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Abstract

A search is presented for vector-like quarks using 20.3 fb~! of proton-proton colli-
sions at a center-of-mass energy of /s = 8 TeV collected with the ATLAS detector
in 2012 at the CERN Large Hadron Collider. Vector-like quarks are predicted to
exist in many theories beyond the Standard Model of particle physics that attempt
to resolve the hierarchy problem. Events are selected containing jets including at
least one b-jet, sizable missing transverse momentum, large scalar sum of the jet
and lepton transverse momenta, and either three leptons or two leptons with the
same electric charge. Standard Model processes rarely produce this final state and
production of vector-like quarks would lead to an enhanced rate of such events. The
data are interpreted in the context of a variety of models including pair production
of vector-like quarks T and B, which have the same electric charge as the correspond-
ing Standard Model quarks and can appear in either SU(2) weak isospin singlets,
doublets or triplets. In addition single and pair production of the vector-like quark
T5/3, which appears in an SU(2) weak isospin doublet or triplet and has electric
charge 5/3, is considered. A moderate excess of data above the SM background ex-
pectation is observed with a significance of less than two standard deviations. The
data are used to set limits at 95% Confidence Level (CL) on the new heavy quark
mass for the various VL(Q models considered using the CLg method. The vector-like
quarks T and B in the singlet model are excluded at 95% CL below a mass of 0.59
TeV and 0.62 TeV respectively. The Tj/3 is excluded at 95% CL below a mass of
0.74 TeV when only pair production is considered and below 0.75 TeV when both

pair and single production are considered.
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CHAPTER 1

Introduction

The Standard Model (SM) of particle physics describes the fundamental building
blocks of matter and the interactions among them. It has been fantastically suc-
cessful in explaining a wide variety of phenomena and has been used to calculate
physical quantities in agreement with experimental measurements to extraordinary
precision. An example of the success of the theory is the calculation of the fine struc-
ture constant a which determines the strength of the force of electromagnetism. The
value of « calculated from theory is consistent with experimental values to a preci-
sion of better than one part in a billion (107?) [1]. This makes the Standard Model
one of the most accurate physical theories constructed to date.

Despite the success of the SM there are a number of important questions it
leaves unanswered. Among these are the nature of dark matter, the origin of the
force of gravity and a natural explanation of the hierarchy of the fundamental forces
of nature. These missing elements mean that the SM is not a complete theory of the
universe but rather an approximation that is valid for a limited, albeit very large,
range of energies. Many theories have been advanced that seek to resolve one or
more of the problems afflicting the SM. These theories often predict the existence of
new particles that have not been observed in experiment. This dissertation describes
a search for a class of particles known as vector-like quarks, carried out using
20.3 fb~! of proton-proton collision data collected with the ATLAS detector at the
CERN Large Hadron Collider (LHC) in 2012. These particles arise in theories that
attempt to explain the observed hierarchy of the strengths of the fundamental forces
without the need for fine tuning.

Historically particle physics began with J.J. Thompson’s study of cathode rays,
which in 1897 led to the discovery of the first subatomic particle known as the

electron. [2] Since then the field has grown a great deal and has had a tremendous
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impact on our understanding of nature, making significant contributions to many
areas of physics including atomic theory, optics and cosmology. It has also played
a major role in the development of many important technologies such as electricity,
nuclear power, medical diagnosis and treatment of disease.

In the SM the universe consists of particles divided into two classes, fermions and
bosons. By definition fermions have half-integer spin while bosons have integer spin.
Fermions include the particles that make up matter such as the up and down quarks
contained in protons and neutrons inside nuclei as well as the familiar electron that
binds to those nuclei to form atoms. Bosons include particles such as the photon
and gluon which are responsible for mediating the fundamental forces of nature.
Whenever two particles attract or repel one another a boson, such as a photon, is
exchanged between them to communicate the force. There are three generations of
fermions with the lightest and most stable of them occurring in the first generation.
The electron and up and down quarks mentioned above, which are the constituents
of everyday matter, occur in the first generation. The second and third generation
particles mirror the first generation except that their masses increase from the first
to the third generation. As a consequence of their larger masses these particles are
unstable and decay very soon after creation. As an example the second generation
cousin of the electron, known as the muon, is ~ 200 times as massive and lives on
average for ~ 1079 second [3].

The bosons in the SM account for three of the four fundamental forces of nature:
electromagnetism, and the strong and weak nuclear forces. Electromagnetism is by
far the most ubiquitous and familiar of these, underlying many of the phenomena
that we experience in the macroscopic world ranging from the molecular forces that
hold matter together to the light reaching us from distant galaxies. The nuclear
forces, as their names suggest, are limited to subatomic distance scales and thus play
a more subtle yet vital role in physics. The strong force is responsible for holding
protons together in nuclei against their mutual electric repulsion while the weak force
allows for radioactive decay and the pp chain reaction that drives hydrogen burning

at the center of stars. The conspicuous absence of gravity from the Standard Model
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remains one of its shortcomings. Attempts to incorporate gravity into a theory with
the other three forces have all failed. Fortunately gravity is so weak compared to the
other three forces that it can be safely ignored when studying particle interactions
at the subatomic scale.

The final remaining piece of the Standard Model was verified in 2012 with the dis-
covery of the long sought Higgs Boson by the ATLAS and CMS collaborations [4,5].
This discovery lead to the awarding of the 2013 Nobel Prize in physics to Peter Higgs
and Francois Englert for the theoretical prediction of the particle [6,7]. The Higgs
boson is a remnant of the Englert-Brout-Higgs (EBH) mechanism that describes
how all the massive SM particles attained their mass through a process known as
spontaneous symmetry breaking. The Standard Model is an extremely powerful
theory that has unified many physical phenomena that at first blush seem disparate
and unrelated. It is in this sense that it can be considered a truly fundamental
theory of nature.

Despite the high precision and broad scope of the Standard Model it is not a
perfect theory. There are a number of aspects of the Standard Model that are un-
satisfactory both aesthetically and in terms of tension between its predictions and
experimental observations. The first is that it does not include gravity. A com-
plete theory of the universe must explain all of the fundamental forces including
gravity. Another problem is that it cannot account for the observed matter anti-
matter imbalance in the universe. Interactions involving matter and antimatter are
approximately symmetric in the Standard Model . It follows that they should be
produced in roughly the same proportions. However the universe seems to be almost
completely composed of matter and very little antimatter. The existence of dark
matter also poses a serious problem. Approximately 26.8% [8] of the universe is
composed of matter that doesn’t emit or absorb light and is only detected through
its gravitational effects. In comparison only about 5% of the universe is accounted
for by the visible matter made up of known SM particles. Within the framework

of a particle theory there must be a neutral particle with sufficient mass to account

I Although this is not an absolute principle there are very few known violations
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for dark matter. There is no such particle in the Standard Model. Finally the hier-
archy problem refers to the dramatic difference between the electroweak symmetry
breaking scale (~ 10? GeV) where the three SM forces dominate and the Planck
scale (~ 10' GeV) where gravity becomes important as well. This difference is
tied to the mass of the recently discovered Higgs boson that seems unusually small
given its large quantum corrections. Delicate cancellations between these quantum
corrections and the bare mass of the Higgs, an example of fine tuning, are needed
to explain the observed mass of 125 GeV [4,5]. For all these reasons the current
theory is regarded as an approximation to a more fundamental theory of everything
that would resolve these issues naturally. As such, particle physicists are constantly
pushing the limits of the Standard Model in order to find violations to it that would
point to new physics beyond the Standard Model (BSM).

