CERN-THESIS-2020-284

04/02/2021

@

Search for New Heavy Charged Bosons and
Singly Produced Leptoquarks with the
ATLAS Experiment

Dissertation

zur Erlangung des Grades
DOKTOR DER NATURWISSENSCHAFTEN

am Fachbereich Physik, Mathematik und Informatik

der Johannes Gutenberg - Universitat

in Mainz

Holger Herr

geboren in Mainz

Mainz, 26.10.2020









Kurzfassung

In dem Zeitraum von 2015 bis 2018 wurden mithilfe des Large Hadron Collider (LHC) am
CERN Protonen bei sehr hoher instantanen Luminositdt mit einer Schwerpunktsenergie von
/s = 13 TeV zur Kollision gebracht. Kein Teilchenbeschleuniger hat jemals zuvor solch hohe
Energien erreicht. Deshalb bieten die Datensédtze der an Kollisionspunkten befindlichen Exper-
imenten eine beispiellose Chance, Vorhersagen des Standardmodells (SM) der Teilchenphysik
préazise zu testen und Phanomene neuer Physik auf der TeV Skala zu erkunden. Zwei direkte
Suchen nach neuen Teilchen werden unter Zuhilfenahme des von dem ATLAS Experiment auf-
genommenen Datensatzes in dieser Arbeit prasentiert. Mogliche Signale in den untersuchten
Endzustédnden werden von einer Vielzahl von SM-Erweiterungen vorhergesagt. Diese werden
postuliert, um konzeptionelle Probleme zu l6sen und um von den SM-Vorhersagen abweichende
Messungen zu erkldren. In beiden Analysen wird die sensitive Variable so gewahlt, dass diese
eine hohe Korrelation zu der invarianten Masse der Zerfallsprodukte des neu eingefiihrten
Teilchens aufweist. Der Untergrundbeitrag wird jeweils mithilfe von Monte Carlo Simulationen
und auf Daten basierten Methoden abgeschétzt.

In der ersten Analyse wird nach einem resonanten Signal in Endzustédnden mit einem geladenen
(Anti-)Lepton (Lepton entspricht hier Elektron oder Myon) und hoher fehlender transversaler
Energie gesucht, welche von dem zugehorigen (Anti)-Neutrino erzeugt wird. Diese Signalcharak-
teristen werden von einer Vielzahl an Erweiterungen postuliert, weshalb die Suche so weit wie
moglich Signalmodell unabhéngig konzipiert wurde. Signaturen dieser Art werden beispielsweise
vorhergesagt von Theorien, die neue schwere geladene Eichbosonen - sogenannte W’ Bosonen
- einfithren. Fiir diese Suche wurden die in 2015 und 2016 von ATLAS aufgenommen Daten
untersucht. Dieser Datensatz entspricht einer integrierten Luminositit von 36 fb~!.

In der zweiten Suche liegt der Fokus auf hypothetischen Teilchen, die sowohl eine Lepton als auch
eine Baryon Quantenzahl tragen - sogenannte Leptoquarks (LQ). Speziell wurde deren einzelne
Produktion untersucht. Im Unterschied zu der paarweisen Produktion kénnen in diesem Kanal
hohere LQ-Massenhypothesen erforscht werden, auf Kosten von engeren Signalmodellannahmen.
Dieser Signalprozess besitzt einen Endzustand, der aus einem Paar aus einem geladenen Lepton
und einem geladenen Anti-Lepton (Lepton entspricht hier Elektron oder Myon) und mindestens
einem hochenergetischen Jet besteht. Fiir diese Analyse wurde der gesamte Run 2 Datensatz
mit einer integrierten Luminositit von 139 fb~! mit einbezogen.

In beiden Suchen wurde keine signifikante Abweichung von der SM-Vorhersage festgestellt. Diese
Beobachtung wurde mithilfe von Liklihood-Quotienten-Tests quantifiziert. AbschlieBend wur-
den jeweils obere Ausschlussgrenzen mit 95% Vertrauensniveau (CL) auf die Produkte von dem
Signalwirkungsquerschnitt und dem Verzweigungsverhaltnis gesetzt. Aus diesen wurden untere
Ausschlussgrenzen fiir die Massen der postulierten Teilchen bestimmt. Die Existenz von neuen
geladenen Eichbosonen, die im Rahmen des sequentiellen Standardmodells eingefiihrt wurden,
wurde fiir Massen unterhalb von 5,43 TeV ausgeschlossen. Dies entspricht einer Verbesserung
der Ausschlussgrenzen um mehr als 2 TeV im Vergleich zu Suchergebnissen, die mithilfe des
/s =8 TeV Datensatzes von ATLAS und CMS erzielt wurden. Fiir die Bestimmung von LQ-
Massenausschlussgrenzen wurde die Annahme gemacht, dass die LQ-Lepton-Quark-Kopplung
eins entspricht. Diese Grenzen liegen im Bereich von 1,2 TeV bis 2,8 TeV. Unter diesen modell-
spezifischen Annahmen sind die unteren Ausschlussgrenzen, die fiir LQ-Zerfalle mit Up Quarks
in den Endzustanden bestimmt wurden, die derzeit héchsten - mit 2,3 TeV im Elektronenkanal
und 2,8 TeV im Myonenkanal.



Abstract

In the years 2015 to 2018 the Large Hadron Collider (LHC) at CERN collided protons at a
center of mass energy of /s = 13 TeV while operating at a very high instantaneous luminos-
ity. This energy range has never been reached by accelerator experiments before. This is the
reason why the data set, collected by each of the four big experiments which are located at an
interaction point of the LHC, gives a great opportunity to precisely test Standard Model (SM)
predictions and explore new physics phenomena on the TeV scale. Two direct searches for new
particles in the data, which was collected by the ATLAS experiment during this period, are
presented in this thesis. A signal in each probed final state can be created by a variety of SM
extensions. These are postulated to address its conceptual problems and explain observations,
which are inconsistent with SM predictions. The sensitive variable is designed with the aim to
be highly correlated to the invariant mass of the new particles’ decay products in both ana-
lyses. Background contributions are estimated with Monte Carlo simulations and data driven
techniques.

Resonant signals in final states with a charged (anti-)lepton (lepton meaning electron or muon)
and large missing transverse energy, that is created by the corresponding (anti-)neutrino, are
probed in the first analysis. The considered signal characteristic is introduced by a variety of
new theories, which is the reason why this search is designed with the aim to make no strong
model assumptions. For example the existence of a new heavy charged gauge boson - a so-called
W' - creates this signature. The analysis is conducted on the data set recorded in 2015 and
2016 by ATLAS, which corresponds to an integrated luminosity of 36 fb~!.

In the second search the existence of new particles, which carry a lepton and a baryon num-
ber simultaneously - the so-called Leptoquarks (LQ) - is investigated. Specifically their single
production is explored, which allows to probe higher LQ mass hypotheses at the cost of mak-
ing stronger model assumptions compared to their pair production process. This leads to final
states with a particle anti-particle pair of charged leptons (lepton meaning electron or muon)
and at least one high energy jet. For this the full Run 2 data set of proton-proton collisions,
which corresponds to 139 fb~!, is probed.

No significant deviations from the SM prediction are found in either of the searches. This obser-
vation is quantified by likelihood ratio tests. In the end 95% confidence level (CL) upper limits
on the signal cross-section times branching ratio are determined. These are then interpreted
as lower limits on the new particles’ mass. When probing the Sequential Standard Model, new
heavy charged gauge bosons are excluded up to masses of 5.43 TeV at 95% CL, which is an
improvement by more than 2 TeV compared to Run 1 results published by ATLAS and CMS.
For the determination of the 95% CL lower mass exclusion limits, the LQ-lepton-quark coupling
is assumed to be one. Results are in the range of 1.2 TeV to 2.8 TeV. Under these model
specific assumptions, mass limits determined for the LQ decay into up quarks are the strongest
to date - with 2.3 TeV in the electron and 2.8 TeV in the muon channel.
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Chapter 1

Introduction

Today’s state of scientific knowledge describes matter as point like components interacting
via particle exchange. The idea of elementary particles as building blocks of the surrounding
environment reaches back to the ancient Greeks. First constituents of atoms were discovered at
the end of the 19th and the beginning of the 20th century [1][2][3]. Observations of numerous
new particles in the 1960s lead to the introduction of the quark model [4][5] attempting to
classify and structure the large ensemble of discoveries made. In the end of this decade first
investigations into the proton structure by deep inelastic electron-proton scattering [6][7] and
the discovery of the weak bosons Z and W* at LEP [8][9] in the 1980s paved the way for the
formulation of the Standard Model (SM) of particle physics [10]. The SM is very successfully
describing a large variety of precise particle physics measurements to this day. However, there
are some observations and conceptual problems which hint at the fact that the SM might be an

effective theory within a more fundamental one.

Various extension of the SM are postulated to address and solve shortcomings. For example
one of the open questions is the hierarchy problem. It refers to the large differences between the
coupling strength of different forces and the high amount of parameter fine tuning necessary.
This could be assessed for example by introducing additional dimensions or symmetries which
motivate the values observed for fundamental constants [11]. Furthermore, every theory aspires
to be as simplistic as possible, which is the reason why multiple Grand Unified Theories (GUT)
[12] are postulated. These unify all forces described in the SM and can be obtained by a single

gauge group.

Many of these extensions postulate the existence of new heavy particles, which can serve as
evidence for physics beyond the SM. Experiments which examine particle scatterings at very
high center of mass energies allow to search for signatures of new heavy particle decays. During
the years 2015 to 2018 the Large Hadron Collider (LHC) [13] at CERN collided two proton

beams at /s = 13 TeV giving the opportunity to explore new phase space regimes, which have

1



Chapter 1. Introduction

never been reached by earth based experiments before. ATLAS [14] is one of the detectors
located directly at an interaction point of the accelerator. Two direct searches for new particles
are presented in this thesis, both of them use data collected during this time period. The fraction
of the data set collected in 2015 and 2016 is used to search for new phenomena which introduce
a resonant shape at high invariant masses in events with a charged lepton and large missing
transverse energy. Processes with this signature are predicted for example by models introducing
super-symmetry [15] or extra-dimensions [11]. The full data set is utilized to probe the existence
of particles which carry lepton and baryon quantum numbers - so-called Leptoquarks [16]. The
existence of these particles are commonly postulated by GUTs and serve as possible explanation

of observations, which are inconsistent with SM predictions.

This thesis starts with theoretical foundations in Ch. 2. This includes the content and math-
ematical description of the SM, phenomenology of inelastic proton-proton scattering as well as
conceptual problems of these theories. The chapter closes with a description of SM extensions,
which are relevant for the presented searches, and a general discussion of the strategy utilized
to probe the existence of new particles. Afterwards the ATLAS experiments, its components as
well as the coordinate system used for data analysis are detailed in Ch. 3. Algorithms which
reconstruct tracks and particles, as well as the calibration procedures applied, are introduced
in Ch. 4. In Ch. 5 the basics of simulating particle physics processes and expected detector
responses with Monte Carlo methods are laid out. This is followed by the two main parts. First
the search for a new heavy charged gauge boson decaying into a charged lepton and a neutrino
is presented in Part I. Afterwards the existence of singly produced Leptoquarks is probed in
Part II. Each of these analysis starts with a motivation and a discussion of general aspects of
the search. The interpretations and results of each analysis are described in separate chapters.

Finally, this thesis closes with a summary and short outlook in Ch. 14.



Chapter 2

Theoretical Foundations

This chapter will briefly discuss the Standard Model of Particle Physics (SM), as well as its
conceptual problems and hypothetical extensions addressing those. Sec. 2.1 starts with an
overview of the particles and their interactions included in the SM, followed by a more detailed
description of the mathematical structure for the electroweak interaction in Sec. 2.1.2 and strong
interaction in Sec. 2.1.3. Then parton density functions will be introduced in Sec. 2.2, which
describe the structure of the protons. Sec. 2.3 gives an overview of Proton-Proton Scattering
phenomenology and how predictions can be obtained for the collision of composite objects.
Finally, in Sec. 2.4 problems of the SM, measurements deviating from predictions and some
hypothetical model extensions incorporating those observations are discussed. Sec. 2.5 gives a
short overview of the procedure conducted to search for a heavy particles. In this entire thesis

natural units are used (h =c¢=1).

The first sections of this chapter follow closely chapter 2 of my master thesis [17].

2.1 The Standard Model of Particle Physics

In the Standard Model of Particle Physics (SM) [10] all matter directly observed in the en-
vironment consists of fermions. These kinds of particles are specified by their characteristic
half-integer spin. In nature four different types of interactions can be observed: the electro-
magnetic, the weak and the strong force as well as gravitation. The latter is not described by
the SM. Due to their relative strengths, gravitation is not relevant considering the energy scales
in high energy particle physics experiments. The electromagnetic and weak force are combined

into a common theory - the electroweak interaction.

The interaction between two fermions is described by the exchange of a mediating particle -

so-called bosons. There are different types of bosons, each of them is associated to a specific

3
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interaction and carries integer spin. The electromagnetic interaction is propagated by the ex-
change of photons « while the strong force is mediated by eight different types of gluons g.
The weak force has three different bosons associated to it - the neutral Z and the electrically
charged W and W~ bosons. Each interaction type couples to a different particle property. The
exchange of photons is only possible between electrically charged particles. The strong force
is only observed between particles carrying color charge, which comes in three states: blue,
red and green. Gluons carry color charge themselves - one color and one anti-color charge -
each type of gluon carrying another combination. The weak interaction couples to left handed
chirality state projections of each particle. The fact that every weak boson carries an invariant
mass limits the range of this force. Gluons are massless. However, self-coupling effects lead to a
finite range of the strong interaction as well. Only the electromagnetic interaction has infinite
range due to the absence of both limiting factors. Tab. 2.1 gives a brief summary of bosons -

excluding the higgs - and some of their properties.

| boson | shortcut | invariant mass [GeV] | electric charge [e] |

photon ol 0 0
gluon g 0 0
W boson | WH* 80.379 +1
Z boson Z 91.1876 0

TABLE 2.1: View over bosons involved in interactions described by Standard Model of particle
physics. [18]

Fermions are separated into two different groups - leptons and quarks. A corresponding anti-
fermion exists for each fermion type, which carries equal mass but the opposite charge. Ad-
ditionally, each type of particle exists in three generations differing in mass and thus in their
lifetime. Leptons carry no color and integral electric charge - meaning multiples of the element-
ary electric charge e - and do not interact strongly. The electron, muon and tau carry negative
charge in contrast to the three different types of neutrinos. Quarks and their corresponding
anti-particles interact via all three forces included in the SM. They carry color and electromag-
netic charge. Due to the nature of the strong interaction only color neutral states exist freely.
Therefore quarks create-color neutral bound states - so called hadrons. Two possible combin-
ations achieve this requirement. Baryons consist of three quarks or anti-quarks and mesons
of a quark and an anti-quark. Tab. 2.2 gives an overview over all fermions and some of their

properties.

Interactions and particle propagation in the SM are described by a gauge quantum field theory
[19]. Here, particles are associated with quantum fields which can be used to obtain probability
densities of measurable observables. Fermions are characterized by so called spinors ¢ (z) and
bosons by vector fields A,. The evolution of these fields is described by a Lagrangian density L,
which will be referred to as Lagrangian in the following. The Lagrangian for the propagation

of a free particle with mass m and spinor v is shown in Eq. 2.1.

4
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’ generation name shortcut invariant mass electric charge [e] ‘
quarks
1 up quark u ~ 2 MeV 2/3
down quark d ~ 5 MeV -1/3
5 charm quark c 1.275 GeV 2/3
strange quark s 95 MeV -1/3
3 top quark t 173.0 GeV 2/3
bottom quark b 4.18 GeV -1/3
leptons
1 electron e” 0.511 MeV -1
electron-neutrino Ve < 2 eV 0
9 muon w- 105.658 MeV -1
muon-neutrino v, < 0.17 MeV 0
3 tau T~ 1.77686 GeV -1
tau-neutrino Vr < 18.2 MeV 0

TABLE 2.2: All known fermions separated in leptons and quarks for each generation. Their
mass, shortcut and electric charge is shown. The top mass value is taken from the direct
measurement. [18§]

£ = G(iy" 9y, — m)y (2.1)

1 is defined as ¥ = ¥T7? and " are the gamma matrices. The postulation of local invariance
of the Lagrangian under transformations of symmetry groups introduces interactions between

particles.

2.1.1 Feynman Formalism and Fermi’s Golden Rule

The interaction rate is the most common observable in high energy particle physics, which is con-
nected to the probability for a given process taking place. This is measured by its cross-section.
These measurements verify and test the SM and possible extensions. To obtain theoretical pre-
dictions a matrix element amplitude M for each process in question is calculated as a first step.
The Feynman formalism [20] and Feynman diagrams give a visual approach for determining
those. For each particle line, vertex and propagator in a Feynman diagram there is a math-
ematical description. The ingredients needed for those can be obtained using the Lagrangians
introduced in the following sections. The matrix element at a given order of a process is calcu-
lated by considering all diagrams with the initial and final state in question. The contribution
to M of a diagram with n vertices scales with « to the power of n, where « is the coupling
constant of the interaction taking place. The number n is directly connected to the order of
a combined matrix element. The ensemble of all diagrams with the lowest number of vertices

possible give in combination the leading-order (LO) matrix element amplitude.
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|M|? is integrated over the phase space in consideration to obtain the measurable cross-section
0. This is done using Fermi’s Golden Rule [21] which relates both quantities. The general
expression for a process with two initial state particles - with four-momenta p; and ps - and n

final state particles - with four momenta g;, ¢ € [1,n] - is shown in Eq. 2.2.

IM]? H;'Lzl dgj -
o= (27r)4/ 0% | p1+p2 — q; (2.2)
4/ (i) — () 1L Vs Z ’
3 7.
dg; = 20 (2.3)

(2m)32¢)
NG

Here, m; are the masses and p; and ¢ the three-momenta of the particles considered. NN; is the

number of identical particles of species i in the final state.

Interference effects are introduced when calculating the absolute square of the matrix element via

Eq. 2.4, in case final states of multiple processes - with amplitudes M; - are not distinguishable.

M =13 M (2.4)

In perturbation theory [22] the cross-section ¢ up to the order N can be obtained by the

polynomial shown in Eq. 2.5. The relation shown is a series of the coupling strength «.

N
o= o™(a) (2.5)
n=1

Here, 0™ is the cross-section of all possible diagrams of order n. In case the value of « is low
the series shown converges quickly giving a precise estimate of the total cross-section at a finite
order N. Loop diagrams contribute at higher orders and introduce divergences when integrating
over all possible momenta inside the loop, which is done in the computation of o™, Fig. 2.1

shows two schematic examples of a higher order loop Feynman diagrams.

The divergences cancel in case all higher order corrections are included. However, this is not
possible in theoretical calculations. Thus to avoid these singularities, the coupling constant is
renormalized by cutting the energy scales considered at pg - the so-called renormalization scale.
In practice this is done by introducing a cutoff A and extrapolating its value to infinity again as
the last step in the calculation. The coupling constant obtained at a finite order o is related

to the actual physical constant c,pys by introducing a correction term da. This term absorbs
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FIGURE 2.1: Higher order Feynman diagrams with fermion - solid line - (a) and boson - dashed
line - loops.

divergences in the calculation as shown in Eq. 2.6. This means that in the limit A — oo the

correction term do becomes infinite as well.

Qphys = 0 + (2.6)

Consequently, the actual physical coupling constant ayy,s incorporates these divergences. This
can be schematically explained by considering screening effects from vacuum polarizations which
lead to a measured finite charge of an infinitely charged object. An additional implication is
that the coupling constant is dependent on the scale of the momentum transfer Q? and the
choice of the renormalization scale p2. Particle masses are scale dependent as well since they

are assessed by their propagator, which contains loop diagrams at higher orders.

The dependence of the u, choice on the cross-section is propagated by the coupling constant.
Every additional higher order calculation included in the cross-section determination reduces

the impact of this dependency.

2.1.2 The Electroweak Interaction

The electromagnetic interaction [19] is introduced by requiring local invariance under transform-
ations of the U(1) symmetry group. Transformations of ¢ in this group can be parametrized

by Eq. 2.7 with the generator « of the U(1) group.

) — ) =@y (2.7)

To keep the Lagrangian of a free particle displayed in Eq. 2.1 gauge invariant under local
transformations of this kind the covariant derivative D,, with the bosonic gauge field A, (x) are

introduced in Eq. 2.8. A,(x) is associated to the field of the photon.
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Oy — D, =0, +ied,(x) (2.8)

e is conserved under the transformation and can be identified with the electric charge. Due to
the fact that photons can exist as free particles an additional kinematic term has to be added
to the Lagrangian. The full Lagrangian describing Quantum Electrodynamics (QED) is shown
in Eq. 2.9.

— 1
Laep = ("0 — m)y) — ey Autp — S B I (2.9)

with the electromagnetic field tensor

Fu = 0,4, — 0,A,. (2.10)

The weak interaction is a consequence of requiring local invariance under SU(2)y, transforma-
tions and couples only to the left-handed chirality of a particle. This characteristic is considered
by introducing the quantum number weak isospin 7. It is constructed in a way that left-handed
fermions form doublets with a total value of T'= 1/2 and third components of T3 = £1/2, while
fermions with right-handed chirality are described by singlets with 7" = 0 and 73 = 0. The
interaction itself couples to each particle’s T5. All transformations of doublets inside the SU(2)
symmetry group are described using the three generators T; = 0;/2 with 7 € [1,3]. o; are the

Pauli matrices and each generator has a vector field assigned to it: Wﬁ, Wﬁ and WEL’

Weinberg [23], Glashow [24] and Salam [25] developed theories which unify the electromagnetic
and weak interaction into an electroweak theory. In this combination the weak hypercharge Y,
is introduced combining the electromagnetic charge of a particle () and its third component of

the weak isospin as displayed in Eq. 2.11.

Y,
Q="T;s+ 7“’ (2.11)
The hypercharge is related to the U(1)y group introducing the vector field B,. Transforma-
tions in the unified electroweak theory are members of the SU(2) x U(1)y symmetry group.
Analogously to QED the Lagrangian of the electroweak theory can be obtained by requiring

local gauge invariance and is shown in Eq. 2.12.

L n - 1 ,
Low = D OF " D) + Y Bfpin' Dy — W, W — By B (2.12)
J »f
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The first term is the sum over each generation j of the left-handed fermion doublets @DJL and
the second term the sum over all generations j and particle types f within of the right-handed

fermion singlets wff. The covariant derivative D is defined as shown in Eq. 2.13.

g Y
Dy = Oy —ig0iW,, + zg/?wBM (2.13)
g and ¢’ are the coupling constants of the SU(2); and U(1)y symmetry group. The field

strength tensors Wﬁy and B, are displayed in Eq. 2.14.

B,, = 0,B, - 90,B,
The last term of the field strength tensor Wﬁy represents the self coupling of the Wfl fields. This

is a direct consequence of the SU(2) symmetry group being non-abelian.

The fields corresponding to the observed mass eigenstates Wlf are given by the linear combin-
ations of Wl} and Wi shown in Eq. 2.15.

1

+ 1 12

Wk = 7% (W, FiW}7) (2.15)
The fields associated to the Z boson (Z,) and photon (A,) are obtained by combining Wﬁ

and B, which can be expressed by a rotation in order of the weak mixing angle fy,. The

corresponding relation is displayed in Eq. 2.16.

Ay [ cosOw  sinfw B, (2.16)
Z, —sinfy  cos Oy Wj’ '

There is a mis-match observed between the quark eigenstates g, (¢ € {d, s,b}) which are propag-
ated freely and the ones participating in the weak interaction ¢ (¢ € {d, s,b}). Cabibbo [26]
introduced a formalism which describes this mis-match for the lightest two particle generations.
Kobayashi and Maskawa [27] expanded this to all three generations using a unitary 3 x 3 mat-
rix, the so-called CKM-Matrix Voxym. Conventionally the parametrization is done using the
down type quarks. The eigenstates which interact weakly are a linear combination of the mass

eigenstates as displayed in Eq. 2.17.

d dn
s | = Vexu | sm (2.17)
b bn
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In first order Vg is an identity matrix. It is required to be unitary in order to keep the amount
of particles conserved and can be parametrized with four independent parameters. Typically
the Euler parametrization [28] is used which introduces three mixing angles 6; (i € {1,2,3}) and
a complex phase §. A non-vanishing phase introduces C'P violation. This means that a process
is not invariant under the combination of charge-conjugation C' - exchanging each particle with

its anti-particle - and the parity transformation P.

A similar eigenstate mis-match is observed in the neutrino sector which is described with a sim-
ilar formalism using the unitary Vpyng matrix, introduced by Pontecorvo [29], Maki, Nakagawa
and Sakata [30].

2.1.2.1 Spontaneous Symmetry Breaking

The fields Wl}, WE, WS and B, must correspond to massless bosons in order to keep local
gauge symmetry. This is the reason why an additional mechanism - the spontaneous symmetry
breaking [31] - is introduced which assigns the observed masses of W and Z bosons while keeping
the photon massless. This is done by introducing the higgs field - a single complex scalar doublet
field displayed in Eq. 2.18.

e
O(x) = <¢0( )> (2.18)
¢° ()

The Lagrangian of the the higgs field Lpiges and the embedded potential V' (®) are shown in
Eq. 2.19.

Litiggs = (D) (D42) = V(D) o19)
V(®) = 2010 + 2 (016)°
Under the assumptions of 42 > 0 and A > 0 this potential has the degenerate ground state
®'® = —4u?/\ = v? and a non-vanishing vacuum expectation value v. The ground state (®) is
then chosen to break the SU(2)r x U(1)y symmetry into the U(1) gy symmetry. By expanding

® by H(x) around the vacuum expectation value Eq. 2.20 follows.

1 0
D) ~ — (v N Hm) (2.20)

A neutral physical scalar H (x) manifesting itself as the higgs boson with mass my = pv/2. The

mass terms for the three heavy bosons are introduced by absorbing ®’s three remaining degrees

of freedom and can be expressed by:

10
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1/ 1
my = §U 92 + 9/2’ my = iyg, (221)

Similarly to the W and Z bosons’ mass, the masses my of fermions f violate local gauge
symmetry. This is the reason why they are also introduced by the interaction with the higgs
field. Yukawa couplings describe this and are included to the Lagrangian as displayed in Eq. 2.22

- in unitary gauge.
— mf —
Lyue ==Y mppihy — — Vs H (2.22)
f f

2.1.3 The Strong Interaction

The strong interaction is described by Quantum Chromodynamics (QCD) [22]. The symmetry
group used to introduce interaction terms to the Lagrangian is the SU(3)¢. Transformations
can be expressed by eight generators, which are be parametrized by the Gell-Mann matrices
i, @ € [1,8]. The Lagrangian of QCD and the corresponding covariant derivative is shown in
Eq. 2.23 and Eq. 2.24.

_ 1 .

Lacp = Y Pga(ir” (Du)g, = madar)¥as — ;G Gl (2.23)
q

(Du)ab = Opbap + in/TasXs AS, (2.24)

14, Tefers to the spinor of color a and quark-flavor ¢ with mass m,. All possible colors are
considered for the indices a and b. The effective fine-structure constant of QCD is given by «s
of QCD and AY, is the gauge field of gluon type g. /\Zb is the Gell-Mann matrix associated to
the gluon type g which is classified by its color (a) anti-color (b) combination. The sum over
all types g is taken in the derivative shown in Eq. 2.24. G/‘:‘V is the field strength tensor of the
gluon and is given by Eq. 2.25.

G, = 0,45 — 0,AS — 2y/Ta, fapc AL AY MNP = ifapcA© (2.25)

fapc are the structure constants of the SU(3)¢ group and the last term of the definition of the
field strength tensor introduces - similarly to the weak interaction - the self coupling between

gluons.

11
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The strong coupling constant and the more commonly used effective fine-structure constant as
depend on the scale Q2 of the interaction. The corresponding correlation can be expressed at

LO by Eq. 2.26 assuming «a; is known at some reference scale Qz of-

Oés( %ef)

B 332N
T 1 aa(Q%)hm(Q%/Q2,)) -

2
(@) 127

Bo (2.26)

April 2016

T decays (N3LO)
DIS jets (NLO)
Heavy Quarkonia (NLO)

e'e” jets & shapes (res. NNLO) 1
e.w. precision fits (N3LO)

pp—> jets (NLO)

pp —> tt (NNLO)

4 <« © O 0D «
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QCD as(M,) = 0.1181 = 0.0011
| 160 1000

" QrGev]

FIGURE 2.2: Strong coupling constants o, against scale of the interaction (). Results obtained
by various measurements with different methods as well as their uncertainties are shown. [18]

Ny is the number of quark flavors contributing at the scale Q? and By refers to the LO coefficient
of the S-function expansion, which models the running of a;. Fig. 2.2 shows a depending on Q)
as well as results obtained by various measurements using different approaches over a large Q?
range. For large values of @2, which corresponds to small distances, oy is very small allowing
quarks to be studied as approximately free particles in this range. This effect is called asymptotic
freedom. At low Q2 the coupling constant increases rapidly and the series shown in Eq. 2.5
does not converge anymore. Perturbation theory breaks down below a specific scale. The scale
at which perturbative expansions are not usable anymore is at Aqcp ~ 220 MeV considering
all flavors except the top quark. The theory for calculation at higher scales is referred to as

perturbative QCD.

Empirically the strong interaction at large distances r can be described by a potential which

shows a linear behavior V' ~ r. For this reason there is a certain distance between two colored

12
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particles where it is energetically favored to produce a quark anti-quark pair. Additionally,
quarks and gluons carrying high momentum lose energy by emitting gluons which produce
subsequently quark anti-quark pairs. If the energy of these particles is sufficiently low it is

energetically favored to form color neutral bound states, so-called hadrons.

2.2 Parton Density Functions

The proton is a baryon and thus a composite object [4]. It consists of three valence quarks -
one d and two u - and a dynamically changing ensemble of mostly strongly interacting particles
in the so called sea. The characteristics and properties of each fundamental point-like particle
type inside the proton is quantified by a set of parton density functions (PDF) [32] f,/4(za, Q?).
In this notation fq/4(Za, Q?) is the probability that the parton of type a carries the momentum
fraction z, of the proton A at the momentum scale Q2. The Q? dependence can be motiv-
ated by its correspondence to a certain resolution. A high Q? value allows more and smaller

substructures to be resolved.

PDF sets are not theoretically obtainable and have to be determined by global QCD fits using
an accumulation of measurements as input. Deep inelastic scattering data (DIS), which is
collected in proton-lepton collisions, has the most constraining power at low x. Relevant data
of this has been collected by the ZEUS [33] and H1 [34] experiments which were located at
the HERA accelerator in Hamburg. Additionally, fixed target DIS experiments [35] are used to
probe PDF's at higher x values. Conversely, jet properties studied using data collected in high
energy proton-proton collisions by ATLAS and CMS probe a large range of 2 and Q? values.

To obtain PDF sets a generic functional form for each quark and gluon contribution is assumed
at a reference scale Q2. This reference scale Q2 is usually at O(1 GeV?). NNPDF3.0 [36] for
example chose Q3 = 1 GeVZ. Eq. 2.27 shows the functional form of the PDF f;(z, Q%) which is

usually used.

fi(z, Qg) = Az % (1 - x)ﬁi Fi(z, %) (2.27)

The index i refers to the parton type. In the following, instead of f;, ¢; will be used for the quark
PDF's and ¢ for the gluon PDF. o; and §; are parameters which are fixed by the global fit. A; is
a normalization constant and F;(x,7;) is a smooth function depending on z. The introduction
of additional fit parameters 7; allows more flexibility. These functions Fj(x,%;) differ for each
parton type. In practice the fit is conducted using multiple linear combinations of all parton
PDFs f;(7,Q3) as basis. In the procedure used to determine the NNPDF3.0 [36] set the linear
combinations are constructed in a way that they diagonalize the DGLAP equations [37][38][39],

13
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which are used to extrapolate to different scales Q2. In previous iterations these combinations
were defined with the object that each of them is sensitive to data measured in a specific set of

experiments. The DGLAP equations are shown in Eq. 2.28 and Eq. 2.29.

dqi(z, Q* s [1d

(‘3(]1(52(32)) - ;r/ ?Z ZP‘Ii(Ij(zaas)qj (g;QZ) + Pqig(z,as)g (3@2) (2.28)
v j

dg(x, Q? s [td

m - ;ﬂ-/ ?Z ZPQ% (Z7as)QJ (%7 Q2> + ng(Z;Oés)g (%, Qz) (229)
v j

Here, o is the strong coupling constant introduced in Sec. 2.1.3 and Pjy (i, f € g, g) are the
Altarelli-Parisi splitting functions [40]. They give the probability for the initial parton i to
undergo a process which leads to a parton f. This process is either an emission or some kind
of splitting. P, and P,, represent the cases in which gluons are emitted and the initial parton
type stays the same. F,, and Py, on the other hand describe the emissions of quarks, in which
the initial parton changes its type - either from quark to gluon or the reverse. These splitting
functions are expanded perturbatively. Results for these calculated up to NLO and NNLO are
available [41].

Fig. 2.3 shows the NNPDF31 [42] set of NNLO parton distribution functions at two different
scales - Q% = 10 GeV? and Q% = 10* GeV?. All objects which contribute only to the sea of
the proton show a steeply falling behavior. This is more pronounced at higher scales since the
sea components tend to carry a larger fraction of the proton momentum. The curves describing
the v and d momentum fractions have maxima due to their additional permanent existence as

valence quarks.

Limitations of different origins lead to various uncertainties assigned to the PDF sets. The
measurements used as an input have uncertainties associated to them. Parameters of the PDF
parametrization are highly correlated which is the reason why additional steps need to be
performed to estimate the impact on the density functions. The Hessian method [43] can be
used to resolve this. To obtain a systematic variation the covariance matrix is rotated into
an orthogonal eigenvector basis. This allows to propagate uncorrelated sets of fit uncertainties
directly to the PDFs. Additionally, the parametrization, choice of o and the extrapolation to

the desired Q?-scale introduce uncertainties.
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FIGURE 2.3: NNPDF31 parton density distributions at a scale of Q% = 10 GeV? and Q? =

10* GeV2. Different colors indicate the distributions of different particle types with the width

of the line indicating the one o uncertainties. The gluon contribution is scaled by 1/10 for
better visibility. [42]

2.3 Proton-Proton Scattering and Factorization Theorem

Due to the compound nature of the protons [6][7] the distribution of scales at which the parton
level interactions are taking place is not discrete. Most of the processes happening in the sea
of the proton take place well below the QCD scale Agcp which is the reason why perturbative
QCD can not be used to obtain model predictions. The interacting partons carry only a fraction

of the protons momentum, which is described by PDF's.

However, due to the energies considered the cross-section of the hard-scattering process on
parton level G, - between particles ¢ and b - can be calculated using perturbative theories
by following the steps discussed in Sec. 2.1. Non-perturbative contributions are described by
the phenomenologically determined PDFs. The factorization theorem [44], shown in Eq. 2.30,
gives a relation between the cross-section o4 on proton level - between protons A and B -
the parton density functions of each proton - fq/4(7.) and f,/p(zp) - and the cross-section

calculated perturbatively 6.

0AB = Z/divadmbfa/A(mmM%)fb/B(l’b,MQF)(Ta,b(ﬂﬂa,ﬂ?b) (2.30)
a,b

ur is the factorization scale, which is chosen with the intent to separate long- and short-distance
physics. The cross-section 0, is only calculated at finite order and introduces a dependency on

the renormalization scale, as discussed in Sec. 2.1.1. Due to the fact that only finite numbers
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of higher order corrections are considered the numerical value of the cross-section 45 depends
on the choice of the parameters p, and py. This effect is taken into account by theoretical

uncertainties.

FIGURE 2.4: Schematic illustration of deep inelastic proton-proton scattering of the protons

labeled with A and B. The partons a and b interact with the cross-section o,;. Their probability

distribution is described by the corresponding PDF's f, /4 and f;/p. The remnants of the protons
that are not participating in the hard scattering process are represented by X4 and Xp.

Fig. 2.4 illustrates schematically the deep inelastic scattering of two incoming protons A and
B, indicated by the large circles with the corresponding PDF's of the interacting partons a and
b. The circle with the cross-section o, describes the relevant process on parton level. The
outgoing lines, labeled X4 and Xp, represent the partons of protons which do not participate

in the hard scattering process.

These remnants X 4 and Xp are colored objects and cannot exist as free particles. The same
holds true for quarks and gluons which are produced by the hard scattering process. Gluons
will split into gg-pairs, while quarks will emit gluons to decrease their energy. The ensemble
of partons produced this way is called parton shower. Once the partons energy is sufficiently
low the shower stops and hadrons are formed. This step is called hadronization. The proton
remnants X4 and Xp, particles created by additional interactions inside the proton and initial-
(ISR) and final-state radiation (FSR) are referred to as underlying event. The description
of these concepts is detailed in more depth in Ch. 5 where the simulation of proton-proton

scattering events will be discussed.
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2.4 Extensions of the Standard Model

The SM is very successfully describing observations made in high energy physics. However, some
shortcomings, conceptual problems and measurements suggest that the SM is not a complete
theory. First some of the most prominent problems as well as in this context observations, which
deviate the most from SM predictions will be discussed in Sec. 2.4.1 and Sec. 2.4.2. Afterwards
an overview of some extensions which would address and solve some of the problems will be given
in Sec. 2.4.3 and Sec. 2.4.4. The emphasis here is on models to which the analyses presented in

this thesis are sensitive. The discussion is separated with respect to Part I and Part II.

2.4.1 Conceptual Problems

By construction the amount of particles and anti-particles created during the big bang should
be almost the same. Violations under C'P transformations can introduce asymmetric behavior
in the production of matter and anti-matter. However, considering the imbalance observed
in our universe the C'P violation present in the SM is not sufficient to explain the level of

matter-antimatter asymmetry observed.

Many observations in cosmology hint at the existence of so-called dark matter and dark energy.
Observations [45] of rotation velocities of luminous matter in galaxies can not be explained by
the known interactions of visible matter only. The existence of non-luminous matter distributed
as halo around a galaxy is one viable explanation for this. There are no particle candidates
in the SM which could make up the whole amount of dark matter necessary to explain the
observations. Furthermore, due to the acceleration of the universe expansion rate an additional
energy contribution - referred to as dark energy - needs to be introduced. By probing the cosmic
microwave background [46] the energy composition of the universe has been estimated to be

27% dark matter, 68% dark energy and 5% baryonic matter.

Additionally, the necessary precision of the parameter tuning inside the SM is unsatisfying and
is called the naturalness or hierarchy problem. Assuming the SM is only an effective theory, it
should be only valid at a certain energy scale. The mass of the higgs is influenced by higher
order quantum corrections, which are introduced via loops in its propagator. These corrections
become very large at high energy scales resulting in the fact that the LO mass term is orders
of magnitude smaller than the different corrections applied. To obtain the measured mass of
the higgs particle, the SM parameters have to be fine tuned to cancel the majority of these

corrections.

The inclusion of the neutrino masses and their size in the SM is by design unsatisfactory as
well. The mass terms of neutrinos must have contributions from right-handed spinors which do

not take part in any interaction within the SM. Additionally, the fact that the mass values of
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neutrinos are orders of magnitude smaller than other fermions is not motivated or explained by

any mechanism inside the SM.

Similar to the description of the electromagnetic and weak force in the electroweak theory, the
unification of all forces observed based on a symmetry group as source for all interactions is
explored. These models are referred to as grand unifying theories (GUTs) [12]. Often they
have the problem of allowing the decay of protons which is not observed and thus require a

mechanism which suppresses this process.

2.4.2 Flavor Anomalies

The SM predicts lepton universality. This means by construction observations should be ap-
proximately invariant under the exchange of the lepton type, considering processes at energy
scales E orders of magnitude larger than their masses m; (E >> m;). At the energy ranges
probed at the LHC and other accelerators this requirement remains true - especially for the

consideration of electrons/positrons and muons/anti-muons.

However, multiple observations made in flavor physics challenge the universality assumption.
The recent ones were made by LHCb [47] and observables probed consist of a combination of

branching ratios of meson decays.

One of the observation [48], which deviates the most from SM predictions, was made while
studying double ratios of branching fractions B - for example Ry+0. These double ratios are
commonly used to cancel correlated uncertainties between both decay channels and within

themselves. Its definition is shown in Eq. 2.31.

RK*O —

BO K*0+7 BO K*OJr*
B(B” — K*u*p~) / B(B” — K*ete™) (2.31)

B(BY — K0J]b(= i)/ BBO — KOJjp(— eve )

The B consists of a d and a b quark and the K*? of a d and a 5 quark. The decay is included in
the SM by two Feynman diagrams on LO: an electroweak penguin diagram and a box diagram
involving a neutrino. Both are shown in Fig. 2.5 (a) and (b) and neither of them introduce any

violation to the lepton universality, leading to an expected value of Rp+o = 1.

However, the result of the measurement conducted by LHCb [49] is deviating by over two

standard deviations in two different ¢® regions probed and is shown in Eq. 2.32.

n 0.66T0 07 (stat) + 0.03(syst) for 0.045 GeV? < ¢ < 1.1 GeV? (232)
K*O = .
0.6970 L (stat) + 0.05(syst) for 1.1 GeV? < ¢? < 6.0 GeV?
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FIGURE 2.5: LO Feynman diagrams of a B° decay into a K*° and charged lepton anti-lepton

pair. Diagrams shown in (a) and (b) are included in the SM and do not violate lepton univer-

sality. (c) shows the decay via a new particle introduced to the SM to address the from the SM
deviating observations - the so-called LQ.

Measurements of Ry« conducted by the Belle experiment [50] - a so-called B-factory - have
already shown a similar trend toward lower values. But the statistical uncertainty is too large
for the observed deviation to be significant on its own. In the definition of the observable Ry«
decays of charged B mesons into charged kaons are considered as well, which is the reason why

it is not directly comparable to the LHCb measurement. The result is

Ry~ = 0.83 £0.17(stat) £ 0.08(syst). (2.33)

Similarly, deviations from the SM expectation have been observed by LHCb [51] studying the
ratio of branching fractions Rx of the decays Bt — KTIt]~ with [ € {e, u}. The analysis has
been conducted using data recorded in proton-proton collisions with a center of mass energy of
7, 8, 13 TeV. The result is displayed in Eq. 2.34 and shows a 2.5 standard deviation discrepancy
to the SM expectation.

Ry = 0.84670:080 +0.016 for 1.1 GeV? < ¢? < 6.0 GeV? (2.34)
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Due to these deviations multiple extensions of the SM introduce additional lepton flavor uni-
versality violations. One of the most prominent new particle types considered is the so-called
leptoquark (LQ), which couples to leptons and quarks simultaneously. These models will be
discussed in more detail in Sec. 2.4.4. The LO Feynman diagram of a B® decay involving a LQ

is shown in Fig. 2.5 (c).

2.4.3 New Physics with a Charged Lepton and a Neutrino

In this section the most prominent model extensions which are explored in Part I are introduced.
This includes the arbitrary benchmark model which is commonly used for comparison to other
measurements - the Sequential Standard Model. All extensions which give rise to a signal with

a charged lepton and missing transverse energy in the final state are probed in Part 1.

Sequential Standard Model In the Sequential Standard Model (SSM) [52] heavy partners
of the SM W bosons are introduced. They carry the same quantum numbers and have the
the same coupling strength to SM fermions, differing only in invariant mass. The width of the
boson is roughly 3% of its mass within this model. This extension does not address any specific
conceptual problem of the SM and has no theoretical motivation but serves as a benchmark
signal hypothesis for searches conducted in this channel across multiple experiments. Inter-
ference between the SSM W’ and SM W bosons lead to more distinct signal shapes and thus
higher sensitivities. However, these effects are model and coupling dependent themselves and
contradict the aim of making the fewest model assumptions possible. This is the reason why no
interference effects on the signal shape are considered in the analysis presented in Part I. The use
of this model allows comparison to searches conducted previously using it as signal hypothesis.

The results obtained in this thesis are assessed in context to other analysis in Sec. 9.

Supersymmetry One of the most popular extensions to the SM is supersymmetry [15] since
it tackles many of the conceptual problems discussed in Sec. 2.4.1 simultaneously. The core
concept is the introduction of an additional symmetry between bosons and fermions. At least
one super-partner is assigned to each particle - integer spin particles to fermions and half-
integer spin particles to bosons. Since energies of known particles have been explored by many
experiments the symmetry to their super-partners must be broken as they have to differ in mass
to be compatible with observations. This is the reason why many new parameters are necessary

within this theory.

Supersymmetric models are most commonly characterized as R-parity conserving or violating.
SM particles have R-parity of 41 while their super-partners have R-parity of —1. In case R-

parity is conserved the lightest supersymmetric particle (LSP) is stable as it can not decay into
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SM particles. Therefore this LSP serves as a dark-matter candidate. Since supersymmetric
particles couple to the higgs as well, they contribute to higher order corrections to its mass.
The additional terms cancel other corrections to the higgs mass and thus solve the hierarchy
problem to some extent. However, to avoid any parameter fine tuning the masses of most super-
symmetric particles have to be at scales which have already been excluded by LHC experiments.
Additionally, within supersymmetry the unification of all three forces can be achieved at very

high energies.

The linear combination of the wino and the charged higgsinos - the super-partners of the W and
higgs bosons - are the so-called charginos ¥*. These would be produced in combination with
neutralinos Y° which decay into particles that can not be detected. The decay of the chargino,
as implemented in some simplified models [53], into a charged lepton and a neutrino leads to

the final state of a charged lepton and a large missing transverse momentum.

Left-right-symmetric model Left-right-symmetric model extensions [54][55] postulate that
right-handed fields form SU(2)r doublets similar to the SU(2);, doublets introduced for the
electroweak theory. In the conventional SM right-handed fermion fields are SU(2) singlets.

With this extension the resulting symmetry group is given by

SU(2)r x SU(2)1 x U(1). (2.35)

Due to the observation of parity violation of the weak interaction the symmetry has to be broken
at low energy scales. However, as long as the additional bosons introduced by the SU(2)r group
- 1’; and Z' - are heavy enough, suppressions at low energies can restore cohesiveness with
observations. Masses of the W’ Ii% and Z’ bosons are obtained via spontaneous symmetry breaking
similar to the other heavy electroweak bosons. The W’ § bosons can decay similarly to the SM
model W bosons. However, the decay into a right-handed heavy neutrino is possible as well.

This would then most likely decay into other SM particles leading to a different final state.

This extension motivates the small neutrino masses observed via the introduction of the so-called
seesaw-mechanism [56]. When breaking the left-right symmetry large masses are associated to
the right-handed neutrino, which leads as a consequence to very low masses for the left-handed

ones.
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2.4.4 Leptoquarks

One of the most prominent type of extensions to the SM addressing lepton flavor universality
violations postulate the existence of additional particles. These couple to a quark and a lepton
at tree level - the so-called leptoquarks (LQ). It was first introduced in 1973 by Pati and Salam
[16] in a SU(4)-model. This representation of the L(Q introduces flavor changing neutral currents

and already lepton family number violations.

