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Abstract

This master thesis sets an improved expected exclusion limit on a scalar S Leptoquark
model solely coupling to an electron and a b-quark as part of an ongoing research
by ATLAS. The exclusion limit is gained by searching for a resonant Leptoquark
production using full Run 2 data of the ATLAS experiment which corresponds to a
proton-proton collision with a center-of-mass energy of /s = 13 TeV and an integrated
luminosity of 140 fb~! . Additionally, the simulation of the signal model uses a lepton
parton distribution function and has a next-to-leading-order signal precision. This
next-to-leading-order precision leads to the production of final states with one and
two leptons motivating a search in both final states. After optimizing the exclusion
significance in both cases separately, they are recombined in a statistical analysis.
The results of this thesis leads to the conclusion that the ongoing resonant search is
capable of excluding new regions. These new expected exclusion limits range from
Leptoquarks with masses of 1.8 TeV and a coupling A of 1.2 to Leptoquarks with
masses of 2.6 TeV and a coupling A of 3.5 at a 95% confidence limit.
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Zusammenfassung

Diese Masterarbeit setzt eine verbesserte erwartete Ausschlussgrenze auf ein skalares
S, Leptoquark Modell, welches nur an ein Elektron und ein b-quark koppelt, als Teil
einer laufenden Forschung von ATLAS. Diese Ausschlussgrenze wird erreicht, indem
nach der resonanten Produktion eines Leptoquarks mit den gesamten Run 2 Daten des
ATLAS Experiments, welche einer Proton-Proton Kollision mit einer Schwerpunktsen-
ergie von /s = 13 TeV und einer integrierten Luminositéit von 140 fb~! entsprechen,
gesucht wird. Zusétzlich benutzt die Simulation des Signalmodells eine Lepton Par-
tondichtefunktion und hat eine "next-to-leading order" Signalprézision. Diese "next-
to-leading order" Prézision fithrt zu der Produktion von Endzustdnden mit einem oder
zwei Leptonen, was zu einer Suche in beiden Endzustdnden motiviert. Nachdem die
Ausschlusssignifikanzen in beiden Féallen optimiert wurden, werden sie wieder in der
statistischen Analyse kombiniert. Die Ergebnisse dieser Masterarbeit fithren zu der
Schlussfolgerung, dass die laufende Suche nach resonant produzierten Leptoquarks in
der Lage ist, neue Regionen auszuschlieen. Diese neuen erwarteten Auschlussgrenzen
reichen von Leptoquarks mit Massen von 1.8 TeV und einer Kopplung A von 1.2 bis zu
Leptoquarks mit Massen von 2.6 TeV und einer Kopplung A von 3.5 mit einer 95%igen
Konfidenzgrenze.
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1. Introduction

Physics is a very old field of science originating from the ancient urge to understand
the world around oneself and the motivation to accomplish previously impossible tasks
using analytical thinking with the second one building the bridge to inventions and
engineering. This dates back more than two thousand years. A prime example at
around 250 BC would be Archimedes which, among many other things, introduced
the fundamentals of statics and the Archimedes’ Principle describing the displacement
of liquids and the accompanying force letting objects flow.

The understanding of physical processes is ever expanding and evolving with every
new theory being based on the whole knowledge of previous physicists and conclusions
while generalizing the observations. The probably most famous example for this is
the fundamental understanding of classical mechanics and gravity from Isaac New-
ton in the late 17th century which describes the motion of objects moving at speeds
commonly found at scales accessible by humans at this time with incredible precision.
Classical mechanics was the leading theory to describe motion and gravity for over 200
years and is still commonly used to date due to its simplicity. But in 1905 and 1915,
Albert Einstein introduced special relativity [1] and general relativity [2] respectively,
proving that Newtons gravity concept is an effective theory only applicable at low
energies. When going to higher energies, becoming relevant at scales some orders of
magnitude smaller than the speed of light or masses at the scale of planetary masses,
relativistic mechanics have to be applied to describe the system correctly. This is not
contradicting Newtons observations as relativistic mechanics asymptotically lead into
classical mechanics when going to lower energies. Without the discoveries of Newton,
special and general relativity could not have been developed being closely related and
intertwined.

The same most likely holds true for the Standard Model of particle physics being a
great theory explaining the fundamental particles known today with unprecedented
precision, even predicting the Higgs boson which was only discovered in 2012 [3, 4].
But the Standard Model does not explain everything with many questions left open.
Some of these open questions are the asymmetry between matter and anti-matter in
the universe, the absence of a dark matter candidate and a possible unification of the
fundamental forces. This motivates to the creation of extended physical frameworks
which would be called Grand Unified Theory in the case of the unification of the
strong force, the weak force and the electromagnetic force. There are many different
Grand Unified Theories proposed but all of them take the Standard Model as baseline
and lead asymptotically into the Standard Model when going to lower energies.

To discover the boundaries of physics, particle accelerators have been developed and
build for almost 100 years. The largest and highest energetic accelerator to date is
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the Large Hadron Collider [5] at CERN near Geneva, Switzerland where experiments
such as ATLAS [6] and CMS [7] are located. It is a proton-proton collider with a
center-of-mass energy of /s = 13 TeV during Run 2 which is the data used in this
thesis. These scales of energies allows to uncover the limits of the Standard Model
by e.g. searching for new particles. One of these particles is the Leptoquark which
is a hypothetical boson carrying both a lepton and baryon number. It is predicted
by many Standard Model extensions, especially Grand Unified Theories, directly con-
necting leptons and quarks. A discovery of such a particle would pave the way for
Grand Unified Theories.

This thesis is part of an active ATLAS group searching for the resonant production of
a Leptoquark using a scalar S1 Leptoquark model with an electric charge of Q = —4/3.
The search includes Leptoquarks coupling to different charged leptons and quarks and
this thesis uses Leptoquarks only coupling to an electron and a b-quark. For this, a
next-to-leading-order (NLO) signal precision is used which includes a lepton parton
distribution function necessary for the resonant production. A next-to-leading-order
signal precision for the resonant production of Leptoquarks results in two leptons in
the final state around 30% of the time which motivates a search in final states with
1 electron and 2 electrons with each having an additional b-jet originating from the
b-quark.

To cover the theoretical knowledge needed for this thesis chapter 2 gives a rough
overview of the Standard Model both from a more general and a more mathematical
perspective, explains proton-proton collisions in more detail and talks about physics
beyond the Standard Model including properties and current constraints on Lepto-
quarks. Chapter 3 provides information on the ATLAS experiment, its detector com-
ponents, how the measured data is used to reconstruct them into physical objects and
how to simulate events creating an elaborated prediction of the measured data. Then,
specifics on the collision data and the simulated data and how they are created is elab-
orated on in chapter 4. After having produced simulated backgrounds and signals, the
following chapters describe the main focus of this thesis. It starts with chapter 5 de-
scribing the selected objects and some basic preselection cuts to reduce the amount of
data having to be processed. After that, the kinematic distributions are investigated
and understood to explore the behaviour of the final state. Then, cuts are identi-
fied and optimized which maximize background rejection while also keeping a good
signal efficiency. Additionally, signal regions, control regions and validation regions
are defined each serving different purposes. Signal regions maximize the sensitivity
to find a Leptoquark, control regions are used to correct for mismodeling of Monte
Carlo Simulations by fitting the simulation to data and validation region ensure that
the corrections gained from the control regions can be applied to signal regions. After
having an optimal sensitivity to find deviations from the Standard Model, chapter 6
talks about the inner workings of the statistical analysis and the systematic uncer-
tainties included in this thesis. Afterwards, the results of the statistical analysis are
provided in chapter 7 including tests of the results and expected exclusion limits on
Leptoquark models. Finally, conclusions, suggestions for the next steps and ideas to
improve the results of this thesis are provided in chapter 8.



2. Theoretical Background

This chapter will tackle the theoretical basics necessary to understand the motivation
and physical conclusions made in this thesis. First, the Standard Model of particle
physics will be presented by introducing the elementary particles and explaining the
basic mathematical structure of quantum field theory. Using the Standard Model the
phenomenology of proton-proton collisions are explained including the calculation of
Feynman diagrams. After that, open questions within the Standard Model are raised
and possible theories that go beyond the Standard Model are discussed. Finally, the
theory behind the Leptoquarks is given including the current exclusion limits.

2.1. Standard Model of Physics

The Standard Model (SM) unifies a lot of physical observations by providing a math-
ematical description of three of the four fundamental forces with gravity being not
included. First the fundamental particles including the mediators of the forces are de-
scribed before going into further detail on the mathematical formulations describing
these particles. This section is inspired by [8] which is in turn based on the textbooks
[9, 10, 11] which were also used independently. Throughout this entire thesis natural
units are used which sets the reduced Planck constant [12], defined as h = %, and
the speed of light ¢ equal to one: A = ¢ = 1. This leads to quantities such as masses,
momenta and energies sharing the same units of energy which are in particle physics
usually expressed in terms of "electron Volt" eV |, where 1 eV is the energy necessary
for an electron to move through a difference in electric potential of 1 Volt and e is the
absolute electric charge of an electron. The original units can be restored by multi-
plying with the correct amount of & and ¢, e.g. masses can by obtained by dividing
by 2.

2.1.1. Elementary Particles

The Standard Model of Physics is based on elementary point-like particles which
can be grouped into two categories: bosons and fermions. Bosons have an integer
spin, whereas fermions have a half-integer spin (1/2, 3/2,...etc.) and follow the
Bose-Einstein [13] and the Fermi-Dirac statistics [14] respectively. This results in
different macroscopic behaviours. Most notably the Pauli exclusion principle [15]
which holds for fermions but not for bosons and states that two fermions cannot have
an identical quantum state. There are a total of 12 fundamental fermions which all
have a spin of 1/2 and five fundamental bosons. Fermions are the constituents of
matter and can interact via one of the three fundamental forces: the electromagnetic
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force, the weak force and the strong force. These forces are mediated with spin-1
gauge bosons, photons 7, the W and W~ boson, the Z boson and gluons. The last
fundamental particle is the most recently discovered spin-0 Higgs boson [3, 4], named
after Peter Higgs.

The fermions can be further split into two groups: the leptons and the quarks. Lep-
tons can be either charged or neutral and can therefore interact electromagnetically
and weakly or only weakly. The three charged leptons have an electric charge of
(@ = —1le and are the electron, the muon and the tau with each belonging to its own
generation and being heavier than the previous one. Their charge neutral partners
are the neutrinos with each charged lepton having its own associated neutrino, the
electron neutrino v, , the muon neutrino v,, and the tau neutrino v.. Neutrinos
are considered massless within the Standard Model although observed neutrino
oscillations [16, 17, 18] require massive neutrinos to exist. Yet no neutrino mass has
been measured so far and only upper limits were possible to be set. Additionally, the
ordering of the neutrino masses is not established and only the absolute value of the
differences between them has been measured so far.

Each lepton has its own antiparticle which has the same properties, including the
same mass, of the corresponding lepton but is charge conjugated. This means in the
case of the leptons having the opposite electric charge. Antiparticles are denoted by a
bar over the particle symbol and are usually named after the particle with the prefix
"anti-", e.g. the antiparticle of a muon p is an antimuon 7l. The only exception is
the antiparticle of the electron e, the positron €. A summary of the information for
the leptons is given in table 2.1.

Table 2.1.: Overview of lepton properties. Values marked with an asterisk are consid-
ered this way in the SM but experiments only give upper or lower limits
on these values. All values are taken out of the PDG (particle data group)

19].
Feature Electron Electljon Muon Muqn Tau Tm.l
neutrino neutrino neutrino
Generation 1 2 3
Symbol e Ve I vy T vy
Mass [MeV] 0.511 0* 105.66 0* 1.78 - 103 0*
Mean lifetime [s] | stable * | stable * | 2.20-107° | stable * [ 2.90 - 1073 | stable *
Electric charge [e] -1 0 -1 0 -1 0

The second group of fermions are the quarks which are charged particles with
an electric charge as well as a color charge which lets them interact electromag-
netically, weakly or strongly. Up-type quarks have an electric charge of @ = 2/3e
and down-type quarks have a charge of Q = —1/3e. The possible color charges are
either red, blue or green with antiquarks carrying the respective anti-colors anti-red,
anti-blue or anti-green. Each type of quarks has three generations giving a total of
6 quarks: up, down, charm, strange, top, bottom ordered by generation with the
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up-type quark being the first one named per generation. The mass of the particles
is the only property changing between generations. Due to confinement [20, 21, 22]
color charges cannot exist freely which forces quarks to create hadrons, color neutral
bound states. If two quarks create a bound state it is called a meson such as a pion
and if three quarks create a bound state it is called a baryon. The most common
and well known baryons are the proton and the neutron. Table 2.2 gives a summary
overview of the quarks and its properties.

Table 2.2.: Overview of quark properties. All values are taken out of the PDG [19].

’ Feature ‘ Up ‘ Down ‘ Charm ‘ Strange ‘ Top ‘ Bottom ‘
Generation 1 2 3
Symbol U d c s t b
Mass [MeV] 2.16 | 4.70 | 1.27-103 93.5 172.6-103 | 4.18 - 103
Electric charge [e] | 2/3 | —1/3 2/3 -1/3 2/3 —1/3

The fundamental bosons consist of the force mediator gauge bosons with spin-
1 and the Higgs boson with spin-0. The boson mediating the electromagnetic
interaction is the massless photon . It couples to electrically charged particles
including charged leptons, quarks and the charged W bosons. Due to it being
massless the electromagnetic field has an infinite range yet its field strength decreases
quadratically.

The weak force is mediated with the three gauge bosons W*, W~ and Z with the
first two carrying electric charge. Unlike the photon these bosons are massive which
gives the weak interaction a finite range. The corresponding charge for the coupling
is the weak isospin I3. Due to only left-handed (and right-handed anti-) particles
having a non zero weak isospin the weak force couples only to these particles. A
prominent example of weak interaction is the beta decay.

Gluons g are massless, couple to color charged particles and mediate the strong force.
They carry color charges themselves always having a color and an anti-color. There
are three colors in total which lead to eight possible combinations of color charges a
gluon can have. The combinations can be described using the Gell-Mann matrices
[23]. Gluons having color charges allow for gluon self-coupling unlike photons which
are not electrically charged. This self-coupling limits the range of the strong force
making the interaction range not infinite although gluons are massless. The strong
force explains the stability of a nucleus despite same charged protons being contained.
A summary of the gauge bosons is given in table 2.3.

The Higgs boson H is a result of the spontaneous symmetry breaking which
lead to the Higgs mechanism, already postulated in 1964 [24, 25, 26]. For more
information on spontaneous symmetry breaking and the Higgs mechanism see section
2.1.2. The Higgs boson has a mass of 125.2 GeV [19] and is the excitation of the
Higgs field. By coupling to the Higgs filed, particles gain their mass.
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Table 2.3.: Overview of gauge boson properties. All values are taken out of the PDG

[19].
’ Feature ‘ Photon ‘ W= boson ‘ Z boson ‘ Gluon ‘
Symbol v W= VA g
Mass [GeV] 0 80.37 91.19 0
Force electromagnetic weak weak strong
Range [m] 00 10-18 10-% [ 1071

2.1.2. Mathematical Formulation

The theory of the Standard Model is a non-abelian gauge theory that combines field
theory and quantum mechanics including, but not being limited to, the Schrodinger
equation [27, 28], the Dirac equation [29, 30] and the uncertainty principle [31]. Addi-
tionally, special relativity [1] is also included in the Standard Model. The theory itself
is a type of quantum field theory (QFT) and is defined by the local gauge symmetry

group
SU3)e x SU(2)L x U(1)y. (2.1)

SU(n) is the special unitary group and U(n) is the unitary group with n degrees.
SU(3)¢ is the group defining the space of color charge which is described by quantum
chromodynamics (QCD) and SU(2);, x U(1l)y is the symmetry group described
by electroweak theory (EW). The group SU(2); defines the space of left-handed
particles and U(1)y defines the space of hypercharge. Due to spontaneous symmetry
breaking of the EW symmetry the group U(1)gps is created being described by
quantum electrodynamics (QED).

In order to describe fields one needs to define the Lagrangian density £(¢, ,¢) which
depends on a field ¢ and its derivative 0,¢ = % in all four space-time dimensions
with o = (¢, z,y, z) being the 4-vector of the position. From now on the Lagrangian
density will be referred to as Lagrangian and the Einstein summation convention is

used which means that an index is summed over if it appears twice so e.g.:

Ot = 0up" = Oop” + Op* + 9op® + O3p°. (2.2)
1

Additionally, superscript and subscript indices state whether vectors are covariant or
contravariant. Throughout this thesis the Minkowski metric is used which replaces
the contraction matrix with a 4x4 matrix having zero entries apart from the diagonal
(—=1,1,1,1). The contraction matrix used in equation 2.2 was the identity matrix.

Using the Minkowski metric this now results in:

Oup" = —0op° + O1p* + Dap® + O3p°. (2.3)
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The Lagrangian is defined to be Lorentz invariant and the action S is defined as:
S= / £(6,0,0) d'z, (2.4)

where d*z denotes the four-dimensional integration. The principle of least action [32]
requires the Lagrangian to be resistant to small variations of S and therefore needs
to fulfill the equation 65 = 0 in order for the Lagrangian to describe equations of
motion. Requiring this results in the Euler-Lagrange equations:

oL oL
96~ 9,00 " 2

According to Noether’s Theorem [33] for every continuous symmetry of the action
with Euler-Lagrange equations being fulfilled there is an associated conserved current.

Quantum electrodynamics (QED) is based on the Dirac equation
(i7" 0 —m)p =0, (2.6)

which describes a spin-1/2 fermion field with mass m using the spinor field ¢ and ~*
are the Dirac matrices [29]. The Dirac equation follows from the equations of motion
which means the Dirac Lagrangian can be determined to be

£ = B(ir"0, — m)¥, (2.7)

with the Dirac adjoint ¥ = 17? and 9! being the Hermitian adjoint. The Dirac
Lagrangian is invariant under global phase transformations

Y — ey, with § e R (2.8)
because the Dirac adjoint gets factor e~* which cancels when combining 1. This
Lagrangian is however not invariant under local phase transformations

Y(x) = ¢ @y(z), with § € R (2.9)
giving the Lagrangian an additional term

L= L — (9,0)5". (2.10)

This term needs to be canceled which is done by introducing the vector boson field
A, that transforms under local gauge transformations as

1
Ay = Ay + - 0,0, (2.11)

where e is the elementary charge. This results in the new Lagrangian

. 1w
LqeDp = V(Y Dy — m)y — ZF“ Fu. (2.12)
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with F* = gFAY — 0¥ A" being the electromagnetic tensor originally used in the
Maxwell equations and introducing the covariant derivative D, = 0, + ied,. Ex-
panding the covariant derivative gives the expression

L= P00 — )y — P Fy — () Ay, (2.13)

where every term describes different parts of QED. The first term describes the
fermion field, the second term describes the vector boson field and the last term
describes the interaction of both. Note that the second term is required to have no
mass term for the Lagrangian to be invariant and the third term containing two

spinor and one vector field suggesting that two fermions always couple to one boson
in QED.

Quantum chromodynamics (QCD) is based on the SU(3) group and the derivation
is similar to the one described for QED but it starts with a Lagrangian from a set of
fermions with three color charges

L= ﬂj(w“@# —m)y;, with j € {r, g, b}. (2.14)
This finally leads to the Lagrangian

A . 1 a 14
Lacp = ¥i(17" Dysij — mdij)s — 5 G Ga”, (2.15)

where the covariant derivative is defined as D,;; = 0*d;; — igT, a;ijAZ and the gluon
field strength tensor is defined as G}, = 0, A}, + g fabCAb; uAc,y. The Kronecker-Delta

0i; is defined as
1 ifi—
0ij = 1 Z ].7 (2.16)
0 ifi#y
the indices are a, b, c € {1, ...,8} describing the different gluon fields and i, j € {r, g, b}
describing the color charges. The structure constants of the SU(3) are given by

fabe g is the coupling strength and 7% describes the generators of the underlying
symmetry group, here being given by the eight Gell-Mann matrices A* with T% = %/\“.

Electroweak theory (EW) is the unification of the electromagnetic and weak
force and was postulated by Glashow [34] and independently confirmed by Weinberg
[35] and Salam [36]. Being defined by the groups SU(2) x U(1l)y EW has four
vector bosons, three from SU(2) and one from U(1)y, denoted as W, W2, W and
B, respectively. As briefly mentioned before, SU(2) creates the left-handed space
which is the space of particles with antiparallel spin and momentum vectors whereas
right-handed particles have parallel spin and momentum vectors. All fundamental
fermions can be left-handed and right-handed apart from neutrinos which are always
left-handed due to them being massless and therefore moving at the speed of light.
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W; with i € {1,2,3} couple to the weak isospin I3 and B,, couples to the hypercharge
Y. The final EW Lagrangian is

Cow = DRt Dubfl + i Dk — W, Wi — 1B B*,  (217)
with the first two terms describing the fermion fields and the last two terms the gauge
boson fields. @Z),f are the right-handed fermion singlets with k& being the types of
particles (no neutrinos) and ij are the left-handed fermion doublets with j being
all quark and lepton generations. The field strength tensors of the gauge bosons are
defined as:

W = WY — 0" Wi + ge®> W)Wy, (2.18)

B = QMW — OV W (2.19)

The covariant derivative is D, = 0y, — igrsW; + ig’ %BM with g and g’ being the
SU(2) and U(1) coupling constants respectively. The generators 7, are the generators
of SU(2) being described by the Pauli-Matrices 7, = %. All four introduced
vector bosons here are massless due to them having no mass terms in order for the
Lagrangian to stay invariant under local gauge transformations and do not correspond

to the physical vector bosons measured.