1.1 Experimental Particle Physics

Of the large number of elementary particles in the Standard Model most are unstable
and are observed only in very high energy environments. In order to study these
particles, and to search for new particles that may exist beyond the Standard Model,
particle accelerators are used to produce high energy collisions of stable particles
such as protons or electrons. In these collisions heavier, more exotic particles are
produced and detected. Particle accelerators are the main experimental tool used to
test the Standard Model and indeed a number of SM particles were in fact discovered
using particle accelerators [9-11].

The Large Hadron Collider (LHC), located at CERN (European Center for Nu-
clear Research) outside Geneva on the French-Swiss border is the largest and highest
energy particle accelerator ever constructed. It was designed to collide proton-proton
pairs at an unprecedented center of mass energy of \/s = 14 TeV and during its first
run, from 2009 to 2013, reached a record breaking energy of 8 TeV. There are six
detectors located along the perimeter of the LHC where the proton beams intersect

and collisions take place. The two general purpose detectors, ATLAS (A Toroidal
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LHC ApparatuS) and CMS (Compact Muon Solenoid) are dedicated to the search
for a broad range of new physics signals. Both were used in the discovery of the
Higgs Boson in 2012. These experiments have allowed physicists to scrutinize the
Standard Model like never before and to test a variety of new theories which are ex-
tensions to the Standard Model that attempt to resolve one or more of the problems
associated with it.

The goal of collider experiments like ATLAS and CMS is to test the validity
of the Standard Model and to search for evidence of new physics. The collision
data are analyzed for signs of new particles that have been predicted to exist, either
in the Standard Model or beyond, but have not been observed. This presents a
challenge since most of these particles decay very soon after being created. This
means experimentalists must look for events with a final state based on a particular
decay mode of the particle. The final state refers to the measurements made in the
detector after the collision takes place.

The situation is complicated further by the fact that there are a large number of
SM particles that can produce the same final state. The new particle which is the
subject of the search is known as the signal while the SM particles that can mimic
it are known as the background. For any given event with a particular final state it
is impossible to say exactly what produced it. All physicists can do is look at the
total number of such events, and their kinematic properties, and compare them to
the background only and signal+background hypotheses. In this way they can see
which hypothesis is more consistent with the data and ultimately make a statement
about the probability that the signal exists.

Very sophisticated techniques are used to discrimate between signal-like and
background-like events and to reduce the background by refining the region of phase
space explored in the search. These techniques exploit the characteristics of signal
and background events which are known from theory. If an excess of events is ob-
served above the background expectation this is interpreted either as a fluctuation or
evidence of new physics depending on the significance of the excess. FExcesses of two

standard deviations or less are consistent with an upward fluctuation of the back-
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ground and often go away when more data are collected. An excess of five standard
deviations or more is interpreted as discovery of a new particle. An intermediate
excess between two and five standard deviations is promising but inconclusive and
requires more data to resolve. Exclusion limits are set at 95% confidence level (CL)
on the mass of the particle which is not known a priori. As more data are collected
if no excess is seen the mass limits increase and the particle is eventually ruled out
completely when the limit exceeds the range of acceptable masses estimated from
the theory.

This dissertation focuses on the search for a new class of particles known as
vector-like quarks, using 20.3 fb~! of data collected at the LHC with the ATLAS
detector. These particles arise in a number of BSM theories that attempt to resolve
the hierarchy problem. [12-30] They are identical to the SM quarks except that
they are non-chiral and do not derive their mass from the EBH mechanism. The
term ‘vector-like’ quark refers to the coupling of these quarks to the W bosons
that constitute the charged current of the weak force. Their coupling is a vector
current in contrast to the vector minus axial vector (V-A) current of SM quarks.
Their non-chirality means that both their left and right handed components interact
identically via the weak force, in contrast to the SM fermions. The origin of their
mass is important as it means that they are not ruled out in the case that the new
boson discovered at the LHC in 2012 is a manifestation of a minimal Higgs sector.
Sequential fourth generation quarks that get their mass from the EBH mechanism,
as the SM quarks do, would greatly enhance the Higgs production cross-section and
thus are excluded provided there is no extended Higgs sector (i.e. multiple Higgs
bosons). For this reason the existence of vector-like quarks is not constrained by
the Higgs sector and there is strong theoretical motivation for a direct search. The
existence of vector-like quarks would help to explain the tremendous difference in
the strength of the SM forces and gravity and would remove the necessity for fine
tuning to account for the mass of the Higgs boson.

The remainder of this dissertation is organized as follows. A detailed description

of the SM and vector-like quarks is given in Chapter 2 followed by a description
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of the LHC and ATLAS in Chapter 3. Chapter 4 describes the data and Monte
Carlo simulations used in the analysis. Chapter 5 and Chapter 6 describe the
reconstruction of events and the selection applied to them to define the signal region.
This is followed by a description of the background estimation and validation in
Chapter 7 and a description of systematic uncertainties in Chapter 8. The results of
the analysis are reported and discussed in the context of various models of vector-like

quarks in Chapter 9. Chapter 10 gives a summary of the analysis and its results.
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CHAPTER 2

Theory

The Standard Model (SM) of particle physics is the currently accepted theory of el-
ementary particles and their interactions. It is formulated as a relativistic Quantum
Field Theory (QFT) in which fundamental particles have associated fields and the
forces between them arise from symmetry transformations that leave the field equa-
tions invariant. Despite the success of the SM, it is not a candidate for an ultimate
theory of the universe as it has a number of unresolved problems. In particular it
cannot account for the enormous difference between the electroweak energy scale
(~ 10% GeV) typical of the SM forces and the Planck energy scale (~ 1019 GeV)
where all gravity becomes strong. This is referred to as the hierarchy problem. This
dissertation describes a search for a class of particles known as vector-like quarks
(VLQ) that exist in a number of QFTs that are extensions of the SM which attempt

to resolve the hierarchy problem in a natural way.

2.1  Quantum Field Theory

QFT refers not to a single theory but rather a class of theories that share a com-
mon mathematical framework. It is a generalization of Quantum Mechanics that
describes particles as the excitations of fields, which are continuous functions of
space and time. The dynamics of these fields and their excitations (particles) are
governed by the underlying symmetries of the theory. A relativistic QFT is one that
is consistent with Special Relativity.

A proper description of particle physics must incorporate the principles of both
Quantum Mechanics and Special Relativity. An important feature of QFT is that it
is possible to unify both of these fields of physics in a single theoretical framework.

