 2155 26964 + 164.2 8160 + 90.3

7.8 Signal shape modeling using function fit

Z1c, signal samples are generated for some mass points between 1 TeV and 5 TeV. Above 3 TeV,
there is a difference of 1 TeV between the mass points. So the signal samples in the intermediate
region are created by morphing the shapes from the existing mass points. The shape of the signal
my; distribution is modeled using a functional fit. The following three functions are studied to
model the signal shapes:

¢ Reverse Landau + a Gaussian function
* Crystal Ball + a Gaussian function

* Crystal Ball + two Gaussian functions

A combination of a reverse Landau and a Gaussian function fit the m,; shape quite well, but it
did not work well while morphing the intermediate-mass points. The other two options worked
relatively well. In the end, signal shapes are modeled using a combination of a Crystal Ball func-
tion and one Gaussian function because of its simplicity. The CB function is expected to model the
truth decay width of the Z7, process, and the Gaussian function is added to smear the distribu-
tion to model the detector effect. A Crystal Ball (CB) function of the form

for £ > _qep

2
eXP(_ 202 OB (7.2)

A-(B—ZEsynes - for ZHEE < _qep

h(x; acp, nce, pcp,ocp) = N - {
OoCB OCB
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7.9. Background modeling using function fit

where
ncp 2
A= ( ics ) - exp (—@) (7.3)
|ovcgl 2
nc
= — —|acy| (7.4)
lacgl
1
N=— 7.5
O'CB(C+D) ( )
1 2
_ "cB ex (_lOfCBl ) (7.6)
lacp| ncp—1 2

D:\/§(1+erf(%)). (7.7)

is used, where erf is the error function. The Crystal Ball function has four free parameters, acg,
ncp, pcp and ocp. The CB function is used with a Gaussian function of the form

1 (x—p)?

V2mro?

e 27 (7.8)
where p is the mean and o is the standard deviation. So, the signal fit function looks like

gxp o) =

J(x; f, 4,0, acp, nce, piep, 0cB) = f - g (x4, 0) + (1 = f) h(x; acp, nce, pcpr OcB) (7.9)

where 0 < f < 1 is a fractional coefficient. The fit function has seven shape parameters and one
normalization parameter. The Gaussian y is restricted to be bigger than pcp. This is done to ensure
that the Gaussian does not move to low m;; values to fit the low-mass tail for the higher mass
signals (mostly above 4 TeV). The signal fits in the various regions are shown in Figure 7.10 for 4
and 5 TeV Z;, signals. It is seen that the low mass tails are not well fitted by the CB + Gaussian
signal fit function. The effect of this on the statistical analysis is estimated to be negligible. So, the
Crystal Ball + Gaussian functional form is used to model the signal shapes.

7.9 Background modeling using function fit

The main background contribution in this analysis comes from SM tf and multijet processes. Both
of them have smoothly falling (monotonically decreasing) m;,; distributions and give rise to a total
background with similar properties. Section 7.3 describes modeling of individual background
processes using Monte Carlo simulation. But in the analysis, the total background is estimated
using data with functional fits while performing the statistical searches and calculating limits. The
functional form and number of parameters of the fit function are chosen based on several studies
with background templates. It is assumed that the shape of the background templates in the signal
regions is similar to the data distributions. The fit quality is ensured to be good by requiring the
x2-p-value and BumpHUNTER p-value to be greater than certain threshold values. It is also checked
that the best function gives low “spurious signal”. Spurious signal is the estimated false signal
that could be found based on a functional fit in absence of actual signal. Once the background
functional form is chosen, it is checked if the signal + background (s+b) fit can extract the signal
pseudo-data. This study is done by injecting a known signal on top of the background template.
All these studies are described in details in this section.
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Figure 7.10: Simulated signal m,7 distribution fitted with the Crystal Ball and a Gaussian function.
The red curve shows the functional fit the to the simulated signal template whereas the blue curve
shows the morphed signal obtained from interpolating the fit parameters from nearby mass points.
The m,; distributions of a 4 TeV Z, are shown in (a) SR1b and (b) SR2b, and similar distributions
for 5 TeV Z{, are shown in (c) SR1b and (d) SR2b.

7.9.1 Why data-driven background estimation?

We were not satisfied with the level of agreement when using the MC modeling of the multijet
process. Hence, a data-driven estimation process was developed. One such method is described in
section B.1 of Appendix B. Moreover, since the dijet mass spectrum follows a smoothly falling dis-
tribution, it is possible to describe its shape with analytic functions. Nonetheless, modeling issues
are also present in the t# simulations. As a result, in the searches and measurements involving t#
processes, tf modeling uncertainties have a large impact on the final results. The invariant mass
spectrum of the t# process follows a trend similar to the multijet process and can also be described
by analytic functions. These polynomial functions can be obtained by fitting the data. The ability
to estimate the total background from data allows us to circumvent the background modeling un-
certainties. So, this way of estimating background is extensively studied in the analysis and is the
method used to obtain the final results.
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7.9. Background modeling using function fit

7.9.2 Monte Carlo effective entries

To choose and validate the background fit function, we need an m;; distribution similar to data.
Such spectra are built by combining the simulated SM tf and the multijet estimates. The statistical
precision of the background distributions must be better than the data. Large statistical fluctua-
tions will make the fit function unstable. So, first, the statistical uncertainty of the background
spectra are compared with a data-like Poisson uncertainty. To check whether the simulated pro-
cesses have sufficient statistics we look at the effective entries, which is defined as

(7.10)

. 2
bin content
bin error

Neffective = (

Data is assumed to be Poisson distributed in each bin. So for bins with more than a few en-
tries, bin error ~ Vbin content and the Nefrective = bin content. If the Negecrive 1S larger than the
background bin (scaled to expected data luminosity), then the simulated background has at least
as good statistics as that of data. Hence those distributions can be used to determine the back-
ground fit function. The effective entries are checked for the individual background components.
Figure 7.11 shows the effective entries for the MC t# spectrum. The spectrum is scaled to the
expected data luminosity. It is seen that there is sufficient MC statistics over the whole range
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Figure 7.11: The effective entries in the m;; distribution of the Monte Carlo simulated tf events
are compared with the nominal prediction (black) in (a) SR1b and (b) SR2b. The distributions are
scaled to the expected luminosity in data.

The data-driven multijet background describes the data well in the bulk of the distribution.
But due to the limited number of data points at a very high my;, it is not possible to estimate the
multijet background there. So, the statistics in the data-driven multijet background become poor
at high m;;. The statistics are found to be insufficient above 3.3 TeV in the 1b signal region and
above 4.3 TeV in the 2b signal region as shown in Figure 7.12. The MC multijet spectrum, on the
other hand, has better statistics in the high m;; region, above 2.4 TeV, as is shown in Figure 7.13.

Based on the effective entries, neither the data-driven, nor the MC multijet spectrum is good
enough for the background estimation studies. To get a sample with sufficient statistics at all
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Figure 7.12: The effective entries in the data-driven multi-jet m,; distributions are compared with
the nominal estimates (black) in (a) SR1b and (b) SR2b. The distributions are scaled to the expected
luminosity in data.
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Figure 7.13: The effective entries in the m;; distribution of the Monte Carlo simulated multi-jet
events are compared with the nominal prediction (black) in (a) SR1b and (b) SR2b. The distribu-

tions are scaled to the expected luminosity in data.

masses, the MC and data-driven spectra are combined in the following way. The data-driven esti-
mate can be used at low mass, whereas at higher mass, the MC sample has much better statistics.
However, the data-driven sample has a shape that resembles the expected data better than the MC
simulation. Therefore, the MC multijet spectrum needs to be corrected with a factor derived from
the ratio of the data-driven sample and the MC sample. This correction factor is found by fitting
the ratio of the two spectra. Both a 1%t and 2™ order polynomial are tried (Figure 7.14). There
is no difference between 1%t and 2™ order polynomial correction, so the 1%t order polynomial is
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7.9. Background modeling using function fit

used in this analysis. Figure 7.15 shows the effective entries of the combined multijet sample and
MC tt combined. It is evident that the statistics is now sufficient and this spectrum is therefore
well-suited to test the background estimation procedure.
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Figure 7.14: The ratio of the MC multijet and data-driven multijet distributions in the (a) 1b signal
region and (b) 2b signal region. The ratios are fit with 15t and 2™ order polynomial functions. The
two fits look very similar, but for simplicity a 1%t order polynominal is used.

10°
10°
10*
10°
102

10

Events

10
1072
10°°

Nrom / Neg
o

——
Vs =13 TeV, 139 fb™
1 b-tag Signal Region

eoce,

)
I R
T

L B B e e e o e I

Effective Entries
¢  Pythia8 tf + combined Multije

t

TTTT

TT|HH

s s s s FFFE
+

E "”"£~1oﬁ..*‘.~*.,,+ﬁ.f hd { ]
2000 3000 4000 5000 600 000

=

144
1
‘

Tl

L

i

m; [GeV]

(a) SR1b

Events

Nrom / Neg

10°
10°
10*
10°
10?

10

107t
1072
107

L B L R L | LA B A A N
Vs =13 TeV, 139 fb™
2 b-tag Signal Region

Effective Entries
¢  Pythia8 tf + combined Multijef

0,
o
*oes,
e,
»

gt

L

I

TT|THWTHWHH ERERREE

T

—_—
—_—

iv
i

o

N t
peprppepertept Lottt 4 |m grebegeepspapedeopegenporee o
2000 3000 4000 5000 6000 7000

m; [GeV]

(b) SR2b

Figure 7.15: The effective entries (red) in the m,; distribution of the combined multijet and MC tt
distribution are compared with the combined multijet and MC t# background (black) in (a) SR1b
and (b) SR2b. The distributions are scaled to the expected luminosity in data. The effective entries
are always more than total background count.
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7.9. Background modeling using function fit

7.9.3 Fitting range and binning

We want to maximize the number of bins in order to be able to detect as narrow resonances as
possible. However, we do not want the binning to be finer than the detector resolution. Therefore,
the detector resolution is estimated using the truth and reconstructed mass of the di-jet system

myy, and the bins are chosen accordingly. To find the detector resolution, the ratio m;?co/ m}?mh is
plotted for several m}?“th ranges. Here m;j-’co is the reconstructed invariant mass of the two highest

pr top-tagged large-R jets and m%“th is the invariant mass of the truth large-R jets matched to the

reconstructed jets. The ratios are fitted with a Gaussian distribution. The width divided by the
mean of the Gaussian, o/p, is taken as the detector resolution. The measured detector resolution
is plotted as a function of m}?mh. The x-value for each m}?‘”h range is set to the mean value of

truth

m T in that range and the uncertainty on the y-axis is propagated from the Gaussian fits. The
points are fitted with a function of the form ﬁ + l: =+ C. The bins are then derived from
i it

1]
the function making sure the bin resolution (= bin center / bin width) is always greater than the

detector resolution. Moreover, it was decided to round the bin edges to multiples of 10 GeV. The
binning starts from 1400 GeV to ensure that the triggers are fully efficient and the m;, spectrum is
not being impacted by the leading large-R jet pr cut of 500 GeV. There are 57 bins considered in
the end. The binning used for the m,; distribution is as follows:

1400, 1460, 1520, 1580, 1640, 1700, 1770, 1840, 1910, 1980, 2050, 2120, 2190, 2260, 2330,
2410, 2490, 2570, 2650, 2730, 2810, 2890, 2970, 3060, 3150, 3240, 3330, 3420, 3510, 3600, 3700,
3800, 3900, 4000, 4100, 4200, 4300, 4410, 4520, 4630, 4740, 4850, 4960, 5080, 5200, 5320, 5440,
5560, 5690, 5820, 5950, 6080, 6210, 6350, 6490, 6630, 6770, and 6910 GeV.

The background fitting range is chosen to be 1400 to 6910 GeV, beyond which the number of
events in both SRs is expected to be insufficient to constrain the fit function. The expected number
of events is below 0.01 at 5000 GeV in SR1b and 4100 GeV in SR2b. So, it is extremely unlikely
to get any events above 6910 GeV in data. However, the effect of changing the fit range is studied.
It is found to be very small and is covered by the background statistical uncertainty.

7.9.4 Background modeling function

A general functional form is studied, which was previously used in the dijet search in ATLAS [242]
and other experiments:
F(x) = po(1 —x)P1xP2*Ps Inx+py(Inx)>+- (7.11)

where x = m;3/+/s, and p; are free parameters. The (1 — x) factor usually tries to model the lower x
region, and the xP1™ term controls the tail of the distribution.

The combined multijet (MC + data-driven) and MC tf distribution is used to check how many
parameters are needed to describe the background distribution. To make the background distri-
bution more “data-like” the errors are set to the Poisson error. Figure 7.16 shows fits with 3-, 4-
and 5-parameters in the 1b and 2b signal region. Fit qualities are determined by the x? p-value
and BumpHuNTER (BH) p-value. The threshold for x? p-value is set to be 0.05; x? p-value greater
than 0.05 is considered acceptable. The BH p-value threshold is set to 0.01. These thresholds are
set based on previous studies done in the dijet resonance search in ATLAS [242]. The x? p-values
are very close to 1 for all three fits in the 1b signal region, but there is a visible improvement in BH
p-value going from 3-parameters to 4-parameters. In the 2b signal region, the x? p-values for 4-
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7.9. Background modeling using function fit

and 5-parameter fits are very similar and close to 1, whereas, for the 3-parameter fit, it is around
0.9. The BH p-values also change visibly from 3-parameters to 4-parameters. Based on these ob-
servations, the 4- and 5-parameter fits are preferable over the 3-parameter fit. In the end, Wilks’
test is used to choose the preferred one.
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Figure 7.16: The m,; distributions fitted with 3 (red), 4 (green) and 5 (blue) parameter function in
the two signal regions: (a) SR1b, and (b) SR2b. The my; distribution is obtained from combined
multijet and MC tf samples with the error set to the Poisson error. The BH p-values are also shown.
The vertical lines indicate the interval with most significant deviation.

7.9.5 Wilks’ test

Wilks’ test checks whether adding additional parameter to the fit makes it significantly better
at describing the distribution. The test statistic is described in subsection 5.3.9. The threshold
a is chosen to be 0.1, for this study. The same threshold was used in the boosted bb plus ISR
search [243]. The ATLAS dijet search [242] uses @ = 0.05, which would however not change our
conclusion.

In this case three models are compared, namely, 3-, 4- and 5-parameter fit functions . It is
observed that adding the fourth parameter causes a visible improvement in x? and BH p-values,
while adding the fifth one does not. Wilks’ p-values are calculated comparing these models pair-
wise. Wilks’ p-values are shown in Table 7.14. According to Wilks’ test the 4-parameter fit is
preferred in SR1b with a Wilks’ p-value of 0.037, whereas the 3-parameter fit is good enough in
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the 2b signal region with a Wilks” p-value of 0.234. However, this result comes from the back-
ground spectrum. To be more conclusive, Wilks’ test is performed on the pseudo-experiments
created from this nominal template (see 7.9.7). The background function is required to have low
spurious signal contribution, as will be discussed in subsection 7.9.9.

Table 7.14: Table showing the Wilks’ p-values calculated by comparing Model 1 and Model 2.

Region Model 1 Model 2 Wilks’ p-value
SR1b 3-parameter 4-parameter 0.037
4-parameter 5-parameter 0.637
3-parameter 4-parameter 0.234
SR2b
4-parameter 5-parameter 1.00

7.9.6 Background fitting with pseudo-experiments

So far, we had been using the nominal background distribution, which is a combination of the
multijet sample and the MC tf sample with Poisson errors to validate the fits. However, data
usually fluctuates around the nominal background distribution. So to get a better idea of the
robustness of our fitting method, it is tested on pseudo-experiments drawn from this nominal
background distribution. A set of 1000 pseudo-experiments is created. In a pseudo-experiment,
each bin value is fluctuated by a Poisson distributed random number with mean equal to the
original bin content. Then, the error in the bin is set as the square root of the new bin content.