In order for the vector bosons to receive mass, spontaneous symmetry break-
ing and the Higgs mechanism needs to be introduced. For this a complex scalar
doublet field is introduced:

_ (¢ (=)
(;5(37) - <¢0($)> ’ (2-20)

which is usually referred to as the Higgs field. The corresponding Lagrangian has the
form

Litiggs = (D) (D'¢) = V(¢ 9), (2.21)
with the covariant derivative being the same before D), = 0, —ig7, W}, — ig' %B#. The
Higgs potential V (¢f¢) is

V(6'¢) = —1*0"¢ + A(9'0)%, (2.22)

where ;2, A > 0. The Higgs Lagrangian is added to the previously defined LW to
create the new Lagrangian. The vacuum expectation value can be extracted out of
this potential to be v = %ew with # € R. This describes a circle in the complex plane
with infinitely many solutions. Choosing 6 = 0 keeps the results in the real plane and
additionally gives the absolute value of v = % ~ 246 GeV. Expanding the Higgs field
around the vacuum expectation value v yields:

1 0
p(x) = 7 (U N H) : (2.23)



2. Theoretical Background

where H is the real scalar Higgs field. Using this new expression of the Higgs field for
the kinetic term of the Lagrangian gives

2 /
29 1 2 3 g 3
(D) (Dre) =2 % [ Wiwp + wiwg + wiwy + (L5, - w)
, ) (2.24)
(gB“ - W:ff)] — 5/\v2h2 + additional terms,
g
only showing the resulting mass terms for three massive vector bosons and the Higgs
boson. To retrieve the massive gauge bosons W# the linear combination of W' and
W2 is used: .
WiE=—
NG
The Z boson and the photon originate from the rotation of W2 and B with the usual
rotation matrix as:

Zp\  [cos(fw) —sin(fw) Wg’ B cos(GW)Wg — sin(6w ) B, (2.26)
Ap ) \sin(Ow)  cos(fw) By ) \sin(Bw)W? + cos(6w)B, |’ ’
where Oy is the weak mixing angle. There are many common relations of the weak

mixing angle 0y, the coupling strengths ¢ and ¢’ and boson masses my, and my,
some of them are:

(W, FiWy). (2.25)

mw

= 2.2
cos(ow) = " 227
1
my = vg = %\/92 + g% cos(Ow ), (2.28)
e = gsin(fy) = ¢ cos(Oy). (2.29)

Equation 2.27 predicts Z to be heavier than W due to 0 < cos(fy) < 1. The values
0 and 1 are not possible because then no mixing would occur and one would return
to the massless bosons B and W3. The last term in equation 2.24 gives an expression
for the Higgs mass being my = v Av2 which can be written as my = 1 when using
the previously introduced definition of v.

Now that the bosons have gained their mass one might notice that the fermions do
not have a mass term in Lpy either, again because the mass terms would break
SU(2) symmetry. To fix this the so-called Yukawa coupling is introduced which
describes the interaction of spinor fields with scalar fields, here the fermion fields and
the Higgs field. The contributions of this Lagrangian to the mass term is given by:

Lyukawa = YIQ Hdly — Y'Q'Huly — YEL' Hel + h.c., (2.30)

with h.c. denoting the Hermitian conjugates of the shown terms. The Yukawa-
matrices Y/ contain the information of the fermion mass but are not diagonal so
the mass eigenstates are not directly readable. Q' and L? represent the Quark and
Lepton left-handed doublets respectively where i € {1,2,3} gives the generation. de,

10
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ug% and eg% resemble the down-type quarks, up-type quarks and the charged leptons
of generation j. There are no right-handed neutrinos in the SM so only three terms
are introduced. H is the Higgs doublet and H = ioyH* where o is the second Pauli-
matrix. After symmetry breaking and changing the basis into the mass basis the
fermion masses can be extracted:

Lyukawa = —mid) dly — miu uly — mSe] dy, (2.31)
where m?, mj and m§ are the masses of the down-type quarks, the up-type quarks
and the charged leptons respectively. The basis of the left-handed quarks is shifted
by the unitary matrices U, and U, and the basis of the right-handed quarks is shifted
by the unitary matrices K, and K4 with up-type and down-type quarks respectively.

These matrices fulfill
Y, = U,M,K], (2.32)

where M, is the diagonal mass matrix of the up-type quarks. This works analogously
for down-type quarks. Adding these terms turns U,, Uy, K, and K, into identity
matrices leaving only M, and M,. The previously introduced m? and mj can be
expressed as %Md and %Mu respectively. The approach for the charged lepton
mass works similarly. The change of basis also modifies the kinetic terms keeping
dependencies of the W coupling to quarks with a unitary matrix V = UJ:Ud which
is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and can be described with
four free parameters. Three angles 612, 023 and 613 and one phase factor §. The
current values without uncertainties of the CKM matrix are [19]:

Vil [Vis| [Vis| 0.974 0.225 0.0037
Ve = | Vel [Vis] Vil | = [0.225 0973 0.042
Vial Vsl Vil 0.009 0.041 0.9991
. (2.33)
|c12¢13) ‘ s12e13]  [s13e7"]
= |—812C23—612323813¢16! |c12co3 — s12593513€° | |sazcis| |,

\812823 - 012023013625| |—012823 - 812623813€i5’ |C23013\

suggesting that W bosons strongly prefer to couple to same generation quarks. c;; and
si; represent cos(6;;) and sin(6;;). The parameters have been measured to be (written
without uncertainties) [19]: sin(612) = 0.225, sin(f23) = 0.042, sin(f13) = 0.0037 and
0 =1.15.

2.2. Proton-Proton Collisions

One way to test the Standard Model thoroughly and search for new physics are collider
experiments. There are many different possible collider setups including one moving
particle with the other one being at rest or two particles moving towards to each
other. These objects could be elementary particles like electrons, could be whole
atoms like lead or hadrons like protons. In this thesis the experiment is using two

11
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protons moving towards to each other. Additionally, hadrons are composite particles
containing partons and at the energies reached at LHC the partons interact with each
other rather than the whole proton.

This section will introduce quantities relevant for proton-proton collisions and give
an introduction to the Feynman formalism including Feynman diagrams. Then, the
parton model and the parton distribution functions (PDFs) are explained, followed by
a phenomenological description of the scattering process.

2.2.1. Conceptual Quantities

In scattering experiments one is interested in the probability of a final state ( f| starting
from an initial state (i|. These states are using the bra—ket notation and are taken at
t = 4infinity assuming no other interactions occurring. Introducing the scattering
matrix S, also called the § matrix, the relation

Spi = (fIS]1) (2.34)

can be created to describe the transition amplitude Sy; of the initial state going into
the final state after interacting as described by the scattering matrix. Noticing the
scattering matrix is essentially the time-evolution operator from —oo to +oc it can be
expressed by [37]
+oo
S =Texp (—z/ d41:7-l(x)> , (2.35)

e}

with 7 being the time-ordered product and H(x) being the Hamiltonian density.
Expanding yields the Dyson series:

s=y &0 / Aoy AT (Ha(t1) .. M) (2.36)
= n!

with the Hamiltonian densities describing the interactions being time-ordered. Instead

of the § matrix the matrix element M is usually used which is related to the & matrix

by
(IS = 1fi) = 2m)*'s* (Yo pi = D pr) M, (2.37)

with the identity matrix 1 and the delta distribution requiring 4-momentum conser-
vation of initial to final momenta. The identity matrix describes a theory where all
initial particles are identical to the final particles implying no interactions. For more
information on how to calculate M see section 2.2.2.

The measurable quantity is not the matrix element but rather the cross section o
which gives a measure of probability for a specific process to occur when two particles
collide. The cross section is given in units of area, most commonly in barns which is
expressed in SI units as 1 b = 1072% m?2. The classical interpretation for that would be
the area two colliding objects see from one another which would give a probability how
likely they are to hit. Due to forces being mediated over distances the cross section
does not correspond to the sizes of the particles in quantum mechanics. There are

12
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two different types of cross section, the total cross section and the differential cross
section. The total cross section ¢ is as described above, the measure of probability for
the process to occur, the differential cross section g—g does additionally take the solid
angle into account with d€) = sinfdfd¢. This gives the cross section depending on
the angle. The total cross section can be gained by integrating the differential cross
section over the whole solid angle.

2 o do )
U—/O ; Esmﬁd&d@ (2.38)

which gives a factor of 4 if j—g is independent of # and ¢.
The most general formula possible for the differential cross section for two particles
going to n final state particles (p1 +p2 — py +ph +--- +p},) is [37]:

do MNTlegh o Nl g
= (2n)* 9k I 568 pr+p2— D pi | M2 (2:39)

T s
e 4\/(2912?2)2 —mm3 e 2Ei27) Pt

If the polarizations are not measured the initial spins have to be averaged and the final
spins have to be summed over. IN; represents the normalization factors for the different
particles involved. For spin-0 bosons and photons this is 1, for spin-1/2 this is 2m,
where m is the mass of this particle. g; counts the multiplicity of particles of species k
in case the final states contain indistinguishable particles, the delta distribution again
ensures 4-momentum conservation.

Combining the total cross section with the instantaneous luminosity £ gives a quantity
of the number of events detected for a specific dN within a time frame dt:

dN

(2.40)
The instantaneous luminosity is independent of the specific process and the final
state particles but rather depends on the beam properties (see section 3.1). The
instantaneous luminosity can be used to get the integrated luminosity L by integrating
over the time.

Lastly, the center-of-mass (COM) energy /s is the energy of the collision in the
center-of-mass frame . It is usually denoted in the terms of the Mandelstam variable

s=(p +p2)2-

2.2.2. Feynman Formalism

The calculation of the matrix element M is highly non-trivial. Richard Feynman intro-
duced the Feynman diagrams [38] to visualize the underlying mathematical processes.
Each line and each meeting point of the lines, called vertex, represent a mathemat-
ical term. The typical drawing convention is to use straight solid lines for fermions,
dashed lines for scalar bosons, wavy solid lines for vector bosons with the exception
being gluons which are drawn with curly lines. Fermion lines have arrows attached
which point into the direction of movement in time. Anti-fermions can be considered

13
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to be fermions moving backwards in time and therefore have arrows pointing back
in time. The arrows of fermions can by construction not point at the same vertex.
Throughout this whole thesis the time axis points to the right in all Feynman dia-
grams. Figure 2.1 shows the drawing conventions in case of a quark-antiquark pair
producing a gluon and two bosons turning into a Higgs boson (a process called vector
boson fusion).

q Z

q (a) Z (b)

Figure 2.1.: Exemplary Feynman diagrams of a quark-antiquark pair producing a
gluon and a vector boson fusion.

Drawing the desired process as a Feynman Diagram and then using the Feynman
formalism to turn it into a mathematical expression is a way to calculate the matrix
element. As an exemplary calculation the Feynman diagram in figure 2.2 is considered
which shows the annihilation of an electron-positron (positively charged electron) pair
and a following pair production of the same.

Figure 2.2.: Exemplary Feynman diagram of an electron-positron annihilation and the
following pair production.

The process is called s-channel because it uses the Mandelstam variable s during the
calculation. Considering that an incoming fermion line is u(p;), an outgoing fermion
line is @(p;), the incoming anti-fermion line is T(p;) , the outgoing anti-fermion line
is v(p;), a vertex of a QED process (two charged particles coupling to a photon) is
iey*, and the term for an internal photon line, also called photon propagator, is %
with 7, being the Minkowski metric and ¢ being the momentum of the propagator.

Additionally, when creating the matrix element, the fermions lines always have to be
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followed backwards due to e.g. @(ps)v*v(p3) # v(ps)y*u(ps) not being equal. Taking
the product of all mathematical terms while using s = (p1 + p2)? yields:

IM = [E(pa)ier o (ps)]) 22 [@(py yier™u(ps)]
- 1 (2.41)
= % o) (p)] (o).

This is the result of one Feynman diagram but when allowing for more vertices there
are an infinite number of Feynman diagrams possible with the same incoming and
outgoing particles which all need to be considered and summed when calculating the
total matrix element squared |M|?. Luckily, these higher orders are usually suppressed
because of the added factor e? every time the number of vertices increases by two.
Higher order corrections can stem from vertex or propagator corrections. The Feyn-
man diagram shown in figure 2.2 is called a leading-order (LO) diagram, and every
higher order has a "next-to" added, so next-to-leading-order (NLO), next-to-next-to-
leading order (NNLO) etc. Exemplary NLO diagrams for the LO diagram of figure
2.2 is given in figure 2.3.

et

e (a) e

Figure 2.3.: Exemplary NLO Feynman diagrams of an electron-positron annihilation
and the following pair production. The left diagram shows a vertex cor-
rection and the right diagram shows a propagator correction.

Feynman diagrams containing loops can cause the matrix element to diverge. To
still be able to get reasonable results instead of infinities a renormalization scheme is
introduced which cancel these divergencies with counterterms.

2.2.3. Parton Distribution Functions

Due to the high energies reached in particle accelerators, instead of the protons inter-
acting with each other as a whole, it is the constituents of the protons, the partons,
which interact with each other. These partons are described by the parton model [39].
The proton consists of three valence quarks, two up quarks and one down quark. These
protons are held together with the strong interaction via gluon exchange. These glu-
ons also radiate new gluons or can create new quarks with pair production which are
called sea quarks. These sea quarks can also recombine back into gluons creating a
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pair production and annihilation cycle. The probability of a parton with a given frac-
tion of the total proton momentum is given by the parton distribution function (PDF)
fa.a(xq, Q%) [40]. The momentum fraction z, is the fraction of a parton a of the total
proton momentum p, = 4 - pa of a proton A and Q? = —¢? is the momentum scale
given by the energy of the exchange particle, also called the propagator in the last
section. The momentum scale changes the distributions of the PDFs as shown in figure
2.4 where at low energies the valence quarks have a higher overall contribution com-
pared to higher energies where the sea quarks and gluons have a significantly higher
likelihood to carry a large momentum fraction. The sea quarks and gluons follow a
falling distribution whereas the up and down quarks have a peak due to being valence
quarks.

1 T T R T T T TTTTT 1_

NNPDF3.1 (NNLO) ]
xf(x12=10 GeV?)

E g/10 ]
09¢ xf(xu2=10* GeV?) |
0.8 ]
0.7F
0.6F
05f
04f
03}
0.2f

0.1

Lol © J . AN
10° 107 107 1 ?0“3 107 107" 1
X X
Figure 2.4.: Two PDFs at different momentum scales using the NNPDF3.1 proton
PDF. The quarks denoted with a lower v are the valence quarks of the
proton and the left figure has a momentum scale of 10 GeV? and the right
figure is at 10* GeV? [41].

Knowing the partons interact with each other, the contributing momentum to the
Feynman diagrams is the momentum of the specific parton p, instead of the proton
momentum p4. Assuming protons A and B, to get the cross section of a process
AB — X one needs to integrate over all possible momentum combinations being able
to create the desired final state ab — X all having their own cross section &. Using
the PDF of parton a of Proton A f,.4 and the PDF of parton b of Proton B fj.p this
results in formula

OABX = //fa;A(xaaQQ)fb;B(xhQ2)&ab—>Xd$ad«Tba (2.42)

where G4, x is calculated as in equation 2.39.
The exact momentum fraction dependency of the PDFs cannot be determined
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theoretically due to perturbation theory of QCD breaking down at energy scales
required to determine the PDFs. Instead, a global fit has to be applied using data
from either deep inelastic scattering experiments like ZEUS [42] or hadron colliders
like ATLAS. Using experimental data, the momentum fraction dependency can be
determined but the momentum scale Q? dependency has to be extrapolated using the
DGLAP formalism [43, 44]. For this a reference scale Q2 is chosen, e.g. Q3 =1 GeV
as done in "NNPDF3.0NLO " [45] which is one of the PDFs used in this thesis. At this
scale the PDF can be parameterized using the results of the measurements. Then, the
DGLAP formalism, named after Dokshitzer, Gribov, Lipatov, Altarelli and Parisi, is
used to extrapolate these to the desired momentum scale which is. Additionally, data
which was not used for the determination of the PDF at the reference scale is used to
reduce the uncertainties on the PDF further by extrapolating to the corresponding
momentum scale and cross checking the results.

The uncertainties of the PDFs are based on the uncertainties of the fitting data.
These uncertainties could correlate in general which requires the use of the Hessian
method [46] for a proper estimation of the uncertainty. Also, uncertainties of input
parameters such as the strong coupling constant or the masses of quarks increase the
uncertainties of PDFs. These uncertainties appear as systematic uncertainties in the
analysis and need to be taken into account when calculating total uncertainties.

In addition to gluons, quarks can also radiate photons due to their charged
nature. This gives rise to a photon PDF which is again used to create a lepton PDF
[47]. Leptons are also constituents of the proton due to pair production by photons.
Figure 2.5 shows the luminosity of leptons and photons interacting with different
particles at a pp-collision at a center-of-mass energy of /s = 13 TeV.

10 p—r—T—T—T——
Vs =13 TeV ]
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Figure 2.5.: Luminosities of lepton-gluon (violet), photon-photon (red), lepton-up (or-
ange), lepton-photon (green) and lepton-lepton (blue) interactions plotted
against the invariant mass of the parton-parton system at a center-of-mass
energy of 13TeV. The used PDF is LUXlep [47].
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2.2.4. Proton-Proton Interaction

Electron-electron scattering is comparably simple to model and simulate due to it
being fundamental particles with a very well known energy. In proton-proton colli-
sions this is not the case. The interacting partons only carry a fraction of the proton
momenta without having discrete values and instead having whole distributions de-
scribed by PDFs. Additionally, the interacting parton itself is unknown. It could be
any of the particles having a PDF in the proton. Figure 2.6 visualizes this, where
both protons contribute with an unknown parton with a momentum of x;p;, i € {1,2}
to the hard scattering process and produce the proton remnants X; and Xs.

Figure 2.6.: Illustration of the hard scattering process in a proton-proton collision
leading to the proton remnants X; and X2 and the hard scattering pro-
cess.

After the hard scattering process a plethora of additional interactions occur. These
will be explained step by step and resemble the order Monte Carlo generators process
these interactions when simulating proton-proton collisions (as will be described in
ref 3.8). Apart from hard interactions also soft processes take place. They are com-
monly called parton showers and describe soft emissions, which can happen before or
after the hard process mimicking initial or final state radiation. Soft emissions are
collinear gluons (or rarely photons) having either low momentum or being emitted
under small angles which are calculated using the DGLAP evolution [43, 44]. After
having simulated a parton shower there a are a lot of coloured particles present. Due
to confinement these particles are not allowed to exist freely and need to recombine
into hadrons, which is called hadronization. These hadrons are mostly unstable and
decay at some point which also needs to be considered. The probability of a particle
to decay depends on the mean lifetime 7 and follows an exponential decay

N(t) = N exp(—;). (2.43)
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Here, N(t) is the number of particles after a time ¢, Ny is the number of starting
particles. If one is interested in the chance for one particle to decay 1 — N(t) yields
the chance for a particle to have decayed after a time ¢ after setting Ny = 1. If a
particle has multiple decay channels the mean lifetime is given by

Hi Ti

Ttotal = >
ZZ‘ Ti

(2.44)

with 7; representing the mean lifetime of each process independently. In addition to
the already mentioned processes the protons remnants or parts of them can also inter-
act in some way. This is called the underlying process and again leads to new parton
showers, hadronization and decays. An exemplary proton-proton collision is shown in
figure 2.7.

Figure 2.7.: Illustration of a proton-proton. The large green discs are the protons,
the blue lines depict the original proton components and the larger red
circle represents the hard scattering process. The red small vertices and
lines corresponds to the parton showers, the light green discs are the
hadronization and the connecting dark green circles and lines are the
hadron decays. Lastly, the purple object symbolize the underlying events
and the yellow lines are soft photon radiations[48].

This approach only considers the interaction of one proton with another proton. In
reality not just two protons interact but in the proton beam each proton has a prob-
ability to interact. These secondary interactions are called pile-up and contribute a
large part of the background in events. There are two main types of pile-up: in-time
pile-up and out-of-time pile-up [49].

In-time pile-up describes pile-up created from additional collisions in the same bunch

19



2. Theoretical Background

crossing strongly depending on the number of interactions per bunch crossing. This
is again dependent on the instantaneous luminosity.

The second type of pile-up, out-of-time pile-up, describes additional interactions not
originating from the bunch crossing where the primary vertex is placed. This mainly
happens due to detector components having a larger response time than the bunch
crossing gap of 25 ns.

Other pile-up contributions include random hits in the muon system, a proton bunch
scraping a collimator device which produces muons parallel to the beam-line or colli-
sions of protons on residual gas inside the beam-pipe.

2.3. Going Beyond the Standard Model

Despite the excellent accuracy of the Standard Model describing particle physics ex-
periments there are still questions the Standard Model cannot answer. This section
will go into further details of the limits of the SM and then describes Leptoquarks,
a hypothetical particle which could handle some of the limitations of the SM. Any
physics trying to expand the Standard Model is called physics beyond the Standard
Model (BSM).

2.3.1. Limits of the Standard Model

The most notable shortcoming of the SM is the complete absence of one fundamental
force: gravity. In particular, general relativity (GR) [2] and the SM were not created
with a possible unification in mind and need to be treated separately. The inclusion
of gravity into the SM would be a first step towards a theory of everything (TOE)
which would require a theory of quantum gravity.

Also, neutrino oscillations [16, 17] have been measured which requires neutrino
masses. Neutrino masses are not predicted by the Standard Model and have been
measured to be more than 5 orders of magnitude smaller than the electron mass
(Ve < 0.8 €V [19]). This discrepancy can also not be explained by the SM.
Observation at cosmological scales such as galaxy rotations lead to the conclusion
that dark matter has to make up a large portion of the total matter in the universe.
Dark matter has to not interact electromagnetically and has to have gravitational
effects by having a mass. The Standard Model does not provide a suitable dark
matter candidate.

Additionally, cosmological observations also predict the existence of dark energy in
order to explain the accelerating expansion of the universe. Current approximations
set the dark energy around 70% of the total matter in the universe, dark matter
at 25% and baryonic matter (matter contained in the SM) at around 5%. These
values are only rough estimates and dedicated matter composition papers have large
uncertainties on these values [50].

Other unexplained features include the matter-antimatter asymmetry in the ob-
servable universe. The Standard Model does not prefer matter over anti-matter
and predicts an approximate equality of them. The observed universe has an
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abundance of matter compared to anti-matter. Baryogenesis could be an explanation
for this but this has three conditions according to Sakharov [51]: Baryon number
violation, charge-parity (CP) violation and interactions out of the thermal equilib-
rium. CP violation has been observed but the observed value is several orders of
magnitude too small to explain the large discrepancy between matter and anti-matter.

In addition to the observations there are still some oddities of the Standard
Model which cannot be explained currently. The first one being the 19 free param-
eters of the Standard Model which do not have a theoretical prediction and need
to be determined experimentally. These 19 parameters are: the 9 fermion masses,
the three CKM angles and the CKM phase factor, the three gauge couplings of
SU(3), SU(2) and U(1), the QCD vacuum angle, the vacuum expectation value
and the Higgs mass. These 19 parameters describe one possible combination in the
parameter space where other parameter combinations could be defined as long as
they absorb all 19 degrees of freedom. The second one being the hierarchy problem
[52] referring to the large discrepancies in order of magnitudes for some observed
values. One example being that the weak force is more than 20 orders of magnitude
stronger than the gravitational force. One postulated solution for that would be the
introduction of extra dimensions [53]. The third one being the apparent symmetry
between leptons and quarks with both having three generations with two particles
each without having an underlying symmetry requiring this.

The Standard Model predicts lepton flavour universality. This means that at
energy scales way above the lepton masses the branching ratios to all leptons
generations should be identical. Multiple measurements measured notable devia-
tions from the expected ratio of 1 showing a deviation of more than 20 [54, 55].
This is not enough to be counted as a discovery due to not being above the dis-
covery significance of 5o but could hint to BSM physics. Further studies are necessary.