Special Relativity was initially developed in the context of Classical Mechanics which
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describes the motion of macroscopic objects. However Quantum Mechanics, which
describes the behavior of small scale systems such as atoms and molecules, does not
include relativity. The velocities of particles in low energy systems such as these
are small enough that relativity can be safely ignored. In order to describe the
behavior of high energy particles (v/c ~ 1) both Quantum Mechanics and Special
Relativity are essential. Early attempts to combine them failed for a variety of
reasons. In particular the mass-energy equivalence of Special Relativity (E = mc?)
means that particles can be created or annihilated so that particle number is not
conserved. This is incompatible with the probabilistic interpretation of Quantum
Mechanics. Also Quantum Mechanics relies on the idea of action at a distance in
which the influence of a force is communicated instantaneously through space. This
violates special relativity, which states that nothing may travel faster than the speed
of light. Relativistic QFT overcomes these difficulties by providing a mechanism
for the creation and annihilation of particles and by introducing force-mediating
particles that propagate at speeds that do not exceed the speed of light.

QFT makes use of the Lagrangian formalism originally developed in Classical
Mechanics and later generalized to the description of fields. The particles in a theory
and the interactions between them are specified by a quantity called the Lagrangian
(L), which is a function of the particle fields. Symmetries in the theory are ex-
pressed mathematically as transformations of the fields under which the Lagrangian
is invariant. According to Noether’s theorem [31], differentiable symmetries of the
action ([ Ldt) lead to conservation laws. This is a generalization of the classical
principle that physical transformations of a system that leave the action unchanged
lead to conserved quantities of motion.

In classical systems these space-time symmetries lead to conservation of energy,
momentum and angular momentum. In QFT, in addition to space-time symmetries
there are internal symmetries that account for the conservation of intrinsic proper-
ties of particles such as electric charge. An important class of internal symmetries
represented by local gauge transformations give rise to the fundamental interactions

in QFT. A gauge transformation shifts the phase of a field everywhere by a arbitrary
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value known as the gauge. When the value is a constant, independent of space-time
coordinates, it is referred to as a global gauge transformation. In a local gauge
transformation the value is a function of space and time.

Each local gauge transformation is associated with a boson, or group of bosons,
that mediate one of the forces in the theory.

The transformations in QF'T are described by a field of abstract algebra known as
group theory. Each transformation belongs to a group that is defined by a generator
or group of generators, which correspond to a physical property of the particles in
the theory such as electric charge. The transformations and their generators are
typically represented as matrices while the fields on which they act are represented
as multi-component objects such as vectors or Dirac spinors. Applying a generator
matrix to a field returns the value of the physical quantity it represents. Applying
the transformation matrix defined by that generator rotates the field in the space
of allowed values for the physical quantity. A transformation can have a number
of different matrix representations. A group is designated by the simplest matrix
representation, known as the fundamental representation, for the transformations
it describes. Each force in the SM results from a particular group of local gauge
transformations under which the Lagrangian is invariant, known as a gauge group.
The conserved quantity for each gauge group is the physical quantity associated
with the generator of the group. The number of gauge bosons needed to mediate
the force is equal to the number of generators of the group. This also equals N2-1,
where N is the dimension of the fundamental representation of the gauge group. The
details of the gauge groups that give rise to the SM forces are given in Section 2.2

Before imposing local gauge symmetries the field equations for a theory, which
derive from the Lagrangian, have exact solutions. These solutions are plane waves
representing free particles propagating through space. Adding a local gauge sym-
metry to a theory requires introducing an additional field which appears in an extra
term in the Lagrangian called the interaction term. The dimensionless coefficient of
this term, known as the coupling constant, determines the strength of the interac-

tion. The excitations of the new field are the mediators of the force that results from
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the local gauge symmetry. The new Lagrangian with the interaction term no longer
has exact solutions. In particular, the plane waves representing free particles are no
longer solutions since the particles now interact with one another via exchange of
the mediator particle.

An illustrative example is QED which describes the force of electromagnetism.
Before imposing local gauge symmetry the theory consists of electrons and their
antiparticles (positrons) that do not interact at all. In order to satisfy local gauge
symmetry a new field is added for the photon. The electrons and positrons in the
theory now interact with each other by exchanging photons. This is the origin of the
electric forces between charged particles familiar from classical electromagnetism.

In a theory with interactions, processes are possible that bring some group of
initial state particles to a group of final state particles. An example is the scattering
of oppositely charged particles known as Bhabha scattering. The Bhabha scattering
of an electron and a positron is represented symbolically as ete™ — ete™. Initially
there is an electron and a positron, then there is an interaction and finally there is
an electron and positron again. Another example is the decay of an unstable particle
to some group of final state particles. The most well known example is the beta
decay of unstable atomic nuclei. This process involves the decay of the quarks in the
nucleus and is represented symbolically as d — ue™ .. A down quark disappears
and an up quark, an electron and an electron antineutrino are emitted. In the SM
Bhabha scattering takes place via the force of electromagnetism while beta decay
takes place via the weak nuclear force.

Two important physical quantities in high energy particle physics are cross-
sections, which represent the probability a particular process will take place, and
the lifetimes (or equivalently the decay rates) of unstable particles. The primary
tool for calculating these quantities is perturbation theory. In this approach the
interaction term is expanded in powers of the coupling constant and the leading
terms in the expansion are taken as an approximation. In order for this to be valid
the coupling constant must be far less than one so that higher order terms in the

expansion contribute very little. This is true in a wide variety of cases. The noted
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exception is in low energy Quantum Chromodynamics (see Section 2.2.5).

The terms in a perturbative expansion can be associated with Feynman dia-
grams that represent different ways the process can occur. In a Feynman diagram
one dimension represents time. > The other dimension doesn’t represent anything
physical. Lines with an arrow pointing forward in time represent particles while
those with an arrow pointing backward in time represent antiparticles. Each parti-
cle and antiparticle line has an energy and momentum associated with it. The sum
of the energy and momentum into and out of each vertex is zero. The enforces the
conversation of energy and momentum for the entire process. The lines that extend
out of the diagram represent real particles with well defined mass that can be de-
tected experimentally. The lines which are internal to the diagram represent virtual
particles that have no well defined mass and cannot be detected experimentally.
Virtual particles merely facilitate the interaction of real particles.

In QED, Feynman diagrams are constructed from the primitive vertex shown in
Fig. 2.1. 3 The Feynman diagrams in Fig. 2.2 show different ways Bhabha scattering
of electrons and positrons can take place by exchanging a photon. The higher order
terms in the expansion correspond to diagrams with more vertices such as those
shown in Fig. 2.3. There are infinitely many diagrams that contribute to a given
process. All of them affect the value of the cross section, however higher order
diagrams with more vertices contribute less and can be ignored. Depending on the
desired level of precision a calculation is done to a certain order. Leading-order
(LO) calculations consider only the diagrams with the fewest vertices. Next-to-
leading order (NLO) calculations consider diagrams with the fewest vertices and
those with the next to lowest number of vertices.

Each of the diagrams in Fig. 2.3 contain closed loops of virtual particles. The
energy and momentum of the particles in these loops are not fixed and so must be

integrated over the full range of allowed values in evaluating the contribution of the

2In this dissertation the horizontal dimension represents time with the positive flow of time
taken from left to right.