Generally in Grand Unified Theories (GUTs) - for example SU(5)-models [57] - quarks and
leptons share multiplets and thus require the existence of L) serving as bosons connecting
those. To make these models consistent with observations the lepton-quark symmetry must be
broken at the GUT scale which leads to the high masses expected for these bosons. In general
14 different types LQ can be defined divided into scalar and vector fields. Each of them comes
with the corresponding anti-particle and the absolute value of the electric charge they carry
varies in a range of 1/3 e to 5/3 e. This property is defined by the particles they interact with.
However, besides GUTs based on SU(15) symmetry groups [58] most models postulate only the
existence of a subsets of these 14 LQs. The couplings to different generations of quarks and
leptons vary in these models, which introduces lepton flavor universality violations. Due to the

fact that one of the LQ decay products is a quark, they carry color themselves.

The following discussion is based on the models used in this thesis as signal hypothesis [59][60].
Scalar LQ coupling fermions is described by a Yukawa Lagrangian using a scalar SU(2), triplet
representation of the LQ. The three constituents have charge 4/3e, 1/3e, —2/3 e and each of
them introduces the associated anti-LQ. The branching fraction of a LQ into a quark and a
charged (anti-)lepton is given by . Due to electric charge conservation the scalar LQ with
charge 4/3 e decays exclusively into a charged anti-lepton and a quark (8 = 1). Most models
introduce an additional singlet and triplet vector field - V; and V3. By construction these models
allow the decay of a proton, which is not observed. Therefore there must be some mechanism
in place which forbids this. Since measurements are expected to be more sensitive to the scalar

field its characteristics and phenomenology are discussed in the following.

The Yukawa couplings to different particle generations are expressed by the 3 x 3 flavor space
coupling matrix A shown in Eq. 2.36. Between rows the lepton flavor index is varied and between

columns the index describing the quark type.

)‘de >\du )\dT
A= Ase )\su Ast (236)
)‘be Abu )\bT
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In case such a scalar LQ exists and fully explains the deviations observed for Ry« the following

requirement has to be fulfilled:

2
mg

Abp (35 TeV)2'

— Al ~ 11 (2.37)

*
s
mg refers to the mass of the scalar LQ.

Under the assumption that the hierarchies of the quark Yukawa-couplings are similar to the LQ

ones it follows that the coupling to the third generation of quarks should be dominant.

In case of kinematical accessibility they can be produced at hadron colliders in two different
modes: Singly in combination with a charged lepton at LO and in pairs. The former production
channel has the advantage of a larger mass reach in certain parts of the LQ-quark-lepton coupling
Aiq parameter space. On the other hand the pair production channel is completely independent
of \jq since its production happens purely via the strong interaction. These aspects are discussed

in more detail in Part II.

Sy is given by the representation of a scalar LQ with charge 1/3 e and S1 by the one with charge
4/3e. These two are used as signal hypothesis in this thesis for the decay into up and down

type quarks.

LQ in these models are expected to have masses in the TeV range. Multiple searches have
been performed, the most sensitive ones by the big multipurpose detectors ATLAS and CMS
located at the LHC. The strongest 95% confidence level mass limit on the first and second
generation Leptoquarks have been obtained using 139 fb~! of data recorded at /s = 13 TeV in
proton-proton collisions by ATLAS [61]. The coupling to different quark types have been probed
separately. Mass exclusion limits between 1.6 TeV and 1.8 TeV have been obtained under the
assumption of § = 1 for the LQ decay into electron or muons in combination with a light-flavor
(up, down, strange), charm or bottom quark. The mass limits on third generation LQ obtained
by ATLAS using the same data set are on the order of 1 TeV [62][63]. So far searches using
ATLAS data have been performed in the pair production channel exclusively. CMS published
results probing similar parameter ranges in the LQ pair [64][65] and single [66][67] production
channel. No significant deviations have been observed and the exclusion limits obtained are in

the same range.
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2.5 Search for new Particles

The existence of a new heavy particle X decaying into SM particles is done most commonly by

exploiting the shape in the invariant mass distribution of the decay products.

In the determination of the matrix element M, the propagator of a heavy exchange particle
introduces a distinct shape due to the LO s-channel diagram. The relation between the matrix
element amplitude contribution Mg of the this diagram, originating from this process, the
particles’ mass my and the centre of mass energy of the initial state particles /s is shown in
Eq. 2.38.

1
2
S —m¥

Mg ~ (2.38)
This creates a resonance around the particles’” mass with zero width I' = 0. The divergence
can be resolved by considering higher order corrections and the time evolution of the on-shell
produced particle X. This way the mass mx can be decomposed into a complex number, where
the real part gives its mass mgy and the imaginary part its width I'. The following discussion
only holds true under the assumption of the s-channel diagram being the dominant contribution
including no or only very small interference effects with other processes. By insertion Eq. 2.39
follows for My and thus for M. The cross-section o is proportional to the absolute square of

the matrix element amplitude and is shown in Eq. 2.40.

1 1
M ~ s— (mo —iT/2)% (V5 + (mg —il/2)) - (/s — (mg — iT/2)) (2.39)

1

(v/5 — mo)” + (I/2)°

This leads to a Breit-Wigner curve, which would be visible at a mass mg. When comparing

measured data to simulation effects parton distribution functions are taken into account.

Fig. 2.6 illustrates the typical resonant shape of a Breit-Wigner curve. Exemplary, all curves
are centered around 0 and curves are shown for width of 1, 2 and 3. The amplitude of each
curve is set to 1 for better comparability. The existence of a new heavy particle decaying into
the final state particles considered creates such a signal. The convolution of this signal with the

background expectation and additional detector effects can then be observed in the data.

Furthermore, for the decay channels considered in this analysis the invariant mass of the decay
particles is not unambiguously accessible. The sensitive variables used are defined in a way to
be highly correlated to the invariant mass. In Part I the transverse mass mr is used. This is,

visually speaking, a mass projection, assuming the decay took place in the transverse-plane.
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FIGURE 2.6: Breit-wigner curves centered around 0 with varying width. The amplitudes are
set to 1 for comparability.

When searching for the decay of singly produced Leptoquarks (in Part II) the problem is of a

combinatorial nature. This is addressed by the fact that the pair originating from the decay of

a heavy new particle is expected to have a high invariant mass.
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Chapter 3

The ATLAS Experiment

This chapter starts in Sec. 3.1 by giving an overview of the accelerator system providing high
energy particle collisions to ATLAS. Afterwards various components of the ATLAS detector
used to measure and reconstruct event products are discussed. A description of the coordinate
system and observables used in analysis is given in Sec. 3.2.1. Then the inner detector, which
reconstructs tracks of charged particles, and the calorimeter system are detailed in Sec. 3.2.2 and
Sec. 3.2.3. Afterwards in Sec. 3.2.4, the most outer part of the detector - the muon spectrometer
- is described. Then an overview of the trigger system is given in Sec. 3.2.5, which is responsible
for selecting interesting events to store on disc. The chapter ends with descriptions of methods
used to determine the luminosity of data in Sec. 3.3 and a discussion of the data acquisition as

well as processing procedures in Sec. 3.4.

3.1 The Accelerator System

Collisions are provided to ATLAS by the Large Hadron Collider (LHC) [13], a 27 km long
hadron-hadron collider located underground at the Furopean Center for Nuclear Research
(CERN) near Geneva. The accelerator operates either with proton or heavy ion beams. For
the searches presented in this thesis proton-proton collisions have been studied at a center of
mass energy of \/s = 13 TeV. The accelerator is designed to operate at /s = 14 TeV with an
instantaneous luminosity of L = 103* em~2s~!. This is achieved using 2808 bunches per beam in
a time-spacing of 25 ns. Each bunch contains roughly 1.5- 10! protons. Collisions are provided
at four interaction points. There are two multipurpose detectors - ATLAS [14] and CMS [68]
- as well as LHCD [69] and ALICE [70]. The latter two are designed to target the exploration
of flavor physics and to investigate heavy ion collisions. Data used in this thesis was recorded
by the ATLAS experiment in the years 2015, 2016, 2017 and 2018. While recording data, a
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peak instantaneous luminosity of 2.2-10%* cm~™2s~! has been achieved, by optimizing the filling

scheme, the beam focussing and the opening angle of colliding proton bunches.

A pre-accelerator complex - consisting of three additional synchrotrons and one linear accelerator
- is used to reach the minimal particle energies required to fill and operate the LHC. Fig. 3.1
shows a schematic view of the accelerator complex at CERN, indicating for each part the year of
construction, particle types which can be accelerated and a rough indication of its dimensions.
The route of the protons begins at the linear accelerator LINAC2 providing protons with an
energy of roughly 50 MeV. Afterwards they pass through a series of three synchrotrons -
the BOOSTER, Proton Synchrotron (PS) and Super Proton Synchrotron (SPS). The energy
achieved by protons after leaving the BOOSTER is around 1.4 GeV. After cycling in the PS
the proton energy is around 26 GeV and in the final acceleration step in the SPS before being
fed into the LHC proton energies of 450 GeV are achieved.
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FIGURE 3.1: Schematic view of the accelerator complex at the European Center for Nuclear
Research (CERN). [71]
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3.2 The ATLAS Experiment

The ATLAS experiment is one of two multipurpose detectors located at a collision point of
the LHC. It is constructed with the aim to reconstruct and identify as many different types
of particles as possible over a wide phase space range. The cylindrical apparatus is installed
around the beam-axis, is symmetric in relation to the interaction point and covers a wide solid

angle.

44m

Tile calorimeters

N LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

FIGURE 3.2: Schematic view of ATLAS detector. [72]

Fig. 3.2 shows a schematic illustration of the ATLAS detector. The inner most part - the inner
detector - reconstructs tracks and vertices of charged particles which are curved by an external
magnetic field of 2T. A solenoid magnet surrounding the inner detector generates this field
parallel to the beam-axis. It is followed by the calorimeter system which is used to stop and
measure the energy of hadrons, photons, electrons and positrons. The outer most parts of the
detector are the muon spectrometers measuring the tracks of (anti-)muons since they traverse
the calorimeter system without being stopped. Their tracks are curved toward the beam-axis
due to a toroid magnet installed around the muon spectrometers creating a field circular around

the beam-axis. The detector systems combined are 44 m long and have a total diameter of 25 m.
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3.2.1 The Coordinate System

This thesis uses a coordinate system that has its origin at the interaction point. The y-axis
points toward the surface of the earth, the xz-axis toward the center of the LHC and the z-axis
is parallel to the beam-axis. z, y and z are defining a right-handed coordinate system. The
azimuthal angle ¢ lies in the x — y-plane and is measured with respect to the z-axis. Its values
range from —x to m with positive values covering the upper part of the detector and negative
values the lower part. The R-axis points toward the direction of the particle’s flight path. The

polar angle 8 is measured with respect to the z-axis and lies in the R — z-plane.

Typically, instead of 0 the pseudorapidity 1 and the rapidity Y are studied. Eq. 3.1 shows 1
and Y of a particle expressed in terms of its absolute momentum |p|, its momentum component

along the beam-axis p, and its energy E.

nzllnm YzllnE+pz
2 |ﬁ|_pz 2 E_pz

(3.1)

For massless particles the pseudorapidity is equal to the rapidity. This can also be assumed in
case the particle’s energy is significantly higher than its mass. Rapidity differences are invariant
under Lorentz boosts along the beam-axis, which is of importance for analyses using data

collected in proton-proton collisions. Eq. 3.2 shows the relation between the particles 1 and 0.

nN=—-In <tan (g)) (3.2)

In the transverse z — y-plane n is 0. It is +00 along the positive z-axis and —oo in the opposite
direction. Due to the unknown initial momentum of interacting partons, quantities measured in
the transverse-plane are studied. Here the initial momentum of interacting partons are assumed
to be negligible. A Lorentz boost along the beam-axis can be used to describe the transition
from the center of mass frame of the partons to the lab frame. However, quantities in the
orthogonal plane are invariant. Therefore in practice the transverse momentum pr and the

transverse energy Et are studied. Eq. 3.3 shows their definition.

PT = 1 /p$2 —+ py2 ET =Esin0 (33)

In the transverse-plane energy and momentum conservation can be used under the assumption
that the rest masses of particles leaving signatures in the detector are negligible compared to
the initial energy of the parton. This is the reason why the transverse energy imbalance in
an event - the so-called missing transverse energy E?iss - is correlated to the vectorial sum

of all particle transverse momenta leaving the detector without being reconstructed. Eq. 3.4
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shows the the definition of E%iss depending on all particles’ transverse energy E‘T and momenta
direction projected on the x — y-plane originating from the primary vertex at the interaction

point, represented by the unit vector €.

ER® = - Eré (3.4)

Distances between particle directions AR are studied in terms of pseudorapidity and azimuthal

angle differences - An and A¢ - as displayed in Eq. 3.5.

AR = /(an)? + (A0)? (3.5)

3.2.2 The Inner Detector

The the detector system [73] closest to the interaction point reconstructs charged particles’
tracks and interaction vertices. The so-called inner detector consists of a silicon based pixel and
silicon strip (SCT') detector and a transition radiation (TRT) detector. The entire tracker has a
diameter of 2.5m and is 5.4m long. A surrounding solenoid magnet [74] creates a 2T magnetic
field in line with the beam-axis, which bends charged particles’ flight direction passing trough
in ¢ direction. This way the transverse momentum can be measured from its tracks curvature

with a precision of Apt/pr = 0.05% - pr/GeV + 1%.

To avoid a large impact on energy measurements outside the inner detector its material amount

between the interaction point and calorimeter system is minimized in its design.

Fig. 3.3 gives a schematic view of the inner detector. The interaction point lies in the center of
the picture, followed by multiple layers of pixel and silicon strip detectors as well as transition
radiation trackers. The orientation of the detector in the different pseudorapidity regions is

visualized as well as the spacial dimensions of the inner detector.

The Pixel-Detector The component closest to the beam-axis is the Pixel-Detector [76][77].
In the central region silicon pixel modules are mounted in four layers cylindrical around the
beam-axis covering a pseudorapidity range of |n| < 2.5. The forward region modules are placed
on discs perpendicular to the beam-axis. Ideally, each charged particle traversing all four layers
of the pixel detector will allow the measurement of four space points. It provides an average
resolution of 115 um along the z-axis and 10 um in the R — ¢-plane. To achieve this preci-
sion approximately 105 million readout channels are utilized. Each silicon pixel module has

dimensions of 50 x 400 um? in terms of R — ¢ x z.
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FIGURE 3.3: Schematic view of the tracking system of ATLAS experiment. [75]

The SCT-Detector The next component of the inner detector - the SCT-Detector - aims to
provide four additional space points per track for reconstruction. In the central region it consists
of eight layers of silicon strip detectors covering a range of [n| < 1.4. The combined measure-
ments of two layers are used to obtain one space point. In the forward regions (1.4 < |n| < 2.5)
there are nine discs on each side to achieve a resolution of similar magnitude. Each layer is
twisted by 40 mrad relative to its neighbor in order to be sensitive to all spacial dimensions of
the trajectory. The resolution along the beam-axis is 580 um and 17 pum in the x —y-plane. The

total number of the SCT readout channels is around 6.3 million.

The TRT-Detector The final inner detector component consists of an ensemble of tubes
filled with Xe gas with a thin wire at the center. Each of these cylindrical chambers has a
diameter of 4cm and is surrounded by a material which emits electromagnetic radiation if a
charged particle passes trough. The intensity is proportional to the v = E/m factor of the
particle traversing it. E is the energy of the particle and m its mass. In the central region these
chambers are placed parallel to the beam-axis while in the forward regions their orientation is

perpendicular. This so-called Transition Radiation Tracker allows to measure two aspects.

On one hand it is used to obtain additional information on the track by operating as drift
chambers. Charged particles passing the gas filled volume of a tube create free electrons by
ionization. These drift toward the thin wire due to a potential applied. The strong electric field
near the wire induces secondary ionization processes creating a sufficient amount of electrons

to measure a signal. A spacial resolution of 130 pm is achieved.
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On the other hand the intensity of the radiation emitted can be used to classify particle types
by their mass. For this an energy measurement conducted in any other component of the
detector is required. In practice this information is mainly used to differentiate between electrons

respectively positrons and charged pions.

3.2.3 The Calorimeter System

Two processes are responsible for the creation of electromagnetic showers, which are induced
by electrons, positrons and photons. The emission of electromagnetic radiation from charged
particles when accelerated - the so-called bremsstrahlung - and the creation of an electron-
positron pair by the decay of a photon near a nuclei. This process is only possible if the photon
carries sufficient energy E. larger than twice the electron mass m. (E, > 2-m.). The fact that
only two types of processes are involved, which happen in cascades, leads to compact shapes.
Since both processes are fully elastic - meaning no energy is invested to dissolve bound states -
there is a strict correlation between the number of charged particles and the particles’ energy.
The energy deposited per cell and by summation per electromagnetic shower is reconstructed
by measuring the number of charged particles created. When the energy of the photon is
too small to create the mass of an electron-positron pair or at the point where the electron
(positron) energy is so low that the energy loss due to other processes than bremsstrahlung -
for example ionization - becomes dominant the evolution of an electromagnetic shower stops.
This threshold is defined by the critical energy Ec at which the rates of electrons participating

in bremsstrahlung and ionization are equal.

In contrast showers induced by hadrons are created by a large ensemble of different process
types. Therefore they are less compact and have a larger variation in their spacial shapes. The
dominating processes are the inelastic scattering of light hadrons on the protons and neutrons
in the nuclei of the absorber material, hadron production and nuclear de-excitation. The energy
invested to dissolve bound states is lost and cannot be measured directly. Therefore additional
corrections in a more complicated calibration procedure are necessary to reconstruct the energy

of strongly interacting particles.

Due to the fact that energy depositions created by electrons, positrons and photons are compact
compared to the ones of strongly interacting particles the inner part of the calorimeter system -
the electromagnetic calorimeter - is designed to fully stop and precisely reconstruct the energy
of electromagnetic energy depositions. The hadronic calorimeter surrounds the electromagnetic
calorimeter in order to fully capture energy depositions of hadrons. The material in a calorimeter
needs to comply two purposes. On one hand it should initiate and propagate the processes which
create the shower, the so-called passive material. On the other hand it needs to measure the

number of charged particles created, the so-called active material. Each component of the
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ATLAS calorimeter system is constructed with alternating layers of active and passive material.

These types of detectors are called sampling calorimeters.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEQ)

LAr electromagnetic 7
end-cap (EMEC) ——M

LAr electromagnetic
barrel

LAr forward (FCal)

FIGURE 3.4: Schematic view of the calorimeters system of the ATLAS experiment. [78]

Fig. 3.4 shows a schematic view of the calorimeter system of the ATLAS experiment. The cut out
shows the interaction point in the middle surrounded by the electromagnetic calorimeter which
is displayed in gold, followed by the hadronic calorimeter in gray. The hadronic calorimeter in
the end-caps is displayed in a similar color to emphasize the fact that the same active material
is used in this region of the detector. Transition regions between different components of the

calorimeters are also visible.

The Electromagnetic Calorimeter The system of electromagnetic calorimeters [79] covers
a pseudorapidity range of [n| < 4.9. It consists of the central barrel component (|n| < 1.375),
the end-caps (1.375 < n| < 3.2) and the forward calorimeters (3.1 < |n| < 4.9). The solid
angle of |n| < 2.5 is used for the most precise reconstruction of electrons and positrons due
to a higher cell granularity and the accessibility of track information. Only electrons and
positrons detected in this region are studied in this thesis which is the reason why the following
description focuses on the barrel calorimeter and end-cap components up to |n| < 2.47. Each
of these components is surrounded by a cryostat providing the necessary cooling. The forward
system serves simultaneously as electromagnetic and hadronic calorimeter. Objects detected
in this region enter the analysis only in the E%iss reconstruction as jets. Therefore relevant

components of the forward regions are addressed in the hadronic calorimeter discussion.

The barrel as well as the end-cap components consist of 1.9 mm thick lead layers with a stainless

steal coating on the surface. The functionality of these layers is to induce processes involved in
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creating an electromagnetic shower. Between those liquid argon is used as a sensitive material.
These layers are ordered in a structure similar to an accordion resulting in a ¢ symmetric
homogeneous electromagnetic calorimeter. There are three layers in the central region with
varying cell size. Each of them is designed with an emphasis on a specific task. The main task
of the first layer is to identify mg — 7y decays, and minimizing mis-identification rates. For this
a high resolution in 1 is desired which is achieved by cells of the size An x A¢d = 0.0031 x 0.982.
For this differentiation the 1 resolution is most relevant since the electromagnetic showers and
their shapes are impacted by the magnetic field. Due to its orientation shapes in ¢ direction
are washed out. The main purpose of the second layer is the shower position determination.
Additionally, it is designed to absorb most of the particles’ energy. The spacial resolution is
granted by cells with the size of An x A¢d = 0.025 x 0.0245. To quantify the stopping power
and thickness of an electromagnetic calorimeter the radiation length Xq is used. It is given
by the distance in which a high energetic electron loosing all but 1/e of its initial energy by
bremsstrahlung. The thickness of the whole electromagnetic calorimeter system is roughly
22 - Xg in the central and more than 24 - Xy in the end-caps. The second layer alone accounts
for 16 radiation lengths. The last layer is used as a transition to the hadronic calorimeter. Its
main purpose is to identify depositions which are not fully captured by the electromagnetic
calorimeters and correct the energy reconstruction accordingly. For this a larger cell size of
An x Ad = 0.05 x 0.0245 is sufficient.

The energy resolution of an electromagnetic sampling calorimeter can be expressed in the func-

tional form shown in Eq. 3.6.

%—E:%@%@% (3.6)
The magnitude of the parameters ¢; with ¢ € {1,2,3} are n dependent. c; is called sampling
term and is associated to the statistical uncertainty which is connected to the practice of count-
ing charged particles. The contribution of this term is large when measuring low energies.
The second term cg is the noise term, which is introduced by the electronics used and impacts
the total energy resolution independently of the energy value itself. Similar to the sampling
term, co becomes less relevant when measuring high energy values. For the measurement of
particles with high energy the constant term c3 becomes dominant which is originating from
the calorimeter itself. For the electromagnetic calorimeter system cg has a design value of 0.7%.
The noise term can be parametrized for a cluster in the barrel region under the assumption
of (u) = 20 - the mean number of inelastic proton-proton interactions per bunch crossing - by
co &~ (350 x coshmn) MeV. By design the first term of Eq. 3.6 can be estimated for low pseu-
dorapidities by 10%/ \/W . It increases with |n| due to the increasing amount of material

between the calorimeter system and the interaction point. With all three therms combined,
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the electromagnetic calorimeter achieves an energy resolution [80] of approximately 1% for an

electron respectively a positron with an energy of 1 TeV.

The Hadronic Calorimeter The hadronic calorimeter system [81] consists of the barrel
and the extended barrels in the central region (|n| < 1.7), the end-caps (1.7 < n| < 3.2) and
the forward calorimeters (3.1 < |n| < 4.9). Similar to the electromagnetic calorimeter it is
composed of a series of alternating absorber and sensitive layers, characteristic for a sampling
calorimeter. The system in the forward region serves simultaneously as electromagnetic and

hadronic calorimeter.

In the barrel and the extended barrels iron is used as absorber material and scintillating tiles
serve as sensitive layers. These are read out on two sides by photo multipliers which are
connected via wavelength shifting fibers. The barrel and extended barrel calorimeters are divided
in 64 modules in the azimuthal dimension. To quantify the stopping power of a hadronic
calorimeter the interaction length A is used. The hadronic calorimeter has a thickness of 10 - A
in the central region, increasing the more particle trajectories are aligned to the beam-axis. In
the end-caps copper is used as absorber material and liquid argon as sensitive material. The

relative energy resolution achieved in a region of |n| < 3.2 is given by Eq. 3.7.

R (3.7)

E B/ G
The forward calorimeter systems [82] cover the ranges of 3.1 < |n| < 4.9. It consists of three mod-
ules on each side. It is designed to reconstruct energy depositions of electromagnetic particles
as well as jets. This is the reason why the first layer is made of copper, providing good charac-
teristics to measure the energy of electrons, positrons and photons. The second and third layer
consist of tungsten and have the main purpose to measure energies of hadrons. The depth of the
forward calorimeters on each side of the detector correspond to approximately 10 interaction
lengths. Eq 3.8 displays the energy resolution and is by construction significantly worse than

the one achieved in the central region of the detector.

100
op __100% _ 10y (3.8)

E \/E/GeV
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3.2.4 The Muon Spectrometer

In the energy ranges considered muons are minimal ionizing particles and thus pass the calor-
imeter system without being stopped while loosing only a minor part of their energy. Their
typical energy loss in the calorimeter is around 3 GeV. The muon spectrometers [83] are the
most outer part of the cylindrical apparatus and serve the function of identifying muons. Fur-
thermore they allow more precise momentum and energy measurements by providing more space
points to a track curved by an additional magnetic field. The information collected in the muon
system can be used to conduct an independent momentum measurement. Two different types
of chambers can be differentiated by their purpose. The trigger chambers are responsible for
identifying events with high pr muons while the target of the precision tracking chambers is to

precisely reconstruct the space points and trajectories of muons [84].

Thin-gap chambers (T&GC)
- ™ Cathode strip chambers (CSC)

"Re:ﬁve-plate
chambers (RPC)

Barrel toroid

End-cap toroid
Monitored drift tubes (MDT)

FIGURE 3.5: Schematic view of the Muon Spectrometers of the ATLAS experiment. [85]

The magnetic field present in the muon spectrometer is induced by superconducting air-core
toroid magnets [86][87] made out of eight coils each. One large toroid is covering the barrel region
of the detector - [n| < 1.4 - and end-cap toroids cover each side of the detector in pseudorapidity
ranges of 1.6 < |n| < 2.7. These toroids create circular magnetic field lines surrounding the
beam-axis, which are approximately orthogonal to the trajectory of muons assuming they are
created at the interaction point. In the transition regions (1.4 < [n| < 1.6) between end-cap
and barrel toroids a combination of the fields created by neighboring magnets provides bending

power with reduced strength. In the central region the bending capacity varies approximately
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between 1.5 and 5.5 Tm and between 1.0 to 7.5 Tm in the end-caps. The integral bending power
provided is 2.5 Tm and 6 Tm.

Fig 3.5 shows a schematic view of the muon spectrometer in the ATLAS experiment. The cut
out illustrates the structure and orientation of the different types of chambers used to identify
events containing muons and precisely measuring their trajectory. Additionally, the layout of

the toroidal magnets - in the barrel and both end-cap regions - is visualized by the yellow coils.

Trigger Chambers The purpose of the trigger chambers is to identify muons quickly and to
give a corresponding signal to the trigger system. This is the reason why they are designed to
provide fast signals and use these to identify a corresponding crossing of proton bunches. Since
these beam crossings occur at a rate of 25 ns the signals must be read out in a very narrow time
window. The space points measured in n and ¢ give additional information to track recon-
struction. The trigger chambers in the barrel region (|n| < 1.05) are so-called Resistive Plate
Chambers (RPC) and in the end-cap regions (1.05 < [n| < 2.4) Thin Gap Chambers (TGC) are
used. The RPCs accomplish a resolution of 10 mm in the n- and the ¢-plane while the TGCs

have a precision of 2 to 7mm in the 1- and 3 to 7mm in the ¢-plane.

Precision Tracking Chambers The most precise energy and momentum measurement of
muons is conducted in the muon spectrometers due to the larger dimensions of the measured
trajectory. To obtain a good momentum resolution the precise reconstruction of space points in
the plane in which the muons’ flight path is bent is required. There are three layers of so-called
Monitor Drift Tube (MDT) chambers in the central region of the detector. The innermost layer
of MDT chambers covers a pseudorapidity range of [n| < 2.0 which is extended by Cathode-
Strip Chambers (CSC) to cover the regions 2.0 < [n| < 2.7. The second and third layer of MDT
chambers cover pseudorapidity ranges of [n| < 2.7. Each MDT chamber consists of three to
eight layers of drift tubes. Per chamber a resolution of approximately 35 pum is achieved. The
CSCs are proportional chambers. For ¢ determination the precise time measurement can be
used by evaluating the time charges take to drift to the cathodes. This gives a resolution of
5mm in the plane transverse to the beam-axis and 40 um in the parallel-plane. A relative
momentum resolution of 10% can be achieved for 1 TeV muon with this detector system. There
are gaps in the coverage of the muon spectrometers for services and cables of the inner parts -
the calorimeters and solenoid magnet - of the detector, most notable at n ~ 0. This leads to

varying reconstruction efficiencies in the transverse-plane.
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3.2.5 The Trigger System

While operating the LHC and ATLAS in standard proton-proton collision mode particle bunches
collide at a rate of 40 MHz at the interaction point. The necessity of a system preselecting
interesting events becomes apparent when considering the amount of information stored per

event - O(MB) - and the finite disc space available.

The trigger system of ATLAS consists of two stages. The hardware based level 1 trigger (L1) [88]
and a software based high level trigger (HLT) [89]. The L1 trigger is made of the L1Muon system
which gets information from the muon spectrometers and the L1Calo system using measure-
ments made by the calorimeters. A topological processor (L1Topo) reconstructs more complex
event wide quantities and the central trigger processor (CTP) takes the final decision of the L1
trigger system. The L1 trigger setup in its entirety is a system of high speed electronic boards.
Field Programmable Gate Arrays (FPGAs) are extensively used at many steps conducted at a
very high speed. During the time the L1 trigger requires to take a decision on each event the

signals of the detector are digitized and stored in temporary pipeline memories.

The main tasks of the L1Calo system is to define regions of interest in the detector, reconstruct
energy clusters and data formatting. L1Calo modules identify and reconstruct energy clusters
induced by different particles. The cluster processors are used in case of electrons, positrons
and photons and the jet energy processors (JEP) in case of jets Trigger towers are defined as
the sum of calorimeter cells in a window of roughly An x A¢ = 0.1 x 0.1 in order to save
time and computing consumption. Both of these processors use a sliding window algorithm to
reconstruct energy clusters. The CP uses smaller window sizes of 2 x 2 trigger towers compared
to the JEP system which searches for jet candidates with varying sizes of An x A¢d = 0.4 x 0.4,
An x Ap = 0.6 x 0.6 and An x Ad = 0.8 x 0.8.

There are two different types of muon chambers used in the L1Muon system - the RPC and
the TGC. As a first step the muon candidate pr is estimated with a simple tracking algorithm
and categorized within six pt windows ranging from 5 GeV to > 35 GeV. In the second step
a coincidence of hits in various specific trigger chambers is required. The ensemble of chambers
considered for this is determined using an extrapolated track. A rough estimate of the muon
candidates pr is required for this step. Low pp muons correspond to a large window, in which
the trigger chambers are evaluated for a coincident hit, due to the strong trajectory curvature
expected. In the last step the muon to CTP interface (MuCTPI) combines the information of
RPC and TGC.

Both sub-systems (L1Muon and L1Calo) pass information of reconstructed objects to the to-
pological processor L1Topo which calculates more complex topological quantities - e.g. angular
variables and invariant masses of particle pairs. This information is then fed to the central trig-

ger processor (CTP) whose responsibility is to make the final decision if the event in question is
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accepted. The aim of the L1 trigger system is to reduce the approximate event rate of 40 MHz
provided by the LHC to roughly O(100kHz).

Events passing the L1 trigger system are forwarded to the high level trigger (HLT) which reduces
the event rate from O(100kHz) to O(1kHz) by making decisions on each incoming event within
a few milliseconds. For the decisions made by the HLT the full resolution of the calorimeters
is available as well as the reconstructed particle track. Additionally, identification and isolation
algorithms are applied to objects to evaluate the quality of a signature. During this decision all

information connected to the events probed is stored in local buffers.

Triggers which are usually used for searches demand one or multiple particles with high trans-
verse energy or momenta. The energy resp. momentum threshold required gives a handle on
limiting the rate at which events are accepted by these triggers. When collecting data to calib-
rate sub-detectors and monitor operations lower thresholds are used. Trigger rates are limited
by the introduction of pre-scales. A trigger with a pre-scale of x accepts 1/z of all suitable
events. By adjusting these values a constant data recording rate can be assured while the inter-
action rate and instantaneous luminosity is decreasing over the course of a LHC fill. The typical

duration of a fill used for nominal data taking of proton-proton collisions is multiple hours - up
to O(12h).

3.3 Luminosity Measurement

In order to specify theoretical model predictions a precise quantification of the data recorded
is a necessity. The amount of data is measured using the integrated luminosity Li,;. To obtain
information on this the instantaneous luminosity L while operating the detector is measured
and integrated over the run time. The luminosity of the LHC is determined in multiple ways

to minimize uncertainties and ensure well known running conditions.

The ATLAS experiment contains multiple detector components which can be used to determine
the instantaneous luminosity while running - for example the LUCID [90], the beam condition
monitor (BCM) [91] and minimum bias triggers [92]. The principle of each of those is to measure
an event rate R and obtain with the knowledge of the inelastic proton-proton scattering cross-
section o information about the instantaneous luminosity L. For this the following correlation
is used.

R=o0-L (3.9)

Considering a storage ring, the event rate R can be decomposed into the product of number of
average inelastic interactions per bunch crossing p, number of bunches b colliding per circulation

and the revolution frequency f leading to equation Eq. 3.10.
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L_ubf

. (3.10)

Each sub-detector with the aim to determine the luminosity is measuring p. In practice this is
done by counting inelastic events, tracks or hits in the detector and correcting for acceptance

and efficiency effects.

Another relation which describes the instantaneous luminosities in a storage ring is displayed
in Eq. 3.11.

_bfNIN,

drooy

L (3.11)

Here, N7 and N» are the number of particles per bunch. These quantities as well as the number
of bunches b and the revolution frequency f are initial design parameters of the accelerator and
are known. The dimensions of the beam overlap in the plane orthogonal to the beam-axis -
usually being the beam dimensions - at the interaction point are given by o, and o,. These
are measured by van der Meer (vdM) scans [93]. To conduct these scans only a single bunch of
protons is inserted into each beam and the opening angle between both beams is set to zero.
With this configuration the beam positions are varied in each dimension separately and the
event rate is determined at each step. The profile of the event rate against the beam position
follows a Gaussian shape and the width of these distributions can be identified with the beam

overlap o, and oy.

In combination Eq. 3.10 and Eq. 3.11 give a relation between the inelastic cross-section o, the
beam dimensions and p. Each luminosity detector is calibrated using the inelastic cross-section
and vdM scans. The number of particles per bunch and per beam is determined by current
measurements conducted by the LHC group. The systematic uncertainty on the luminosity value
is originating from varying results obtained from different sub-detectors and specific algorithms
as well as from assumptions made to extrapolate the conditions during vdM scans to normal

physics run conditions.
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3.4 Data Acquisition and Processing

Detector operation and data taking is conducted using the so-called RunControl system [94].
This system initializes, configures and monitors all detector components. A cycle of data taking
is called run and is usually connected to one fill of the LHC. Each run is identified by a unique run
number. Periods in which the instantaneous luminosity is approximately constant are given by
time spans of approximately a minute and are called luminosity blocks. Blocks in which running
conditions were good and all sub-detectors crucial for analysis were functional are specified in
the so-called Good Runs List (GRL).

In order to record and reconstruct all relevant information of events which are selected by the
trigger system, it is crucial to store information of detector components during trigger decisions.
Signals are digitized and buffered in pipelines to achieve this. In case an event is accepted in
this step the data is transferred to the data acquisition system and stored in local buffers. An
event building system is used by the next trigger stage - the HLT - reconstructing the whole
event and taking a final trigger decision. In the next steps information of events passing are

stored in a RAW data format in the CERN computing center.

The data in the RAW format has to be calibrated and converted into other file formats for
efficient usage in analysis. This includes the reconstruction of objects associated to particles
created in the beam interaction which is detailed in Ch. 4. The first processing step is performed
by the LHC Computing Grid [95][96]. This grid consists of various computer clusters located
around the world. These are categorized in different Tiers. There is only one Tier-0 location
based at CERN, which is responsible for running reconstruction algorithm and calibrations.
The results of those comes in a data format which consists of fully reconstructed physics objects
and is called Event Summary Data (ESD). These ESDs are transferred to Tier-1 centers around
the world. Here re-calibrations are performed and the data is formatted to Analysis Object
Data (xAOD). These files contain objects which are relevant for analysis and can be read by
the program ROOT [97] - a statistical analysis framework used in this thesis. Due to limited
disc space and the substantial file size of xAODs another pre-selection is performed. On one
hand events which are obviously not relevant for the analysis conducted are dismissed. On
the other hand information and objects in an accepted event, which are not used later on, are
removed as well. The data format obtained is called DAOD. Tier-2 centers provide processing
power for simulation and physics analysis, while Tier-3 centers are only used by local users of
the corresponding institutes. Data used in this thesis has been stored at the local Tier-3 center
mainzgrid. Computations conducted for this thesis have been done using the computing cluster

mogon?2 [98].

42



Chapter 4

Particle Reconstruction and
Identification in ATLAS

In this chapter object reconstruction algorithms used for data analysis at the ATLAS experiment
are discussed. First in Sec. 4.1 the procedure to reconstruct tracks of charged particles is
described, which is followed by an introduction of vertex reconstruction techniques in Sec. 4.2.
Sec. 4.3 gives a detailed overview of particle reconstruction and identification algorithms as
well as corrections and calibration sequences applied for electrons, muons and jets separately.

Finally, in Sec. 4.4 the reconstruction of the missing transverse energy per event is detailed.

4.1 Track Reconstruction

Multiple algorithms [99] are used to reconstruct the path of charged particles inside the ATLAS
detector. These reconstructed trajectories are referred to as tracks. In this procedure measure-
ments in the inner detector serve as input. For tracks of muon candidates, signals in the muon

spectrometers are considered additionally.

Three dimensional space points and so-called clusters are obtained by running a connected com-
ponent analysis (CCA) on signals in the silicon tracking detectors. During this procedure pixels
and strips within one sensor are combined if the energy deposited passes a certain threshold
and share a common edge or corner. Clusters obtained from pixel hits yield one space point
each while space points reconstructed from signals in the SCT require two clusters, one on each

site of a SCT strip. These are used for the primary track reconstruction.

In a first step loose track candidates are determined by taking all combinatorial allowed ensemble

of hits, starting the propagation from a so-called seed. For this perfect helical trajectories and
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a uniform magnetic field are assumed. Sets of three space-points serve as a seed to find good-
quality tracks. Seed types are classified according to the sub-detector in which the space points
have been measured - pixel, SCT and mixed. Additional space points, which are compatible with
the seed, are added and a combinatorial Kalman filter [100] is used to create track candidates.
In this step material effects are taken into account, by allowing an up to 30% energy loss at
each material interaction. One seed can be used to create more than one track candidate in

case multiple space-point extensions are compatible.

Afterwards a track score is calculated for each track by comparing candidates to each other in
an attempt to solve ambiguity problems. This track score takes the x? of the track fit as well as
the presence of a matching localized energy deposition in the calorimeter - so-called clusters - or
expected signals, that are missing in sensitive material, into account. The reconstruction of high
energy tracks is favored by the inclusion of the logarithm of their momenta in the score. The
problem of multiple tracks matching a cluster - indicating in most cases incorrect assignments

- is resolved by imposing additional quality criteria on track candidates.

A neural network is used to identify merged clusters. The amount of energy deposited and
relative position of pixels in the cluster are used as input parameters. The neural network
identifies clusters, that are created by two particles, with an efficiency of 90% and clusters,

which are created by at least three particles, with an efficiency of 85%.

In a final step all candidates passing the ambiguity solver are used for a high-resolution fit
using with all available information. The positions of the space points and their uncertainty
are taken from an additional neural network, which is the reason why the reconstructed cluster
positions and space points might slightly differ. The same cluster information which is used in
the neural network identifying clusters created by multiple charged particles serves as input.

Material effects are incorporated in the fits by the inclusion of an additional noise terms.
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4.2 Vertex Reconstruction

Reconstructed tracks serve as an input to vertex finder algorithms [101]. The purpose of those is
to assign each track to a vertex. Each reconstructed vertex is required to be connected to at least
two tracks. The procedure is using fits to define the ensemble of tracks associated to a vertex
and its position. First a seed position for a vertex is selected. Then the best position is obtained
by a series of fits taking the seed and all tracks into account. In each iteration, less compatible
tracks are considered with a decreasing weight and the vertex position is recomputed. In the
last step, tracks, which are incompatible with the final vertex position, are removed and used

to reconstruct additional vertices by following the same procedure with the remaining tracks.

The primary vertex in an event is characterized by having the most energetic outgoing particles.
For this the vertex with the highest sum over the assigned tracks’ transverse momenta squared
is identified. The position of this vertex is used to measure the beam position assuming a
gaussian distribution. A resolution of about 30 pm along the beam-axis and a resolution better
than 20 um in the transverse direction are achieved. In a second step secondary vertices and

photon conversions are investigated using additional algorithms.

The distances of a track to the associated vertex are used to characterize and quantify the
compatibility of a track with the respective vertex. The transverse track impact parameter dg
is given by the shortest transverse distance of the track in question to the beam line and the
longitudinal track impact parameter zg is the distance along the beam-axis to the associated
vertex. Commonly the transverse impact parameter is studied with respect to its uncertainty.
o4, = do/Adp is called the do-significance. The longitudinal impact parameters zg is addressed
in combination to the polar angle 8 by usage of the quantity |z sin 0. This is motivated by the
fact, that the determination of zy is more challenging in case the particle is emitted close to the

beam-axis.
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4.3 Particle Reconstruction and Identification

Since the signature of electrons and positrons in the detector only differs in their curvature
direction of their tracks, there will be no explicit differentiation in the following sections. The
term electrons includes positrons. They are separated again by addressing the sign of their
electric charge. The same holds true for muons and anti-muons. Additionally, the name charged
lepton is including all types of charged leptons and anti-leptons considered in the final state of

the signal processes, namely: electrons, positrons, muons and anti-muons.

4.3.1 Electrons

In this section the reconstruction of electrons will be detailed. The typical signature is a bent
track which is matched to an energy deposition in the electromagnetic calorimeter. Fig. 4.1
shows a schematic view of an electron’s flight path drawn in red through the different detector
components. In this picture the electron is produced with a transverse distance to the beam
line of dyp and is traversing the different layers of the tracking detectors before reaching the

pre-sampler and electromagnetic calorimeter.

hadronic calorimeter

third layer
AnxAp=0.05x0.0245

second layer
AgxAg=0.025%0.0245

first layer (strips)
ArxAp=0.0031x0.008

beam axis pixels

beam spot S

do

insertable B-layer

FIGURE 4.1: Schematic view of the path of an electron being produced at the interaction point
and its interaction with relevant detector components. [102]

4.3.1.1 Reconstruction

Signals in the calorimeter system serve as a starting point for electron reconstruction [103].
For this so-called topo-clusters are build by combining topological connected calorimeter cells
with significant signal to noise ratio. Specifically, cells, that are selected by the ‘4-2-0’ topo-
cluster reconstruction algorithm, serve as a starting point for the combination. These must

have an energy significance UCEGIKI of more than four. The significance is given by the ratio of the
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deposited energy in the cell and the expected noise - which includes electronic sources as well
as the typical pile-up noise during normal run conditions. All neighboring cells fulfilling this
criterion form a so-called proto-cluster. The pre-sampler and first layer of the electromagnetic

calorimeter are not considered in this step to suppress clusters initiated by noise. Then all

EM

wll| = 2 are assigned as additional seeds and are included together

neighboring cells with |o
with their neighbors into the proto-cluster. These clusters are merged in case they contain a
mutual cell passing the criterion |cZ}{| > 2. In the final step all neighboring cells with |cE}{| > 0
are added to the cluster. By construction this includes all cells with finite noise. The absolute
value of the energy significance is used to avoid introducing a bias toward high energies. Proto-

clusters are split in case two or more local maxima are measured. A local maximum is defined

EM
cell

as a cell with energy E> > 500 MeV and at least four neighbors with a smaller signal. For
electron reconstruction only clusters with an energy deposition of more than 400 MeV in the
electromagnetic calorimeter are considered. Additionally, clusters must have more than half of
their energy deposited in the electromagnetic calorimeter to suppress contributions of pile-up

effects.

In the next step tracks, which have already been obtained by the track reconstruction, are re-
fitted. For this clusters, which were previously determined, are used to define regions-of-interest
and use a Kalman filter formalism based algorithm [100]. This allows to consider bremsstrahlung
effects and significant energy losses at each material intersection. These re-fitted, loosely
matched tracks are extrapolated to the second layer of the calorimeter. For this either the
track momentum or the cluster energy is used as an input parameter. A track is successfully
matched to a cluster in case the criteria |An| < 0.05 and —0.10 < q - (Gtrack — Peluster) < 0.05
are fulfilled. The requirement of the azimuthal angle is asymmetric, since photons emitted
by bremsstrahlung might impact the curvature of the trajectory despite being detected and

reconstructed within the cluster.

In the final step so-called super-clusters are formed. For this all topo-clusters are classified
as seed or satellite cluster candidates. The latter are required to pass selection criteria, which
identifies them to be created by bremsstrahlung or due to topo-cluster splitting. These are added
to the seed candidate in question. All topo-clusters are sorted according to their Et starting
with the highest one. A seed candidate must have Er > 1 GeV, which is matched to a track
reconstructed using at least four hits in the silicon tracking detectors. If a seed candidate has
been identified, neighboring clusters inside a window of An x Ad = 0.075 x 0.125 are classified
as satellites. In case the best matched track to the satellite candidate is mutual to the one
of the seed, the window is widened to An x Ad = 0.125 x 0.300. In the end, cells from the
pre-sampler and the first three layers of the electromagnetic calorimeter are associated to a
given super-cluster. The size of each constituent topo-cluster is limited to a maximal width of
An < 0.075 in the barrel and An < 0.125 in the end-cap region in an attempt to become less

sensitive to pile-up effects.
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4.3.1.2 Identification

Electron identification algorithms [104] are used to suppress background originating from misid-
entified objects - which mostly consist of jets. A likelihood based approach is considered for
a high signal efficiency and good background rejection. The likelihoods are obtained using a
multivariate technique. The full list of independent quantities used, each having sizable discrim-
ination power between background and signal are displayed in Tab. 4.1. They are classified by
the detector system used for the specific measurement. The last column specifies rejection power
against the potential background sources light-flavor jet (1fj), heavy-flavor jet (hfj) - which are
originating from b and ¢ quarks - and photons (). Energy ratios and shower width describing
the shape of the energy deposits are used to classify the cluster measured in the calorimeter
system. Additionally, the transverse impact parameter dy as well as the momentum loss of the
particle by traversing the inner detector is considered. Finally the spacial match of track and

energy deposition in 1 and ¢ is used.

Using the variables x; listed in Tab. 4.1 likelihoods for the background L; and signal Lg hypo-

thesis can be defined as shown in Eq. 4.1.
Ly =[] Poixs) Ly =[] Pui(=:) (4.1)

Here P; (P ;) are the probability functions for variable x; under the signal (background) hypo-
thesis. The optimization of these functions is done using pp — Z — ee simulation (See Ch. 5)

in the signal case and simulation with two jets in the final state for the background hypothesis.

With these definitions a combined discriminating quantity d is constructed as displayed in
Eq. 4.2.