Approaches to unify the strong force with the electromagnetic force and the
weak force similar to the electroweak unification have been made. These are called
Grand Unified Theories (GUT) [56] and need to introduce additional symmetries.
These theories are based on symmetry groups such as SU(5) or SO(10) where quarks
and leptons share multiplets strongly correlating them. In these models there would
be a boson connecting them, the Leptoquark.

There are many postulated solutions to the shortcomings of the Standard Model.
One of them being supersymmetry [57] giving every particle a supersymmetric
partner. This partner has a changed spin by 1/2 giving bosons a supersymmetric
spin-1/2 fermion partner and fermions a supersymmetric spin-1 boson partner. Due
to supersymmetry breaking these partners would be heavier than the SM particles
known.
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2.3.2. Leptoquarks

Leptoquarks (LQ) are hypothetical particles carrying a lepton number and a baryon
number and therefore coupling to a lepton and a quark. They also have to carry color
charge due to coupling to one quark. LQs appear in many BSM physics including
GUTs with a SU(5) symmetry [56], a SU(15) symmetry [58] or Eg superstring
models [59, 60] which have an additional U(1) symmetry. They naturally arise
in these theories being the boson connecting the lepton and quark families which
could explain the similarities between the lepton and quark families. Due to the
possibility to couple differently to different generations, LQ would be able to explain
the possible violation of lepton flavour universality if new measurements on lepton
flavour violation manage to surpass the 5o threshold.

Apart from the fact that they have a lepton number and baryon number very little is
constrained in terms of quantum numbers and properties and depends on the theory
which predicts the LQ [61]. They could be scalar bosons as well as vector bosons,
can have absolute electrical charges of 1/3, 2/3, 4/3 or 5/3. Depending on the charge
the lepton and baryon number also change depending whether the LQ couples to
the particles or anti-particles. A LQ always has a anti-particle variant replacing the
contributing fermions with their respective anti-particle. The investigated LQ in this
thesis has an electric charge of @ = —4/3, a spin of 0, is an SU(2) singlet and is usu-
ally referred to as an S; LQ. A comprehensive list of all possible LQs directly coupling
to SM fermions is given in table 2.4, where SU(3)c, SU(2)w and U(1)y indicate the
QCD representation, the weak isospin and the weak hypercharge respectively which
are the correspondent charges. Additionally, the fermion number F' = L+ 3B is intro-
duced which is either 0 when one of the fermions is an anti-particle and —2 if this is not
the case. For more information on the current constraints of every LQ model, see [62].

Table 2.4.: Different possible Leptoquarks with their respective quantum numbers [19].
Spin  F SU@B)e SUQ2)w U(l)y Allowed coupling

(S 3 1 1/3 q54r, or Uher

0 -2 3 1 4/3 drer

0 -2 3 3 1/3 qlr

1 =2 3 2 5/6 GGyter or dpyMir,
1 -2 3 2 ~1/6 Ty e,

0 0 3 2 7/6 qr,ER Or urly,

0 0 3 2 1/6 drly,

1 0 3 1 2/3 g "y or dpyter
1 0 3 1 5/3 urY"er

1 0 3 3 2/3 gy,
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2. Theoretical Background

In addition to setting the specific type of LQ searched for, the Yukawa couplings can
be set to simplify searches. This analysis focuses on a LQ exclusively coupling to
an electron and a b-quark (eb) by setting all other couplings to zero. For results of

other channels in a resonant LQ) search see the internal note of the ongoing search of
ATLAS [63].

There are multiple ways known on how to search for LQs in hadron colliders
namely the pair-production (PP) [64, 65], single-production (SP) [66, 67] and limits
from the Drell-Yan process (DY) [68, 69]. This is additionally accompanied by
constraints set by the weak charge Qw in channels containing first generation quarks
due to LQs modifying Qw if they were to exist [70]. These constraints do not apply
to the investigated electron and b-quark (eb) channel because Qy measurements were
only done for the weak charge of protons [71], cesium [72] and thallium [72] which
are all containing only valence quarks of the first generation .

Each search has its own advantages being able to exclude different regions. Pair-
production is mostly independent of the coupling to fermions by coupling to gluons
but is strongly constrained in the mass region due to having to produce two real LQs
allowing to exclude low mass regions. The Drell-Yan search is mostly independent
on the LQ mass by creating a virtual LQ but is heavily constrained by the coupling
being able to exclude high coupling regions. The single-production is both dependent
on the mass and the coupling being able to possibly constrain the intermediate
regions. A leading order Feynman diagram for pair-production, single-production
and the DY-limit is given in figure 2.8 and the current constraints in the eb channel
by the different searches are given in figure 2.9. The single-production search is not
able to constrain the exclusion region further in the eb channel for Run 1 and partial
Run 2 results.
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g Vi
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\
\
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Figure 2.8.: Exemplary LO Feynman diagrams of LQ pair-production (a), single-
production (b) and Drell-Yan production (c).
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Figure 2.9.: 95% CL exclusion limits of previous searches using different approaches.
This is based on [70] but the pair-production limit has been replaced
with a more recent and more constraining result given by [73] which in
turn extracted the limit from the search given by [64] using the whole
Run 2 dataset. The dashed blue line is the expected gain from a single-
production search using 36 fb~! instead of 20 fb~! and a higher center-
of-mass energy.

Due to the recent addition of an electron PDF for the proton a new method of
detecting LQs has emerged: resonant LQ production [74, 75]. This allows to probe
the intermediate mass and coupling regions similar to the single-production search
but estimations expect a better exclusion limit for the resonant production. Figure
2.10 shows the LO resonant production of a LQ with an electron directly originating
out of the proton. The achieved Feynman diagram precision is NLO and uses the
diagrams given in figure 2.11. Many NLO diagrams give an additional lepton in the
final state giving rise for a resonant LQ search with one final state lepton and two
final state leptons.
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LQ

Figure 2.10.: LO Feynman diagram of a resonant L.Q production directly showing the
that the quark and lepton are coming out of the protons. The final state
quark creates a particle shower and is identified as a jet [74].

T ———<——— TOEEEOOO0Y - — — — — —————(00000000° @@66&6
!
| - -
L I I
a) b) c) d)
ANN——— AN = = = =

) 8)
h) i) J)

Figure 2.11.: NLO Feynman diagrams being considered for the resonant L(Q produc-
tion. Diagrams a) and b) are g + e — b+ LQ processes, ¢) and d) are
b+e — g+ LQ processes, e), f) and g) are v+ b — e + L@ processes
and h), i) and j) are the virtual corrections considered [76].
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2. Theoretical Background

The predicted exclusion limit gained from a resonant search is given in figure 2.12.
The given limit is for the electron-down-quark channel, also showing the constraint
given by Qw and is just to visualize that there is an expected gain to be seen. The
exact numbers and limits are not transferable to the eb channel and are not the most
recent results of the electron-down-quark channel either.
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Figure 2.12.: 95% CL exclusion limits of previous searches compared to the expected
exclusion limits gained in a resonant LQ production in the eb channel.
The weak charge Q limit is included and predictions for a resonant LQ
search with four different integrated luminosities are given. [74].
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3. ATLAS Experiment

The following chapter provides information on the ATLAS (A Toroidal LHC Appa-
ratuS) experiment [6, 77, 78] and the Large Hadron Collider (LHC) [5], which the
ATLAS experiment is part of. The common coordinate system at ATLAS and com-
mon kinematic variables are given and defined. The discussed components of the
ATLAS experiment describe the experimental setup during the full Run 2 data-taking
period from 2015 to 2018. These components include the tracking detector, the elec-
tromagnetic and the hadronic calorimeters, the forward calorimeter and the muon
spectrometer. Additionally, the trigger and data acquisition, object reconstruction
and identification, the inner working of Monte Carlo simulations, and the common
data formats at the ATLAS experiment are elaborated on.

3.1. Large Hadron Collider

The Large Hadron Collider (LHC) is a hadron-hadron collider located at the Euro-
pean Organization for Nuclear Research (CERN, derived from Conseil européen pour
la recherche nucléaire) accelerator complex near Geneva, Switzerland. It has a cir-
cumference of 26.7 km and had a center-of-mass energy of /s = 13 TeV and reached
an integrated luminosity of 140 fb~! during Run 2, which is the data basis for this
thesis. It is the worlds largest and most energetic particle accelerator at the time of
this publication. This allows for the possibility to search for physics beyond the stan-
dard model including, but not being exclusive to, the Higgs sector, Supersymmetry,
Quantum Black Holes and Leptoquarks. The LHC consists of two rings due to using
same charged particles and it uses the tunnel of its predecessor, the Large Electron
Positron Collider (LEP). To reach this unmatched center-of-mass energy several pre-
accelerators are mandatory. The protons originate from ionizing hydrogen and are
accelerated up to 50 MeV in the linear accelerator LINAC2. They then enter a series
of circular accelerators, namely the Booster, the Proton Synchrotron (PS) and the
Super Proton Synchrotron (SPS) which gives them an energy of 450 GeV per proton.
At this point they are entering the LHC and are accelerated up to 6.5 TeV. The ac-
celerator complex of CERN used for proton-proton collisions at the LHC is shown in
figure 3.1 including all four interaction points of the LHC.

The experiments located at the four interaction points of the LHC are ATLAS, CMS
[7], ALICE [80] and LHCD [81]. ATLAS and CMS are multipurpose detectors, whereas
ALICE is specialized for ion collisions when the LHC runs in ion beam mode using
typically lead ions. LHCDb uses the same proton beams as ATLAS and CMS but
focuses on high precision measurements of processes involving bottom quarks. The
proton beams consist of 2808 bunches with a spacing of 25 ns each having roughly
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Figure 3.1.: Schematic of the accelerator complex at CERN with all used accelera-
tors and beam lines used to accelerate the protons used in the LHC.
Information includes the construction date, the circumference of circular
accelerators, length of linear accelerators and maximum beam energy [79].

1.5- 10! protons and have a revolution frequency of 11.2 kHz [82]. The beam dimen-
sions transverse to the beam direction are 16.6 pm in both x and y direction. For the
definition of the axis see section 3.2. The integrated luminosity provided by the LHC
is only dependent on the accelerator properties given by [83]:

Iy I
r— . bl b2‘2frevn§ —, (31)
27r\/(01x + 03,)(07, + 03,)

with the two beam beam intensities I; and I, the revolution frequency frey, the
number of bunches n;, and the beam dimensions o, and o, for both beams transverse
to the beam direction. The highest instantaneous luminosity measured during Run 2
was £ = 21 -10% cm™2 s~!. The instantaneous luminosity decreases over time
due to loss of protons. To reduce this effect several bunch fillings are done but the
starting instantaneous luminosity deviates every time. This deviation of the starting
instantaneous luminosity after each bunch fill is shown in figure 3.2 for 2018.
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Figure 3.2.: Peak instantaneous luminosity per bunch fill during 2018 [84].

3.2. Coordinate System and Common Kinematic Variables

The ATLAS detector is constructed around the beam axis at the interaction point.
Its goal is to measure, reconstruct and identify as many different particles as possible.
It is symmetric with respect to the interaction point and has a rotational symmetry
around the beam axis. It covers most of the solid angle in order to minimize the
missed particles. A schematic inside view of the detector is shown in figure 3.3 by
hiding a side of the detector. The Pixel detector, semiconductor tracker (SCT) and
transition radiation tracker (TRT) create the tracking detector, also called the inner
detector (ID), of the ATLAS experiment. The other components shown are the muon
chambers being part of the muon spectrometer (MS), the different magnets and the
sampling calorimeters.
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LAr electromagnetic calorimeters
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Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 3.3.: Schematic of the ATLAS detector showing the inner components [85].
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Before the different components of the ATLAS experiment are described in further
detail, the common coordinate system used in the experiment and the relevant
kinematic variables are elaborated.

A right-handed Cartesian coordinate system is used with the origin placed at the
interaction point. The z-axis is along the beam axis so the z-y plane is transverse to
the beam line. The z-axis points toward the center of the LHC and the y-axis points
upwards. The azimuthal angle ¢ has values from —=n to m, is positioned in the z-y
plane and is defined with respect to the z-axis. Lastly, the polar angle 6 is defined
with respect to z, goes from 0 to m and gives the angle of a particle’s flight path to
the beam line.

Because 0 is not Lorentz-invariant under boosts along the beam-axis the rapid-
ity y is used instead. y is defined as:

1 E+p,
— 2
y 2H<E_M>, (3.2)

for a given particle with and energy E and a momentum along the z-axis p,. Addi-
tionally, one can define the pseudorapidity #n as: axis the rapidity y is used instead. y

is defined as:

nzlm(”fm), (3.3)

2 P — Dz

with p being the total momenta. For massless particles the pseudorapidity is equal
to the rapidity. This also holds approximately for highly relativistic particles. Both
quantities are still not Lorentz-invariant under boosts along the beam-axis but the
differences are, so 11 — 12 is invariant. Pseudorapidity can also be expressed in terms
of the polar angle # with the relation

n=—In (tan Z) . (3.4)

From this one can see that 1 is 0 when in the transverse plane and +o0o or —oo when
along the positive or negative z-axis respectively.

Because the detector cannot measure particles going into the beam line, energies and
momenta are usually expressed with respect to the transverse plane:

pr = \/p2 +pZ = |p|sin(0), (3.5)
Er = \/p?p—}—m?, (3.6)

which reduces to Er = pr for massless particles. Distances of particle directions AR
are expressed as differences in 7 and ¢ with equation

AR = \/(A)? + (An)2. (3.7)

Other used variables include zy and dy being the distance of the reconstructed vertex
from the primary vertex in z-axis and the transverse plane respectively. Also the
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missing transverse energy E%ﬁss can be defined with the negative sum of the transverse
energy EZF of every particle as:

Eps = 3" RS (3.8)
A

For more information on the determination of E%ﬁss see section 3.7.5. Analogously, the
missing transverse momentum can be defined as the negative sum of the transverse
momenta of all particles. This analysis additionally uses the significance of the missing
transverse momentum S(pis5) defined in [86] because it yields a better discrimination
between the signal and background and follows the equation

missy _ PR
S(PT ) T e, o v (3-9)
oL (1- pLT)

where p%iss is the missing transverse momentum, oy, is the resolution longitudinal to
PSS and ppp is the correlation between longitudinal and transverse resolutions with
respect to pisS. This equation takes effects like noise into account and expresses how

likely it is that a measured value of p is only due to noise fluctuations and not
from a weakly interacting particle such as a neutrino. Another variable that can be

defined is the transverse mass of two objects my which is defined as:

mp = /24P (1 — cos(Ap), (3.10)

with p% and pr? being the momenta of the particles A and B respectively and A¢ being

the difference in azimuthal angle. The transverse mass used in this thesis defines the
. .. £1;miss

transverse mass of the leading lepton and the missing transverse momentum mq

which is just referred to as the transverse mass mr for the rest of the thesis.

3.3. Inner Detector

The inner detectors [87, 88, 89] purpose is to provide tracking information of charged
particles. This is done by using three detector components namely the pixel detector
[90, 91], the semiconductor tracker (SCT) [92] and the transition radiation tracker
(TRT) [93]. The whole system is surrounded by the central solenoid [94] which pro-
vides a magnetic field along the beam axis of 2 T in the inner detector to be able to
determine the transverse momentum of charged particles by studying the curvature.
The detector has a coverage of up to |n| = 2.5 and achieves a momentum resolution of
% = 0.05% - pr[GeV] + 1%. Figure 3.4 shows the inner detector of the sub-systems
split into the barrel and end-cap region. The solenoid is not shown.

The pixel detector is the innermost part of the detector and in the central region it
has four layers [96] of silicon pixel modules placed cylindrically around the beam line
and a size of 50 x 400 pm?. In both end-cap regions the modules are mounted on
three disks being placed perpendicular to the beam. The two main goals of the pixel
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Figure 3.4.: Schematic of the ATLAS inner detector showing the inner components
[95].

detector are high resolution particle tracks and reconstruction of multiple interaction
vertices especially the primary vertex. It has a total number of around 80 million
pixels providing a resolution of 115 pm in beam direction and 10 pm in the transverse
plane.

The SCT is build around the pixel detector which uses silicon microstrips mounted
on a total of eight layers in the central region where two are used at the same time to
determine one space point which yields a total of four additional space points. Each
end-cap region has the silicon strips placed on nine discs where each layer is twisted
by 40 mrad compared to the previous one. The total resolution of the SCT is 580 pm
in beam direction and 10 pm in the transverse plane and has a total of 6.3 million
readout channels.

The outermost component of the inner detector is the TRT which functions as a drift
chamber. It is made of roughly 300,000 straw tubes filled with 70% xenon but also
27% CO2 and 3% Os. In the end-cap region they are placed perpendicular to the
beam line. These tubes are surrounded by transition radiation material which emits
transition radiation when a charged particle passes through it. The intensity is pro-
portional to the Lorentz factor v = % with E and m being the respective energy and
mass of the passing particle. Charged particles ionize the gases in the tubes when
passing them by creating free electrons. These electrons then drift to wires which
have a potential in the order of kV applied. In addition to more tracking information
with the drift chambers, which have a transverse resolution of 130 pm, the intensity
of the radiation is used to specify the type of particle by determining the mass after
an energy determination in the calorimeter system thus e.g. differentiating electrons
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from hadrons. The TRT has a total of approximately 350 thousand readout channels.

3.4. Calorimeter System

This section will go into further detail on the different calorimeters located at the
ATLAS experiment around the ID. The purpose of these calorimeters is to measure
the energies of the particles produced in the proton-proton collision. This is done for
all particles apart from specific exclusions like muons and neutrinos. The calorimeters
are optimized for electromagnetic showers and hadronic showers separately by using
electromagnetic calorimeters (ECAL) and hadronic calorimeters (HCAL).

An electromagnetic shower [97] is induced by electrons, photons and positrons. There
are two processes creating the rather narrow shower shape: bremsstrahlung and pair
production of an electron-positron pair. For pair production the photon needs to have
energy of at least twice the electron mass F, > 2m,.. These processes are repeated until
the photon does not have enough energy or the electron/positron energy is low enough
that the energy loss due bremsstrahlung is overshadowed by effects like ionization. Due
to this being fixed thresholds, the final number of charged particles strictly correlate
to the number of total energy the particle had.

Hadronic showers [98] on the other hand have a plenitude of effects which makes them
larger with larger variances in the shape of the shower. The dominating effects are the
inelastic scattering of light hadrons on the detector material, production of hadrons
and the de-excitation of previously excited nuclei.

Figure 3.5 shows the calorimeter system of ATLAS split into the different sub-systems.
All calorimeters at ATLAS are sampling calorimeters meaning that they have passive
and active materials layered. The passive material initializes and drives the showering
process and the active material is used to be able to determine the number of charged
particles. The used passive material is dependent on the sub-system but the active
material used is mostly liquid argon (LAr) with the exception being the tile barrel and
the tile extended barrel using scintillating tiles as active material. Due to the more
compact shape of electromagnetic showers compared to hadronic showers the ECALSs
are positioned before the HCALs (closer to the interaction point).

ECALSs [100] have an accordion like structure and can be separated into the EM barrel
and the electromagnetic end-cap (EMEC) with the EM barrel covering |n| < 1.475
and the EMEC covering 1.375 < |n| < 3.2. Both the EM barrel as well as the EMEC
use lead as the passive material. Although they have an overlap region the sensitivity
in the so called barrel-endcap crack region from 1.37 < |n| < 1.52 is lower due reduced
thickness of the detector material. This crack is necessary for the cables and services
into the ID. The thickness of the ECALs is expressed in radiation lengths Xy which
is the distance where on average the energy of an electron is reduced to 1/e of its
original energy. The thickness of the EM barrel region is more than 22 X, and the
EMEC reaches more than 24 Xj. The relative energy resolution of the ECALs can be
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Figure 3.5.: Schematic of the ATLAS calorimeter system showing the inner compo-
nents [99].

expressed with the equation as defined in [101]

% = %+%+0.7%, (3.11)
where E is given in GeV and the first term is the sampling term, the second being the
noise term and the last being the constant term. The noise term can be expressed
as roughly 350 - cosh(n) MeV. All terms are 1 dependent and the given values hold
for low |n|. The granularity of the EM barrel differs between the three layers. The
first layer, the one closest to the interaction point, has a granularity of 0.003 x 0.1 in
n X ¢, the second layer has 0.025 x 0.025 and the third layer also has 0.025 x 0.025.
The EMEC behaves identical in the second and third layer and the first layer is very
similar but changes to 0.006 x 0.1 in 7 X ¢ in the range 2.0 < |n| < 2.5. In the range
2.5 < |n| < 3.2 it has a granularity of 0.1 x 0.1.

HCALs can be separated into the tile barrel [102], the tile extended barrel [102] and
the hadronic end-cap (HEC). They cover |n| <1, 0.8 < || < 1.7 and 1.5 < |n| < 3.2
respectively. The passive material for the tile calorimeters is iron and HEC uses copper
for its passive material. For HCALs the thickness is expressed in interaction lengths
A which is defined as the mean distance a hadron travels until it scatters inelastically
with the material. The detector provides at least 10 A in a pseudorapidity region of
|n| < 4.9. This is visualized in figure 3.6 and ensures that as much energy as possible
is stopped and not lost for energy and EX calculations. Additionally, this prevents
unwanted particles entering the muon spectrometer. The relative energy resolution
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for energies F in GeV of the HCALs is given by [103] as being roughly
AE 0.5
E VB
The granularity of the tile barrel and the tile extended barrel is 0.1 x 0.1 in n X ¢.

The HEC has the same granularity below |n| = 2.5 and a granularity of 0.2 x 0.2
beyond that.

+ 3%. (3.12)
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Figure 3.6.: Total absorption length in the ATLAS calorimeter system given as a func-
tion of n [104].

The forward calorimeter (FCal) [105] is designed to cover the high || region not
charted by the other calorimeters. It has a range of 3.1 < |n| < 4.9 and functions
as ECAL and HCAL simultaneously by having three layers which are specialized.
The first is usually called the electromagnetic layer and the other two are called
the hadronic layers because the respective showers are mostly contained within these
layers. To be able to achieve this the passive material for the first layer is copper and
for the second and third layer it is tungsten. Due to the limited size of the calorimeter

the relative energy resolution is worse compared to the other calorimeters and is given
by
AFE 1
— = —= + 10%. 3.13
E VE (319)

Although the reconstructed objects in this thesis only consider n ranges up to 2.5 (see

section 5.1), the calorimeter is still relevant for the determination of EXS as well as
S(A).
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3.5. Muon Spectrometer

Muons require a dedicated detector to be reconstructed. This is because they only
deposit energies of about 3 GeV in the calorimeters due to their high mass. For this,
the muon spectrometer (MS) [106] is used which is positioned around the calorimeters
and comprises the outermost part of the ATLAS detector. It covers up to |n| < 2.7 and
uses, similar to the ID, magnetic fields to bend the tracks and reconstruct momenta
precisely. The toroids provide a bending power of 1.5 to 5.5 Tm in the barrel region
(In] < 1.4) and 1.0 to 7.5 Tm in the end-caps (1.6 < |n| < 2.7) [107, 108, 109].
The transition region (1.4 < |n| < 1.6) has a bending power of 2.5 to 6 Tm which is
achieved by having a total of 8 toroids placed throughout the MS. The MS is composed
of four detector sub-systems which fulfil two different purposes. All sub-systems and
toroids of the MS are shown in figure 3.7.