3Feynman diagrams for the strong and weak nuclear interactions are constructed in a similar
way using the primary vertices for those interactions.
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loop diagram. If the integrals are taken to infinity they diverge. A process known
as renormalization is used to cut off the integral at an upper bound so it remains
finite and to ensure that the final result is independent of the cut off. A theory for

which this is possible is renormalizable. The SM is a renormalizable theory.

Figure 2.1: Primitive vertex for constructing Feynman diagrams in QED.

(a) t-channel € € (b) s-channel €

Figure 2.2: Leading order (LO) Feynman diagrams for Bhabha scattering of an
electron and a positron ete™ — ete™.
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€ e €

(¢) box diagram

€ (b) extra virtual photon

€ (a) virtual fermion loop

Figure 2.3: Examples of next-to-leading order (NLO) Feynman diagrams for Bhabha
scattering of an electron and a positron eTe~ — eTe™. This is not the complete set
of NLO diagrams.

2.2  The Standard Model

The Standard Model of particle physics is a relativistic QFT that describes all of the
known particles observed in the universe and three of the four fundamental forces of
nature. Historically the first QFT of particles was Quantum Electrodynamics (QED)
which describes the force of electromagnetism [32]. Since then other QFTs have
been developed to explain the other forces of nature. Electroweak theory explains
both electromagnetism and the weak nuclear force together in a unified theory.
Quantum Chromodynamics (QCD) explains the strong nuclear force. There is no
QFT of gravity. The SM is the most complete QF T formulated to date. It combines
Electroweak theory and QCD and thus incorporates three of the four fundamental
forces of nature.

The SM consists of 61 particles divided into 48 fermions and 13 bosons. Ta-
bles 2.1 and 2.2 summarize some of their important properties. Three of the fermions
(electrons, up quarks and down quarks) make up the observable matter in the uni-
verse. With the exception of neutrinos the remaining fermions are unstable and only
exist briefly in nature. They are created in high energy processes and quickly decay.
The bosons include the force carrying particles that mediate interactions, and the

Higgs boson which is the origin of mass in the SM (see Section 2.2.3).
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The SM fermions are divided into two groups: leptons and quarks. They are
organized into three generations with two leptons and two quarks in each genera-
tion. The particles in each generation have properties similar to their corresponding
particles in the other generations. An important exception is mass, which increases
from the first to the third generation . There are three charged leptons known as
the electron, muon and tau lepton. For each charged lepton there is a corresponding
neutrino in the same generation that has an electric charge of zero.

There are six flavors of quarks and for each flavor there are three possible colors
(red, green and blue). Each unique combination of flavor and color represents a
distinct quark. Color is often denoted with a subscript, for example, the three top
quarks of different color are denoted ¢,, ¢, and t,. For every fermion in Table 2.1 there
is a corresponding antiparticle that is not shown. An antiparticle is a symmetric copy
of a particle which is identical except that it has opposite charge. ® Here charge
refers to any conserved quantity arising from local gauge symmetry. It includes
electric charge as well as color charge (see Section 2.2.4). Antiparticles are denoted
with a superscripted line over the letter representing the particle. For example the
anti-top quark is represented as t. °

In summary, quarks interact via all three SM forces: the electromagnetic force
and the strong and weak forces. Charged leptons interact only via the electromag-
netic and the weak force and neutrinos interact only by the weak force.

The bosons in the SM consist of 12 gauge bosons which are the mediators of the
fundamental forces and the Higgs boson. The gauge bosons are the excitations of
the gauge fields that arise in QFT when local gauge symmetries are included (see
Section 2.1). The photon (7) is the carrier of the electromagnetic force. The eight
gluons (g) are the carriers of the strong nuclear force and the W+ and Z bosons are

the carriers of the weak nuclear force. The Higgs boson is a remnant of the EBH

41t is unclear if this is true for neutrinos as their exact masses are not known

5Other internal quantum numbers such as lepton number and baryon number also change sign
for antiparticles

6Qccasionally for charged leptons, particles and antiparticles are denoted with a superscript
giving the sign of the charge of the particle. e.g. ete™ — eTe™
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Mechanism described in Section 2.2.3.

Generation Particle Symbol Mass (MeV) Charge (Q/e) Spin
Leptons
1 electron e 0.511 -1 %
electron-neutrino Ve < 2x107F 0 3
T
9 muon o 106 -1 5
muon-neutrino vy, < 0.19 0 2
T
3 tau T 1777 -1 5
tau-neutrino Vs < 18.2 0 %
Quarks
1 up u 1.7-3.3 —|—% %
I T
down d 4.1-5.8 —3 3
9 charm c 1.27f8:8§ x 10% +% %
strange s 1013(‘1’ —% %
3 top t 172.0 £ 0.9 + 1.3 x103 +2 3
bottom b 4197055 x 10° -1 1

Table 2.1: Summary of fermions in the SM and some of their important proper-
ties [33]. The masses given in this table are expressed in natural units (c = h = 1)
in which energy, momentum and mass all share the same units (e¢V). The masses
reported here are taken from the Particle Data Group (PDG) Review of Particle
Physics. [33]. Charge is expressed in units of the fundamental charge (e). For each
quark flavor shown there are three particles corresponding to the three colors: red,
green and blue. For every fermion in the table there is a corresponding anti-fermion
that is not shown.
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Particle Symbol Mass (MeV) Charge (Q/e) Spin
photon 0% 0 0 1
gluons g1-.-98 0 0 1

W= bosons W= 80.39 £0.02 x 10° +1 1

Z boson Z 91.188 + 0.002 x 10° 0 1

Higgs boson H 125.09 +£0.21 +0.11 x 10? 0 0

Table 2.2: Summary of bosons in the SM and some of their important properties.
There are eight gluons corresponding to the eight different combinations of color and
anti-color (see Section 2.2.4). The Higgs boson mass is taken from the combined
CMS-ATLAS results using 25 fb™! of LHC data collected in 2011-2012 [34]. The
masses reported for the other particles are taken from the Particle Data Group
(PDG) Review of Particle Physics. [33] The masses given in this table are expressed
in natural units (¢ = h = 1) in which energy, momentum and mass all share the
same units (eV).

2.21 QED

The part of the SM that describes the force of electromagnetism, known as Quantum
Electrodynamics (QED), is based on the local gauge symmetry group U(1)g. This
is the group of local gauge transformations whose fundamental representation is
the set of 1x1 unitary matrices (complex numbers). The generator of this group of
transformations is the operator QQ which returns the electric charge of a particle field.
Thus electric charge is the physical quantity that is conserved in QED according to
Noether’s theorem. The gauge field included in order to enforce this U(1)q gauge
symmetry is the electromagnetic field A#, for which the photon is the excitation 7.

All charged particles interact via exchange of photons.