Figure 7.17 shows the 4-parameter fits to the 1000 pseudo-experiments in each signal region.
The fits on the pseudoexperiments, shown in red lines, look very similar to the fit done on the
nominal spectrum, shown in blue, in both regions except for a few 4-parameter fits in the 2b
signal region.
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Figure 7.17: 4-parameter fits performed on the 1000 pseudo-experiments (orange) in (a) SR1b and
(b) SR2b. The blue line shows the fit to the nominal spectrum.
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7.9.7 Wilks’ test on pseudo-experiment

Previously (subsection 7.9.5), Wilks’ test was done for the fits to the nominal spectrum. In this
section, Wilks’ p-value is calculated for all 1000 pseudo-experiments to get a more conclusive
picture. The p-value distributions are shown in Figure 7.18. Like before, if the p-value is less than
0.1, the fit with more parameters is preferred. It is seen that for the 1b signal region, 3-parameters
are not enough. Whereas the 4-parameter function is preferred in many cases. In the 2b signal
region, the result is not as clear. However, in 77% of the cases, the 4-parameter fit is favoured over
the 3-parameter fit. But in almost 34% of the pseudo-experiments, the 5-parameter fit is favoured
over the 4-parameter fit. It is, therefore, difficult to conclude how many parameters are needed in
the data in the 2b signal region.
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Figure 7.18: Wilks’ p-value for the pseudo-experiments comparing fits with (a, c) 3 and 4 param-
eters and (b, d) 4 and 5 parameters in SR1b (upper) and SR2b (lower) are shown. The red arrow
indicates the pseudo-experiments where the higher number of parameters are favoured.

7.9.8 Final choice of fit functions

In SR1b, both 4-parameter and 5-parameter fit-functions give a similar spurious signal pull. But
the 4-parameter fit-function is sufficient to describe the background shape according to Wilks’
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test. In SR2b, the 3-parameter background fit-function is good enough to describe the background
shape according to Wilks’ test. But it tends to introduce a larger spurious signal. So, finally, the
4-parameter background function is chosen for the SR2b as well.

7.9.9 Spurious signal test

Wilks’ test, x2 p-value, and BH p-value help us find the functions that can fit the background
shape. Once an acceptable background fit function is found, its flexibility is tested using a spu-
rious signal test. In the spurious signal test, the background distribution is fitted with a signal +
background (s+b) model. Signal shapes are modeled using a combination of Gaussian and Crystal
Ball function as described in section 7.8. Any signal fitted from this s+b fit would not be a real sig-
nal and is called a “spurious signal”. A spurious signal often arises if the background function is
not flexible enough to describe the background shape. The fit then adjusts the other fit-parameters
to fit the background shape better with the s+b function. Figure 7.19 shows a schematic diagram
to demonstrate the spurious signal test.

A
¢ data

— bkg fit
— s+bfit
spurious signal

Events/ GeV

\

mtt [GeV]

Figure 7.19: Schematic diagram showing the spurious signal test. The black dots represent sim-
ulated data created from background-only distributions. The red curve is the background fit and
blue curve shows the s+b fit. It is shown that even in absence of real signal the background fit
parameters could get adjusted and predict some signal (shown in yellow).

The spurious signal can also arise due to a rapid change in detector response or reconstruction
efficiency as a function of the variable of interest leading to a jump in the event rate. This may come
from different calibrations, where different efficiencies are used for different mass or pr ranges. It
can not be predicted without looking at the data. A fit function with too much flexibility where
all the parameters are nicely constrained can also give a non-zero spurious signal. So, it is very
important to make sure the amount of spurious signal is within a reasonable limit. To avoid false
discovery coming from spurious signals, an optimal functional form is required not to introduce
absolute spurious signal yields larger than 50% of the statistical uncertainty of the background
prediction. From different functions with similar fit quality, the one with the least spurious signal
is chosen.

The spurious signal yield is estimated from a signal plus background (s+b) fit to the background-
only distribution. A s+ b fit function of the form

f(x) = foxg(x) + pss - fiig(x) (7.12)
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is used, where x = m,;;/+/s and psg is the spurious signal strength. Three different dijet functions
of the form Equation 7.11 with 3, 4 and 5 parameters are considered as f,is. The signal function
is defined in Equation 7.9. The spurious signal strength is the ratio of the number of expected
spurious signal events and expected signal events from theory. Ideally, psg should be zero for a
background-only distribution, but in reality we observe non-zero values of pgg. From the fitted
valued of ugg, the spurious signal signal yield, Ngg is calculated in a 20% window around the
signal peak. In this study, the spurious signal yields are always compared with the background
uncertainties, opxg. The background uncertainty is calculated by taking the square root of the
background event count within the aforementioned 20% window around the signal peak. The
ratio of the Nsg and oy, is defined as the spurious signal pull. The spurious signal pulls (Nss/0pkg)
are shown in Figure 7.20 as a function of m;; for three different background fit functions. Gener-
ally, the spurious signal pull is quite large for the 3-parameter background function in both signal
regions and lower in the 4- and 5-parameter fits.
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Figure 7.20: Spurious signal pull for background functions with 3-, 4- and 5-parameters in (a)
SR1b and (b) SR2b. The gray shaded area shows the £50% around zero which is used for compari-
son.

7.9.10 Signal injection test

A signal injection test is performed to demonstrate the ability to extract the signal from the data.
The 4-parameter background modeling function is used to create a nominal background m;; his-
togram. The simulated signal events are used to get the signal histograms. The following steps are
performed in this test:

1. Signal events are injected on top of the nominal background, estimated by the 4-parameter
b-only fit function. The injected signal strengths (y;y,;) are varied from 0.5 to 5.0.

2. Each signal injected spectrum is fitted with a s + b function of the form f(x) = fyrg(x) + pext -
fsig(x). Here, x = m;/ Vs and piey; is the extracted signal strength.

The signal injection test is done for nine signal mass points, m = 1.5, 1.75, 2.0, 2.25, 2.50,
2.75, 3.00, 4.00, and 5.00 TeV. Figure 7.21 shows the comparison of pey; and pyp; for 3 TeV Zrcy
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signal in both the signal regions. The data points are fitted with straight lines and the slopes are
very close to 1.0. In both signal regions, the extracted signal strengths are proportional to the
injected signal strengths. On average, the extracted signal is slightly overestimated, but the bias is

very small.
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Figure 7.21: Extracted signal strength (pey:) as a function of injected signal strength (piy;) in
(a) SR1b and (b) SR2b-tag signal. Z’ signal of 3 TeV pole mass is injected with different signal
strengths starting from 0.5 to 5.0. Only the 4-parameter background function is used in this study.
The data points show a linear trend in both signal regions and the slopes are very close to 1.0.

Further checks are done to see how much injected signal can be recovered (or extracted) with
the s + b fit. Here the number of injected signal events and extracted signal events are compared.

The following steps are done in this study:

1. A window is defined around the signal peak. The signal width is defined as the standard
deviation of the signal histogram. Window size = peak +2x signal width.

2. The background uncertainty (oy,) is defined as the square root of the background events
under the signal peak (inside the window).

3. Signal is injected with 3 - ok, and 5 - oyke on the background spectrum.

4. A s+Db fit is performed to extract signal strength and the number of extracted signal events
is calculated from there.

The ratio of injected and extracted signal events are shown in Figure 7.22 for 30y, and 50y, in-
jection. The results show that the agreement is good between the number of injected and extracted
signal events. Overall the extracted signal is slightly over estimated. At 5 TeV the difference is a

bit larger but stays within 10%.

140



[2} j2} T
S 2160 ATLAS Work in Progress - S 2160 ATLAS Work in Progress |
P 2 L Vs=13TeV, 139 fb* ] F g L Vs=13TeV, 139 fb* ]
§ %14; 1b-tag SR, injection = 30, { § ;_.;14; 2b-tag SR, injection = 30, {
9|5 [ ] 9|5 [ ]
2] ‘D [ - 2] 0 [ |
3ol 7 3ol 7
88T 1 gE T ]
Slo 4L ] Sl 4L ]
£|S 1 7 gle I ]
ol= [ ] ol= [ ]
0.8 . 0.8 -
L +ONGINY ] L } Ns‘“/N ]
0.6; — Nee =Ny . 0.6; — N s‘a .
C [ 10 % band ] C -10%band ]
047 N Ll ‘DZ‘O%‘b‘an‘dw ‘;‘ 047 N Ll I‘:l‘z?\o/u‘b‘an‘d ;‘

1500 2000 2500 3000 3500 4000 4500 5000 1500 2000 2500 3000 3500 4000 4500 5000
Z';, pole mass [GeV] Z';, pole mass [GeV]

(a) 1b-tag Signal Region (b) 2b-tag Signal Region

Dy [T e T Dy [T T e T
S|S1.6— ATLAS Work in Progress — G|E1.6~ ATLAS Work in Progress —
Fd g r Vs=13TeV, 139 fb* ] > g r Vs=13TeV, 139 fb* ]
2l [ ~ ] 2l [ } _ ]
g ﬁ14j 1b-tag SR, injection = 50, . g El4j 2 b-tag SR, injection = 50, -
2|5 | ] o5 [ ]
2] ‘D [ - 2] 0 [ |
8 -51.2? ] 8 'Dl'zj -
gt 1 gk ]
Sl 4L Sl 4L ]
£|S 1 gle I ]
ol= [ ] ol= [ ]
0.8 . 0.8 -
L bONINGY ] L 4NN ]
0.6; — N =Ny n 0.6; — N =N ]
C [ 10 % band ] C [ 10 % band ]
047 N Ll DZO%‘b‘an‘dw‘;‘ 047 I W Ll I‘:!Z?\O/u‘b‘and\u;‘

1500 2000 2500 3000 3500 4000 4500 5000
Z';, pole mass [GeV]

1500 2000 2500 3000 3500 4000 4500 5000
Z';, pole mass [GeV]

(c) 1b-tag Signal Region (d) 2b-tag Signal Region

Figure 7.22: Ratios of extracted and injected signal events in (a,c) SR1b and (b,d) SR2b. The num-
ber of injected signal events at each mass point is equal to 30y, in the upper row and 3oy, in the
lower row. Extracted signals are overestimated but the difference is within 10% of the number of
injected signal events.
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Background-only fit on signal injected spectrum

The ability to recover signal if it is present is also tested with b-only fits. Pseudoexperiemnts
generated from the signal injected spectrum are treated as data and the backgrounds are estimated
using b-only fits. The expected 95% CL upper limit on signal cross section is then calculated.
Figure 7.23 shows one such plot where signal is injected at 3 TeV with two times the theory cross
section. The limit plot correctly shows that the signal injected mass region (3 TeV) cannot be
excluded.
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Figure 7.23: (top) PEs generated from the signal injected spectrum in both the signal regions.
Signal is injected at 3 TeV with two times the theory cross section. The background is estimated
from the 4-parameter b-only fit on the signal injected PE. (bottom) 95% CL upper limit on signal
cross section is calculated from the signal injected PE and the estimated background. There is a
significant deviation between the observed and expected limits around 3 TeV, as a result a 3 TeV
Z’ signal cannot be excluded.
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7.10 tfinvariant mass

The invariant mass of the t# system (m;;) is used as the main discriminant for this search. Any Z’
signal should appear as a bump on the falling background m;; spectrum. The observed ¢f invariant
mass distributions in the two signal regions are shown in Figure 7.24. The background-only fits
are shown in the red curves. The fit parameter uncertainties are shown in the cyan bands. Signal
distributions predicted by the Z[ -, model are overlaid on the observed m,; distribution for pole
mass of 2 and 4 TeV, shown scaled to 5 times the expected number of events. The BumpHUNTER
local significances are shown in the lower panel. It shows that the data is consistent with the
background and there is no visible deviation on data.
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Figure 7.24: Observed m;;° distributions for (a) SR1b and (b) SR2b, shown together with the re-
sult of the fit with the 4-parameter function. The shaded bands around the fits indicate the effect
of the fit parameter uncertainty on the background prediction. The bin width of the distributions
is chosen to be the same as that used in the background parameterization. The predicted Z’ signal
distributions with masses of 2 and 4 TeV (multiplied by a factor of 5) are superimposed on the
background prediction. The lower panel shows the significance of data with respect to the back-
ground prediction from the fit, calculated using BumpHuUNTER. The two vertical lines extending
between the upper and lower panel represent the most significant deviation interval. The global

p-value of the interval is 0.45 (0.56) for SR1b (SR2b) [228].

7.11 Systematic uncertainties

As the background is modeled from the data using a functional fit, the relevant background mod-
eling uncertainties are the fit-parameter uncertainties. The effect of the individual fit parameter
uncertainties is estimated as an envelope uncertainty on the total background spectrum using the
pseudo-experiments. This uncertainty is called fit-parameter uncertainty. The effect of the spu-
rious signals is also quantified and included as an uncertainty. For the signal prediction, all the
experimental and theoretical systematic uncertainties are considered. For each source of system-

143



7.11. Systematic uncertainties

atic uncertainty, the effect is estimated on the tf invariant mass. Both up and down variations
(+10) are modeled for most of the uncertainties. In principle, the up and down variations can
be different, but we have taken a conservative approach of symmetrizing the uncertainties using
the largest of the up or down variations. Thus symmetric up and down variations are derived as
a function of tf invariant mass and used in the statistical interpretation. The following sections
describe these uncertainties in more detail.

7.11.1 Experimental signal uncertainties

The largest experimental uncertainties come from jet calibration, top-tagging, and b-tagging cali-
brations. All these uncertainties are applied to the signal models. The effect of pileup, luminosity,
and JVT uncertainties are also considered for the signal processes. All the major sources of uncer-
tainty are listed in this section.

Luminosity, pileup and JVT

The absolute luminosity calibration is performed using beam-separation scans (van der Meer
scans) during dedicated running periods in each year, which allow us to infer the luminosity from
the direct measurements of beam parameters. The calibration is then extrapolated to the physics
data-taking regime using complementary measurements from several ATLAS subdetectors. The
total uncertainty on the integrated luminosities are 2.0-2.4% for each year of 2015-2018, and 1.7%
on the full data sample [131].

All simulated signal events are re-weighted to get the same luminosity profile as observed in
the data. The pileup uncertainty is estimated by varying the pileup reweighting. It is found to be
around 0.1% on the 4 TeVsignal.

The JVT uncertainty is calculated from the JVT corrections (scale factor) derived for correcting
the modeling in the simulation. The JVT scale factor uncertainty is also small and is always less
than 0.2%.

Trigger efficiency

The pr of the leading large-R is required to be > 500 GeV to ensure we are not affected by the
trigger turn-on. The trigger was found to be fully efficient for large-R jets above this value, as
shown in Figure 7.3. Almost 99.9% Z1-, signal events gets accepted. Therefore, we do not consider
any trigger uncertainty in this analysis.

Jet energy and mass scale

The jet energy scale (JES) and mass scale (JMS) uncertainties are derived using the Ry, method

[191]. The relative py uncertainty is determined using the ratio of the transverse momentum of

the calorimeter jet, pJ;t , to that of the track jets, ptTraCk_]et as described in [191]. The same proce-

dure is followed for mass as well. Kinematic observables as measured in the calorimeter and the
tracker are studied and the residual difference between data and MC is considered as a system-
atic contingency. This consists of a baseline component based on the difference between data and
PYTHIAS, a modeling component using the difference between PyrHia8 and HERwIG7 or PYTHIAS
and SHERPA as well as an uncertainty component for tracks being used as a reference. A statistical
uncertainty on the measurement is also assigned to the total uncertainty. In the following plots
and tables, different components of the JES uncertainties are denoted as AKT10 JES, whereas the
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JMS uncertainties are written as AKT10 JMS. The four components of of these uncertainties are
denoted in the brackets.

Jet energy and mass resolution

The large-R jet pr resolution uncertainty is determined by smearing the py distributions of the
two leading top-tagged large-R jets. The large-R jet pr is smeared using a Gaussian of width =
0.02 (an absolute 2% uncertainty), and the effects are propagated to the my;; distribution. The
difference between smeared and nominal m,; distribution is defined as the jet energy resolution
(JER) uncertainty. This uncertainty is named as the “up” variation and the corresponding “down”
variation is defined as the mirror image of the up variation. In the following plots and tables, this
uncertainty is labeled as AKT10 JER. The jet mass resolution (JMR) uncertainties are derived for
top-jets by smearing the simulated jet mass using a Gaussian with a width corresponding to 20%
relative uncertainty on the mass resolution of a jet. The JMR uncertainty is labeled as AKT10 JMR
(myop reso.) in the following plots and tables.