L

d= ——— 4.2
Ls+Lb ( )

The three different identification levels (hLoose, IhMedium and [hTight are defined by varying
requirements on the minimal value of d and are optimized to give a signal efficiency of 90%,
80% and 70% over the whole transverse momentum range. Increasing the signal efficiency leads

vice versa to a worse background rejection power.

The [hM edium and [hTight working-point have a rejection factors against multijet background
- determined using simulated samples with two jets in final state - which are 2.5 and 5 times

higher compared to the [hLoose rejection.
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’ detector part description \ rejects

Ripad1: Ratio of Ep measured in the first layer of the hadronic | 1fj, v
calorimeter and the one in the electromagnetic cluster (for
candidates with [n| < 0.8 or [n| > 1.37)

calorimeter systems | Rpaq: ET ratio measured in the hadronic calorimeter to the | Ifj, v
one in the electromagnetic cluster (for candidates with 0.8 <
n| < 1.37)

f1(f3): ratio of energy measured in the first(third) layer to | fi: ~, hfj
the total energy measure in the electromagnetic calorimeter | f3: 1fj
(f3 only for candidates with Er < 80 GeV and n| < 2.37)

woe = /(S E) / (S — (B / (S E))?, with the | 1.y
energy E; and pseudorapidity value 1; of cell i is correlated
to the shower width. The sum is taken in a window of 3 x 5
cells

Rg: energy ratio of 3 x 3 cell window over 3 x 7 cell window | 1fj,y
around the cluster position

Ry: energy ratio of 3 x 7 cell window over 7 x 7 cell window | 1fj,hfj,y
around the cluster position

Fratio: Ratio of differences between maximum energy deposit | 1fj,y
and second largest energy deposit to the sum of these energy

values

dp: Transverse track impact parameter hfj,~
inner detector o4, = do/Adp: Significance of the transverse track impact | hfj,y

parameter

Ap/p: Momentum lost by the track between the perigee and | 1fj
the last measurement point

Any: Pseudorapidity difference between the cluster position | 1fj,y

i h
combined /matc and extrapolated track

Adres: ¢ difference between the cluster position in the | 1fj,y
second layer of the electromagnetic calorimeter and mo-
mentum rescaled track times the charge

TABLE 4.1: Input parameters used in the likelihood based electron identification algorithm.

Each of them provide discrimination power between electrons and background. The sub-detector

used for measurement and a detailed description is given for each quantity. The last column

specifies against which type of background objects each parameter gives the best rejection power
- (Ify) light-flavor jets, (hfj) heavy-flavor jets and () photons.

4.3.2 Isolation

Electron candidates are required to be isolated, which ensures a clean signature for efficient
object reconstruction as well as reliable energy and momentum measurements [103]. The activ-
ity in the immediate environment of the electron is quantified using tracks of nearby charged

particles or energy depositions in the calorimeters.

The calorimeter isolation is studied using the variable Efl?“eQO. Its definition is shown in Eq. 4.3.
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ECTOHeQO = Eg[‘o,raw — Er core = ET Jeakage (Er,n) - Er pile—up m) (4.3)

It is defined as the total transverse energy detected in a cone with opening angle AR = 0.2

around the barycenter of the cluster E2°

T raw subtracting the particles energy Et core and correct-

ing for pile-up and leakage effects. The latter one refers to cases in which the energy deposition
is not fully captured in the electromagnetic calorimeters. These corrections are 1 - and in case

of the leakage correction - E1 dependent.

For track based isolation p%arconezo is considered. All tracks, that are not matched to the cluster,

with pp > 1 GeV within a cone centered around the electron track are summed up. Tracks
must pass additional quality criteria to be included in the following calculation. Since electrons
originating from high momentum heavy particles are expected to be relatively close to others,

the cone size is decreasing with pp. The relation is displayed in Eq. 4.4.

10

AR=min [ —————,0.2 4.4

min <pT TGV > (4.4)

The isolation criterion [105], that is used in this thesis, is designed to behave uniformly in n

providing an isolation efficiency of 90% for electrons with pp = 25 GeV and 99% at pr =

60 GeV. Eq. 4.5 shows the efficiency of this working-point and is achieved simultaneously for
varcone20

the track and calorimeter based isolation. Requirements imposed on p¥ and EgroneQO are

derived using pp — J/¥ — ee and pp — Z — ee Monte Carlo simulations.

€calo/track = 0.1143 X pp/ GeV + 92.14% (4.5)

4.3.2.1 Corrections and Calibration

The electron energy scale is calibrated using Z — ee decays [102]. For this the difference in the
energy scale between data and simulation is quantified using the relation shown in Eq. 4.6. The
energy resolution is parametrized by Eq. 4.7, assuming that the difference in resolution can be
addressed by introducing an additional constant term which is added quadratically. Corrections
to the energy scale a; are applied to data, while the energy resolution is weakened by c; in the

simulation.

Edate — EMC(1 4 ) (4.6)
o data o MC
(%)l - (EE)l D (4.7)
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Here, Eidata and o is the energy measured in data and its uncertainty, EiMC is the corresponding
value in the simulation and «o; is quantifying the scale difference in each pseudorapidity region
i considered. c; gives the difference in energy resolution. The measurement is conducted by
studying the invariant mass of the electron pair mj;. Therefore, relations displayed in Eq. 4.6
and Eq. 4.7 are extended using quantities incorporating the two 1 regions - i and j - in which

each electron candidate is detected. The resulting equations are shown in Eq. 4.8 and Eq. 4.9.

m%ata :m%ﬂc(l + Oéij) Qi = (ai + Oéj)/Q (4.8)
o data o MC
(f)ij - (f)ij P ¢ij cij = (ci ©cj)/2 (4.9)

The parameters a; and c; are extracted by fitting mass distributions, that are selected in the
data and the simulation. The uncertainty on the electron energy scale [103] ranges from 0.2%

in the end-caps to 0.04% in the barrel region.

Additional corrections are applied to Monte Carlo simulation to correct for efficiency differences
between data and simulation. Efficiencies in data are obtained using a tag-and-probe method
in Z — ee decays and compared to the ones in simulation. The tag-and-probe method allows
to collect a relatively pure sample of real electrons in data. This is achieved by selecting one
tag electron candidate, which fulfills very strict identification criteria. A second so-called probe
candidate builds together with the tag electron a pair with an invariant mass near the Z-peak
and is used for efficiency measurements. This method exploits the fact that the Z-peak region is
dominated by real electrons. Corrections associated to reconstruction, isolation, identification
and trigger efficiencies are considered and assigned on an event-by-event basis, dependent on the
electron candidate characteristics. Uncertainties connected to different aspects of reconstruction

are estimated by varying parameters and methods when determining these corrections.
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4.3.3 Muons

Muons and anti-muons are minimal ionizing particles, in the considered energy ranges. There-
fore, they traverse the detector without being stopped. However, they create signals in different
components of the detector along their trajectories - namely the inner detector (ID), the calor-

imeter systems and the muon spectrometers (MS).

4.3.3.1 Reconstruction

The ATLAS muon reconstruction [106] differentiates multiple types of muon objects, which are

classified by the detector information accessible.

So-called stand-alone (SA) muons are build by the trajectory, which is reconstructed using only
hits in the MS. This is done by building local track segments within each chamber layer and
combining them. The track is extrapolated to the beam line while accounting for energy loss
effects. These types of muons are mostly used in regions which are not covered by the inner

detector 2.5 < [n] < 2.7.

Combined (CB) muons provide the best performance and highest purity, which is the reason
why they are used in this thesis. These objects are obtained by conducting track reconstruction
separately with the hits in the ID and MS. Afterwards the combination of those two tracks
must be successful. Each track, which uses ID measurements as starting point, is required to

be associated to a minimum number of hits (> 1 pixel hit, > 5 SCT hits) to be considered.

Two different methods [107] are used to reconstruct the muon in the MS and for the incorpor-
ation of the ID and MS information. One of them combines the track parameters of the SA
muons and the ID track using the corresponding covariance matrix. The other one uses all space
points detected in the ID and MS as input for a global re-fit of the muon track in question.
For this the energy loss of a few GeV is taken into account, that occurs when muons traverse
the calorimeter system. A combination of both methods is used in an attempt to gather the

advantages of each individual one.

4.3.3.2 Identification and Isolation

Muon identification algorithms [84] are applied with the aim to reject fake muons, which ori-
ginate mostly from pion and kaon decays. The working-point is optimized to minimize sys-
tematic uncertainties associated to muon reconstruction and calibration while maximizing the
momentum resolutions of tracks with high pp. Combined muons are required to have at least
three hits in at least two layers of the MDT. In the central detector region of [n| < 0.1 this

criteria is relaxed to at least one layer due to worse coverage. Additionally, the compatibility
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between the momentum value measured in the ID and MS is tested to suppress contributions

of misidentified hadrons.

To improve the performance at high energies muons must have at least three hits in three
different precision layers. Regions of the MS in which alignment might be problematic are
excluded. These requirements drastically worsen the signal efficiency but guarantee good muon

momentum reconstruction.

For reconstructed muons only a track based isolation is required [105]. For this the quantity
pypreone30 g ysed. The definition is similar as for the electrons shown in Eq. 4.4 with the only
difference being the slightly larger maximal cone opening angle of AR = 0.3. The requirement

is shown in Eq. 4.10.

pyreone30 -0 06 - pp (4.10)

4.3.3.3 Corrections and Calibration

At first order the ATLAS detector simulation [108] - which considers its geometry and material
distributions - provides a good modeling of the momentum of reconstructed muons. Additional
corrections are applied to the transverse momentum obtained in simulation pr [84]. Effects
influencing the resolution and scale are propagated to the simulated values. This is contrary to
the electron corrections, where the energy scale is corrected in data. Consequently, the Z and
J /¢ peak position in data do not exactly match the values listed by the Particle Data Group

[18]. The calibrations are parametrized using the relation shown in Eq. 4.11.

_ pr + (so +s1 - Pr)
1+ N(a;pu=0,0=1)/(Arg/pr)? + Ar? + (Arg - pr)2

pr (4.11)

sg accounts for energy losses in material and sy for radial distortions and mis-modeling of
the magnetic field integral. Both of them are responsible for correcting the energy scale.
N(a;pu=0,0 =1) returns a normal distributed random number for « - statistically varying
the weight of the changes applied - to model the impact of resolution effects, which are quanti-
fied by the parameters Arj. Arg covers energy loss fluctuations and is becoming less influential
for high pt muons. This correction is not considered for ID tracks. Conversely, effects intro-
duced by detector mis-alignment and intrinsic resolution effects, which are addressed by Ars,
are enhanced for high pt candidates. The constant term Ar; accounts for multiple scattering

and local magnetic field distortions.

These corrections are obtained separately for ID and MS momentum measurements using

template-based likelihood fits to the pr spectrum selected in pp — Z — ppand pp — J/U — up
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events. The final transverse momentum measurement of a reconstructed combined muon is given

by Eq. 4.12.

pie =f-pP+ (1 —f p® (4.12)

pITD and p¥s are the already corrected pr values of the track in the ID and MS while f is a
relative weight, that is given to each single measurement in the combination. The resolution for
muons originating from Z — pup decays is roughly 2.5%, while the momentum scale has been

determined with an accuracy of 0.05%.

Similar to the corrections applied to electrons, differences in the efficiencies of algorithms used for
reconstruction, isolation and other quality criteria in the data and the simulation are considered.
These are determined using tag-and-probe methods of Z — puu decays and applied in form of
weights to the events in simulation. Differences in isolation, track-to-vertex-association, trigger
and muon quality criteria efficiencies are considered. Similar to the electron reconstruction the

variation of parameters and methods is exploited to estimate an uncertainty of each correction.

4.3.4 Jets

Jets are the products of high energy partons and consist of collimated ensembles of hadrons and
other particles. Most of them are fully stopped in the calorimeter system while depositing their

energy.

4.3.4.1 Reconstruction

Reconstruction of jets in physics analyses using Run 1 and early processed Run 2 data relied
for the jet finding solely on measurements gathered by the calorimeter system [109]. A more
sophisticated jet reconstruction approach is the so-called particle-flow algorithm [110], which

combines signals in the tracker system and the calorimeters.

Analogously to the electron reconstruction (Sec. 4.3.1.1), clusters are obtained as the first step
[111]. Topo-clusters are created by combining neighboring calorimeter cells fulfilling certain
signal over noise ratio requirements. One of the main processes in the shower creation is the in-
elastic scattering of the parton on a proton or a neutron, which consumes parts of the particles’
initial energy to resolve the bound state. Therefore, in the non-compensating sampling calor-
imeter of ATLAS, the energy directly measured from the cluster does not match the initial

energy of the particle and has to be corrected afterwards.
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Uncorrected topo-clusters serve as input for the jet finding algorithm in case only calorimeter
information is used. Jets reconstructed this way are called topo-jets and used in Part I of this
thesis. In combination with a measurement of the primary vertex position, angular measure-
ments of cluster 1 and ¢ can be recomputed. This improves their accuracy. For topo-jets this

is conducted on the output of the jet finder algorithm as first step of the calibration sequence.

Particle Flow Algorithm The particle-flow algorithm on the other hand additionally ex-
ploits measurements of charged particles in the tracker to obtain a more precise reconstruction.
By the end of LHC Run 2 this approach has become the default in ATLAS physics analysis and
is used for jets reconstruction in Part II. The most precise angular and momentum measure-
ments of charged particles in the energy range of O(10 GeV — 100 GeV) is done by the tracking
system. The energy resolution is improved by identifying charged particles and subtracting the
corresponding energies from the ensemble of calorimeter clusters. Additionally, the effect of low
pr charged particles within the jet, that are leaving the cone due to the impact of the magnetic
field, is weakened. In comparison to the topo-clusters the more precise angular measurement and
improved matching efficiency of tracks to vertices allows a stronger mitigation of influence due
to in and out of time pile-up. The particle-flow algorithm uses an ensemble of topo-clusters and
tracks as input. Each of them has to pass multiple quality criteria. First overlaps between the
momentum measurements in the inner-detector and energy measurements in the calorimeter are
removed to avoid double counting. For this each track is matched to a single topo-cluster and the
expected energy, that uses the cluster position and track momentum, is computed. This value is
then used to determine a probability that the charged particles deposited its energy in multiple
clusters. This occurs commonly in the evolution of a jet. Afterwards, additional clusters are
assigned to each track evaluating the probability at each iteration until its momentum matches
the sum of topo-clusters energies. As a last step the energies expected for each particle, which
produced a track, are removed cell by cell from the corresponding topo-clusters. In case the
remaining energy measurements of a cluster match shower fluctuation expectations of a single
particle sufficiently well, all topo-cluster remnants matched are removed. In the end a set of
tracks, modified and unchanged clusters are given to the jet finding algorithm. In contrast to
topo-jets, the recomputation of the 1 and ¢ measurements to include information of the primary
vertex position are already done for all topo-clusters before the jet finding step. For topo-jets

this correction is applied in the sequential calibration.

Jet Finder Algorithm There are two quality criteria which are imposed on jet finding
algorithms [112]. They are required to be collinear and infrared safe, meaning that the result
does not change under gluon emission with low energy and within a small angle. The algorithm,

that is most commonly used in ATLAS, is the anti-ky4 algorithm. For this two different types
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of distances are considered. The one between two input objects (topo-clusters or tracks) - i and

j - dj; and the distance of each object to the beam dig. These distances are defined in Eq. 4.13.

(AY3)” + (Ady)?

djj = min(k72 k;f) RZ

t,i 0

dip =k (4.13)

Here, AY;; and Adj; are the differences in rapidity Y and ¢ of the objects - i and j. k¢; and

k¢ ; are their transverse momenta while R is connected to the size of a jet and is set to 0.4.

In case djp is the smallest distance obtained the object i is identified as jet and removed from

the procedure. In case a distance between two clusters dj; is the smallest, they are combined.

Jet Vertex Tagging The rejection of background jets, which originate in most cases from
pile-up vertices and detector noise, is achieved using a multivariate technique. The so-called
jet-vertex-tagging [113]. In this method a score for each jet is computed, which quantifies the
likelihood of its origin in a range of zero to one. A jet with score one is most likely coming from

the hard scattering vertex and a score of zero connects the jet’s origin to pile-up effects.

Additional quality criteria on the shower development and reconstructed tracks, that match the

corresponding jet, are used to further suppress background [114].

4.3.4.2 Corrections and Calibration

Jets found by the anti-k¢4 algorithm are still calibrated according to the EM scale. Multiple
corrections are applied in sequence to obtain a good estimate of the initial particles properties
[111][110].

The direction of topo-jets is adjusted in order to improve the 1 resolution as a first step. The
four-momentum of each jet is recalculated to point toward the primary vertex and not to the

detector center, while the jet energy is kept constant.

A certain amount of energy is subtracted to account for excesses, that are induced by objects
originating from pile-up. This is done in two ways. A residual correction is derived from
simulation and an area-based pr density subtraction [115] is applied on an event-by-event basis.
The density determination in case of particle-flow jets is more complex to account for differences

in the jet constituents between charged and neutral particles.

Then the jet four-momentum is corrected to the particle-level energy scale by adjustments
derived from simulation of dijet events and studying jets on generator level. This way the
the direction and energy of the jet in consideration is calibrated. Additional corrections are

obtained by considering calorimeter MS and ID measurements in the so-called global sequential
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calibration. This further improves the energy measurement by reducing the impact of the initial
parton’s flavor and energy leakage effects. The input variables of this calibration differ for topo-

and particle-flow-jets as tracks have already been used for the reconstruction in the latter case.

In a last step a residual in-situ calibration is derived using well measured reference objects and

is applied to data only.

The magnitude of the jet energy scale uncertainty is similar for topo- and particle-flow-jets.
In the central region (|n| < 1.2) the scale uncertainty of jets with high transverse momentum
(100 GeV < pr < 500 GeV) is around 1% . The jet energy scale of low pr particle-flow-jets
is more accurate due to the superior momentum measurement in the tracker and is connected
to an uncertainty of around 0.5%. For central jets - with pp larger than O(400 GeV) - the
performance of topo- and particle-flow-jets is comparable. The minimal relative uncertainty is
around 0.5%.

4.3.5 Flavor Tagging

A b quark decays predominantly by the emission of a W boson. This introduces characteristics
in the signature of jets originating from b quarks, which allow the classification of jets according
to the initial parton’s flavor. Similar effects are also observed for other parton types - such as
charm and gluons. However, for these objects this so-called tagging is performing worse, due to

the less distinct features in their signature.

The signature of a jet, which is initiated by a b quark (a b-jet), consists of a primary and a
secondary vertex. The typical spacial distance between those is constrained by the lifetime of a
b quark. This can be observed due to the dominance of the decay channel discussed previously.
Additionally, in some cases the presence of muons - originating most likely from W decays - inside
these jets indicates that the signature in question might be initiated by a b quark. In practice the
boosted decision tree (BDT) based MV2 algorithm [116] is used which combines outputs of low
level tagging algorithms. These low level algorithms are evaluating track impact parameters as
well as conducting a precise secondary and displaced vertex reconstruction. Observables serving
as input are among others track multiplicity, the invariant mass of tracks, that are associated
with the vertices in question, and their energy fraction. The BDT for the high level tagging
algorithm has been trained on a hybrid t¢+ Z’ sample. Signal spectra (b-jets) are re-weighted to
the one defined as background (¢ and light-flavor jets) according to their py and 1. These are
considered in the training to avoid biases. Likelihood ratios test the b-jet hypothesis against the
background hypothesis. Energy fractions of tracks, that are associated to the secondary vertex,
as well as distances between primary and secondary vertex serve among other measurements as

input.
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The working-point used in the analysis in Part II provides a signal efficiency of 77% and rejec-
tions of 4.9 against c-jets, 15 against 7-jets and 110 against light-flavor jets for candidates with

a transverse momentum above 28 GeV.

4.4 Missing Transverse Energy

Neutrinos interact only weakly and thus leave the experiment undetected. In order to explore
final states with neutrinos, the missing transverse energy E%ﬁss is studied [117]. This quantity is
correlated to the vectorial sum of all neutrino transverse momenta in the event. Eq. 4.14 shows
the definition of the E%ﬁss, as the missing contribution to energy conservation in the case that

all momenta are projected on the plane transverse to the beam-axis.

E;niss _ Ele + El'u + Eget + Ez— + E;y + E?oftterm (414)

Two components i € {z,y} are considered in the reconstruction of the total E® which are

summed quadratically as displayed in Eq. 4.15.

E%iss — \/(EIxniSS>2 4 (Egliss)2 (4.15)

The azimuthal angle ¢p™* is obtained using simple trigonometric methods and the E%ﬂss com-

ponents which is shown in Eq. 4.16.

) Emiss
¢™" = arctan | —2 (4.16)

miss
Ex

Each single terms on the right side of Eq. 4.14 is obtained using reconstructed, calibrated
and fully corrected objects. For electrons, muons and jets algorithms are detailed in Sec. 4.3.
Methods to obtain reconstructed 7 and v as well as the track soft-term Eisoftterm determination

are briefly discussed in the following.

4.4.1 Photon Term

Photons are reconstructed and identified in ATLAS using energy depositions in the electro-
magnetic calorimeter [118]. Likelihoods are defined, which use variables that are describing the
shower shape and evolution as input. Additionally, the case where photons decay into electron-
positron pairs inside the inner detector has to be considered. These so-called conversion-photons

are reconstructed by evaluating their characteristic signature of two oppositely charged tracks
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coming from a secondary vertex, which is consistent with the decay of a massless particle.
Furthermore, conversion-vertices are reconstructed from a single track, that has no hits in the
innermost sensitive layers. In the end an additional unambiguity resolver is used for classifica-
tion. One signature can be connected to a conversion-photon - with either a two track or a one

track conversion-vertex - as well as an electron.

Photons are required to pass the tight identification working-point and to have a transverse
momentum of more than 25 GeV to be included in the photon term E:Y computation. Photons
detected in the crack regions 1.37 < |n| < 1.52 and outside of the central region [n| > 2.37 are
discarded. In case a photon is produced in this region of the phase space it may enter into the

E?iss calculation as a jet.

4.4.2 Tau Term

Hadronically decaying taus, which are reconstructed as so-called tau-jets [119][120][121], are
entering the tau term E7. Their signatures can be identified by their characteristic low track
multiplicity and narrow shower shape compared to jets originating from other particles. The
classification is done with the help of a boosted decision tree. Similar to other particle types
multiple identification levels are defined for tau candidates. Candidates that pass the medium
identification, that have a transverse momentum of more than pp > 20 GeV and that are

reconstructed within [n| < 1.37 or 1.52 < |n| < 2.47 are selected for the tau term computation.

4.4.3 Track Softterm

The purpose of the softterm is to cover all not reconstructed - mostly low energetic - objects.
Here the softterm is determined using tracking information, precisely tracks which are origin-
ating from the primary vertex. All tracks which were already used for the reconstruction of
another object are not considered. Tracks are associated to a reconstructed electrons if their
angular distance is smaller than AR < 0.05 and to a hadronically decaying 7 in case AR < 0.2
is fulfilled. Tracks are neglected in case they are used in the reconstruction of a combined muon
as well. Additionally, they are required to have a transverse momentum of pt > 0.4 GeV and
lie within the central region of the detector [n| < 2.5. Each of them must be reconstructed with
at least seven hits in the SCT and pixel detector. They are required to have a small transverse
and longitudinal track impact parameters - dg < 1.5mm and |zpsin(0)| < 1.5mm. Due to
the mostly low particle energies, which have strongly curved tracks, the vertex association is

difficult. This is the reason why the softterm is highly sensitive to pile-up effects.
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Chapter 5

Theoretical Predictions and Monte

Carlo Simulation

Simulations are used to obtain theoretical predictions and expected detector responses of high
energy particle physics processes. This chapter gives an overview of methods and steps used to
simulate events in proton-proton collisions. To obtain predictions repeatedly random sampling
is conducted to get numerical results. This procedure is commonly called Monte Carlo methods,
which is the reason why these samples are also called Monte Carlo (MC) samples in the following.
First the steps conducted to simulate a particle physics process in an inelastic high energy
proton-proton collision are discussed in Sec. 5.1. This includes the prediction of the hard
scattering process, parton shower development, hadronization and the behavior of the proton
remnants - the so-called underlying event. Afterwards, the simulation of the detector response
will be detailed in Sec. 5.2. Finally, corrections to incorporate effects of variations between the
run conditions in data and the assumption made for Monte Carlo simulation are discussed in
Sec. 5.3. Programs and tools used in this thesis are introduced in the corresponding analyses
(Part I and Part II).

5.1 Physics Event Generation

Generators [122] are used to create physics processes on the basis of their cross-section. The
information obtained includes all kinematic characteristics of the final state particles and is
called truth information in the following chapters. Fig. 5.1 [123] gives a schematic view of a
high energy proton-proton event and visualizes different aspects, which are addressed in the

simulation process.
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FIGURE 5.1: Schematic view an inelastic proton-proton scattering event. [123]

Events of different processes are simulated according to their cross-section. For this the matrix
element of the hard scattering process, which is indicated by the big red circle, is calculated
in perturbation theory [22]. Due to the nature of this theory, predictions are only calculated
up to a certain precision. Calculations used in this thesis are at leading-order (LO) or next-to-
leading-order (NLO). These parton level cross-sections are convoluted with the PDFs, describing
the momentum distribution of the incoming partons. Three parallel green lines on each side
represent the valence quarks. This convolution gives a probability distribution, which is used
to draw randomly generated four-momentum vectors of corresponding product particles. The
phase space of outgoing particles is restricted in the generation most of the time. This is done
to save computing time, while obtaining sufficient statistics in relevant kinematic regions. All
these steps are performed by the so-called event generators [124]. The inclusion of final state
radiation (FSR) - in case of real photon - is either performed by the event generator itself or by

an additional program.

Particles, that carry color charge initiate extended particle showers. Incoming or outgoing par-
tons emit gluons, that again either into quark anti-quark pairs or more gluons, which might
again radiate gluons. This so-called parton shower is simulated with the help of the DGLAP
[37][38][39] equations and illustrated by the green ovals, circles and arrows at the margin of
Fig. 5.1. These relations describe the momentum transfer as an evolution starting at the mo-
mentum scale of the hard scattering process to the scale where perturbation theory breaks down.
At this point the remaining partons create color neutral hadrons. In case the matrix element
is calculated at NLO the radiation of a parton is included in the generation. This is called

initial state radiation (ISR) or final state radiation (FSR) in case its origin is an incoming or
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outgoing particle. Parton showers must be valid, in case radiation of low energy partons as
well as radiation under small angles is occurring - the soft and collinear limit. Divergences that

appear in this calculations are absorbed by the parton shower models [125].

The following creation of hadrons from the partons is done by hadronization models. There are
two phenomenological models, which are most commonly used - the so-called string model [126]
and cluster model [127]. The parameters that are used in those have been tuned to measured

data.

The remnants of the not participating in the hard scattering process partons are left in colored
states, which leads to additional parton showers and the creation of low energy hadrons. Similar
to the hadronization process, this so-called underlying event is estimated using phenomenological
models, that are to data. The proton remnants are indicated by the light blue ovals in Fig. 5.1.
Additionally, the possibility of more than one parton scattering in a single proton-proton collision
(multi-parton interactions) contributes to the underlying event and is visualized by the purple

oval.

Additional corrections are applied to incorporate higher order cross-section calculations and to
include in general improved theoretical predictions. They are assigned as weights to each event
and are obtained by taking the ratio between the cross-section used in event generation and
the available higher order cross-section. These are applied either inclusively - over the whole
considered phase space - or dependent on relevant kinematic variables. Negative weights for a
small subset of events are possible in the latter case. In combination with limited statistics this
may lead to negative total estimates in certain kinematic regions. This non-physical behavior

is addressed on a case-by-case basis.

5.2 Detector Simulation

Events are compared to theoretical predictions and their simulated detector responses for ana-
lyses. For this a model of the ATLAS detector [108] has been created using GEANT4 [128].
GEANT4 describes the interactions and processes occurring between varying particles and many
different materials over a wide energy range. Final state particles are propagated through the
different layers and materials of the detector model to simulate signals and the expected re-
sponses of different components. These signals are digitized analog to real responses, that are
obtained during data taking. At this point the same reconstruction chain is used for simulated

events to keep the best compatibility with the collected data.
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5.3 Pile-Up Corrections

Assumptions on the running conditions of the LHC are made to simulate processes and the
corresponding response of the detector. The average number of inelastic collisions per bunch
crossing (i) - the so-called in time pile-up - has a large impact on the expected activity in the
detector. Out of time pile-up is originating from long drift times and signals left by particles
inside the calorimeter systems. They can last up to hundreds of nanoseconds, which gives
the possibility of overlapping signals, that originate from events initiated by different bunch
crossings. Fig. 5.2 [129] shows the integrated luminosity recorded against (u). (i) is obtained by
averaging over one bunch train - which consists of roughly 70 proton bunches - and a luminosity

block - that last a few minutes. Each year of data taking is displayed by a different color.
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FIGURE 5.2: Recorded luminosity against the average number of inelastic collisions for each
year of data taking and in total. [129]

MC samples are corrected on an event-by-event basis [130] since the simulations have been
produced before the actual data taking took place and the underlying (u)-profile was known.
For this the ratio of the normalized distribution as shown in Fig. 5.2 in the MC and the data
is assigned to each event as weight according to its (u). This procedure increases the statistical
uncertainty depending on the agreement of the initial distributions. This re-weighting is only
possible if the distributions in data and MC are overlapping in the whole range. Otherwise the
ratio to calculate the weight might not be well defined. Since the data-taking conditions differ
significantly between years, three sets of simulated samples have been produced in an attempt
to make a precise prediction of the distributions separately for different time periods. There are

separate sets of MC samples describing run conditions in 2015 and 2016, 2017 as well as 2018.
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Search for New Physics in Final
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Chapter 6

Motivation

Despite the fact that the Standard Model (SM) has a very successful history describing obser-
vation made in high energy particle physics experiments, its conceptual problems have to be
addressed. Many theories extend the Standard Model in an attempt to describe the nature of
dark matter or to address the hierarchy problem. Often times SM gauge groups are extended.
Many of these extensions predict existence of additional heavy particles. For example when in-
troducing additional right-handed fields in SU(2) doublets [54][55], to motivate small neutrino
masses, suppressions at low energy scales to restore consistence with observations is required.
This is achieved in case the associated new bosons are heavy enough. The data collected in
proton-proton collisions at the LHC allows to directly search for new phenomena on the TeV

scale.

In this chapter the existence of new heavy charged gauge bosons is investigated. The final state
of a charged lepton! and the corresponding neutrino is among the cleanest accessible in a hadron
collider. This is the reason why the focus of this analysis is on searching for deviations from
the SM hypothesis without introducing to many signal model specific assumptions. Multiple
well motivated SM extensions which can be probed in events with this final state were discussed
in Sec. 2.4.3. As signal to be probed a narrow resonant structure is chosen. For this analysis
signals are generated with the Sequential Standard Model (SSM) [52]. It is not well motivated
compared to other SM extensions discussed and does not address any shortcoming of the SM but
has the advantage of making no strong model assumptions. Additionally, probing this model
allows the comparison to other publications since it is widely considered as a benchmark. A
heavy partner of the W boson, the W/, is postulated, which has the same quantum numbers as

its SM partner but a different mass.

1The terminology used does not differentiate between particle and anti-particle. This classification is done
by referring to its electric charge. The term charged lepton is used for electrons and muons as well as their
anti-particle.
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The following research is performed on 36.1 fb~! of data collected in 2015 and 2016 by the
ATLAS experiment in proton-proton collisions at a center of mass energy of /s = 13 TeV.
This part is divided into multiple chapters. It starts with a discussion of the analysis strategy
and different aspects in Ch. 7. Here, relevant processes and their event topologies are discussed,
the analysed data set is detailed and selection criteria are defined. This chapter ends with the
description of additional methods used for background estimation, the evaluation of systematic
uncertainties and a comparison of the background estimates to spectra observed in data. The
second chapter of this part Ch. 8 presents the statistical analysis performed to interpret results.

A conclusion and outlook of this search is given in Ch. 9.
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Chapter 7

Analysis

The following chapter discusses the analysis strategy as well as general aspects of this search.
For this the choice of the sensitive variable is motivated in Sec. 7.1. This includes a detailed
discussion of the signal shape and a description of the signal sample generation. Afterwards
dominant background processes are examined in Sec. 7.2. This includes programs and tools used
to obtain simulated background samples. Then the data set analysed is described in Sec. 7.3. In
Sec. 7.4, criteria to select as much signal events as possible while achieving a high background
rejection are given, followed by the description of additional methods to obtain background
expectations in Sec. 7.5. A data driven method is introduced to cover background contributions
from misidentified signatures. Additionally, a procedure to extrapolate background estimates to
the high mass region is described. Afterwards in Sec. 7.6 the effects of systematic uncertainties
are studied. In Sec. 7.7 measured data is compared to the estimated background. Distribu-
tions of quantities which are not sensitive to the signals are considered first to ensure a good

background modeling.

7.1 Strategy and Signal Model

The invariant mass (my,) spectrum of decay objects originating from a new particle is a good
handle to discriminate between the background-only and the signal-plus-background hypothesis.
In case the mass of the new particle is in the same energy range as the center of mass energy of
the colliding partons, it manifests itself as a resonance in the invariant mass distribution of the
decay products (see Sec 2.5). Here, one of the decay particles considered is a neutrino v. Only
its momentum projection on the plane transverse to the beam-axis can be indirectly measured
by exploiting its relation to the missing transverse energy E%iss. For a precise reconstruction the
detection of all particles produced at the primary vertex within the acceptance of the detector

is required (see Sec 4.4). Since kinematic properties of the neutrino in beam direction are not
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accessible, the transverse mass mr is used as a sensitive variable in this search. The transverse
mass - defined in Eq. 7.1 - uses the three momenta projection to the plane transverse to the

beam-axis as input and is strongly correlated to the invariant mass my,.

mr = \/ZpTJpTW (1 —cosAd) = \/2pT71E$iSS (1 —cosAd) (7.1)

Here, pr, is the transverse momentum of the charged lepton and pr, of the neutrino, which

can be approximated by the missing transverse energy ERISS,

7.1.1 Signal Process and Shape

The expected signal shape % can be described by the functional form of a Jacobian peak at

the W/-mass myy given by Eq. 7.2. Similar to the resonant shape expected in the invariant
mass distribution of the lepton neutrino pair, a sharp edge at the W’ mass is visible. The low
mass tail on the other hand is very pronounced. The transverse mass of the neutrino-lepton
pair is only close to myys in case two requirements are fulfilled. On one hand for high mass
hypotheses, the W’ boson is produced with a small momentum compared to its mass, in which
case the decay products are decaying approximately back to back, leading to an opening angle
of A¢ = m. On the other hand the decay must take place in the plane transverse to the beam-
axis. The finite width of the decay leads to a few signal events with transverse masses above
this edge. However, both of these effects increase the contribution to the low transverse mass

tail leading to an asymmetrical signal shape.

2

dN mr 2_<m;/)
dm %mz 2 (7.2)

)

mwl

Additionally, the distribution of the parton-parton luminosity leads to an amplification of the
low mass tail. This effect impacts the invariant mass of the decay products and therefore
translates to the transverse mass distribution. It becomes more dominant for signal hypotheses
with high W’ masses, due to the falling Bjorken x-distributions described by the PDF sets
and the fact that the probability to find partons with sufficient energy is more unlikely in this
region. Fig. 7.1 shows the invariant (a) and transverse (b) mass distributions for several signal
mass hypotheses. For shape comparisons the area of each distribution is normalized to one. In
the invariant mass distribution mj, the characteristic Breit-Wigner peak is visible as well as
the low mass tail originating from the parton-parton luminosity distribution. This tail is more
pronounced for high mass hypotheses. The transverse mass distribution mt shows the structure
of an Jacobian peak. This includes a sharp edge at the mass of the W’ boson and large tails

toward low masses.
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FIGURE 7.1: Invariant (a) and transverse (b) mass distributions on generator level for several
mass hypotheses. Each histogram is normalized to its area for shape comparisons.

7.1.2 Signal Simulation

The aim of the analysis is to cover a wide range of hypothetical pole masses. The necessary
signal samples are created by re-weighting a sample which is generated with a flat transverse
mass distribution. This approach assures good statistics over the transverse mass range probed
by this search. The sample is produced at leading-order (LO) using PYTHIA8.183 [131] and
the NNPDF2.3 [132] PDF set. PYTHIA takes care of the parton showering and hadronization,
while the final state radiation is modeled by PHOTOS [133]. Couplings of the W’ boson are
assumed to be identical to the ones of the SM W. Despite this interference effects to the SM W
have been neglected to stay more model independent. The mass distribution is at first order flat
and obtained by removing the Breit-Wigner term from the event generation of the W’ signal
samples, which leads to a continuously falling spectrum. To counteract the decreasing behavior,

the square of the matrix-element is divided by an m;, dependent function.

Such a sample is generated for both search channels - W/ — ev and W’ — pv - while allowing the
decay W' — tb, given a boson mass that does not suppress this. Due to the presence of the top
quark it is also selected by the signal selection. Additionally, the mode W/ — 7v, — evev, v,
contributes dominantly at low transverse masses. In case neutrinos are emitted in opposite
directions, the event has low ErTrliss and therefore low transverse mass. This decay is neglected
in the analysis since the focus is to have a narrow resonance as signal. The weight applied to
an event is given by the cross-section ratio of the desired signal with fixed pole mass oy and

of the flat samples 0q,¢ at the charged lepton-neutrino invariant mass my, in each event.

Additionally, two benchmark signal samples, using the same setup for generation, with fixed
pole masses of 4 and 5 TeV have been generated in each channel to validate the re-weighting
procedure. Tab. 7.1 gives the signal cross-sections of the considered model in both channels for

three pole masses - 3 TeV, 4 TeV and 5 TeV. The mass difference between the electron and muon
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process | pole mass | 0 x B [fb]

3 TeV 114
W' — ev 4 TeV 1.8

5 TeV 0.4

3 TeV 114
W' — uv | 4 TeV 1.8

5 TeV 0.4

TABLE 7.1: Signal cross-sections of the W’ boson decay for each channel considered at pole
masses of 3, 4 and 5 TeV using PYTHIA8.183 as generator and the NNPDF2.3 PDF set.

is negligible compared to the pole mass of the W’ bosons probed by this search. Therefore the

signal cross-section depends almost exclusively on the pole mass and not on the decay channel.

Fig. 7.2 shows the mt distribution of the flat sample and the signal templates obtained using
the re-weighting procedure for pole masses of 4 and 5 TeV in the muon channel. The analog
distributions in the electron channel are identical since the mass difference between the electron
and the muon is negligible compared to the W’ masses considered. Additionally, the distri-
bution of the validation samples are shown. The distributions obtained by re-weighting agree

with the explicitly generated samples within statistical uncertainties, validating the procedures

functionality.
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FIGURE 7.2: Transverse mass distribution of the flat signal sample (black line), the validation
signal samples with mass hypotheses of 4 and 5 TeV and the signal templates obtained by
re-weighting for comparison. The muon channel distributions are shown. All spectra are scaled
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7.2 Background Processes

In this section relevant background processes with correctly identified leptons in the final state

are discussed. Contributions of misidentified signatures will be discussed in Sec. 7.5.1.

7.2.1 Charged Current Drell-Yan

The dominant irreducible background contributions is the high mass charged current Drell-Yan
process. Its tree level Feynman diagram is displayed in Fig. 7.3. A quark anti-quark ¢g pair
annihilates to a W boson, with mass myy = 80.379 GeV [18], decaying into a charged lepton
and a neutrino. Therefore the contribution of this process in the transverse mass distribution
peaks around this value. Only events with high transverse mass contribute to the background

since the search region starts well above 100 GeV (mt 2 150 GeV).

q \%i

q I

FIGURE 7.3: Leading order (LO) Feynman diagram of the charged current Drell-Yan process
decaying leptonically. The charged conjugated process contributes to the total background as
well.

The cross-section times branching ratio of these processes is in the order of O(10nb) for a
positively charged W boson as well as the negatively charged one. Here, the decay into the
selected charged lepton W — e/p v as well as the subsequent decay viaa 7 (W — tv — e/uvvv)

is included.

Specific new physics models introduce a left-handed W’ boson resulting into interference effects
between the signal and charged current Drell-Yan process. These effects are not considered in
this search to be more model independent. Studies show that when including these into the
shape of the signal the sensitivity for this specific model increases. A negative interference
slightly below the W’ mass leads to sharper shapes which give more discrimination power to
the background-only hypothesis [134][135].
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7.2.2 Neutral Current Drell-Yan

The leading-order (LO) Feynman diagram of the neutral current Drell-Yan process is shown in
Fig. 7.4. A Z/~4* is produced by ¢¢ annihilation and decays into a pair of oppositely-charged
same flavor leptons [T]~. The fact that there are two charged leptons and no neutrino in the
final state gives a good handle to reduce the background contribution in the selected region.
Considering the decay into electrons or muons, a lepton leaving the experiment undetected
results in missing transverse energy strongly correlated to the pr of the lepton. The E%iss
created this way has a non-vanishing opening angle to its reconstructed lepton partner, due
to the mass of the Z. This results in a high transverse mass and the same signatures in the
detector as the signal process. Similar to the charged current Drell-Yan the contribution of this
background is expected to peak below the search region at the mass of the Z boson around
myz = 91.1876 GeV [18].

q I~

q I

FIGURE 7.4: Tree level Feynman diagram of the neutral current Drell-Yan process decaying
leptonically.

Additionally, the process with a 777~ pair in the final state contributes to the total background
via W boson decays. 7 leptons that decay leptonically lead to a final state of a muon or electron
and two neutrinos, while the hadronic decay results in pions. The LO Feynman diagrams of
these decays are shown in Fig. 7.5. Due to this, the combination of one hadronically and one
leptonically decaying 7 lead to exactly one charged lepton and E%iss. Since the charged lepton
is originating from a secondary vertex, criteria on the distance of the extrapolated track to the
beam line - the track impact parameters - give suppression power. However, on average, the
produced charged lepton has low energy compared to the ones of other processes. In addition the
missing transverse energy is composed of the vectorial sum of transverse momenta of multiple
neutrinos - which introduces cancellation effects. Thus, the background is expected to peak
at even lower masses, leading only to a small contribution to the total background. The total
cross-section of the neutral current Drell-Yan process, including the decay into the selected
lepton type (electrons or muons) - Z — [T]~ - and the subsequent decay via 7 leptons, is in the

order of a few femtobarn [18].
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FicUure 7.5: LO Feynman diagrams of 7 decays. 7 leptons decay via a W boson which then
decays leptonically or hadronically displayed in (a) and (b).

7.2.3 Top Quark Production

Top quarks decay almost exclusively into a W boson and a bottom quark. These W bosons
can then decay either leptonically or hadronically. The tree level Feynman diagrams of the top
quark decay are shown in Fig. 7.6. Due to the leptonic decay channel all processes in which at

least one top quark is produced contribute to the background.

\%i q

(a) (b)

FI1GURE 7.6: LO Feynman diagrams of top quark decays. Top quarks decay into a b quark and
a W boson, which then decays into leptons or quarks as displayed in (a) and (b).

The top anti-top production via the strong interaction has the highest cross-section and thus
largest contribution. Its Feynman diagrams are shown in Fig. 7.7. One top decaying leptonically
gives the selected signature of one lepton and missing transverse energy. In case both top quarks

decay leptonically, one lepton might not pass all quality criteria or leave the detector undetected.

Top quarks can also be produced alongside a W boson or other quarks. The cross-sections of
these processes are low and give therefore only small contributions to the total background. LO

Feynman diagrams of the production of a top quark in association with a W boson are shown
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FiGure 7.7: LO Feynman diagrams of the strong production process of a top anti-top quark

pair.

in Fig. 7.8. The mechanism how each final state enters the signal selection follows the one given

previously for tt processes.

A 4
~
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(a) (b)

FIGURE 7.8: LO Feynman diagrams of top quark production in association with a W boson.

The top production processes in association with lighter quarks are displayed in Fig. 7.9. These

processes enter directly the signal selection.

Considering the sum of all cross-section times branching ratios of the processes including top

quarks the total cross-section of these background contributions is in the order of O(1nb) [18].
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FIGURE 7.9: LO Feynman diagrams of top quark production in association with lighter quarks.

7.2.4 Diboson Production

Two electroweak bosons can be produced simultaneously. These processes might enter the

signal selection since each of their final states can include muons or electrons. The production

processes via quark exchange have the highest cross-section and are shown in Fig. 7.10.

In

addition two electroweak bosons can be produced by a charged triple gauge coupling displayed

in Fig. 7.11.

FIGURE 7.10: LO Feynman diagram of the production of two electroweak bosons by quark
exchange.

(a) (b)

FI1GURE 7.11: LO Feynman diagrams of the production of two electroweak bosons via a charged
triple gauge coupling vertex.
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The combined cross-section of these processes is low compared to the one of previous discussed
background processes and in the order of @(10~!nb) [18], which is the reason why diboson

production gives the smallest contribution to the background considered.

7.2.5 Background Simulation

In the following details about the setup, which was used to produce MC samples for the back-
ground estimation, are given, starting with the most relevant processes. In App. A.1 there is an
overview over all MC samples used, including their generator cross-section, number of events

and the corresponding generated integrated luminosity.

Charged Current Drell-Yan The simulation of the dominant charged current Drell-Yan
(CCDY) background process uses for the hard scattering matrix element POWHEG-BOX v2 [136]
in combination with the CT10 PDF set [137], while PyTHIA 8.186 [131] is used for the modeling
of the parton shower and hadronization. QED final state radiation effects are incorporated using
PHOTOS [133]. The total background estimate is obtained by combining 18 samples which
are generated in different mass windows of m, between 120 GeV < my, < 5000 GeV as well as
an inclusive sample describing the on-shell production. This procedure ensures low statistical
uncertainties in the whole search region. There are in total six sets of samples - one for W as

well as W™ and each lepton generation.

The matrix element used within POWHEG-BOX V2 for the initial simulation is calculated at
NLO. On top of that, corrections in the form of event weights are applied to correct the under-
lying cross-section to incorporate NNLO QCD effects. These are derived using VRAP [138].
Additional corrections [139] to account for electroweak effects beyond QED final state radiation
- for example ISR and ISR/FSR interference effects - are obtained using MCSANC [140][141].

Neutral Current Drell-Yan The simulation of neutral current Drell-Yan processes with
charged leptons in the final state are produced using the same configurations and programs
as the dominant charged current Drell-Yan process. All corrections discussed in the previous
subsection in case of the CCDY background are obtained analogously and applied in the same
way. To obtain sufficient statistics in the tail of the mass distribution with reasonable computing
consumption the samples are again generated in multiple dilepton mass (my) intervals. Three
sets of samples are considered, one for each lepton generation. The same window sizes have

been chosen in the MC sample production.
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Top Quark Processes As discussed in Sec. 7.2.3, top quarks decay dominantly into a bottom
quark and a W boson. Each production process detailed previously is simulated separately -
top anti-top pair production, single top quark production as well as top quark production in
association with a W. In the generation of each of these samples POWHEG-BoX v2 [136] in
combination with the CT10 PDF set [137] is utilized for the hard scattering process. The
matrix elements consider QCD effects up to NLO. Particle decays, hadron shower and parton
shower are simulated with PYTHIA 6.428 [142], while PHOTOS [133] is used for the influences
of QED FSR.