2.2.2  Electroweak Theory

A QFT of the weak force on its own is not possible since it cannot account for
the non-zero masses of the W* and Z bosons. In order to incorporate the weak

force into the SM a single unified theory combining electromagnetism and the weak

Ta p superscript denotes a four-vector which has four components (u = 0,1,2,3,)
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force is needed. This theory, known as Elecroweak theory or Glashow-Weinberg-
Salam (GWS) theory, is based on the gauge group U(1)y xSU(2),. U(1)y is the
same gauge group as in QED except that the generator is associated with a different
physical quantity known as weak hypercharge (V). SU(2) is the gauge group whose
fundamental representation is the set of 2x2 unitary matrices with determinant one.
The generators of this gauge group are the three components of weak isospin (77,
Ty, T3). U(1l)yxSU(2)L is the group of transformations formed from the tensor
product of the transformations in the groups U(1)y and SU(2)y.

The chirality of a particle is a fundamental physical quantity related to the way it
transforms under the parity operation which returns the mirror image of a particle.
Chirality itself is rather abstract but it is closely related to another physical quantity
called helicity which has a clear physical interpretation. Helicity is defined by the
orientation of a particle’s spin in relation to its direction of motion. A particle with
its spin oriented in the same direction as its velocity is right-handed. A particle
with its spin oriented opposite its velocity is left handed. For massive particles this
is not an intrinsic property as it is not Lorentz invariant. The helicity of a particle is
dependent on the frame of reference in which it is measured. For massless particles
helicity is Lorentz invariant. In this case helicity and chirality are the same (i.e. a
particle with left handed helicity also has left handed chirality). The L subscript
in SU(2), means that the transformations in this group apply only to left-handed
particles (and right-handed antiparticles) 8. This makes Electroweak Theory a chiral
theory in which left-handed and right-handed particles interact differently.

In Electroweak theory left-handed fermions are grouped into pairs known as
SU(2)r doublets. They are represented as two component vectors in weak isospin
space where the first component has T3 = 1/2 and the second has T3 = —1/2. This
is analogous to a spin 1/2 system in quantum mechanics where a particle is described
by a two component ket vector in spin space with the first component representing
the spin up state and the second representing the spin down state. An important

difference is that each weak isospin state corresponds to a distinct particle. Within

8Here left handed and right handed refer to chirality
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each generation the left-handed neutrino and charged lepton form a doublet and
the two left-handed quarks form a doublet. This structure is repeated in all three

generations.

(2.1)

L L L L L L

Right-handed fermions are SU(2);, singlets meaning that they transform trivially
under an SU(2),, gauge transformation. For antiparticles the chiralities are reversed
so that right-handed antiparticles are doublets and left-handed antiparticles are
singlets.

Local gauge symmetry under U(1)y xSU(2), leads to four gauge fields denoted
Br, W WS and W', B arises from the U(1)y symmetry and the W/ fields arise
from the SU(2), symmetry. W{" and W mix to produce the W and W* gauge
fields which are responsible for the W= bosons. W¥ and B* mix to produce the A*
and Z* gauge fields that are responsible for the photon and the Z boson respectively.

The mixing of the fields can be expressed as
W= = (W, F Wa) /V2

Z = Wscos Oy — Bsin Oy
v = Wscos Oy + Bsin Oy,

where 0y is the weak mixing angle also known as the Weinberg angle. The fact
that only left-handed particles (and right-handed antiparticles) transform under
the SU(2), gauge group means that only left-handed particles (and right-handed
antiparticles) interact by exchange of W bosons (charged weak current) while
both left-handed and right-handed particles interact interact via exchange of Z
bosons (neutral weak current) and photons. Charged current interactions couple
the fermions in each of the SU(2), doublets described above. A fermion can change

flavor within its SU(2); doublet by giving off a W boson. This is an important
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feature of Electroweak theory as it accounts for the flavor changing processes in
nature such as nuclear beta decay (d — ulW ™).

Although flavor changing interactions are mostly confined within a generation
they can change flavor across generations as well. The bottom row of fermions in
the SU(2); doublets in Eq. 2.1 are actually not the physical fermions observed in
nature (the mass eigenstates) but rather weak isospin eigenstates which are linear
combinations of the mass eigenstates. For quarks these two sets of eigenstates are
related by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The CKM matrix is
approximately equal to the identity matrix (I) meaning that the mass eigenstates
and weak isospin eigenstates are approximately equal. However the CKM matrix
does have small non-zero off diagonal elements meaning that generation mixing is
possible for charged weak current interactions of quarks. Since the off-diagonal
elements are small compared to the diagonal elements, charged weak current inter-
actions that change flavor across generations are rare compared to those that change
flavor within a generation. Without generation mixing of quarks Electroweak the-
ory could not explain the decay of the bottom quark. The bottom quark cannot
decay within its generation since the top quark is too massive, making the pro-
cess b — tW ™ kinematically forbidden. The fact that it does decay means that
generation mixing of quarks must be a part of the theory of weak interactions.

A gauge theory based on U(1)y xSU(2);, symmetry that includes only fermion
fields and the boson fields that arise from local gauge invariance cannot be a valid
theory of the weak force. All the particles in such a theory are massless. Giving
them mass directly in the Lagrangian destroys local gauge invariance. The gauge
bosons are massless just as they are in QED, however the short range of the weak
force means that the particles that mediate it (W= and Z bosons) must be massive.
The massless fermions are a consequence of the chiral nature of the theory. This is
unacceptable because it is well known from experiment that the SM fermions have
mass. For these reasons the theory must be modified to allow for massive particles.
These problems are resolved by an elegant mechanism that makes use of the idea

of spontaneous symmetry breaking (SSB) known as the Englert-Brout-Higgs (EBH)
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mechanism.

2.2.3 The Englert-Brout-Higgs Mechanism

In order to construct a theory of the weak interactions with massive particles a
scalar field ® is added to the gauge theory described in the previous section. ® is
an SU(2)., doublet

o

"
where ¢+ and ¢° are complex fields with charge 1 and 0 respectively. A potential

energy term for this new field given by
V(®) = 12 0Td + \(dTD)?

where ©<0 and A>0, is added to the Lagrangian. This is the most general potential
term that can be added while preserving the SU(2),, invariance and renormalizabil-
ity of the theory. With this V(®) there is a non-vanishing expectation value for
the field (®), in the ground state (the physical vacuum). Moreover the vacuum
expectation value (vev) of ® is not unique but can take on an infinite number of

values corresponding to a circle in two dimensional weak isospin space defined by
| @ [P= 010 = ¢*¢" + 90" = v/V2

where v = \/—p2/ | A | is the minimum of V(®T®). Selecting a particular value
for the vev breaks the SU(2), gauge invariance of the theory. By convention it is

chosen to be
0

P) —
(@) W



50

In order to do calculations in perturbation theory it is necessary to redefine ® in

terms of fields that have zero vev. This is done with the following expression

®(x) = exp (%) @ (2.2)
V2

where & (), &(x), E3(x) and H(x) are real fields with zero vev. These real fields
replace the real and imaginary components of ¢! and ¢° in expressing the four
degrees of freedom of ®. The Lagrangian written in terms of these real fields is no
longer invariant under U(1)y x.SU(2) transformations thus the symmetry has been
spontaneously broken.