Thin-gap chambers (TGC)
N Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.7.: Schematic of the ATLAS muon spectrometer showing the inner compo-
nents [110].

The first task is the ability to trigger on muons, which the resistive-plate chambers
and the thin-gap chambers are optimized for. For this, they need a time resolution of
less than the bunch spacing of 25 ns and need to be able to identify a muon candidate
well within the trigger decision time of 2.5 ps (see section 3.6). The spacial resolution
they provide is in the order of mm.

The second task the MS needs to handle is the high precision measurement of muon
momenta which is accomplished with the monitor drift tube and the cathode strip
chambers. They have a spacial resolution in the order of pm. The relative momentum
resolution of a muon with an energy of 1 TeV is 10%. Lastly, there is a gap in the
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precision chambers of the MS at around n = 0 for cables and services into the inner
part of the detector.

3.6. Trigger and Data Acquisition

The LHC provides a bunch crossing every 25 ns which corresponds to a collision rate
of 40 MHz. With each event taking roughly 1.5MB of disk space this would lead
to 60 TB/s of data being stored if all events were to be saved. This is not possible
and trigger systems were developed to reduce the number of saved events by selecting
events which may have a physical interest. This is done in two main steps: a hardware
based level 1 trigger (L1) [111] and a software based high level trigger (HLT) [112].
Together with other systems they build the Trigger and Data Acquisition (TDAQ)
[113] system.

The L1 trigger has a decision time of 2.5 ps and the data is stored temporarily within
this time frame and afterwards either deleted or further processed depending on the
trigger decision. It receives reduced cell granularity of the calorimeters and basic
track information of the muon tracker. With this information a relevant signature
is searched with a trigger menu. Fach trigger has a specific requirement, e.g. an
electron with a transverse energy of more than 20 GeV. Possible relevant signatures
are: jets, electrons, photons, taus and muons having to surpass certain thresholds.
Muon signatures only use the muon spectrometer information to trigger, whereas the
other signature candidates only use the calorimeter information. The region in which
this signature was measured is marked as a Region Of Interest. If one of the triggers
in the trigger menu accept the event, it is saved. The L1 trigger reduces the event
rate to 100 kHz and the remaining events are then passed to the HLT.

The HLT has access to the full calorimeter and tracking information within the region
of interest. This allows for more precise but still fast identification algorithms to be
used. Again, the signatures have to surpass certain thresholds. If one of the triggers
in the trigger menu accept the event the event is saved on disk. The event rate is
reduced to 1.5 kHz and the data is reconstructed which reduces the file size to roughly
1MB. This leads to a total 1.5GB/s being saved to disk storage.

Some triggers in both the HLT and L1 have a prescaling which lets it reject a portion
of the suitable events. This is usually done for frequently firing triggers with e.g. a
very low energy threshold to still have data in this region without exploding the total
trigger rate.

Due to being limited to fast reconstruction algorithms, having coarser cell granularity
or having only a part of the detector information the energy values can deviate from
the values gained from offline reconstruction. This means that an offline reconstructed
electron with an energy of 18 GeV could have passed a L1 trigger which requires more
than 20 GeV for an electron or vice versa where it wasn’t saved although it would have
had enough in the offline reconstruction. For this reason one usually tries to require
triggers in an analysis to be in the plateau region where these effects less likely [114].
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3.7. Object Reconstruction and Ildentification

In order to evaluate the measurements of the detector, objects need to be recon-
structed. The detector itself measures cell energies without knowing which particle(s)
deposited these energies. By applying track and energy reconstructions these energies
can be assigned to a physical object which passed the detector. The reconstruction
and identification steps done for each relevant particle in this thesis are discussed in
this section.

3.7.1. Electrons

The electron reconstruction within || < 2.5 can be broken down into two major steps.
The deposition of energy in the electromagnetic calorimeter and the measurement of
a matching track in the inner detector. The reconstruction method has to be changed
above |n| > 2.5 because there is no more tracking information available (see section
3.3) but this will not be discussed in further detail.

A so called topo-cluster algorithm [115, 116] is used to build proto-clusters in the
electromagnetic and hadronic calorimeter. Using a likelihood approach for the
deposited energies, the shower is either marked as an electromagnetic cluster or a
hadronic cluster depending on the fraction of energy deposited in each calorimeter.
In case it is marked as an electromagnetic cluster a matching of the tracking
information is required [117]. For that, the ATLAS Global x? Track Fitter [118] is
used to reconstruct tracks within the inner detector by reading out the pixel and
SCT detectors. These tracks are then rather loosely matched to the electromagnetic
cluster considering possible energy losses including bremsstrahlung by applying the
Gaussian Sum Filter [119]. If multiple tracks met the requirements the best fitting
track is determined using an algorithm which includes the information on AR of the
center of the cluster and the track.

The 4-momentum is then defined by taking the information from both the track and
the electromagnetic cluster. The energy is directly taken from the cluster and the 7
and ¢ values are calculated using the track information.

In case an electron candidate is found a likelihood approach [120] is applied to
determine the chance of the candidate being a real electron rather than background
event such as a hadronic jet or a converted photon. There are a total of 19
discriminating parameters used which include, but are not exclusive to: 1) shower
width, 2) amount of energy in the hadronic layers and 3) track starting point. The
first two help in distinguishing from hadronic jets whereas the third one serves for
the rejection of converted photons. Depending on the likelihood result the candidate
is put into one of three identification categories: Loose, Medium or Tight. Each
of them has increasingly higher likelihood thresholds to be accepted. This reduces
both the number of real electrons accepted and the number of fake electrons but
has bigger impact on the number of fake electrons. The specific efficiency depends
on the transverse energy but is set to be 93%, 88% and 80% over the whole Erp
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region for Loose, Medium and Tight respectively. For example the Tight operating
point changes from an efficiency of 58% at Er = 4.5 GeV to an efficiency of 838%
at Er = 100 GeV. In all cases over the whole Er the background rejection is above
95%. More information on the identification can be found in the internal ATLAS
documentation of reference [121].

Finally, also isolation criteria can be applied to reduce background contribu-
tions. There are two different types to cover. The first one is the option of having
calorimeter isolation that limits the maximum allowed energy in a cone around the
electron energy deposit. The second one is a tracking isolation limiting the sum of
transverse energy around a cone of the electron track. The isolation criteria can
be applied simultaneously or mutually exclusive depending on the use case. The
efficiency of the isolation working points depends on the Er but is usually located
somewhere above 90% for transverse energies above 40 GeV. For more details on the
different kinds of isolation criteria to apply, see the internal ATLAS documentation
[122].

3.7.2. Muons

The muon reconstruction [123, 124, 125] uses the information of the inner detector
and the muon spectrometer in order to identify a muon. There are several different
methods to determine a muon candidate increasing for example the acceptance at
especially high or low 7 values (extrapolated muons and calorimeter-tagged muons
respectively). Due to the fact that this analysis only considers combined muons this
type is the only one discussed in further detail here.

Combined muons candidates are determined by independently reconstructing tracks
in the inner detector and the muon spectrometer. The inner detector reconstruction is
similar to the reconstruction of the electron track without requiring a matched shower
or considering bremsstrahlung whereas the muon spectrometer uses a different x? fit
from the hits in the middle layers and then testing the hits in the inner and outer
layers. To obtain these tracks and to get a candidate either the outside-in strategy
extrapolates the muon spectrometer track into the inner detector or the inside-
out strategy extrapolates the inner detector track into the muon spectrometer. In
both cases the extrapolated track is then matched to the track from this detector part.

The Muon candidates are then identified as one of five identification categories
using a likelihood approach of it being a real muon and not a background event such
as muon originating from a kaon or pion decay. Some of the identification parameters
are the difference of the pr of the inner detector and muon spectrometers tracks over
the pr of the combined track or the x? value of the combined fit. The five categories
are: Loose, Medium, Tight, Low-pr and High-pp. The Loose selection has the highest
reconstruction efficiency, Medium has the lowest uncertainties with reasonable purity
and efficiency and Tight maximizes purity. The Low-pr and High-pt are, as the
name suggests, optimized for low pp muons (> 3 GeV) and high pp muons (> 100
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GeV) respectively while keeping uncertainties as low as possible.

In particular starting from pr > 3 GeV the Loose working point has an efficiency
between 90%-98% increasing for higher energies. The Medium has an efficiency
between 70%-97% and Tight has an efficiency between 36%-93% (no muons below
pr < 4 GeV allowed in the Tight working point). The plateaus are reached at
different transverse momenta, roughly 5 GeV for Loose and Medium and 20 GeV
for Tight. The background rejection of the tight requirements are between 3 to 10
times the background rejection of the Loose working point. The background rejection
of the Loose working point varies between 1.2% and 0.12% decreasing with higher
transverse momenta. The Low-pr working point provides similar signal efficiencies
than the Loose working point, especially at low transverse momenta, while providing
a better background rejection. The High-pr working point has the worst efficiency
of all working points, with around 80% staring from pp > 20 GeV but has the best
momentum resolution.

The isolation criteria applicable in order to reduce possible backgrounds are
very similar to the electron isolation criteria but differ in the specific values which
are optimal. It is possible to use tracking isolation, calorimeter isolation or both.
The specific efficiencies depend on the used method but mostly reach a plateau close
to 100% between 30-80 GeV and mostly start at a efficiency of 50-70% at 4 GeV.
Further information on the isolation cuts for muons is found in the internal ATLAS
note [122].

3.7.3. Jets

Jet signatures are the most prominent objects reconstructed in hadron colliders. They
do not consist of any single particle but rather are made of many final state parti-
cles being collimated. They originate, among other things, from gluons and quarks
hadronizing due to confinement. The reconstruction [126, 127], similar to the recon-
struction of electrons, starts with the creation of topo-clusters [115] in the electromag-
netic and hadronic calorimeters. These topo-clusters are created around cells with an
energy to noise ratio above 40 and neighboring cells are added as long as the energy to
noise ratio stays above 20. By also using tracker information of the charged particles
the particle flow algorithm [128] corrects energy and momentum measurements and
decreases the respective uncertainties by e.g. having less background from pile-up.
These topo-clusters are then combined with using a clustering algorithm based on
distances. Common algorithms include the k; [129], the anti-k; [130] and the Cam-
bridge/Aachen [131] algorithms. The one used at ATLAS is the anti-k; algorithm
which clusters around high pt bins. The equation shown is for the anti-k; algorithm
but the named algorithms essentially only differ in the sign of the exponent of the
transverse momenta in the following equations:

A2
dij = min (k2 ;7 ) =5 (3.14)
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dip = k%, (3.15)

where A?j = (yi — ;)2 + (¢; — ¢;)? is the geometrical distance between the two objects
using the azimuth angle ¢; ; and rapidity y; ; of the objects i and j, ky; +; are the trans-
verse momenta of the objects ¢, j and R is the radius parameter, usually set to be 0.4.
Also, d;; and d;p are the distance parameters between the two objects and between
object i and the beam. If d;; < d;p the clusters are combined otherwise i is defined as
a jet and removed from further distance comparisons. Figure 3.8 visualizes the results
of the anti-k; algorithm using an exemplary set of energy depositions consisting of a
parton-level event and many soft events (see section 2.2).

anti-k,, R=1 |

Figure 3.8.: Results of the anti-k; algorithm with one parton-level event and 10* soft
events with an R of 1. Each color corresponds to a different jet object
shown in the ¢-y plane where the height of the pillars give the pt of the
bin [130].

One way to additionally reduce background contributions is the use of a Jet Vertex
Tagger (JVT) [132, 133] which reconstructs the production vertex and returns a quan-
tity how likely it is that the tested jet originates from the primary vertex. This mostly
serves for rejection of pile-up vertices and detector noise.

3.7.4. b-Tagging

The jet reconstruction does not yield any information on the type of jet. Due to
differences in physical processes the topology of jets differ depending on the creating
process so they can be tagged. A b-quark mostly decays into a W boson and a lighter
quark which gives a different substructure than just a light quark. Additionally, due
to the lifetime of the b-quark it is possible to measure a displaced vertex. Some jets
types are hard to distinguish, e.g. an v and d quark create almost identical looking
jet structures. So the final tagging efficiencies also vary on the jet type and a b-jet
has the most unique structure which makes it the best performing at jet-tagging.
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The b-tagging is done in two major steps. First, low-level algorithms are used to
reconstruct the characteristic properties of b-jets. These algorithms consider, but are
not limited to, the impact parameters IP2D and IP3D [134], secondary vertex finding
algorithms (e.g. SV1 [135]) or multi-vertex finding algorithms such as JetFitter [136].
Second, the outputs of these algorithms are used as inputs into boosted decision trees
and (deep) neural networks such as MV2 and DL1 [137]. Both calculate likelihood
ratios and return the probability whether the tested jet is a b-jet. A exemplary setting
of 77% means that this number of b-jets are successfully tagged.

3.7.5. Missing Transverse Energy

The missing transverse energy [127] is an important quantity in describing particles
the detector cannot detect such as neutrinos or other non-interacting particles. The
missing transverse energy is used instead of the total missing energy because the de-
tector cannot measure particles leaving through the beam line which would lead to
large uncertainties. The missing transverse energy on the other hand should theo-
retically (almost, due to that fact that the beams have a crossing angle and are not
perfectly head on [138, 139],) sum up to zero due to 4-momentum conservation if the
energies of all present particles were known. In reality this is not true due to noise
fluctuations, nonetheless it is the only way to estimate the contribution of weakly
interacting particles. The missing transverse energy EITniSS is defined via E™SS and
ELmss as:

Eg,lzi/ss = Z ELy+ Z Ely+ Z ELy+ Z Egr:(f;s+

DB+ By,

E%niss _ \/(EgliSS)Q + (Ezr/niss)27 (317)

where the sums contain all the identified particles that fall into the specific category.
The only exception being > E;O?ﬁt which is the sum of all identified tracks which were
not assigned to any particle coming from soft events. Instead of just using the energy
cells themselves, the energies of the reconstructed objects are summed up to be able
to use object based calibrations and reduce systematic errors [140, 141].

(3.16)

3.7.6. Overlap Removal

All of the reconstructions mentioned above are done independently from each other
which can lead to overlaps. To avoid energy cells being assigned to multiple particles
or tracks being assigned multiple times an overlap removal algorithm is applied. This
algorithm uses the checks in table 3.1 to determine which object the energy cell should
be assigned to. For more details on the overlap removal the ATLAS documentation
[142] and the internal ATLAS documentation [143] are available.
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Table 3.1.: Overlap removal criteria applied to the defined objects in this analysis.
If the criteria is fulfilled the object in "Reject” is removed when being
compared to "Against" [142, 143].

Reject Against  Criteria

Muon Electron is Calo-Muon and shared ID track
Electron Muon shared ID track

Jet Electron AR < 0.2
Electron Jet AR < 0.4
Jet Muon NumTrack < 3 and (ghost-associated or AR < 0.2)
Muon Jet AR < 0.4

3.8. Monte Carlo Method

In order to predict the results the Standard Model or BSM physics would yield
when measuring data with an experiment so called Monte Carlo (MC) simulations
are used. Monte Carlo simulations, named after the Monte Carlo Casino in Monte
Carlo, Monaco, simulates a physics process first on "truth" level and then determines
the detector responses to such a process. More on that in the next paragraphs. In
particle physics due to quantization results can not be predicted with certainty and
can only be expressed in terms of percentages and likelihoods. In this sense predicting
the outcome of a particle physics experiment is somewhat like gambling. To still be
able to draw conclusions the results are expressed in significances, so how far they
deviate from the expectation value (more on this in chapter 6). To be able to do
this one needs to thoroughly study the expected results both for the case where the
Standard Model holds and for the case new physics are present (like a Leptoquark in
this thesis). MC is doing this by using random number generators (RNG) to mimic
the uncertainty of nature. This means that doing the same process twice results in
different looking events due to all things being probability based.

The first level in MC production is "truth" level which means that the interaction takes
place without interacting with anything else, so e.g. no detector material interactions.
For this a plethora of MC generators are used [144] all having their own advantages
and disadvantages. A great majority of them share a common order of execution
with the first one being the calculation of the hard process by calculating all possible
Feynman diagrams up to a certain order. Possible orders are e.g. leading-order (LO),
next-to-leading-order (NLO) or next-to-next-to-leading-order (NNLO). Starting from
NLO additional initial state radiations (ISR) and final state radiations (FSR) are al-
lowed.

After the hard process, the steps discussed in detail in section 2.2.4 are processed
being: parton showers, hadronization, decay of unstable particles and simulation of
underlying events. Parton showers simulate soft gluon and photon emissions. To
ensure the separation from hard process ISR and FSR from soft emissions certain
recombination methods are employed to avoid double counting events, namely match-
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ing and merging [48]. The simulation of the hadronization process is done in different
ways depending on the used MC generator. The most prominent phenomenological
approaches are the string model [145, 146] and the cluster model [147, 148]. Then, the
unstable particles which are created from the hadronization process can decay with
a certain probability depending on the mean lifetime and the underlying events are
simulated.

After having simulated the "truth" level the detector response needs to be estimated to
be able to compare the simulation to real data. The detector simulation of the ATLAS
detector is done using GEANT4 [149]. This program is able describe the interaction
of particle with matter and has very precise information on the detector materials and
dimensions. It is also able to simulate the exact response including smearing effect of
the different components, e.g. the energy cells, and how the components digitize this
information. This GEANT4 information is combined in a digitization process with
pile-up and noise contributions. This has the advantage of not having to simulate
the whole event again if the pile-up conditions are changed. From this point on the
simulated event can be handled identically to a real event and is able to be saved in
the same data formats. Figure 3.9 visualizes the different data formats of simulated
vs. real events and the point they converge. For more information on the data formats
for real events see the next section.

Event Generation

(e ) (e )

] [ eeore |

Figure 3.9.: Illustration of the data formats for simulated and real events. EVNT
is the truth level information, HITS is a detector simulation format and
Background is the format for noise and pile-up. RDO contains the exact
same information as the whole detector transmits to the triggers, and
RDO trigger corresponds to the RAW format.[150].
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The number of produced MC events does not correspond to the number of expected
events, it just decreases the statistical uncertainty of the simulated process and is only
limited by processing power. After producing the desired amount of events, weights
need to be applied to represent the SM process. The purpose of the event generator
weight depends on the specific generator used and e.g. accounts for double counting
or shape corrections and always needs to be applied. Then the events are normal-
ized, scaled to the cross section of the specific process simulated and then scaled to
the integrated luminosity of the collider experiment, here 140 fb=! . Additionally,
scale factors need to be applied which accommodate for inefficiencies. This includes
efficiency corrections like b-tagging efficiencies, JVT efficiencies, reconstruction effi-
ciencies, isolation efficiencies or pile-up corrections.

3.9. Data Formats

There are a plethora of different data formats used at ATLAS [151] for real events.
The initial data format is RAW which consists of the full cell information of the whole
ATLAS detector. These information are used to apply reconstruction algorithms (see
section 3.7) and calibrations and are then saved as Event Summary Data (ESD) which
is solely done on the LHC Computing Grid [152, 153]. This file is then re-calibrated
and formatted to an Analysis Data Object (xAOD) [154]. The size of these files is
still in the Petabyte range which emphasizes preselection for the analysis.

This is done in three main steps: "skimming", "thinning" and "slimming". Skimming
is the removal of whole events by requiring for example the event to have more than
two reconstructed electrons. Thinning removes selected objects from every event for
example removing all muons because muons would not be needed for a search. Slim-
ming removes variables from all events and objects which would for example be the
¢ value for every object. (Cutting away ¢ information is not advised at all because
even if it is not used it is an important control parameter.)

The resulting data format is called derived xAOD (DAOD) which have a file size in
the order of Terabyte. Finally, the DAODs can be stored in a n-tuple format which
can be read and modified by the data analysis framework ROOT [155].
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This chapter contains all the information concerning the measured and simulated
datasets. This includes the collision data measured in Run 2 (section 4.1) and the
Monte Carlo Simulation of the signal and the background samples (sections 4.2 and
4.3).

4.1. Collision Data

This search uses the Run 2 pp collision data of the LHC, which has an integrated
luminosity of 140 fb~! and a center-of-mass energy of Vs = 13 TeV . The data
taking period stretches from 2015-2018. All used events are part of the Good Runs
List which describes the part of data collected which matches to requirements to be
used in an analysis for example all required detector parts working properly [82].
The resulting luminosity is shown in figure 4.1 where the value of the integrated
luminosity is stated as 139 fb~! in contrary to the used 140.1 & 1.2 fb~! which is the
number recommended in [82]. This deviation most likely arises from a slight change
in recommended luminosity since the creation of this plot. Nevertheless, it visualizes
still very accurately the increase in integrated luminosity throughout Run 2 and the
efficiency of delivered to usable luminosity. The internal ATLAS documentation for
the Good Runs List can be found in reference [156].
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Figure 4.1.: Visualization of the integrated luminosity delivered by the LHC, recorded
by ATLAS and used for physics analysis. Note that 139 fb~! is an old
estimation and this analysis uses 140 fb~! [84].
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Additionally, all events are selected using different single lepton HLTs depending
on the lowest available unprescaled thresholds for each data taking period. These
triggers are listed in table 4.1 and work accumulatively. The most important parts
of the trigger name are the first two options where the minimum energy and the
minimum likelihood ratio is defined. A trigger with "e24 lhmedium" for example
requires an electron with Er > 24 GeV (e24) and a medium likelihood ratio
(Ihmedium). These likelihood ratios are using neural networks to determine how
likely it is that the observed particle is an electron. The settings Tight, Medium
and Loose only define an acceptance threshold. Lastly, the other options give
additional information on the HLT, e.g. "L1EM22VH" requires the level 1 trigger
with this name to fire which in turn fires when an electron of more that 22 GeV is
measured. The triggers applied follow the internal ATLAS recommendations at [157].

Table 4.1.: Summary of single lepton trigger list which needs to be triggered to be
used in the analysis. Only 2015 has its own trigger list whereas the other
years use the same triggers. Only one trigger needs to fire for the event to
be accepted.