To save computing consumption events with no lepton in the final state are filtered out directly

after event generation.

Diboson Production The simultaneous production of two electroweak bosons (ZZ, WZ,
WW, W+) constitute the smallest background fraction. These processes are simulated with
SHERPA 2.1.1 [143] on NLO in QCD. For this the CT10 PDF set [137] is used. SHERPA is also
simulating effects of parton shower, hadronization, particle decays and QED FSR. A unique
feature of these samples is that in contrast to previously discussed processes, the final state is
defined and not the specific intermediate process. For this search samples with the following

final states have been used: [lll, lllv, llvv, lvvv, lvqq and llqq.

7.3 Data Sample

The data set analysed was recorded by the ATLAS experiment in 2015 and 2016. During record-
ing the LHC was delivering proton-proton collisions at a center of mass energy of /s = 13 TeV.

An integrated luminosity of 36.1 fb~! of data was recorded.

Events for this search were recorded in case a single high energy electron or muon has been
identified.

For the electron channel a set of triggers is used for data collection. Their configuration changed
in the 2016 data taking period with respect to runs in 2015, which is the reason why a different
combination of triggers is required each year. The set used in 2015' contains three setups with
lower pr thresholds of 24 GeV, 60 GeV and 120 GeV. In 2016 only two triggers? were used
with pt requirements of > 60 GeV and > 140 GeV. No isolation and two efficient identification

working-points are used on the trigger level (see Sec. 4.3.1.2).

1e24 Thmedium_L1EM20VH, e60_lhmedium, e120_lhloose
2660_lhmedium, e140_lhloose
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Events recorded for the muon channel were selected by a single trigger requiring a muon can-
didate with pp > 50 GeV. This trigger was active in both years of data taking and is therefore

used for the whole data set studied in this channel.

Good data quality is ensured by vetoing events in which problems in any relevant detector com-
ponents have been reported. This includes events with noise bursts in one of the calorimeters
since those might give an energy deposition which can be mistaken as a particle in the detector.
The traversing of high energy charged particles through electronic modules can cause malfunc-
tioning of the SCT detector. Additionally, while running, parts of the trigger system need to
be restarted. Data taking periods in which one of these problems occur are not considered in

this analysis.

Fig. 7.12 shows the cumulated integrated luminosity which was delivered by the LHC as well as
the fraction which has been recorded by the ATLAS experiment against time. (a) corresponds
to the year 2015 and (b) to 2016.
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FIGURE 7.12: Cumulated integrated luminosity against time in 2015 (a) and 2016 (b). The

green histogram shows the luminosity delivered by LHC and the yellow one the fraction recorded
by ATLAS. [129]
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7.4 Signal Selection

This discussion of the signal selection is divided into two parts. First requirements on the
objects considered per event are detailed for each channel. Afterwards criteria on event level

quantities are described.

7.4.1 Electron Channel Object Selection

Electron candidates need to be reconstructed in the central region of the detector. The inner
detector coverage extends up to |n| = 2.5. Selected candidates are required to have |n| < 2.47 to
ensure that both the track in the inner detector and the energy deposition in the calorimeters
are recorded in their entirety. Electrons detected in transition regions 1.37 < || < 1.52 between
calorimeter end-caps and barrel are rejected due to poor energy resolution. There are multiple
measurements of the pseudorapidity of each particle by different detector components. Since

the aforementioned cut is made on the calorimeter n, this value is used subsequently.

FElectron candidates must have a transverse momentum of more than 65 GeV. This value is
chosen to be 5 GeV higher than the lowest trigger threshold used in 2016 to ensure a good
trigger efficiency. Trigger perform worse close to the threshold due to a less precise energy

reconstruction on trigger level.

Additionally, tracks of electron candidates have to pass a requirement on the significance of
their transverse track impact parameter do. The dg-significance oq, is given by the distance of
the track to the beam line in the R — ¢-plane divided by its uncertainty combined with the
beam spot uncertainty. It is required to be lower than five. This cut verifies that the electron
candidates originates from the primary vertex and rejects most of the electrons coming from
secondary decays. The impact of a cut on the longitudinal track impact parameter zg has been
studied. The efficiency was low in comparison to the gain in background rejection which is the

reason why this requirement is neglected in the electron channel.

Furthermore, the identification criteria of the [hTight working-point and Gradient isolation
is required to be fulfilled by electron candidates. More details on identification and isolation

algorithms are given in Sec. 4.3.1.2 and Sec. 4.3.2.

7.4.2 Muon Channel Object Selection

Combined (CB) muons are used as muon candidates. Algorithms used for their reconstruction
were discussed in Sec. 4.3.3. The detector acceptance in which muon candidates are reconstruc-

ted is limited by an explicit requirement of [n| < 2.5. However, effectively only events with
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a muon candidate up to absolute pseudorapidities of 2.4 are selected due to the limited muon

trigger chamber coverage.

The transverse momentum of selected muon candidates is larger than 55 GeV. This is again

motivated by the fact that triggers perform worse near their momentum threshold.

The requirements on the track impact parameters of muon candidates are stronger compared
to the ones for electron candidates. This helps to reject candidates from secondary vertices
and additionally suppresses the muon background originating from cosmic rays. The criteria of

reconstructed track impact parameter quantities are |sin® - zg| < 0.5 cm and oq, < 3.

Muon candidate reconstruction with good energy resolution is challenging at high transverse
momenta. The highPt muon identification algorithm was optimized for high energy muon
candidates in the detector and is used in this analysis. An isolation requirement is imposed as

well using the working-point LooseTrackOnly.

7.4.3 Event Level Selection

Events passing either the muon channel or electron channel object selection have to pass addi-
tional requirements to reduce the background contamination. Since there is exactly one charged
lepton selected in the final state of the LO signal process, events containing more than one are
vetoed. This cut significantly suppresses contributions from the neutral current Drell-Yan pro-
cess and tt production. To count additional leptons a second object selection for muon and
electron candidates with higher selection efficiency is used. The minimal pr required is lowered
to 20 GeV for these leptons due to the fact that the selected high energy signal lepton is sup-
posed to activate the trigger. Identification working-points with lower background rejections are
used. For electron candidates [hMedium identification and for muon candidates the medium

selector working-point are used.

Criteria on E%iss are applied symmetrically to the transverse momentum requirement in each
channel. This results in the selection of events with ER > 65 GeV in the electron and
ELiss > 55 GeV in the muon channel. In theory most of the W’ bosons are produced with low
transverse momenta resulting in an event topology leaning toward a symmetric pp distribution
of the decay products. This criterion removes large parts of the charged current DY background.
Its contribution is peaking around E%iss =40 GeV. However, the final state of this background
is identical to the one of the signal process, resulting in the fact that the high mass tail of the
peak is an irreducible background in the signal region. Combined with the additional lepton veto
discussed previously, this cut greatly suppresses tt events. The case of both W bosons decaying
leptonically is covered by the additional lepton veto, while the majority of semi-leptonically

decaying tt pairs will fail the E%iss requirement.
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Finally, the selected signal lepton and E%iss must have a combined transverse mass larger than
twice the pr thresholds. This gives the requirements mp > 130 GeV and mt > 110 GeV in the
electron and muon channel, respectively. The additional suppression of background processes
with W bosons given by this cut is comparably low after having already applied a cut on
E%iss. However, missing transverse energy can be created by particles leaving the experiment
undetected. This leads to an imbalance in the event resulting in additional missing transverse
energy. The transverse mass requirement favors a large opening angle Ad)“%iss between the

lepton and the direction of the E%iss in the transverse-plane. This ensures a signal-like event

topology.

7.4.4 Selection Acceptance and Efficiency

The signal selection has been defined to select the largest fraction of signal events while simul-
taneously suppressing reducible background as much as possible. Tab. 7.2 and Tab. 7.3 show
the selection acceptance and efficiency for each cut applied for a signal with 4 and 5 TeV pole
mass for the electron and muon channel separately. Each value listed is calculated with respect
to the amount of events passing the previous cut. The requirements limiting the acceptance
of the selection are the implicit and explicit n requirements on the leptons as well as to some

extent the criteria imposed on the candidates pt and the events E%‘iss and mr.

electron channel criteria W' — ev (4 TeV) ‘ W' — ev (5 TeV) ‘
event cleaning 100.0% 100.0%
detector level primary vertex 100.0% 100.0%
trigger 88.4% 82.8%
pseudorapidity 99.2% 99.1%
pr > 65 GeV 96.3% 95.9%
lepton level do-significance 99.8% 99.8%
identification 92.6% 92.7%
isolation 98.9% 99.3%
additional electron veto 99.9% 99.9%
event level additional muon veto 100.0% 100.0%
ET™ > 65 GeV 99.3% 98.8%
mt > 130 GeV 99.8% 99.8%

total selection efficiency \ 76.6% \ 71.2% ‘

TABLE 7.2: Selection efficiency of the electron channel signal selection given for each cut
separately with respect to the ensemble of events passing the previous requirement. Values are
listed for mass hypotheses of 4 and 5 GeV.

Both tables show that every requirement requested lets most of events with signal-like topology
pass given a high pole mass. Most signal events are rejected by the inefficiency of the trigger
used with 88.4%(82.8%) - for a 4(5) TeV pole mass - in the electron and 70.1%(67.4%) in the

muon channel. The lower efficiency of the trigger and pt requirements for higher pole masses
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’ muon channel ‘ criteria W' — uv (4 TeV) \ W' — uv (5 TeV) ‘
event cleaning 100.0% 100.0%
detector level primary vertex 100.0% 100.0%
trigger 70.1% 67.4%
combined muon 100.0% 99.9%
pr > 55 GeV 99.0% 98.5%
lepton level selector cut 80.6% 80.5%
dg-significance 99.6% 99.7%
Z0 98.7% 98.5%
isolation 99.4% 99.5%
additional muon veto 99.9% 99.9%
event level additional electron veto 98.3% 98.6%
ET™ > 55 GeV 99.5% 98.9%
mr > 110 GeV 99.8% 99.7%

total selection efficiency ‘ 53.3% \ 50.6% ‘

TABLE 7.3: Selection efficiency of the muon channel signal selection given for each cut separately
with respect to the ensemble of events passing the previous requirement. Values are listed for
a mass hypotheses of 4 and 5 GeV.

can be explained by the larger fraction of off-shell W’ bosons being produced which populate
the low mT tail. Other notable rejections are introduced by the identification algorithm and pt
cut of the electron channel. Similar to the electron channel, the identification criterion of muons
imposed by the selector tool give the largest inefficiencies besides the trigger. All remaining cuts
have an efficiency around or above 99% leading to a total selection efficiency of 76.6%(71.2%)
in the electron and 53.3%(50.6%) in the muon channel.

Fig. 7.13 displays the product of acceptance and efficiency of the electron and muon channel
signal selection against my,. For low mass hypotheses cuts on pr, E%ﬁss and m7 limit the
acceptance of both channels’ selection, leading to values below 0.2 for a pole mass of 150 GeV.
Afterwards, the curves are increasing steeply, reaching their maxima for pole masses between
1 and 3 TeV. The highest value in the electron channel is 0.8 and in the muon channel 0.5.
The explanation for the difference in signal efficiency is the identification requirement. Criteria
imposed on the muon candidates are very strict and candidates which are detected in not
perfectly aligned parts of the detector are vetoed due to potential momenta mis-measurements.
The energy measurements for electron candidates is done using the calorimeter system which
performs better at high energies. Additionally, a worse trigger efficiency of muons due to an
incomplete detector coverage is leading to this observation. Toward high pole masses a small
decline can be observed. This can be explained by the fact that a larger fraction of the W’
bosons are produced off-shell populating the low mass tail (see Sec. 7.1.1). Thus, the pr, E%ﬁss

and mt cuts become gain relevance again.
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FIGURE 7.13: Product of detector acceptance and selection efficiency for the electron (blue solid
line) and muon channel (red dashed line) against W’ mass. Each product value is obtained by
the ratio of integrals over the transverse mass distribution on generator and reconstruction level.

7.4.5 Cut Flow

Tab. 7.4 and Tab. 7.5 list the number of events measured in data passing each selection criteria
in the electron and muon channel. Additionally, the corresponding number of events expected
as background (see Sec. 7.2.5) is listed. Background contributions of mis-identified signatures,
the so-called fake or QCD background, are not included. The number of background events are
scaled to the integrated luminosity measured in data Li,; = 36.1fb~! and corrections are applied
on an event-by-event basis. However, corrections accounting for deviations in experimental
efficiencies between data and simulation are not included. For each selection step previous to
the additional lepton vetoes, it is not unambiguous which corrections should be applied, since

most of them are calculated with respect to each lepton candidate’s properties.

The final numbers of events selected in each channel, shown in the last row of the corresponding
table, have similar orders of magnitude. One has to consider the fact that the fake background
is not included for the background numbers and that an excess observed in data here does
not necessarily need to be signal-like. The starting numbers - at the GRL requirement - are
lower for the background contributions compared to the data. This is expected due to the fact
that background numbers are determined only considering contributions from processes with
real leptons in the final state. The numbers listed for data on the other hand are obtained
from a sample containing entries from misidentified events. Here, the background rejection of
the selection is more clearly visible due to the less clean initial sample of events considered.

The large difference between the initial electron channel and muon channel is introduced by
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the different requirements applied when creating the input files® (see Sec. 3.4). When creating
the input files for the electron channel all events which do not contain at least one electron
candidate with pt > 60 GeV are rejected while for the muon channel this requirement on the
muon candidate is loosened to pt > 50GeV. This explains why there are roughly twice the

number of events in the muon channel compared to the electron channel, considering the falling

spectrum of the lepton candidates pr.

electron channel cut data background
GRL 52597554 | 27491683
detector level event cleaning 52597554 | 27491683
primary vertex 52597554 | 27491683
trigger 34366643 | 21487580
pseudorapidity 34171449 | 20011530
pT > 65 GeV 25114055 | 15617102
lepton level do-significance 24638919 | 15560798
identification 18671614 | 14929642
isolation 17420091 | 14720064

additional electron veto | 15809803 13112746

additional muon veto 15686829 12979591
E%ﬂss > 65 GeV 2071452 1886193
mt > 130 GeV 806849 756618

event level

TABLE 7.4: Number of events passing each criteria in the electron channel signal selection. The

number in the background column only include contributions from processes estimated with a

Monte Carlo simulation. An event is fulfilling each object level criteria if it contains at least
one lepton candidate passing the requirement in question.

muon channel cut data background
GRL 114198117 | 53594214
dotector lovel event cleaning 114198117 | 53594214
primary vertex 114198117 | 53594214
trigger 79371952 40124865
combined muon 79197071 40110512
pT > 55 GeV 53030256 27345611
lepton level selector cut 42569787 23032718
do-significance 32443894 22801032
Z0 32302122 22705804
isolation 23875064 22575672

additional muon veto 20423114 19148852
additional electron veto | 20305526 19019055
ERiss > 55 GeV 4260111 3775157
mr > 110 GeV 2149932 1996647

event level

TABLE 7.5: Number of events passing each criteria in the muon channel signal selection. The

number in the background column only include contributions from processes estimated with a

Monte Carlo simulation. An event is fulfilling each object level criteria if it contains at least
one lepton candidate passing the requirement in question.
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7.5 Background Estimation

In this section methods used to estimate background expectations - other than MC simulation -
are discussed. Details on MC simulations, tools and generators used are given in Sec. 7.2.5. The
data driven method used to derive a background estimate of events with misidentified lepton
candidates is detailed in the following. Furthermore, the high mass extrapolation procedure
conducted on background estimates which suffer from low statistics in the high mass tail is

introduced.

7.5.1 Fake Background Estimation

For the determination of the background, which consists of events with as leptons misidentified
objects, the data driven Matrix Method is used. In contrast to other background contributions
the direct use of a Monte Carlo simulation is not practical. On one hand the modeling of
properties and distinctive variables to identify leptons are not well modeled in Monte Carlo.
On the other hand large amounts of events must be simulated to get sufficient statistics in the
signal region. This is explained by the fact that the rejection of the signal selection on this
background is strong by construction. The use of a data driven method saves computing time

and gives a more reliable result.

7.5.1.1 The Matrix Method

The underlying idea of the Matrix Method is to lower the rejection of lepton identification
and isolation criteria and measure efficiencies for objects reconstructed in this larger sample to
also pass the signal selection. The amount of events selected in both identification categories,
combined with the efficiencies for real and fake reconstructed leptons, give a handle on the num-
ber of background events in the signal region originating from misidentified signatures. In the
following discussion lepton candidates passing the object selection with loosened identification
criteria are named loose-leptons and the ones passing the signal object selection are denoted as
tight-leptons. The sample of events passing the additional event level criteria are given by Ny,
in case loose-leptons, and by N7 in case tight-leptons are used in the object selection. The real
and fake efficiency - r and f - are given by the transition probabilities of real and so-called fake
leptons which pass the loose object criteria to also fulfill the tight requirements. Eq. 7.3 gives
a relation between the ‘true’ amount of events which include a real lepton that is selected Ng,
the amount of events including misidentified lepton signatures Ng, and the quantities Ny and
Nrp. Due to the fact that the ensembles Nr and Np are defined in an exclusive way, Np must

not be a subset of Nj. This leads to the additional requirement that events in N;, must fail the
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)=(5 5 ) &
NL 1—r 1—f NF

The total background in the signal region is represented by Ny and (using Eq. 7.3) given by

tight object selection.

Npr =rNp+ fNp. (74)

While the contribution of processes with real leptons in the final state r Ng is estimated using a
Monte Carlo simulation described in Sec. 7.2.5 the fake background contribution fNp depends
on the not directly measurable quantity Ng. To get an expression of N in terms of measurable

quantities Ny and Ny, the matrix shown in Eq. 7.3 is inverted. This leads to the following

Ne) _ 1 1—f —f\ (Nr
(NF>_7"(1—f)—f(1—r)<T_1 f)(NL>. (7.5)

Using Eq. 7.5 the background including misidentified objects N:,]:ake in the signal selection can

relation

be written as

Nq{ake — fNp = TJirfNL + JHNT, (7.6)

The negative term is proportional to N and considers the case of real leptons not being identi-
fied properly. These cancellations are embedded in the method itself and result in the fact that
a considerable difference between the values of f and r is necessary to derive stable estimates
with low statistical uncertainties. In practice it is studied for each event if it passes the specific
requirements to enter Ny or Np and the weight corresponding to the coefficients in Eq. 7.6 is
filled into histograms. Low weights and a large number of selected events are needed to obtain a
stable estimate. The number of events selected in Ny, increases with larger background rejection
differences between loose and tight. Additionally, similar values of f and r lead to high weights

since their difference is in the denominator of both coefficients.

The real and fake efficiency -  and f - can be estimated using data and a Monte Carlo simulation.

They are given by the ratio of the number of real respectively fake tight leptons (Nt’;z% Ng;;,’ff )

over the the total number of real or fake loose leptons (N2 N lJ;Z]::) as shown in Eq. 7.7. In

contrast to the definitions of Ny and Np, the samples described by quantities with index loose

are a subset of the corresponding ones with index tight.

real fake
"= Nreal - Nfake )
loose loose
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7.5.1.2 Electron Channel

The tight lepton selection is using the same object criteria used in signal selection. In the
electron channel for the sample of loose leptons no isolation requirement is imposed in contrast
to the signal selection. Furthermore, electrons candidates with pt < 145 GeV the [hMedium
identification working-point and for candidates with pt > 145 GeV the [hLoose working-point
is used. The usage of the [hLoose identification leads to lower fake efficiencies f compared to
the [hMedium identification while the impact on the real efficiency r is orders of magnitude
smaller and thus leads to a more stable estimate in the high mass tail. In the low pt region the
IhM edium working-point is used to avoid biases introduced by the identification requirement

imposed by the trigger in this kinematic region.

Real Efficiency The real efficiency r is given by the fraction of electron candidates which
are associated with a real electron in the loose selection passing the tight selection criteria as
shown in Eq. 7.7. It is determined using the charged current Drell-Yan simulation. Candidates
are matched with real electrons at generator level by requiring the angular distance AR to be
smaller than 0.1. The real efficiency is shown in Fig. 7.14 against the lepton candidates’ pt in
different pseudorapidity intervals. It is higher than 90% over the range with a slightly decreasing
behavior when going from the central to the end-cap region of the detector. Overall an expected

symmetry between positive and negative pseudorapidities is observed.
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FIGURE 7.14: Electron candidate real efficiencies against pr in different n intervals. (a) displays

the efficiency for candidates with pt < 145 GeV using lhMedium identification in the loose

selection, while (b) shows the efficiency for candidates with pp > 145 GeV using lhLoose
identification.
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Fake Efficiency The fake efficiency is the probability for candidates reconstructed from sig-
natures, which are not created from an initial electron, passing the loose selection to also pass
the tight selection. This efficiency can not be reliably determined in simulation since the com-
position of the object ensemble which fake electron candidates is hard to estimate and mostly
unknown. This is the reason why the object samples used in the determination are selected
in data by imposing requirements to suppress the contribution of real electrons. In most cases

these are produced in electroweak boson decays.

To suppress electrons produced by W boson decays, the missing transverse energy is required
to be lower than 55 GeV. This cut is also chosen to avoid overlap between the selected sample
and the signal region. Additionally, events with two electron candidates passing the [hLoose
identification requirements and pt > 20 GeV, whose combined invariant mass is in a 20 GeV
window around the Z peak are rejected. This suppresses electrons coming from on-shell Z
decays. Off-shell decays are taken care of by vetoing events containing more than one electron

candidate passing the [hM edium identification.

Even after applying these cuts the contribution of candidates created by real electrons is not
negligible in the selected samples. Therefore, the contribution is estimated by applying the
same criteria to simulated samples of all processes with real electrons in the final state. The

real electron contribution determined this way is subtracted before taking the ratio.

fake fake
f= N, tight,Data ~ Z N, tight, MC

~ arfake fake
Nloase,Data - Z Nloose,MC

(7.8)

Here, the sum over the samples describing different processes leading to electrons is taken and

the fake symbol implies that the criteria to suppress real electron contributions are applied.

Fig. 7.15 displays data as well as contributions of real electrons estimated with MC for each
process stacked against the candidates’ py. In (a) and (b) candidates with pp < 145 GeV are
shown for the loose and the tight selection. In (c¢) and (d) the analog distributions are depicted
for objects with high transverse momenta. Shapes present in data and real electron contributions
is very similar in each region. When considering equidistant pr intervals, falling spectra are
observed. The rise in the distributions in (c) and (d) are only due to binning effects. For
candidates with highpr the real electron contribution is around 25% in the loose selection and
60% in the tight selection. The identification working-point with higher background rejection
which is used in the loose selection for candidates with pr < 145 GeV leads to a high electron

contribution of approximately 65%. In the tight selection this value increases to 80%.
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FIGURE 7.15: Samples selected to determine fake efficiencies. Data and estimated real electron
contribution is shown for the loose and tight selection separately for low (pr < 145 GeV) and
high pr candidates (pr > 145 GeV) against their transverse momentum.

In Fig. 7.16 the fake efficiency is shown against the candidates n, the E%ﬁss in the event and

the angular distance A‘IDLE?SS of the candidate to the E%liss. The efficiency for candidates with

prT > 145 GeV is drawn in blue while the red points depict the efficiencies for candidates with

pr € [65 GeV,145 GeV]. Structures in n are introduced by the variation in material in the
detector. In A(I)LEr’_Fiss and ET only low pr candidates show significant dependencies. These

quantities are closely correlated to the event topology. Efficiency variations with E?igs are

problematic as this correlation can not be resolved, since the phase space, in which the fake

efficiency is determined, as well as the signal region are defined exclusively. However, the use

of ACIDLE?SS dependent fake efficiencies have been found to resolve this problem by providing

the desired event topology to a sufficient extent. Eq. 7.1 illustrates that small opening angles

between the lepton and the ET™® result in small transverse masses in most cases and vice versa.

Therefore, the fake efficiencies applied are candidates’ pt and ACIJLE%nss dependent.

Fig. 7.17 illustrates the fake efficiencies against candidates’ pr in different A@lEITniss intervals.

The opening angle steps shown are used in the determination of the fake background estimate.
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FIGURE 7.17: Electron candidate fake efficiencies against pr in different A®; pmiss intervals.
(a) displays the efficiency for candidates with pr € [65 GeV,145 GeV] while (b) shows the
efficiency for candidates with pr > 145 GeV.
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Uncertainty Estimation To get an uncertainty associated to the background estimate ob-
tained by this data driven method, several variations of the fake efficiency are determined. For
each of them a fake background estimate is determined and the envelope of these serve as an
systematic uncertainty. The luminosity value which is entering the fake efficiency through the
subtraction of real contributions is varied by 2.2% up and down, which is the uncertainty value
provided by ATLAS. Furthermore, cleaning cuts to suppress the real electron contribution are

varied - namely cuts to suppress events from Z — ee decays and a different set of E%iss cuts.
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FiGure 7.18: Fake efficiencies determined with variations in the procedure to estimate an
uncertainty on the fake background estimate. (a) and (b) show the fake efficiency depending
on the electron candidates’ pr, while (c) and (d) illustrate the A®; gmi. dependency. In the

left column candidates with pr € [65 GeV, 145 GeV] and in the right column candidates with
pr > 145 GeV are considered.

Fig. 7.18 displays these systematic variations of the fake efficiency against pr and A<I>Z7E%nss
separately for candidates with pr > 145 GeV and pr € [65 GeV, 145 GeV]. Varying the
determination procedure of the fake efficiencies leads to efficiency variations of up to 10% in
some phase space regions. The efficiency behavior against pr and ACDI’E?SS is at first order
unchanged for each variation. Not applying the requirement suppressing Z decays has the least
significant effect, while the variation of the E?iss interval and the uncertainty induced by the

normalization of the real electron are most relevant.
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In Fig. 7.19 the ratio between each variation and the nominal estimate is shown as a function of
mr. The largest deviation observed at low mr is at 15%. At high masses the variations rise up
to 40%. In this region an additional uncertainty is introduced by the extrapolation procedure
described in Sec. 7.5.2. The largest of deviations is induced by the variation of the real electron
contribution scaling as well as narrowing the El}‘iss interval to 0 < El}‘iss < 20 GeV. At low
E%iss the fake background is expected to have the largest contributions due to the composition
of events capable of faking electrons. Here events with low E%ﬁss with only jets in the final state
dominate. However, this effect will be counteracted in the signal region by requiring a minimal

E%liss of 65 GeV per event. These observations motivate a 15% relative uncertainty on the fake

background in the electron channel.
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7.5.1.3 Muon Channel

The dominant contribution to the muon channel fake background comes from jets which were
created by heavy-flavor quarks. It is very unlikely for a light-flavor jet to fake the signature of
a combined muon. Overall the fraction of the events containing fakes to the total background
estimate is expected to be smaller in case of the muon channel due to its more distinctive
signature. The tight lepton selection is given again by the signal selection, while for the loose
selection requirements the isolation criteria is removed since this gives the most discrimination

power to jets.

Real Efficiency The real efficiency is again determined using charged current Drell-Yan
Monte Carlo and identifying real muons using generator level information. Similar to the elec-
tron channel the requirement of an angular distance of AR < 0.1 between the reconstructed

muon candidate and a muon on generator level is applied for a candidate to be classified as real.

Fig. 7.20 shows the real efficiency in the muon channel against the candidates’ pr in (a) and
n in (b). The real efficiency is above 99% in the entire spectrum rising very close to 100% for
high transverse momentum. This is expected due to the high efficiency of the applied isolation
cut, which is the only cut distinguishing between the loose and tight object selection. The real
efficiency shows approximately flat behavior in n only indicating a slight decrease toward higher
absolute pseudorapidity values. The real efficiency used in the background determination is
obtained while only considering the candidates’ pr dependency. This is motivated by the high

uncertainties due to low statistics.
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FIGURE 7.20: Muon real efficiency against the candidates pr and n.
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Fake Efficiency The fake efficiency is determined in data by selecting a sample of objects
which fake the signature of muons. It is important to obtain a similar composition to that which

passes the signal selection.

The largest fake background contributions are expected at low E%liss. A criteria on the E%liss per
event is motivated similar to the electron channel. It is required to be smaller than 55 GeV to
stay exclusive to the signal region as well as to introduce some suppression of charged current
Drell-Yan events. Another dominant source of real muons in the data sample is the neutral
current Drell-Yan process. To suppress muons originating from on-shell Z decays, events with
two muons each passing the loose object selection and a relaxed pp cut (no isolation, pp >

20 GeV) which have a combined invariant mass m,,, within 25 GeV of the Z mass are vetoed.

The remaining cuts of the fake enriched sample selection aim to increase the contribution from
heavy-flavor jets. Signatures of b-jets, the most relevant objects contributing to the fake back-
ground in the muon channel, are characterized by a displaced secondary decay vertex. This
leads to increased track impact parameters. Additionally, muons in a b-jet are produced in
combination with neutrinos leading to E%iss parallel to the muons flight direction projected on
the transverse-plane. To account for this, candidates are required to have a non-vanishing d
significance 1.5 < 04, < 3. Furthermore, each candidate must be aligned to the E_l?iss in the
event by demanding a maximum angular difference of Ad pEmiss < 0.4. To increase the contri-
bution of heavy-flavor dijet production each event is required to have at least one additional jet

with pp > 40 GeV that is detected outside a cone around the muon candidate (AR, ; > 0.2).

The contributions of real muons which are not created within a jet are estimated similar to
the electron channel using MC simulation. Eq. 7.8 is used for the determination of the fake

efficiency.

Contributions of real muons are approximately 53% in the tight selection and 17% in the
loose selection. The statistics of the ensembles used to determine the fake efficiency is weaker
compared to the electron channel, which is the reason why the efficiencies correlations are only
studied in one dimension. The quality of the fake estimate is limited by this. However, this is

not problematic due to the low fraction this background contributes to the total background.

Similar to the procedure in the electron channel, cuts applied in the fake efficiency determination
are varied to estimate an uncertainty. Again, one way to vary the selection is to narrow the
ETiss interval considered (0 < ERISS < 20 GeV and 20 GeV < ERISS < 55 GeV) and to neglect
the Z veto. Additionally, the impact of not applying the high pr jet veto and the A@H’E?iss

requirement, as well as the usage of a smaller dy interval of 2 < oq, < 3 is studied.

Fig. 7.21 shows the fake efficiency dependency on the candidates’ pr (a) and 1 (b). The result of
the nominal selection procedure is displayed together with the previously discussed variations.

Fake efficiencies show a strong dependence on the candidates’ pp. At 60 GeV it is found to be
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0.15 rising to roughly 0.55 at 200 GeV. This can be explained by the fact, that jets containing
non-isolated muons or other objects which can fake muons have a more narrow signature. This
increases the probability of them passing the isolation requirement which is the only difference
between the loose and tight selection. A significant 1 dependence is also observed in (b). The
value of the fake efficiencies doubles toward high absolute 1 values compared to the central
region. This can be explained by the fact that muons in the central region of the detector need
to traverse less material before leaving their signature in the muon spectrometers. As stated
previously, limited statistics only allow a one dimensional binning. The pt dependence was
found to be most relevant considering the region of interest in this search, which is the reason

why it is considered in the fake background estimation.
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FiGUureE 7.21: Multiple fake efficiencies determined in order to estimate an uncertainty on

the fake background estimate in the muon channel. For this selection criteria imposed are

varied. (a) shows the fake efficiency against the muon candidates’ pr and (b) against the muon
candidates’ 1.

Fig. 7.22 illustrates the impact of each fake efficiency variation on the QCD background estimate
by displaying its ratio to the nominal one. The largest deviation observed is 50%. This motivates
the choice of a constant 50% relative uncertainty on this background contribution itself. Since
the contribution to the total background is small the uncertainty relative to the total background

is below 3% in the entire mass range.
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FIGURE 7.22: QCD background variation in % compared to the nominal estimate in the muon
channel. Each variation is determined using fake efficiencies obtained while varying the selection.

7.5.1.4 QCD Background Validation

The highest contribution of fake background events is expected at low mt and low E%iss. This
is explained by the fact that high E%iss in an event is usually created by a single high pr particle
leaving the detector undetected. In most cases, this is either a neutrino or a lepton leaving the
detector acceptance. Most events containing a misidentified lepton entering the signal selection
have high jet activity and low E%‘iss by pure chance considering the composition of all events
produced in collisions at a hadron collider. To identify hypothetical problems in the description
of the fake background, data to background comparisons are studied in the region defined by
the signal selection, but neglecting the E%ﬁss and mt cut. In the following, mainly contributions
of the QCD background and general agreement of data to background estimate is discussed.
A more in depth shape discussion of each variable is given in Sec. 7.7 when evaluating the

background modeling in the signal region.

Fig. 7.23 shows distributions of kinematic variables using the electron channel signal selection
without the requirement on mt and ErT“iSS. Angular distributions of the electron candidates
are shown in (a) and (b). The ¢ distribution is flat due to the homogeneous detector coverage
while the 1 distribution is almost flat in the barrel region of the calorimeter. Transition regions
between calorimeter barrel and end-cap (1.37 < |n| < 1.52) are excluded which is consistent
with the empty intervals. In the end-caps a falling behavior can be seen. The QCD background
contributes slightly more than 10% to the total background. A flat data to background ratio
is shown in the lower panels in the intervals corresponding to the barrel region indicating good

modeling there. Structures observed in the ratio at high absolute n values can be explained by a
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FIGURE 7.23: Lepton candidates’ ¢, 1, pr and E2IS as well as the A(I)I’E¥iss - between the
lepton and ER** - distributions obtained in the electron channel are shown, while not applying
the EZ** and mr cut defined in the signal selection. In each upper panel the measured data as
well as the background estimation are shown. Each background contribution is drawn separately
but stacked. The lower panel illustrates the agreement by showing the ratio between data and
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different binning used in the scale factor determination which was introduced in Sec. 4.3.2.1. The

electron pr distribution which is displayed in (c) has a steeply falling curvature. This is expected

considering that all leptons with pr > 65 GeV originate from the high tail of resonances. At
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high transverse momentum, the fake background becomes the dominant contribution to the
background. The ratio is flat and close to one over almost the whole range studied. At high
pr a slight overestimation of the fake background is visible. This effect originates from events
with low A(IDQE%]ES and therefore low mt - which are not entering the signal region. When mis-
identifying a jet as an electron the energy reconstruction leads to too low values in most cases
due to its energy calibration. This creates E%ﬂss in the direction of the candidates’ trajectory
projected on the transverse-plane. Data to background comparisons conducted in Sec. 7.7.1
support this explanation. The E%iss distribution displayed in (d) shows a rising behavior to
its maximum at approximately 40 GeV and falling afterwards. This maximum is expected
since the dominant CCDY background has its maximum in mt at roughly 80 GeV due to the
W bosons mass. In contrast to the transverse momentum distribution, the fake background is
more relevant at the low end of the EBS spectrum. A structure is visible in the ratio, indicating
a slight mis-modeling of this variable. However, the largest deviation from unity observed is
on the percent level. This mis-modelling has only a minor impact on the analysis due to the
distinct signal shape probed. The A@LE?SS distribution shown in (e) has its maximum at 7.
This is mainly due to the dominant background contribution of the charged current Drell-Yan
process. For the decay of a heavy particle into two objects a large opening angle is expected.
When applying the mt and ER cut, this observation should be even more enhanced since
here only off-shell events are considered in which the intermediate state of the W has an even
higher mass. On-shell events which are selected must have an initial boost so that the lepton
pr requirement can be met. Other background processes give a constant contribution over the
whole A<I>l7E%nss range since no such statement can be made here. The QCD background has its
maximum at low opening angles for reasons already introduced in the discussion of the Ef'
spectrum. A similar effect is observed to a lesser extent in the opposite region of the detector if
the reconstructed energy is too high. The flat ratio shown indicates good modeling of the fake

background in this variable as well.

In Fig. 7.24 analogous kinematic distributions are shown for the muon channel signal selection,
while neglecting the mt and E%iss cut. The ¢ distribution is, in contrast to the electron channel,
not flat due to varying detector coverage of muon spectrometers in the plane transverse to the
beam-axis. The data to background agreement observed shows that this aspect of the detector
is well modeled. A general offset between data and background expectation is observed in all
distributions, which is introduced by a mis-modeling observed in the E%liss spectrum. Again,
varying detector coverage impacts the 1 spectrum, introducing inefficiencies most visible in the
barrel regions. The fake background is overestimated in the central region and underestimated
in the end-caps resulting in the curvature observed in the ratio. This can be explained by the
fact that the fake efficiency shows a strong dependence on the candidates’ n and is rising toward
high pseudorapidity values (see Fig. 7.21). However, the n correlation is not considered due

to limited statistics available in the fake efficiency determination. This is the reason why the
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FIGURE 7.24: Lepton candidates’ ¢, 1, pr and E2I as well as the A(I)I’E¥iss - between the

lepton and ER - distributions obtained in the muon channel are shown, while not applying

the E‘%‘iss and mt cut defined in the signal selection. In each upper panel the measured data as

well as the background estimation is shown. Each background contribution is drawn separately

but stacked. The lower panel illustrates the agreement by showing the ratio between data and
background estimate.

efficiencies are considered as an average over the whole n range, leading to an overestimation

of the fake efficiency and thus fake background in the barrel region. Shapes of the spectra

observed for the candidates’ pr, E%liss and ACIDI’E%ﬁss are similar to the ones discussed in the
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electron channel. Differing effects in the ratio and QCD background shapes can be explained
by the fake efficiency correlations considered. In the falling pr distribution the fake background
contribution shows clear steps which appear at the interval edges of the fake efficiencies. This
effect is pronounced due to the steep increase of the fake efficiency with the candidates’ pr.
The E%ﬁss distribution shows good data to background agreement only in the region in which
the fake efficiency is determined. Afterwards the fake background seems to be underestimated.
This behavior is less pronounced in the electron channel due to the usage of A@LE?SS dependent
efficiencies which is correlated to the events topology and thus Ef'*. The A@l’E%qiss distribution
shows reasonable data to background agreement. The shapes in the ratio can be explained by
the fact that the fake efficiency of muons is determined in a narrow A@l’E%ﬁss window. This
is the reason why it is not incorporating any A@lvE?iss dependence for high values. The fake
background contribution is in the order of 10% in this region and is expected to be significantly
lower in the signal region. Its modeling is found to be sufficient considering its small contribution

to the total background.

7.5.2 Background Extrapolation to High Masses

Some spectra used for background estimation suffer from low statistics in the high transverse
mass tail. This problem is circumvented for the Drell-Yan processes by generating multiple
samples in varying invariant mass intervals of the lepton pair produced. Background contribu-
tions from top quark decays, double electroweak boson production as well as the fake background

estimates are extrapolated.

Two functional forms are considered and the fit range is varied to obtain an ensemble of fits,
which was then used to estimate an uncertainty of the procedure. Eq. 7.9 displays the fit func-
tions, which are used to extrapolate the background in searches for dijet resonances performed

by ATLAS [144].
a

f(m) = e #mPmelosm) f(m) = 7( )
m

(7.9)
A selection procedure is in place which selects all fits which describe the tail of the distribution
reasonably well. Above the stitching bin by the result of this extrapolation is taken as the back-
ground estimate replacing the MC prediction. The envelope of all fits passing the requirement

discussed in the following are taken as an uncertainty.

The quantity Q shown in Eq. 7.10 is evaluated for each fit. Q quantifies the agreement between
each function obtained and the MC prediction in the tail.

1 Z (N — N
N.o.B. o

2
b>bs b

Q

(7.10)
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channel | background | lower range [GeV] upper range [GeV] | x*/nq..f
top [220,360] [700,1100] 1.16

W' — ev | diboson [140,220] 850, 1400] 11
QCD [300,400] [800,1300] 0.02
top [220,360] [700,1100] 0.99

W' — uv [ diboson [140,220] [850,1400] 0.74
QCD [200,320] [800,1300] 0.95

TABLE 7.6: Fit ranges used in the extrapolation procedure for each background separately for
the electron and muon channel as well as the x?/ng.s of the fit which gives the nominal value
of the extrapolation.

N.o.B. is the number of bins, bs the stitching bin, N{** and Nﬁt the entry numbers in the MC
prediction and the fit. The uncertainty in the bin b is given by oy,. This quantity has a similar
functional form to a reduced x? definition. Fits which describe the MC distribution reasonably
well should correspond to Q-values close to one. However, this is only valid at first order since
the minimization is not done in the same bins used for the @ calculation and uncertainties
are not strictly Gaussian distributed. The fit with the Q-value closest to one is taken as a
central value of the estimate and all fits with Q < 2 are taken as the ensemble to estimate the

uncertainty.

In Tab. 7.6 fit setups are listed for each channel and background. The ratio of x? and number of
degrees of freedom ng 4 s of the fit which gives the nominal value of the extrapolation is shown

as well.

Fig 7.25 (a) depicts the my distribution of the electron channel top quark background in the
signal region as well as the ensemble of fits conducted for this procedure. The one taken as a
central value is drawn as a red dashed line. All fit results considered in the uncertainty determ-
ination describe the falling spectrum reasonably well. In (b) the nominal estimate obtained and
its uncertainty is displayed. (c) and (d) serve as diagnostic plots and ensure that the nominal
value obtained with its uncertainty covers the simulated input sufficiently. For this purpose the
integral of the mass tail to the high end of the spectrum is shown with its uncertainty in (c).
(d) illustrates the ratio of the extrapolated background and the input data. The ratio is reas-
onably close to unity for all starting points and deviations observed are covered by estimated

uncertainties.

Fig. 7.26 shows similar diagrams to the one depicted in Fig. 7.25 (a) for each channel and

background considered.

103



Chapter 7. W'Search: Analysis

> 10%F T = @ ; ;
~ Poecese,,, 3 > E %,
g 105 e, S Ho0p
c P B E
g 0e 3 i3
10 - 107
1055 3 102
107 e 7 1072 %
ol _ 10" E Exrapolated Baskground
107 F sF p 9
[ 18TV 1! 107 131ev 110"
107" = Etectron Channel 1078 £~ Etectron Channel
1 0,13 ; Top Background ’ 077 ; Top Background
ol ‘ R 108 C ‘
200 300 1000 2000 200 300 1000 2000
m [GeV] m; [GeV]
(a) (b)
.g , E'-...;- T T - T 3 C
8 ‘1182 é - Extrapolation Result (;; 3 -
g 10 é + Input g L
> E c L
o 4L 8 2
o E L
£ 10'F g ot
20k -
3 10°F c
1074 r
10%E 13Tev 11" [ 18Tev  1f"
107 £ Electron Channel L Etectron Channel
1 0_7 E  Top Background _q [C_ Top Background
1078 E L L PR | L C L L I
200 300 1000 2000 200 300
my [GeV]
(c) (d)

FIGURE 7.25: Diagrams illustrating the result of the extrapolation method. mt spectra of the

top quark background are shown. (a) depicts the ensemble of all fits. The one used as nominal

value is drawn as a red dashed line. (b) shows the final estimate for this background with its

uncertainty indicated as a red area. (c) illustrates in each mass bin the integral over the tail

starting from the respective bin with its uncertainty in comparison to the input data and (d)
the ratio of this distribution.
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FIGURE 7.26: Fit based extrapolation procedure conducted on different background contribu-

tions in the electron and muon channel. The black data points show the distribution to be

extrapolated to high masses and the red dashed line the nominal extrapolation result. Addi-
tionally, the ensemble of fits used for uncertainty estimation is displayed.
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7.6 Systematic Uncertainties

In this section experimental and theoretical uncertainties are evaluated in the phase space
defined by the signal selection and their influence on different distributions is studied. The
origin of uncertainties related to particle reconstruction and calibration are discussed in Sec. 4
for each particle type separately. The uncertainty determination of the luminosity is detailed
in Sec. 3.3.

7.6.1 Experimental Uncertainties
7.6.1.1 Electrons

Fig. 7.27 shows the impact of uncertainties on the transverse mass distribution of the back-
ground expected in the electron channel signal region. These variations were provided centrally
by an ATLAS performance group. To determine these, relevant parameters in the electron re-
construction [103] and calibration [102] are varied up and down by one o. The up variations are
displayed in (a) and the down variations in (b). The impact of uncertainties originating from
misjudgments of experimental isolation, reconstruction and trigger efficiencies in the simulation
is on a sub-percent level over the whole considered mass range. The same is observed when
varying the energy resolution. Therefore these sources are neglected in the statistical analysis

to save computing time.
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FIGURE 7.27: Uncertainties associated to the reconstruction and calibration of electron in

ATLAS. The impact is studied on the mt distribution of the total background estimate in the

electron channel signal region. (a) shows the effect of the up variations and (b) of the down
variations.

Furthermore, the at first order symmetric behavior of the up and down variations shown mo-
tivates the symmetrization of uncertainties. This is done by only considering the up variation

and allowing negative pulls in the statistical analysis.
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The maximum of the energy scale uncertainty at low masses can be explained with an effect
introduced by the cut applied at the lower edge of the first considered bin. Energy scale
variations shift slightly energy measurements of electrons after calibration. Migration effects
can only be observed in only one direction at the lowest bin considered. Uncertainties increase
with mt due to the fact, that the calibration is determined using the precisely measured J/¢, T
and Z peak. The typical energy of electrons considered is higher than the references used in the
calibration, which is the reason why the uncertainty increases with electron pr and therefore

with mr. The impact of this uncertainty is below 3% over the whole mass range.

The identification efficiency uncertainty is rising to high masses due to the high pt extrapolation

performed in the determination and reaches its maximum at around 500 GeV at a value of 4%.

At very high mt all uncertainties are decreasing due to a change of background composition.
The extrapolated fake background becomes more relevant here, which is not impacted by the

shown uncertainties.

7.6.1.2 Muons

As for the electrons, variations of the calibration and efficiencies assumed in the reconstruction as
well as selection of muons are provided by ATLAS performance groups to quantify uncertainties
[84]. Fig. 7.28 (a) shows the impact of the up variations and (b) of the down variations on the

mrt background distribution in the muon channel.
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FIGURE 7.28: Uncertainties associated to the reconstruction and calibration of muons in AT-
LAS. The impact is studied on the mr distribution of the total background estimate in the
muon channel. (a) shows the effect of the up variations and (b) of the down variations.

Corrections accounting for efficiency differences between data and simulation are obtained using
tag-and-probe methods at the Z — pp and J/¥ — pp peak. Variations in this procedure,

for example in the tag-and-probe method or background subtraction, are applied to estimate
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uncertainties on the trigger efficiency, reconstruction efficiency, isolation efficiency and track-
to-vertex-association (TTVA) efficiency. Large deviations between data and MC are observed
when applying the bad muon veto. An additional uncertainty is included to cover this. Fig. 7.28
illustrates that the impact of the TTVA and isolation efficiency uncertainties are negligible.
The trigger efficiency uncertainty is at first order flat and around 2%. Reconstruction efficiency
uncertainty as well as bad muon veto uncertainty are the most significant ones and each increases

toward high masses.