Goldstone’s theorem states that whenever a continuous symmetry is sponta-
neously broken a massless scalar particle appears in the theory for each degree of
freedom of the broken symmetry group. These are represented by the &;(x) fields
in Eq. 2.2. When the broken symmetry is represented by a gauge transformation it
is possible to remove these Goldstone bosons and in the process endow mass to the
gauge bosons corresponding to the broken symmetry. By applying a gauge transfor-
mation with gauge £(x)/v the &;(z) fields disappear from the Lagrangian and mass
terms appear for the W+ and Z bosons. The remaining scalar field H(x) also gains
a mass term as well as interaction terms with the W+ and Z bosons. In order to give
mass to the fermions in the theory a Yukawa term, coupling the fermion fields to
®, is added to the Lagrangian for each fermion. When SSB happens these Yukawa
terms lead to mass terms for the fermions and interaction terms between them and
H(x). No mass term or interaction terms appear for the photon field A*.

The EBH mechanism uses spontaneous symmetry breaking of a locally gauge
invariant theory to produce a theory of electromagnetic and weak interactions in
which the fermions and the carriers of the weak force are massive while the carrier
of the electromagnetic force is massless. The massive scalar field H(x) is a remnant
of this process known as the Higgs boson. The fermions and the W* and Z bosons

that couple to the Higgs boson effectively acquire mass while the photon, and the
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gluons to be discussed in the next section, that do not couple to it remain massless.

2.2.4  Quantum Chromodynamics

The QFT that describes the strong interactions is known as Quantum Chromody-
namics (QCD). It is a gauge theory based on the symmetry group SU(3)c. The
C subscript stands for color charge, which is the generator of the group and the
conserved quantity that arises due to Noether’s theorem. The fundamental repre-
sentation of this group is the set of 3 x 3 unitary matrices with determinant one.
All quarks in the SM have color and are grouped into SU(3)¢ triplets. An SU(3)¢
triplet is a three component vector in color space consisting of three quarks of the

same flavor but each of a different color. For the top quark the triplet is written

where the indices stand for red, green and blue, the three values that color charge
can take. Antiquarks exist in triplets where each component has anti-color (7, g,
b). There are eight gauge fields that are introduced to enforce SU(3)¢ symmetry.
They correspond to the eight gluons that are the mediators of the strong force.
Quarks and anti-quarks interact by exchanging gluons. In these interactions color
may change but flavor does not. When a quark changes color the gluon that is given
off carries away one unit of color and one unit of anti-color in order to conserve color
charge. Since gluons have color they can also interact via exchange of gluons (self
interactions).

Like the weak force, the strong force is a short range interaction. It is negligible
on distance scales greater than ~ 1071 m which is the approximate size of a nucleus.
The short range of the weak force is explained by the mass of the W and Z bosons.

In contrast electromagnetism has an infinite range because its carrier particle (the

photon) is massless. In QCD the carrier particles (gluons) are also massless but
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despite this the strong force does not have infinite range. This is explained by a
unique property of the strong force known as color confinement.

The coupling constants that determine the strength of each force are actually
not constant but depend on the distance scale involved in the interaction. In the
language of field theory they are referred to as running constants. This is true for all
three SM forces however the dependence of the coupling constants on distance scale
is different for each. In QED the coupling constant for electromagnetism decreases
at larger distance scales. This is due to the polarization of the vacuum surrounding
a charged particle. Virtual particle-antiparticle pairs are created out of the vacuum
and then annihilate. The short lived particle-antiparticle pairs become polarized in
the presence of the field of the charged particle. As a result the effective charge of
the particle decreases due to a shielding effect similar to the way a charge particle
in a dielectric material is shielded by the polarization of the medium. The coupling,
which is proportional to the charge also decreases with distance.

In QCD color charge is also shielded by vacuum polarization due to virtual quark
anti-quark pairs, however there is also an effect due to virtual gluon pairs. ° The
gluon pairs have the opposite effect as the quark anti-quark pairs, causing the color
charge to increase with distance. Ultimately the contribution of the gluon pairs is
stronger so the overall effect is that color charge and thus the strong coupling con-
stant increases with distance. Although the coupling constant is itself dimensionless,
its value depends on the energy scale of the interaction and this dependence leads
to a characteristic energy scale for QCD known as Agep. This is the energy scale at
which the strong coupling constant is approximately one and thus the limit above
which perturbative QCD is no longer valid. Agep is ~ 200 MeV [35]. In natural
units energy corresponds to inverse distance. Intuitively more energetic collisions
allow particles to reach shorter distances of separation. The distance scale that
corresponds to Agep is ~ a fermi (1 fm = 107" m). On distance scales less than

~ 1 fm the coupling constant is small enough that quarks and gluons interact very

9Virtual pairs of photons also appear out of the vacuum but do not contribute to vacuum
polarization in QED since they are not charged.



53

little. This is known as asymptotic freedom. Above ~ 1 fm it increases very sharply
with distance.

An important physical consequence of asymptotic freedom is that at small dis-
tance scales, or equivalently in high energy collisions, the coupling constant is small
enough that perturbation theory can be applied to calculations in QCD. At larger
distance scales, or lower energies, the coupling is greater than one so that higher
order Feynman diagrams contribute more in calculations. This means lower order
diagrams cannot suffice as approximations. However in high energy collisions of
hadrons such as the proton-proton collisions at the LHC the interaction of partons
via the strong force is weak enough that perturbative methods can be applied. In
Electroweak theory perturbative methods can be applied on any energy scale since
the couplings are always less than one. However the strength of the strong force
made it unclear early in the development of QCD whether the perturbative approach
would be valid. Asymptotic freedom guarantees that this approach is valid in the
high energy regime, which is relevant for collider experiments such as ATLAS.

An important physical consequence of the sharp rise in the strong coupling con-
stant around Agcp is that quarks and gluons do not exist in isolation. They only
occur in nature in bound states known as hadrons. Within these bound states,
quarks and gluons, referred to collectively as partons, behave effectively as free par-
ticles. If a parton reaches a separation of ~ 1 fm from the other partons it will
feel a tremendous force preventing it from breaking free from the hadron. Partons
always combine in a unique way such that the hadrons they form are colorless.
This is known as color confinement. There are two categories of hadrons known as
baryons and mesons. Baryons consist of either three quarks (or anti-quarks) where
each quark (anti-quark) has a different color (anti-color) so that the whole baryon
is color neutral. Mesons consist of quark and anti-quark pairs with opposite color
(e.g. r7). All hadrons are color neutral.

Color confinement makes the study of QCD interactions far more complicated.
Since bare quarks and gluons do not exist in nature the only option is to col-

lide hadrons and interpret the results in terms of collisions of the partons which
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make them up. This is far more difficult than studying collisions of leptons (e.g.
in an electron-positron collider such as LEP 1°) because it is not known exactly
which partons collide nor what their collision energy is in a given hadronic colli-
sion. Hadrons are described by parton distribution functions (PDFs) that give the
probability for each parton species they contain to have a given fraction of their
overall momentum. Calculations of cross-sections in QCD make use of the factor-
ization theorem which relates the cross-sections of parton-parton interactions to the
measurable cross-sections of hadronic interactions using PDFs. The parton-parton
cross-sections are calculable with perturbation theory provided the collisions are in
the high energy regime defined by Q* > Agep, where Q? is the momentum transfer
in the collision. PDF's are determined primarily from the results of deep inelastic
scattering (DIS) experiments where probe particles (typically charged leptons such
as electrons) are collided with hadrons [36].