Period ‘ Electron Triggers
HLT e24 lhmedium LI1IEM20VH
2015 HLT €60 lhmedium

HLT €120 lhloose

2016 HLT_e26_ lhtight_ nod0__ivarloose
2017 | HLT 60 lhmedium L1EM22VHI
2018 HLT 140 lhloose L1EM22VHI

During the data taking period the number of collisions per bunch crossing have
changed greatly and increased mainly due to increasing instantaneous luminosity.
This results in larger backgrounds in the form of larger pile-up which needs to be
accounted for. The interaction distributions for each year separately and accumulated
are shown in figure 4.2 where the expected number of interactions of the whole
Run 2 (() = 33.7) more than doubles the average number of interactions in 2015

(1) = 13.4).
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Figure 4.2.: Visualization of the interactions per bunch crossing for the Run 2 data
taking period both accumulated and split in each year including the ex-
pected number of interactions [84].

4.2. Simulated Signal

The simulated signal is a scalar Leptoquark S; coupling only to an electron and a
b-quark resulting in a branching fraction of 1. There is a total set of 24 different
parameter combinations produced having masses from 1 to 3.5 TeV in steps of 0.5
TeV and couplings from 0.5 to 3.5 in steps of 1. The corresponding dataset identifiers
(DSIDs) are 602449-602472. All cross sections are listed in table 4.2 with all other
relevant information for each produced set of parameters. The highest cross section
of 8.74 - 1072 fb has the sample with a mass of 1 TeV and a coupling of 3.5 and
the lowest cross section is 5.18 - 1077 fb given by the 3.5 TeV, 0.5 coupling sample.
The generators used to produce the signal are POWHEG [158, 159, 160] and HERWIG
7 [161] using a state-of-the-art resonant Leptoquark routine [76]. This differs from
the phenomenological resonant Leptoquark search which used MADGRAPH [162] and
PyTHIA 8 [163, 164] for the simulation [74]. The used lepton PDF has NLO precision
and is called "LUXlep-NNPDF 31 _nlo_as_ 0118 luxqged" (LUXlep) [47]. It is evolved
out of the photon PDF due to the fact that the electrons produced in the proton
originate from photons. Due to having NLO precision it is possible to have a second
lepton in the final state (see section 2.3.2) which allows for searches in the 1 lepton
and 2 lepton region.
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Table 4.2.: Signal sample list used in this analysis including the mass, coupling, num-
ber of generated events surviving preselection cuts (see section 5.2), cross
sections extracted from POWHEG, used generator and DSID values.

‘ Mass [TeV] ‘ Coupling ‘ Preselection events ‘ Cross section [pb] ‘ Generator ‘ DSID ‘

0.5 55781 1.42-1073 602449

. 1.5 51171 1.35-1072 602450
2.5 42976 4.09- 1072 602451

3.5 35076 8.74-1072 602452

0.5 64898 1.69-107% 602453

15 1.5 59138 1.71-1073 602454
: 2.5 50361 5.76 - 1073 602455
3.5 41538 1.36 - 1072 602456

0.5 66545 3.01-107° 602457

5 1.5 57844 3.38-107% 602458
2.5 46763 1.30-1073 602459

3.5 38819 3.42.1073 , 602460

05 66184 6.66-10° PowhegHerwig? —6o167

o s 1.5 53816 8.92-1075 602462
’ 2.5 42430 4.02-1071 602463
3.5 34550 1.18-1073 602464

0.5 64915 1.75-107 602465

5 1.5 47604 3.00-107° 602466
2.5 36178 1.58- 1074 602467

3.5 30752 5.04-10% 602468

0.5 61899 5.18-1077 602469

. 1.5 39763 1.21- 10—5 602470
: 2.5 31370 7.33.107° 602471
3.5 27327 2.46 - 1077 602472
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4.3. Simulated Background

In order to mimic a signal event at least one highly energetic lepton and jet need to be
identified. In order to do this the Feynman diagram needs a particle which creates a
jet such as a gluon or a quark and a lepton (or a jet creating particles faking a lepton
which is strongly suppressed).

The therefore considered background processes for this analysis are: W+ jets, Z + jets,
single top, top anti-top (tt), dijet (Dijet when referring the sample), diboson semi- as
well as fully leptonic, lepton-quark scattering and top anti-top with a vector boson
(ttV). The dominating background processes are W+ jets, Z + jets, dijets and single
top and ¢f which will be combined and referred to as "Top". The remaining processes
will be referred to as "Others" in all plots to reduce cluttering because their combined
contribution is still lower than a single dominating background.

The W+ jets process is the dominating background when considering a final state
with one lepton. The W boson has to decay leptonically into a charged lepton and
it’s corresponding neutrino in order to produce the necessary lepton in order to fake
a signal event. The corresponding Feynman diagrams are shown in figure 4.3.

g s q g 7
W+
Yy
W+
q (a) q q (b) A

Figure 4.3.: Selection of contributing W+ jets diagrams. W~ diagrams are also pos-
sible if the incoming particles are charge conjugated.

Z + jets is the dominating background when considering a final state with two leptons.
A selection of contributing leading order Feynman diagrams is given in figure 4.4. In
all of these the Z boson needs to decay leptonically in order to produce the required
amount of leptons.
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Figure 4.4.: Selection of contributing Z + jets diagrams.

The Top samples dominate the background at higher b-jet multiplicities. This is
because a top quark almost exclusively decays into a b-quark and a W boson. The
corresponding Feynman diagrams for a leptonic and hadronic W decay are shown in
figure 4.5. Some of the contributing diagrams are shown in figure 4.6 where the single
top s-channel and t-channel diagrams, the single top with an additional W boson and
the tf diagrams are drawn.

1% q

W+ w+
t s t q
(a) b (b) b

Figure 4.5.: Most common decay modes of the top quark with the W boson either
decaying leptonically (a) or hadronically (b).
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Figure 4.6.: Selection of contributing "Top" diagrams. This includes s-channel (a) and
t-channel (b) productions of a single top quark which forbid ¢” to be a
top quark to not have two top quarks in the final state. Additionally,
processes with a W boson in addition to a top quark are considered (c)
and a tt diagram (d) is shown.

Dijet samples have the highest contribution to one lepton final states when not apply-
ing any isolation criteria on the lepton (see section 3.7). This is because of the very
high cross section of this process due to the sheer amount of possible leading order
diagrams with relatively high cross sections. One of the jets needs to be misidentified
as a lepton from either a coincidental lepton flying in the same direction or a highly
energetic lepton being created in the showering process. A small selection of possible
Feynman diagrams is shown in figure 4.7.

The remaining processes include diboson decays where both decay leptonically (fully-
leptonic) and cases where one decays hadronically and one leptonically (semi-leptonic).
It also includes ¢t events with an additional vector boson (t£V') and processes where
a lepton scatters on a quark. One contributing Feynman diagram for each of these
backgrounds is drawn in figure 4.8.
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Figure 4.7.: Small selection of contributing dijet diagrams. One of the resulting jets is
misidentified as a lepton. Depending on the exchange boson and channel
in (a) and (b) the quarks either don’t change flavour, differ in flavour or
are their own anti particles.
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Figure 4.8.: One contribution diagram for each background part of the "Others" back-
ground. This includes diboson processes where both decay leptonically
(a), dibosons with a semileptonic decay (b), ¢t in combination with a vec-
tor boson (c¢) and a lepton-quark scattering process (d).
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All backgrounds follow the internal instructions of the Physics Modeling Group (PMG)
recommendations [165] if possible. Table 4.3 summarizes all background samples
naming the processes and including their respective number of generated events after
applying preselection cuts (see section 5.2), cross sections, generators and DSIDs. The
used generators for the backgrounds include SHERPA 2.2.11, 2.2.12, 2.2.14 and 2.2.2
[166, 167], PyTHIA 8.230 [163, 164], POWHEG Box v2 [158, 159, 160], MADGRAPH
3.3.4 and MADGRAPH5__AMC@NLO 2.3.3 [162] and HERWIG 7.2.3 [161]. The used
PDFs are "NNPDF2.3L0 " [168] when using PyTHIA and "NNPDF3.0NLO " [45]
when using other generators. The only exception being LUXIlep for the lepton-quark
scattering using the same PDF as the signal samples. Further information on the

samples can be found in the internal note of the current resonant Leptoquark search
of ATLAS [63].

Table 4.3.: Background sample list used in this analysis including the specific pro-
cesses, number of generated events surviving preselection cuts (see section
5.2), cross sections, used generators and DSID values. EW and QCD for
the diboson sample represent electroweak and quantum chromodynamic
processes respectively.

Background Process Preselection events | Cross section [pb] Generator DSID
W —ev 2.18 - 107 700338700340
W+ jets = 23846711 2.18 - 107 SHERPA 2.2.11 700341-700343
W — v 2.18 - 107 700344-700349
7 — ee 2.22 - 10° SHERPA 2.2.11 700320-700322
Z + jets Z — 33013657 2.22 - 10° - 700323-700325
Z =TT 2.24-10 SHERPA 2.2.14 700792-700794
s-channel 4094 1.03- 107 410644, 410645
Top t-channel 72066 2.17-10% PowHEG Box v2 + 410658, 410659
twW 71591 7.17-107 PyTHIA 8.230 601352, 601355
tt 545300 7.30-10% 410480, 410481
Dijet 41047 1.91-10° PyTHIA 8.230 364701-364712
Fully-leptonic EW 2.99-10 " o 700587-700590
' 61622 217 10! SHERPA 2.2.12 700600700605
Diboson Fully-leptonic QCD 5.00.10-1 345705, 345706,
SHERPA 2.2.2 345718, 345723
. . 1.63- 100 364302-364305
Semi-leptonic QCD 1869631 750 107 StERPA 2011 700485700496
_ . 0 MADGRAPHS _AMCQ@NLO 2.3.3 + | 410155-410157,
v 206951 1.34-10 PyTHIA 9.230 410218-410220
. e+q ) 1.44-10° MADGRAPH 3.3.4 + 525888525894
I-q scattering i+q 144418 1.32-100 HERWIG 7.2.3 525895525001

4.4. Fake Electron Estimation

Precisely simulating the possibility of the detector misidentifying a jet as an electron
can be quite challenging using MC. To control the MC behaviour, a data-driven back-
ground estimation is used which uses measured collision data to estimate the back-
ground contribution of events containing fake electrons. This data-driven approach
is only used for the case of one final state electron due to dijet being a diminish-
ing background with two final state electrons. The specific approach used is called
"asymptotic matrix method" [169] and needs two selection criteria for the electron, in
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4. Data and Monte Carlo Samples

this analysis they are called "baseline" and "signal" electrons (see section 5.1). Signal
electrons are a subset of baseline electrons fulfilling tighter requirements. Baseline
electrons which are not part of the signal electrons are called "loose" electrons. The
fraction of real electrons that are baseline electrons being also signal electrons is called
real efficiency €, and the fraction of fake electrons that are baseline electrons being
also signal electrons is called fake efficiency e;. They are therefore defined as:

N? = €.N?, (4.1)

N§ = ¢/N?, (4.2)

where N and Nj are the numbers of real and fake electrons in the set of signal

electrons and N’ and NJIZ are the numbers of real and fake electrons in the set of
baseline electrons. The real efficiency can be extracted from MC simulations because
MC simulations already use the real efficiency to correct differences in MC to data.
The fake efficiency needs to be taken from data samples containing different events
than the ones being estimated. Using both efficiencies, a matrix correlating the number
of signal N* and loose electrons N! with the number of real baseline electrons N? and
fake baseline electrons N}’ can be created. The matrix is

s € € b
()= (712 (8) 0

which can be used to get the expression

1
b . s l
Nj=— - [(er )N +erN} . (4.4)

Using this in 4.2, the number of fake electrons in the set of signal electrons can be
estimated. The efficiencies depend on several factors such as the electron momentum
which leads to every event needing to be weighted differently. The applied weights
are:

erz‘e;:fi , (45)

€ri—€f;

“fi (e, — 1), if signal electron
w; =
! (€ri, if baseline electron

with €,; and ey; being the real and fake efficiency of the corresponding electron i. Due
to €., always being smaller than one, the weight of signal electrons is always negative.
The total sum of weights is exactly the number of fake electrons being in the signal
electron set:

Ni =Y w. (4.6)

4.5. Analysis Software

Throughout the analysis several different programs come into play. This section will go
over all analysis steps of this analysis, name the used programs and claiming whether
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4. Data and Monte Carlo Samples

the steps were part of this thesis or provided externally.

The production process of the MC sample up to the Ntuple level was not part of this
thesis but are rather provided by the LQ resonant search group of the ATLAS collabo-
ration using, among other programs, the internally available LINtupleMaker program
[170]. The used analysis release is AnalysisBase, version 25.2.2 and the derivation tag
is p6026.

First looks at kinematics and root files were done using SWAN [171], a Jupyter note-
book implementation with access to the CERN cloud which allows for both C++
(using g++ 13.1.0 as compiler) and Python 3 [172] code which were both used and
tested. The extensive inspection of all kinematic distributions, testing of different
cuts and optimization of these is done using a fully self written program from scratch
in C++ in a modular design based on classes. The goal of this program is maxi-
mum flexibility in changing parameters for cutting and plotting decisions. It uses
the ROOT library v.6.32.02 [155] to implement the input and output of ROOT files
via the RDataFrame class. This program was used on LXPLUS [173], an interactive
interface to use the computing clusters provided by CERN. Additionally, it was also
modified to work remotely by sending jobs with HTCondor [174] to the computing
clusters for calculations which took up to three days.

During the creation of this thesis this program was replaced by a internally available
program named LJHistoMaker [175], being programmed in both Python and C++, to
increase the visual quality of the plots and ensure similar looking plots compared to the
ones created by the ATLAS resonant LQ group. This program was modified by adding
some functionalities and modifying others. It was originally used on LXPLUS/SWAN
but was later moved to "ATLAS Analysis Facility at UChicago" (UChicago) [176] be-
cause the added systematic uncertainties increased the files sizes of the MC samples
greatly (roughly a factor of 40) which would not have fit in the available space on AFS
and EOS, the file storages of LXPLUS and SWAN. Here again a mixture of interactive
coding and notebook usage are used. This altered version of LJHistoMaker was used
to create a majority of the plots in this thesis.

The statistical analysis is based on LJStatAnalysis, also internally available under
[177]. This was originally created for tutorials, was already somewhat adjusted to fit
an e-d channel resonant LQ search and then heavily changed to create the statistical
analysis seen in this thesis. It was also originally used on LXPLUS/SWAN and later
moved to UChicago. This program uses cabinetry [178, 179, 180] which is a wrapper of
numerous libraries including additional functionalities of fits and visualizations. The
hypothesis test itself uses pyhf [181, 182].

Note that the used internal links in this section are linking to programs used in a
currently ongoing search and might provide utilities and files which were not available
during the creation of this thesis.
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5. Event Selection

This chapter goes into further detail on the selection of events which are considered
in the statistical analysis (see chapter 6). To do this, first the different requirements
on the reconstructed objects are stated in section 5.1, then the preselection cuts are
shown in section 5.2. After that, to be able to motivate the decisions of the cuts, the
kinematic distributions of the leading lepton and jet, the second most energetic lepton
and the lepton-jet system with preselection are shown in section 5.3. In this context
the different distributions are explained including the use of pseudorapidity for the
leading jet. The following section 5.4 will treat the optimized cuts by showing N-1
plots. The region definitions and explaining the chosen Control Regions, Validation
Regions and Signal Regions (CRs, VRs, SRs respectively) is done is section 5.5. The
programs used are discussed in previous section 4.5.

5.1. Object Selection

This section will go into further detail on the object selection by stating the attributes
an object has to have to be considered in the analysis. Additionally, the working
points applied to the objects are mentioned. This list is split into the different objects
reconstructed being the different lepton types and jet types.

5.1.1. Electron Selection

For electrons to be considered in this analysis they need to fulfil the baseline re-
quirements in table 5.1. These requirements can be split into categories: kinematic
requirements, vertex requirements and working point requirement. The kinematic re-
quirements apply cuts on pr and 7, where the vertex requirements make sure that the
track to vertex association fulfils criteria for zpsin 6 and dp/o(dp). Finally, the work-
ing point requirement chooses different identification and isolation working points. If
the tighter signal criteria is fulfilled the electron is considered to be a baseline as well
as a signal electron. Further information on the electron selection can be found on
the internal ATLAS recommendations page in reference [183].
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5. Event Selection

Table 5.1.: Selection criteria for baseline and signal Electrons.

Feature Baseline Criterion Signal Criterion
pT > 10 GeV > 20 GeV

I <247 <247

|20 sin 6] < 0.5 mm < 0.5 mm
|do/o(do)] - <5
Identification working point LooseBL Tight

Isolation working point - HighPtCaloOnly

5.1.2. Muon Selection

Muons follow similar selection criteria as electrons. The specific requirements nec-
essary for the muons to be considered baseline or signal muons are summarized in
table 5.2. The kinematic requirements are mostly identical compared to the electron
requirements apart from its slight increase in 7 coverage. The vertex requirements
in transversal direction are tighter for signal muons. The defined working points are
different and apply different algorithms for identification and isolation. For more
information on the muon selection the internal recommendations page [184] can be
looked up.

Table 5.2.: Selection criteria for baseline and signal Muons.

Feature Baseline Criterion Signal Criterion

pT > 10 GeV > 20 GeV

| <25 <25

|20 sin 0] < 0.5 mm < 0.5 mm

|do/o(do)| - <3

Identification working point High-pT High-pT

Isolation working point - PflowTight_VarRad

5.1.3. Jet Selection

The jet selection is listed in table 5.3 and deviates quite a lot from the lepton selections.
The first thing is that there is no baseline object defined and all considered jets are
signal jets. Secondly, the working points and track to vertex association requirements
are switched for other types of requirements. The kinematic requirements on pr and
n are identical to the requirements for the leptons. If the b-tagging requirement is
additionally fulfilled the identified jet is considered a b-jet. These criteria are based
on the ones applied for the official resonant LQ search currently done by ATLAS as
the same samples are used. More information on that can be found in the internal
note of the ongoing LQ search [63].
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Table 5.3.: Selection criteria for Jets. For b-jets the b-tagging requirement additionally

applies.
Feature Signal Criterion
T > 20 GeV
In| <25
Clustering Algorithm  Anti-k;
Radius R 0.4
Pileup mitigation JVT FixedEffPt
b-tagging DL1dv01 FixedCutBEff 77%

5.2. Preselection

The preselection cuts include cuts to ensure a optimal working point and cuts
reducing file sizes by cutting phase space which is not needed for this search. The
event is required to have one or two same flavoured baseline and the same amount
of signal leptons (this allows for potential low energy leptons below the baseline
threshold), mg; > 700 because regions below that will not contribute to the statistical
analysis, the leading lepton and jet both are required to have a pr > 130 GeV and the
event must pass the single-lepton triggers mentioned in table 4.1. Additionally, the
offline reconstruction is matched to the trigger signature by requiring +1 GeV on the
offline (reconstructed) pp. This ensures that the triggers are used in their respective
plateau regions by following the trigger signature group recommendation [185]. In
the dataset used in this analysis the 2 lepton (2L) events were not correctly filled
and the Boolean responsible for this matching is always set to 0. This should have a
negligible impact due to the pr requirement already applied on the leading lepton
which is above most trigger thresholds. Additionally, the constraints on the lepton
kinematics which will be elaborated on in section 5.4 will reduce the impact further.
Figure 5.1 visualizes the matching Boolean for the 1 lepton (1L) region with only the
precuts and all cuts introduced in section 5.4. With only precuts applied matching
removes roughly 5% of the events and with all cuts applied matching removes
less than one event which corresponds to the removal at the order of 0.01% of to-
tal events. The behaviour of the matching is expected to be the same for the 2L case.
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(b) All cuts applied defined in section 5.4.

Figure 5.1.: The plots shows the Boolean determining whether the lepton is matched
or not for the 1 lepton region. Both plots contain all backgrounds and
some selected signal models with a coupling of 1.5 and do not have a
selection on the matching done. The top plot shows the preselection and
bottom plot contains all cuts.
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Applying only this preselection already removes most of the dijet events, which without
them would be the dominating background, by having tighter requirements on the
lepton kinematics. Figure 5.2 shows the number of signal leptons with preselection
before applying matching and a cut on signal leptons.

%) 10 | | |
c 10 1 [ Dijet
2 o° Vs=13 TeV, L = 140 fb i
 —
- 8 [} Ol::ers
10 ---- LQ1000 1p5
7 -~ LQ 1500 1p5
10 ---- LQ20001p5

signal |

Figure 5.2.: Visualization of the number of signal leptons after preselection before ap-
plying restrictions to number of signal leptons and matching. The legend
is sorted for the background which means that the dijet background con-
tains the most amount of events.

Table 5.4 gives a short summary of the applied cuts which are referred to as precuts
throughout this thesis.

Table 5.4.: Applied cuts which are considered precuts and always applied except if
explicitly stated otherwise. The leptons have the same flavour.

Feature Ngignal ¢ myj [GeV] pgfl [GeV] pffl [GeV] Pass HLT Trigger Matching
Cut value 1 or 2 > 700 > 130 > 130 Yes Yes

5.3. Kinematic Distributions

To have a general understanding of the kinematics involved and to get an idea for the
possible cuts to apply the kinematics have to be inspected. The important objects
to look at here are the leading lepton, the leading jet and the lepton-jet system.
These Kinematics are shown with all backgrounds modeled and a set of signal models

61



5. Event Selection

which shows the mass as well as the coupling dependence. There is a total of five LQ
models, three of them have masses with 1, 1.5 and 2 TeV and a coupling of 1.5. The
other two also have a mass of 1.5 TeV and couplings of 0.5 and 2.5.

5.3.1. Leading Lepton

Starting with the leading lepton figures 5.3 to 5.6 show the energy, pt, ¢ and 7 dis-
tributions. There are no requirements on the lepton flavour at preselection level so
these plots include muons for the backgrounds. The energy distributions for the back-
ground follow a falling distribution. The argumentation for the general falling nature
of all energy, pr and mass distributions is the falling differential cross section at higher
values which occurs from a shrinking phase space. The energy distributions for the
signals rises until it reaches half of the L(Q mass and then also follows a continuously
falling distribution. The peak at half the LQ mass can be explained by that fact that
it is a two-body decay. This means in the rest frame of the LQ the decay products are
back-to-back and gain half of the momentum each to hold 4-momentum conservation.

] Vs=13 TeV, L = 140 fb* |
10 - LQ 1000 1p5

LQ 1500 2p5
5 -=-- LQ1500 1p5
10 - ===~ LQ2000 1p5

-~ LQ 1500 0p5

Events

oh
10 i

-1 o :
10 0 500 1000 1500 2000 2500 3000 3500 4000
E, [GeV]

Figure 5.3.: Energy distribution of the leading lepton. Only preselections are applied.
Both the background and signal events are sorted by the total number of
events separately.