Muon calibration is performed by a parametrization of the energy scale and fitting correction
constants so that the invariant mass spectrum of Z — pp processes observed in data matches
the one in simulation (see Sec. 4.3.3.3). Each potential source of data MC disagreement is
associated with a model parameter. Variations in this procedure, such as parametrization and
alignment assumptions, are made to estimate uncertainties on the energy calibration. This is
done separately for the scale applied to the energy measurement in the inner detector (ID) and

the muon spectrometers (MS) [84].

A charge dependent bias has been observed in the sagitta calculation. Corrections to address
this are not applied in data due to potentially large impacts and overcorrection in the high mass
tail, which could have a great impact on the result of the search. To account for this effect

additional uncertainties are included.

All experimental uncertainties increase toward high transverse masses. For the efficiency uncer-
tainties this can be motivated by the fact that an extrapolation is performed since efficiencies
are obtained with tag-and-probe methods in a lower energy regime. Uncertainties due to the
energy scale, resolution and bias effects are expected to rise at high masses and high muon
energies due to the small curvature of trajectories. This makes the momentum measurement

less precise and more challenging.

Due to the symmetric behavior of most sources and in order to save computing time only up
variations with significant impact are used in the statistical analysis. The trigger, reconstruction
and bad muon veto efficiency uncertainties as well as the uncertainty introduced by the sagitta

bias are included.

7.6.1.3 Missing Transverse Energy and Jets

Besides the impact of uncertainties connected to objects used to calculate the E%‘iss in each
event, the procedure to include not fully reconstructed objects in the calculation introduces
additional uncertainties. A handle to estimate the uncertainty on the E%iss scale and resolution
is provided centrally by an ATLAS group and is propagated to the calculation via the soft-term

[117]. These variations were obtained by studying Z — pu events and comparing the muon pp
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with the track soft-term obtained when excluding one of the muons from the E%ﬁss calculation.
The resolution uncertainty is split up into a component longitudinal and transverse to the muon

pr-

Jets are only indirectly considered in this analysis by their contribution to the E%ﬁss reconstruc-
tion. Their energy scale and jet energy resolution effects are studied in simplified models which
disregard some correlations between different uncertainty sources [111]. These are designed for
analysis which are not very sensitive to jet activity. The models come with three and seven in-
dependent nuisance parameters. Additionally, the impact of different aspects of mis-modelings
such as of flavor composition or disagreements observed between the reconstruction in the pos-
itive and negative pseudorapidity regions of the detector have been studied and found to be not

relevant for this analysis.

Fig. 7.29 quantifies the E%iss and jet related uncertainties and their impact on the mr distribu-
tion. Electron channel diagrams are shown as an example, due to the similarity between both
channels. (a) shows the complete set of variations included in the simplified uncertainty model
of the jet energy scale and resolution and (b) the ones introduced directly by the reconstruction
of the ERiss,
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FIGURE 7.29: Uncertainties evaluated on the transverse mass distribution of the background
expected in the electron channel connected to the jet (a) and ER™ (b) reconstruction and
calibration.

The jet related uncertainties displayed in Fig. 7.29 (a) are on the percent level over the whole
mass range and dominant at low transverse mass. This is expected, since at high transverse
masses and thus high E%iss the relative contribution of jets becomes less relevant. Here, high pr
neutrinos or other particles missing the detector acceptance are dominant. The similar trend of
the uncertainties induced by the ERSS reconstruction shown in Fig. 7.29 (b) can be motivated by
the same argument. Similar to the experimental muon and electron reconstruction uncertainties

only the up variations are considered, which is justified by the symmetric behavior observed.
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All E%iss and jet related uncertainties are treated fully correlated between electron and muon

channels.

7.6.1.4 Luminosity Uncertainties

The luminosity uncertainty is determined to be 2.2% for the data obtained in 2015 and 2016
[145]. This uncertainty is directly propagated to the normalization of all MC used in this
analysis. A detailed description on methods and procedure used to determine the integrated

luminosity of data can be found in Sec. 3.3.

7.6.2 Background Extrapolation Uncertainties

The estimate of some background contributions suffers from low statistics in the high mass tail.
Therefore extrapolations are performed which introduce additional uncertainties. The procedure
describing how the nominal value of each extrapolation and its uncertainty are determined is
detailed in Sec. 7.5.2. Fig. 7.30 shows the size of extrapolation uncertainty with respect to the

total background against mt (a) for the electron channel and (b) for the muon channel.
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FiGUrE 7.30: Uncertainties induced by the extrapolation procedure conducted for each con-
tribution separately in the (a) electron and (b) muon channel.

By construction it is expected that extrapolation uncertainties rise in the high m tail. In
case of the top background this is counteracted by the fact that the fraction of the processes
considered become less relevant in the high mass tail due to the more steeply falling transverse
mass spectrum of the dominant top anti-top contribution. Since all uncertainties are studied
with respect to the total background the top extrapolation uncertainty has its maximum around
900 GeV. The higher relative contribution of the QCD background in the electron channel

explains the larger uncertainty observed compared to the muon channel.
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7.6.3 Theoretical Uncertainties

The theoretical uncertainties are dominated by the ones which are connected to the PDF. Every
experiment using hadrons as initial scattering particles requires a PDF set to make theoretical
predictions. The uncertainty on the PDF sets originate from the uncertainties of the initial
measurements used to determine the PDF set as well as approximations done in the procedure.
Details about PDF determination can be found in Sec. 2.2. Fig. 7.31 shows the impact of
the theoretical uncertainties considered on the mt distribution of the signal selection in the
electron channel in (a) and the muon channel in (b). All theoretical uncertainties affect the
spectrum in the electron and muon channel very similarly, since their difference in mass -
the only distinguishing aspect in the theoretical predictions - is negligible in the considered
energy scales. The similarity between the channels is obvious by comparing the shape of each
uncertainty in Fig. 7.31 (a) and (b). However, due to the less precise energy measurements of
high pt muons the distributions smear out leading to smaller theory uncertainties in the muon

channel.
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FIGURE 7.31: Dominant theoretical uncertainties against the transverse mass in the (a) electron
channel and (b) muon channel. All uncertainties shown here are obtained by varying the
dominant charged and neutral current Drell-Yan processes.

The CT14NNLO PDF set [146] is used for the dominant charged current Drell-Yan background.
25 error sets are provided which estimate its uncertainty. They have been grouped and simplified
to seven sets of eigenvector variations [139]. All evaluated eigenvector variations (PDF EV X)
have only small impact at low transverse masses and become more dominant at high mr. This
is due to the fact that the measurements used to determine the set of PDFs were conducted
at lower energies. In the high energy tails only very limited data statistics is available to
constrain fits. This is the reason why uncertainties connected to evolving procedures become

more relevant.

An additional uncertainty is used to consider the strong dependence of the charged current Drell-

Yan cross-section to the nominal PDF used in the calculation. This is estimated by comparing
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the background obtained by the CT14NNLO PDF set to the one estimated using NNPDF3.0
[36]. Similar to the eigenvector variations the impact of this uncertainty at low masses is minor.
The deviation between both nominal values becomes large at high mt, where differences in the

procedure conducted by both groups to extrapolate these PDF sets are more visible.

When estimating electroweak corrections two different approaches - an additive and a multiplic-
ative one - were studied. To respect differences between those the additive approach is used in
the nominal background estimate correction and the difference to the multiplicative approach

is used to estimate a corresponding uncertainty.

Additionally, a variation of the strong coupling constant is studied by varying «g by 0.0003.
This represents the uncertainty determined for as at the scale of the Z mass (Q? = m%) and is
recommended by PDFALHC [147]. The impact of this uncertainty is on the sub-percent level
and therefore neglected in the statistical analysis. This statement holds true for the uncertainty

which estimates the impact of renormalization and factorization scale choice variations.

The cross-section of top anti-top quark production is associated with a 6% uncertainty. Consid-
ering the background composition in the signal region this accumulates to less than 2% on the
total background. Even when introducing a conservative uncertainty of 10% on the cross-section
of all considered diboson processes the uncertainty on the total background is less than 1%. This

is the reason why these sources of uncertainties are neglected in the statistical analysis.

7.6.4 Summary

This section summarizes the selection of relevant uncertainties to be included in the statistical
analysis. Tab. 7.7 shows the dominant uncertainties for the background estimation and gives
values of the one o variation of the total background evaluated at transverse masses of 3 TeV and
5 TeV in a 200 GeV window around these values. In Tab. 7.8 the corresponding uncertainties

on the signals with 3 TeV and 5 TeV pole mass are displayed.

The numbers displayed in Tab. 7.7 are evaluated on the steeply falling transverse mass dis-
tribution of the background. Uncertainties associated with jet and ER reconstruction have
the largest impact at low masses which is the reason why all numbers listed here are very low.
The decreasing behavior of the PDF eigenvector variation uncertainties in the electron channel -
comparing 3 and 5 TeV columns - can be explained by the composition of the total background.
At high masses the fake background contribution, which is not impacted by PDF variations,
becomes more dominant. This is not the case in the muon channel which is the reason why
this is not observed here. A similar argument holds true for the uncertainty associated to the
luminosity value. This uncertainty impacts all background contributions except the fake back-

ground. The lepton energy scale and reconstruction efficiency become better at high electron
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’ background uncertainties ‘

source electron channel | muon channel
3TeV 5 TeV | 3 TeV 5 TeV
lepton energy scale 3.4% 2.2% 7.6%  41.6%
lepton identification /reconstruction | 3.3% 1.3% | 14.7%  39.0%
ELss scale <0.1% <0.1% | <0.1% <0.1%
perpendicular E2SS resolution <0.1% <0.1% | <0.1% <0.1%
longitudinal E2 resolution <0.1% <0.1% | <0.1% <0.1%
jet energy scale (NPX) <0.1% <0.1% | <0.1% <0.1%
jet energy resolution (NPX) <01% <0.1% | <0.1% <0.1%
PDF eigenvector var 1 21%  0.2% 2.9%  2.6%
PDF eigenvector var 2 4.5% 5.4% 4.0%  6.2%
PDF eigenvector var 3 10.5%  7.1% 9.1% 11.9%
PDF eigenvector var 4 2.4% 1.1% 3. 7%  2.7%
PDF choice 1.6% 18.0% 1.2% 4.2%
PDF electroweak corrections 5.9% 3.7% 5.5% 6.9%
Top cross-section <0.1% <0.1% | <0.1% <0.1%
QCD background 2.6% 9.9% | <01% <0.1%
luminosity 1.8% 0.8% 2.2%  2.2%

TABLE 7.7: Dominant background uncertainties evaluated at transverse masses of 3 TeV and
5 TeV.

signal uncertainties ‘

source electron channel | muon channel

3TeV 5 TeV | 3 TeV 5 TeV

lepton energy scale 15.3%  27.8% | 5.6% 9.1%

lepton identification/reconstruction | 4.0%  3.3% | 11.9% 34.6%
EIiss scale <0.1% 01% | 0.1%  0.4%
perpendicular ER resolution 04% <01% | 0.3%  0.4%
longitudinal ER resolution 0.5% <01% | 0.3%  1.6%

jet energy scale (NPX) 0.5% 0.5% 0.3%  0.9%

jet energy resolution (NPX) 09%  05% | 0.7% 1.7%

TABLE 7.8: Dominant signal uncertainties for pole mass hypothesis of 3 TeV and 5 TeV.

energies due to the characteristics of energy measurements in a sampling calorimeter. An op-
posite behavior can be observed in the muon channel. This is expected due to the fact that the

curvature of the muon candidates’ trajectory becomes less pronounced.

Uncertainties listed in Tab. 7.8 are determined in the peak region of the corresponding signal
hypothesis considering a 50 GeV mass window around the maximum. Since each signal sample
has lower statistics compared to the total background estimate, the values listed have a larger
uncertainty themselves. This is the main explanation why the uncertainties connected to jet
and E%liss reconstruction obtained for the signal are slightly higher than for the background.
The great increase of the lepton energy scale uncertainties can be explained by the shape of

the distribution which is used to calculate these numbers. To obtain the lepton energy scale

113



Chapter 7. W’ Search: Analysis

uncertainty, energy values and thus the peak position itself are slightly shifted. This leads to
greater deviations when evaluating its impact on a peak like structure, which is present in the
signal and not in the background. The effect is stronger in the electron channel due to the

better energy resolution and therefore more sharp shape of the resonance.

7.7 Background to Data Comparison

To ensure good background modeling in the signal region, distributions of variables which are
not as sensitive to new physics effects as the mp distribution are studied first. In Sec. 7.7.1
the data to background estimation agreement is evaluated for the electron and in Sec. 7.7.2 for
the muon channel. First the least sensitive angular distributions - lepton candidates’ 1, ¢ and
ACIJI’E%ﬁss - are studied. Followed by the slightly more sensitive lepton candidates’ pt and ErTniSS
distributions. In all diagrams the data collected in 2015 and 2016 is shown as black points in
the upper panel and the total background estimate is illustrated by drawing each contribution
separately, but stacked. The lower panels display the ratio of data to background estimate and
the grey bands illustrate the systematic uncertainty. For this the square root of the quadratic

sum of all uncertainties considered in the statistical analysis - listed in Tab. 7.7 - is taken.

7.7.1 Electron Channel

Fig. 7.32 shows the electron candidates’ ¢ (a), n (b) and A<I>l7E%ﬁss (c) distribution. The ¢
distribution in the electron channel is flat due to the detector layout. All sub-detectors used to
reconstruct electron candidates have homogeneous coverage in the plane transverse to the beam-
axis. This flat distribution is present in the data and the background which agree reasonably well
within the uncertainties considered. The electron candidates’ 1 distribution has its maximum at
1n = 0 and is falling continuously toward high absolute pseudorapidity values. This decreasing
behavior can be explained with two arguments. The main one being that to get a hard scattering
vertex providing sufficient center of mass energy the Bjorken x; of the interacting partons can not
be very imbalanced, thus the majority of final states is not highly boosted. On the other hand,
by construction, equidistant bins in the polar angle 0 correspond to 1 intervals with decreasing
width closer to the beam-axis. The almost empty intervals at 1.37 < [n| < 1.52 correspond to the
transition regions between barrel and end-cap of the electromagnetic calorimeter. These regions
of the solid angle are excluded due to worse energy resolution and reconstruction efficiencies - see
Sec. 7.4.1. These intervals are not completely empty in the diagram, since the cut is performed
on Meyt, which is measured in the second layer of the electron magnetic calorimeter while the 1
filled into the histogram is taken either using the reconstructed track in the inner detector or
the calorimeter measurement, depending on the number of hits in the pixel and SCT detector.

In the barrel region (—1.37 < n < 1.37) the ratio of data and background expectation is flat
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showing good agreement. Structures observed in the ratio at higher absolute pseudorapidity
values can be explained by the binning used to apply scale factors correcting for deviating
efficiencies differing from the one used for illustration here. The ACIDZ’E?SS distribution has its
maximum at 7. To get sufficiently high mt in an event, a non-vanishing opening angle between
the lepton candidate and E%iss is mandatory, which is the reason why there are almost no events
expected and measured at low A@Z’E?iss. In the dominating background contribution - off-shell
charged current Drell-Yan production - the electron candidate and EF}'°, which is correlated
to the neutrino’s pr, are produced in a decay of the same heavy particle. Therefore, this
background contribution and thus the total background expectation peaks at an opening angle
of . Other background contributions are more flat. The data and the background expectation

show a good agreement, resulting in a flat ratio displayed in the lower panel.

X
3

25 T T T
—e— Data

T T T
—e— Data

Events
Events

r s=13TeV 36.1fb" —w b Vs=13TeV 36.11b" —w
20— Electron Channel I Top Quarks — 30 Electron Channel B Top Quarks
C Signal Region [ QCD-Bkg .| Signal Region [ QCD-Bkg
- [ DiBoson . 25 [ DiBoson
15— [ Z/y* + Jets — [0 21y + Jets.
Fas 000, 0%% po sot ove oo Sos  * o0 oy o o peves]

HH‘HH‘HH‘HH‘HH‘HH‘HH‘H;

o 1 o 14
& 1 & 12
= 0 aetPe0e® 0y b 0000000 00% 0, 0% oo o, ey > o %0, *® e aa® -*- S PP
g - = 1 - I 3
T o T 08
O oshy ; O os + e
-3 -2 = 0 1 2 3 -3 -2 = 0 1 2
¢ n
(a) (b)
x10°
@ T T T T
c —e— Data
g 60 Vs=13TeV 36.11b" —w
w Electron Channel B Top Quarks
500 Signal Region [ QCD-Bkg
[T DiBoson
400 1 2y + Jets

30

3

20(

3

100

3

[

Data/Bkg
oo =

FIGURE 7.32: Electron candidates’ ¢, n and A@l’E’rFiss - between the lepton and EsS - distri-

butions. In each upper panel the measured data as well as the background estimation is shown.

Each background contribution is drawn separately but stacked. The lower panel illustrates

the agreement by showing the ratio between data and background estimate. The gray band
indicates the magnitude of relevant uncertainties.

In Fig. 7.33 the E?iss and electron candidates’ pr distribution is displayed. Both spectra are
steeply falling - corresponding to the falling mt tail - which is predicted and described by the

cross-section of all relevant background processes. On one hand, the diagram shown in (a)
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illustrates that the fake background contributes the largest fraction to the total background
at low E?iss. The ratio between data and background shows a falling behavior at low ErTniSS
indicating modeling problems. However, this does not have an impact on the most sensitive
phase space region of this search in the high transverse mass tail. Furthermore, the signal shape
tested against can be well differentiated from the slope observed. This mis-modeling in the
region giving the highest statistics to the signal selection is the reason for the constant offset
observed in other distributions shown. On the other hand, the pt distribution displayed in
(b) shows a flat ratio, indicating good modeling in this variable. This holds true even at high

transverse momenta where the QCD background contribution becomes more relevant.
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FIGURE 7.33: E%iss per selected event and electron candidates’ pr distributions. In each upper

panel the measured data as well as the background estimation is shown. Each background

contribution is drawn separately but stacked. The lower panel illustrates the agreement by

showing the ratio between the data and the background estimate. The gray band indicates the
magnitude of relevant uncertainties.

In summary the data to background comparison shows that the background modeling is suffi-
ciently good and disagreements observed in the ratio are understood and covered by the estim-

ated systematic uncertainties.

7.7.2 Muon Channel

In Fig. 7.34 the distributions of the muon candidate ¢ (a), n (b) and ¢ difference between
muon candidate and EB (c) - A@LE?SS - is shown. In contrast to the spectra measured in the
electron channel the ¢ distribution is not expected to be flat due to variations in the detector
coverage of the muon spectrometers. The structures observed in the data are well described by
the background estimate, suggesting a good modeling of this aspect in the detector simulation.
A flat ratio of data and the background estimate is depicted. The same effects can be observed
in the n distribution shown in Fig. 7.34 (b). The curvature of the spectrum observed in the

electron channel - not considering the transition regions - is convoluted with shapes induced
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by the incomplete coverage. This leads to a strong pseudorapidity dependence of the muon
reconstruction efficiency. Similar to the ¢ distribution, the flat ratio and thus good agreement
observed to the background expectation allows the conclusion that these effects are well modeled.
The shape of the A® distribution shown in (c) is similar to the one observed in the electron
channel. The large transverse mass required in the selection leads again to the fact that the
selected lepton candidate and E%ﬂss have a back to back topology in most cases. This manifests
itself with the maximum of the distribution being at w. The data to background ratio shown
in the lower panel is relatively flat at a value of 1.2 but decreasing in the intervals with most

statistics. A similar trend is observed in the electron channel.
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FIGURE 7.34: Muon candidates’ ¢, 1 and A@LE%iss - between the lepton and E&ss - distribu-

tions. In each upper panel the measured data as well as the background estimation is shown.

Each background contribution is drawn separately but stacked. The lower panel illustrates

the agreement by showing the ratio between data and background estimate. The gray band
indicates the magnitude of relevant uncertainties.

Fig. 7.35 displays the E%iss and muon candidates’ pr distribution. Each distribution shows
an expected falling behavior similar to the one observed in the electron channel distributions
discussed in Fig. 7.33. The ratio of data to background is observed to be flat against p, which
is shown in Fig. 7.35 (b). As in the electron channel, a constant offset when comparing data

to background is observed which is introduced by a mis-modeling of the E%ﬁss per event. At
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low E%ﬁss < 100 GeV data overshoots the expected background significantly. However, the
conclusion that this kind of mis-modeling can not be mistaken for a signal due to the shape
difference and not being present in the most relevant phase space region holds also for the muon

channel.
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FIGURE 7.35: ERsS per selected event and muon candidates’ pr distributions. In each upper

panel the measured data as well as the background estimate is shown. Each background contri-

bution is drawn separately but stacked. The lower panel illustrates the agreement by showing

the ratio between data and background estimate. The gray band indicates the magnitude of
relevant uncertainties.

It is concluded that the background is describing the data reasonably well and mis-modelings
observed in E%liss are found not to be a concern due to the difference in shape compared to the

signal hypothesis. Deviations are covered or on the edge of the estimated uncertainties.

7.8 Transverse Mass Distribution

Fig. 7.36 shows the result of the search in form of a data to background comparison of the
transverse mass distributions in (a) the electron channel and (b) the muon channel. The top
panel shows the data distribution, the background estimate as well as hypothetical signals
exemplary for a boson mass of 3 and 4 TeV. In both channels a falling behavior has been
measured, which appear to be very similar in shape. No significant deviation of data from
the background expectation is observed, giving no signs of new physics. The falling spectrum
is described by the tail of the off-shell charged current Drell-Yan production, which is the
dominant background contribution in both channels. The decreasing behavior is also present in
the other background processes. In the lower panel the ratio of data to the nominal background
estimate is displayed. At high transverse masses mt > 250 GeV the ratio is flat and agrees
with unity within the systematical and statistical uncertainties. At low mr, a falling slope of
the ratio against mr is observed in both channels, starting from a 10% overshoot in the data.

This indicates a mis-modeling of the background observed in both channels, which is covered
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FIGURE 7.36: Transverse mass distributions of the electron (a) and muon channel (b). The

upper panel shows the measured data as well as the background estimate subdivided to each

of its contribution. Additionally, signal hypotheses of W’ bosons at pole masses of 4 TeV

and 5 TeV are displayed. The lower panel illustrates the agreement between the data and the
background estimate by taking their ratio.

by relevant systematic uncertainties. This is related to the mis-modeling of the E%iss already
observed in Fig. 7.35 (a) and Fig. 7.33 (b) and is most likely introduced by the problematic
calibration used for the lepton candidates in the fake background determination. This deviation
does not have a signal-like shape and the phase space in the low mr range has already been

probed by analyses conducted in the past [148][149]. In conclusion no significant signal-like
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deviation can be observed by eye.
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Chapter 8

Statistical Interpretation

In this chapter the observations shown in Sec. 7.8 - namely the absence of a resonant signal - are
quantified. First the likelihood functions and probability distributions considered are introduced
in Sec. 8.1. This is followed by a specific description of the likelihood ratio test conducted to
quantify deviations observed in Sec. 8.2. This chapter ends with the computation of the 95%
exclusion limits on o - B and the W’ pole mass. Sec. 8.3 introduces the method itself, including

Bayesian statistics, first.

8.1 Methodology

The likelihood function L used in the statistical analysis is given by the product of the Poisson

probabilities in each mass interval considered in each channel c. Eq. 8.1 displays this relation.

NBins -\
)\ Nem e cm
L= fem 0 (8.1)
=1 Nem:

The index ¢ stands either for the electron e or muon channel u, m identifies each bin in the m
distribution, A, is the expectation and n.,, the number of events selected in an interval m and
the channel ¢. Combined results of the muon and electron channel are determined by using the

likelihood product of both channels.

L=1L.-L, (8.2)

—

The expectation value A is given by the sum of background expectation b(#) and signal events
s(o- B.9).
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Chapter 8. W'Search: Interpretation

A =s(o-B.d) + b(6) (8.3)

Uncertainties are considered using a set of log-normal distributed nuisance parameters. They
are treated in a correlated way across channels for the combination. Uncertainties on signal
expectations are constructed in a way that these parameters only vary the shape in mt and do
not change the total number of signal events. Eq. 8.4 and Eq. 8.5 illustrates how the uncertainties
are propagated to the number of signal and background events in the channel ¢ and in the m

interval m, via the set of nuisance parameters 6;.

N g, ()
$em(0-B,0) =35cn(0-B) [ 1+ ; 0; — (8.4)
Nsys
= (Obepn )i
bem =bem | 1+ 0; —== 8.5
(9) ; -~ (8.5)

Here, (0s,,,): and (d,,, )i are the one o variations of the uncertainty i on the number of events
in bin m and channel ¢ on the signal hypothesis and background expectation. S, (0 - B) and

bem are the nominal values for the signal hypothesis probed and the background estimation in

the bin and channel considered.

8.2 Likelihood Ratio Test

To quantify the significance of deviations observed between the data and the background expect-
ation, a likelihood ratio test [150] is performed using ROOSTATS [151]. For this the test-statistic
shown in Eq. 8.6 is defined by:

0 <0

—21n L0500 0< i

(1.0) -

t= (8.6)

s>

L is the likelihood function. The dependency on the signal cross-section has been parametrized
by the signal strength parameter = 0B/(0B)gsm. ft is the value of p which maximizes the
likelihood L for the measured data i in combination with the set of NPs 4 in an unconditional
fit. 5(0) is the set of NPs which maximizes the likelihood under the p = 0 (background-only)
assumption. The first line of Eq. 8.6 ensures that only positive signals are considered and
no negative interference effects. This truncates half of the test statistics distribution at 0,

representing downward fluctuations.
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The observed p-value - also called pg - for the given data is obtained by integrating the test-
statistics probability distribution under the background-only hypothesis in the tail, starting

from the observed ;.

po = /OO f(t]j = 0,0)dt (8.7)

tobs

The probability distribution f(#|fi,0) is obtained by varying the background-only hypothesis.

For each of these pseudo-experiments the observed values of nuisance parameters 6 are used.

p-values are quantified by Gaussian standard deviations using Eq. 8.8 with the inverse cumu-

lative Gaussian probability density function ®~! for better comparison.

z=®"'(po) (88)

To reduce computing time an asymptotic approximation [152] using Wilks’ theorem [153] is used
in practice. It says that the test-statistic distribution f(¢) for the background-only hypothesis
follows in a x? distribution with one degree of freedom. Eq. 8.9 illustrates the simple relations

between the significance z, pg and tgps following this approximation.

po=1-— (I)(\/ tobs) 7 = v/ tobs (8.9)

Conventionally, a discovery of a new particle is announced in case a signal with a 5 o significance

is observed.

8.2.1 Global Significances

In the previous discussion, the deviation between data and background estimate has been quan-
tified under the assumption of one new heavy gauge boson with a fixed pole mass myy . In case
multiple mass hypotheses are tested with the mass tail observed the so-called ‘look elsewhere
effect’ needs to be taken into account. This effect considers the fact that its more likely to
observe a significant deviation at any point the more hypotheses are tested, which is the reason
why there is a discrimination between local and global significance values. Local significances
per hypothesis pg are obtained using the method described in Sec. 8.2 and are mapped to global

significances pg by considering the amount of masses probed.

To obtain the distribution of significances f(z), pseudo-experiments are performed by varying
the background-only hypothesis and calculating the significance z for each variation. The global

significance is given by integrating the tail of this distribution, starting from the observed local
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significance zqps as displayed in Eq. 8.10. This quantifies the likelihood that a deviation like the

one observed comes from statistical fluctuations.

Fig. 8.1 illustrates the relation between local and global significance for the electron channel
in blue and the muon channel in red. To obtain the diagram shown in (a), a large number
of pseudo-experiments is performed, statistically varying the background-only hypothesis and
calculating the maximum local significance. For the electron channel this distribution peaks
around 20 and in the muon case around 1.50. This means that even if the background-only
hypothesis is true in most cases a local significance larger than 20 or 1.50¢ respectively is
observed. The diagram in (b) shows the mapping of local and global significance values for each
channel. Only local significances larger than 2 o will lead to a significant deviation on the global

scale when considering the ‘look elsewhere effect’.
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FIGURE 8.1: Diagrams quantifying the impact of the ‘look elsewhere effect’ and the correlation

between global and local significance with respect to each considered channel. In (a) the highest

local significance obtained, when running the likelihood ratio test procedure on a statistical

variation of the background-only hypothesis, is displayed for the electron and the muon channel.

In (b) the corresponding correlation between the global significance on the y-axis against the
largest observed local significance on the z-axis is displayed.

Pgl = /OO f(z) dz (8.10)

8.2.2 Results

Fig. 8.2 shows the observed local significance py for each mass hypotheses between 150 GeV
and 6 TeV. In (a) the result of the electron channel is shown. The most significance excess
observed in the electron channel is for low mass hypotheses of around 150 GeV and corresponds
to a 3.040 local significance. This is induced by the E%iss mis-modeling and therefore not
considered in the following discussion. The wider signal shape in the muon channel is the
reason why this mis-modeling is only classified as a signal-like deviation in the electron channel.

The second highest local significance is observed to be at a pole mass of 400 GeV with 1.60o.
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When including the ‘look elsewhere effect’” this deviation is not significant on a global scale.
The largest deviation observed in the muon channel - shown in (b) - is for a mass hypothesis
of 700 GeV with a local significance of 1.31 0. In the combination of both channels there are
multiple excesses in the range of 1 to 1.4 ¢ local significance observed. When considering the
number of parameters included in this analysis all deviations observed are not significant on a

global scale.

o 10—y ‘ 5 < 10g ——r .
= E Vs =13 TeV, 36.1 fb”' E ® E Vs =13 TeV, 36.1 fb” E
3 1; W = ev 7; 3 1; W - pv 7;
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(c) Combination
FI1GURE 8.2: Likelihood ratio test results quantifying the signal-like deviations observed in data
in comparison to the background-only scenario for each mass hypotheses. On the y-axis the pg

value is shown and the dashed lines indicate the corresponding local significances. The results
are shown separately for the electron channel (a), muon channel (b) and the combination (c).

This quantification confirms the previous conclusion that no significance excess has been ob-

served and thus exclusion limits are calculated in the following section.
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8.3 Exclusion Limits

Due to the fact that no significant deviations from the background-only hypothesis are observed,
exclusion limits on the parameter of interest o - B are determined. With the use of additional
signal model information these cross-section confidence limits can be converted into limits on
hypothetical W’ masses. In the following calculation Bayes’ probability interpretation [150] -

identifying probability as a measure of certainty - is assumed.

P(B|A)P(A)

PAIB) = =5

(8.11)
This allows the use of Bayes’ theorem shown in Eq. 8.11. It gives a relation between the

probability for A given B (P(A|B)) and the probability for B given A (P(B|A)). P(A) and
P(B) are the total probabilities for A and B. For this analysis Eq. 8.11 can be written as

P(oB. dli) = P(ﬁ|GB,9g)§(UB,5) _ L(ﬂ|0B,67(’)ﬁJ)D(GB,9). (8.12)

P(oB, §|ﬁ) is the probability for the parameter of interest B with ] given the measured data

i1 and thus is normalized to 1.

/ P(0B, ]if)doB = 1 (8.13)
0

The upper X% Bayesian confidence limit on the parameter of interest is defined by the parameter
value (0B)cr, at which Eq. 8.14 is fulfilled.

(oB)cL .
— = / P(0B, 0|i)doB (8.14)
0

P(GB,@ﬁ’) is accessible using Bayes’ theorem and the right side of Eq. 8.12. The probability

P(ii|oB, ) can be identified by the likelihood function introduced in Sec. 8.1. P(&) gives a
normalization constant for the probability distribution P(GB,g) of the parameter of interest,
also called prior. The nuisance parameters are assumed to be following a Gaussian shape. This

leads to the fact, that the prior can be decomposed to

P(oB,d) = P(oB) [ G(9)). (8.15)
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G(x) is a probability density function following the Gaussian normal distribution. The choice
of prior P(0B) impacts the result and needs to be well motivated. A conservative approach is
the use of a flat prior shown in Eq. 8.16. It is constantly flat for positive 0B values, assuming
there is no knowledge of the parameter of interest space and neglecting negative interferences -

as implemented in some signal models (see Sec. 2.4.3).

P(oB) = (8.16)

k>0 oB>0
0 oB <0

One could also use the results of searches performed in the past to adjust the prior, limiting
the parameter space beforehand and obtain stronger limits as a result. However, the choice of

a flat prior allows comparisons to previously conducted analysis.

By inserting the likelihood function, Eq. 8.15 and the integration over the nuisance parameters

it follows

Nsys

€1 Npins ny -
Hmm:/ (oB,6|)dd /u Mo HG (8.17)

Results are obtained for each channel separately. This is done by considering each final states
exclusively and not taking the product over both channels. The integration over the nuisance
parameters is called marginalization and is done using a stochastic process called Marcov Chain
MC. For the determination of exclusion limits including this marginalization the Bayesian Ana-
lysis Toolkit (BAT) [154] has been used.

Observed limits are determined by following this procedure using the measured and selected
data set as input 1. To get expected limits and to estimate their uncertainty, the background
expectation is varied following a Poisson distribution in each bin separately multiple times. The
median of limits determined this way is taken as the nominal expected limit. The distribution

of the obtained variations gives the opportunity to estimate 10 and 2 ¢ uncertainty bands.

8.3.1 Results

Fig. 8.3 shows the Bayesian 95% confidence level exclusion limits on the product of signal cross-
section and branching ratio 0B obtained using the electron channel (a), the muon channel (b)
and the combination of both (¢). In each diagram oB is displayed on the y-axis against W’ pole
mass. The black solid line gives the observed limit, the dashed line the expected limit and the
green and yellow band indicates its 1 and 2 ¢ uncertainty bands. For each of these diagrams

limits have been obtained for 118 different signal hypotheses with pole masses in 50 GeV steps
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between 150 GeV and 6000 GeV. The overlaid red line is the theoretical prediction of the signal
model. The intersection of this line with the expected and observed limit can be interpreted as

a lower limit on the W’ pole mass.

The curvature of each expected and observed limit shown in Fig. 8.3 is very similar. For
low pole masses the exclusion limit becomes stronger, the main reason being the low signal
acceptance for lower pole masses due to the transverse mass requirement - 0.15 for signals with
my = 150 GeV. The limit curves flatten at higher pole masses obtaining their strongest limits
at around 2 TeV. For high masses the limit becomes weaker again. This is due to the fact that
the acceptance is becoming worse again in both channels due to the larger contribution of the
parton parton luminosity tail. Additionally, the low amount of signal events expected in this

region can be more easily covered by statistical fluctuations.

In both separate channels and the combination structures in the observed limit deviating about
1o from the expected curves are present at low masses below 1 TeV. In the electron channel the
observed limit lies consistently 1o below the expected limit. Considering the mr distributions
shown in Fig. 7.36 (a) a minor undershoot of data compared to the background expectation and
a slight slope in the ratio can be identified. This is the reason why the observed limit obtained

is stronger than the expected.

In the muon channel, the observed limit lies consistently slightly above the expected. The slope
and undershoot of data in the high mass tail observed in the electron channel is not present
here. Thus the observed limit is very close to the expectation. Since the electron and muon
channel show opposite deviations from the expectations the observed limit of the combination
is very close to the expected one in the high mass range. In conclusion the observed limits

obtained agree within 1o over almost the whole mass range with the expectation.

mass limits [TeV]
channel | expected observed

electron 5.19 5.31
muon 4.69 4.61
combined 5.42 5.43

TABLE 8.1: Observed and expected 95% C.L. lower exclusion limits on the hypothetical mass
of a W’ boson within the SSM model.

In Tab. 8.1 the 95% confidence level expected and observed lower mass limits on hypothetical
bosons are displayed. The values are obtained by determining the intersection of the theory
curve with the expected and observed limits. The limits obtained in the electron channel are
stronger compared to the muon channel due to the better lepton reconstruction and energy
measurement in the relevant range. The observed limit in the electron channel is better at
5.31 TeV than the expected one - 5.19 TeV. In the muon channel the opposite is the case with
the observed limit being 4.61 TeV and the expected 4.61 TeV. This is expected since there is a
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FIGURE 8.3: 95% C.L. upper limit on the product of cross-section and branching ratio of a
Wigns separately for the electron channel (a), muon channel (b) and the combination of both
(c). The black dashed line represents the expected limit with the 1o and 2 o uncertainty bands,
drawn in yellow and green. The solid black line is the observed limit determined. The red line
illustrates the signal cross-section expected within the nominal model. The intersection between
this prediction and the cross-section limits determined can be interpreted as a lower limit on

the probed boson mass.

129



Chapter 8. W'Search: Interpretation

direct and clear correlation of these values to the discussion of the limit curves in the previous
paragraph. In the combination the expected and observed mass limits are almost identical -
with 5.42 TeV and 5.43 TeV - which matches the observation of the exclusion limits determined

on the product of cross-section and branching ratio.
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Chapter 9

Conclusion

A search for new heavy charged gauge bosons has been presented using data collected by the
ATLAS experiment in proton-proton collisions during 2015 and 2016. The total amount of
data analysed corresponds to 36.1fb~!. To use a minimal amount of model assumptions the
Sequential Standard Model [52] serves as a signal model. A selection has been defined with the
aim to select events with an intermediate particle decaying into a charged lepton - electrons and
muons - and a neutrino. The transverse mass of the charged lepton and the missing transverse
energy per event has been examined, hence a resonant structure in the spectrum of this variable

would indicate the existence of a new particle.

The modeling of the background expectation - consisting of contributions estimated with Monte
Carlo simulations and data driven methods - has been studied using kinematic variables, which
are not sensitive to the signal process, as well as a relaxed signal selection. Relevant systematic
uncertainties have been studied and included in the statistical analysis. Two statistical methods
were performed to interpret the results for each channel separately and combined. First a likeli-
hood ratio test has been conducted to quantify signal-like deviations observed in the transverse
mass spectrum. No globally significant deviation has been observed. In the last step 95% con-
fidence level exclusion limits have been determined on the signal cross-section times branching
ratio. Using the theory prediction of the signal model, the intersections of these limits with
the prediction can be interpreted as lower limits on the hypothetical W§g,, boson mass. The
observed mass limits are 5.31 TeV in the electron channel, 4.61 TeV in the muon channel and

5.43 TeV when considering both channels simultaneously.

The most sensitive searches probing the existence of such a new particle conducted previous
to Run 2 of the LHC have been performed with approximately 20fb~! of data collected in
proton-proton collisions at /s = 8 TeV by each the ATLAS [148] and CMS [149] experiment.
95% confidence level exclusion lower mass limits of 3.21 TeV and 3.28 TeV have been obtained.

The large increase in sensitivity shows the significant impact of a high center of mass energy.
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In 2019 the ATLAS collaboration published an analysis setting stronger limits on this model
using the full 139 fb~! Run 2 proton-proton data set [155]. Even with in this larger data set the
observation is coherent with the result of this thesis as no significant deviation could be observed.
The strongest limits to date are 6.0 TeV obtained in the electron channel and 5.1 TeV in the
muon channel. A search in this final state will not gain significantly more sensitivity when
increasing the data statistics available while staying at the same center of mass energy. Studies
into pole mass ranges which can be probed by exploiting the full Run 3 and Run 4 data set
of ATLAS have been published [156]. For Run 3 the assumption is made that 300 fb~! will be
collected and in Run 4 3000 fb~! at a center of mass energy of 14 TeV. The lower expected SSM
mass limits are obtained with a similar search strategy and found to be 6.7 TeV using Run 3

data only and 7.9 TeV when including the whole data set of 3ab~!.
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Search for the Singly Produced
Leptoquarks
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Chapter 10

Motivation

Lepton flavor universality is one of the fundamental predictions of the Standard Model (SM).
Experiments at LEP [157] concluded that the coupling strength of photons and Z bosons to
leptons of all three generations is the same. Consequently, any observation which deviates from
this hypothesis implies the existence of physics beyond the SM. Multiple observations, which are
inconsistent with SM predictions, have been made by experiments that probe the flavor sector
in various rare B decays [49][51][50]. A representative ensemble of those have been discussed in
Sec. 2.4.2.

A wide range of new physics models are capable of explaining these observations. Some of the
most prominent ones introduce particles, which carry baryon and lepton quantum numbers - so-
called Leptoquarks (LQ). These are introduced in a variety of SM extensions, for example Grand
Unified Theories (GUTS) [12]. They carry color charge and can exist either as scalar- (spin-
0) or vector-like (spin-1) particle. The mechanism which allows LQs to introduce violation of
lepton flavor universality is detailed in Sec. 2.4.4 within a specific model [60][59]. LQ production
channels can be classified into two categories at hadron colliders. The pair wise production takes
place via the strong interaction, which allows to make only a few model dependent assumptions.
In the following a search for singly produced LQ is presented. Especially for first generation
quarks the LQ mass parameter space, which can be explored, reaches higher LQ mass hypothesis
compared to the pair production under certain assumptions of the LQ-lepton-gluon coupling
Ag-

The following search is separated into multiple chapters. Ch. 11 covers the analysis strategy.
This includes a detailed discussion of the signal and the background processes, of methods for
background estimation as well as a description of the defined selections. Additionally, systematic
uncertainties are evaluated and the background modelling is investigated. In Ch. 12 the result of
the search is presented and interpreted. For this general methodologies as well as two different

statistical methods are discussed. A likelihood ratio test assesses deviations observed from the
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background-only hypothesis and a frequentist approach is used to set upper exclusion limits on

the signal cross-section times branching ratio. This part of the thesis ends with a dedicated

conclusion in Ch. 13.
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Chapter 11

Analysis

First the signal process and search strategy are discussed in Sec. 11.1. This includes specifics
on the signal simulation. Afterwards characteristics of background processes as well as tools
to estimate their expected contributions to each kinematic region are detailed in Sec. 11.2.
Sec. 11.3 discusses the data set examined, which is followed by an in depth description of the
event selection procedure and definitions of kinematic regions in Sec. 11.4. Data driven methods
to estimate so-called fake backgrounds as well as a background extrapolation technique are
described in Sec. 11.5. Afterwards sources of systematic uncertainties as well as their magnitude
are explored in Sec. 11.6. This chapter concludes with a data to background comparison in
control and validation regions to investigate the quality of the background modeling Sec. 11.7.

These selections are designed to have negligible signal contribution.

11.1 Strategy and Signal Model

11.1.1 Production Channel

Leptoquarks (LQ) [16][158], which were introduced in Sec. 2.4.4, decay into a lepton and a
quark. They carry baryon and lepton quantum numbers as a consequence. Their production
occurs in pairs or singly. The single production channel allows to probe higher mass hypothesis
in a specific parameter range of the LQ-quark-lepton coupling Aj;. On the other hand the
production of a LQ pair takes place via the strong interaction and is independent of Aq. Hence
the pair production channel has been exploited in previous ATLAS searches [159]. In this case,

the production cross-section depends on the strong coupling parameter only.

In Fig. 11.1 [59] (a) the cross-section of the single LQ production - under the assumption of
Al = 1 - and pair production is displayed against the mass of the LQ (mrq). Both show

decreasing behavior. The less steep slope of the single production yields greater sensitivity
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FIGURE 11.1: (a) shows the cross-section against the LQ mass my,q for the LQ pair production

and single production separately for different quark flavors. The single production curve is

shown for Ay =y = 1. (b) displays the coupling value A\iq = y4 at which the pair production

channel cross-section has the same size as the single production channel separated in quark
flavors against my,q. [59]

Ficure 11.2: LO Feynman diagrams of the single LQ production in combination with a
charged lepton in the s-, t- and u-channel - (a), (b) and (c¢) - in proton-proton collisions. The
charge-conjugated diagrams are investigated as well in the search.

compared to the other channels at high mrq. At which point the single production becomes
dominant is connected to the Ay parameter. Fig. 11.1 (b) illustrates the coupling strength Aiq

at which the single production channel cross-section is equal to that of the pair production at
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a given mr,q for each quark flavor separately. The publication these plots are taken from uses

different symbols, denoting Ay as y.

Fig. 11.3 shows the leading-order (LO) Feynman diagrams of L(Q pair production, while in

Fig. 11.2 all tree level diagrams of single leptoquark production are shown.

Ficure 11.3: LO Feynman diagrams of hypothetical L.Q pair production in proton-proton
collisions.

11.1.2 Sensitive Variable

The main contribution of the expected single LQ signal for A\jq = 1 is created via the s-channel
diagram shown in Fig. 11.2 (a). The LQ production in this diagram is entirely resonant, which

is the reason why a distinctive structure in the total differential signal cross-section do/ dmf}Q

LQ

is predicted. my; is the invariant mass of the LQ decay products. The t-channel diagram

illustrated in Fig. 11.2 (b) leads to partially resonant and non-resonant effects, while the u-

channel diagram in Fig. 11.2 (c) only gives non-resonant contributions. Given the light masses

1

of electrons and muons” as well as quarks - with exception of the top quark - the kinematic

!The terminology does not differentiate between particle and anti-particle. This classification is done by
referring to its electric charge. The term charged lepton is used for electrons and muons as well as their anti-
particle.
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distributions of this process does not depend significantly on the lepton and quark type in the

final state.

The impact of the quark flavor to the kinematic properties of singly produced LQ and its decay
products is investigated in App. B.4.

Q spectrum with varying mass hypotheses in (b)

Fig. 11.4 illustrates the signal shape in the m{;
assuming A = 1 and the LQ decay into a muon and a bottom-quark. The signals shown are
scaled to an integrated luminosity of 1 fb~!. (a) depicts the decomposition of a signal with

mr,q = 1500 GeV in resonant and non-resonant contributions.
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FIGURE 11.4: Predicted LQ signal shape of the process pp — pLQ — pub against the invariant

mass of the LQ decay products mEQ. (a) shows a signal distribution with mrq = 1500 GeV

decomposed into resonant and non-resonant fractions and (b) multiple distributions for varying
LQ masses my,q in the range of 500 GeV and 3 TeV under the assumption of A\j; = 1.

The selected signal events contain two oppositely charged same-flavor leptons and a quark in
the final state. The latter one is reconstructed as jet. There is no way to directly identify the
lepton-jet pair which originates from the LQ decay, since the charged conjugated diagrams of
the ones shown in Fig. 11.2 are considered as signal as well. Additionally, due to the nature
of hadron collisions most events contain more than one jet. However, the majority of them are
expected to be soft, which is the reason why the jet with the highest transverse momentum is
selected for the following discussion. Taking both leptons in the signal event into account, the
invariant masses of both lepton-jet pairs are defined as my,qmax and mr,qmin, which are classified

by the condition

M{,Qmax -~ MLQmin- (11.1)

This analysis focuses on probing signal hypotheses with high LQ masses. In this case the my,qQmax
observable is closely correlated to mEQ. For signal processes shown in Fig. 11.2 (a) and (b), the

decay of the heavy LQ gives its products a high invariant mass. Thus the identification of the

140



Chapter 11. LQ Search: Analysis

b

Events
Events

mq=2000GeV  1fb’
pp—>ulQ-ppus

m=2000GeV  1fb’
pp—>ulQ-puus 10°

~umowo |
o =~=N
~wmowo

co-aN

[
[
[
[
|

5 5 58 58 &8

6
7x10? 3x10°  4x10° 5x10°
Miama: [GEV]

(a) (b)

FIGURE 11.5: Predicted 2 TeV LQ signal shape of the process pp — pLQ — pus against mLTQ
(a) and the quantity mrqmax (b) on a logarithmic scale for varying Aiq coupling values. Signal
hypotheses are scaled to an integrated luminosity of 1 fb=!.

lepton-jet pair originating from the LQ decay is very efficient in the resonant case. Fig. 11.5
illustrates this statement by depicting signals of a LQ with a mass of 2 TeV by displaying mEQ
and mpqQmax spectra side by side for various A, coupling hypotheses on a logarithmic scale.