Top-tagging

The top-tagging efficiency for hadronically decaying top quarks is measured using both data and
simulation samples, which are enriched in tf events with the lepton+jets final state. The ratio of
the two efficiencies is applied to the Monte Carlo simulated samples as a scale factor. All the jet
calibration uncertainties and some additional uncertainties affect the top-tagging scale factor. The
uncertainty on the scale factor is estimated to be 10-15% per jet depending on the pr of the jet.
Since this search involves high pr jets (up to 3-4 TeV) and the extraction of signal scale factors
is done in a tf single-lepton topology, where there isn’t sufficient data above a large-R jet pr of 1
TeV, the signal scale factor uncertainty at higher pr is extrapolated from the measurement at lower
pr. Additional extrapolation uncertainties are considered at high pr. The components of jet pr
scale and top-tagging uncertainties associated with the same sources of systematic uncertainties
are varied together in the statistical analysis procedure. Top-tagging uncertainty components are
labeled as t-tag eff. in the following plots and tables, and the components of the top-tagging
uncertainty are written in the brackets.

b-tagging

b-tagging uncertainties are treated similarly to top-tagging. The b-tagging efficiencies in data and
simulated two-lepton final state are compared and a correction factor (scale factor) is derived as the
difference between efficiencies in data and simulation. The b-tagging uncertainties are propagated
through this b-tagging scale factor. The uncertainties are derived for various kinematic regions
and separately for b-, c-, and light-flavored jets. An additional b-tagging uncertainty due to high-
pr extrapolation is also applied.

7.11.2 Background modeling

Spurious signal uncertainty and the fit parameter uncertainty are the two background uncertain-
ties considered in this analysis. These two uncertainties are described in this section.
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7.11. Systematic uncertainties

Spurious signal uncertainty

The spurious signal uncertainty is estimated to quantify the bias on the extracted signal yield
caused by the choice of the background modeling function by fitting the background-only m,; dis-
tribution with signal plus background (s+b) model of the form Equation 7.12. All the parameters
of the signal function (Equation 7.9) are kept fixed in the fit, allowing only the parameters of the
background function (4-parameter dijet function of the form Equation 7.11) and spurious signal
strength, psg, to vary. pugg is allowed to take both positive and negative values in the fit. The
results of the spurious signal test described in subsection 7.9.9 are used to estimate the spurious
signal uncertainties. The s+ b fit is done at different signal mass points and pg is calculated as a

function of m;;. The spurious signal up (down) variation is calculated by adding (subtracting) the

scaled signal template (yss ~mii-g) to the nominal background (mz}(g) like,

SS variation = mz}(g + Uss ~mi-g. (7.13)
So, the relative uncertainty has the same shape as the nominal signal model. Figure 7.25 shows
the up and down variation of the spurious signal uncertainty in the two signal regions for the 4
TeV signal mass point. The SS uncertainty is added in the likelihood as a background uncertainty
using a nuisance parameter, Osg.
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Figure 7.25: Spurious signal uncertainty for the 4 TeV signal mass point in (a) 1 b-tag SR (SR1b)
and (b) 2 b-tag SR (SR2b).

Fit parameter uncertainty

The fit parameter uncertainty is associated with the statistical fluctuation of data. To estimate
the uncertainty, we generate pseudo-experiments from the nominal background using Poisson
statistics and fit each pseudo-experiment. The uncertainty of each bin is defined to be the RMS of
the function value in that bin of all pseudo-experiments. The overall uncertainty is taken as an
envelope uncertainty over the full background spectrum as shown in Figure 7.26. In the profile
likelihood it is defined as fully correlated across the bins and one nuisance parameter is used.
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Figure 7.26: Fit parameter uncertainty in (a) 1 b-tag SR (SR1b) and (b) 2 b-tag SR (SR2b) as a
function of m,;. The uncertainty increases with ;7 and becomes almost 35% around m;; = 6 TeV.

7.11.3 Theory uncertainties

Theory uncertainties for the signal process are not considered in this analysis. It is expected that
the theory uncertainties will be much smaller than some of the experimental and modeling uncer-
tainties like large-R jet calibration and spurious signal uncertainties.

7.11.4 Systematics summary

The effect of different systematic uncertainties on the signal acceptance is summarized in Ta-
ble 7.15 and Table 7.16 for SR1b and SR2b, respectively. The modeling component of the JES
uncertainty has the largest contribution, it is around 60% (55%) for a 4 (3) TeV Z{,. Figure 7.27
shows these variations as a function of m;;. The baseline and tracking components of the JES un-
certainty (shown in Figure 7.28) are also large and contribute significantly. JES baseline is around
15% (10%) and JES tracking is around 9% (7%) in SR1b (SR2b). Other than the JES uncertainties,
two eigenvector variations (Ey, E;) of b-tagging efficiency scale factor uncertainties, the b-tagging
extrapolation uncertainty, and an eigenvector variation of the light-jet mistag rate have large con-
tributions.
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Table 7.15: Summary of the pre-fit relative systematic uncertainties in the expected number of
events at Zj, masses of 2 TeV and 4 TeV in 1 b-tag signal region (SR1b). The spurious signal
uncertainty is different for different test signal masses. The values reported in parenthesis corre-
spond to the 2 TeV mass, the others refer to 4 TeV. The values quoted for the background represent
the relative change in the total expected number of events. For the signal uncertainties the values
were computed using a Z{, signal model with a pole mass of 2 TeV and 4 TeV by comparing the
total yields.

Source | Background (%) | 4TeV Z’ (%) | 2TeV Z’ (%)
Statistical unc. | 2.79 | 2.45 | 3.11
Fitparameter unc. SR1b 1.00 N/A N/A
Spurious signal SR1b 0.027 (0.355) N/A N/A
AKT10 JES (R baseline) N/A 15.21 10.69
AKT10 JES (Ryk modelling) | N/A 50.97 39.04
AKT10 JES (R totalstat) | N/A 3.20 0.37
AKT10 JES (R tracking) | N/A 9.08 6.99
AKT10 JMS (R baseline) | N/A 1.68 0.77
AKT10 JMS (R modelling) | N/A 8.98 4.79
AKT10 JMS (R totalstat) N/A 1.60 0.10
AKT10 JMS (R tracking) | N/A 1.99 1.34
AKT10 JER N/A 0.03 0.02
AKT10 JMR (my,, reso.) N/A 4.02 1.98
JVT N/A 0.15 0.19
Luminosity N/A 1.70 1.70
pileup modelling N/A 0.14 0.07
b-tag (E0) N/A 13.47 11.64
b-tag (E1) N/A 9.00 5.86
b-tag (E2) N/A 2.22 1.70
b-tag (E3) N/A 1.20 0.25
c-mistag (EO0) N/A 0.23 0.32
c-mistag (E1) N/A 0.35 0.44
c-mistag (E2) N/A 0.14 0.09
b-tag extrap. N/A 15.86 3.92
c-mistag extrap. N/A 0.01 0.01
light-mistag (EO) N/A 1.87 0.52
light-mistag (E1) N/A 0.73 0.18
light-mistag (E2) N/A 0.15 0.02
light-mistag (E3) N/A 0.10 0.02
t-tag eff. (dijet modelling) N/A 0.42 0.20
t-tag eff. (dijet stat.) N/A 0.35 0.13
t-tag eff. (y+jets modelling) | N/A 0.02 0.18
t-tag eff. (y+jets Stat.) N/A 0.01 0.09
t-tag eff. (b-tag unc.) N/A 4.25 4.08
t-tag eff. (¢f modelling, had.) | N/A 2.00 2.12
t-tag eff. (¢f modelling, ME) | N/A 3.82 0.89
t-tag eff. (¢f modelling, rad.) | N/A 1.10 1.28
t-tag eff. (high-pr ext.) N/A 6.63 6.27
t-tag eff. (¢f stat.) N/A 4.51 4.42
Total systematic unc. | 1.00 (1.06) | 57.39 44.59

149



Table 7.16: Summary of the pre-fit relative systematic uncertainties in the expected number of
events at Zj, masses of 2 TeV and 4 TeV in 2 b-tag signal region (SR2b). The spurious signal
uncertainty is different for different test signal masses. The values reported in parenthesis corre-
spond to the 2 TeV mass, others refer to 4 TeV. The values quoted for the background represent
the relative change in the total expected number of events. For the signal uncertainties the values
were computed using a Z{, signal model with a pole mass of 2 TeV and 4 TeV by comparing the
total yields.

Source | Background (%) | 4TeV Z’ (%) | 2TeV Z’ (%)
Statistical unc. | 4.78 | 3.17 | 1.96
Fitparameter unc. SR2b 1.80 N/A N/A
Spurious signal SR2b 0.044 (0.433) N/A N/A
AKT10 JES (R baseline) N/A 13.28 9.47
AKT10 JES (Ryk modelling) | N/A 50.01 41.74
AKT10 JES (R totalstat) N/A 1.67 0.21
AKT10 JES (R tracking) | N/A 7.29 6.29
AKT10 JMS (R baseline) | N/A 1.13 0.70
AKT10 JMS (R modelling) | N/A 7.63 4.14
AKT10 JMS (R totalstat) N/A 1.16 0.13
AKT10 JMS (Ry tracking) N/A 1.52 1.14
AKT10 JER N/A 0.01 0.03
AKT10 JMR (my,p, reso.) N/A 4.04 1.99
JVT N/A 0.16 0.20
Luminosity N/A 1.70 1.70
pileup modelling N/A 0.11 0.11
b-tag (E0) N/A 2.02 4.04
b-tag (E1) N/A 1.29 2.02
b-tag (E2) N/A 0.33 0.61
b-tag (E3) N/A 0.16 0.11
c-mistag (EO0) N/A 0.45 0.23
c-mistag (E1) N/A 0.73 0.39
c-mistag (E2) N/A 0.33 0.16
b-tag extrap. N/A 0.98 1.24
c-mistag extrap. N/A 0.05 0.01
light-mistag (EO) N/A 4.30 1.59
light-mistag (E1) N/A 1.50 0.34
light-mistag (E2) N/A 0.31 0.04
light-mistag (E3) N/A 0.19 0.02
t-tag eff. (dijet modelling) N/A 0.32 0.12
t-tag eff. (dijet stat.) N/A 0.28 0.09
t-tag eff. (y+jets modelling) | N/A 0.02 0.13
t-tag eff. (y+jets Stat.) N/A 0.01 0.07
t-tag eff. (b-tag unc.) N/A 4.31 4.21
t-tag eff. (¢f modelling, had.) | N/A 2.06 2.21
t-tag eff. (¢f modelling, ME) | N/A 3.66 0.89
t-tag eff. (¢f modelling, rad.) | N/A 1.14 1.34
t-tag eff. (high-pr ext.) N/A 6.72 6.46
t-tag eff. (¢f stat.) N/A 4.58 4.57
Total systematic unc. | 1.80(1.85) | 53.68 44.28
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7.12. Statistical analysis

7.12 Statistical analysis

The statistical analysis is carried out in three steps:

* Model-independent resonance search using BumpHUNTER. Any resonant signal produced by
any sources will be identified in this step.

* Hypothesis test based on the benchmark signal. A profile-likelihood-ratio method is used to
quantify the significance.

* If no significant deviation is found in steps 1 and 2, a Frequentist CL; method [204] is used
to compute observed and expected upper limits for benchmark signal masses.

The profile likelihood ratio introduced in subsection 5.3.3 is used to build the test statistic.
Systematic uncertainties are added to the likelihood following the same method discussed in sub-
section 5.2.1. All the nuisance parameters, 0, are redefined for convenience such that 6y = 0 and
og = AO =1 for the nominal hypothesis. One dedicated nuisance parameter, O5g, corresponding
to the spurious signal uncertainty is added to the likelihood function shown in Equation 5.19. The
the likelihood function takes the following form

N
L(1,0,655) = p(nl; 6;655) = | | Poisson(n; | vi(10,655)) | | Gaus(6x16f500,).  (7.14)

i=1 kesyst

The HistFactory [244] software is used to build the likelihood functions. The HistFactory soft-
ware is based on RooFit [245] and RooStats [246] software. These tools and packages are used
through a steering tool called TRExFitter. This package was developed for use in ATLAS. The POI
is not constrained in the likelihood and is determined using the MINOS algorithm. The test statis-
tic is built using the negative log of profile likelihood ratio as described in subsection 5.3.4. Two
different types of profile likelihood fits are done:

* s + b fit: the likelihood includes both signal and background model.
* b-only fit: the likelihood includes only the background model.

Data is always required in ordered to define the likelihoods. The nuisance parameters includ-
ing, Ogg are constrained in the likelihood with Gaussian terms. The signal strength is the only
unconstrained parameter in the likelihood. All signal systematics uncertainties are assumed to be
fully correlated across the two signal regions. The background uncertainties are treated as fully
uncorrelated in the two signal regions and they are defined separately for each signal region. In
order to understand the nature the fit and behavior of the systematic uncertainties the profile like-
lihood fits are also performed on the Asimov dataset, created from background-only spectrum and
signal+background spectrum. The fit results with the Asimov dataset can be found in section B.3
of the Appendix B. This section contains only fit results where actual data is used in the likelihood.
In all these fits, the background is estimated with 4-parameter polynomial functions described in
subsection 7.9.4. In the s+b fits, the 4 TeV Z7, signal with 1.2% relative width is used. The bin-
ning of the m;; distributions are made slight larger than what used for estimating background. It
is done to increase the number of events in the high m,; bins and make the profile likelihood fit
stable.
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7.12.1 b-only profile likelihood fit

The b-only fit only includes the background uncertainties in the likelihood. The best-fit values
of the parameters, often referred to as post-fit parameter values, and their uncertainties give use-
ful insight about the background uncertainties. The pull of a nuisance parameter is defined by
comparing the best-fit value, 6, with its pre-fit value, 6, and dividing the different by its pre-fit
uncertainty, A6. So, the pull of a nuisance parameter can be written as
6 -0,

AO

pull =

If 6 = 0, then the pull is zero. The post-fit nuisance parameter pulls are shown in Figure 7.29.
The error bars represent the post-fit uncertainty, AG. A post-fit error bar smaller than +1, indi-
cates that the nuisance parameter was constrained by the fit. In the b-only fit, the fit parameter
uncertainties get constrained to ~ 60% of the input value in both signal regions and get pulled
by a small amount. The fit parameter uncertainty in 1b signal region is pulled by roughly 0.4c.
The constraints are very similar to those seen in the Asimov data results shown in Figure B.7 of
Appendix B.

Fitting
— Spurious signal 2bSR
———— Spurious signal 1bSR
+ Fitparameter unc. 2bSR
— = Fitparameter unc. 1bSR
-2 -1 0 1 2
(6-6,)/0

Figure 7.29: Post-fit (b-only) nuisance parameter (NP) pulls observed in data. All four background
NPs can be constrained by the fit.

7.12.2 s+b profile likelihood fit

In this case, the signal model is added to the likelihood. So all the signal systematic uncertain-
ties also get added to the likelihood. Along with all the nuisance parameters corresponding to
the signal systematics, the signal strength, y, is included in the likelihood. y is an unconstrained
parameter in the likelihood and is allowed to take both positive and negative values. The best-fit
signal strength value is i = —0.24%037 where the uncertainties include both statistical and system-
atics uncertainties. The correlations between the likelihood parameters in the fit are calculated
using the Hessian matrix. The parameters with correlation above 0.1 are only added in the ma-
trix shown in Figure 7.30. The top-tagging and b-tagging systematics have small correlations with
each other, and also with y. The fit parameter uncertainty and spurious signal uncertainty have a
higher correlation with p.