When pairs of partons are produced in hadronic collisions they exist as free
particles only very briefly. Once they reach ~ 1 fm separation they experience
a tremendous force due to the dramatic increase in the strong coupling constant.
When the energy of the partons is large enough this causes new pairs of partons to
be created from the potential energy in the gluon field. This process continues until
the energy of the original partons is reduced enough that it can no longer produce
new pairs. At this point all the partons combine into hadrons which are colorless
in a process known as hadronization. The end result is that collider experiments
do not detect free partons but rather narrow cones of hadrons referred to as jets.
The momentum of the jet is related to the momentum of the original parton that

produced it.

2.2.5 The Standard Model and Beyond

Combining Electroweak theory with QCD, the SM is a QFT based on
U(1)yxSU(2),xSU(3)c gauge symmetry that incorporates three of the four forces

of nature: electromagnetism, and the strong and the weak nuclear forces. Although

10The CERN Large Electron Positron Collider, decommissioned in 2001
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the SM has been extremely successful in describing a wide variety of physical phe-
nomena to high precision, there are aspects of the theory that are unsatisfactory.
For this reason the SM is believed to be an approximation to a more fundamental
theory that would resolve these problems naturally. Theories that are extensions to
the SM that attempt to resolve one or more of the problems affecting it are referred
to as Beyond the Standard Model (BSM) theories. In a BSM theory the SM emerges
as a low energy approximation.

The SM is aesthetically unpleasing because of the large number of free parame-
ters. The values of these parameters are not predicted by the theory and so must
be measured in experiment. There are 19 free parameters in the SM. These include
the three coupling parameters g, ¢’ and g,. These degrees of freedom are often
expressed as the fine structure constant «, the Weinberg mixing angle 6y, and the

strong coupling constant as
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The remaining parameters are the nine fermion masses (assuming massless neutri-
nos '), the three mixing angles and the CP-violating phase of the CKM matrix,
the vev of the Higgs potential, the Higgs mass and the QCD vacuum angle 6 which
appears in the CP-violating term in the QCD Lagrangian. The large number of
parameters in the SM that must be put in by hand in order to have agreement
between its predictions and experimental measurements is seen as a shortcoming of
the theory.

The SM also fails to explain a number of features of the universe including the

force of gravity, the existence of dark matter and the matter anti-matter imbalance.

1Tn the SM neutrinos are massless however the observation of neutrino oscillations means that
they must have some non-zero, albeit small mass. Experimental upper limits on their mass are
given in Table 2.1
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Every attempt to formulate a QFT of gravity has failed. In every case the theory
proved to be non-renormalizable meaning that calculations of physical quantities
diverge to infinity. The principle of local gauge invariance of quantum fields has
been used to explain three of the four forces of nature but so far it has not been able
to account for gravity. In order to explain all the fundamental forces of nature in a
single mathematical framework a QFT of gravity must be added to the SM. A large
body of evidence in astrophysics, including the rotation curves of galaxies and galaxy
clusters, show that ~ 26.8% of the matter and energy in the universe is composed of
matter that neither emits nor radiates light. Excluding the energy component this
corresponds to approximately 84.5% of the matter in the universe. [8]. In order to
account for this the SM would need a stable neutral particle with sufficiently large
mass. However the only stable neutral particles in the SM are the photon and the
gluons, which are all massless, and the neutrinos which are not massive enough to
explain the gravitational effects of dark matter. The dominance of matter over anti-
matter in the universe is a problem because the SM is approximately symmetric with
respect matter and anti-matter. The majority of physical processes are invariant
to the charge conjugation transformation that replaces particles with anti-particles.
This means that particles and anti-particles should be produced in roughly equal
proportions in nature. There are some CP-violating processes in the SM but not
enough to account for the observed difference in the amount of matter and antimatter
in the universe. Each of these problems with the SM represent conflicts between its
predictions and experimental observations.

One of the most interesting and least understood features of particle physics
is the enormous difference in the strength of the fundamental forces. The forces
are given in Table 2.3 along with an approximate measure of their strength [37].
Within the SM the strength of each force is set by the coupling constants which are
free parameters. Therefore an understanding of why each force has the strength it
does is missing. However this is essentially a restatement of the problem mentioned
above of the large number of free parameters in the SM. Furthermore while there is

significant variation in the strength of the SM forces this is dwarfed by the difference
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in their strength and the strength of the force of gravity. The weakest force in the
SM (the weak nuclear force) is about 30 orders of magnitude stronger than the force
of gravity. The electroweak energy scale typical of processes in Electroweak theory
is ~ 102 GeV. The energy scale at which gravity would be approximately as strong
as the SM forces, known as the Planck scale, is ~ 10! GeV. The unknown origin of

this tremendous difference in scale is known as the hierarchy problem.

Force Strength
strong 10
electromagnetic 1072
weak 1071
gravity 107%2

Table 2.3: The values shown in this table are an arbitrary dimensionless measure of
the strength of the fundamental forces. The actual strengths depend on the particles
involved and the distance between them. The precise values are not important.
Rather what matters is the order of magnitude of the difference between them. [37]

The problem is made worse if we consider the effect of quantum fluctuations. The
mass of the W+ and Z bosons and strength of the weak force are all determined
by the value of the vacuum expectation value (vev) of the Higgs field (®), (see
Section 2.2.3). The measured value of the Higgs vev, which sets the Electroweak
energy scale, is 246 GeV [38]. The expression for the Higgs vev in QFT involves a
term known as the bare vev which is a free parameter and a correction term that
derives from quantum fluctuations. The correction term is enormous. In order for
the physical vev to match the value measured in experiment the bare vev must be
very large in the opposite direction to balance the correction term. Thus not only is
there an very large difference between these two fundamental energy scales but one
of the parameters of the SM must be fine tuned in order to be consistent with it.

The hierarchy problem represents one of the more serious failures of the SM
and many BSM theories have been developed to try to remove the necessity of fine
tuning in a natural way. [12-30] Among these BSM theories are the little Higgs

and composite Higgs theories. In addition to resolving the hierarchy problem these
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theories also predict the existence of vector-like quarks.

2.3 Vector-Like Quarks

Vector-like quarks (VLQ) are predicted in many theories beyond the SM that at-
tempt to resolve or mitigate the hierarchy problem. They are distinct from SM
quarks, and indeed all SM fermions, in that they are non-chiral. This means that
the left-handed and right-handed components of VLQs transform identically under
SU(2). In the SM, left-handed fermions appear in weak isospin doublets (isodou-
blets) with the other quark or lepton in their generation. These isodoublets are
shown in Eq. 2.1. Right-handed SM fermions are isosinglets. As a consequence only
left-handed fermions couple to W= bosons while both chiralities couple to the Z
boson. In contrast to this, both left-handed and right-handed VLQs have the same
structure in weak isospin space and thus both chiralities interact in the same way
under the weak force. VLQs can occur as either isosinglets, isodoublets or isotriplets.
In each case however the same SU(2), structure describes the left-handed and right-
handed components of each VLQ field.