This motivates the use of mrqmax as sensitive variable.

11.1.3 Signal Simulation and Input Parameters

A scalar representation of the Leptoquark (LQ) is studied. The Lagrangians of the LQ fields
implemented in the signal model [59] are described in [158]. The decay of a LQ into a down
type quark (down, strange, bottom) is modeled with the Sh representation, while the decay into

the up quark uses the S7 representation.

Two model parameters impact the differential cross-section doy /dm{}Q. The LQ mass mrq
and the LQ-quark-lepton coupling A4 need to be fixed to get a prediction. A variation of the
leptoquark mass changes the position of the resonant structure as well as the total cross-section.

This is illustrated in Fig. 11.4.

The number of LQ-lepton-quark vertices per signal diagram shown in Fig. 11.2 indicates the
fraction each diagrams contributes to the total cross-section at a given \jq value. In (a) and (b)
there is one of these vertices and in (c) there are two. Thus the contribution of the first two
diagrams scale with |\4|? and in case of (c) with [Ajq|%. The parameter space this analysis aims
to probe is at mrq in the TeV range and A4 couplings of order O(1). First order correlations
between the coupling |)\1q|2 and the signal cross-section are illustrated in Fig. 11.5. Signal

hypotheses for a fixed mass of 2 TeV and varying coupling parameters A, are shown.
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FIGURE 11.6: Signal shapes in mﬁQ of a 2 TeV LQ signal with varying coupling parameters
Alq- Each spectrum is normalized to its area for shape and width comparison.

Since the coupling parameter impacts the fraction of non-resonant contributions, it influences
the width of the signal as well. A larger LQ-lepton-quark coupling leads to an increased signal
width. Fig. 11.6 depicts the magnitude of this effect by displaying signal shapes normalized to

their area for different A\, values against mlIJTQ for a mass hypothesis of 2 TeV.

In the generation of signal samples the coupling parameter of one lepton flavor (electron, muon)
and one quark flavor (down, strange, bottom, up) has been set to A\j; = 1. This leads to a

resonant signal structure, whose widths is narrower than the detector resolution.

LQ models generally allow the decay into a neutrino-quark pair as well. This is quantified by the
parameter 3, which is at first order the branching ratio for the LQ decay into charged leptons.
The S; representation [158] does not allow the decay into a neutrino due to its hypercharge
of 4/3. For the statistical interpretation the decay channel into an up-quark and a lepton is
studied with the S; LQ representation, which carries a hypercharge of 1/3. For this signal the

assumption of § = 1 is made.

Signal samples were simulated with MADGRAPH5 [160], the ” ToolBox” UFO model [59] and the
NNPDF3.0NLO[36] PDF set on leading-order. MADGRAPHS5 is interfaced to PyTHIAS [131]
using the A14 set of tuned parameters. Four set of different signal samples and the interaction of
their final state particles with the detector have been simulated. Electron and muons are chosen
as lepton types, while for quarks strange and bottom are considered. The samples with strange
quarks in the final state are used to probe signal processes with up and down quarks as well.

This is possible since the signal shape does not depend on the quark type at first order and the
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b-tagging algorithms [116] performance is the same for up, down and strange quarks. The decay
into charm quarks is not investigated due to the varying performance of b-tagging algorithm
on jets induced by charm quarks. Samples in a LQ mass range of 500 GeV to 3500 GeV were

generated.

11.2 Background Processes

In this section relevant processes which give contributions to the background in the signal regions
are discussed. The two most dominant background processes are discussed first. Z/vy*+ jets
events are expected to constitute the largest background contribution when events containing
b-tagged jets are neglected. Otherwise tf events constitute the largest background fraction.
Control regions are defined for the Z/v*+ jets process and tt production (see Sec. 11.4.4).
These are used to investigate background modeling and obtain corrections which are applied in
the signal regions. Events of the charge-conjugated diagrams to the ones shown in the following

contribute to the background as well.

11.2.1 Z/v*+ Jets Process

Fig. 11.7 shows the LO tree level Feynman diagram of the Z/~v*+ jets process. The two selected
opposite-charge, same-flavor leptons are produced by the decay of a Z/v* boson. In most
cases the highly energetic jet originates from initial state radiation. The transverse momentum
distributions of the Z/4* decay products peak around pr = 45GeV, due to the Z mass of
my ~ 91GeV [18]. High-energy leptons created in this process originate from Z/v* bosons,

which have a high transverse momentum or which were produced off-shell.

Criteria imposed on the invariant mass of the lepton pair my give a good handle to define a
control region and to suppress background contributions in the signal region. Additionally the
imbalance of lepton momenta Apéﬁ = \p% — pl%] and its discrimination power has been studied.
In signal events this value is expected to be large, while the transverse momenta of leptons from
a Z/v* decay are more likely to be symmetrical. The additional discrimination power has been
found to be less valuable compared to the loss in signal efficiency. Therefore, this quantity is

not used later on in the event selection.

For each charged opposite-sign lepton pair type, the inclusive cross-section is large compared to
other background processes with real electrons. This is the reason why it yields the dominant

background contribution in the signal regions in which no b-tagged jets are selected.
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l+

FIGURE 11.7: Tree level (LO) Feynman diagram of the Z/v*+ jets process. The jet is produced
by initial state radiation.

11.2.2 Top Anti-Top Production

The other dominant contribution of background events in the signal region originate from tt
quark production. Most top and anti-top quarks are produced in pairs at the LHC via the tree
level diagrams depicted in Fig. 11.8.
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FIGURE 11.8: Tree level Feynman diagrams of ¢ production at the LHC.
Each (anti-)top quark decays almost exclusively into a (anti-)bottom quark and W boson as
displayed in Fig. 11.9. Events in which both W bosons decay into leptons of the same generation

constitute a background in this analysis. The selected high energy jet can be either one of the

b-jets produced in the top decay or originate from initial or final state radiation. Classifying
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events by the number of b-tagged jets allows to suppress t¢ contributions in the signal region

and to define a tt enriched control region.

(a)

Ficure 11.9: LO Feynman diagram of the top quark decay with a charged anti-lepton in the
final state.

tt production with a subsequent decay into a same-flavor lepton pair in the final state constitutes

the largest background fraction in regions where b-tagged jets are selected.

11.2.3 Other Processes with Top Quarks

Other processes with a same-flavor, opposite-sign lepton pair in the final state, which have a
top quark as an intermediate state, are discussed here. The largest contribution in this category
comes from single top quark production in association with a W boson. The LO s-channel and

t-channel diagrams of this process are shown in Fig. 11.10.
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~
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FIGURE 11.10: LO Feynman diagrams of single top quark production in combination with a
W boson. In (a) the s-channel diagram and in (b) the t-channel diagram is depicted.

Top quarks decay as discussed in Sec. 11.2.2 and illustrated in Fig. 11.9. The two decays of
oppositely charged W bosons give the opportunity to create an opposite-sign same-flavor lepton

pair.
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FIGURE 11.11: LO Feynman diagrams of tf production in combination with an additional
electroweak boson. In diagram (b) the V' can represent either a W or a Z/~* boson. The initial
state quark flavors are chosen accordingly.

Furthermore, processes, in which an additional electroweak boson is produced alongside the
tt pair, are contributing to the background. LO diagrams of these processes are shown in
Fig. 11.11. Different combinations of electroweak boson decays lead to a lepton pair and high
jet activity in an event. Contributions from ¢t plus Higgs boson production are even smaller

and therefore neglected.

11.2.4 Diboson Processes

At hadron colliders isolated leptons in the final state originate dominantly from electroweak bo-
son decays. Therefore, processes in which two of these are produced simultaneously contribute
to the background. Fig. 11.12 shows the corresponding LO Feynman diagrams. In this cat-
egory the production diagram depicted in Fig. 11.12(a) without a triple gauge coupling vertex

contributes the most background events.

11.2.5 Background Simulation

This section gives an overview of the simulated background samples and their generator setups.
More details about event generation methods and about the detector simulation can be found
in Sec. 5.1.

Z/v*(W)+Jets Process The Z/y*+jets samples are generated by SHERPA 2.2.1 [143] and
the NNPDF3.0 [36] next-to-next-to-leading-order (NNLO) set of parton distribution functions.
Additionally, this sample is normalized to the NNLO cross-section in QCD obtained by FEWZ
[161][162][163] and the MSTW2008 NNLO PDF set [164]. The generation is done in separate
phase space intervals of max(Hr, pr,v) to obtain sufficient statistics in the entire fiducial volume.

This quantity is given by the maximum of Ht - the scalar sum of the final state particles pr
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F1GURE 11.12: LO Feynman diagrams of processes in which two electroweak bosons are pro-
duced in proton-proton collision.

- or the pr of the electroweak boson. Both variables are closely correlated to the invariant
masses of the lepton-jet pairs. An additional separation is done to gain good statistics for each
quark flavor. The following categories are used: c-quark veto + b-quark filter, c-quark filter +
b-quark veto and b-quark filter. This classification is done using generator level information of

the particles.

For the determination of the fake background a sample of W+jets events is necessary. The
generation configuration and tools are the same as for the Z/~*+jets sample. Since this pro-
cess only leads to a single lepton in the final state, events in these samples do not enter the
background. Contributions of events with mis-identified objects are very small in the muon
channels. In the electron channels these events are estimated with a data driven method, which
is introduced Sec. 11.5.1.

Processes with Top Quarks The generation of a top anti-top quark pair and s-channel
W+top quark production is done using the POWHEG Box v2 [136] generator. The CT10
PDF set [137] is considered for the Wt processes, while t¢ events are generated using the
NNPDF3.0 [36] set. Electroweak single top quark events in the t-channel are simulated using
the POWHEG Box v1 [136] generator. This generator uses the fixed four flavor PDF set
CT10F4 [137] in combination with a four flavor scheme to obtain the NLO matrix elements

necessary for the simulation.
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In samples with single top quarks the parton shower, fragmentation and underlying event is
simulated using PYTHIAS [131], the CT10 PDF set and the PERUGIA 2012 tune [165]. For
the tt sample the NNPDF3.0 set and Al4 tune is used instead of PERUGIA 2012. The mass
of the top quark is set to 172.5 GeV. The so-called hdamp parameter, which handles the pt of
the first emission after the born configuration, is set to the top quark mass in single top quark
processes. For the generation of the tt sample this parameter was set to 1.5 - my. The main

purpose of this is to control the recoil of the tt pair.

Diboson Processes Processes with two electroweak bosons in the final state are generated by
SHERPA 2.2.2 [143]. Decays with at least two charged leptons are included only by considering
matrix elements containing all diagrams with four electroweak vertices. Processes with 4, 31
and 2/ in the final state are generated at NLO with Comix [166] and OPENLOOPS [167]. This
calculation is combined with the parton shower generation implemented in SHERPA. The CT10
PDF set with a process specific parton shower tune, which has been developed by the SHERPA
authors was used. In the simulation the strong coupling parameter has been set to agrp = 1/129
instead of the value given by the Particle Data Group [18] of aqrp = 1/132 as input. This is

the reason why the cross-section of the sample is scaled down.

Rare Top Quark Processes Rare top quark processes are synonymous with ¢+ V produc-
tion, with V' being an electroweak boson. The simulation of these processes was performed by
MADGRAPH5_AMC@NLO [160] with the NNPDF3.0 [36] PDF set. For parton shower as well
as hadronization PYTHIAS [131] and the NNPDF2.3 [132] with the Al4 tune is used.

11.3 Data Sample

The data analyzed in this search was recorded by the ATLAS experiment in the years 2015,
2016, 2017 and 2018 in proton-proton collisions at a center of mass energy of /s = 13 TeV.

The total amount of data corresponds to an integrated luminosity of Liy; ~ 139 fb—L.

All events recorded need to pass criteria, which ensure full functionality of relevant detector parts
while recording. Events in which noise bursts in one of the calorimeters have been identified
are vetoed. These could fake energy depositions of particle signatures. Additionally, the well
functioning of the SCT detector is guaranteed. Malfunction is possible when a high energy,
ionizing particle crosses through electronic modules. Parts of the trigger system need to be
restarted from time to time while taking data. Events which have been recorded during these

intervals are rejected as well.
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Fig. 11.13 shows the accumulated delivered and recorded integrated luminosity against time
for the LHC Run 2. Additionally, the integrated luminosity after filtering events by previously
described criteria is shown in blue. Time spans, which were dedicated to accelerator and detector
maintenance, are visible as flat periods in the diagram. In total the LHC delivered 156 fb~! of
proton-proton collisions at the interaction point of ATLAS. ATLAS recorded 147 fb~! of this,
which represents a data taking efficiency of 94.2%. This efficiency drops to 89.1% with respect

to the delivered integrated luminosity when the additional quality requirements are imposed.
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FIGURE 11.13: Accumulated integrated luminosity against time during the LHC Run 2. The
delivered integrated luminosity as well as the amount which got recorded by ATLAS, before
and after additional data taking quality criteria have been imposed, are shown. [129]

11.4 Selection

The data events are recorded by a single lepton trigger. To record the data sample studied
in the electron channel a combination of two trigger setups sensitive to a single electron? with
varying pr thresholds and identification criteria are used. By requiring a high candidate pt a
more efficient identification algorithm can be used, while not blocking to much bandwidth of
the data acquisition system. To cover lower pt ranges and thus lower signal mass hypothesis
the second trigger setup, which uses an identification working-point with higher background
rejection, is included. In case of the muon channel, one trigger sensitive to a single muon with

pr larger than 50 GeV is collecting the data samples.

2e60_lhmedium_nod0, e140_lhloose_nod0
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11.4.1 Object Selection

In this section requirements on the reconstructed objects and their signatures are defined.
Lepton candidates are classified by two different sets of selection criteria - signal and baselevel.
The signal object requirements are more stringent than the baselevel criteria and give stronger
rejection against mis-identification. The sample of objects selected as signal is a subset of the
baselevel ensemble. Signal level objects are considered for the final statistical analysis, while
the baselevel objects are used for event specific cleaning cuts. As long as it is not specified,

object level requirements listed are used for both selections.

Electrons Electron candidates are obtained using the standard electron reconstruction al-
gorithm [103] described in Sec. 4.3.1.1. First it is ensured that all electron candidates have been

recorded by fully functional detector components.

The best energy resolution and cleanest signatures of electron candidates are obatined in the
central regions of the detector. The inner detector covers the pseudorapidity range of |n| < 2.5.
Candidates must be measured within || < 2.47 to avoid border effects and ensure that the track
as well as the energy deposition is captured in its entirety. Additionally, electron candidates
which enter in the transition region of the calorimeters 1.37 < [n| < 1.52 are not selected, due

to less efficient reconstruction and worse energy resolution.

The selected electron candidates are classified into leading and sub-leading according to their
transverse momentum. Leading candidates, which are identified as the one with higher pr, are
required to have pt > 65 GeV to avoid inefficiencies near the trigger thresholds. The criteria
on the sub-leading candidate is relaxed to pr > 30 GeV, since the lepton originating from the

LQ production vertex oftentimes has low energy.

Requirements applied to the track impact parameters dy and zy are imposed in an attempt
to select only candidates originating from the primary vertices. The dg-significance of selected
candidates is smaller than o4, < 5 and the value of |z - sin 0| is smaller than 0.5 mm. More

details about the track impact parameters and vertex reconstruction are given in Sec. 4.2.

Each electron candidate must pass an identification algorithm. Signal candidates are required
to fulfill isolation criteria as well. Details on these identification and isolation methods are
given in Sec. 4.3. Signal level electron candidates must pass the [hTight identification, while
for baselevel electron candidates the [hLoose identification is applied. In the signal object

selection the working-point Gradient is used for the isolation criteria.

Muons Muon candidates are reconstructed by the algorithms [84] introduced in Sec. 4.3.3.

They must pass additional quality criteria to guarantee good resolution and properly measured
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momenta as well. Only combined muons are considered, meaning that the signature is composed

of a track measured in the inner detector and muon spectrometers.

The phase space of selected candidates is restricted in two ways in terms of pseudorapidity.
On the one hand there is an explicit requirement on the pseudorapidity of muon candidates of
n| < 2.5. On the other hand the muon trigger chambers only extend up to |n| = 2.4. The use
of the single muon trigger in this channel introduces an additional restriction on the candidate,

which issued the trigger, of n| < 2.4.

For symmetry reasons the criteria on the muon candidates’ transverse momentum are chosen
analogously to the electron channel. Consequently the requirement imposed are pt > 65 GeV
on the leading candidate and pt > 30 GeV for others. Inefficiencies at the threshold are negated
with these cuts as well, since the muon trigger in use has a lower pt threshold compared to the

electron triggers.

Criteria imposed on the track impact parameters - dg and zg - are more relevant for muon can-
didates compared to electron candidates, as the suppression of cosmic rays muons is necessary.
For |z - sin 0| < 0.5 the same cut value is used, while the criteria on oq, is more stringent by

imposing a maximum value of three (oq, < 3).

Similar to electron candidates algorithms to classify the quality of the signature are used.
Baselevel candidates have to only pass identification criteria, while the signal object selection
imposes isolation requirements introduced in Sec. 4.3.3.2 additionally. For the identification the
highPt working-point is used. It is optimized to provide the best energy resolution at high
transverse momenta and avoid mis-measurements due to misalignment of the muon chambers.

The isolation algorithm with the FCTightTrackOnly working-point is applied.

Jets Jets are reconstructed by the anti-k¢ algorithm [168] with a size parameter of 0.4. Details

about jet reconstruction and calibration in ATLAS are given in Sec. 4.3.4.

Jets must have a pr larger than 30 GeV and have to be reconstructed in the central region
of the detector ([n| < 2.5) to be selected. Using jet vertex tagging techniques described in
Sec. 4.3.4.1 pile-up contributions are suppressed for jets with pp smaller than 60 GeV and
In| < 2.4. The b-tagging algorithm MV2c10 only considers jets with [n| < 2.5, which is the
reason why forward jets are vetoed. MV2c10 is a combination of multiple b-tagging algorithms
inside a boosted decision tree and is tuned in such a way that it provides a 77% b-tagging signal
efficiency. In simulated tf events the rejection factor of c-jets is found to be approximately at
4 and of light jets to be approximately at 110. More details about b-tagging algorithms can be
found in Sec. 4.3.5.
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11.4.2 Event Selection

The following criteria are designed to ensure that only well measured signatures are considered.
Additionally requirements to control the expected fractions of different processes according to

the purpose of each kinematic region are discussed.

First a procedure is done, which removes objects with overlapping signatures. This way double-
counting of tracks as well as clusters is avoided. In this method all objects tagged as baselevel
are considered and a fixed prescription is followed. First all electron candidates sharing a track
with a muon candidate are removed. In the second step all jets with an angular distance

AR = \/ (An)? 4 (Ad)? smaller than 0.2 to any electron candidate remaining are rejected.

Afterwards electron candidates with AR < 0.4 to the closest jet are neglected. This is motivated
by the larger width of jet energy depositions. In the last step jet muon candidate pairs fulfilling
AR < 0.04+10 GeV/pf are investigated, where pf. is given by the pr of the muon candidate. If
the tested jet has at most two associated tracks with pp > 0.5 GeV the jet is removed from the
event. Otherwise the muon candidate is rejected, under the assumption that it was produced

inside the jet.

Due to the characteristics of the signal process, events with exactly one pair of oppositely-
charged, same-flavor leptons, which are tagged as signal, are selected. Events with more than
two baselevel leptons are neglected, since they most likely contain a mis-identified object or
originate from a diboson process. Furthermore, it is ensured that at least one of the selected

leptons caused the trigger to be activated.

The invariant mass of the lepton pair my; and the number of b-tagged jets in an event N are

used to define various signal and control regions.

11.4.3 Signal Region

Event level criteria to define kinematic regions, which yield the best discrimination between
signal and background events, have been investigated. This is done by estimating expected

significances of a signal, while varying the cut value of the studied quantity simultaneously.

This way the optimized requirement on the invariant mass of the lepton pair was found to be
my > 400 GeV. This is explained by the more steeply falling my distribution of Z/~*+jets
events compared to signal events. Additionally, the scalar sum of all signal jets in an event
Hr is required to be larger than 350 GeV. This criteria suppresses background contributions
of tt production. Other quantities which have been studied are the imbalance of the lepton
candidates’ transverse momenta Ap% = \pl% — plTQ\ and the scalar pr sum of all selected objects

in the final state. The gain in significance, that is obtained by imposing requirements on the
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latter two quantities has been found to be not large enough to counteract the loss in signal

selection efficiency as well as MC and data statistics.

In each channel two signal regions are investigated. These are characterized by the number of
b-tagged jets in events N,. The ensembles of events with N, = 0 (b-veto regions) and N, = 1
(b-tag regions) are analyzed separately. For discussion of systematic uncertainties the term

combined region is used, which refers to the sum of the b-tag and b-veto regions.

In Fig. 11.14 the product of detector acceptance and selection efficiency against the L(Q mass of a
given signal hypothesis is displayed. This is shown separately for the electron channel and muon
channel in the b-veto and b-tag categories. The statistical analysis uses a single-bin approach.
The lower threshold on my,qgmax imposed in the signal regions is varied for each mass hypothesis
to optimize the sensitivity. This is the reason why the product of acceptance and efficiency is
calculated in the following by taking the integral of the mpqmax tail starting from 0.6 - my,q of
the signal hypothesis in question. The graphs referring to the b-veto categories are shown in
red for the electron and orange for the muon channel. Both increase steeply at low masses. The
starting values are very low with roughly 0.12 in the muon channel and 0.22 in the electron
channel due to the my cuts imposed. At low LQ masses the fraction of signal events neglected
by this requirement is large. However, the corresponding signal parameter space of these has
been probed already by past analyses [159]. Both of them reach a plateau at myq ~ 1.2 TeV
- at values around 0.5 in the electron and 0.3 in the muon channel. The main reason for the
large difference here is the use of the high Pt identification in the muon object selection. Large
parts of the detector are vetoed, in which poor muon chamber alignment may lead to problems

in the reconstruction of high pr muon candidates (see Sec. 4.3.3.2).

The graphs describing the product of acceptance and efficiency of the b-tagged signal regions
are drawn in green and blue. The increase at low values as well as the over all offset between
both can be explained analogously to the b-veto regions. The displayed values are slightly below
half of the acceptance times efficiency expected in the b-veto regions and show a slight decrease
at high LQ mass signals. The former observation can be explained by a combination of the
b-tagging efficiency - being at 77% - and the fact that exactly one b-tagged jet is required.
Due to this signal events are vetoed in which additional b-jets have been reconstructed. The
decrease for signals with high LQ masses is caused by fact that the b-tagged jet has high pr
most of the time. However, the b-tagging algorithms are optimized with low pr jets, which gives

extrapolation effects relevance at high my,q.
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FI1GURE 11.14: Acceptance times efficiency of the electron and muon channel signal selection

against the LQ mass hypothesis shown separately for the b-tag and b-veto categories. To take

the single-bin approach of the statistical analysis into account the numerator and denominator
is obtained using events in the high my,qmax range starting from 0.6 - mr,q.

11.4.4 Control and Validation Regions

In this section the kinematic regions are defined, which are utilized to correct and validate the
modeling of dominant background processes. To ensure a signal like event topology only the
high mpqmax range is considered. This is established by requiring mp,qmax > 300 GeV in all

selected events.

Fig. 11.15 shows a schematic overview of all kinematic regions. On the z-axis the restrictions
on my in each region are illustrated, while on the y-axis the criteria on the number of b-tagged

jets are depicted.

Z/v* Control Region The purest sample of Z/~*+ jets events can be selected by requiring
the invariant mass of the lepton candidate pair to be within an interval around myz ~ 91 GeV.
Z/v*+jets background events, that enter the signal region, contain in most cases the decay
of an high mass off-shell Z/v*. To define the control region with sufficient statistics, while
simultaneously maintaining similarity to the signal region an invariant mass window 130 GeV <

my < 250 GeV is chosen to define the Z/~4* control region selections.

To suppress tt contributions only events with less than two b-tagged jets are considered. Ana-
logously to the signal regions, b-veto (N, = 0) and b-tag (N, = 1) control regions are defined.
However, by requiring a b-tag the fraction of Z/v*+jets events in the total background is greatly
reduced. This will be further investigated in Sec. 11.7.
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FIGURE 11.15: Schematic view of all kinematic regions. The z-axis illustrates the requirement
on my(myee) and the y-axis on the number of b-tagged jets selected in each region. [169]

Top Control Region The ¢t process can be studied by selecting events with two b-tagged
jets (Ny = 2). Each top quark decays almost exclusively into a W boson and a bottom quark,
which leads to two b-tagged jets in the final state.

Commonly events with opposite-flavor leptons are selected to investigate the tf process. Usually
this is a good handle since mostly events from processes with two W bosons in the final state
enter this selection - assuming correct particle reconstruction and identification. Compared to
the tt production, other processes with two W bosons in the final state have a very low cross-
section. However, to avoid overlaps with possible signal regions in searches for lepton flavor
violating L.Q decays this criteria is not used [59]. These kind of decays are possible in the signal
model probed (See Sec. 11.1.3).

Validation Region Additional validation regions are defined. In contrast to the control
regions, these are not used in the statistical analysis to constrain nuisance parameters and
obtain normalization factors. They are designed to be kinematically closer to the signal region
by requiring the lepton candidate pair invariant mass to be within 250 GeV < my < 400 GeV.
Again a classification in b-veto (N, = 0) and b-tagged (N, = 1) samples is done. The data
to background comparisons in these regions are used to validate background modeling and

correction factors, that are obtained by the statistical analysis.
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11.4.5 Selection Efficiency

In this section the efficiency of the previously defined selection is studied. Tab. 11.1 shows the
number of events in data remaining after each object level selection step. In the rows referring
to electrons (muons) an event is considered when at least two signal level electron (muon)
candidates pass the requirement in question. For the jet selection section only the remaining
events with at least two signal lepton candidates are counted, while at least one signal jet has
to fulfill the corresponding criteria. For the event level counter all events selected in previous

steps are considered.

The number of events listed in the first column are selected using the combination of single
electron and muon triggers. For lepton candidates the identification requirement rejects the
largest fraction of events within each category. This is expected due to the stringent working-
points utilized to achieve strong background rejection. The total numbers of events in the muon
object selection is higher than in the electron channel. This is due to the lower p threshold
on the single muon trigger compared to the ones in the electron channel in combination with
the falling lepton candidate pr spectrum. However, in the last selection step the leading lepton
pr is required to be larger than 65 GeV in both channels. The contribution of events with an
electron pair passing this criterion is higher compared to the muon events. This is illustrated by
the numbers of events selected in each region which are shown in Tab. 11.2. The large amount of
events rejected by the same-flavor requirement can be explained with large contributions from

tt events.

Tab. 11.2 lists the selected number of data events as well as the expectation of the dominant back-
grounds in each control and validation region separately for each channel. The large decrease of
the numbers in comparison to the last row of Tab. 11.1 is introduced by the my,qmax > 300 GeV
and the my criteria. In the kinematic regions of the electron channel more events are selected
than in the muon channel due to the higher selection efficiency. This has already been indicated
by the acceptance times efficiency graphs discussed in Sec. 11.4.3. The purity of the b-veto Z/~*
and tt control region is very high. In the b-veto Z/v* around 75% of the selected background
events is expected to created by the Z/y*+jets process, while 85% of the background in the ¢t
control region is created by tf events. Rare top quark processes and Wt production are con-
sidered as well for this estimation. In the b-tagged Z/~* control regions a large contribution from
top quark processes is observed. For the statistical analysis simultaneous fits of these regions
are utilized to determine normalization coefficients for each contribution. The low purity in the
b-tagged Z/~*+jets leads to a large uncertainty on the normalization. However, the fraction of
Z/v*+jets events to the total background is low in the b-tag signal region. The composition of

the validation regions are very similar to the Z/v* control regions in each channel.
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selection step H data
event cleaning and trigger 79215804
1 cut 57499192
track impact parameter 36556699
electron identification 8503127
pr > 30 GeV 5384972
isolation 4925189
combined muon 63381801
identification 37001692
muon pr > 30 GeV 27810058
track impact parameter 26050767
isolation 24277967
. 1 cut 8790849
Jet pr > 30 GeV 8194045
overlap removal 8346933
same-flavor 4818203
event opposite-charge 4783476
stgnal lepton candidates = 2 || 4783476
leading lepton pt > 65 GeV || 4783237

TABLE 11.1: Number of selected data events after each object level selection step. In the

rows referring to electrons (muons) an event is counted when at least two signal level electron

(muon) candidates pass the corresponding requirement. For the jet selection section, only the

remaining events with at least two signal lepton candidates are considered while at least one

signal jet has to pass the criteria in question. The event level counter considers all events which
were selected in previous steps.

channel ‘ region H data ‘ Z/v*+jets | top processes
Z CR — b-veto || 27634 19996 4091
Z CR — b-tag | 6043 840 5018
electron | VR — b-veto 9917 6065 2111
VR — b-tag 3803 258 3597
Top CR 19988 3498 16148
Z CR — b-veto || 21675 16728 2921
Z CR — b-tag | 4313 852 3645
muon VR — b-veto 7199 4982 1470
VR — b-tag 2653 217 2591
CRtt 14104 2760 11714

TABLE 11.2: Selected number of events in each kinematic region - except the signal regions.

The expected numbers of background events are shown for the two dominant background con-

tributions - Z/v*+jets and processes including top quarks. These numbers are obtained using

MC simulation and scaled to the integrated luminosity of data. All corrections considered are
applied.
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11.5 Background Estimation

11.5.1 Fake Background Estimation

For the estimation of the number of background events, which contain mis-identified leptons the
data driven Matrix Method is utilized. Contributions of this type will be referred to as QCD or
fake background in the following. In contrast to other background contributions the use of MC
simulation is not practical for the determination. On one hand the modeling of properties and
distinctive variables to identify leptons such as the isolation variables ES"*2%(see Sec. 4.3.2) are
not well modeled in MC. On the other hand large amounts of events must be simulated to get
sufficient statistics in each kinematic region, since the background rejection of the signal object

selection is high. This would make this approach very expensive in terms of computing time.

The background contribution is expected to be negligible in the muon channel, which is the
reason why this estimation is performed in the electron channel only. To validate this assump-
tion, the number of events of W+jets and dijet MC samples passing each selection is studied.
The event counts when considering muon candidates induced only by real muons are compared
to the counts, that are obtained without the so-called ‘truth-matching’ procedure. No dijet
event passed any of the selections probed. The variation in the total number of events between
both cases of all other backgrounds plus the W+jets process passing is very small. In most re-
gions a decrease of event yields is observed when disabling the ‘truth-matching’. The selection
of additional lepton candidates which are used for event vetoes is loosened this way as well and
therefore the veto is issued more frequently. The combination of these observations motivate

the disregard of the fake background in the muon channel.

11.5.1.1 The Matrix Method in two Dimensions

The general idea of the Matrix Method is to first lower the background rejection of lepton
identification and isolation criteria. Afterwards, efficiencies for objects, that are reconstructed
in this larger sample, to fulfill the signal selection as well are measured. These probabilities
are determined separately for candidates, which are originating from real electrons and other
particles (so-called fake electrons). The amount of events passing both identification categories
together with these efficiencies give the opportunity to estimate the number of so-called fake

background events in each kinematic region.

In the following electron candidates passing the object selection with loosened identification
criteria are labeled as loose and the ones passing the signal object selection are referred to as
tight. The sample of events passing the additional event level criteria are given by Nrr, Npr,

Npr and Npp where the capital letters 1" and L define the object selections - tight and loose.
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The first index of the variables represents the leading and the second one the sub-leading electron
candidate. The real and fake efficiency - r and f - are given by the transition probabilities of
real and so-called fake electrons, which pass the loose object criteria to also fulfill the tight

requirements.

Eq. 11.2 gives a relation between the ‘true’ amount of events classified as real (R) and fake
(F') electrons and the loose (L) and tight (T') selected electron candidates. The number of
pairs Ngrr, Nrr, Nrr, Npp in each category are considered similar to electron candidate pairs
Nrr, Nrr,, Npr and Npp. Due to the fact that the property of being a real or a fake electron
is exclusive, the same must hold true for the selection of electron candidates. This leads to
the additional requirement that each candidate entering for example Ny must not fulfill tight

object identification requirements.

Nrr NRrr
N N
Tl=m |8 (11.2)
Nrr Nrr
Nrr NrFr
with
T17T2 r1f2 fira fife
1-— 1-— 1-— 1-—
M= (1 —12) r1(1— f2) fi(1—172) [l = f2) ' (113)

(1 —=r1)r2 (1= fi)rs (1—=r1)fe (1= fi)f2
(I=r)(I—=ra) (I=r)(A—fa) (I—=f1)(L—-r2) (1—f1)(1~—f2)

Real r; and fake f; efficiencies are determined as a function of object related properties, for
example the candidates’ pt. This is the reason why they are listed separately for the leading
electron r1, f1 and sub-leading electron candidate r9, fo. The dependencies are discussed in the

following paragraphs.

Using previous equations the fake background is identified as the contribution of electrons
containing at least one fake Nrp, Nrpr and Npp to the two tight electron candidate sample

N7 as shown in Eq. 11.4.

NZRP =r1f2Ngp + firsNpg + fif2Npp (11.4)

To determine the samples of real and fake electrons - Ngp,Npgr and Npp - the matrix M shown
in Eq. 11.4 is inverted. This way samples, that are not directly measurable, are expressed in
terms of samples of lepton candidates and efficiencies, both of which can be determined in the

data. In the following these relations are displayed.
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Ngr (i=-D(f2—-1) (Ai-Vf2 f(f2=1) fife Nrr
Nrrp | 1 (i@ =ra) m(1—f1) fi(l—=r2) —fire Nrr,
Nerp | =2 =F) [ (=11 -fo) A=r)fa A=f)r —forr Nrr
Nrp (I—=r))(L—=7r9) (r1i—1Ure ri(ro—1) riry Npp,

By inserting this expressions into Eq. 11.4 an estimation for the fake background can be written
as the sum of selected candidate pairs in different categories. These ensembles of events are
weighted by coefficients, which are calculated with the real and fake efficiencies. The relation

can be displayed as

NEEP = alrfa(fi = DA = 12) + fira(r — DA = fo) + fifo(l =) (1 = r2)]Npr  (11.5)
taforari(l— fi) + fi(1 —r1) + fi(r1 — )N, (11.6)

+afiri[ra(1 = f2) + f2(1 = 7r2) + fo(ra = INpr - (11.7)

(11.8)

—afir foraNiL

where

1
(r1 = fi)(r2 = fo)

o=

(11.9)

The coefficient of Ny is small and negative and corrects for real electrons that do not pass the
tight candidate selection. The majority of events selected in this procedure will enter through
the Npp ensemble. The coefficients of Ny, and Ny are large and positive. This leads in total

to a positive number of fake background events being estimated.

11.5.1.2 Real and Fake Efficiencies

Real and fake efficiency are measured using the data and MC simulations. They are given by

the ratio of the number of real or fake electrons creating a tight electron candidate (Nt’;f]‘;ft,

Nt]:g}’ff ) over the the total number of real or fake electrons, which left a signature of a loose
lepton candidate (Nj NIJ;(;];:) These ratios are shown in Eq. 11.10. Since these quantities

are defined as efficiencies the samples of tight lepton candidates are subsets of the loose samples.

l fak

~ Niight ~ Niignt
= Nreal f= fake (1110)

loose Nloose
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The tight electron candidate selection is equivalent to the signal object selection discussed in
Sec. 11.4.1, which is requiring [hTight identification and isolation. Due to the identification
algorithm imposed at trigger level, the loose candidate selection differs from the baselevel
selection defined beforehand. A identification working-point with stronger background rejection
is used for electrons with pt < 145 GeV to avoid biases introduced by one of the single electron
triggers. Therefore, candidates in the loose selection must pass [hM edium identification in case
their pr is smaller than 145 GeV and [hLoose identification for higher transverse momenta.

No isolation is required.

To obtain stable estimates small coefficients in Eq. 11.8 are desired. This is achieved by having a
large difference between fake and real efficiencies, which is the reason why [hLoose identification
is used where it is possible without introducing a bias in the loose selection. The usage gives
lower fake efficiencies f compared to the [hMedium identification. In contrast the impact of

this choice on the real efficiency r is orders of magnitude smaller.

Real Efficiency The real efficiency r is determined by taking the ratio of electron candidates,
whose signatures are created by real electrons, which pass the tight and the loose selection - as
shown in Eq. 11.10. These candidate ensembles are selected using the Z/v*+jets MC simulation
(see Sec. 11.2.5). Generator level information is utilized to identify electron candidates that
originate from real electrons. The matching is implemented by the requirement on the angular
distance AR between the electron candidate in question and one of the generated electrons to

be smaller than 0.2.
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FIGURE 11.16: Real efficiency depending on the electron candidates’ pr (a) and n (b). Red
points are determined using the [hMedium identification requirement in the loose candidate
selection, while for the blue points the [hLoose identification is utilized.

The real efficiency against candidates’ pr and |n| is shown in Fig. 11.16. These one-dimensional
projections offer a simple way to study dependencies. The number of events in the simulation

is large enough that, two correlations are resolved simultaneously. The candidates’ pt and n
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have been found to be the most relevant ones. Varying detector coverage causes a 1 dependence
of the real efficiency. The pr dependency is introduced by the identification and isolation
requirements. Fig. 11.16 illustrate the efficiencies separated in the pt and 1 intervals that are

used.

In general the real efficiencies, that use the more stringent identification requirements in the
loose selection, are higher compared to the other. This is expected since this way candidates,
which are more likely to be connected to an electron, are considered in the first place. The real
efficiency is around 85% at low pr and rises steeply to around 95%. This is illustrating the good
reconstruction and signal efficiency achieved for real electrons in the high pt regime. At high
absolute pseudorapidity values the real efficiency decreases. Here the distance to the calorimeter
and the material budget in front of it is larger. Therefore interactions inside the inner detector
are more likely. The symmetric behavior toward n = 0 is caused by the detector design. Spikes
in the pr distribution - for example around 85 GeV - are introduced by additional requirements
imposed in the [hMedium identification to electron candidates with an pr larger than this

value.
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FIGURE 11.17: Real efliciency depending on the electron candidates’ pt obtained in different

1 intervals. On the left side the real efficiencies in the low pr regime are shown and on the

right side the ones of high pr candidates. The loose object selection is varied between both
diagrams.

Fig. 11.17 depicts the real efficiency of electron candidates depending on their pr in different
1 regions. Correlations that are observed in the one dimensional distributions are seen here
as well. The pp dependency illustrated follows the one displayed in Fig. 11.16 (a). The fact
that the real efficiency decreases with the absolute n value is also visible comparing various n

intervals.
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Fake Efficiency The fake efficiency is the probability for candidates, that are reconstructed
from signatures left behind by objects other than electrons and pass the loose selection to
also pass the tight selection. This efficiency can not be determined with MC alone since the
object composition is difficult to estimate and mostly unknown. This is the reason why the
object samples required are selected in data by applying additional criteria to suppress the
contribution of real electrons. Simultaneously the composition and properties of objects other
than electrons should remain similar to the one in the signal and control regions of this analysis.
Event topologies of electron candidates reconstructed close (AR < 0.4) and not close to any
b-tagged jet are studied separately. In general electrons are predominantly produced by the

decay of the electroweak W and Z/+* bosons.

To suppress electrons originating from W decays, the missing transverse energy is required to
be lower than 40 GeV. Additionally, events with two electron candidates passing the [hLoose
identification requirements and pr > 20 GeV, whose combined invariant mass is in a 20 GeV
window around the Z peak are neglected. This suppresses electrons coming from on-shell Z
decays. Off-shell Z decays are removed by vetoing events, that contain more than one electron
candidate passing the [hMedium identification. To keep similarities between events entering
these samples and events selected in the signal and control regions a high energy jet - with

pr > 30 GeV - is required.

Despite these cleaning cuts the contribution of candidates originating from real electrons is not
negligible. Therefore, this fraction has to be estimated and subtracted before building the ratio.
The fraction itself is determined by applying these criteria to MC samples of all processes with

real electrons in the final state. Eq. 11.10 is modified to Eq. 11.11.

fake fake
f= Ntight,data - Z Ntz’ght,MC (11 11)
~ arfake fake ’
Nloose,data - Z Nloose,MC

Here, the sum is taken over all MC samples of different processes containing real electrons in the
final state and the fake symbol implies that cleaning cuts to suppress real electron contributions

are applied.

The relative size of this dilution of real electrons is significantly smaller for candidates close
to b-jets. Dominant processes with real electrons in the final state - LO electroweak boson
production - do not have a b-quark in the final state. In the low pt range the contribution of
real electrons to the tight candidates selection is about 70% and 50% in the object sample that
passes the loose selection. For candidates with pt > 145 GeV this fraction decreases to 68%
and 30%. In case the candidates are close to a b-jet the dilution is approximately constant at

5%. The only exception is the loose sample in the high p regime. Here contributions from top

163



Chapter 11. LQ Search: Analysis

-

Fake Efficiency

Fake Efficiency

Fake Efficiency

P [ L e e e s 3
2 = ]
8 0.9 —— -247<n<-201 4
§ E —— -201<n<-152 7
W8 . q37<n<0 =
2 E 3
C 0 1.37 =
£ 0.7 <m< —
E 1.52< <201 3
0.6 ——201<n<247 —
E — , 2
0.5— — —
E — ———
E . s =
04— — -
03= -
0.2 ; Isolated from b-jet 7:
E IhTight+Isolation/IhMedium =
01— 4
Eevv bov b b b b Lo g
% 55 6 6!
p, [GeV]
(a)

- A 1
) E 3
c E 3
2 09 —
s F E
E £ B
w 08— —
Py E E
ﬁ E 3
S 07 E
| S~ . 4 = —— 3
06— 4= ===
E — i
055 I
0.4 —— 247< n<-201 3
£ —— -2.01<n<-1.52 B
°-3§ ——-1.37<n<0 -
ozi 0<n<137 =
*“E Isolated from b-jet E
E  InTightsIsolation/lhMedium 1.52<n<201 5
0.1— —+—2.01<1<247 —
S R EPRPEI EFRPEPIN APAPATIVEN IAVIVINES I g

0 110 120
eV]

(c)
> g T T T =
g v E
2 0.9 —e— =247 < 1<-2.01 3
':LE) E —— -2.01< n<-1.52 3
w 0.8 —+—137<1<0 =
© E Isolated from b-jet <h<m 3
ﬁ 07E IhTight+Isolation/IhLoose 0<n<137 =
£ 0.7 =
c 1.52<n<2.01 3
0.6— e 2.01< <247 —
05— -
0.4 —
0.3~——o =
4 I 3
£ s — E
0.2, e
e . pE—
= = =
0.1 —‘—%—:?:
Y = N AR A A VAR 5
150 200 250 300 350 400 \5/]
e

(e)

FIGURE 11.18: Fake efficiencies as a function of electron candidates’ pr in different 1 intervals.
Efficiencies shown in the first column are determined for candidates, that are not close to b-
tagged jets. For the determination of diagrams in the second column only candidates which are
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close to a b-tagged jet are included.

quark decays become more relevant leading to a fraction of 25% of events that still contain real

electrons.

The fake efficiency is determined in three different pr regions separately, to avoid biases intro-

duced by the trigger identification requirements and pt thresholds. This separation is done at
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the thresholds pt = 30, 65,145 GeV. At the highest threshold the loose selection identification
requirement can be relaxed. Additionally, to obtain fake efficiencies for the least energetic can-
didates at 30 GeV < pr < 65 GeV, a pre-scaled trigger® with a pr threshold of 26 GeV has
been used. This trigger was active during data taking in 2016 and 2017 and recorded a total
amount of 392pb~! of data.

Fake efficiencies depicted in Fig. 11.18 are shown as a function of pr in different n intervals. n
and pr dependencies of the fake efficiencies are resolved. In the first column, fake efficiencies
for candidates, that are not close to a b-tagged jet, and in the second column the ones for

candidates, which are close to a b-tagged jet are shown.

Fake background contributions are considered in the statistical analysis using the extrapolation
procedure discussed in Sec. 11.5.2. In each kinematic region the procedure is performed on
the output of the Matrix Method to obtain functions describing the background shape and
normalization of the my,qmax distribution. These are then used to obtain background estimations
by integrating over the relevant mass interval. The fake background constitutes approximately
a fraction of 3% of the total background expectation in each kinematic region of the electron

channels.

11.5.2 Background Extrapolation to High Masses

The estimates of some background processes suffer from low statistics in the high mpqmax
range. A fit based extrapolation procedure is utilized in these cases to obtain a prediction.
This is done on one hand for background contributions, that originate from top quarks, since
all relevant processes are generated inclusively. The second use case is the fake background
estimate in the electron channel. The extrapolation is done assuming two different functional
forms and varying the start and end point of the fit range. The procedure is described in detail
in Sec. 7.5.2.

Fig 11.19 (a) shows the my,qmax distribution of the electron channel top background in the b-tag
Z/~v* control region. The utilized ensemble of fits is overlaid. The red dashed line is taken as
the central value. All in the uncertainty determination considered fit results describe the falling
spectrum reasonably well. In (b) the nominal estimate and its uncertainty is displayed. (c)
and (d) serve as diagnostic plots ensuring that the nominal value obtained and its estimated
uncertainty cover the simulated input sufficiently. For this purpose the integral of the mass tail
starting from different mass bins is shown together with its uncertainty in (c). (d) shows the

ratio of the extrapolated spectrum to the input distribution.

3626_lhvloose_nod0_L1EM20VH
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F1GURE 11.19: Diagrams illustrating the fit based procedure to extrapolate the electron channel

mMp,Qmax Spectrum in the b-tag Z/v* control region. (a) shows the ensemble of all fits used to

estimate the extrapolation uncertainty and nominal value, which is drawn as a red dashed line.

(b) displays the final estimate of this background with its uncertainty indicated as red area.

(c) shows the integral over the tail in each mass bin starting from the respective bin with its

uncertainty in comparison to the simulated input MC. (d) depicts the ratio of the extrapolation
result to the input distribution.

Structures are observed in the highest bins, that have entries in the high myqmax range of the
top background. An example of this is shown in the highest four filled bins in Fig. 11.19(a). By
using the extrapolation procedure these structures are smoothed. Dedicated studies on these
can be found in App. B.2. Structures are created by the b-tag requirements and migration
effects between different b-tag categories. The mpqmax distributions with different number of

b-jets in the fiducial volume run out of statistics at varying points.
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11.6 Systematic Uncertainties

In this section all major uncertainty sources and their relevance are discussed. They are classified
into two large groups according to their origin. The first set of uncertainties is induced by the
particle reconstruction, detector specifics and other algorithms used in the experiment and are
called experimental uncertainties as a consequence. The other set of uncertainties enters through

theoretical predictions.