The signal strength is the parameter of interest in this study, and the impact of the nuisance
parameters on the fit is evaluated by studying the change in the best-fit 4 value when the nuisance
parameters are fixed to certain values. The impact Ay of a given uncertainty is the difference be-
tween the best-fit values in the fit with the the NP set to it’s best-fit value, 8, and two other fits
in which it is fixed to a value 6 + o, where o is either pre-fit or post-fit uncertainty. The pre-fit
impact of a NP is obtained by fixing it to 6 + AG, where A@ = 1. Whereas the post-fit impacts
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are obtained by fixing the nuisance parameter value to 6 + A6, where 6 is the post-fit uncertainty.
The post-fit impacts can be smaller than the pre-fit impacts. The nuisance parameters are shown
ranked on the size of their impact on the signal strength, Ay. One such ranking plot with the top
twenty systematic uncertainties is shown in Figure 7.31. The pre-fit impacts are shown in open
blue and cyan horizontal bars, whereas the filled blue and cyan bars show the post-fit impact. The
spurious signal uncertainty in the 2b-tag signal region has the highest post-fit impact and changes
pu by 0.21. The JES modeling uncertainty has the second-highest post-fit impact. Other JES and
JMR uncertainties are also large uncertainties along with the fit-parameter and spurious signal
uncertainties.
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Figure 7.30: Post-fit (s + b) correlation matrix of the systematic NPs and signal strength for Z’ with
a mass of 4 TeV. The background uncertainties have 15— 45% correlation with the POI. Amongst
signal systematics, JES have up to 25% correlation with the parameter of interest. Only variables
with a correlation > 0.1 are shown.
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Figure 7.31: Systematics ranking plot for Z’ mass of 4 TeV.
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7.12.3 BumpHuUNTER search results

The model independent BumpHUNTER algorithm, described in section 6.8, is used in this analysis
to search for resonant signals. The algorithm searches for excesses on the m;; spectrum. The min-
imum search window is set to two bins and the maximum search window is half of the spectrum
for this search. The BumpHUNTER search results in the two signal regions are shown in Figure 7.24.

The BH local significance is almost always less than 20. The two vertical lines extending be-
tween the upper and lower panel represent the most significant deviation interval. The BH global
p-values are 0.45 and 0.56 in the SR1b and SR2b, respectively. These correspond to around 0.20.
So, it can be concluded no significant deviation is observed in data.

7.12.4 Model dependent search results

The model-dependent hypothesis test for significance (pg) scan is based on the profile likelihood
ratio method. The likelihood is built using the binned histograms. Z;., signals with I'/m =1.2%
are used in the search phase. The search is performed for signal pole mass between 1.75 TeV and
5.0 TeV. The local significances are calculated by combining the two signal regions in the likeli-
hood. The significance scan result shows data is consistent with the Standard Model (background)
hypothesis, and the local significance is always less than 1.560. The local py-values are shown
in Figure 7.32 as a function of Z{., pole mass. All the local py-values and the corresponding
significances are summarized in Table B.1.
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Figure 7.32: Local py-value and significances are calculated using profile likelihood ratio-based
test statistic with Z{, (I/m = 1.2%) signals between 1.75 and 5.0 TeV. The search result shows
data is consistent with the background hypothesis as local significance values are always less than
1.60 in the search region.
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7.13 Limit setting

In absence of new signal, 95% CL limit on cross-section (o) x branching ratio (BR) of resonant new
physics processes is set with frequentist CL; method (subsection 5.3.6) using asymptotic formula
described in subsection 5.3.5. The signal strength u values are scanned within a specified range,
and the CL; is calculated for each p. The 95% CL upper limit on signal strength, p,;, is the largest
positive value of y which gives CL; < 0.05. pyp, is then converted to the upper limit for ox BR by
multiplying with the signal cross-section. The expected limit and the +10 and +20 uncertainty
bands are calculated using the Asimov dataset using the asymptotic approximation without gen-
erating pseudo-experiments. The background and signal systematic uncertainties summarized in
section 7.11 are included in the limit calculation. Statistical uncertainties are also included by
adding bin-by-bin normalization factors (the y factors). Similar to the p, scan, the limits are cal-
culated by combining the two signal regions in the likelihood. All signal systematic uncertainties
are assumed to be fully correlated across the two signal regions whereas the background uncer-
tainties are treated as fully uncorrelated in the two signal regions. Expected and observed 95%
CL upper limits are shown in Figure 7.33. The cross-section limits are calculated using the Z.,
with width I'/m = 1.2% for masses from my . =175TeV tomyg =5TeV. The first point is at
1.75 TeV to make sure the full signal peak is included in the mass spectrum, which starts at 1.4
TeV. Limits are calculated for the following simulated signal models (bold) and with interpolated
signal models

* 1750, 1875, 2000, 2125, 2250, 2375, 2500, 2625, 2750, 2875, 3000, 3250, 3500, 3750, 4000,
4250, 4500, 4750 and 5000 GeV.

Since the detector resolutions are much larger than the signal width, the calculated cross-
section x branching ratio limits also hold for other narrow width signal models where I'/m = 1%
and 3%. The lower limits on Z’ mass are calculated from the intersection of the observed limit and
theory cross-section lines. Z~, masses with I'/m = 1.2% are excluded up to 4.1 TeV at 95% CL.
For other Z; -, models with I'/m = 1% and 3%, the Z{, masses are excluded at 95% CL up to 3.9
and 4.7 TeV, respectively.

The mass exclusion limits on different Z7, models are summarized in Table 7.17. Cross-
section times branching ratio limits are calculated separately for the two signal regions to compare
their sensitivity. It is seen that most of the sensitivity comes from the 2b signal region. Throughout
this analysis, we used the asymptotic approximation of the test statistic distribution. The limits are
also calculated from pseudo-experiments to check the validity of the asymptotic approximation.
The observed o x BR limits from the asymptotic approximation are found to be stronger than those
from the pseudo-experiments by at most 20% at mass above 4 TeV. Since the difference was small,
the limits calculated using the asymptotic approximation are used.

7.13.1 Comparison to previous results

The limits obtained with full Run-2 data are compared with the 36.1 fb~! Run-2 results [229],
where the analysis strategy was very different. The previous analysis used a two-variable top-
tagger where the top quarks were identified based on jet mass (m“°™P) and t3,. It was shown in
Figure 4.12 that the DNN top-tagger performs much better compared to the two-variable taggers.
The background-rejection improved by a factor of almost 4 at 80% signal efficiency [197]. The
b-tagging algorithm used in ATLAS also improved. The currently used DL1 algorithm performs
better than the previously used MV2 algorithm, as was shown in Figure 4.10. The background
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7.13. Limit setting
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Figure 7.33: Observed and expected 95% CL upper limits on the cross-section times branching
fraction of the Z’ — tf as a function of the Z’ mass. The NLO theory cross-sections times branching
fraction for the Z -, with I'/m = 1% and 3% are shown by the dotted and dashed lines, respectively.
Shown by the solid line is the LO theory cross-section times branching fraction scaled by a factor
1.3 for the Z7, with I'/m =1.2% [228].

Table 7.17: Summary of the expected and observed mass exclusion limits of Z’ signals with I' =
1.2%, 1%, 3%. For the Z’ with I'/m = 1%, 1.2% and 3%, the Z’ masses are excluded at 95% CL up
to 3.9, 4.1 and 4.7 TeV, respectively.

Signal Mass mass upper limit
Expected [GeV] Observed [GeV]

I'/m=1.2% 4027 4141

Z TI/m=1% 3801 3903

I'/m=3% 4724 4726

modeling strategy has been changed completely for this analysis. The total background is esti-
mated from the data, whereas in the past, the tf was modeled using simulation, including all the
associated tf modeling uncertainties.

To compare the performance, the current analysis is repeated for only the 36.1 fb~! dataset.
The cross-section x BR limits improved by a factor of 2 over the previously published results due
to the analysis improvements. By the end of Run-2, the luminosity increased roughly by a factor of
4, which improves the limits by another factor of 2. These comparisons are shown in Figure 7.34.
The mass limit on the Z7-, model improves by almost 1 TeV.
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Figure 7.34: Comparison of expected upper limits on the cross-section times branching fraction
of Z1, — tt as a function of the Z’ mass. The triangle markers show the expected limits from
the previous analysis using 36.1 fb~! data from 2015-2016. The circle markers show the expected
limits obtained from that 36.1 fb~! data by using the methods of current analysis. The square
markers show the current expected limits obtained using 139 fb~! of the full Run-2 data between
2015 and 2018. The NLO theory prediction, obtained by multiplying the LO cross-sections by a
factor 1.3, for the Z7, with I'/m = 1.2% is shown by the solid line [228].

7.14 Inference with dark matter mediator model

Statistical inference is also done with the dark matter mediator models. In dark matter mediator
models, normal matter interacts with dark matter, x, via a high mass mediator particle. The search
considers both vector mediators, Z{,, and axial-vector mediators, Z), proposed in the simplified
models by the LHC dark matter working group [118, 119]. The five parameters of this model
are the Z’ coupling to dark matter particle (g, ), quarks (g,), leptons (g;), and mediator Z" mass,
dark matter mass, m,. The mediator mass is varied between 500 GeV and 5 TeV and the coupling
parameters are set to g, = 0.25, g, =1, gy = 0 and m, = 10 GeV. The two-dimensional limits in
third-generation quark coupling (g,) and mediator mass () are calculated using the full Run-2
data. Figure 7.35 shows the upper limit on the coupling to quarks, g,, as a function of the axial-
vector mediator mass, mz;. 95 % CL limits on third generation quark coupling lie in the range
[0.1, 0.23] for mediator masses between 100 GeV and 200 GeV.
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Figure 7.35: 95% CL upper limit on the quark coupling, g,, as a function mediator mass, mz;. The
full Run-2 all-hadronic tf results are shown in the purple. The quark coupling is excluded up to
0.1 for mediator masses of 200 GeV. Figure taken from [247]

7.15 Conclusion

A tt resonance search in the boosted all-hadronic channel was performed using the full Run-2
data collected during the years 2015-2018. Since no new signal is found, upper limits are placed
on narrow width signal cross-section x BR at 95% CL. With an improved analysis strategy and
more data, the limits improved by almost a factor of four. The current mass limit on narrow
width (1.2%) Z, is 4.1 TeV. Although the results improved significantly, there is still room for
further improvement. The jet energy scale uncertainties and the top-tagging uncertainties have
large impacts on the sensitivity. With an improved jet calibration, the uncertainties could already
be reduced by 50%. Jet mass resolution for high pr jets improves if we include the track infor-
mation [248]. Several other developments on jet reconstruction are currently ongoing, and new
jet reconstruction approaches are being studied in ATLAS. The QCD background rejection is ex-
pected to improve by almost a factor of 1.5 after training the top-tagging algorithms on the new
jet collections. Apart from these developments, signal sensitivity might be further improved using
multivariate techniques. Recent developments in likelihood-free inference methods could be used
in this analysis to improve the results [249].
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CHAPTER

EIGHT

Search for high mass resonances in the
semi-leptonic top-antitop final sate

This chapter summarizes the search for tf resonances in the semi-leptonic final state, where one
of the top-quarks decays leptonically, and the other one decays hadronically. In the all-hadronic
analysis, described in chapter 7, only the high momenta top-quarks were explored, whereas, in
this search, the full momentum range of the decaying top-quarks is covered. Based on the decay
topology of the top-quark, two categories are defined: the resolved final state where the momentum
of the decaying top-quark is low, typically below 300 GeV, and the boosted final state where the
momentum of the top-quark is higher. The motivation behind this search is the same as in the all-
hadronic channel. This search is complementary to the all-hadronic tf resonance search in that the
datasets are orthogonal, and here lower masses are also studied. The lower mass region will help
us to probe signals with much weaker coupling than the signal models. This search is performed
with the full Run-2 proton-proton collision data (139 fb™!) collected during 2015-2018. This anal-
ysis is looking for enhanced t production via a heavy boson. The search results are interpreted
in terms of a heavy boson, Z’, using several benchmark BSM models described in section 1.5. A
similar search was carried out with partial Run-2 ATLAS data (36.1 fb™!), and no trace of a new
signal was found [250]. Z, with 1% relative width was excluded below 3 TeV by the data. The
current analysis is not finalized, so the data distribution of the main discriminant invariant mass
of the tt system is still blinded. Hence, the statistical results shown in the chapter are expected
results only and evaluated using the Asimov dataset.

This chapter is organized as follows. An overview of this analysis is presented in section 8.1.
The semi-leptonic top decay topology is described using schematic diagrams in section 8.2. Al-
most all the objects used in this analysis were already described in chapter 7, so only the main
differences are highlighted in this chapter. Different techniques used to estimate the SM back-
ground processes are summarized in section 8.3. The information of the simulated signal models
are provided in section 8.4. The object definitions and event selections are summarized in sec-
tion 8.5 and section 8.6, respectively. A different non-conventional method is used in this search
to remove overlap between lepton and jet responses, summarized in section 8.7. All the major SM
background processes are modelled with simulations, but a data-driven method is used to model
the multijet processes. This data-driven method is described in section 8.8. Different reconstruc-
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8.1. Analysis overview

tion strategies are used for top quarks with small and large momentum, discussed in section 8.9.
Some control plots are presented in section 8.10 to show the data-background comparison. Finally,
some preliminary statistical results are presented in section 8.11.

8.1 Analysis overview

The semi-leptonic top decay has the second-largest ¢t branching ratio and constitutes roughly
30% (considering only electron and muon final states) of all the t# decays. The presence of a
charged lepton in this final state provides an efficient way of selecting events, using single elec-
tron and muon triggers. As a result, the sensitivity of this analysis is generally comparable to
the all-hadronic search, despite the lower branching ratio. Requiring at least one charged lep-
ton to be present also suppresses the background contributions from QCD multijet processes. So
the QCD multijet background is much lower than in the all-hadronic channel. In the SRs of the
all-hadronic tt resonance, the QCD multijet process contributes around 20-80% of the total back-
ground, whereas in this search, it contributes maximum up 10% of the total background. The
analysis searches for a narrow resonance in the tf invariant mass spectrum, m;;. m;; is computed
from the momentum of the reconstructed tops. The top-quarks are reconstructed using different
techniques in the resolved and boosted regions. In the boosted channel, a Deep Neural Network
(DNN) based top-tagging method was applied to the large radius jets to identify the hadronic
tops. Whereas the tops are reconstructed using a chi-squared algorithm in the resolved region
using only the small radius jets. A deep-learning-based b-tagging method is used here to identify
the b-jets coming from top decay. b-tagging helps to suppress non-tf backgrounds further. The
event selection is optimized for narrow width signals. A Feynman diagram of the signal process
(Z" — tt — qqblv;b) is shown in Figure 8.1. The selected events are categorized in different signal

Figure 8.1: Feynman diagram of the Z’ signal process where one of the top quarks decay hadroni-
cally and the other one decays leptonically.

regions based on the number of b-tagged jets in an event. All the SM background processes, other
than QCD multijet, are modeled with Monte Carlo simulations. The QCD multijet background
is estimated using a data-driven method, different from the one used in the all-hadronic analysis
(described in section B.1 of Appendix B). Unlike the all-hadronic search, the total background is a
combination of simulated and data-driven components. Different data-driven methods were tried
to estimate the total background, but we could not find a reliable method that fits the data and
also can extract a signal from data. The main difficulty of estimating the background directly from
data comes from the shape of the m;; spectra. It does not have a monotonically decreasing trend
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8.2. Top quark decay topology

in the search regions. Initially, a model-independent statistical search will be carried out using
a bump-hunting technique. A model-dependent statistical search will then be performed using
a combined profile-likelihood test-statistic. In the absence of new physics, an upper limit on the
signal cross-section x branching ratio with 95% CL will be set. The lower mass limit on the Z,
signal with 1.2% relative width is expected to be around 3.6 TeV, which is ~ 700 GeV more than
the previous expected limit [250].

8.2 Top quark decay topology

A boosted hadronic top gets reconstructed as a large-R jet as already described in section 7.2. The
lepton and the b-jet coming from the leptonically decaying top get reconstructed as different ob-
jects in the resolved regime. But in the boosted region, the lepton and the b-jet are very close to
each other. So the reconstruction of these two objects becomes difficult. It becomes even more
complicated when the final state lepton is an electron where the calorimeter energy clusters are
used to reconstruct the electrons and the jets. So, jets and electrons overlapping (in space) intro-
duces the chance of either double counting the objects or losing both the objects. This situation is
demonstrated in the schematic diagram of Figure 8.2.

Low momentum High momentum
top top

boost

b-jet in busy environment

topology of resolved analysis topology of boosted analysis

Figure 8.2: Schematic diagram showing the single-lepton ¢f final state in the resolved and boosted
regimes.