The pr distribution visualized in figure 5.4 shows a falling distribution for the back-
ground. The signal follows a Jacobian distribution with the Jacobian peak again
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at half the LQ mass. The shape of the Jacobian can be explained using this short
calculation:

M
pl = =% (5.1)
M :
pr = |p| - sin(0) = 2LQ -sin(6). (5.2)

These two relations are already known. The first one comes from 4-momentum con-
servation in the rest-frame and the second one was already discussed in section 3.2.
To get the differential cross section in terms of pr one defines:
do  do  dcosf
dpr dcos®  dpr

(5.3)

To be able to calculate dggie, first cos 6 needs to be expressed in terms of pp. This is
done by using the Pythagorean identity sin?(f) + cos?() = 1. Solving 5.2 for sin(f)
and squaring it gives
2
. 2p7
2
sin“(0) = . 5.4
) (MLQ> (5.4
By adding cos?(#) and solving for cos(f) expresses cos(f) in terms of pr
2
2pT 2 Mg ) 2
0) =+4|1— =+ : — pA. 5.5
cos(6) ( MLQ) Mo ( 5 PT (5.5)
Now % can be calculated which is:
dcos6 2 1
087 _ T . (5.6)
dpr Mpq Mio\2 o
(%32) sk
If one now combines equation 5.3 and 5.6 the result is:
d d 2 1
7 o . (5.7)

de_dCOSG'MLQ' (Mé'Q)Q—p,QT.

The positive sign is chosen to describe a positive cross section yielding a positive
amount of events. Equation 5.7 clearly shows that the cross section maximizes for
pT = MZLQ and then has a steep drop off.

The ¢ and n distribution of the leading lepton (figures 5.5 and 5.6) behave as
expected. The process is independent of ¢ apart from the barrel-endcap crack in
the electromagnetic calorimeter (see section 3.4) visible in the phi distribution. The
background is almost independent of 7 in the observed range and the signal has a
small decline towards higher absolute values due to the fact that a massive LQ is
less likely to have a highly longitudinally boosted lepton. Neither the mass, nor the

rapidity is interesting to look at for the lepton due to it being highly relativistic.
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Figure 5.4.: pr distribution of the leading lepton. Only preselections are applied. Both
the background and signal events are sorted by the total number of events

separately.
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Figure 5.5.: ¢ distribution of the leading lepton. Only preselections are applied. Both
the background and signal events are sorted by the total number of events

separately.
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Figure 5.6.: n distribution of the leading lepton. Only preselections are applied. Both
the background and signal events are sorted by the total number of events
separately.

5.3.2. Leading Jet

The jet distributions of the energy, pr,¢ and n are shown in figures 5.7 to 5.10 and
are very similar to the lepton distributions apart from some smearing effects in the
energies due to the more difficult object reconstruction and the disappearing dip
at the barrel-endcap crack position in the electromagnetic calorimeter. This can
be explained by realizing that the jet deposits most of its energy in the hadronic
calorimeter and that the spatial dimensions of the jet are larger. The dijet peaks
in the ¢ and 7 distributions are due to single large weight events. These events
are not of any concern because they will be removed by applying the cuts intro-
duced in section 5.4 so they will not contribute in any way to the statistical analysis.
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Figure 5.7.: Energy distribution of the leading jet. Only preselections are applied.
Both the background and signal events are sorted by the total number of
events separately.
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Figure 5.8.: pr distribution of the leading jet. Only preselections are applied. Both

the background and signal events are sorted by the total number of events
separately.
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Figure 5.9.: ¢ distribution of the leading jet. Only preselections are applied. Both the
background and signal events are sorted by the total number of events

separately.
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Figure 5.10.: n distribution of the leading jet. Only preselections are applied. Both the
background and signal events are sorted by the total number of events

separately.
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For the leading jet it is worth looking at the mass distribution and the difference
between the rapidity y and the pseudorapidity 1. The mass distribution is given in
figure 5.11 and there are two important properties to mention. The first being the
relatively high mass going up to the hundreds of GeV range, which seems large enough
to possibly have an impact on the rapidity. At closer inspection there are comparably
few events left at high masses. For example the number of events at 100 GeV already
is at 10% of the maximum value and 0.1% at 200 GeV. Nonetheless the rapidity will
be checked for completeness. The second interesting property are the peaks of the
backgrounds at the W mass (mpy ~ 80.37 GeV [19]) combined with a Z mass peak
(mz ~ 91.19 GeV [19]) and a peak at the top mass (myz =~ 172.6 GeV [19]). These
peaks originate from the hadronic decay of a top quark or a boson which lets them
propagate their mass into the jet. This does not lead to a peak in the W+ jets and
Z + jets background because there the bosons have to decay leptonically in contrary to
the diboson background (which is combined in "Others"). The top samples show a Top
and W peak because a top can decay into a W, which again could decay hadronically.

Vs=13 TeV, L = 140 fb*

Events

~- LQ 1000 1p5

LQ 1500 2p5
-- LQ1500 1p5
- - LQ2000 1p5
-~ LQ 1500 0p5

Figure 5.11.: Mass distribution of the leading jet. Only preselections are applied.
Both the background and signal events are sorted by the total number
of events separately.
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When now looking at the rapidity in figure 5.12 it looks indistinguishable from the
pseudorapidity distribution without overlaying it. To still visualize the discrepancies
the absolute difference of 7 and y A(ny) = |n — y| is shown in figure 5.13. There, one
can see that the difference does not exceed 0.035 with more than one event. So it is
very appropriate to keep using the pseudorapidity instead of the rapidity especially if
one considers that the upcoming cuts in the following section will reduce the number
of jets with lower transverse momentum. Again, the single bin peaks in the dijet
sample originate from single events with large weights which are removed as a side
effect of the cuts described in section 5.4.
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Figure 5.12.: Rapidity distribution of the leading jet. Only preselections are applied.
Both the background and signal events are sorted by the total number

of events separately.
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Figure 5.13.: A(ny) distribution of the leading jet. Only preselections are applied.
Both the background and signal events are sorted by the total number
of events separately.

5.3.3. Lepton-Jet System

Now that the leading lepton and the leading jet have been looked at the lepton-jet
system can be investigated considering only leading particles. Here there are more
kinematic variables possible to investigate. It addition to all the ones tackled before
there are also the spatial differences of the producing particles, namely A¢, An and
AR (see section 3.2 for definition).

Starting with the energy distribution in figure 5.14 one can see that the background
again follows a falling distribution and the signal samples peak at their corresponding
LQ masses and then also follow a falling distribution.

The pr distribution in figure 5.15 has a similar shape for signal and background
becoming ever less likely with higher pr.

The ¢ distribution in figure 5.16 for the lepton-jet system shows, as expected,
no dependence on ¢. The n distribution, seen in figure 5.17, on the other hand
completely differs from the other 7 distributions that were shown before. This is
because the LQ (or rather the invariant mass of the lepton-jet system) is very heavy
and can not be considered relativistic. Therefore the pseudorapidity is no relevant
quantity and should not be used in the lepton-jet system.
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Figure 5.14.: Energy distribution of the lepton-jet system. Only preselections are ap-

plied. Both the background and signal events are sorted by the total
number of events separately.
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Figure 5.15.: pr distribution of the lepton-jet system. Only preselections are applied.

Both the background and signal events are sorted by the total number
of events separately.
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Figure 5.16.: ¢ distribution of the lepton-jet system. Only preselections are applied.
Both the background and signal events are sorted by the total number

of events separately.
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Figure 5.17.: n distribution of the lepton-jet system. Only preselections are applied.
Both the background and signal events are sorted by the total number

of events separately.
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The mass of the lepton-jet system is shown in figure 5.18. There it becomes really
clear that the LQ masses are very high because in most cases, they are far greater
than the pp of the lepton-jet system in each event. The background follows, once
again, a falling distribution. The signal on the other hand has a unique shape having
multiple constituents contributing. In general a resonance would be fully described by
a relativistic Breit-Wigner distribution using the resonant mass and the decay width
2

P=2 g (5.8)
The Breit-Wigner distribution is symmetric around the mass, which is not the case
in this study. There are two main effects creating this change of shape. The first
one being final state radiation (FSR) reducing the energy of the measured particle
due to parts of the energy being not considered. The second effect is the probability
of the two partons producing the LQ having the required energy. This is called the
parton-parton luminosity function and is essentially a folding of the two PDFs used.
The simplified conclusion to take out of this is that for higher energies there are less
available momentum fraction combinations possible to reach the required energy,
which makes them less likely to occur. One more thing to take from this plot is that
this is the first plot where the coupling significantly changes the shape instead of just
increasing the number of events. The reason for that is that the coupling increases
the decay width which combined with the FSR and parton-parton luminosity effect
almost removes the resonant signature for high coupling (e.g LQ with 1.5 TeV mass
and 2.5 coupling in figure 5.18). This has a strong impact on the analysis because it
strongly impacted the signal region definitions outlined in section 5.5 by optimizing
the region size depending on the expected coupling sensitivity.
The last property to look at for the lepton-jet system is the real rapidity to replace
the pseudorapidity which is shown in figure 5.19. Here, the U-shape is not visible
in the n distribution. It still differs from all previous n/y distributions due to the
fact that the heavy system does not allow for very high rapidity because this would
require a boost in beam direction which is kinematically strongly suppressed.

The distributions of the subleading lepton were also investigated, but they do
not yield any relevant information for this thesis. The energy and pr follow falling
distributions for all samples and the angular distributions are similar to the leading
lepton distributions. The figures supporting these statements can be found in
appendix A.1.1.
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Figure 5.18.: Mass distribution of the lepton-jet system. Only preselections are ap-
plied. Both the background and signal events are sorted by the total

number of events separately.
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Figure 5.19.: Rapidity distribution of the lepton-jet system. Only preselections are
applied. Both the background and signal events are sorted by the total
number of events separately.
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5.4. Cuts

Now that all relevant kinematic distributions have been looked at and have been un-
derstood it is possible to apply sophisticated cuts to maximize significances. For this
not only the kinematic properties but also the physical processes of background events
have been considered (see section 4.3), e.g. that the W+ jets background always pro-
duces a neutrino.

All following plots in this section are so called "N-1" plots which means all cuts are
applied apart from the one explicitly talked about. They also have a cut of m,; > 900
to only look at the signal regions defined in the next section. Additionally, the signif-
icances are plotted as well. They describe the significance of each bin separately and
do not correspond to the final significances calculated during the statistical analysis
but are just to be taken as a guideline to be able to roughly estimate the best cut.
The used formula is:

n(b+ o?) b2 o%(n —b)
Z=4/2nn|———|—-=n|l4+-—7—5 5.9
P[] -Sulefng)) e
which is defined in the ATLAS internal reference [186] and holds for n > b and is the
case because the signal model increases the number of expected events. n is the total
number of events including the signal and b is the number of background events.
o is the uncertainty on the number of background events which is estimated to be

o = 1/(0.2b)2 + Vb with (0.2b)? being a flat systematic uncertainty and NS being
the statistical uncertainty.

As discussed in the previous section, the shape of the kinematics only slightly
change when changing the LQ models mass or coupling apart for varying peaks in
the energy and mass distribution of the lepton-jet system as well as the energy and
pr distributions of the leading lepton and jet. Using this observation, to simplify the
optimization of the cuts it is done for a 2 TeV 1.5 coupling LQ sample. The cuts
are optimized by getting the best cut for each variable after preselection. The best
cut is chosen to be the one which yields the highest significance in the 2 TeV signal
region (see section 5.5). Then the cuts are iterated by applying N-1 plots and again
extracting the best cut. This is repeated until no further changes in cuts appear.
Lastly it is confirmed that these cuts also work very well for other LQ models with
varying masses and couplings. The following plots use five different quark models, all
with a coupling of 1.5 and with masses ranging from 1 TeV to 3 TeV.

5.4.1. Number of Leptons

Before looking at specific cuts the analysis is split into the one lepton (1L) and two lep-
tons (2L) region with exactly 1 signal lepton and exactly 2 signal leptons respectively.
This allows for independent optimization of the regions which are then recombined
for the exclusion limit. As seen in figure 5.20, for the 1L region the W+ jets in
combination with the Top background dominate and in the 2L region the Z + jets
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in combination with again the Top background dominate. This separate optimiza-
tion allows for changing the cuts which mainly remove W+ jets/Z + jets in one of the
regions to maximize statistics.

T T T
Vs=13 TeV, L = 140 fb™ =3 Top

Events
H
o
(2]
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== LQ 1500 1p5
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8 2r ° b |
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c 0 1 2 3

2

@ Nbaseline |

Figure 5.20.: Number of signal leptons after applying N-1 cuts. Both the background
and signal events are sorted by the total number of events separately.

5.4.2. Lepton Flavour

One of the most obvious cuts is requiring that the leptons involved are always
electrons and not muons. The signal model allows only for coupling to electrons and
not to muons, the background sample did allow for muon interactions which makes
this a lossless cut. This is visualized in figure 5.21 for the 1L and 2L region separately.
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Figure 5.21.: Boolean whether the first (and second by definition) lepton is an electron
after applying N-1 cuts for the 1L and 2L region. Both the background
and signal events are sorted by the total number of events separately.
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5.4.3. Number of b-jets

The next cut is a cut on the number of b-jets which serves two main purposes. On
one hand, having b-tagging reduces all background not containing any b-quarks. This
mainly reduces backgrounds which can produce any type of quark without favouring
b-quarks but does not reduce the backgrounds containing top quarks because they
almost exclusively decay via a b-quark. On the other hand, requiring a maximum
amount of b-jets suppresses the Top background which dominates the high b-jet
regions. The number of b-jets for each event is shown in figure 5.22 for the 1L and 2L
region separately.

It was tested whether allowing for one or two b-jets would increase significance but it
turned out that allowing only one b-jet is the best option.

5.4.4. Significance of Missing Transverse Energy

Using a cut on § (p%iss) arises from the idea that there are no neutrinos originating
from the primary vertex of the signal model but every W decay produces neutrinos.
This greatly reduces the W+ jets as well as the Top background because top
quarks decay into a W which produces a neutrino when decaying leptonically. The
S(p2iss) distribution is shown in figure 5.23 for the 1L and 2L region where the
optimal cut differs. The chosen cut for the 1L region is S(p%) < 2.5 and for the
2L region it is chosen to be S(ps%) < 4 to maintain enough statistics in the 2L region.
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Figure 5.22.: Number of b-jets after applying N-1 cuts for the 1L and 2L region. Both
the background and signal events are sorted by the total number of events
separately.
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5.4.5. Mass of Lepton-Lepton system

If an event has two leptons it is possible to calculate the invariant mass of the lepton-
lepton system. This is done in figure 5.24 for the 2L region because the 1L does not
have the second lepton required to produce this plot. Due to the fact that the Z
boson decays into two same flavoured leptons when decaying leptonically, the Z-peak
is clearly visible in this distribution for the Z + jets background but also all the other
backgrounds that can contain a Z boson, namely the ¢V and Diboson backgrounds,
contained in the Others background. These backgrounds are the backgrounds reduced
when applying this cut. A possible cut would be a window cut around the Z mass
but it was actually found that it is optimal to just apply a lower cut of my, > 300 GeV.

L e e e B e B e e e e e
8 D 7 +jets
(s=13 TeV, L = 140 fb* = op
@8 others
C WHjets
3 Dijet
104 === LQ1000 1p5
- === LQ 1500 1p5
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103 - ==~ LQ30001p5

Events
|_\
o
(631
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Figure 5.24.: my, distribution after applying N-1 cuts for the 2L region. Both the
background and signal events are sorted by the total number of events
separately.
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5.4.6. Ratio of Transverse Momentum of Leading Lepton and Mass of
Lepton-Jet System

The usage of the ratio pgrl /myg; instead of a simple cut on pffl allows for a dynamic
cut depending on the invariant mass in the lepton-jet system. This ensures that also
for high masses the leading lepton possesses a large fraction of the total energy of
the lepton-jet system. As a reminder, in the rest frame of the LQ) the electron has
half of the energy of the LQ mass. Applying possible FSR, smearing and boosting to
lab frame effects results in the distributions shown in figure 5.25. This cut does not
reduce any background in particular but rather all backgrounds. The final cuts are
pfrl/mgj > 0.4 in the 1L region and pfrl/mgj > 0.3 in the 2L region to, once again,
maintain high enough statistics to maximize the significance gained. It was also
tried to apply upper cuts or a similar cut on the leading jet but it did not yield any
improvements so they were dropped.

5.4.7. Distance Between Leading Lepton and Jet in Collider Coordinates

A cut on AR(¢j) was not used in this analysis. It was tested thoroughly and it was
applied throughout the most part of the work for this thesis but it turned out that
removing it and tweaking the other cuts slightly yields better results. The reason
for initially introducing this cut is that the LQ is comparably heavy and is therefore
only weakly boosted. In the rest frame the L(Q decays back-to-back which gives
AR(¢j) = 27, because the difference in ¢ is 27 and the difference in eta is zero.
By weakly boosting it most of the events are expected to be in a window around
2m. The reason why this did not improve the exclusion limit is because it uses the
same physical reasoning as the cut on pgfl /mg; which makes these cuts very strongly
correlated. Figures 5.26 and 5.27 visualize this by showing AR(¢j) with and without
the cut on pfrl /my; for the 1L region and the 2L region. The shape of the background
changes greatly and becomes very similar to the signal shape after applying the cut.
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Figure 5.25.: pf}l /my; distribution after applying N-1 cuts for the 1L and 2L region.
Both the background and signal events are sorted by the total number
of events separately.

83



2 0% T T L e e | T
o 3 o
@ 10° =
10" 1 ik
e g
10°
10
10—1 Lo b
§ 1 LY _
8 0.5f .® o ]
% Ol 15 2 25 3 35 4 45 5 55 6
2 AR,
(a) 1L distribution with a cut on p§ /m; applied.
@ 10F T T T T
TR
g =
10° S oisone
10* T a0
-~ LQ 3000 1p5
10°
10
10
107!
] ®
S 05 . .
S e %e.’
2 o0.805820.280588.545
g Ol 15 2 25 3 35 4 45 5 55 6
n AR

5. Event Selection

I
b) 1L distribution without a cut on pe1 my; applied.
T J

Figure 5.26.: AR(¢j) distribution after applying N-1 cuts for the 1L region with and
without a cut on pffl /my;. Both the background and signal events are
sorted by the total number of events separately.
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Figure 5.27.: AR(¢j) distribution after applying N-1 cuts for the 2L region with and

without a cut on pffl /my;. Both the background and signal events are
sorted by the total number of events separately.
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5.5. Region Definitions

The above mentioned cuts are maximizing the sensitivity to the existence of a LQ
with the simulated masses. These cuts will be applied to the different signal regions
(SR). There are multiple SRs defined to be sensitive to a larger range of masses as
they are dominant in very different m,; ranges which was already shown in 5.18. The
my; regions need to increase in size for higher masses due to the decay width being
related to the mass linearly and the coupling quadratically as shown in equation 5.8.
It was also made sure that the bin size always stays larger than the energy resolution.
Additionally, for higher masses the exclusion sensitivity lowers and the regions were
therefore optimized for higher couplings. The cuts for the SRs can be found in tables
5.5 and 5.6 for the 1L and 2L region. In addition to a SR for each mass hypothesis
that was produced there are also intermediate regions, namely the 1.2 TeV, 1.7 TeV,
2.2 TeV and 2.7 TeV regions. The purpose for these is to cover the whole my; region
but they are not optimized for such LQ masses. If there would be any excess in
events measured within these regions they would have to be readjusted.

Table 5.5.: 1 lepton signal regions (SR-1L) definitions.

Feature SR-1L-1TeV  SR-1L-1p2TeV  SR-1L-1p5TeV  SR-1L-1p7TeV  SR-1L-2TeV  SR-1L-2p2TeV  SR-1L-2p5TeV  SR-1L-3TeV  SR-1L-Overflow
[900, 1100] [1100, 1350] [1350, 1600] [1600, 1800] [1800, 2100] [2100, 2200] [2200, 2650] [2650, 3300] > 3300
=1
=1
=1
S(piss) [(:evé] <25
P /my >04

Table 5.6.: 2 lepton signal regions (SR-2L) definitions.

Feature SR-2L-1TeV  SR-2L-1p2TeV  SR-2L-1p5TeV  SR-2L-1p7TeV  SR-2L-2TeV  SR-2L-2p2TeV  SR-2L-2p5TeV  SR-2L-3TeV  SR-2L-Overflow

my; [CeV] [900, 1100]  [1100, 1350]  [1350, 1600 (1600, 1800]  [1800, 2100]  [2100, 2200]  [2200, 2650]  [2650, 3300] > 3300
Nbaseline

3

=

si 1

N-jets

mee [GeV] ) > 300
S(op) [Gevi] <4
[)frl/"l,gj >0.3

Figure 5.28 visualizes the defined SRs by showing the my; distribution with the
new binning. There it becomes clear that the corresponding mass hypothesis has
the highest significance in its designated bin which was intended. Additionally, the
2L region has a way higher significance due to the background becoming roughly
one order of magnitude smaller when the signal samples only decreases by 50%.
Nonetheless the 2L region provides way less statistics which will affect the statistical
analysis negatively.
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Figure 5.28.: my; pre-fit distribution in the 1L and 2L SR showing the signal to back-
ground significance.
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Other types of regions to define are the control regions (CR) and the validation
regions (VR). Both of them are orthogonal to the SR and to each other. These
regions serve the purpose of correcting the MC simulation in respect to some sort of
mismodeling by introducing normalization factors. To get these normalization factors
the number of events in the measured data is compared to the number of simulated
events in the CR and then set to be equal by having normalization factors for the
major backgrounds in the SR. These major backgrounds can be identified in the pie
chart of figure 5.29 which shows the composition of the whole 1L, SR and the whole
2L SR. The major backgrounds are: W+ jets, Z + jets, and Top. Dijet could maybe
also be considered a major background in the 1L region but for dijet it is difficult
to find a CR which has a good purity, enough dijet events and few other events.
Also, it should be sufficient to absorb this normalization by the W+ jets and Top
normalization factor.

Vs=13 TeV, L = 140 fb™* Vs=13 TeV, L = 140 fb*

COW +jets @ Top
49.0 % @3 Top 57.2% Bz +jets
[ Dijet @ Others
B Z +jets W +jets
@ Others [ Dijet

0.0 %
0.2%

5.8 %

145 %

36.8 %

(a) All 1L SRs combined. (b) All 2L SRs combined.

Figure 5.29.: Pie charts of the background composition in the 1L and 2L SR. The mass
dependent SRs are combined here by setting the cut 900 < my; < 3900
GeV. All cuts from section 5.4 are applied but no normalization factors
are used.

The VRs are then used to confirm that the normalization factors a applicable for the
SRs. To be able to make this statement the VRs need to be as close as possible to
the SRs while still staying orthogonal. To ensure this orthogonality, one of the cuts
is inverted and, in case of the CRs, the my; region is shifted. The cuts for the CRs
and VRs are shown in tables 5.7 to 5.9 for the W+ jets regions WCR and WVR,
the Z + jets regions ZCR and ZVR and the Top regions TCR and TVR respectively.
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Table 5.7.: W control and validation regions (WCR/WVR) definitions.