11.6.1 Experimental Uncertainties

Algorithms to reconstruct lepton candidates [103][84] and jets [111] are using signals in the
detector (see. Ch. 4). These procedures have associated uncertainties. Uncertainties connected
to the reconstruction, isolation, identification and other experimental efficiency estimations are
introduced by models utilized for the determination of those. Additionally, assumptions made
and procedures used for the energy (momentum) scale as well as resolution effects - for all

considered object types - are studied.

Furthermore, the luminosity value has an uncertainty connected to it [145]. The determination
of the luminosity is detailed in Sec. 3.3. This measured value is used to scale the background
estimation and signal hypothesis to the corresponding amount of data. The integrated lumin-
osity value for the data taken in 2018 is 2.0%, in 2017 2.4% and for 2015 and 2016 combined
2.2%.

205 —

35 : ey

Electron Energy Scale eej

Electron Energy Resolution Signal Region - Inclusive

Electron Energy Scale eej

30

Electron Energy Resolution Z-Control Region - Inclusive

Integrated

Electron ID Efficiency

25

Electron ID Efficiency

Electron Isolation Efficiency Electron Isolation Efficiency

20

Electron Reconstruction Efficiency

Electron Reconstruction Efficiency

Electron Trigger Efficiency

Electron Trigger Efficiency

15

Systematic Uncertainty [%]
Systematic Uncertainty [%]

10

%

@

-5

|

5 s L s 10 s s s L
3x10°  4x10° 5x10? 10° o’ ? ? ° °
3 x x ) 3x10°  4x10 10 Mo [GRAT®

(a) (b)

FIGURE 11.20: Uncertainties related to electron reconstruction. Variations in (a) are determ-

ined on the my,qQmax spectrum in the electron channel combined Z/~v#* control region. In (b)

the variation in the tail integral of the combined electron channel signal region is probed. The

value in each bin is calculated by considering the tail integrals starting from the lower interval
margin.

Fig. 11.20 illustrates the impact of the uncertainties related to the electron reconstruction pro-

cedures. In (a) the impact of systematic variations on the mrqgmax spectrum is shown on the
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sum of the b-tagged and b-veto Z/~v* control region ensemble as an example. Variations in spec-
tra of other regions are similar in size but differ slightly due to different shapes of underlying
distributions. (b) quantifies the uncertainties in the combined signal region (sum of N, = 0 and
Ny = 1). To estimate the impact to the single-bin statistical analysis, the value shown in each
bin is the variation of the tail integral starting from the lower bin margin. The largest uncer-
tainties related to electron reconstruction are approximately 5%. The uncertainty connected to
electron identification efficiency differences in the data and the simulation is dominant and is
increasing toward high masses. Efficiencies in the data are determined using a tag-and-probe
method of Z — ee events. For electrons with high momentum an extrapolation is utilized,
which increases its uncertainty. The second largest uncertainty is introduced by the electron
energy scale calibration. Here, the measured energies of electron candidates are slightly varied.
Structures observed in the diagrams are related to the spectrum, that is used to determine
the variation and the usage of binned samples. An event from phase space interval, which is
associated to a high cross-section, is filled with a large weight. In case events like these are
reconstructed in the high mass tail and are migrating, large variations are observed. The gen-
eral increase in this uncertainty toward high mass values can be motivated again by the use of

extrapolations. Other studied variations are at approximately 1% and below.
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FIGURE 11.21: Uncertainties related to muon reconstruction. Variations in (a) are determined

on the mpQmax spectrum in the muon channel combined Z/v* control region. (b) shows the

variation in the tail integral of the combined signal region. The value in each bin is calculated
by considering the tail integrals starting from the lower interval margin.

Fig. 11.21 shows the analog plots in the muon channel quantifying the uncertainties related
to muon candidate reconstruction in ATLAS. In (a) variations of the my,qmax spectrum of the
combined Z/~* control region are shown. In (b) the impact on a single bin in the combined
signal region - varying the bin size - is illustrated. The variations displayed are on the percent
level. All uncertainties related to efficiency differences between the data and the MC are below
1%, except for the one related to muon reconstruction efficiency. This is observed to be between

3-4% in the signal region. Uncertainties related to the energy measurement are larger as the
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trajectories of high pr muons are only slightly bent by the magnetic field, which makes the
measurement of their curvature more challenging. This effect becomes more dominant at high
momenta and high mp,qQmax. Structures observed in (a) can be explained again by the usage of

the phase space binned Z/vx+jets samples in combination with migration effects.

All variations of nuisance parameters estimating uncertainties related to jet energy scale and jet
energy resolution are below 5% in the entire mass range. Experimental uncertainty variations

investigated in other kinematic regions are very similar to the ones shown here.

11.6.2 Theoretical Uncertainties

Theoretical predictions in high energy particle physics come with various uncertainties associ-

ated to them. In the following paragraphs different sources of uncertainties are discussed.

Each set of parton distribution functions comes with an ensemble of uncertainties. On one hand
they originate from the limited amount of data - that only cover certain phase space regions -
which is used in the determination. Additionally, there are uncertainties induced by different
methods chosen to extract each PDF set. A more detailed description of PDF sets and on how
they are obtained can be found in Sec. 2.2. Some generators provide eigenvector variations of
the underlying PDF set to quantify these uncertainties. Furthermore, the information on how
the simulated distributions would be modified by the choice of a different PDF set is given in

form of corrections.

For the dominantly contributing ¢t and Z/y*+jets samples PDF replicas are provided as well
as weights to study variations using the nominal value of different PDF sets. For the Z/~*+jets
sample the generation result with central values of the MMHT2014NNLOG8CL [170] and the
CT14NNLO [146] PDF set and for processes including top quarks the PDFALHC [147] and
CT14NNLO [146] PDF sets are considered.

Since theoretical calculations, that are performed to predict background and signal processes,
are only of finite order, the choice of factorization and renormalization scale - p1y and p, - impact
the prediction as well. These scales have been introduced Sec. 2.1.1 and Sec. 2.3. To estimate
these effects on the Z/~v*+jets contribution each scale parameter is varied independently by a

factor of two up and down. The envelope of these variations is taken as an uncertainty.

Fig. 11.22 shows the relative uncertainties on the Z/v*+jets background in the b-veto signal and
Z/~* control region for the muon channel exemplarily. The variations displayed are determined
on the my,Qmax distributions. Displayed is the scale variation uncertainty, the impact of strong
coupling constant o variations as well as deviations, that are observed when using other PDF
sets in the cross-section calculations. Uncertainty variations in other regions defined in this

search have been found to be almost identical.
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By far the largest uncertainty is assigned to the choice of renormalization u, and factorization
¢ scale - between 20% and 40%. There are problems observed in the modeling of the jet pr in
these SHERPA Z/~*+jets samples, which is assumed to be introduced by the choice of u, and
ptf- The mis-modeling is completely covered by these large uncertainties. All other theoretical
uncertainties probed are on a percent level. Variations are shown with respect to the Z/v*+jets

background.
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FIGURE 11.22: Theoretical uncertainties on the Z/v*+jets background with respect to the
contribution itself. Variations are determined on the myqmax Spectrum in the muon channel
b-veto Z/v* control region (a) and b-veto signal region (b).

Fig. 11.23 illustrates the relative theoretical uncertainties on the top background. Additional
uncertainty sources in the generation of samples including top quarks are studied. This includes
variations of the hadronization model, varying assumptions for initial and final state radiations
as well as differences in the hard scattering generation and matching procedures. These un-
certainties are estimated by comparing the results, that are obtained by different generators
and tools, as well as the samples generated with scale and model parameter modifications.
The variations have been obtained by comparing varied mrqmax spectra of tt events in the
electron channel (a) and muon channel (b) top control regions. The magnitude and shape of
these uncertainties does not change significantly in any other kinematic selection defined in this

analysis.

Diagrams shown for the electron and muon channel are very similar. The largest uncertainty
is connected to the variation of initial state radiation assumptions, which is connected to the
choice of ji, and py. It is around 17% at myqmax = 300 GeV and increases toward high masses.
The other dominant theoretical uncertainty is connected to the hadronization and modeling. At
high masses the up variation of the final state radiation is observed to be large. The remaining

uncertainties probed are on a percent level in the entire mass range.

Furthermore, the total background cross-sections have an uncertainty associated to it. The
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FIGURE 11.23: Theoretical Uncertainties on the Top background. Variations are determined
on the mpQmax spectrum in the ¢¢ control region. In (a) the electron channel and in (b) the
muon channel is shown.

Z/y*+jets cross-section has a relative uncertainty of 5% [171]. The uncertainty on the ¢t cross-
section is +5.6%/-6.1% and in the case of processes with two electroweak bosons in the final

state the uncertainty is 6.1% [172].

11.6.3 Summary

Relevant uncertainties are selected with the statistical analysis setup described in Sec. 12.2.
Uncertainties below 0.5% with respect to the total background are neglected in each kinematic
region. This analysis step is called pruning. Tab. 11.3 gives an overview of the uncertainty
sources and their magnitude on the background expectation in each signal region. Values are
determined by integrating over mrqmax starting from 800 GeV (1500 GeV). The combination
of each category is obtained by adding its constituents quadratically and taking the square root

of the sum. This approach leads in most cases to overestimation.

The signal regions suffer from low statistics, which is the reason why the integrals are taken into
account to estimate each systematic variation. Nonetheless, the values, that are obtained, have
large statistical uncertainties themselves. Most experimental uncertainties are on the percent
level. This includes the ones associated to lepton reconstruction as well as the ones referring to
the jet energy measurement. Uncertainties, which are related to the momentum measurement
of muons, are large at high masses due to the challenges in the reconstruction of high pr
muons. Theoretical uncertainties are dominant in the high mass range. In the b-veto region
the ones connected to the prediction of the Z/~*+jets background are most relevant since the
corresponding process constitutes the largest background fraction. The same argument holds
true for the discussion of the uncertainties related to the theoretical prediction of processes with

top quarks and the b-tag signal regions.
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electron channel muon channel
source b-veto b-tag b-veto b-tag
lepton energy /momentum | 4.1%(1.6%)  1.4%(0.8%) | 11.2%(11.3%) 5.6%(15.4%)
lepton algorithm efficiencies | 6.5%(6.7%)  4.7%(5.7%) | 2.7%(3.1%)  2.2%(3.2%)
jet energy scale 3.2%(2.4%)  0.9%(1.1%) | 0.5%(0.6%)  1.0%(0.8%)
jet energy resolution 1.2%(3.4%)  1.3%(5.7%) | 2.8%(7.3%)  4.9%(0.8%)
Z/~v* theory unc. 18.7%(25.1%) 3.8%(13.1%) | 8.3%(23.9%)  2.6%(2.4%)

top process theory unc. 4.7% 53.1% 4.2% 46.4%

TABLE 11.3: Summary of uncertainties and their impact in the signal regions in each channel.
The values are obtained by considering the variation of the mrqmax integral of the background
starting from 800 GeV (1500 GeV) with respect to the total background estimate. The single
sources discussed in previous sections are combined by adding them quadratically and taking
the square root. For the theory uncertainties of processes with top quarks just the value starting
from 800 GeV is shown, since above the extrapolation uncertainty replaces all others.

In the statistical analysis the statistical uncertainty of the MC samples is included as well.
For the extrapolated top background the uncertainty, that is connected to the extrapolation
procedure introduced in Sec. 11.5.2 is used above the stitching bin instead. The extrapolation
uncertainty is large enough to cover all other variations investigated and is consequently the

dominant background uncertainty in the signal regions in which one b-tagged jet is selected.

11.7 Background to Data Comparison

In this section the background modeling in the control and the validation regions is studied.
These regions are defined in a way that only very low contributions from the LQ signal process
are predicted. Diagrams in the following subsections show in the upper panel the number of
selected events in the data and the SM theory prediction. Background events are drawn stacked
giving on one hand the opportunity to compare the total number of expected events to the data
and on the other hand insight on how the total background is composed. In the lower panel
the ratio between the data and the background estimation is shown. The gray band indicates
the impact of experimental uncertainties and the one introduced by limited MC statistics. The
single sources are combined by adding them quadratically and taking the square root of the
sum. A smoothing procedure is used on the uncertainty bands to reduce the effect of statistical
fluctuations on the uncertainty values themselves. In regions of the phase space, which do not
have a background estimate due to low statistics, uncertainties can not be calculated and are
set to zero in the ratio panel. This causes the band to approach zero width in the high pt and
high mass intervals, which is only a matter of this visualization. Considering the mass of the
electron and muon in contrast to the center of mass energy the distributions are expected to be

very similar in the electron and muon channel.
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For the sake of clarity only a selection of distributions are shown as example and discussed in

this section.

11.7.1 Z/v* Control Region
11.7.1.1 b-Veto Region

The dominant background contribution consists of Z/y*+jets events. This is expected since on
tree level the jet originates from initial state radiation. As consequence it is induced by a gluon.
By design the Z/v*+jets process yields the highest background contribution in this region drawn
in light blue. Top quark processes (red) and processes with two electroweak bosons (orange)
contribute on a percent and sub-percent level. In the electron channel the fake background

(vellow) is displayed as well.

In Fig. 11.24 the ¢ and 7 distributions of the selected muon candidates, electron candidates
and jets are displayed. Only the leading objects per event are shown in these plots. The jets
depicted are taken from the electron channel. Angular distributions of the sub-leading lepton
candidates look very similar and can be found in App. B.3. The ¢ distributions only depend on
detector specifics due to the symmetric event topology in the plane transverse to the beam-axis.
For electron candidates and jets detector coverage is isotropic in ¢, which leads to the flat
distributions that are shown in (a) and (e). Spikes in the estimation are introduced by limited
MC statistics. In (c) effects of the varying detector coverage for muon candidate reconstruction
is visible. The ratio panel shown in the bottom illustrates that this aspect is well modeled. The

data and the background estimates follow the same structures.

The electron candidates’ 1 distribution, which is shown in (b), has its maximum around n =0
and is falling to high |n| values. The intervals of 1.37 < |n| < 1.52 correspond to the transition
regions between calorimeter barrel and end-caps, which are excluded in the selection due to bad
energy resolution. This is the reason why there are no candidates selected. The main cause
for the decreasing behavior is that by requiring minimal invariant masses in an event (my; and
mr,Qmax) the Bjorken x; of the interacting partons has to be balanced to some extend. Otherwise
the center of mass energy of the partons is not sufficient to create heavy intermediate particles
present in most background processes. This explains why the majority of final states particles
are not highly boosted along the beam-axis. An event is rejected in case one candidate exceeds
In| > 2.47. One additional aspect is that by definition equidistant pseudorapidity differences
correspond to smaller fiducial volumes closer to the beam-axis. This leads to an even steeper
slope to high absolute pseudorapidity values. The muon candidate n distribution (d) displays
multiple structures. Most of them are introduced by badly aligned muon chambers, which are

vetoed in the highPt muon identification working-point. Inefficiencies around n = 0 appear
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FIGURE 11.24: Angular distributions ¢ and n of the leading electron candidates (a)(b), muon

candidates (c)(d) and jets (e)(f). The jet ensemble is selected in the electron channel. The

upper panel shows the data points as well as the background prediction, with its contributing

fractions drawn stacked. In the lower panel the ratio of the data and the total background

estimate is displayed. The gray band indicates the impact of experimental uncertainties and
limited MC statistics.

due to gaps for cables supplying the calorimeters. For jet reconstruction the detector coverage
does not introduce remarkable shapes to the pseudorapidity distribution, which is visible in
(f). As for the electron candidates, the spectrum peaks around n = 0 and falls toward high

absolute values. The calorimeter transition region is not excluded, which explains the smooth
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FIGURE 11.25: Transverse momentum pr distributions of electron candidates (a)(c), of muon

candidates (b)(d) and of jets (e)(f). The lepton candidates are shown separated in leading

and sub-leading. The upper panel shows the data points as well as the background prediction,

with its contributing fractions drawn stacked. In the lower panel the ratio of the data and the

total background estimate is displayed. The gray band indicates the impact of experimental
uncertainties and limited MC statistics.

decrease before being cut off by the explicit selection criteria of [n| < 2.5. The slope is less steep
compared to (b), since jets are not originating primarily from the decay of a heavy object in
this region. The pseudorapidity distributions indicate good background modeling. Fluctuations

are covered by the statistical and experimental uncertainties.
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These angular distributions look very similar in other control regions due to their strong de-
pendencies on detector design. This is the reason why these are the only ones discussed here as

an example.

Fig. 11.25 depicts the transverse momenta distributions of the particle candidates. In the left
column diagrams of the electron channel and in the right column diagrams of the muon channel
are displayed. The shape of the lepton candidates’ pt spectra in the electron and muon channel
differs only due to different energy and momentum resolutions. The lepton candidate pair mass
window (130 GeV < my < 250 GeV) is in the falling tail above the Z peak. This is the reason
why the majority of events contains a lepton candidate pair with my that is close to 130 GeV.
Therefore, the leading and sub-leading lepton candidate pt peaks below 100 GeV. Above this
all reconstructed objects show a decreasing pr distribution. The fact that only the projections
on the transverse-plane are considered causes the migration of many events from the peak to
lower values, making the peak less sharp. The sub-leading lepton candidate spectrum peaks
between 60 GeV and 70 GeV and the one of the leading lepton candidates around 80 GeV.
These positions are shifted to higher energies due to the recoiling jet. The jet pr distribution
follows a smoothly falling curve in both channels. The measured data agrees with the MC
prediction within the uncertainties in the lepton candidates’ pr distributions. For high energy
jets a slight mis-modeling is observed, as the data tends to undershoot the prediction in the high
pr tail. The reason for this has been identified to be the choice of y, and py in the generation
of the Z/y*+jets SHERPA MC and is even more pronounced when selecting on-shell Z events.

However, this is covered by theoretical scale uncertainties, which were discussed in Sec. 11.6.2.

Fig. 11.26 illustrates the background modeling of angular differences and invariant masses of
object pairs in the events. These spectra look very similar in the electron and muon channel,
which is the reason why only the electron channel diagrams are shown as example. (a) displays
the invariant mass distribution of the LQmax pair - lepton jet pair with higher invariant mass
- and (b) of the LQmin pair - lepton jet pair with lower invariant mass. The falling pt spectra
previously discussed are connected to the decreasing behavior. In (c) the difference in ¢ of the
electron candidates is shown. The data distribution and the dominant background contribution
have their maxima around Ad¢y = 7. This is expected since the majority of events come include
the decay of a heavy Z. Its high mass in comparison to its recoil in the transverse-plane causes
the decay products to be back-to-back in most cases. This effect becomes more pronounced
in events with a small recoil. The pseudorapidity difference of the selected electron candidate
pair (Any) shows a falling curvature visible in (d). On one hand the falling |n| spectra of the
single lepton candidates displayed in Fig. 11.24 causes this. On the other hand, the high center
of mass energy of partons required to produce an off-shell Z leans toward symmetric Bjorken
x; values in each event. Therefore most Z bosons are produced centrally, only with a small
boost along the beam-axis. Diagrams shown in (c) and (d) display good data to background

agreement and good modeling of these aspects. In the mrqmax and mpqmin distribution the
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FIGURE 11.26: Distributions of composite quantities reconstructed using object pairs in the
electron channel. (a) and (b) show the invariant mass distributions mp,qQmax and mpgmin. (c)
and (d) the angular differences in ¢ and 1 of lepton candidate pairs. The upper panel shows the
data points as well as the background prediction, with its contributing fractions drawn stacked.
In the lower panel the ratio of the data and the total background estimate is displayed. The
gray band indicates the impact of experimental uncertainties and limited MC statistics.

data undershoots the background prediction in the high mass range. This can be connected to

the jet pr mis-modeling observed in the Z/~*+jets SHERPA MC.

11.7.1.2 b-Tag Region
In this region the fraction of top quark decay events is enhanced by selecting one b-tagged jet.
This causes the background fraction from top quarks to be around ~ 90%, while Z+jets events

only contribute ~ 10%.

Fig. 11.27 shows a selection of kinematic plots in this region - in the electron channel as example.
In all distributions the top background contribution is dominant, while the general shapes are
similar to the ones observed in the b-veto control region. The mass distributions displayed in
(a) and (b) have large statistical uncertainties and show more fluctuations in the ratio. Some

deviations, that are observed, are not covered by the gray bands displayed. However, theoretical
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FIGURE 11.27: Kinematic distributions in the b-tag Z/v* control region obtained in the electron
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channel. In (a) and (b) the mpqmax and mrqgmin distributions are displayed, (c) and (d) show

the pr spectra of the leading electrons and jets, while (e) and (f) illustrate angular differences
between the electron candidates - in (e) A¢d and (f) An. The upper panel shows the data
points as well as the background prediction, with its contributing fractions drawn stacked. In
the lower panel the ratio of the data and the total background estimate is displayed. The gray

band indicates the impact of experimental uncertainties and limited MC statistics.

uncertainties on the top background are not included in this illustration. Their estimated impact
is large, which was discussed in Sec. 11.6.2. The leading lepton pr distribution - displayed in (c)

- shows the exact same shape as discussed in the previous section. The transverse momentum
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of the jet illustrated in (d) has its maximum in a region between 70 and 110 GeV. The jet is
required to be b-tagged and is most likely produced by the decay of a top quark. The maximum
corresponds to roughly half of the top quarks mass of m; =~ 170 GeV. Differences observed
between data and background are smaller than the variations describing theoretical top process
uncertainties discussed previously. The Ad¢; and Any distributions shown in (e) and (f) are
wider compared to the ones in the b-veto region. In events of the dominant background fraction
- top quark processes - both leptons are not produced by the decay of the same mother particle
and consequently have no immediate connection. The angular distributions illustrate good data

and background agreement.

11.7.2 Top Control Region

This control region is designed to study the t¢ MC modeling. The contribution from processes
including top quarks to the background is enhanced to about 90% by requiring 2 b-tagged jets in
each event. Diagrams of the electron channel are shown exemplarily, since there is no qualitative

difference in shape to the muon channel distributions.

Fig. 11.28 displays the lepton candidates’ and jets’ pt (a)-(c) as well as invariant masses for
lepton candidate pairs (d) and the LQmax pairs (e). The lepton candidates’ and jet’s transverse
momenta show decreasing behavior at the high end of the spectrum. In the leading lepton pt
spectrum (a) only a smoothly falling behavior, that starts at the pr requirement of 65 GeV,
is visible. For the sub-leading lepton candidate a rise at low momenta is observed. These
originate from decays of heavy W bosons. The leading jet, which is selected and entering the
pr distribution in (c), originates most of the time from the decay of a (anti-)top quark with mass
my; ~ 170 GeV and is created by the (anti-)bottom quark produced. Therefore the distribution,
that is shown, peaks around 90 — 100 GeV. This maximum is again shifted by the fact that
only the jet with the highest pr is selected, enhancing the contribution from high energy jets.

The data and the background estimates agree reasonably well.

The invariant mass distribution of the lepton candidate pairs - in (d) - reveals that background
contributions of Z/v*+jets events are expected almost exclusively near the Z peak. Jets pro-
duced in Drell-Yan processes predominantly come from initial state radiation and are induced
by gluons. The majority of Z/v*-+jets events entering here come from two jets being mistakenly
tagged as b-jets and from processes, in which the emitted gluon decays into a bb pair. The
underlying t¢ background contribution is flat in the Z peak region, rises smoothly to about
my ~ 160 GeV and decreases afterwards. Around the Z peak some mis-modeling is observed,
which is most likely originating from missing contributions of the Z+jets MC sample. The
Feynman diagram, in which the radiated gluon decays into a bb pair is a higher order process

and not included in the generation. Outside of this region the ratio of data and background
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FIGURE 11.28: Electron channel distributions of the lepton candidates’ pr (a)(b) and the
leading jet’s pr (c¢) in the top control region. Additionally, the invariant mass of the electron
candidate pairs and the LQmax pairs are shown in (d) and (e). The upper panel shows the
data points as well as the background prediction, with its contributing fractions drawn stacked.
In the lower panel the ratio of the data and the total background estimate is displayed. The
gray band indicates the impact of experimental uncertainties and limited MC statistics.

prediction is flat and slightly below one. (e) shows the falling my,qmax distribution. The data to

background ratio is very close to one. The deviations in the tail are covered by uncertainties.
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11.7.3 Validation Region

The validation regions are designed to have a more signal region like event topology while
expecting negligible signal contributions. This is the reason why the my; interval studied in this
selection is higher compared to the control regions with 250 GeV < my; < 400 GeV. This leads

to less statistics in the investigated distributions.

Fig. 11.29 shows muon channel distributions that are obtained in the b-veto region in the left
column and in the b-tag region in the right column. In (a) and (b) the leading jet’s and in
(c) and (d) the leading muon candidates’ pr distributions are displayed. (e) and (f) illustrate
the mrQmax spectra. The shapes of most distributions and the background compositions are
very similar to the ones discussed in the Z/v* control regions. The minimal invariant mass of
lepton pairs selected is higher at 250 GeV in this region. This is the reason why most events
that are selected have a lepton candidate pair with invariant mass in a small window starting
at 250 GeV. This leads to a shift of the maximum observed in (c¢) and (d) to higher momenta
of around pt ~ 125 GeV compared to the Z/v* control region distributions.

The jet’s p distribution in the b-veto region, that is displayed in (a), shows reasonable data to
background agreement. The modeling problems of this variable in the Z/~*+jets MC is present
in on-shell Z events and becomes less pronounced in the high m; range. Deviations between
data and background expectation that are observed in the other diagrams are covered by the

large statistical uncertainties of the data and the MC.

In summary the modeling in all regions is found to be reasonable. Uncertainties that are
considered are sufficiently large to account for observed differences between the data and the

background expectation.
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FIGURE 11.29: Jet’s pr (a)-(b), leading muon candidates’ pr (c)-(d) and myqmax distributions
in the muon channel validation region - for the b-veto and b-tag category in the left and right
column. The upper panel shows the data points as well as the background prediction, with
In the lower panel the ratio of the data and the
total background estimate is displayed. The gray band indicates the impact of experimental

its contributing fractions drawn stacked.
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Chapter 12

Results and Statistical

Interpretation

This chapter discusses statistical methods, that are used to optimize the signal region probed for
each mass hypothesis as well as the interpretation of the results. First the general methodology
and definitions are introduced in Sec. 12.1. Afterwards, in Sec. 12.2 the procedure to determine
exclusion limits in the frequentist approach is discussed. A signal region myqmax cut optimiz-
ation is conducted with this technique and described in Sec. 12.3. In Sec. 12.4 observed event
yields in all signal regions are shown and compared to the background expectation. Finally, ob-
servations are interpreted utilizing a likelihood ratio test to assess and quantify deviations from
the background-only hypothesis in Sec. 12.5. In case no significant deviation is observed, upper
exclusion limits on the cross-section times branching ratio and the LQ mass are presented in
Sec. 12.6. The statistical analysis package TRexFitter [173] is used for the following statistical

tests.

12.1 Methodology and Likelihood Function

Event yields in each region are considered in a single mpqmax interval due to limited MC stat-
istics. The generation of the Z/y*+jets MC is divided into sub-samples covering a distinct
phase space region each (see Sec. 11.2.5). Migration effects in combination with large differ-
ences of the cross-section event weights between those sub-samples create structures in the tail
of the myqQmax background distribution. The utilization of a single-bin approach counteracts
convergence problems. These might occur when non-smooth background estimates with highly

varying statistical uncertainties in different my,qmax intervals are used.
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A detailed description of the methods is given in [150][152]. In each region r the number of
events follows a Poisson distribution with the expectation value A,. A, is given by the sum of
expected signal and background events in each region - s, and b,. Uncertainties are included
by a set of gaussian distributed nuisance parameters (NP) . NP of the same uncertainty are
treated as correlated across all regions in a given channel. The propagation of these uncertainties
to the expected number of signal and background events has been discussed in Sec. 8.1. An
additional NP is introduced in each region to account for limited MC statistics. s, depends on
the parameter of interest - the product of signal cross-section and branching ratio cB. In the
following discussions of test-statistic distributions - instead of 0B - the signal strength parameter

1 is used to be more demonstrative. These two quantities are related by the expression

i = Bl (12.1)

(0B)Lq is the expected signal cross-section for fixed input parameters of the probed model.

Eq. 12.2 illustrates the decomposition of the expectation value A, in each region and its de-
pendencies. The likelihood function for each channel in the statistical analysis is shown in

Eq. 12.3.

Ar(0B, 6) = s,.(0B, 6) + b,(6) (12.2)
- )\;}7 . e_>\r

n, is the observed number of events in region r.

The background expectation is corrected first for the following statistical analysis . This is
done by a maximum likelihood fit in the control regions for each channel separately. The
normalization of the dominant background contributions (Z/~*+jets and tt) are varied by the
inclusion of normalization factors - uz and ;. Additionally nuisance parameter (NP), which
propagate the effect of systematic uncertainties to the expected number of background events,
are estimated within their constraints. The largest and therefore most relevant uncertainties
considered are the ones introduced by the theoretical predictions discussed in Sec. 11.6.2. In
the b-tagged channels the uncertainty of the background extrapolation method plays a major

role as well.

Tab. 12.1 shows the normalization coefficients and their uncertainties determined in each chan-
nel. Values determined for u;; are consistently close to one. The same can be observed for pz

in channels in which b-jets are vetoed. This is compatible with the good background modelling
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electron b-veto

electron b-tag muon b-veto

muon b-tag

nz

Mt

1.01 £ 0.18
0.98 £+ 0.27

1.32 £ 0.81
0.97 + 0.28

1.05 £ 0.20
1.02 £ 0.28

1.26 £ 0.73
1.00 £ 0.30

TABLE 12.1: Normalization coefficients applied to the expected number of events of the dom-
inant background processes Z/v*+jets and tt. These are determined by a fit of data to the
background-only hypotheses in the control regions.

observed in the corresponding regions shown in Sec. 11.7. In the b-tag regions, the coefficient
for the Z/v*+jets background is large at 1.32 in the electron and 1.26 in the muon channel. The
single-bin approach introduces high correlations of NPs and the normalization coefficients. This
leads to large uncertainties on the coefficients themselves. Additionally, the uncertainty of uz
in the b-tag channels is increased by the low contributions of the corresponding process to the
b-tag Z/~v* control regions. Uncertainties for ji,, are approximately 0.3, while the uncertainties

on pyz are around 0.2 in the b-veto channels. In both b-tag channels Apuyz is higher than 0.7.

In the following statistical analysis the corrected background estimate is used.

12.2 Frequentist Exclusion Limits

The frequentist probability interpretation is used to determine upper limits on the signal
strength u. These can be expressed as limits on oB of the signal process in each channel.
In the frequentist approach probabilities are interpreted by counting certain outcomes under

multiple repetitions of a measurement.

A one-sided, lower-bound likelihood ratio test statistic is used [152][150].

L(0,0(0)) <0
=9 _91n L(Lu(ﬁ(éu))) 0<p<p (12.4)
0 7 > p

Here, L are likelihood functions defined in Eq. 12.3, and p is the signal strength. 4 and 6
are given by the signal strength and NP values which maximize the likelihood function in an
unconditional fit to data. The set of NPs, which maximizes the likelihood for a fixed signal
strength value pu, is defined as 5(u) Three different cases are considered separately for the
functional form of the test statistic ¢,,. Scenarios with negative signal strength are not considered
in this search. In case a negative signal strength maximizes the likelihood function the likelihood
in the denominator of the logarithmic argument is evaluated for the background-only hypothesis.

In the regime where the signal strength parameter p is smaller than the value fi, t is set to 0.
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The integral starting from a given value ¢, to infinity is defined as the p-value in each channel.
This is defined separately for the background-only and signal-plus-background hypothesis and
are synonymous with CL; and ClLg,p, while their ratio is called CLg. These relations are

illustrated in Eq. 12.5.

_ Pstb  Clgyy ftO:obS p(t|s + b)dt
Py CLy ftoo (t|b)dt

,0bs p

CL,

(12.5)

p(t|s + b) and p(t|b) are the test statistic distributions under the signal-plus-background and
background-only hypothesis. t, s is the test statistics value calculated from data. Varying the
signal strength shifts the test statistic distribution under the signal-plus-background hypothesis
p(tls + b) and thus changes the CLs. The exclusion limit on p - or alternatively oB - at a
confidence level of X% is defined as the signal strength, which corresponds to the test statistic
value where CLg = 1 — X/100. This is done in every channel for each LQ mass hypothesis.
Signals were injected to verify that the setup of the tools, which is used to calculate limits,

behaves as expected.

One possibility to obtain the test statistic distributions p(¢|s + b) and p(¢|b) is via toy experi-
ments. For this, the expected number of events are statistically varied according to a Poisson
distribution assuming a fixed value of p. This is very expensive in terms of computing time
which is the reason why an asymptotic procedure is utilized to obtain approximate sampling

distributions of the test-statistic [152].

12.3 Signal Region Optimization

The mrqQmax cut applied in the signal region is optimized for each mass hypothesis in every
channel. This is done by determining expected limits while varying the lower mp,qmax thresholds
in 100 GeV steps. The starting point is 1 TeV below the LQ mass - for low masses at least
300 GeV - and goes up to mpq + 300 GeV. The signal region definition, which leads to the

strongest expected 95% CL cross-section limits per mass point, is used for further analysis.

Fig. 12.1 illustrates the threshold scan in each channel. The myqQmax cut is shown on the y-
axis against the mass of the LQ on the z-axis. On the z-axis the ratio of the expected 95%
CL cross-section limit and the best limit, that has been obtained in the respective column is
displayed. Red boxes indicate the threshold, which yields the best limit and which is taken
for the limit setting. In most cases the optimized values are a few 100 GeV below the mass
of the LQ signal hypothesis probed. For a few signal hypothesis the thresholds determined by
the optimization procedure are slightly above the L(Q mass. This is for example observed in

the electron b-veto channel at mpq = 750 GeV. The main cause of this is that background
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FIGURE 12.1: Threshold scan used to optimize the my,qmax cut applied in each channels signal

regions for each mass hypothesis. The z-axis shows the LQ mass of the signal, the y-axis the

applied myqmax threshold and the z-axis the rato of the 95% CL expected cross-section limit

to the best limit obtained for a given mass hypothesis. Red boxes indicate the threshold which
gives the best limit and is taken for further analysis.

uncertainties vary across the mass spectrum for statistical and systematical reasons. Especially
the Z/~*+jets background has problems in certain my,qmax intervals since the sub-samples do not
have sufficient phase space overlap. In combination with high cross-section weights applied, this
leads to high fluctuations in statistical uncertainties of the background estimate. Additionally,

the high mass tail of the signal is enhanced by the choice of my,qmax as sensitive variable.
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12.4 Event Yields

In this section signal region event yields are studied and compared to the corrected background
estimate. Fig. 12.2 displays the observed number of data events as well as the corrected back-
ground expectation in every region per channel. In each diagram the first two bins show the
top and Z/~4* control regions (TopCR and ZCR), the third bin the validation regions (VR),
which is followed by all signal regions utilized for different mass hypotheses. The z-axis label
displays the myqQmax cut applied. Background contributions of different processes are drawn
stacked on top of each other to allow comparison to the data yields. Signal expectations for
mass hypothesis where my,q is an integer multiple of 500 GeV and Ay = 1 are shown as well.
Some signal regions are used to probe multiple LQ mass hypotheses. This is the reason why only
a small ensemble of signal expectations is displayed. The uncertainty on the total background

is illustrated by the shaded area.
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FIGURE 12.2: Data event yields and background expectation in every region per channel.
Background expectations are drawn stacked. The shaded area illustrates the background un-
certainty. Control regions (TopCR, ZCR) are displayed in the first two bins. The third bin
shows the the validation region (VR), which is followed by the signal regions in each channel.
These are defined by the mp,qmax cut applied. Signal hypotheses for my,q = n-500 GeV with
n€1,2,3,4,5,6,7 and A\jq = 1 are shown as well in the relevant signal regions.
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By design the data and the varied background expectation agree very well in both control
regions in each channel. In every channel the measured data events are in good agreement
to the background-only prediction in the validation region. This serves as a cross-check for
the background corrections, that are obtained by the maximum likelihood fit in the control
region. A slight excess of data events is observed in the high mass SRs in the electron b-veto
channel - displayed in (a). The fraction of each process to the total background is approximately
constant over the whole mass range. This is consistent with the background expectation, that
is displayed in the muon b-veto region in (c). Here, the data tends to overshoot the background-
only hypotheses for my,qmax cuts around 1.5 TeV. In regions with a higher thresholds a deficit

of data events with respect to the background expectation is observed.

The composition of the expected background in the b-tag channels, that are shown in (b) and
(d), changes significantly with the mrQmax cut. For low mass thresholds the dominant back-
ground contribution comes from processes with top quarks. This holds in control and validation
regions as well, which require a minimum mrqQmax of 300 GeV each. In regions starting at
mp,Qmax = 1.1 TeV the contribution of Z/y*+jets becomes more relevant. At this point, the
QCD background takes over as the dominant background process in the electron channel. This
is due to the fact that the ¢ process falls more steeply toward high mrqmax compared to other
contributions, because the jet, which is used for the mass determination originates most likely
from a top quark decay. In other background processes the jet is created often times by ini-
tial state radiation and shows a more flat distributed pt. This statement does not apply to
the b-veto channels since the selected jet is not b-tagged. The uncertainty on the Z/~*+jets
background is large when requiring a b-tag due to the high uncertainty on the normalization
coefficient pz. As described previously, the background-only fit gives large uncertainties due to
the low Z/v*+jets contribution in the corresponding control regions. Additionally, the QCD-
background estimate causes very large uncertainties at high masses. In the b-tag signal regions
the relative uncertainty is the largest since the spectrum, that has been obtained by the Matrix
Method, which is used as input of the extrapolation procedure, has the lowest statistics in this
kinematic region. A deficit of data can be observed in the electron b-tag channel consistently,
which is fully covered by the uncertainties shown. For mass thresholds from 1.1 TeV to 1.7 TeV

a slight excess of data is measured in the muon channel.

In summary, most deviations observed lie within the uncertainty band of the background ex-
pectation. Discrepancy of the event yields measured in data to the background-only expectation

are quantified for each mr,q hypothesis in the next section.
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12.5 Likelihood Ratio Test

A discovery test is performed to quantify significances of excesses and deficits as well as interpret
the result. The likelihood ratio test conducted follows closely the one discussed in Sec. 8.2 and

will be briefly outlined here again [150].

The used test statistic is the uncapped variant of the likelihood ratio evaluated at u = 0 for the

background-only hypothesis as illustrated in Eq. 12.6.

L(0,0(0)) X
A 1Y) A<0 (12.6)
—91n £0.600)) 0< i
L({,0)

L is given by the likelihood function introduced in Sec. 12.1. i is the signal strength value which
maximizes the likelihood function L in combination with the set of NPs # in an unconditional
fit. 6(0) is the set of NPs which maximizes the likelihood under the = 0 (background-only)

assumption.

The uncapped distribution allows to quantify deficits, that are observed compared to the
background-only hypothesis as well. In contrast the likelihood ratio test performed in Sec. 8.2
only probes positive significances and thus data excesses. However, when evaluating surpluses

of data both test statistic definitions give the same results.

The pg value for each LQ mass is determined by integrating over the tail of the test statistics
distribution f(t|u = 0) to infinity. The distribution of the test statistic is obtained by the same
asymptotic procedure as in Sec. 12.2 [152]. The starting point is the test statistic value observed
in data t.s. The significance z is defined as the inverse cumulate Gaussian probability density

function ®~! of pg. These relations are displayed in Eq. 12.7 and Eq. 12.8.

po = /too F(tlu = 0)dt (12.7)
z =3 (po) (12.8)

An approximation using Wilks’ theorem [153] saves computing time. This leads to the simplified

functions

1- CI)( tobs) Vtobs 0< ﬂ
po = 7z = A : (12.9)
1 — ®(—+/—tobs) —v/—tobs <0
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This setup of the tools has been validated by injecting signals, with varying signal strength.
Afterwards it has been verified, that [ corresponds to each value. The result of the discovery
test is shown in Fig. 12.3. Local significances are displayed against my,q for each channel. In
the following discussion, the distribution of event yields shown in Fig. 12.2 is considered. The
most significant excess is observed in the muon b-veto channel for mpq = 1.8 TeV at 1.30.
Measured event yields in signal regions of the electron b-veto as well as the muon b-tag channel
show a similarly large positive significance in some of them. In the former channel this is the
case for a signal hypothesis with LQ mass of 2.4 TeV and in the latter one this is the case for
mrq = 1.5 TeV. Negative significances are observed at high masses in both muon channels as
a consequence of the undershooting of the data in the corresponding signal regions. Deficits of
data in all electron b-tag signal regions lead to negative significances over the whole my,q range.

No significant excess or deficit is identified by the discovery test.

Significance
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FiGURE 12.3: Result of the likelihood ratio test. The local significances are drawn against the
LQ mass hypotheses for each channel.
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12.6 Exclusion Limits

In this section 95% confidence level (CL) limits on the signal cross-sections are presented using
the procedure discussed in Sec 12.2. The signal shape in the b-veto channels is estimated using
MC simulation of the S representation [59] of the decay LQ — sl at leading-order. The
charge-conjugated process is included as well. When considering another light quark flavor the
signal shape differs slightly. A quark of the same flavor enters the initial state of the LO signal
Feynman diagram shown in Fig. 11.2. The differences between parton distribution functions for
each quark introduce minor variations of kinematic distributions of decay products, which lead
to acceptance differences. For the b-tag channels the signal shape is obtained utilizing the S;

representation as well and the decay LQ— bl.
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FIGURE 12.4: 95% CL upper cross-section limit for singly produced Leptoquarks (LQ) against
LQ mass in each channel. (a) and (b) display results obtained in the electron channel b-veto and
b-tag region while (¢) and (d) show the analog ones determined in the muon channels. Expected
limits are illustrated as black dashed lines with green one ¢ and yellow two o uncertainty bands.
The observed limit is drawn as black data points. Additionally, the LO signal cross-section for
the singly produced LQ decaying into an up, down and strange quark are overlaid in the b-veto
channels, while the cross-section for the decay into a bottom quark is shown in the b-tag regions.
Uncertainties of these include renormalization and factorization scale variations as well as PDF
uncertainties.
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Fig. 12.4 shows the 95% CL cross-section limits against my,q in each channel. Expected limits
are drawn as a dashed line with one o and two ¢ uncertainty bands, that are drawn in green
and yellow. The data points illustrate the observed limits for a given LQ mass hypothesis.
Additionally, the LO signal cross-sections under the assumption of A\ = 1 for different quark
types in the final state are displayed. These predictions consider the Yukawa coupling to the
charged lepton and quark type probed as 1, while all other elements of the coupling matrix are
set 0 (see Sec. 2.4.4). In the calculation of the uncertainty bands, PDF as well as renormalization
and factorization scale variations are considered. Signal cross-sections for the process LQ — wul
are using the S representation of a scalar LQ [59]. The parameter space in which the signal
model cross-section is higher than the observed limit can be excluded at 95% CL. Consequently
the LQ masses at which the observed and expected limit intersect these curves are interpreted

as lower LQ mass limits under the assumption of A\, = 1.

For low pole masses up to 1.5 TeV the expected and observed cross-section limits get stronger
with increasing mrq in all channels. This is due to the high number of background events
that are expected and the low signal acceptance for low mass points. At high masses these
curves flatten. Here, statistical uncertainties become dominant. In the b-tag channels shown
in (b) and (d) this effect is more pronounced due to the large uncertainties at high masses
introduced by the normalization coefficient of the Z/yx+jets background. The incorporation of
the QCD-background in the electron channels introduces additional large uncertainties, which
flattens the cross-section limits even further in (a) and (b). Steps and spikes in the limit curves
are connected to changes in signal region definitions between mass points and the composition

variations of considered uncertainties.

In the electron b-veto channels shown in Fig. 12.4 (a), the observed limit lies on the upper edge of
the one ¢ uncertainty band of the expected limit. This is consistent with a small excess of data
events in the signal region yields. Event yields in the electron b-tag signal regions consistently
undershoot the background expectation, which is the reason why the observed limit lies one o
below the expected limit in the diagram in (b). Background expectation uncertainties become
very large around 1.3 TeV. Therefore the observed limit approaches the expected limit at my,q

values above.

In the muon b-tag channel - in Fig. 12.4 (c) - the observed limit is very close to the expected
limit for low LQ masses. At 1.4 TeV it moves to the upper edge of the one o band. For masses
higher than 2 TeV it lies on top of the expected limit again before shifting to the lower border of
the green band at 2.5 TeV. This is consistent with the excess in the event yield in Fig. 12.2 (c)
in the signal regions with mass thresholds between 1.4 TeV and 1.7 TeV. The drop in the data
events for mrqmax cuts above 2 TeV explains the strong observed limits for the highest mass
hypotheses. Trends displayed in the muon b-tag channel limit curves in (d) are similar to the

b-veto channel. In the medium mass range of mrq € {1200,2500} GeV the observed limit lies
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| process (Mg = 1) | expected limit [TeV] | observed limit [TeV] |

LQ(S1) — ue 2.5 2.3
LQ(S1) — de 2.0 1.9
LQ(S1) — se 1.4 1.3
LQ(S1) — be 1.2 1.2
LQ(S1) — up 2.6 2.8
LQ(S1) — du 2.1 2.0
LQ(S1) — sp 1.2 1.2
LQ(S1) — bu 1.2 1.2

TABLE 12.2: 95% CL expected and observed lower mass limits on single LQ production as-
suming Ajq = 1 for the quark and lepton type probed.

above the expected limit. The corresponding signal regions show data excesses. Consequently,
the observed limits here are weaker than the expected ones. A drop of event yields at high
masses leads to the fact that observed limits lie below the expected limit curve outside the one
o band. The observed limits for each mass point in every channel agree with the expected limit

within the one o and two ¢ band.

95% CL lower limits on the LQ mass in a given signal model are identified as the mp,q value
at which the signal cross-section intersects the observed and expected limit. The results for the
processes LQ — dl and LQ — ul come with an additional uncertainties due to the signal shape
assumed in the b-veto channels. To estimate the impact of this, the acceptance variation when
exchanging the quark flavor is studied on generator level. Differences due to the quark type in
the final are on a low percent level. This propagates directly to the upper cross-section limit
determined in b-veto channels - in Fig. 12.4 (a) and (c¢). A percent level uncertainty can be
neglected in comparison to the magnitude of uncertainties on the expected limit and the signal
cross-sections. Generator level plots and acceptance studies for different final state quark flavors
are detailed in App. B.4. Tab. 12.2 show the expected and observed 95% CL lower mass limits

for a each LQ decay under the assumption of A, = 1.

Mass limits for LQ decays into up and down quarks are the strongest. This is consistent with the
fact that these quark types have larger contributions to the proton PDF, which is the reason why
the corresponding signal cross-sections are larger compared to the processes with bottom and
strange quarks. For the decay into first generation quarks the mass limits in the muon channel
are higher compared to the electron channel. This is due to large QCD background uncertainties
in the high mass signal regions of the electron channel. For the decay into down quarks observed
and expected limits are around 2.0 TeV, while in the up quark case the observed limits are
at 2.3 TeV in the electron channel and 2.8 TeV in the muon channel. Considering the signal
process with strange quarks the observed limits are 1.3 TeV and 1.4 TeV in association with
an electron or muon. This can be explained by the higher signal acceptance for low masses in

the electron channel and the fact that the QCD background contribution is not dominant yet
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for mp,gmax cuts around 1 TeV. The b-tag channels allow setting mass limits for the LQ decays
into bottom quarks. In the electron channel as well as the muon channel observed and expected
limits are at 1.2 TeV.