Figure 8.3a shows the pr distribution of top and anti-top quarks at the generator level (parton)
before final-state radiation. The pr of the top partons are mostly above 300 GeV in the boosted
region whereas they are under 300 GeV in the resolved channel. Figure 8.3b shows the m(f;n
distribution, where mftfm is calculated from the momenta of parton before final-state radiation.
The mft-en is mostly above 600 GeV in the boosted region and less than 600 GeV in the resolved

region.

8.3 Background processes

In this search, almost all the background processes are estimated using Monte Carlo simulation.
The major irreducible background contribution comes from SM t# process via s- and t-channel
production. Since we are looking for events with t# final state, it is impossible to reduce the SM
tt contribution significantly. In the boosted regime where the invariant mass of the tf system is
very high, close to the TeV range, the SM tf background becomes smaller. The QCD contributions
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8.4. Signal modeling
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Figure 8.3: Distributions of (a) the pr of top and anti-top quarks and (b) mf?n distribution at
the generator (parton) level before final-state radiation in the resolved and boosted region. The
distributions are normalized to unit area to compare the shape the distributions.

mostly come from the events with at least one fake lepton, where a jet gets reconstructed as a
lepton. This background is estimated using a data-driven method. Some other SM processes pass
our event selection and constitute the reducible component of the background. Those processes
are W+jets, Z+jets, single-top, diboson, and associate production of tf with a vector boson (tfV).

tt samples are generated using the same the next-to-leading-order (NLO) PowHEG generator
along with Pyruia 8 with the same settings described in subsection 7.3.1. The single top pro-
duction is also generated using PowHeG and Pyrhia 8 is used with NNPDF3.0 NLO PDF set for
showering and hadronization with A14 tune.

W +jets and Z+jets events are generated using the SHERPA 2.2.1 generator where matrix element
calculation includes up to two partons at NLO in QCD, and four partons at the LO using the Comix
and OpenLoops matrix element generator. The NNPDF3.0 NLO PDF set is used while generating
the events. Generated events are normalized to the NNLO cross-section.

Diboson (WW, WZ, ZZ) processes are generated using the SHErpA 2.2.1 generator. The final
states have four charged leptons (4¢), three charged lepton and a neutrino (3¢ + v), two charged
leptons and two neutrinos (2£+2v) or one charged lepton and one neutrino (£vqg’). The NNPDF3.0
NLO PDF set is used with the dedicated parton shower tuning developed by the SHErPa authors.

The same simulated multijet events as used in the all-hadronic t# analysis (subsection 7.3.2)
are used for some initial studies. Since the simulated multijet process does not describe the data
well, the multijet background is estimated from data using a matrix method, a simplified version
of section 6.4.1. It is briefly described in section 8.8.

8.4 Signal modeling

Many different signal models are considered in this search. The resonance widths vary from very
narrow (1% of the mass) to 30% of the tf invariant mass. The signal processes are generated with
Monte Carlo simulation. Like the all-hadronic analysis, signal interference with SM tf is not con-
sidered for the Z’ signal model due to its negligible effect. The primary benchmark signal model
is the Top-color assisted-technicolor (TC2) model. The narrow width (1.2% width) Z;-, events
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8.5. Object definitions

are the same described in subsection 7.4.1. Spin-1 color-octet Kaluza-Klein gluon, gk, spin-2
color-singlet Kaluza-Klein graviton, Gy are also used as benchmark signal models. The ggx — tf
process is simulated with PyrHia 8.165 at LO with NNPDF2.3 LO PDF set and the A14 set of tuned
parameters. The spin-2 color-singlet signal is modeled using MaApGraPH5_aMC@NLO NNPDF2.3
LO PDF set, with parton showering performed by Pythia 8.165 with the A14 set of tuned parame-
ters.

The final results will also be interpreted using dark matter mediator models described in sub-
section 1.5.4. The s-channel mediators with vector, ZI,DM,vec’ and axial-vector, Z]'DM'aX, coupling are
considered in this analysis. This process is simulated using MaApGrarH5_aMC@NLO NNPDF23LO
PDF set, where the parton showering is done with Pytaia 8. This process is simulated only at truth
level for some representative signal mass points. To save computing resources, the reconstructed
level distributions are obtained by rewighting the Z}, events. The Heavy Vector Triplet model
described in subsection 7.4.2 will be used to combine these results with those from other searches.
The modeling of the signal processes are summarized in Table 8.1.

Table 8.1: Simulation details of the signal processes used in the semi-leptonic tf resonance search.

Process ‘ Generator ‘ Order ‘ Corrected ‘ Parton Shower ‘ PDF
Zigg — tt PyrHia 8.186 [210] LO NNLO PyrHia 8.186 [210] | NNPDF23LO [220]
KK — tf PyrHia 8.165 [210] LO LO PyrHia 8.165 [210] | NNPDF23LO [220]
Gk — tt | MG5_AMC@NLO v2_6_0 [240] LO LO PyTHia 8.165 [210] | NNPDF23LO [220]
Zhm =t | MG5_AMC@NLO v2_6_0 [240] LO LO Pytaia 8.186 [210] | NNPDF23LO [220]
Ziy — tt | MG5_aMC@NLO v2.6_0 [240] LO LO Pyraia 8.186 [210] | NNPDF23LO [220]

8.5 Object definitions

The set of relevant objects for this analysis is very similar to what is used in the t# resonance
search in the all-hadronic final state described in section 7.5. One big difference is that the leptons
are important in this analysis, and they are used for triggering and selecting events. The overlap
removal procedure between the leptons and the jets also becomes crucial for this search. Along
with leptons and jets, the missing transverse energy (MET) is used in this search to reconstruct
the neutrino momentum. Since all other objects were already defined in section 7.5, they are not
repeated here. This section only includes the MET definition.

Missing transverse energy

In the leptonic top-quark decay, we expect one neutrino in the final state. The ATLAS detector
cannot detect the neutrinos, so their momenta are estimated using the MET information. A sum-
mary of MET reconstruction was given in section 4.12, and the same procedure is followed here.
A tight operating point is used where forward jets are required to have py > 30 GeV.

8.6 Event selection

This search considers two different top-quark decay topologies. So two different sets of criteria
are defined to select the events. A few requirements are common in both cases. All the events
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8.6. Event selection

are expected to have at least one primary vertex. The primary vertex is defined as the vertex
with highest Zp%,track’ where pr rack is the pr of the associated tracks. The events are cleaned by
removing pre-identified noise bursts and corrupted data. The events in the data are required to
pass a good run list of the corresponding data-taking period. Selected data events need to pass
either a single-electron or a single-muon trigger. Similar offline trigger implementations are used
to select simulated events. The exact trigger names are listed in Table 8.2. All the events are
required to have exactly one reconstructed lepton, either an electron or a muon with py > 30 GeV.
Since we expect to see MET coming from the neutrino, events with MET > 20 GeV are selected
to suppress the multijet and other non-tf events. In addition to the MET cut, a combination MET
and W boson transverse mass, MET + mr y > 60 GeV is required!®. This cut also helps to reduce
backgrounds.

Table 8.2: List of the single-lepton high Level triggers (HLT) used in this analysis. All the triggers
are used together with an ‘OR’ condition.

Year lepton-channel Trigger
2015 electron e24 lhmedium_L1EM20VH, e60_lhmedium, e120_lhloose
muon mu20_loose_ L1MU15, mu50
electron e26_lhtight_nod0_ivarloose, e60_lhmedium_nod0, e140_lhloose_.nod0
2016-18 . .
muon mu26_ivarmedium, mu50

In order to reduce the QCD background coming from the light-flavored jets, at least one b-
tagged jet is required in the selected events. Either the calorimeter jets with R = 0.4 or the variable
radius track jets can be used for b-tagging. Both the options are studied, and the performance is
similar. And it is decided that the calorimeter jets will be used for b-tagging. The b-tagging is done
on the using deep learning algorithm (DL1) with 77% efficiency working point.

8.6.1 Boosted selection

In the boosted final state, we target top-quarks with high momenta. As a result, the top-quark
decay products will be very collimated along the direction of the top-quark. So a boosted hadron-
ically decaying top-quark forms a single large-R jet in the calorimeter. Hence, the events in the
boosted region are required to have at least one top-tagged large-R jet. The top-tagging is done
with a DNN top-tagger using 80% efficiency working point. On the leptonic side, the lepton is,
in general, close to a high pr jet coming from the b-quark decay. This is ensured by requiring
AR (lepton, R=0.4 jet) < 2.0. If multiple jets satisfy these criteria, we select the highest pr jet and
call it the selected jet. In the signal events, the leptonic and the hadronic top-quark are almost
back-to-back in the angular planes. To ensure that, we further require

* AR (R=1.0jet, lepton) > 1.0
* AR (R=1.0jet, selected R=0.4 jet) > 1.0

8.6.2 Resolved selection

In the resolved top-quark decay topology, we require at least four R = 0.4 jets in the event, at least
one of which should be b-tagged. Although four jets are expected at leading order, we often see

15mT’W is the transverse mass of the W boson.
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8.7. Overlap removal

more than four jets in the event due to initial and final state radiation making it more challenging
to construct the t# system.
A summary of the event selection is shown in Table 8.3.

Table 8.3: Summary of the event selection criteria used in the semi-leptonic tf resonance search.

Selection Criteria

Common Selection

GRL Data events in the Good Run List (2015-2018)
Single lepton trigger Separate el and yu triggers: Table 8.2
Event cleaning Remove calorimeter noise, LAr, SCT errors, noise burst
Exactly one lepton ==1 e or y with py > 30 GeV
MET cut MET > 20 GeV
MET + W transverse mass | MET + mr y > 60 GeV
b-tagging > 1 b-tagged jet
Boosted Selection
Large-R jet > 1 large-R jet, pr > 300 GeV
top-tagging > 1 with DNN top-tagger (80% WP)
Close-to-lepton jet > 1 jet with AR (lepton, R=0.4 jet) < 2.0 — selected jet
Back-to-back AR (R=1.0 jet, lepton) > 1.0
Back-to-back AR (R=1.0 jet, selected R=0.4 jet) > 1.0

Resolved Selection

At least four jets ‘ > 4 jets, pr > 30 GeV

8.7 Overlap removal

Overlap removal (OR) is a procedure of removing overlaps between the different physics objects.
It protects us from double counting the same detector responses, being reconstructed by different
algorithms. In this search, the OR between the jets and the leptons is important. In the resolved
topology, the lepton responses are usually outside the jet radius (R = 0.4 in this case). But in the
boosted topology, the leptons can be very close to a jet. It is not a big issue in the muon channel
since the muons are reconstructed from the MS and ID tracks, whereas the jets are reconstructed
using calorimeter clusters and ID tracks. So, even if a muon and a jet are close and AR < 0.4, it is
possible to reconstruct them both reliably. The situation gets complicated in the electron channel
because both electrons and jets are built using calorimeter energy clusters and ID tracks. So,
there is a high chance of double-counting. To avoid the double-counting of the calorimeter energy
clusters, it is standard to require AR(el, jet) > 0.4 in ATLAS to clearly separate them at the cost
of efficiency. But in our signal events, we expect the electron and the jet coming from top-quark
decay to be very close to each other. One such situation is demonstrated in Figure 8.4, where AR at
the generator level partons between the electron and the b-quark is shown for SM ¢t and a Z’ signal
process with my = 4 TeV. This distribution shows that the distance between the electron and the
b-quark is smaller than 0.4 in most signal events. In the case of SM tf, the separation is almost
always larger than 0.4. Figure 8.5 shows this angular separation, AR(eli;ye, birye), as @ function of
the electron py. There is a significant number of high py electrons with AR(eli;ye, birue) < 0.4. So,
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Figure 8.4: Angular distance, AR, between the electron and b-quark at the parton level in the
boosted electron channel for (a) SM tf and (b) Z’ signal of my = 4 TeV.

the standard method of removing jet and electron overlap is far from optimal. To overcome this
issue, and increase signal acceptance, a different electron-jet OR method, electron-in-jet subtraction
method is developed. This method will be discussed in the next section.
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Figure 8.5: AR(elirye, birue) @s a function of truth electron pr for (a) SM tf and (b) 4 TeV Z’.

In the muon channel, the OR is done in two steps. First, isolated muons are selected, then all
jets with AR < 0.2 or with fewer than three tracks are removed. In the next step, a sliding AR
cut is used where the threshold is py-dependent. As the pr of the muon increases, the threshold
value becomes very small, allowing a jet close to a high-pr muon. An overlap removal between an
electron and a muon is also applied. In general, an electron is removed if they have a shared ID
track.
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8.8. Data-driven multijet background

Table 8.4: Muon-jet and electron-muon overlap removal definition used in the semi-leptonic tf
resonance analysis.

Reject ‘ Against ‘ Criteria

electron ‘ muon ‘ shared ID track

jet muon | NumTrack <3 and AR<0.2
muon jet AR <min(0.4,0.04+ 10 GeV/p’%)

8.7.1 Electron-in-jet subtraction method

This method is a two-step procedure like in the muon channel. First, an isolated well-reconstructed
electron is selected. If there are small-R jets close to the electron with AR(el,jet) < 0.4, then
the electron 4-momentum is subtracted from the jet. The resulting jets are defined as electron-
subtracted jets. A pr dependent threshold is defined to check if an electron-subtracted jet has
high enough pr to be still considered as a jet. If the py of an electron-subtracted jet is less than
the threshold value, it is assumed that the jet is built with the electron clusters, and the jet is not
areal jet. So the jet is removed from the list of jets in that event. If an electron-subtracted jet has
pr more than the threshold value, the AR between the electron-subtracted jet and the electron is
recalculated, and the following steps are done:

» If AR(el,electron-subtracted jet) > 0.2

— Keep both electron and the electron-subtracted jet. Subsequently use the electron-
subtracted jet as a proxy of the actual jet.

» If AR(el,electron-subtracted jet) < 0.2

— It is assumed that the electron is coming from a B-hadron decay. Then electron is re-
moved from the event and it’s pr is added back to the el-subtracted jet pr.

This situation is shown schematically in Figure 8.6, where the electron energy deposits are shown
in cyan and the jet energy clusters are shown in dark red. An electron-subtracted jet that does not
pass the pr threshold is shown in Figure 8.6a and the other case where it passes the p threshold
is shown in Figure 8.6b.

8.8 Data-driven multijet background

Multijet processes do not contain any prompt lepton in the final state, but the jets can some-
times get reconstructed as a lepton. The matrix method uses the prompt lepton identification effi-
ciency (real efficiency), r, and the non-prompt lepton misidentification probability (fake efficiency),
f. These quantities are defined using tight and loose lepton definitions. Tight leptons are the lep-
tons passing the nominal analysis selection of identification and isolation criteria. In the loose
definition, the identification criteria are loosened, and the isolation requirement is not applied.
The tight and loose lepton definitions are summarized in Table 8.5.
The number of events with leptons satisfying the loose definition, N is defined as

NL = Nprompt + Nnon—prompt ’ (8~1)
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Figure 8.6: Schematic diagram demonstrating the electron-in-jets subtraction method. The dia-
gram shows an electron-subtracted jets in the case (a) where it fails the pr threshold and in case
(b) where it passes the pr threshold. The electron contribution is shown in the cyan color and the
energy clusters contributing to the jet are shown in dark red color.

Table 8.5: Definitions of the leptons used for the matrix method QCD estimation.

Lepton definition ‘ Electron ‘ Muon
Loose MediumLH and No isolation | Loose Quality and No isolation
Tight TightLH and TightTrackOnly | Medium Quality and TightTrackOnly_VarRad

where Nprompt (Nnon-prompt) i the number of events with prompt (non-prompt) leptons. These
quantities can be measured directly from data. But we can count the number of events with with
tight leptons, N, from the experimental data. Then Nt can be written as

NT =rXx Nprompt + f x Nnon—prompt (8~2)

where the real efficiency, r, and the fake efficiency, f are defined as

tight tight
.o Nprompt f _ Nnonfprompt (8 3)
- Nloose - Nloose '
prompt non-prompt

Let’s define the number of anti-tight leptons which pass the loose selection but does not pass
the tight selection as N4y = N — N7. Now, with these definitions, we can write the following matrix

equati()l 1
(NT) ( T f )( Nprompt ) (E l)
Ny l-r 1 f N, non-prompt

We can invert the matrix equation to write the number of prompt and non-prompt leptons in
terms of reconstructible quantities, Ny and N, as

Nprompt _ 1 1—f —f Nr
(Nnorr)lprorr)npt) B (r—o1) ((7’— 1) r )(NA) ’ (8.5)




8.9. Event reconstruction

Hence, the number of fake leptons in the signal region coming from the multijet process can

be written as (r—1)f f
Multijet r— r
NTu e :fXNnonfprompt: r—f Nr+ r_fNA: (8.6)
where Nt is the number of leptons passing tight selection and N4 is the number of leptons passing
loose selection but failing tight selection. The weights are applied as event weight.