Feature WCR WVR-1TeV - WVR-1p2TeV = WVR-1p5TeV = WVR-1p7TeV = WVR-2TeV  WVR-Overflow
my; [GeV] [700, 900]  [900, 1100] [1100, 1350] [1350, 1600] [1600, 1800] [1800, 2100] > 2100
Nhaseline 14 =1

Nsignal l =1

Nlrjcts =1

S(p%‘iss) [Gc\/%] > 2.5

pg/my; >04

Table 5.8.: Z control and validation regions (ZCR/ZVR) definitions.

Feature ZCR ZVR-1TeV  ZVR-1p2TeV  ZVR-1p5TeV  ZVR-1p7TeV  ZVR-2TeV  ZVR-Overflow
my; [GeV] [700, 900] [900, 1100]  [1100, 1350]  [1350, 1600]  [1600, 1800]  [1800, 2100] > 2100
Nbaseline l =2

Nsignal l =2

Nb—jets =1

my [GeV] < 300

S(p=) [Gev| <4

P /me >0.3

Table 5.9.: T control and validation regions (TCR/TVR) definitions.

Feature TCR TVR-1TeV TVR-1p2TeV  TVR-1p5TeV  TVR-1p7TeV  TVR-2TeV  TVR-Overflow
me;j [GeV] [700, 900]  [900, 1100]  [1100, 1350] [1350, 1600] (1600, 1800]  [1800, 2100] > 2100
Nbaseline 4 =1 ‘ =2

Nsignall =1 ‘ =2

Nijets : >1>1

S(p=) [Gevi] <25] <4

P& /e >04] >03
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The W regions invert S(pss), the Z regions invert my and the Top regions require

more than one b-jet. Additionally, the mys cut was dropped for the Top region and
the 1L and 2L regions are considered together because top strongly contributes to
both and separating them would decrease the statistics too much. This was tested
and it was additionally found out that the normalization factor stayed very similar
when comparing splitting and combining of the Top regions so combining them to
reduce the uncertainty seems reasonable.

The CRs have a my; range of 700 - 900 GeV and the VRs have the same my; regions
as their corresponding SRs. The exception being the high mass VRs starting from
the 2.2 TeV region which are combined to one large region to ensure at least one
expected background event in these regions. CRs going from 500 - 900 GeV were
tested to get even more statistics but the number of events is already large enough
(see figures 5.30 to 5.31) in the CRs and the slight reduction in uncertainty on the
normalization parameter is not worth the fact that the median of the CR moves
further away from the SR.

Possible CRs and even VRs with a b-veto for the W and Z regions were tested and
discarded because the topology of b-jets deviates from the topology of light jets (see
section 3.7.4). This was visible during the testing phase of the CRs and VRs in a
larger offset of data to MC in the VRs after applying normalization factors.

To check that the CRs are chosen wisely figures 5.30, 5.31 and 5.32 show the different
CRs binned in steps of 20 GeV. The data/MC ratio fit for both the W and Top region
is always within 1o apart from the 840-860 GeV bin in both cases. The Z region
shows a clear offset of the data/MC ratio of roughly 20% within an uncertainty of 1o
which the normalization factor should be able correct. The purity for the Z region
is good, for the Top region a lot of impurities are already existent, but tightening
the cuts by e.g. requiring more than two b-jet reduces the statistics too much which
was tested thoroughly. The worst purity has the W region where there are actually
more Top events than W events. Increasing the purity here could mainly be done by
applying a b-veto but as mentioned before, the normalization factor would not be
very well applicable for the SR then.

Figures 5.30, 5.31 and 5.32 also show all VRs and visualize that even for the last bin
the analysis does not go below 1 expected background event. Additionally one sees
that the Data/MC agreement shows a larger disagreement than the CR but is still
mostly within 1o. Section 7.1 shows the same CR and VR plots after applying the
normalization factors.
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(b) WVR.

Figure 5.30.: my; pre-fit distributions in the WCR, and WVR showing the data to MC
agreement. Note that the binning in the CR is only shown for illustrative
purposes, the CRs are not binned in the fit.
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(b) ZVR.

Figure 5.31.: my; pre-fit distributions in the ZCR, and ZVR showing the data to MC
agreement. Note that the binning in the CR is only shown for illustrative
purposes, the CRs are not binned in the fit.
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Figure 5.32.: my; pre-fit distributions in the TCR, and TVR showing the data to MC
agreement. Note that the binning in the CR is only shown for illustrative
purposes, the CRs are not binned in the fit.
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5.6. Cut Efficiencies

The cuts discussed in section 5.4 try to keep as much signal efficiency as possible while
suppressing most of the background in the SR. To show the efficiencies of the applied
cuts, the cut flow tables of the WCR and the SR-1L-2TeV are given in tables 5.10 and
5.11 respectively. The used signal is a LQ with a mass of 2 TeV and a coupling of
1.5. The WCR includes data whereas the SR does not include data points, due to not
having access to unblinded data in the SR. The signal contamination of the WCR is
very low, the Top contribution is quite high but is unavoidable by having Ny jets = 1
to ensure the validity in the SR. The cut flow table for SR-1L-2TeV shows great
improvements with every applied cut. Especially the cut on the SR itself provides
a great efficiency discrepancy of the Signal to the background of more than a factor
of 30. The only exception being the restriction on the number of leptons providing
a worse efficiency for the Signal than for the Z + jets, Top and Others background.
This is not concerning due to having a dedicated optimization for two leptons.

Table 5.10.: Cut flow table of the WCR. The expected number of events predicted by
MC are rounded to the next integer value. The signal sample is a 2 TeV
LQ with a coupling of 1.5.

‘ Sample ‘ Quantity ‘ Preselection ‘ Region ‘ Naignal ¢ ‘ ¢ flavour ‘ Npjets ‘ S(pl}‘iss) ‘ péTl/ij ‘

Number of Events 351680 202161 | 202147 112824 8700 5159 1103
W+ jets efficiency [%] 100.00 57.48 99.99 55.81 7.71 59.29 21.38
cumulative efficiency [%)] 100.00 57.48 57.48 32.08 2.47 1.47 0.31

Number of Events 79792 45146 20214 10754 940 270 66
Z + jets efficiency [%] 100.00 56.58 44.77 53.20 8.74 28.71 24.37
cumulative efficiency [%)] 100.00 56.58 25.33 13.48 1.18 0.34 0.08
Number of Events 81963 50172 47831 28061 12806 9412 1293
Top efficiency [%] 100.00 61.21 95.33 58.67 45.64 73.50 13.74
cumulative efficiency [%)] 100.00 61.21 58.36 34.24 15.62 | 11.48 1.58

Number of Events 66159 32808 32805 31595 2545 648 100
Dijet efficiency [%] 100.00 49.59 99.99 96.31 8.06 25.45 15.42
cumulative efficiency [%)] 100.00 49.59 49.59 47.76 3.85 0.98 0.15

Number of Events 16570 8910 7744 4392 531 336 76
Others efficiency [%] 100.00 53.77 86.91 56.72 12.09 63.24 22.63
cumulative efficiency [%)] 100.00 53.77 46.73 26.51 3.20 2.03 0.46

Number of Events 28 1 1 1 1 0 0
Signal efficiency |%] 100.00 4.13 78.47 100.00 60.94 36.24 69.20
cumulative efficiency [%)] 100.00 4.13 3.24 3.24 1.98 0.72 0.50
Number of Events 586118 342151 | 310930 190970 | 26255 15829 2644
Data efficiency |%] 100.00 58.38 90.88 61.42 13.75 60.29 16.70
cumulative efficiency [%)] 100.00 58.38 53.05 32.58 4.48 2.70 0.45
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Table 5.11.: Cut flow table of the SR-1L-2TeV. The expected number of events pre-
dicted by MC are rounded to the next integer value. The signal sample
is a 2 TeV LQ with a coupling of 1.5.

‘ Sample ‘ Quantity ‘ Preselection ‘ Region ‘ Nsignal ¢ ‘ ¢ flavour ‘ Npjets ‘ S(plf‘iss) ‘ pf’rl/mgj ‘
Number of Events 351680 4412 4411 2376 203 82 6
W+ jets efficiency |%] 100.00 1.25 99.98 53.86 8.54 40.21 7.67
cumulative efficiency [%] 100.00 1.25 1.25 0.68 0.06 0.02 0.00
Number of Events 79792 1087 541 281 25 18 1
Z + jets efficiency |%] 100.00 1.36 49.71 52.03 8.72 73.99 3.35
cumulative efficiency [%)] 100.00 1.36 0.68 0.35 0.03 0.02 0.00
Number of Events 81963 631 596 340 160 39 2
Top efficiency [%)] 100.00 0.77 94.42 57.02 47.13 | 24.60 5.13
cumulative efficiency [%)] 100.00 0.77 0.73 0.41 0.20 0.05 0.00
Number of Events 66159 1060 1060 1054 183 105 3
Dijet efficiency [%] 100.00 1.60 100.00 99.41 17.40 | 57.54 2.46
cumulative efficiency [%)] 100.00 1.60 1.60 1.59 0.28 0.16 0.00
Number of Events 16570 251 215 117 13 5 1
Others efficiency %] 100.00 1.51 85.91 54.47 11.15 | 36.98 18.30
cumulative efficiency [%)] 100.00 1.51 1.30 0.71 0.08 0.03 0.01
Number of Events 28 13 10 10 6 4 3
Signal efficiency [%] 100.00 46.01 75.48 100.00 56.68 76.57 66.46
cumulative efficiency [%)] 100.00 46.01 34.73 34.73 19.68 15.07 10.02

5.7. Dijet Sample Performance

This section will compare the results of the dijet sample with the results gained using
a data-driven fake estimation instead which will be referred to as "Fake" in the plots.
For this, the additional cut of mp > 20 GeV is introduced to stay orthogonal to the
region used for the fake electron estimation. The my distribution in the combined 1L
SRs is shown in figure 5.33 by using my; > 900. The region with my < 20 provides
high statistics while trying to cut as less signal as possible.
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Figure 5.33.: mp distributions in the SR after applying all cuts. Both the background
and signal events are sorted by the total number of events separately.

All effected CRs and SRs are analysed being the WCR, the TCR and the 1L SR
combining all SRs with one lepton. The regions with two lepton final states are
not tested due to the dijet background having a negligible amount of events for
two leptons in the final state. The TCR uses the cut on myp only for cases with 1
lepton, the two lepton selection remains unchanged. The data-driven background
contains older samples using AnalysisBase, version 24.2.24 instead of AnalysisBase,
version 25.2.11 and the derivation tag pb5855 instead of p6026 due to not having a
data-driven sample available for the newest derivation. These differences in versions
are only marginal and are just mentioned for completeness. Other changes include
changes in the muon calibration, which should also have almost no impact due to
muons being rejected, the introduction of an electron efficiency scale factor and the
update of the b-tagging scale factor recommendations. The last two might create
slight differences and have to be taken into account when looking at the distributions.
All future figures in this section use the older production version for all samples to
create consistencies between the them. The 1L SR did yield a negative number of
events for the fake lepton estimation. This is not forbidden using the asymptotic
matrix method (see section 4.4) but does not make much sense to use and is therefore
not advised. Nonetheless, the two samples will be compared in the CRs.

First of all, the Dijet sample is directly compared to the fake estimation in the
WCR in figure 5.34 for the my; distribution. There, the Dijet sample is most of the
times higher or close to the fake estimation while mostly being within one order of
magnitude with the exception of one bin being within two orders of magnitude. The
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uncertainty on the fake estimation is not drawn.

%) SR I IUUE UL UL UL UL UL U I
§ T {s=13TeV, L =140 fb* Fake ]
LulOZ:_ 'Dljet -
10 — i
1= E
10—1_---I--.I...I...I...I...I...I...I...I..._
700 720 740 760 780 800 820 840 860 880 900

m; [GeV]

Figure 5.34.: my; distributions in the WCR after applying all cuts comparing the event
yield of the Dijet sample with the electron fake estimation. The used
samples do not use the newest version are included for comparing the
sample not for the absolute yields.

To put these differences in perspective both samples are combined with the full
background estimation and compared to the collision data yield. For that, the my;,
the leading lepton pr and the leading jet pr distribution for the WCR are given in
figures 5.35, 5.36 and 5.37 respectively. Most notable is the change from being the
third largest background to being the smallest. For the my; distribution the fake
estimation reduces the overestimation in the second bin but instead introduces a
slight underestimation in the last three bins. The other bins change minimally and
the general shape remains the same. For the leading lepton pr distribution is the
Dijet showing a good distribution. The last data point in the 600-700 GeV does not
contain any Dijet events and is still overestimated showing the low impact of the Dijet
sample. The fake electron estimation fit the data slightly better at low momenta but
the bins starting with 500 GeV are greatly overestimated by the data-driven method.
The leading jet pr distributions behave similar to the leading lepton pr distributions.
The low momentum region is slightly better described by the fake electron estimation.
The high momentum region seems to be described very similarly with both samples.
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(b) Electron Fake Estimation.

Figure 5.35.: my; distributions in the WCR after applying all cuts showing the differ-
ence in the total background estimation when replacing the Dijet sam-
ple with the electron fake estimation. The used samples do not use the
newest version are included for comparing the sample not for the abso-
lute yields.
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(b) Electron Fake Estimation.

Figure 5.36.: pt distributions of the leading lepton in the WCR after applying all cuts
showing the difference in the total background estimation when replacing
the Dijet sample with the electron fake estimation. The used samples
do not use the newest version are included for comparing the sample not
for the absolute yields.
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(b) Electron Fake Estimation.

Figure 5.37.: pr distributions of the leading jet in the WCR after applying all cuts
showing the difference in the total background estimation when replacing
the Dijet sample with the electron fake estimation. The used samples
do not use the newest version are included for comparing the sample not
for the absolute yields.
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Lastly the TCR is tested. Due to Dijet having a small contribution in the TCR any
changes are minimal and only the my; distribution comparison is given in figure 5.38.
At first glance, the Data/MC ratio might look identical and they are in fact very close
together. Only the first bin has a stronger deviation, all other changes in the ratio
are within 0.05 and well within the uncertainties. This distribution clearly shows the
marginal difference the two different samples produce.

Due to these comparably small differences induced from the fake electron estimation,
the negative yields in the SR and the fact that the newest sample wasn’t available,
the rest of this thesis keeps using the dijet sample. Any flat mismodeled increase
or decrease in events of the Dijet sample compared to the fake electron sample is
absorbed by the normalization factors.
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(b) Electron Fake Estimation.

Figure 5.38.: my; distributions of the leading lepton in the TCR after applying all cuts
showing the difference in the total background estimation when replacing
the Dijet sample with the electron fake estimation. The used samples
do not use the newest version are included for comparing the sample not
for the absolute yields.
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This chapter gives the necessary background information needed to understand and
recreate the results given in chapter 7. For this the general approach in a statistical
analysis is explained and also the systematic uncertainties used for this thesis are
listed.

6.1. Statistical Framework

This section is heavily inspired by [187] and [188]. When additional references are
used they are directly mentioned.
To be able to do an estimate on the sensitivity of a measurement one needs to know
which signal models can be excluded if only the standard model were to be measured.
This is called the exclusion significance and differs from the discovery significance
which is used to confirm a discovery of a particle where usually a significance of 5o
is required. For the exclusion significance a confidence level of 95% is required which
equals to a p-value of 0.05 and can be transformed into a significance of Z = 1.64 with
the relation:

Z=3o"1(1-p), (6.1)

where ®~! is the inverse of the cumulative distribution of a standard Gaussian. This is
using the definition of a one-sided confidence limit because the signal model is expected
to always increase the number of expected events and never decrease it. This relation
is also visualized in figure 6.1.

—
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|
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Figure 6.1.: Relation of the p-value and the significance Z for a standard Gaus-
sian.[187]
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The expected number of events for n = [n1,..nx] with N bins can be expressed as

where p is the signal strength parameter of the signal model which means that p =0
corresponds to the background only hypothesis and @ = 1 corresponds to the sig-
nal+background hypothesis. s; and b; are the number of signal and background events
in bin ¢ which are gained by calculating

S = stot/ fs(z,05)dx and (6.3)
bin 7

b; = biot Jo(z, 0p)dx (6.4)

bin 7

Here syt and byo are the total number of signal/background events and fs(x, ;) and
fo(z,0p) are their respective probability density functions (pdfs) which depend on the
measured quantity z and the shape parameters 6 and 6,. Both shape parameters
as well as b, can be considered nuisance parameters and are denoted as 6 in future
equations. These nuisance parameters can be constrained by constructing control
regions where no signal event is expected. The expectation values of the control
regions with M bins and m = [n1,..nys] are expressed as

E[mz] = uz(e) (6.5)

The probabilities P of each bin to measure € events when « events are expected follow
a Poisson distribution results in equation:
€

Ple,n) = %e—v. (6.6)

To get the likelihood function one needs to take the product of all Poisson probabilities:

k
- e~ (ur) (6.7)

H ,us] + b . o~ (1sj+b5)
j=1

To have a measure how well a value of u performs the profile likelihood ratio is
introduced as:
L(/.L, eopti)

A =
(M) L(/«Lbesta Hbest)

L(ft, Oopti) is the likelihood function which is maximized for a fixed p. L(ppest, Obest)
on the other hand is the maximized likelihood function for any p. The maximization
is done by varying the values of 6.

This leads to A always being 0 < A < 1 which allows for the use of the test statistic

(6.8)

- {;21710(#)) s < 1 69)

Hbest > %
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where ¢, has values from 0 to infinity with higher values having larger disagreement
with the measured values. The ppest = 1 case is to cover the possibility to have more
measured values than the current p would expect. This region is not considered for
the rejection because one might falsely reject this value of u otherwise.

One can now define the p-value as

inf
= [ faun)da,. (610)
4u,0bs
where f(qu|p) is again the pdf of g, while using ;o as the hypothesis. g, obs is the
observed value of the test statistic. Figure 6.2 visualizes this relation. Note that ¢, in
this figure corresponds to q,,.

f(t Ju)

[

u

Figure 6.2.: Relation of the p-value and the pdf f(¢,|u) when observing the test statis-
tic £,,,0ps.[187]

Using these relations the toy model [189] approach can be used to receive the shape
by creating a large amount of pseudo-datasets and calculating the upper limit of u
for all of them. With this one can integrate the values and get the significances by
counting the number of events having a lower value than the one tested. For example,
a significance of 1o is reached when 68% of events have a lower value than the one
tested. This method of estimating the pdf takes a lot of computational time.
As an alternative the asymptotic method [187] was developed to reduce the computa-
tional time needed to get an exclusion limit. The asymptotic method uses the Wald
approximation introduced in [190] with which g, can be simplified to
~\2
g = {(MU;) Hbest < [ (6.11)
0 Hbest = M,

where i follows a Gaussian around the mean value p’ with a standard deviation of o.
From this, the pdf is found to be

r_ N2
f(qulu’)=<1><“0“) 5(qu)+;\/127r\/lqjexp l—; (@—“ “) ] (6.12)
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The cumulative distribution is then given by

p—p
F(qulu') =<I>< U —— ) (6.13)
which reduces to
F(gulp) = @ (Vau) (6.14)

when g/ = p holds. Combining equation 6.10 and 6.14 one can see that the p-value is
given with:

pu=1-F(gulp) =1-2(/q,) - (6.15)

Combining this now with equation 6.1 gives an expression for the significance

Zy =01 -p,) = V. (6.16)

Using these last two equations the p-value and the significance can be calculated
without having to simulate countless of pseudo-events. The asymptotic method has
the drawback of being an approximation and it breaks down at low number of expected
background events. This was tested by [187] and depending on the accuracy targeted,
the minimum number of expected background events is advised to be between 2-20.
The final confidence limit used is C'Lg which is required to be < 0.05 to reject a
hypothesis, was introduced in [191] and is defined as

_ CLs+b _ Ps+b
CLy 1—pp

CL, (6.17)

This does not only take the signal+background hypothesis into account but also
the background only hypothesis. Such an approach is rather conservative due to
having generally higher confidence limits but it ensures that signals which produce
a pdf close to the background only hypothesis are not rejected too easily. Signal
hypotheses which are close to the background hypothesis suffer from impurities by
the background distribution and may be rejected falsely otherwise. If the hypotheses
are strongly separated the denumerator goes to 1 and C'Lg reduces to C'Lgyp. Figure
6.3 visualizes both p-values with respect to the observed test statistic, in this case
being the mean value of the background only pdf.

The used program for the statistical analysis is mentioned in section 4.5 in further
detail.
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Figure 6.3.: Illustration of the p-values ps4+p and p, when observing the test statistic
qobs.[187]

After having a p-value, the exclusion limit needs to be created. This is done by testing
multiple signal hypothesis in a specified phase space and receiving a p-value for all of
them. This thesis uses a grid-like structure which is used to interpolate the p-values.
By interpolating using the four closest values (for the 2-D grid) it is possible to draw
a 95% exclusion limit line where the p-values are equal to 0.05.

In addition, one usually includes so called o-bands which represent the statistical
fluctuation of data by a standard deviation o. This does not correspond to the change
of the exclusion significance but rather is used as a visual indication where the observed
limit with a probability given in terms of ¢ will be. Using figure 6.3, this means that
the width of f(q|b) is used for o instead of the width of f(q|s+Db).

6.2. Systematic Uncertainty

Systematic uncertainties are very important to quantify and estimate the uncertainty
on the results presented in the next chapter. For this, many different systematic
uncertainties went into the statistical analysis. Nonetheless, not all systematics are
included for example the uncertainty on the electron isolation energy, the systemat-
ics going into the muon identification or any theoretical uncertainties just to name a
few. To account for potential underestimation of the uncertainty a 20% flat dummy
uncertainty has been introduced in each SR. This means that every yield in the signal
region has an added 20% uncertainty. This should be more than enough to cover
the missing systematic uncertainty and might even overestimate the uncertainty. The
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added systematic uncertainties are: electron reconstruction efficiency with an uncer-
tainty of roughly 0.25%, electron identification efficiency with an uncertainty of around
1.5% , electron trigger efficiency with roughly 0.3% uncertainty, JVT efficiency with
an uncertainty varying between 5-20% and several b-tagging efficiency uncertainties
contributing to the total uncertainty with roughly 2-5% depending on the specific pro-
cess. These uncertainties change for every event and the provided values are averages
of these uncertainties.
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This chapter contains the final results of this thesis including post-fit plots of CRs,
VRs and SR composition. The expected exclusion limit using the asymptotic method
is presented for the 1L and 2L channel as well as the combined results including a
yield table and the comparison with a toy model approach. Finally fit parameters,
and fit control plots such as a correlation matrix and a pulls plot are given.