12.7 Outlook

Aspects, which might improve the sensitivity as well as the interpretation of the search res-
ults, are discussed in the following. Modeling problems in the jet pr distributions shown in
Sec. 11.7 originate most likely from the choice of the renormalization scale in the generation of
the Z/v*+jets MC sample with SHERPA2.2.1 [143]. Corrected modelling might eliminate the
necessity of the background normalization variations, that is determined by a fit in the control
regions, which come with large uncertainties. Additionally, a more efficient way to generate
background events in the whole phase space would allow to obtain better statistics of dominant
background samples. On one hand, this would remove some large uncertainties introduced by
the background extrapolation procedure. On the other hand, a background description with
smaller statistical uncertainties might allow to exploit the resonant shape of the signal process.
The incorporation of shape information by disregarding the single bin approach in the signal

regions would increase the sensitivity of this search.

A search for pair-produced LQ [159] uses multivariate techniques to optimize selections and
define kinematic regions while dealing with complex event topologies. These techniques have
the power to further increase sensitivity but require thorough checks of the modeling in the MC

samples.

Additional improvements can be achieved for the interpretation of the results. A larger set
of signal samples in which the coupling parameter Ay, is varied, would allow to probe signals
and set exclusion limits in the two dimensional parameter plane (mpq — Aiq). This can not be
done reliable with existing signal samples that are generated with Ay = 1, due to the large
impact the coupling has on the width of the signal. A change in the width leads to a in
signal acceptance variation, which would require a dedicated signal region optimization for each
coupling parameter and LQ mass hypothesis. Therefore the generation of additional samples is

a necessity for a stronger result interpretation.
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Chapter 13

Conclusion

A search for singly produced Leptoquarks (LQ) has been presented using 139 fb~! of data
collected by the ATLAS experiment in proton-proton collisions at a center of mass energy of
Vs =13 TeV. LQ decays into electrons or muons in combination with up, down, strange or
bottom quarks are investigated separately in four different channels. The scalar LQ implement-
ation of the ‘ToolBox’ UFO model [59][158] serves as a signal hypothesis. For the decay into
down type quarks the S; representation and for the decay into up quarks the S; representation
is used. All signal hypotheses assume a LQ-lepton-quark coupling of A\, = 1 for each specific
quark and lepton type, while other couplings are set to zero, as well as a branching ratio to

charged leptons of 5 = 1.

Background expectations have been estimated with Monte Carlo simulations and data driven
methods. For the search, events with high invariant masses of lepton-jet pairs are selected.
Background estimates which suffer from low statistics have been extrapolated to the high mass
regimes. Control region selections are defined to determine corrections on the modeling of
dominant background contributions. A validation region in each channel is used to verify the
background description. Systematic uncertainties in each region are studied and included in the
statistical analysis. The first step of the statistical analysis consists of a likelihood ratio test,
which probes deviations of the data to the background-only hypothesis. No significant excess or
deficit has been observed. Consequently 95% confidence level (CL) exclusion limits have been
determined on the product of signal cross-section and branching ratio in each channel. 95% CL
lower mass limits are obtained by comparing these cross-section limits to theoretical predictions.
The observed LQ mass limits in case of the decay of a singly produced LQ into a bottom quark
is 1.2 TeV in the electron and muon channel. Considering the decay into a strange quark, the
limit in the muon channel stays the same, while in the electron channel a slightly stronger result

of 1.3 TeV was obtained. Determined values are strongest when considering L.Qs decaying into
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first generation quarks. For down quarks in the final state the observed limit is 1.9(2.0) TeV in
the electron(muon) channel and for the final state with an up quark the limit is 2.3(2.8) TeV.

Almost all other LQ searches performed at the LHC use the Buchmiiller-Riickl-Wyler model
(BRW) [174] to estimate their signal hypothesis. In this theory LQs only interact with leptons
and quarks within one generation, which complicates comparisons to this result. A search on
19.6fb~! of 8 TeV proton-proton data performed by CMS [66] previously gave the strongest
mass limits on first and second generation LQs in the single production channel. The mass
limits, which have been determined under the coupling and branching ratio assumption of
Alg = 1l and 8 = 1, are at 1.73 TeV and 530 GeV for the first and second generation. The
signal model here allows only the decay into leptons and quarks of the same generation. The
analysis which obtained the strongest limits available while probing cross-generational LQ decays
was performed in the pair production channel at the ATLAS experiment with the full Run 2
139 fb~! proton-proton data set at /s = 13 TeV [61]. A branching ratio to charged leptons
of B =1 is assumed. No differentiation between the light-flavor quarks (u, d, s) is done, since
the production cross-section for the pair production of LQs does not depend on \jq. Limits for
light-flavor quarks are lower than the ones, that were obtained in the analysis presented in this
thesis - with 1.8 TeV in the electron and 1.6 TeV in the muon channel. The observed limits
of the LQ decay into b-quarks are stronger with 1.8 TeV and 1.7 TeV. This is due to the fact
that the production cross-section does not depend on the PDF of the b-quark.

Under the assumption of a coupling of A\jq = 1 and considering the caveat that a different model
has been probed in contrast to other publications, the lower LQ mass limits on LQ, that decay

into up and down quarks, are the strongest available to date.
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Summary and Outlook

In last decades the Standard Model (SM) of particle physics has been extensively probed and
has successfully described a large variety of precise measurements. However, there are meas-
urements, which are inconsistent with the prediction of the SM, and other shortcomings that
indicate the necessity of further extensions to describe the whole picture. Experiments at large
accelerator facilities allow to probe and extend knowledge to new energy range. During the
years 2015 to 2018 the Large Hadron Collider (LHC) at CERN collided protons at the highest
center of mass energies ever reached on earth based experiments - at /s = 13 TeV. The data set
recorded by the ATLAS experiment during this time span gives an unprecedented opportunity
to search for new physics theories and to challenge existing standards by exploring phenomena

on the TeV scale. Two direct searches for new particles were presented in this thesis.

The search for new heavy charged gauge bosons is performed on 36.1 fb~! of data collected in
2015 and 2016. A charged lepton' in combination with large missing transverse energy serves as
a very clean final state allowing to probe the existence of a new heavy particle. For this search
the presence of a resonant structure in the transverse mass spectrum is investigated. Back-
ground expectations are estimated with Monte Carlo simulations and a data driven technique.
Spectra, which were selected by relaxed requirements, are investigated to validate the back-
ground contribution of mis-identified signatures in a phase space, in which limited sensitivity
to the new physics models is predicted. The total background description is further evaluated
in signal region distributions of observables in which no signal is visible even under the sig-
nal+background hypothesis. After validation of the background modeling, a likelihood ratio
test is performed to investigate excesses of the data compared the background-only hypothesis
in the transverse mass distribution. No globally significant excess is observed and 95% confid-

ence level (CL) limits on the product of signal cross-section and branching ratio are obtained

!The terminology used does not differentiate between particle and anti-particle. This classification is done
by referring to its electric charge. The term charged lepton is used for electrons and muons as well as their
anti-particle.
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using the Bayesian probability interpretation. These limits are converted to lower exclusion
limits on the Sequential Standard Model (SSM) [52] W{g,, mass. The mass limit determined
in the electron channel is at 5.19 TeV and in the muon channel at 4.69 TeV. A mass below
5.42 TeV can be excluded at 95% CL when combining both channels. The strongest exclusion
limit obtained by ATLAS in the same final state exploiting the full Run 1 data set of roughly
20fb~1 of proton-proton collisions at a center of mass energy of 8 TeV is at 3.24 TeV [148].
This underlines the fact that an increase in /s is very beneficial for this kind of direct searches.
ATLAS published in 2019 a search [155] in the same final states using the full Run 2 139 fb~!
data set, which excludes Wg,, masses below 6.0 TeV in the electron and 5.1 TeV in the muon

channel.

The full \/s = 13 TeV proton-proton data set of 139 fb=! is used to search for singly pro-
duced Leptoquarks (LQ) in the second part of this thesis. SM extensions, which introduce the
possibility for lepton flavor universality violations, gained large traction in recent years due to
the observations of so-called flavour anomalies [49][51]. Some of these new models introduce
LQs, which decay into a lepton and a quark. In Part II final states with an oppositely charged
electron or muon pair in combination with jets are investigated. Channels in which the selected
high energy jet is b-tagged and explicitly not b-tagged are studied separately. Most previous
searches at large high energy particle physics experiments exploited the LQ pair production
channel. Predictions of these processes require fewer model assumptions compared to the single
production. However, no evidence of the LQ existence has been found when examining their
production in pairs. The single production channel on the other hand allows to probe higher
mass ranges under specific model assumptions. Due to the challenging background modelling
in the complicated final state, signal regions are defined in a single bin. The estimates of the
dominant background sources are probed and corrected in dedicated control regions. For the
statistical interpretation of the result the significance of disagreements between the data and
the background expectation in four different channels are probed with a likelihood ratio test.
No significant excess and thus no evidence for the existence of a LQ is observed. Consequently
limits are set on the signal cross-section in each of the four channels using a frequentist ap-
proach. The 95% CL lower mass limits obtained for the LQ decaying into quarks of the first
generation are the strongest available to date under the assumption of a branching fraction
to charged leptons of B = 1 and a LQ-lepton-quark coupling of A\j; = 1. It has to be noted
that the presented analysis utilizes a different signal model [59] compared to other publications.
LQ mass limits obtained with an up(down) and strange(bottom) quark in the final state are
at 2.3(1.9) TeV and 1.3(1.2) TeV in the electron channel. The ones determined in the muon
channel final states are stronger with 2.8(2.0) TeV for up(down) quarks and 1.2(1.2) TeV for
strange(bottom) quarks, with the exception of the strange quark. Limits with quarks of the
second and third generation are approximately 600 GeV weaker compared to results obtained

by ATLAS in the pair production channel [61]. This is due to the fact that all LO Feynman
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diagrams of the single LQ production have a quark in the initial state. Therefore their produc-
tion is suppressed by PDEF effects compared to the LQ pair production, which is taking place

via the strong interaction circumventing this limitation.

During the next two Runs of the LHC a significantly larger proton-proton collision data set of
3ab~! is expected to be collected by ATLAS at a similar center of mass energy. At first order
cross-section exclusion limits scale inversely linear with the integrated luminosity while /s is
kept constant. The expected lower mass exclusion limits for W§g,, with 300 fb~! was estimated
to be at 6.7 TeV and with 3ab™! at 7.9 TeV [156]. For this analysis the assumption was made
that the LHC is operating at a center of mass energy of 14 TeV in Run 3 and Run 4. The higher
value of /s improves the sensitivity significantly. Similar sensitivity improvements are expected
for the search for singly produced LQ when exploring this data set. Additionally, MC modeling
and more efficient event generation give an opportunity to gain additional sensitivity compared
to the analysis presented in Part II. A good background description would reduce uncertainties
introduced by the control region fit, which is conducted to correct the background normalization.
An efficient generation of ¢f events in the high mass tail would render the extrapolation methods
obsolete for this background contribution and remove one dominant source of uncertainties.
Furthermore, reduced statistical uncertainties of the background description in the signal regions
would allow to exploit the resonant shape of the signal. In combination these points yield a
expansion of the sensitive mass range. Additionally due to the complex event topology of
the selection, the exploration of multivariate techniques might be beneficial for optimization.
These methods have been successfully used by a search for pair produced LQs by the ATLAS
collaboration [159]. However, a good MC modeling is crucial for the training step. Furthermore,
there is room for improvement in the interpretation of the results. A larger set of signal samples

gives the opportunity to probe signals and set exclusion limits in a two-dimensional parameter-

plane (mpq — Aig)-
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Appendix A

Search for New Physics in Final
States with One Lepton Plus

Missing Transverse Energy

A.1 Monte Carlo Samples

The following tables list information of all MC simulations used in Part. I. This includes a process
description, the number of generated events, the product of cross-section and branching ratio
on generator level times the filter-efficiency as well as the integrated luminosity the generated

amount of data correspond to.

process \ Nyt /103 \ generator 0B [nb] ‘
W' — ev (Flat) 998 2.50 -10~2
W' — uv (Flat) 1000 2.49 1072
W' — ev (4 TeV) 20 1.79 -1076
W' — ev (5 TeV) 20 4.01 -1077
W' — pv (4 TeV) 20 1.78 -1076
W' — uv (5 TeV) 20 4.09 -1077

TABLE A.1: MC W’ signal samples. For each data set, the following is listed: the physics
process (including the pole mass in TeV), the number of generated events and cross-section
times branching ratio
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| process | Nevt/10% | generator 0B [pb] | Lint [fb~1] |
W+ = ev 41415 11.3 -10° 3.60
W* —ev 49904 8.28 -103 5.82
W+(120,180) — ev 500 32.1 | 1.56-10!
W+ (180, 250) — ev 250 5.00 | 5.00 -10!
W+ (250, 400) — ev 140 1.75 | 7.98 -10*
W+ (400, 600) — ev 100 3121071 | 3.20 -10?
W+(600,800) — ev 50 6.08 -1072 | 8.22 -10?
W+(800,1000) — ev 50 1.77 1072 | 2.83 -103
W+(1000, 1250) — ev 50 7.29 -107% | 6.86 -10°
W+ (1250, 1500) — ev 50 2.51-107% | 1.99 -10%
W+(1500,1750) — ev 50 9.86 -107* | 5.07 -10*
W+(1750,2000) — ev 40 4.25-107* | 9.42 -10*
W+(2000,2250) — ev 47 1.95-107% | 2.41-10°
W+(2250,2500) — ev 50 9.33-107° | 5.36 -10°
W+(2500,2750) — ev 50 4.63 -107° | 1.08 -108
W+(2750, 3000) — ev 50 2.35-107° | 2.13 -106
W*(3000, 3500) — ev 50 1.85 -107° | 2.71 -10°
W+(3500,4000) — ev 50 5.10 -107¢ | 9.81 -106
W+(4000, 4500) — ev 50 1.43 -107% | 3.49 -107
W (4500, 5000) — ev 50 4.01 -1077 | 1.25-108
W+ (> 5000) — ev 50 1.53 -10~7 | 3.26 -10®
W= (120, 180) — ev 500 22.2 | 2.25 .10
W= (180, 250) — ev 250 329 | 7.61-10!
W~(250,400) — ev 150 1.08 | 1.38 -10?
W (400, 600) — ev 100 1.75 107! | 5.70 -102
W=(600,800) — ev 50 3.10-1072 | 1.61 -103
W= (800,1000) — ev 50 8.29 -107% | 6.03 -103
W= (1000, 1250) — ev 50 3.16 -1073 | 1.58 -10*
W= (1250, 1500) — ev 50 1.00 -1073 | 4.99 -10*
W~ (1500, 1750) — ev 50 3.68 -107* | 1.36 -10°
W= (1750,2000) — ev 50 1.49 -10* | 3.35-10°
W= (2000, 2250) — ev 50 6.53 -107° | 7.66 -10°
W= (2250, 2500) — ev 50 3.02-107° | 1.66 -106
W~(2500,2750) — ev 50 1.45-107° | 3.44 -106
W= (2750, 3000) — ev 50 7.26 1076 | 6.89 -106
W~ (3000, 3500) — ev 50 5.67 -1076 | 8.82-106
W= (3500, 4000) — ev 50 1.60 -107% | 3.13 -107
W~ (4000, 4500) — ev 50 4.72 1077 | 1.06 -108
W= (4500,5000) — ev 50 1.43 -1077 | 3.50 -10®
W= (> 5000) — ev 50 6.16 -1078 | 8.11 -108

TABLE A.2: MC samples used for background determination. For each data set, the following

is listed: the physics process (including the mass range m., in GeV), the number of gener-

ated events, the cross-section times branching ratio, and the equivalent integrated luminosity
Lint = Nevt/(0B).
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TABLE A.3:

| process | Nevt/10% | generator 0B [pb] [ Ly [fb1] |
W+ — uv 39962 11.3 -103 3.47
W* — pv 31973 8.28 103 3.73
W+(120, 180) — pv 500 32.1 | 1.56 -10!
W+ (180, 250) — uv 250 5.00 | 5.00 -10!
W+(250,400) — pv 150 1.75 | 8.55-10*
W+(400, 600) — pv 100 3.12 1071 | 3.20 102
W(600,800) — v 50 6.08 1072 | 8.22 -102
W+(800,1000) — pv 50 1.77 1072 | 2.83 103
W+(1000, 1250) — uv 50 7.29 -107% | 6.86 -10°
W+ (1250, 1500) — uv 50 2.51-107% | 1.99 -10*
W+ (1500, 1750) — uv 50 9.86 -10=* | 5.07 -10*
W+ (1750,2000) — pv 50 4.25 107 | 1.18 105
W+(2000, 2250) — uv 50 1.95-107% | 2.57 -10°
W+(2250,2500) — uv 50 9.33-107° | 5.36 -10°
W+(2500,2750) — uv 50 4.63 -107° | 1.08 -108
W+(2750, 3000) — uv 50 2.35-107° | 2.13 -106
W(3000, 3500) — uv 50 1.85-107% | 2.71 -106
W+(3500,4000) — uv 50 5.10 -107¢ | 9.81 -106
W+(4000,4500) — pv 50 1.43 107 | 3.49 -107
WT(4500,5000) — pv 50 4.01 -1077 | 1.25 -108
W+ (> 5000) — pv 50 1.53-1077 | 3.26 -108
W—(120, 180) — uv 500 22.2 | 2.25-10!
W~ (180, 250) — uv 250 329 | 7.61-10!
W=(250,400) — uv 150 1.08 | 1.38 -10?
W~ (400, 600) — uv 100 1.75 -107' | 5.70 -102
W=(600,800) — uv 50 3.10 -1072 | 1.61 -103
W= (800,1000) — pv 50 8.29 -1073 | 6.03 -103
W~ (1000, 1250) — uv 50 3.16 1073 | 1.58 -10*
W=(1250,1500) — uv 50 1.00 -1073 | 4.99 -10*
W= (1500, 1750) — pv 50 3.68 -107* | 1.36 -10°
W= (1750, 2000) — uv 50 1.49 -10* | 3.35-10°
W= (2000, 2250) — pv 50 6.53 -107° | 7.66 -10°
W~(2250,2500) — uv 50 3.02-107% | 1.66 -10°
W=(2500,2750) — uv 50 1.45-107% | 3.44 -106
W= (2750, 3000) — uv 50 7.26 1076 | 6.89 -106
W=(3000, 3500) — uv 50 5.67 -107¢ | 8.82-106
W= (3500,4000) — uv 50 1.60 -107% | 3.13 -107
W~ (4000, 4500) — uv 50 4.72 1077 | 1.06 -108
W= (4500,5000) — pv 50 1.43 1077 | 3.50 -108
W= (> 5000) — pv 50 6.16 -1078 | 8.11 -108

MC samples used for background determination.
is listed: the physics process (including the mass range m,, in GeV), the number of gener-
ated events, the cross-section times branching ratio, and the equivalent integrated luminosity
Lint = Nevt/(0B).

For each data set, the following
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| process Newt/10° | generator oB [pb] | Ling [fb~1] |
W+ — v 29982 11.3 -10° 2.61
W* — TV 19955 8.28 103 2.33
W+(120, 180) — Tv 500 32.1 | 1.56-10!
W+(180, 250) — Tv 250 5.00 | 5.00 -10*
W+(250,400) — Tv 150 1.75 | 8.55-10*
W+(400, 600) — Tv 100 3121071 | 3.20 -10?
W+(600,800) — Tv 50 6.08 -1072 | 8.23 -10?
W+(800,1000) — 7v 50 1.77 1072 | 2.83 -103
W+(1000, 1250) — Tv 50 729 -107% | 6.86 -103
W+ (1250, 1500) — Tv 50 2.51-107% | 1.99 -10%
W+(1500,1750) — 7v 50 9.86 -107* | 5.07 -10%
W+(1750,2000) — Tv 50 4.25 1074 | 1.18 105
W+(2000,2250) — Tv 50 1.95-107% | 2.57 -10°
W+(2250,2500) — Tv 50 9.33-107° | 5.36 -10°
W+(2500,2750) — Tv 50 4.63 -107° | 1.08 -10°
W+ (2750, 3000) — Tv 50 2.35-107° | 2.13 -106
W+(3000, 3500) — Tv 50 1.85 -107° | 2.71 -10°
W+(3500,4000) — Tv 50 5.10 -1076 | 9.81 -106
W+(4000,4500) — Tv 50 1.43 -107% | 3.50 -107
W (4500, 5000) — Tv 50 4.01 -1077 | 1.25-108
W+ (> 5000) — Tv 50 1.53 -1077 | 3.26 -10®
W~ (120, 180) — 7v 470 22.2 | 21210
W= (180, 250) — Tv 250 3.29 | 7.61-10!
W~(250,400) — Tv 150 1.08 | 1.39 -10?
W~ (400, 600) — Tv 100 1.75 107! | 5.70 -102
W~ (600,800) — Tv 50 3.10-107%2 | 1.61 -103
W= (800, 1000) — v 50 8.29 -107% | 6.03 -103
W= (1000, 1250) — Tv 46 3.16 -1073 | 1.46 -10*
W~ (1250, 1500) — Tv 50 1.00 -1073 | 4.99 -10*
W~ (1500, 1750) — Tv 50 3.68 -107* | 1.36 -10°
W= (1750,2000) — Tv 50 1.49 -10~% | 3.35-10°
W= (2000, 2250) — Tv 50 6.53 -107° | 7.66 -10°
W= (2250,2500) — Tv 50 3.02-107° | 1.66 -106
W= (2500,2750) — Tv 50 1.45 -1075 | 3.44 -10°
W= (2750, 3000) — TV 50 7.26 -1076 | 6.89 -106
W~(3000, 3500) — Tv/ 50 5.67 -1076 | 8.82-106
W~ (3500, 4000) — Tv 50 1.60 -107% | 3.13 -107
W~ (4000, 4500) — Tv 50 4.72 1077 | 1.06 -108
W~ (4500, 5000) — v 50 1.43 1077 | 3.50 -10®
W= (> 5000) — Tv 50 6.16 -1078 | 8.11 -108

TABLE A.4: MC samples used for background determination. For each data set, the following

is listed: the physics process (including the mass range m,, in GeV), the number of gener-

ated events, the cross-section times branching ratio, and the equivalent integrated luminosity
Lint = Nevt/(0B).
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| process | Nevt/10% | generator 0B [pb] | Lins [fb~1] |

Z — ee 79942 1.90 -10° | 4.15 -10°

Z(120,180) — ee 1249 175 | 7.15-10
Z(180,250) — ee 900 2.92 | 3.08 -10?
Z(250,400) — ee 1200 1.08 | 1.11-10%
Z(400,600) — ee 900 1.96 .10~ | 4.60 -10®
Z(600,800) — ee 510 3.74-107%2 | 1.36 -10%
Z(800,1000) — ee 250 1.06 -1072 | 2.36 -10*
Z(1000, 1250) — ee 100 4.26 -1073 | 2.35-10%
Z(1250,1500) — ee 50 1.42 -1073 | 3.52 -10*
Z(1500, 1750) — ee 50 5.45-107% | 9.17 -10*
Z (1750, 2000) — ee 100 2.30 -107% | 4.35-10°
Z(2000, 2250) — ee 50 1.04 1074 | 4.81 -10°
Z(2250,2500) — ee 50 4.94 -1075 | 1.01 -10°
Z(2500,2750) — ee 50 2.45-107°% | 2.04 -10°
Z(2750, 3000) — ee 50 1.25 1075 | 4.00 -10°
Z(3000, 3500) — ee 50 1.00 -1075 | 4.99 -10°
Z(3500, 4000) — ee 50 2931076 | 1.70 -107
Z(4000, 4500) — ee 50 8.98 -10°7 | 5.57 -107
Z(4500, 5000) — ee 50 2.81-1077 | 1.78 -10%

Z(> 5000) — ee 50 1.26 -1077 | 3.95 -108

TABLE A.5: MC samples used for background determination. For each data set, the following

is listed: the physics process (including the mass range m.. in GeV), the number of gener-

ated events, the cross-section times branching ratio, and the equivalent integrated luminosity
Lint = Nevt/(GB)~

’ process \ Nevi /103 \ generator 0B [pb] \ Lint [fb71] ‘

7 = 79874 1.90 -10° | 4.15 107

Z(120,180) — pp 2000 175 | 1.14 -10?
Z(180, 250) — pp 1150 2.92 | 3.94 .10
Z(250,400) — pp 1345 1.08 | 1.24 -10°
Z(400,600) — pp 1000 1.96 -1071 | 5.11-103
Z(600,800) — up 600 3.74 -1072 1.60 -10*
Z(800,1000) — pp 300 1.06 -102 2.83 -10*
Z(1000,1250) — pp 150 4261073 | 3.52 -10*
Z(1250,1500) — pupe 100 1.42 103 | 7.03 -10*
Z(1500, 1750) — pup 100 5.4510~% | 1.83.10°
Z(1750, 2000) — pup 100 2.30 -10~% | 4.35 -10°
Z(2000,2250) — pp 100 1.04 -10~4 9.63 -10°
Z(2250, 2500) — pupu 100 4.94 1075 | 2.02 -10°
Z(2500,2750) — 100 2.46 1075 | 4.09 -10°
Z(2750,3000) — pups 100 1.25 1075 | 8.01 -10
Z(3000, 3500) — pup 100 1.00 -107% | 9.97 -10°
Z(3500,4000) — pupu 100 2.93 1076 | 3.41 -107
Z(4000, 4500) — pp 100 8.98 107 | 1.11 -108
Z(4500, 5000) — pup 100 2.81 1077 | 3.56 -10°
Z(> 5000) — pu 100 1.26 -10-7 | 7.91 108

TABLE A.6: MC samples used for background determination. For each data set, the following

is listed: the physics process (including the mass range m,, in GeV), the number of gener-

ated events, the cross-section times branching ratio, and the equivalent integrated luminosity
Lint = Nevt/(0B).
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’ process \ Nyt /103 \ generator 0B [pb] \ Lint [fb71] ‘
Z =TT 39495 1.90 -103 | 2.08¢ -10!
Z(120,180) — 77 450 1.75 | 2.57 10
Z(180,250) — 77 423 2.92 1.45 -10?
7(250,400) — 77 444 1.08 | 4.10 -102
Z(400, 600) — 77 599 1.96 .10~ | 3.07 -103
Z(600,800) — 77 450 3.74 1072 | 1.20 -10*
Z(800,1000) — 77 450 1.06 -1072 | 4.24 -10%
Z(1000,1250) — 77 450 4.26 1073 1.06 -10°
Z(1250,1500) — 77 450 1.42 -1073 3.16 -10°
Z(1500, 1750) — 77 350 5.4510~% | 6.42 -10°
Z(1750,2000) — 7 235 2.30 104 | 1.02 -10°
Z(2000, 2250) — 77 450 1.04 -10~4 4.33 108
Z(2250,2500) — 77 350 4.94 .1075 7.08 -10°
Z(2500,2750) — 77 350 2451075 | 1.43 -107
Z(2750,3000) — 77 350 1.25 -107° 2.80 -107
Z(3000, 3500) — 7 350 1.00 10~ | 3.49 -107
Z(3500,4000) — 77 400 2.93 .10~ 1.36 -108
Z(4000,4500) — 77 315 8.98 -10~7 3.51 -108
Z(4500, 5000) — 77 350 2.81 1077 | 1.25 -10°
Z(> 5000) — 77 350 1.26 107 | 2.77 107

TABLE A.7: MC samples used for background determination. For each data set, the following

is listed: the physics process (including the mass range m,, in GeV), the number of gener-

ated events, the cross-section times branching ratio, and the equivalent integrated luminosity
Lint = Neve/(0B).

’ process \ Nevi /103 \ generator 0B - eqyy [pb] \ Lint [fb1] ‘
Z7Z — Ul 17842 128 1.0 [ 1.43-10%
WZ — v 15537 458 -1.0 | 3.40 -10°
VV = llvy 14996 12.5 1.0 | 1.20-103
WZ — lvvy 5999 3.23-1.0 | 1.85-10°
WHW— — lvgq 7188 24.7-1.0 | 2.91 -10?
WHW— — qqlv 7194 24.7 1.0 | 2.91 -102
WZ — lvgq 7180 114 -1.0 | 6.29 102
WZ — qqll 5400 3.43 1.0 | 1.57-10°
27 — qqll 5400 15.6 -0.141 | 2.45 -103

TABLE A.8: MC samples used for background determination. For each data set, the fol-

lowing is listed: the physics process, the number of generated events, the cross-section times

branching ratio times the generator filter-efficiency g1y and the equivalent integrated luminosity
Lint = Nevt/(GB : Eﬁlt)

’ process \ Nyt /103 \ generator 0B - &gy [pb] \ k-factor \ Line [fb71] ‘
tt —1X 119432 730 -0.544 1.140 2.64 -102
s-channel ¢t — (X 2000 2.03 -1.0 1.017 9.70 -102
s-channel t — [ X 2000 1.27 -1.0 1.017 1.55 103
t-channel ¢ — [X 4790 37.0 -1.0 1.194 | 1.08 -10?
t-channel  — I X 4761 22.2-1.0 1.185 1.81 -102
s-channel Wt 4996 38.0 -1.0 0.945 1.39 -10?
s-channel Wt 4999 37.9 -1.0 0.946 1.39 -10?

TABLE A.9: MC samples used for background determination. For each data set, the following

is listed: the physics process, the number of generated events, the product of cross-section and

branching ratio times the generator filter-efficiency egyt, the higher order correction factor & and
the equivalent integrated luminosity Lin; = Nevt/(0Bk - €ait)
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B.1 Monte Carlo Samples

This section gives an overview over simulated samples used as signal hypotheses and for back-

ground determination in Part II. Each signal sample used for the LQ search contains 10000

events.

The following tables list information on MC simulations used for background estimation. A

process description, the number of generated events, the product of generator level cross-section

and branching ratio, the generator filter-efficiency, the higher order theoretical correction factor

k as well as the integrated luminosity the generated amount of events correspond to is given.

For each year of data taking the run conditions are modeled in a different simulation setup.

Between those the amount of generated events differs. These numbers are separated within one

cell by a horizontal bar (’|"). The first entry corresponds to the data taking conditions in the
years 2015 and 2016, the middle one to 2017 and the last one to 2018 (2015+2016/2017|2018).

| process | Nevt/10% | generator 0B [pb] | egi | k-factor | Lint [fb~1] |
oW 7497|7497| 11922 548 10 1 | 1.00 1.10 | (1.2]1.22.0) -107
iZ(— vv) 1500/1500]2001 1.55 107" | 1.00 111 | (8.78.7]12) -107
itZ(— qq) 3000/3000[3587 5.28 101 | 1.00 111 | (5.1]5.1/6.1) -103
2 (— ce) 1410|1337/2168 3.69 102 | 1.00 1.12 | (3.4/3.2/5.3) -10*
fZ(— pp) | 14101339)2173 3.69 102 | 1.00 1.12 | (3.4/3.2/5.3) -10*
iZ(— 7) 935(900(958 3.66 102 | 1.00 1.12 | (2.3)2.22.3) -10*
fit 30074|44876/33102 730 | 0.1 1.14 | (4.6]5.13.8) -102
W 49966243(8300 379 | 1.00 | 0.95 | (1.4]1.7)2.3) -10
w 4999(6240|8272 37.9 | 1.00 | 0.95 | (1.4]1.7)2.3) -10

TABLE B.1: MC samples used for background determination. For each data set, the following

is listed: the physics process, the number of generated events, the product of cross-section

and branching ratio, the generator filter-efficiency egy;, the higher order correction factor k

and the equivalent integrated luminosity Lint = Neyt/(0Bk - £a1¢). Variations between different

simulation setups used to model differences in the data taking conditions are divided by ‘|’
within one cell (2015+2016|2017|2018).

’ process \ Nyt /103 \ generator 0B [pb] \ Ehlt \ k-factor \ Lint [fb71] ‘
Z7 — qqll 5400[11161]9315 15.6 | 0.14 1.00 | (2.45]5.06]4.22) - 103
WZ — qqll 5400[11160]9310 3.43 | 1.00 1.00 | (1.57|3.24]2.71) - 103
27 — 1l 17843|35996|25684 1.25 | 1.00 1.00 (1.4]2.9)2.1) - 10*
WZ — Uiy | 15538|32114|26790 458 | 1.00 1.00 (3.4/7.0[5.9) -103
VV = llvw | 14996|29975(24889 12.5 | 1.00 1.00 (1.2]2.4[2.0) -103
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TABLE B.2: MC samples used for background determination. For each data set, the following

is listed: the physics process, the number of generated events, the product of cross-section

and branching ratio, the generator filter-efficiency egq1y, the higher order correction factor k

and the equivalent integrated luminosity Lin = Neyt/(0Bk - £a1t). Variations between different

simulation setups used to model differences in the data taking conditions are divided by |’
within one cell (2015+2016|2017|2018).
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process Nevi /103 \ generator 0B [pb] \ Ehlt \ k-factor \ Lint [fb71] ‘
7 — (< 70) light-jet 7970]9909]13263 1.98 -10° | 0.82 0.93 5.0[6.2/3.3
Z = pp(< 70) e-jet 4982(6199|8283 1.98 -10° | 0.11 0.98 23]2838
Z = pp(< 70) b-jet 7983|9621|13240 1.98 -10% | 0.06 0.98 | (6.37.6]10) -10"
Z — up(70,140) light-jet 5083|7478|9943 109 | 0.69 0.98 | (8.1/1014) 10"
Z — pp(70,140) c-jet 1997|2495|3312 109 | 0.19 0.98 | (9.6/12]16) -10!
Z = pp(70,140) b-jet 5982| 7469|9941 109 | 0.11 0.98 | (4.8/6.0/8.0) -102
7 — up(140,280) light-jet | 5000]6244|8286 39.9 | 0.61 0.98 | (2.12.7]3.6) -10?
Z — (140, 280) c-jet 3000[3750|4987 39.9 | 0.23 0.98 | (3.3/4.1]5.5) 102
Z — pup(140, 280) b-jet 12459|15629(20743 39.9 | 0.15 0.98 | (2.1]2.6]3.4) -103
Z — pp(280,500) light-jet 2000[2460/3321 8.53 | 0.56 0.98 | (4.3]5.3]7.1) -102
Z — ppu(280,500) c-jet 1000/1249| 1669 8.53 | 0.27 0.98 | (4.5/5.6|7.5) -102
Z = (280, 500) b-jet 1999|2498(3327 8.53 | 0.18 0.98 | (1.4/1.7]2.3) -103
Z — (500, 1000) 2097|3747|5095 1.79 | 1.00 0.98 | (1.7]2.1]2.9) -103
Z = (> 1000) 997/1250/1667 1.48 107" | 1.00 0.98 | (6.9]8.7]12) -103
Z — ee(< 70) light-jet 8000(9998| 13267 1.98 -10% | 0.82 0.98 5.0(6.3/8.4
Z — ee(< 70) c-jet 4999]6241|8308 1.98 -10% | 0.11 0.98 23|28/38
Z — ee(< 70) b-jet 7996|9993|13277 1.98 -10% | 0.06 0.98 | (6.37.9]10) -10"
7 — ee(70, 140) light-jet 5956|7385(9952 111 | 0.69 0.98 | (8.0[9.9]13) -10"
Z — ee(70,140) c-jet 1999]2495|3328 111 | 0.18 0.98 | (9.8/12]16) -10!
Z — ee(70,140) b-jet 5970|7493|9910 110 | 0.11 0.98 | (4.7/5.9/7.8) -102
Z — ee(140, 280) light-jet 5000]6250(8356 40.6 | 0.61 0.98 | (2.0/2.6/3.4) -102
Z — ee(140,280) c-jet 3000|3748|4986 40.7 | 0.23 0.98 | (3.2/4.1/5.4) -102
7 — ee(140,280) b-jet 12440|15662|20737 40.7 | 0.15 0.98 | (2.02.6/3.4) -10?
Z — ee(280,500) light-jet 2000[2500]3424 8.67 | 0.56 0.98 | (4.255.2|7.1) -102
Z — ee(280,500) c-jet 1000[1250(1737 8.67 | 0.26 0.98 | (4.415.6]7.7) -102
Z — ee(280,500) b-jet 2000|2500[3328 8.67 | 0.17 0.98 | (1.31.7)2.2) 103
Z — ee(500,1000) 2999|3712|4983 1.81 | 1.00 0.98 | (1.72.1]2.8) -103
Z 5 ee(> 1000) 1000{1250/1669 1.49 107" | 1.00 0.98 | (6.9/8.6]12) -10?
Z — 17(< 70) light-jet 7986|9998|13274 1.98 -103 | 0.82 0.98 5.0/6.2|8.2
Z — 77(< 70) c-jet 4979/61388274 1.98 -10% | 0.11 0.98 24(29]39
Z — 77(< 70) bojet 7886/9994]13278 1.98 -10% | 0.06 0.98 | (6.3]7.9/10) -10!
Z — 77(70,140) light-jet 5998(7499|9974 111 | 0.69 0.98 | (8.0/10/13) -10!
7 — 77(70,140) e-jet 1999|2499|3328 110 | 0.18 0.98 | (9.7]12[16) -10"
Z — 77(70,140) b-jet 5810|7499|9963 111 | 0.11 0.98 | (4.9]6.3/8.2) -102
Z — (140, 280) light-jet 4940|6228|8297 40.8 | 0.61 0.98 | (2.0/2.5/3.4) -102
Z — 77(140, 280) c-jet 3000|3750|4987 40.7 | 0.23 0.98 | (3.2/4.0[5.4) 10
Z — 77(140,280) b-jet 4993|6213|8285 40.7 | 0.13 0.98 | (8.1]10[13) -102
Z — 77(280,500) light-jet 2000|2499|3318 8.66 | 0.56 0.98 | (4.2]5.3]7.0) -102
Z — 77(280,500) c-jet 1000/1234|1668 8.68 | 0.26 0.98 | (4.55.5]7.5) -102
Z — 17(280,500) b-jet 1984|2497|3324 8.68 | 0.17 0.98 | (1.3]1.7|2.2) 108
Z — 77(500, 1000) 3000[3750]4961 1.81 | 1.00 0.98 | (1.72.1]2.8) -103
Z — (> 1000) 1000[1250|1667 1.48 -10~1 | 1.00 0.98 | (6.9/8.6/12) -103

TABLE B.3: MC samples used for background determination. For each data set, the following

is listed: the physics process (including the max(Hr,pr v) range in GeV and the jet filter),

the number of generated events, the cross-section times branching ratio, the generator filter-

efficiency egqyy, the higher order correction factor k£ and the equivalent integrated luminosity

Lint = Nevt/(0B). Variations between different simulation setups used to model differences in
the data taking conditions are divided by ‘|” within one cell (20154+2016|2017|2018).
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B.2 High Mass Top Structures

Structures in the highest populated mr,qmax intervals in the mr,qmax distribution of background
contributions from processes with top quarks are observed. These are introduced by the large
amounts of ¢t events selected. This observation is investigated by decomposing the tf back-
ground by the number of bottom-quarks entering the fiducial region on generator level. There
are contributions from events with zero, one and two b quarks to all regions convoluted with the
corresponding b-tagging efficiency or inefficiency. The underlying distributions run out of stat-
istics at different points in the mass spectrum. This is the reason why there are edges at which
the migration from one sample to the selected background per region is not possible anymore.
When doing the extrapolations (in Sec. 11.5.2) it is ensure that these effects are covered by the

extrapolation uncertainty.

2 10? E @ &
% —e— tt Background 3 qCJ 102 —e— tt Background =
Lﬁ 10 CAAALALLE TN — 0bin fiducial volume 7; Lﬁ ottt . . —— 0bin fiducial volume ]
— 1bin fiducial volume E 10 — 1b in fiducial volume é
1 e .~ 2binfiducial volume = 1 — 2b in fiducial volume ;
. ] i
10 % 1 071 E
107 E 10°® E
10° 4 107 <
b Veto (m, > 130 GeV) 3 b Tag (m, > 130 GeV) 3
107 eej 110" = 10 eej 110" =
10—5\\\‘ L oo el L L wwm: 10—5\\\‘ L | wwwwm:
70100 200 1000 2000 10000 70100 200 1000 2000 10000
mLQmax [GeV] mLQmax [Gev]

T —
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>
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— 2bin fiducial volume

Top Control Region (n, = 2)

|

-5 L1 L | n L
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(c)

FIGURE B.1: tt background mpgmae. distributions in the b-veto (a) and b-tag (b) combined

region (my; > 130 GeV) as well as the Top control region (c). The total background is illustrated

by the black data points. Different contributions classified by the number of b quarks in the
fiducial region are given by the purple, green and red line.

Fig. B.1 shows the electron channel myqmax distributions in the combined b-tag and b-veto
region as well as the top control region as an example. Similar observations are made in the

muon channel. Illustrated distributions are decomposed into samples of events with zero, one
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and two b quarks within the fiducial volume on generator level. The invariant mass of the
lepton pair is required to be larger than 130 GeV to obtain the combination of the signal, Z/~*
control and validation region. In the top control region no my cut is applied as described in
Sec. 11.4.4. The sum of each contributions is drawn as black data points, while each single
are displayed in colors. Contributions of events with two b quarks are the dominant ones, even
in the region where events with b-tagged jets are neglected. By far most events have two b
quarks in the fiducial volume. The b-tagging efficiency is only 77%. The relative contribution
of the ensembles of events shown in red and green is enhanced in the regions with less than two
b-tagged jets. All distributions have similar shapes and the hypotheses, that each contribution

runs out of statistics at different my,qmax values in the tail, is confirmed.
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B.3 Leptoquark Kinematic Distributions

Angular distributions of the sub-leading lepton are shown exemplarily for the Z/v*+jets control
region exemplarily in Fig. B.2. ¢ and pseudorapidity distributions are shown in the top row
for the electron channel and in the bottom row for the muon channel. The shape of the drawn
spectra as well as the data to background agreement is in line to the leading lepton diagrams.

Shape discussions are given in Sec. 11.7.1.1.
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FIGURE B.2: Angular distributions ¢ and 1 shown for sub-leading electron candidates (a)-(b)
and muon candidates (c)-(d). The upper panel shows the data points as well as the background
prediction, with its contributing fractions drawn separately but stacked. The lower panel dis-
plays the ratio of data and total background estimate. The gray band indicates the impact of
uncertainties originating from experimental uncertainties and limited MC statistics.
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B.4 Leptoquark Signal Shape and Acceptance Studies

The impact of the quark flavor in the final state of the Leptoquark (LQ) decay on the shape
of kinematic distributions is studied. This is relevant for the result interpretation in the b-veto
channels in which light-flavor jets are selected (veto events with b-tagged jets). In the statistical
analysis the kinematic distribution of the process pp — ILQ — lls is used as a substitute for the
decay into up and down quarks. The signal cross-section has no influence on the determined

cross-section exclusion limit in Sec. 12.6. However, acceptance differences of the signal will have

an impact.
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FIGURE B.3: Generator level mLf and mpqQmax distributions for signal processes including

different quark types. Each spectrum is normalized to its area. In the top row the signal

process pp — (LQ — lls with a LQ mass hypothesis of 1 TeV and in the bottom row for 3 TeV
were generated. The LQ-lepton-quark coupling is assumed to be Ay = 1.

Fig. B.3 and Fig. B.4 compares generator level kinematic distributions of signal hypotheses
with different quark flavors in the final state for LQ masses of 1 TeV and 3 TeV with A\ = 1.
No detector response is simulated which is the reason why the shape of the distribution is
independent of the lepton flavor in the mass range investigated. Processes with an electron in

the final state are shown exemplarily.
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F1GURE B.4: Generator level lepton pseudorapidity 1 and LQ rapidity distributions for signal
processes including different quark types. Each spectrum is normalized to its area. In the first
column the signal process pp — ILQ — lls (+ c.c.) with a LQ mass hypothesis of m;,q =1 TeV
and in the second column for my,q3 TeV were generated. A LQ-lepton-quark coupling of Ajq =1
is assumed.

The mEQ and my,Qmax distributions are displayed in Fig. B.3 for a my,q hypothesis of 1 TeV in
the top row and 3 TeV in the bottom row. Each spectrum is normalized to its area to allow
shape comparisons. All mass distributions shown do not depend on the quark flavor in first

order. Each spectrum has a resonant structure at the mass of the LQ. For the mass hypothesis
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of 1 TeV - (a) and (b) - kinematic distributions of the process with a strange quark in the
final state is slightly shifted toward the lower end of the range compared to the others. The
opposite can be observed in the bottom row in which a LQ with m;q = 3 TeV has been
simulated. To come to this conclusion the tail above and below the resonance is examined.
This effect is explained by considering the product of Bjorken x values of initial state particles.
Valence quark contributions are higher for the initial state up and down quarks at low L(Q mass
hypotheses. For high masses the initial state quark originates in most cases from the sea of the
proton. The case of high my,q in combination with a valence quark in the initial state leads to

an enhancement of the low mass tail and increases the fraction of off-shell produced LQ.

Pseudorapidity distributions of the leading and sub-leading electron as well as the rapidity
spectrum of the LQ are shown in Fig. B.3 for a LQ mass hypothesis of 1 TeV in the first
column and 3 TeV in the second one. The distributions of the leading lepton pseudorapidities
shown in (a) and (b) is not influenced by the quark flavor. Leading leptons are produced more
centrally in case of the higher LQ mass of 3 TeV. These are almost all the time produced in
the LQ decay vertex. In case of a LQ mass of 3 TeV, the quark flavor is not impacting the sub-
leading lepton pseudorapidity distribution displayed in (d). For my,q =1 TeV the sub-leading
lepton is produced more central, if the L.Q in the signal process comes from initial state strange
quarks. The rapidity spectra shown in (e) ar more flat for up quarks if LQ simulated has a mass
of 1 TeV. In case of a mass of 3 TeV, LQs are produced more central in processes with up and

down quarks in the initial state.

Finally, the impact on the acceptance of minor shape variations in kinematic distributions
introduced by the quark flavor are quantified. For this a fixed number of events is generated for
every mass hypothesis with each (anti-)quark (u, d, s) and lepton (e, ) flavor. The acceptance
variation is estimated by comparing the number of events entering the fiducial volume of each
signal region (defined in Sec. 11.4.3 and Sec. 12.3). In the statistical analysis the signal process
with a (anti-)strange quark is considered. This is the reason why the variation of the (anti-)up
quark and (anti-)down quark process is evaluated relative to the LQ decay into a (anti-)strange
quark. Fig. B.5 displays these relative acceptance differences for up and down quarks - drawn in
blue and red - against the LQ mass. (a) shows the curve in case of electrons in the final state and
(b) the one determined with muons. Variations observed are on percent level. This is negligible
in comparison to the large uncertainties on the expected limit and the signal cross-section curves

presented in Sec. 12.6.
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