Real and fake rate

The real rate is determined using the simulated tf events, where we expect to have one prompt
lepton. To estimate the fake rate, a background control region, enriched with QCD-like events, is
defined. The control region is defined by inverting the MET and MET+m yy cut. The fake rate, f,
is measured from data in the QCD-enriched control region. The fakes rates for electrons vary from
10% to 85%, with the largest value occurring in the region with highest lepton pr. This behavior
is observed because the track-based lepton isolation becomes very loose for high pr electrons. The
fake rates in the muon channel vary from 4% to 74% depending on muon pr.

Finally these rates are used to calculate the number of multijet events in the signal regions.
The multijet background is roughly 10% of the total background in the boosted region and 4% in
the resolved region.

8.9 Event reconstruction

Following the event selection, an observable m,; is constructed using the objects in the event to
approximate the invariant mass of the tf system. The reconstruction of the tf system is more
involved than in the all-hadronic analysis. The selected events in the boosted and the resolved
region have different objects. So, the m;; is constructed differently in these two regions. In this
section, the reconstruction methods are summarized. Neutrinos are reconstructed using the same
technique in the boosted and resolved regions. Following the neutrinos, the reconstruction of
top-quarks is described in this section.

8.9.1 Neutrino reconstruction

Neutrinos do not interact with the ATLAS detector. So, we assume the transverse momentum of
a neutrino, py, is same as the missing transverse energy, E%‘iss. We have access to the azimuthal
angle, ¢, of the MET. It gives us the ability to reconstruct the x and y component of the neutrino
momentum, leaving the z-component of the neutrino vector undetermined. To determine the
neutrino vector z-component, we use momentum conservation

Pw=Pi1+pPv, (8.7)
where p; is the lepton 4-vector and p, is the neutrino 4-vector. We also assume the mass of a
neutrino to be zero, m, = 0. Which implies p2 = 0. We further assume that the lepton and the
neutrino come from a on-shell W boson decay and impose the W mass constraint on the lepton-
neutrino system. We get the following equation from the momentum conservation and on-shell
W decay approximation
2 2 2
miy = (p1+py)” =mj+2p;-py . (8.8)
Solving this equation we get the neutrino momentum z-component, p,, in terms of the other
known quantities. We find
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8.9. Event reconstruction

de1p,+ \/(4C1pz,l)2 ~4-4 (B} -p2))-4(p7 E} - ¢})
2-4(Ef-pZ)

Pzv =

where
2 2
1 =My —mj + 2(px1Px,y +py,lpy,v) .
If no real solution is found, it is assumed that complex solutions appear due to mis-measurement

of EMisS, Hence, the ET® vector is rescaled and rotated minimally until the real solution is found.
If there are two real solutions for p, ,, the solution with smaller absolute value is used.

8.9.2 Boosted region

In the boosted region, it is relatively simple to reconstruct the tf system. The top-tagged large-R
jet is used as the hadronic top. The leptonic top is reconstructed using the lepton, the highest-pr
close-by R=0.4 jet and the neutrino calculated from MET.

8.9.3 Resolved region

In the resolved region, the reconstruction becomes more complicated. Selected events usually
have more than four jets, as a result, it becomes difficult to decide which jet should get associated
with the leptonic top and which three jets should be used to reconstruct the hadronic top. A Chi-
squared algorithm was developed to find the best combination of jets forming the leptonic and
hadronic top candidates. The x? is defined using the 4-momenta of the lepton, neutrino, and all
the R=0.4 jets of an event.

2 2 2 2
2 [mjj_mwh] [mjjb_mjj_mth—wh] |:mb€v_mt;:| [(pT,jjb_pT,bév)_(pT,th_pT,tf)
X = + + +

Oy

ow, Oty =W, ¢ Opry,=pre,

(8.10)

The first term is a constraint on the dijet mass to from the hadronic W boson. The second term
corresponds to the hadronic top-quark. The quantities m;; and m;;, are highly correlated, so the
contribution of the hadronic W boson is subtracted to decouple the second term from the first
term. The third term takes care of the leptonic top-quark. The combined mass of the lepton, neu-
trino and a jet is constrained to match to the leptonically decaying top-quark mass. The last term
is used to establish the transverse momentum balance of the two top-quarks. It constrains the pr
of the hadronic and leptonic top-quark to be similar as expected in a resonance. The expected val-
ues of the parameters my,, my,_w,, My, Pt jjb—PT,bev as well as their uncertainties ow,, 0y, _w,, 0y,

and o, ,~Pr., AT€ obtained from the simulated Z” events by matching the reconstructed objects to

the truth partons. Poorly reconstructed events are discarded by requiring with log;, x2 < 0.9.

This x2-method of top reconstruction was used in the previous tf resonance searches done in
ATLAS. Although the performance of this algorithm is very good, new methods based on neural
networks are being explored. Two main options are currently studied.

* Classification method: This method tries to classify the reconstructed jets coming from the
W decay, and the two b-jets. Once the jets are uniquely identified, leptonic top and hadronic
top can be reconstructed by combining these jets, lepton and neutrino vectors. For this study,
a classifier is being trained on the simulated samples where the jets are labeled based on the
truth parton-level information.
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* Regression method: In this method the goal is to learn the kinematic variables of the truth
level top-quark, W-boson and b-quark. So, a deep neural network is trained to learn the
kinematics as well as the deconvolution of the detector effects. In this method, the network
is trained with simulated t process and truth parton-level quantities are used as target vari-
ables.

Neither of the these methods have been sufficiently studied to be included in this dissertation. So,
the chi-squared method is the nominal method.

8.9.4 tfinvariant mass

Once the leptonic top, fep, and the hadronic top, t,q4, are reconstructed, the invariant mass of the
tt system is built by adding the two 4-vectors as

m; = (Php + Phg)” (8.11)

Py, and py, , are the 4-vectors of the leptonic and hadronic top respectively.

8.10 Kinematic distributions

This analysis is still on-going, so we are still blinded in the signal regions, and we are not allowed
to look at the m;; distributions. Instead, we are allowed to look at the data distributions of other
kinematic variables related to the leptons and the jets. Some of these control plots are shown in this
section, using only the 2018 data. The NNLO correction on the ¢ background is not applied here,
since it is not yet finalized. Also, not all systematic uncertainties are included in the systematics
band though the dominant jet-related uncertainties are shown. A subset of uncertainties related
to the MET, electron, and muon are not included. The data-driven estimates of QCD contributions
in the signal regions are not fully finalized yet, so that background contribution is also not added
in the control plots.

8.10.1 Resolved region

Although m;; is the main discriminant, the other kinematic variables of the lepton, jet, and MET
help us understand the general trend between data and simulation. Figure 8.7 shows the pr dis-
tributions of (top) the lepton and (middle) the jet (closest to lepton), and the (bottom) Ejrl“iss dis-
tribution in the electron and muon final states. The lepton py distributions demonstrate a good
agreement between data and background. While the overall agreement in the py distribution of
the jet closest to the lepton is good, there is a minor slope in the ratio probably coming from the
tf background modelling. There is a small slope in the ratio of EI®* distribution probably also
coming from the tf background modelling. The modelling issue is expected to become better after
applying the NNLO QCD and NLO electroweak corrections, hence, the data-background agree-
ment is expected to improve after applying the tf corrections. Nonetheless, overall the data agrees
quite well with the background in the resolved region. Although the QCD background is missing
and some of the corrections are not applied yet, it is expected that the ratio between data and
background is still within the uncertainty band.
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Figure 8.7: The pr distributions of the (top) lepton, (middle) the jet (closest to lepton), and (bot-
tom) E7"* distributions in the (a, ¢, e) boosted electron and (b, d, f) boosted muon channel. The
ratio of data and background is mostly within the systematic band.
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8.10.2 Boosted region

In this section, large-R jet pr, lepton pr, and jet (closest to lepton) pr are shown for the electron
and muon channels. Along with the uncertainties missing in the resolved channel, the top-tagging
uncertainties are not included in the boosted region. The overall agreement between data and
background is not very good. Although there are no clear slopes or trends, there is an overall
deficit of ~ 10 — 20% in data. A similar deficit was observed while analyzing 2015 - 2016 data
[250]. This is also seen in the differential tf cross-section measurements and is thought to come
from the poor modelling of the top pr spectrum in our current generators, which becomes large
in this channel as we are searching high momentum top quarks. Figure 8.8 shows the large-R jet
pr in the top, lepton pr in the middle and small-R jet (close to the lepton) pr distributions in both
the channels. There is a small slope in the large-R jet pr distribution in the higher pr region. The
other distributions look consistent.
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Figure 8.8: The pr distribution of the (top) large-R jet pr, (middle) lepton pr, and (bottom) close-
to-lepton small-R jet in the boosted (a), (c), (e) electron and (b), (d), (f) muon channel.
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8.11 Statistical analysis

The statistical analysis is very similar to what used in the all-hadronic analysis in three steps as
described in section 7.12. The model-independent search is not set up yet, so those studies are
not included in this dissertation. The model-dependent search will be done after unblinding the
data in the signal region, and those results are also not included in this section. Only the initial
expected cross-section limits are shown in this section. The statistical treatment for calculating
limits corresponds to the description in section 7.12. The same statistical tools and methods are
used for this analysis. The likelihood function used in this search is the same as the one described
in Equation 5.19.

Results using only the Z[~, model are included in this dissertation. In the future, the other
models, described in section 8.4 will be included. For these studies, four signal regions are used:
boosted electron (be), boosted muon (bmu), resolved electron (re), and resolved muon (rmu). All
the systematics uncertainties are assumed to be fully-correlated across the four signal regions. It
is seen in the all-hadronic tf resonance search that having multiple signal regions categorized by
the number of b-tagged jets improves the limits slightly. In the future, these four signal regions
will be subdivided into categories based on the number of b-tagged jets to improve the sensitivity.
In the absence of data, all these studies are done with Asimov data. Two sets of results are shown
here:

* Background-only (b-only) fit: The Asimov data is created from the nominal background
spectrum,

* Signal + Background (s+b) fit: The Asimov data is created either using the signal + back-
ground spectrum or background spectrum depending on hypothesized signal strength ()
value.

Most of the experimental uncertainties are considered in this study, but the theoretical uncer-
tainties like tf modelling uncertainties are not included yet. They will be added to the statistical
analysis in the future. The effect of each systematic variation gets decomposed into shape effect
and normalization effect. The normalization components are always kept in this analysis, but the
shape components are dropped if the overall effect is less than 0.5%.

8.11.1 b-only profile likelihood Asimov fit

The Asimov data is created using the simulated background spectrum. In the background-only
fit, the signal strength is not included in the likelihood. Two free-floating normalization factors,
k(tf"), k(tf’) are used for the overall tf background normalization in the resolved and boosted
channel, respectively. The normalization factors are included in the likelihood to take care of the
normalization difference between data and simulation. The best-fit values of the normalization
factors are 1.0 as expected (Figure 8.9), but there are expected to take different values in the pres-
ence of data. We can see that we expect to be able to constrain these tf normalization factors to
2-3%. The best-fit values of the other nuisance parameters (NP) are shown in Figure C.1. Only
some of the large jet related systematics are constrained in the fit.

8.11.2 s+b profile likelihood Asimov fit

In this case, also, the Asimov data is created using the background spectrum estimated from the
MC simulation. Along with the normalization factors (k(tf"),k(tf’)) the signal strength ( ) is used
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Figure 8.9: The best-fit value of the normalization factors in the b-only fit.

as a free-floating parameter. The best-fit values of y and the two normalization factors are shown
in Figure 8.10, where the 4 TeV Z{, model is used as a signal. Since the Asimov data is created
from the background spectrum, the best-fit s value ji is 0 as expected. The best-fit values of the two
normalization factors are 1 with similar uncertainties as seen in the b-only fit. Figure 8.11 shows
the nuisance parameter ranking plot, where the NPs are ranked according to their expected impact
on p. Only the top 20 NPs are shown in this plot. It is seen that k(¢#’) has almost 10% impact on the
p value. It is also worth noting that some of the y-factors that represents the bin-by-bin statistical
uncertainties are highly ranked. In the future, it has to be studied if any sort of smoothing of the
nominal spectrum improves these effects. All the NPs constraints look consistent at this point and
none of the NPs are constrained more than 40%. The post-fit pulls of all the nuisance parameters
are shown in Appendix C.
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Figure 8.10: The best-fit value of the signal strength and the normalization factors in the s + b fit.
The uncertainty bar shows the combined effect of the statistical and systematic uncertainties.

8.11.3 Limit setting

95% CL limit on the cross-section times branching fraction of resonant new physics processes is
set with the Frequentist CL; method (subsection 5.3.6) using asymptotic formula (described in
subsection 5.3.5) in the same fashion as in the all-hadronic analysis (section 7.13). The 95% up-
per limit on the signal strength is converted to the upper limit for cross-section times branching
fraction by multiplying by expected signal cross-section times branching fraction. The expected
limits, and the +10 and +2¢ uncertainty bands are calculated making use of the Asimov dataset
using the asymptotic formula.

Expected 95% CL upper limits are calculated for two cases, with all the systematic and statis-
tical uncertainties and with the statistical uncertainty only. Z;-, model with I'/m = 1.2% is used
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Figure 8.11: Systematics ranking plot where the 4 TeV Z[, signal is used. Some of the gamma-
factors (bin-by-bin statistical uncertainties) along with some of the larger components of jet and
b-tagging systematics have large impact on p.

as the signal model. Limits are calculated starting from Z[~, 500 GeV to 5 TeV. The limits are

calculated for the following points using MC signal simulations
* 500, 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 2750, 3000, 4000, 5000 GeV.
The expected limits on Z{., signal cross-section times branching fraction are shown in Fig-

ure 8.12. The 95% CL expected limit on Z, (I'/m = 1.2%) mass is around 3.6 TeV whereas the
stat-only limit is around 3.8 TeV.
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Figure 8.12: The expected cross-section 95% CL upper limits on Z{-, signals.

8.12 Conclusion

This chapter described a tf resonance search in the single lepton final state, where one top-quark
decays leptonically, and the other top-quark decays hadronically. In this search, we are looking
for a narrow resonance using the full Run-2 data (139 fb!) collected by the ATLAS detector during
the year 2015-2018. Several benchmark signal models such as narrow width Z},, Kaluza-Klein
graviton, Kaluza-Klein gluons will be used to interpret the results. The s-channel dark-matter
mediator models will also be used, where the new resonance can be interpreted as a dark matter
mediator. The analysis involves several physics objects due to the complicated t# final state. Both
the boosted and the resolved top-decay topologies are studied in this search. The main discrimi-
nant is the invariant mass of the ¢f system, where the signal is expected to show up as a bump. The
primary strategy is to perform a model-independent statistical search on the tf mass spectrum. In
the absence of statistically significant deviations, an upper limit (at 95% CL) on the cross-section
times branching ratio will be placed on the tested signal model. A similar search was carried out
with partial Run-2 data (36.1 fb!), and no evidence of the new signal was found [250]. A narrow
width Z, (1.2% width) boson of mass lower than 3.2 TeV was excluded at 95% CL. Following
the previous analysis, several improvements are done in this full Run-2 search. As a result, the
expected cross-section limits improved by almost a factor of 1.5. The expected mass limit (1.2%
width Z[,) including only the statistical uncertainties improved from 3 TeV to 3.8 TeV based on
the current optimization. However, the expected sensitivity is less than that of the all-hadronic
search in which the expected stat only mass limit was 4.2 TeV. But in the future, a better sensitiv-
ity can be achieved by combining these two channels along with the dilepton ¢ final state. This
chapter presented the expected sensitivity only on the Z7., model; all the other models will be
used in the future. The results will also be interpreted with the dark matter mediator models after
the completion of this analysis.
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CHAPTER

NINE

Conclusions and outlook

The standard model (SM) of particle physics describes the ordinary matter particles and their in-
teractions. Besides its successes, the SM cannot explain some of the experimental observations like
particle origin of dark matter, or the origin of neutrino mass. To explain these observations and
address the other problems of the SM, several theories beyond the SM (BSM) evolved over the last
few decades. Most of these theories predict new particles, which can be related to new forces of
nature. The discovery of such new particles would reshape our understanding of the universe.