7.1. Fit Results

The normalization factors are determined using a maximum likelihood fit tweaking
the normalization factors so that MC reflects the data yields in the CRs. They are:
"mu_Top_el" = 0.9530 £ 0.2478, "mu_ Wjets_el" = 1.0468 + 0.1495, "mu_ Zjets_el"
= 1.2393 £+ 0.1815. The CRs and VRs are shown post-fit in figures 7.1, 7.2 and 7.3
using these normalization factors comparing them to the pre-fit plots in section 5.5.
They show slight adjustments for the WCR and TCR and the whole offset in the
ZCR is corrected now. All CRs are still having one bin clearly outside of the 1o range
which can be expected statistically for ten bins each. No clear decline or increase of
the Data/MC ratio throughout the CR is noticeable. If there was a structure to be
guessed it would be a sine but this is rather far fetched and the offset is well within
the statistical fluctuation. The VR plots change as well but not as notably as the
ZCR. They are generally closer to the data now compared to the pre-fit plots.
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Figure 7.1.: my; post-fit distributions in the WCR, and WVR showing the data to MC
agreement. Note that the binning in the CR is only shown for illustrative
purposes, the CRs are not binned in the fit.
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Figure 7.2.: my; post-fit distributions in the ZCR, and ZVR showing the data to MC
agreement. Note that the binning in the CR is only shown for illustrative
purposes, the CRs are not binned in the fit.
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Figure 7.3.: my; post-fit distributions in the TCR, and TVR showing the data to MC
agreement. Note that the binning in the CR is only shown for illustrative
purposes, the CRs are not binned in the fit.
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Figure 7.4 shows the post-fit CR and VR significances. The CR significances are 0
by definition because the MC was fit to describe these perfectly. Most of the VRs are
well within 1o and only a few are within 20, which a again is expected by statistical
fluctuation, especially if considering that these values do not apply any uncertainty
on the MC values. For the Top VRs, data is slightly underestimated for low masses
and slightly overestimated for 1.7 TeV upwards. The WVRs seem to have a slope
to underestimate data more and more up to 1.7 TeV. At higher masses the MC
estimation fits very well. For the ZVRs the MC seems to very slightly overestimate

the data but stays well within 1o.
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Figure 7.4.: Significances of the CRs and VRs. These significances only consider the
uncertainty on the data and neglect the uncertainty of MC simulation.

Figure 7.5 shows the 1L and 2L SR post-fit compositions. Comparing this with the
pre-fit compositions (which were shown in figure 5.29) the contribution of the Z + jets
background has increased greatly in the 2L region with a change of roughly 6% while
the 1L region stays similar only changing up to 2% for one specific background. The
ordering of background contributions in each channel remains unchanged.
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(a) All 1L SRs combined. (b) All 2L SRs combined.

Figure 7.5.: Post-fit pie charts of the background composition in the 1L and 2L
SR. The mass dependent SRs are combined here by setting the cut
900 < my; < 3900 GeV. All cuts from section 5.4 are applied with the
normalization factors being used.

The MC to data agreement needs to be confirmed to ensure the modeling of the
data is sufficient and no major oversights were made. For this, ratio plots of relevant
distributions are investigated. This includes selected kinematic distributions as well
as distributions of the parameters which were cut on. The WCR and the ZCR are
used to not be sensitive for any signal. The WCR is used to show the behaviour with
one lepton and the ZCR is used for two lepton case. The shown errors only consider
statistical uncertainty of the data yields and do not consider any uncertainties of the
MC yields.

First the leading lepton pr, ¢ and n distributions are shown in figures 7.6, 7.7 and 7.8
respectively for both the WCR, and ZCR region. The pt distributions provide good
agreement of MC to data at low momenta. The agreement falls with higher momenta
but stays within 1o apart from the last data point which deviates more than 2¢ in
both regions. Above 700 GeV for the WCR and 600 GeV for the ZCR no data points
are available. This is viable due to the MC expectation being at or below 1 event in
both regions. The ¢ distributions do not have any unexpected slopes and only have
fluctuations around the expected values. These fluctuations go up to roughly 2.50
but mostly stay within 1o. The 7 distributions show good agreement at low absolute
n but seems to fall off at higher absolute 1 values. This is due to decreasing statistics
but could also hint to a mismodeling of the leptons in the EMEC. All in all, the
general shape of the distribution is followed and these deviations are still within 2o.
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Figure 7.6.: Post-fit pt distributions of the leading lepton in the WCR and ZCR. All
final cuts and the normalization factors are applied. The background
events are sorted by the total number of events in the region.
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Figure 7.7.: Post-fit ¢ distributions of the leading lepton in the WCR and ZCR. All
final cuts and the normalization factors are applied. The background
events are sorted by the total number of events in the region.
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Figure 7.8.: Post-fit n distributions of the leading lepton in the WCR, and ZCR. All
final cuts and the normalization factors are applied. The background
events are sorted by the total number of events in the region.
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Next up are the leading jet distributions of pt, ¢ and n shown in figures 7.9, 7.10 and
7.11. Starting with the pr distributions, the agreement for both regions are very good
apart from one bin in the WCR where the measured data exceeds the expected events
by more than 20%. Most other regions are very close and have a deviation of less
than 10%. The ¢ distributions do not have an unexpected slope. The ZCR is almost
completely within 1o apart from the first bin. The WCR mostly agrees but three
bins exceed 20. Both of them are located near |¢| = 2. These differences could not be
resolved and would need further investigation if more precision in this specific region
were to be necessary but when using the whole region the agreement is sufficient. The
n distribution of the WCR shows a really strong agreement of MC to collision data.
The ZCR also has a strong agreement in most regions but shows a larger disagreement
in two neighboring bins where one is overestimated and one is underestimated. The
overall shape of the distribution seems to fit the data and both offsets are within 20.
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Figure 7.9.: Post-fit pr distributions of the leading jet in the WCR and ZCR. All final
cuts and the normalization factors are applied. The background events
are sorted by the total number of events in the region.
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Figure 7.10.: Post-fit ¢ distributions of the leading jet in the WCR and ZCR. All final
cuts and the normalization factors are applied. The background events
are sorted by the total number of events in the region.
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Figure 7.11.: Post-fit n distributions of the leading jet in the WCR and ZCR. All final
cuts and the normalization factors are applied. The background events
are sorted by the total number of events in the region.
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After having looked at the leading lepton and the leading jet, the distributions of
lepton-jet system can be checked. Shown in figures 7.12, 7.13 and 7.14 are the pr
¢ and rapidity y distributions respectively. The y distribution replaces n for heavy
particles and heavy invariant mass systems, which is necessary as shown in section
5.3.3. The pr distribution fits well at low momenta up to 400 GeV in both regions.
After that the statistics drop too much to make a definite conclusion, but most bins
are within 1o and the rest are within 20. The ¢ distributions for the WCR and ZCR
have clear agreement with data modulo possible fluctuations. The shape of the y
distributions are also in great agreement with the data, the ZCR has all data points
within 1o and WCR is mostly within 1o, the rest is within 2o.
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Figure 7.12.: Post-fit pr distributions of the lepton-jet system in the WCR, and ZCR.
All final cuts and the normalization factors are applied. The background
events are sorted by the total number of events in the region.
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Figure 7.13.: Post-fit ¢ distributions of the lepton-jet system in the WCR and ZCR.
All final cuts and the normalization factors are applied. The background
events are sorted by the total number of events in the region.
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Figure 7.14.: Post-fit y distributions of the lepton-jet system in the WCR and ZCR.

All final cuts and the normalization factors are applied. The background
events are sorted by the total number of events in the region.
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Lastly, the cut parameters are inspected, namely S(p=i*) in figure 7.15, p4 /myg; in

figure 7.16 and my, in figure 7.17. The S(p2'%) distributions are quite different due
to being the inverted cut in the WCR. The general shape agrees for both regions.
The WCR stays within 20 throughout, often being within or close to 1o and the
ZCR is often within 1o and always within 20. There might be a slight slope visible
in the data/MC ratio of the ZCR but it could very well be statistical fluctuations.
The distribution of pgfl /my;j also agree in the general shape of the distributions but
when going to a high ratio the MC seems to increasingly disagree with collision data.
This is still within 20 but hints to a possible mismodeling of the tail especially in the
ZCR. Again, due to limited statistics this could just be fluctuation since the region
up to 0.6 for the WCR and 0.5 for the ZCR agrees very well with the data. When
looking at the my, distribution the Z-peak is clearly visible in MC and data with
both having a ratio of close to 1 at the Z-peak. The region below and above the Z
mass is dominated by low statistics but seems to agree within the errors with the
data. There is no myy distribution for the WCR, shown because this region requires
only one lepton making it impossible to create myy.
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Figure 7.15.: Post-fit S(p2*) distributions in the WCR and ZCR. All final cuts and
the normalization factors are applied. The background events are sorted
by the total number of events in the region.
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Figure 7.16.: Post-fit p4 /my; distributions in the WCR and ZCR. All final cuts and
the normalization factors are applied. The background events are sorted
by the total number of events in the region.
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Figure 7.17.: Post-fit my, distribution in the ZCR. All final cuts and the normaliza-
tion factors are applied. The background events are sorted by the total
number of events in the region.

7.2. Expected Exclusion Limit

Before looking at the combined expected exclusion limit which gives the final results
of this thesis the separated expected exclusion limits are shown. Figure 7.18 shows
both exclusion limits within the same plot to have a side-by-side comparison. gy
represents the coupling to a third generation quark and a first generation lepton and
the figure also contains current limits on the exclusion limit for LQs coupling to an
electron and a b-quark. These limits are taken from [64] for the pair-production limit
and from [70] for the Drell-Yan limit where the Dell-Yan limit is extracted from the
corresponding figure (see figure 2.9). Both regions give roughly the same exclusion
limit with both capable of covering a new phase space in the 1.8 to 2.2 TeV region with
LQs of at least a coupling of 1.8 if not considering the o-bands. As it turns out the 2L
region does not provide a better exclusion limit although previous plots (e.g. figure
5.28) suggested that the significance is greatly increased for the 2L region. The reason
for that is the smaller statistics which take a huge part in calculating the exclusion
limit during the statistical analysis. The multiple crossings of the exclusion limits
have no physical reason because the decision, on which of these two exclusion limits
perform better, should not be dependent on the LQ mass. The kinematics shown in
section 5.3 do not suggest any LQ mass dependent anomalies regarding the different
lepton channels. The only reason can be that these differences are simply statistical
fluctuations which is also hinted at by the fact that the two exclusion limits are very
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well within the 1o bands of each other.
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Figure 7.18.: Expected exclusion limit for the 1L and 2L region when used separately
including 1o bands.

Coming to the combined exclusion limit, the final values for each signal hypothesis
are found in table 7.1. The LQ model with 1 TeV mass and a coupling of 3.5 and the
LQ model with a mass of 3.5 TeV and a coupling of 0.5 were both dropped from the
final analysis. The reason to do this is different for both.

The 1 TeV, 3.5 coupling model was dropped because it produced NaNs when applying
the asymptotic method which could not be fully resolved. The most likely reason for
this occurrence are wrongly filled systematics. This is not too worrying because this
model is way above the final exclusion limit and does not change the result of the fit
at all. The second one was dropped because the cross section of a LQ (coupling to
e and b with a mass of 3.5 TeV and a coupling of 0.5) is just too small to produce
any significant amount of events during the whole Run 2 of the ATLAS experiment.
This results in the asymptotic method yielding a p-value of 1 because of the falling
floating number precision around 1 [192]. This results in a significance of - infinity
which also does not work in this plot. Dropping this is also not problematic because
this model is way below the exclusion limit and there are plenty of other models closer
to the exclusion limit shaping the curve. This means that removing this model does
not change the final result as well.
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Table 7.1.: Exclusion Limit table for the combined exclusion limit using the asymp-
totic method. The x4+1, parameters are the p-values and the significances

of the +10-bands.

‘ Mass [GeV] ‘ Coupling ‘ p-value ‘ p-valuei, ‘ p-value_1, ‘ Significance ‘ Significance 1, ‘ Significance_1, ‘
1000 0.5 0.2971 0.5741 0.1295 0.5328 —0.1867 1.1289
1000 1.5 4.631-1079 | 6.979-10~7 [ 2.172.10~11 5.744 4.826 6.592
1000 2.5 2.469-1072% | 1.648-107 18 | 2.574.10~26 9.650 8.701 10.55
1000 3.5 NaN NaN NaN NaN NaN NaN
1500 0.5 0.4494 0.7087 0.2491 0.1270 —0.5496 0.6773
1500 1.5 1.653-107° | 5.600-10~% | 3.509-10~7 4.151 3.258 4.961
1500 2.5 1.240-10~ 1 | 8.512-10~ M | 1.266-10~16 7.320 6.386 8.194
1500 3.5 2.068-10~23 | 1.766-10~1° | 1.684-10=%7 9.901 8.951 10.80
2000 0.5 0.7562 0.8971 0.5989 —0.6940 —1.265 —0.2504
2000 1.5 0.05697 0.2177 0.01163 1.581 0.7801 2.269
2000 2.5 2.704-10~% | 4.896-1073 | 1.087-10~° 3.460 2.583 4.246
2000 3.5 3.306-10~7 | 2.402-107° | 3.238.107° 4.972 4.065 5.804
2500 0.5 0.9037 0.96313 0.8266 —1.303 —1.788 —0.9407
2500 1.5 0.4241 0.6888 0.2268 0.1915 —0.4924 0.7495
2500 2.5 0.1160 0.3373 0.03190 1.195 0.4199 1.854
2500 3.5 0.02615 0.1313 3.983-1073 1.941 1.120 2.653
3000 0.5 0.9699 0.9889 0.9435 —1.879 —2.288 —1.585
3000 1.5 0.7870 0.9119 0.6429 —0.7961 —1.353 —0.3663
3000 2.5 0.5401 0.7734 0.3366 —0.1006 —0.7502 0.4218
3000 3.5 0.3113 0.5884 0.1392 0.4921 —0.2234 1.0839
3500 0.5 1.0 1.0 1.0 —0 —0 —0
3500 1.5 0.9234 0.9710 0.86037 —1.428 —1.896 —1.082
3500 2.5 0.8293 0.9313 0.7063 —0.9512 —1.486 —0.5426
3500 3.5 0.6871 0.8615 0.5064 —0.4876 —1.087 —0.01592
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The expected exclusion limit plot is shown in figure 7.19. The exclusion limit com-
bines somewhat the results of the 1L and 2L by considering more SRs in the statistical
analysis. This results in better exclusion limits than the separated ones and also a
tighter o-band. The sensitive mass range for the expected exclusion limit is from
1.8 to 2.6 TeV with minimal coupling of 1.2, again not considering the o-band. The
covered phase space increased drastically by using the 1L and 2L regions together.
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Figure 7.19.: Expected exclusion limit after combining the 1L and 2L region results
including 1o bands.

In order to verify the results of the asymptotic method, a toy model cross check has
been employed. The results for each signal hypothesis are shown in table 7.2 when
applying the toy model. This created many results which are not applicable, like sig-
nificances of +00, p-values of 0 or 1 and NaNs. The toy model approach had a couple
of difficulties which could not be resolved within the time frame of this thesis. One of
the reasons for the values of 0/0o could be the p-values being set to 0 if they become
smaller than 1074,

Nonetheless, these results can be used to confirm that the asymptotic method mostly
agrees with the toy model results in the most sensitive region for models of 2.5 TeV
and 3 TeV and the low coupling 2 TeV samples. Apart form the 1 TeV, 0.5 coupling
model, the p-values agree when within 104 < p < 0.97. Out of this range the asymp-
totic method starts to deviate from the toy model results which could originate from
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errors of the toy model code as well as the breakdown of the asymptotic method ap-
proach. Most likely it is a combination of both. The values of the o-bands also seem
to deviate more than the central values. The values vary both up and down seeming
to apply an uncertainty but not an obvious bias on the results.

Table 7.2.: Exclusion Limit table for the combined exclusion limit using the toy model
approach. The x11, parameters are the p-values and the significances of
the +10-bands.

‘ Mass [GeV] ‘ Coupling ‘ p-value ‘ p-valueii, ‘ p-value_i, ‘ Significance ‘ Significance1, ‘ Significance_1, ‘

1000 0.5 0.1139 0.3901 0.02524 1.206 —0.2791 1.956
1000 1.5 0.0 0.0 0.0 00 o0 0
1000 2.5 0.0 0.0 0.0 o0 o0 00
1000 3.5 NaN NaN NaN NaN NaN NaN
1500 0.5 0.4286 1.0 0.2674 0.1798 —00 0.6206
1500 1.5 0.0 5.685-10~4 0.0 00 3.254 00
1500 2.5 0.0 0.0 0.0 00 o0 9]
1500 3.5 0.0 0.0 0.0 00 o0 9]
2000 0.5 0.7710 1.0 0.6120 —0.7421 —00 —0.2846
2000 1.5 0.05944 0.1988 0.02657 1.560 —0.8459 1.934
2000 2.5 NaN NaN NaN NaN NaN NaN
2000 3.5 0.0 0.0 0.0 0 9] 9]
2500 0.5 0.9283 1. 0.8379 —1.464 —00 —0.9858
2500 1.5 0.4208 1.0 0.3433 0.1998 —00 0.4035
2500 2.5 0.1012 0.2845 0.05689 1.275 0.5697 1.581
2500 3.5 0.02639 0.09582 3.041-1073 1.937 1.306 2.743
3000 0.5 0.9741 1.0 0.9347 —1.945 -0 —1.512
3000 1.5 0.8267 1.0 0.7695 —0.9412 —00 —0.7372
3000 2.5 0.5344 1.0 0.4282 —0.08639 —00 0.1808
3000 3.5 0.3052 0.5525 0.1722 0.5095 —0.1321 0.9454
3500 0.5 1.0 1.001 0.9511 -0 NaN —1.656
3500 1.5 0.9618 1.0 0.9397 —1.7722 —0 —1.552
3500 2.5 0.8614 1.0 0.7209 —1.086 —00 —0.5857
3500 3.5 0.6849 1.0 0.5855 —0.4814 —00 —0.2160

The results of the fitting procedure also need to be verified to give meaningful and
sensible outputs to ensure that the expected exclusion limits can be assumed to be
applicable. For this, the fit parameters including the normalization factors are given
in a pulls and correlation matrix. The results of the normalization factors are shown
in figure 7.20 in combination with the systematic uncertainties which are all set to
0.0000+£0.9934. The systematic uncertainties starting with "EL" correspond to uncer-
tainties related to the electron, "F'T" are uncertainties related to b-tagging and "JET"
handles uncertainties on the jet reconstruction, namely the JVT efficiency. Figure
7.21 shows the correlation matrix of this fit. The most important things here are
that the systematic errors are uncorrelated and that they are in general not or weakly
correlated to the normalization factors. The only exception being the JVT efficiency
systematic which is expected to correlate to the normalization factors. The corre-
lation of the normalization factors to one another is expected because they directly
impact the number of events in the CRs. These plots give rise to the conclusion that
the fitting procedure was successful and did not include any unwanted correlations or
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unexpected large errors.
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Figure 7.20.: Pulls plot of the fit which gives the fit value with its uncertainty for the
normalization parameters and all implemented systematics.

134



7. Results
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Figure 7.21.: Correlation plot of the fit. The ordering of the parameters (top to bot-
tom, left to right) are the three normalization parameters of Top, W, Z,
the systematic errors as ordered in figure 7.20 and the three statistical
uncertainties for W, Z and Top.
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8. Conclusion and Outlook

This thesis tackled the question whether the resonant Leptoquark production is
capable of giving new exclusion limits in the electron 4 b-quark channel using the
whole Run 2 data of the ATLAS experiment having a center-of-mass energy of
V/s =13 TeV and an integrated luminosity of 140 fb~! . The used Leptoquark model
is a scalar S; Leptoquark only coupling to an electron and a b-quark and the resonant
search uses state-of-the-art NLO calculations including a dedicated lepton PDF.

To gain the best possible exclusion limits a cut flow is introduced trying to maximize
background rejection while keeping the signal efficiency as high as possible. The
dominant background processes are simulated using Monte Carlo simulations to
estimate the expected data yield. For this, a control region is defined free from
any signal contamination, the MC samples are scaled to fit the data yields in this
region and are then tested in a validation region. The resonant structure is then
scanned for in the invariant mass distribution of the lepton-jet system. Additionally,
the background contribution containing dijets has been tested to estimate using a
data-driven background estimation but it turned out to give similar yields as the MC
simulation of these backgrounds. A statistical analysis was employed to create an
expected exclusion limit using the asymptotic method.

The results clearly show a possible improvement in the exclusion limits compared
to previous searches in the pair-production channel, single-production channel or
Drell-Yan searches being sensitive to previously unreachable masses and couplings.
Due to the fact that the resonant Leptoquark production is both mass and coupling
dependent, no clear mass or coupling threshold is set but rather an excluded area is
defined in the mass-coupling plane. This newly covered area ranges from 1.8 TeV and
a coupling A\ of 1.2 to a mass of 2.6 TeV with a coupling A of 3.5 at a 95% confidence
limit.

Future steps would be adding the missing systematic uncertainties and remov-
ing the applied flat dummy systematic in the signal regions that were added to
account for the missing systematics. Also, cross checking the results with a fully
working toy model would be very sensible because the statistics in some regions are
low enough that the asymptotic method applied might break down and overestimate
the exclusion limit. A limited toy model comparison was done but some limitations
occurred which could not be resolved within the time frame of this thesis. To expand
on this thesis one could add Run 3 data which should also yield better exclusion
limits due to the higher combined statistics, but also the higher center-of-mass energy
resulting in increased cross sections for a potential LQ production. Another intuitive
and logical next step to do is getting an observed exclusion limit in addition to
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8. Conclusion and Outlook

an expected exclusion limit by unblinding the data, which was unfortunately not
yet allowed since an internal approval of the analysis was pending at the time of
writing this thesis. Nonetheless, the results of this thesis showed that the resonant
Leptoquark production is a promising approach to create a better exclusion limit and
the insights gained in this thesis will be integrated in a publication by ATLAS being
released in the near future.
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A. Appendix

A.1. Tables and Figures

A.1.1. Subleading Lepton Kinematics

The following plots will show the kinematics of the subleading lepton mentioned in
section 5.3.3.

Figure A.1.: Energy distribution of the subleading lepton. Only preselections are ap-
plied. Both the background and signal events are sorted by the total
number of events separately.
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A. Appendix

Figure A.2.: p distribution of the subleading lepton. Only preselections are applied.
Both the background and signal events are sorted by the total number of

events separately.
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Figure A.3.: ¢ distribution of the subleading lepton. Only preselections are applied.
Both the background and signal events are sorted by the total number of

events separately.
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A. Appendix

Figure A.4.: n distribution of the subleading lepton. Only preselections are applied.
Both the background and signal events are sorted by the total number of
events separately.
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A.2. Used KI-Tools

There have been no KI-Tools used throughout the creation of this thesis.
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