This dissertation presented experimental searches for new heavy particles that decay into two
SM particles. These searches used LHC proton-proton collision data at v/s = 13 TeV collected by
the ATLAS experiment. The studies presented here particularly look for the resonant production
of these new BSM bosons. These bosons can come from additional U(1) symmetries of the BSM
models. An additional U(1) symmetry can either come from breaking the symmetry of a BSM
model with a larger summery group, or we can ignore the exact symmetry breaking mechanism
and consider a minimal extension of the SM with this additional U(1) symmetry. In the dilep-
ton resonance search, we considered both of these cases to interpret the results. Whereas in the
tt resonance searches, we considered benchmark models with alternative electroweak symmetry
breaking that gives additional new gauge bosons. These search results can also be interpreted in
the context of s-channel dark matter mediator models with minimal extension to the SM. Two lep-
ton final states give us the cleanest signature in the detector, so it was one of the obvious places to
look for new physics at the beginning of the Run-2; with the increase of collision center-of-mass
energy in Run-2, these searches became exciting. The dilepton resonances search was particularly
exciting in 2016 because the data set increased almost ten times from the previous results pub-
lished with the data collected in 2015. A total of 36.1 fb™! of data, collected during 2015 and 2016,
was used in the dilepton resonance search presented in this dissertation. There was no sign of the
resonant signal in the two-electron or two-muon final states. In the absence of a new signal, we
set an upper limit on the signal cross-section times branching ratio at 95% CL. The cross-section
limits were also interpreted as lower limits on the mass of the BSM particle. Zgg,, (3% width)
bosons are excluded with masses below 4.3 TeV in the di-electron channel. There was almost 1
TeV improvement in the mass limit from the previous results published using data in 2015 only.
Following 2016, the analysis sensitivity with more data collected during 2017 and 2018 was not
expected to improve significantly. So I wanted to move on and explore BSM scenarios where the
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new particles couple preferentially with the third generation quarks; I chose the ¢f final state to
search for high mass top-philic resonances.

The dissertation described two searches for resonant ¢t production in the boosted all-hadronic
and semi-leptonic final states. These searches use 139 fb™! data collected during 2015 to 2018.
The sensitivities of these two channels were found to be similar in the past. Hence I studied both
channels. The SM background contribution in the boosted all-hadronic t resonance search was es-
timated by fitting an analytic function to the ¢f invariant mass spectrum in the data. We performed
a model-independent search for resonant signals and did not observe any evidence of a new sig-
nal. Hence an upper limit on the signal cross-section times branching ratio was placed at 95%
CL. New top-tagging, b-tagging, and background modeling strategies significantly improved the
sensitivity in this analysis. As a result, the signal cross-section limits improved by a factor of four.
The lower limit on Z}-, mass improved by 1 TeV, and Z{, bosons were excluded up to masses 4
TeV. A similar search in the semi-leptonic final state is currently on-going. Unlike the all-hadronic
search, both boosted and resolved final states are studied in the semi-leptonic tf resonance search.
The event reconstruction and background estimation strategies are very different from the boosted
all-hadronic tf resonance search. All the major SM backgrounds are modeled using Monte Carlo
simulation, whereas the QCD multijet processes are estimated using a data-driven method. Since
the analysis is still blinded, the dissertation presented the expected sensitivities with the full Run-
2 data. Based on the current optimization, the expected limit on Z-, mass is 3.6 TeV. Although
the signal cross-section limits are slightly weaker than the boosted all-hadronic final state, a com-
bination of these two channels will improve the sensitivity. Soon we want to combine results from
all the tf final states to improve the overall sensitivity. The tf resonance search results will also be
combined with the other resonance searches in ATLAS using the benchmark Heavy Vector Triplet
model. With our tf resonance search results, we will be able to probe the coupling of the BSM
boson to the third generation quarks. The results from the boosted all-hadronic final state are
also interpreted in the context of the dark matter mediator models; the same will be done for the
semi-leptonic final state.

Following Run-2, the next run of the LHC will begin in early 2022. The collected data is ex-
pected to be roughly double the amount of current data by the end of Run-3 in 2024. This increase
in luminosity alone is not going to improve the sensitivities of these searches significantly. So, we
need to apply novel techniques to extract even more of the information from data. In the searches
presented in this dissertation, we used one discriminant to identify the signals. A multivariate
approach with likelihood-free inference could help us regain some of the information lost while
building a summary test statistics from the discriminant. It could be a potential direction for the
Run-3 analyses. Furthermore, the tf resonance searches could benefit from the improvement in jet
reconstruction in ATLAS. The identification of the top-jets is also expected to improve if we use
optimized jet definitions in the top-tagging algorithms. The searches described in this dissertation
focus mostly on the narrow width resonances. In the absence of any hint of such signals, searches
for broad excesses are also becoming important. Such a search already exists in the dilepton final
state, but there is no such search in tf final states. Another interesting model-independent way of
looking for new physics is to parameterize cross-section measurement results with Effective Field
Theory (EFT) operators. There are several technical difficulties of using EFT approaches that are
currently being worked on by both experimentalists and theorists, but it could be a potential new
direction for finding hints for new physics.

Besides doing physics searches, it is also necessary to study the reconstruction of the objects
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used in physics analysis. Lately, the usage of several machine learning (ML) techniques increased
a lot in various steps in object reconstruction. One such application was discussed in this disserta-
tion. It allowed me to build an experience of using ML-based algorithms. It was valuable since this
is something I also want to pursue further in future research. We studied the tracking associated
with the high pr jets. These jets are used in several physics searches including the tf resonance
searches described in this dissertation. In the core of high pr jets, the charged particle tracks
are very close to each other. They are often so close that the average separation is comparable to
the granularity of individual sensors and their charge clusters in the pixel detector get merged.
Currently, ATLAS uses an ML algorithm based on neural networks to split these merge charge
clusters. The dissertation discussed a new algorithm based on Mixture Density Networks (MDN)
developed to do the same job more efficiently and more accurately. MDN used fewer steps com-
pared to the current algorithm, hence their use will speed up the process. The performance of the
MDN-based algorithm is either comparable to or better than the current algorithm. It is expected
that MDN will improve the impact parameter resolution and b-tagging performance. The impact
of using MDN in tracking is currently being studied in the context of Run-3. Even though MDN
performance is good, there is still room for improving MDN by optimizing the mixture model
and changing the training input variables. Following the end of Run-3, the High Luminosity LHC
(HL-LHC) will begin in 2026, and the ATLAS inner detector will be replaced with new detectors.
During HL-LHC runs, the average pileup will increase roughly by a factor of four, and track re-
construction will be even more challenging. MDN will serve as a good starting point for future
algorithms necessary in the tracking during HL-LHC.
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APPENDIX

A

Jet Calibration

In this appendix, some of the steps used to calibrate different types of jets in ATLAS is described.
Calibration of EMTopo jets are described in section A.1. The calibration sequence for PFlow jets
are shown in section A.2. MC based calibration of large-R jet is summarized in section A.3.

A.1 EMTopo jet calibration

This section describes the steps used to calibrate the EMTopo jets. A more detail description is
available in [183].

Jet Origin Correction

The directions of the topoclusters in 11— ¢ plane are defined as from the center of the ATLAS detec-
tor to the energy-weighted barycentre of the associated calorimeter cells. Thus the reconstructed
jet momentum points to the center of the ATLAS detector. The origin correction recalculates the
jet four-vectors such that it points to the hard-scatter primary vertex while keeping the jet energy
constant. This correction improves the 7 resolution (#yeco — Htruth) from roughly 0.06 to around
0.045 at jet pr = 20 GeV. The improvement is even better for jets with pr higher than 200 GeV for
which the resolution improves from 0.03 to below 0.006 [183].

Pileup Corrections

Pileup corrections are used to remove the additional energy deposited within the jet radius due
to in-time and out-of-time pileup effects. First, an area-based correction is done by removing the
per-event pileup contribution to the jet pr. This effect is estimated from the median jet py density,
p, in the 7 — ¢ plane. The pileup effect is assumed to be distributed roughly uniformly. So the
resulting pileup effect on jets should be proportional to the jet area. Certainly, the pileup is not
exactly uniform and that has to be considered. Hence after the area-based correction, there is still
a residual dependence on the reconstructed jet py. This additional correction is parametrized in
terms of the number of primary vertices (Npy) and the number of average interactions, . This
way of parametrization takes into account both in-time and out-of-time pileup effects. Typically
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A.1. EMTopo jet calibration

the jets in the central detector region gets corrected by +1 GeV from these residual corrections.
The pileup-corrected jet pr can be written as

p%orr:p%eco_ pxA —ax(Npy—1)- Bxu (A.1)

~—— S ~——
area-based in-time residual out-of-time residual

where @ and  parameters are derived from simulation and can be mathematically expresses at
the slope of individual residual term, a = dpp/JdNpy and B = dpr/dp.

Jet Energy Scale and 7] correction

Next, the absolute jet energy scale calibration is applied to correct the reconstructed jet energy
(EM-scale) to the truth particle jet energy. In this process, the reconstructed jet four-momentum
is corrected to that of the associated truth jet using Pyraia MC samples. This correction accounts
for the energy loss due to dead material, out-of-cone radiations (radiations outside the jet radius),
reconstruction inefficiencies, non-compensating calorimeter response, and also accounts for bias
in jet 1 reconstruction. To derive this calibration, reconstructed jets are geometrically matched to
truth jets within AR = 0.3. Only isolated jets with no other calorimeter jet with pr > 7 GeV within
AR = 0.6, and with only one associated truth jet with ptTr“th > 7 GeV within AR = 1.0 are used to
avoid ambiguity in truth matching. The inverse of the energy response, E*°/E"uth is used as the
correction factor. Figure A.1a shows the average energy response as function of #4et. 74et is the i
pointing from the geometric center of the detector and is useful to remove the ambiguity of the jet
position. A bias is observed in the reconstructed jet 7 distribution as shown in Figure A.1b. The
bias is larger in the calorimeter transition regions, barrel-endcap (|#jget| ~ 1.4) and endcap-forward
(I77det] ~ 3.1) transition regions where the calorimeter geometry and technology changes. In order
to address this effect, a second correction factor is derived. The second correction factor is the
difference between the reconstructed and the truth jet #, as shown in Figure A.1b. Jets after these
two corrections have been applied, are referred to as EM+]JES jets.

B e e s e T T o e & RS s S
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@ 0.9F o ™= 400 Gev anti-k, R = 0.4, EM scale 3 o 0.06, g 400 Gev anti-k, R = 0.4, EM scale ]
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Figure A.1: EM topo jet energy response and 7 correction factor as a function of detector pseudo-
rapidity, 774et- (@) The average energy response as a function of 74 for jets for a truth energy of 30,
60, 110, 400, and 1200 GeV. (b) Signed difference between the truth and reconstructed jet 1 as a
function of #14e. An 7 correction applied to address the bias. Figure taken from [183].
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A.2. PFlow Energy scale correction

Global Sequence Calibration

After doing the previous calibrations, residual effects are observed on the transverse and longitu-
dinal features of the jets. Global sequence calibration [183] is a series of corrections that accounts
for the remaining residual effects. Such differences occur since the calorimeter response and the jet
reconstruction algorithm are sensitive to fluctuations in jet particle composition and energy dis-
tribution within the jet. A quark-initiated jet often comprises of fewer hadrons, each with a higher
fraction of the jet py and thus penetrates further into the calorimeter. Hence produces a higher
calorimeter response on average. A gluon-initiated jet, on the other hand, contains more particles
with relatively softer pr, producing a lower calorimeter response and a wider transverse profile.
The correction is derived using a set of five observables to flatten the jet energy response without
changing the mean jet energy. It also uses muon track segments associated with the jet to reduce
the tail of the response distribution caused by high pr jets, that are not always fully-contained in
the calorimeter system.

In-situ calibration: EMTopo jet

This is the last stage of the jet calibration, and it accounts for differences in the jet response between
data and MC. The differences arise due to several imperfections in the detector description and
response in simulation [183] as well as non-constant calorimeter performance during data taking.
The 7-intercalibration corrects the average response of forward jets (0.8 < || < 4.5) to that of
central jets (|#/| < 0.8) using pr balance in dijet events. Then Z/y+jets events are used to balance
the recoiled jets against a calibrated Z-boson or a y in the central region. Finally, multijet events
are used to calibrate a high-pr jet against a system of well-calibrated low pr jets, the so-called
multijet balance (MJB). The Z/y+jet and MJB are computed for central jets but also applied to the
forward jets. A statistical combination of the Z/y+jet and MJB is done to get a smooth calibration
application over the full momentum range.

A.2 PFlow Energy scale correction

The steps are the same as used for EMTopo jets. The energy response (E'°/E™"h) prior to the
correction is shown in Figure A.2. The response is shown for the MC events where the distributions
are binned in energy of the matched truth jet.

A.3 Large-R jet energy and mass scale calibration

The MC based calibration is very similar to small-R jets but it’s a two-step process. First, the
jet energy is corrected with the inverse of the jet energy response as discussed in section A.l.
Figure A.3a shows the pre-calibrated jet energy response as a function of large-R jet #4e;. The
correction is roughly 5-10% and has an 7 dependent structure because of the detector geometry.
Subsequently, a jet mass calibration is applied for the large-R jets. Since jet mass is more sensitive
to soft, wide-angle contributions, cluster splitting, and merging and calorimeter geometry, it is
important when jets are used in physics analysis. In order to do the jet mass calibration, the jet
mass response, m™°/mTh is defined in the same way as jet energy response. In this thesis,
top quarks are used, as a result, the jet mass calibration to the top mass scale is very important.
Figure A.3b shows the pre-calibrated mass response for truth top quark mass. The mass response
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A.3. Large-R jet energy and mass scale calibration
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Figure A.2: The response, E°/E"uth of PFlow jet is shown as function of jet 1 for the MC dijet
events. The different colored distributions shown in this figure correspond to jet truth energy 30,
60, 110, 400, 1200 GeV. Figure taken from [185].

is close to unity for the jets with pr between 200 and 800 GeV and becomes much higher or lower
outside this range due to splitting or merging clusters.
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Figure A.3: (a) Large-R energy response as a function of detector pseudorapidity, #4e; for several
truth energy values between 200 GeV and 2 TeV. (b) Large-R mass response as a function of 74
for truth jet mass set to top quark mass (172.5 GeV). Figure taken from [190]
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APPENDIX

B

Additional studies in boosted all-hadronic
tt resonance search

This Appendix includes some additional studies and plots related to the boosted all-hadronic ¢f
resonance search described in chapter 7. The data driven multijet estimation method is discussed
in details in section B.1. Additional plots related to the statistical analysis of the boosted all-
hadronic tf resonance search are shown in section B.3.

B.1 Data-driven estimate of SM multijet process

It is difficult to simulate multijet processes. The multijet simulation mentioned in subsection 7.3.2,
is basically LO dijet simulation with additional radiation. The simulated multijet process does not
describe the data well. Figure B.1 shows the comparison between data and simulation (PyTHia 8
multijet + tf) of the m;; distribution in VR1b and VR2b. There is a significant difference between
simulated background and data. The background only agrees with data within large top-tagging
systematic uncertainties, mostly coming from the effect of the jet energy scale variations on the
top-tagging scale factor. Also, the low MC statistics of the multijet sample in the low mass region
leads to large statistical fluctuations there.

Therefore, to estimate the multijet background a data-driven approach based on extended
“ABCD” background estimation [251] is used. In a standard ABCD method, the 2-dimensional
phase space, spanned by two independent variables, is divided into four orthogonal regions, A, B,
C, and D. It is assumed that the two directions corresponding to features of the events are inde-
pendent and the contribution of the QCD background is not correlated. So, with that assumption,
we can write the number of QCD events in region A in terms of the QCD counts in regions B, C,
and D as

QCD QCD

N~ N¢
QCD ~ ,QCD"

Ny Np

Region A in the example can be though as a signal region and the other three regions are like
QCD control regions.
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B.1. Data-driven estimate of SM multijet process
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Figure B.1: m,; distributions with the simulated multijet background in the two validation regions:
(a) VR1b and (b) VR2b. The multijet background is estimated using PyrHia 8 multijet MC samples.
Data only agrees with background within the large systematic band.

In this analysis, a total of 16 regions are defined based on top-tagging of the large-R jets and
the number of associated b-tagged track jets. Table 7.12 shows the regions defined according to
whether the leading and subleading large-R jets pass or fail the top- and/or b-tagging require-
ments. Previously defined SRs and CR are included in these 16 regions. The SRs defined in
subsection 7.7.2 correspond to SR1b,, 4, SR1 bt};tb and SR2bys,. The first (last) two subscripts cor-
respond to the leading (subleading) large-R jet. These two subscripts indicate whether the jet is
tagged (j) or not (/) where j =t (b) corresponding to top-tagging (b-tagging). SR1b consists of the
sum of the two regions, SR1b,,,y and SR1b,y,,. In the SR2b signal region both large-R jets are top-
as well as b-tagged. So, SR20b is denoted as SR2b;y;;, in the new notation. The previously defined
CROb in subsection 7.7.1 is here defined as the ‘template region’ TR, . It is dominated by multijet
events with a purity of 97%. Hence TR,y is used to extract the shape of the multijet distribution.
The multijet background contributions expected in the SRi (i = lbtbt};, 1bt}7/tb’ 2bsptp), Nexp(SRi), is
obtained by multiplying the observed events in the TR, N (TRtW;), by scale factors R for either one
or both leading top-tagged jets to be b-tagged:

Nexp(SRi) = N(TR ) x R(TR g — SRi). (B.1)

Here the N without subscript represents the observed number of events in the region given in

the brackets.
SR1b is a combination of two regions, thus two scale factors need to be calculated. The two

scale factors are
N(Ay,,)

—_
-
<

R(TRt}ft}f — SRlbt}ftb) = Ky, X N(Bﬂ{tl{)’ (B.2)
N(I
R(TR 4 — SR1by) = Kpyp, X ﬁ/i% . (B.3)

The «,p, (%4,p,) factor accounts for the correlation between the top-tagging of the leading (sub-
leading) large-R jet and the b-tagging of the subleading (leading) large-R jet. The scale factors
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B.1. Data-driven estimate of SM multijet process

from TR,y to SR2b;yy, have two values, R; and R,, corresponding to the two possible paths:
TRth’t}f — SRlbt}a’tb — SR2b;ps and TRt}{t}{ — SRIbtbt}; — SR2byyy, respectively.

N(Ez,y)
Ry(TRyy — SR2by) = R(TR gy — SR, g ) ey, x 08, (B.4)

N(G
Ry(TR gy — SR2byyyy)) = R(TR, 0 — SR1byy ) x iy, X ﬁ% (B.5)

~

The two resulting Ney,(SR2byy4p) values agree within 20%, and the average is used as the final
prediction for the region SR2b;ys,. The x4 3, (k4,p,) factor is obtained as follows:

Kth:(N(th;fb))/(N(CWb)), . :(N(E}zbd{))/(N(F}zhﬂ{))' (B.6)
o Ny AN D) T NGBy AN D)

Similarly, the x; p, (x4,5,) factor is defined as follows:

_( Nyppp) )/( N (Fppp) ) _ (N(At%tb>)/(N(Ct%fb))
Ktlbl_(N(Htw) NOy " " T \NByy | \NDy) | B

These calculations in Equation B.1-Equation B.7 are performed bin-by-bin for the m;; distri-
butions in all relevant CRs.The values of the x;;, and x;,, factors range between 0.94 and 1.0
while those of x;;, and «x;,;,, have larger values around 1.6-1.7 in the m; region of 1.4-6.0 TeV.
This indicates only very small correlation between the top- and b-tagging of different jets but a
relatively strong correlation between the probability of b-tagging and top-tagging a given jet.

The m,; distributions in the multijet control region (CR0b) are shown in Figure B.2. The data-
driven multijet distributions are obtained by simply subtracting the ¢f contribution from the data.
As a result the background agrees perfectly with data. Similar distributions with the data-driven
multijet estimation in the validation regions VR1b and VR2b are shown in Figure B.3. It is seen
that the agreement of data and background becomes much better in the validation regions. The
agreement is better in VR1b and there is no clear trend observed in the ratio plot. The m,; distri-
butions in the signal regions are shown in Figure B.4. It can be seen that the data agrees well with
the background.
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Figure B.2: m,; distributions with (a) simulated (Pyrnia 8) and (b) data-driven multijet estimate
are compared in the control region. The multijet estimation is done from the data after subtracting

the tf contribution.
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Figure B.3: m,; distributions with data-driven multijet background in the two validation regions:
(a) VR1b and (b) VR2b. The multijet background is estimated using data in the multijet extend
ABCD control regions. Data agrees better with the background when using the data-driven mul-

tijet estimate.
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B.2. Control plots
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Figure B.4: my; distributions with the data-driven multijet background in the two signal regions:
(a) SR1b and (b) SR2b. The multijet background is estimated using data in the extend ABCD
control regions.

B.2 Control plots

The distributions of some of the kinematic variables are shown in this section. In these control
plots, the background is estimated using MC simulated ¢f and data-driven multijet process. Al-
though the background contribution to the final discriminant, m;;, is estimated from data directly
the plots in this section give us some qualitative understanding of the background estimation (MC
tt+ data-driven Multijet).

B.2.1 Signal region plots

The pr distributions of the leading and the subleading large-R jets are well modeled and data
agrees with background quite well as shown in Figure B.5 in the signal regions. The large-R jet
mass on the other hand is not well modeled in both the signal regions. The modeling is relatively
well in the 1b signal region but in the 2b signal region data does not agree with the background
good as shown in Figure B.6. The systematic band does not include all the jet calibration system-
atic uncertainties. Similar behaviour is observer in the jet substructure variable 73, distribution
(Figure B.6¢c and Figure B.6d). The disagreement in the SR2b indicates that it is likely coming from
SM tf modeling.
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Figure B.5: Leading and subleading large-R jet pr distribution in SR1b (top row) and SR2b (bottom
row). All the jet uncertainties are not included in the systematic band. The small disagreement in
SR1b is most likely coming from t background.
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Figure B.6: Distributions of the leading large-R jet (a, b) mass and (c, d) 73; in (a, ¢) SR1b and
(b, d) SR2b. The distributions are not well modeled in SR2b due to ¢ mis-modeling. All the jet
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B.3. All-hadronic stat

B.3 All-hadronic stat

This section contains additional plots related to the boosted all-hadronic tf resonance search. The
fit results on the Asimov data are not included in chapter 7 and those are presented here. In
addition, the section contains some of extra plots related related to b-only and s + b fit using data.

B.3.1 b-only profile likelihood fit: Asimov

The Asimov data distribution is the same as the background distribution, but the bin error are
adjusted according to Poisson error. In this is section the results of the background-only fit are
discussed. The b-only fit is relatively simple and the likelihood only includes the four background
uncertainties. Figure B.7 shows the best-fit NP pulls for the four background NPs. The fit param-
eter uncertainties get constrained up to ~ 50 — 60% in both signal regions.

Fitting

Spurious signal 2bSR
Spurious signal 1bSR
Fitparameter unc. 2bSR
Fitparameter unc. 1bSR

-2 -1 0 1 2
(6-6,)/26

Figure B.7: The best-fit values of the NPs in the background-only likelihood fit on the Asimov
data. The fit parameter uncertainties can be constrained to ~ 50 — 60% by the fit.

The correlation matrix is also calculated with the background systematics. Figure B.8 shows

the NP correlations greater than 0.1. As a result, only two systematics out of four are shown in
each signal region.

Fitparameter unc. 1bSR 0.0 -11.3 -0.0

Fitparameter unc. 2bSR 0.0 0.0 -18.9

Spurious signal 1bSR -11.3 0.0 -0.0

Spurious signal 2bSR -0.0 -18.9 -0.0

Fitparameter unc. 1bSR
Fitparameter unc. 2bSR
Spurious signal 1bSR
Spurious signal 2bSR

Figure B.8: Post-fit (ASIMOV) correlation matrix of the four background systematic NPs
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B.3. All-hadronic stat

B.3.2 s+b profile likelihood fit: Asimov

In this section the signal + background fit results are discussed where the 4 TeV Z-, signal model
is used. Since we are using Asimov data again, the best-fit value of the signal strength is expected
to be zero. This time, all the signal systematics along with the background systematic uncertainties
are included in the likelihood. None of the uncertainties are pruned, and they are symmetrized
before including in the likelihood. The best-fit signal strength value can be seen in Figure B.9. In
this picture, the error bars show the combined effect of the statistical and systematic uncertain-
ties. Figure B.10 shows the best-fit signal strength value from a similar likelihood fit where the
systematic uncertainties are not included.

° 0.44
- 0.00 .,

n(zZ't)

-06 -04 -02 0 02 04 06 038

Figure B.9: The best-fit signal strength value where statistical and all the systematics uncertainties
are included in the likelihood. The error bar shows the combination of the statistical and system-
atic uncertainties.

0.34

-0.00 %% | p(z'th)

-04 -0.2 0 0.2 0.4 0.6

Figure B.10: The best-fit signal strength value where the systematic uncertainties are not included
in the likelihood. The error bars represent only the statistical uncertainties.

The post-fit values of all other nuisance parameters are shown in Figure B.11. Since we are
using Asimov data the signal uncertainties are not expected to affect the fit much. As a result,
Figure B.11 shows that none of the signal NPs can be constrained. On the other hand, some back-
ground systematics can be constrained significantly. The fit-parameter uncertainties in both the
signal regions can be constrained more than 50%. The spurious signal uncertainty in the 1b-tag
signal region can be constrained approximately 10%.

The correlation matrix is also calculated for all the NPs and the signal strength. Figure B.12
shows the correlation matrix where only correlations above 0.1 are included. Most of the signal
uncertainties have almost zero correlation. Hence, only the background uncertainties appear in
this matrix.

To understand the effect of the NPs on the likelihood fit, ranking of the all NPs are studies
based on their impact on the estimated (best-fit value) signal strength. Figure B.13 the top twenty
systematics. The background systematics have effect on the fit, as a result they are ranked at the
top. The impact of the four background systematics goes up to 15%. All the signal uncertainties
have almost zero impact, as expected in the background-only Asimov data.
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Figure B.11: Post-fit NP pulls where 4 TeV Z;, signal model is used. Signal NPs cannot be
constrained in absence of signal. Only the four background NPs can be constrained by the fit.
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Figure B.12: Post-fit correlation matrix of the systematic NPs and signal strength for Z’ mass 4 TeV.

Most of the correlations are zero. Only the background uncertainties have strong correlation with
the POL.
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Figure B.13: Systematics ranking plot based on there impact on the signal strength for the 4 TeV
Z1c, signal model. Only the four background uncertainties has significant impact. Since, the POI
value is very close to zero and the signal systematics have very negligible impact.
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B.3.3 b-only profile likelihood fit: Data

This section shows the NP correlation matrix obtained from the background-fit using data as dis-
cussed in subsection 7.12.1. Figure B.14 shows the correlation matrix where only correlations
above 0.1 are included. There is some correlation between the fit parameter uncertainties and the
spurious signal signal uncertainties.

Fitparameter unc. 1bSR

Fitparameter unc. 2bSR

Spurious signal 1bSR

Spurious signal 2bSR

Fitparameter unc. 1bSR
Fitparameter unc. 2bSR
Spurious signal 1bSR
Spurious signal 2bSR

Figure B.14: Post-fit (b-only) correlation matrix of the background systematic NPs observed in
data.

B.3.4 s+b-only profile likelihood fit: Data

This section includes the extra results of the signal + background fit discussed in subsection 7.12.1
where the 4 TeV Z[, signal is used. The best-fit signal strength value is —0.24f8:‘31g as shown in
Figure B.15. The error bars show the combined effect of the statistical and systematic uncertain-
ties. Figure B.16 shows the best-fit signal strength value from a similar likelihood fit where the
systematic uncertainties are not included. The best-fit value of signal strength is —0.18*032 which
is close to the value obtained from the previous setup.

Thzt)

hd -0.24

-08 -06 -04 -02 0 02 04 06

Figure B.15: The best-fit signal strength value observed on data in presence of statistical and all

the systematic uncertainties. The error bars are combination of statistical and systematic uncer-
tainties.

The post-fit nuisance parameter pulls are shown in Figure B.17. The fit-parameter uncertain-
ties are constrained more than 50% by the data. In addition both of them are slightly pulled. The
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1 -0.18 {z'th)

-0.6 -0.4 -0.2 0 0.2 0.4

Figure B.16: The best-fit signal strength value observed on data in presence of only the statistical
uncertainty. The error bars represent the statistical uncertainties only.

spurious signal uncertainty in 1b-tag signal region are constrained by 10% and slightly pulled.
JES modelling uncertainty is the dominant signal systematics and as a result gets constrained as
well as pulled by the maximum amount. It is pulled by 0.6 — 0.70, other JES components are
comparatively less affected in the fit.
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Figure B.17: Post-fit (s+D fit) NP pulls where 4 TeV Z-, signal model is used. Fit parameter uncer-
tainties are contained more than 50% by the data. The JES modelling uncertainty gets constrained
and pulled by the data.
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B.4 Model-dependent search

This section contains a table (Table B.1 with all the local p-values of the profile likelihood-based
significant scan for different signal mass point. Z;, signals with I' = 1.2% are used for this scan.

Table B.1: Summary of the significance scan of Z;, signals with relative width I' = 1.2%. Local
significance values are within 1.60 in the search range. The minimum local pjy-value is found to
be 0.06 (1.560) at Z7-, mass of 1.875 TeV.

Z’ pole mass (TeV) ‘ local py-value ‘ local significance (o)
1.75 | 0112 | 1.2
1.875 | 0.060 | 1.6
2.0 | 0788 | -0.8
2.125 | 0809 | -0.9
2.25 | 0517 | -0.0
2.375 | 0554 | -0.1
255 | 0637 | -0.4
2.625 | 0.636 | -0.3
2.75 | 0583 | -0.2
2.875 | 0226 | 0.8
3.0 | 0143 | 1.1
3.25 | 0136 | 1.1
3.5 0719 | -0.6
3.75 0735 | -0.6
4.0 | 0731 | -0.6
4.25 | 0800 | -0.8
4.5 | 0594 | -0.2
4.75 | 0429 | 0.2
5.0 | 0520 | -0.0
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APPENDIX

C

Additional studies in semi-leptonic tf
resonance search

In this Appendix, some additional plots related to the semi-leptonic ¢f resonance search described
in chapter 8 are included. The post-fit nuisance parameter fits are shown in this Appendix.

C.1 Statistical analysis

In this section, post-fit the nuisance parameter plots are shown.

C.1.1 b-only profile likelihood Asimov fit

In the background-only fit, the signal strength is not included in the likelihood. All the other
systematic uncertainties are included in the likelihood. The best-fit values of the all the nuisance
parameters (NP) are shown in Figure C.1. Only some of the large jet related systematics are con-
strained in the fit.

C.1.2 s+b profile likelihood Asimov fit

The best-fit values of all the NPs are shown in Figure C.2. In the Asimov fit, they all take best-fit
value of 0 and most of the NPs do not get contained in the s+b fit. Some of the large systematics
are constrained by almost 50%. The NP constraints are very similar to that of the b-only fit.
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Figure C.1: The best-fit values of the NPs in the background-only likelihood fit. The best-fit values
are all zero in the Asimov fit, and the uncertainty bars give a measure of constraints in the fit. Most
of the NPs are very minimally constrained, since the absolute values of the error bars are close to
1. Some of the large jet systematics are constrained by roughly 50%.
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Figure C.2: The best-fit values of the NPs in the signal+background likelihood fit where 4 TeV
Z1c, signal model is used. Here Z -, with mass 4 TeV is used as the signal model. The best-fit
values are all zero in the Asimov fit, and the uncertainty bars give a measure of constraints in the
fit. Most of the NPs are very minimally constrained, since the absolute values of the error bars are
close to 1. Some of the large jet systematics are constrained by roughly 50%.
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