The term ‘vector-like’ quark refers to the coupling of VLQs to the W boson.
In the SM, quarks couple to the W boson with a vertex factor ~,(1 & 75) where
the sign is determined by the chirality of the quark. (1 — ~5) and (1 + 75) are the
projection operators that make the W interact only with the left-handed or right-
handed component respectively. This is known as a vector minus axial vector (V-A)
or vector plus axial vector (V+A) coupling. Since both chiralities of VLQs interact
with the W the vertex factor is the combination of both V-A and V+4+A. The axial
vector pieces cancel leaving a simple vector current coupling.

An important property of VLQs which follows from their non-chiral nature is
that their mass is not generated by the EBH mechanism and so is not connected
to electroweak symmetry breaking. The chiral nature of the SM fermions is exactly
what makes them massless in the unbroken U(1)y xSU(2); gauge theory before

SSB. Inserting a mass term in the Lagrangian directly would destroy local gauge
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symmetry as such terms are not invariant under SU(2), transformations. The non-
chiral nature of VLQs mean that their mass terms are SU(2) invariant and so can
be included in the Lagrangian directly. This is particularly important as it means
that the mass of VLQs is not constrained by the Higgs sector.

Chiral fourth generation quarks are also predicted in some BSM theories and
searches have been carried out in ATLAS and CMS [39,40]. In fact the analysis
containing the VL(Q search described in this dissertation also contains a search
for a chiral fourth generation quark of charge -1/3 (V). However the existence
of such a quark is highly constrained by the recent discovery of the Higgs boson
with a mass of 125 GeV. If this particle is the SM Higgs, a fourth generation of
chiral fermions would greatly enhance the Higgs production cross-section. A chiral
fourth generation with two additional heavy quarks would increase the effective
ggH coupling by roughly a factor of three, and hence increase the production cross-
section oy, by a factor of nine [41]. This is because of additional fermion loop
diagrams for the new quarks in the gluon fusion gg — H which is the leading
Higgs production mechanism at the LHC. The contributions from these additional
diagrams would be large due the large mass of the fourth generation quarks. This
conflicts with the cross-section measurements produced by ATLAS and CMS [4,42].
Therefore under the assumption of a minimal Higgs sector (the SM Higgs doublet
only) fourth generation chiral fermions are ruled out [43-48|. If the new particle
discovered at 125 GeV is a manifestation of a broader Higgs sector, as in the Two
Higgs doublet models [49], fourth generation chiral quarks are allowed. For this
reason searches for such particles are still carried out. However VL(Q searches are
more highly motivated since they are not constrained at all by the Higgs sector.

The allowed SU(2), representations for VLQs and their conserved charges under
the U(1)y, SU(2). and U(1)q gauge groups are summarized in Table 2.4. Depend-
ing on the model in which they occur they are either isosinglets, isodoublets or
isotriplets. The electric charge of VLQs can either follow the pattern of the SM
quarks (i.e. 2/3 for up-type quarks and -1/3 for down-type quarks) or take on more

exotic values. T and B represent the vector-like top and bottom with electric charge



60

2/3 and -1/3 respectively. T5/3 and B_4/3 represent VLQs with electric charge of
5/3 and -4/3 respectively. In the case of isosinglets there are two vector-like quarks,
T and B. When they appear as isodoublets two scenarios are possible. Either T and
B exist together in an isodoublet, or each is part of a separate isodoublet with T3
or B_4/3. When they appear as isotriplets T and B are part of an isotriplet with
either T5/3 or B_y/3.

SM quarks VLQ Singlets VLQ doublets VLQ triplets
T: T
P A A S I P P I A
L SlL L T —4/3 B B_yys
SU@2)L  (left) Ts = 1/2, -1/2 T5 =0 Ts = 1/2, -1/2 T5=1,0,-1
(right) 73 = 0
Uly (left) Y =1/3 Y =4/3,-2/3 Y =7/3,1/3,-5/3 Y =4/3,-2/3

(right) Y = 4/3, -2/3

U(l)g Q=2/3,-1/3 Y =2/3,-1/3 Y =5/3,2/3,-1/3 Y =2/3,-1/3,-4/3

Table 2.4: Summary of the different SU(2), representations for VLQs with their
conserved charges under the U(1)y, SU(2), and U(1)q gauge symmetries. The far
left column shows the corresponding values for the SM quarks. the third component
of isospin (73) and weak hypercharge (V') are related by @ = T3 + Y/2.

BSM theories that contain VLQs include Yukawa terms that couple them to
the Higgs boson. In addition, there are interaction terms that couple them to the
W= and Z bosons. In the case of the VLQ isosinglet models, the W* terms don’t
arise from the kinetic term for the VLQ fields, as they do for SM fields, since their
covariant derivative doesn’t contain an SU(2), term. However the mixing of the
SU(2)1 gauge eigenstates with the mass eigenstates (described in Section 2.2.2) now
includes the VLQs, making the CKM matrix 3 x 4. When the gauge eigenstates are
expanded in terms of the mass eigenstates interactions terms appear for W+ that
mix the singlet VLQs with SM quarks. For the isodoublet and isotriplet models

these terms combine with the terms arising from the covariant derivative to give the
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full charged weak current interaction term. The allowed decay modes for VLQs are

T — Wty T — Zt, T — Ht, (2.3)
B—W~t,B— Zb, B — Hb,

Ts3 — W,

B_y3 — W70,

In general VLQs couple to all SM quarks, however it has been shown [50] that
the mixings are of order m/M for isosinglet and isotriplet VLQs and (m/M)? for
isodoublet VLQs, where m and M are the masses of the SM and vector-like quarks
respectively. Therefore, due to the significantly larger mass of the SM quarks in the
third generation compared with the lower generations, it is expected that VLQs cou-
ple primarily to the third generation. For the analysis described in this dissertation
only decays to third generation SM quarks are considered.

The probability that a VLQ will decay in a particular mode is given by the
branching ratio (BR) for that decay mode. The BRs for each of these decay modes
depend on the model considered and the VLQQ mass. Plots showing the BRs for T
and B in the singlet and doublet models are shown in Fig. 2.4 [51]. For the singlet
model the BR for charged decay is about 0.5 while the BR for neutral decays through
Z and H are each about 0.25. This is only approximate as the true BRs vary with
mass. In the doublet model (T,B), for T the charged decay mode is not permitted
while for B it is the only decay mode allowed. For the doublet model (T5/3,T") the
BRs for T decay are the same as those for the doublet model (T,B) while the 75,3
decays exclusively to W*t. In the doublet model (B,B_, s3) for B the charged decay
is not permitted and the BRs to Z and H are each approximately 0.5. B_4/3 decays
exclusively to W™b.

VLQs can be produced at the LHC both in pairs via QCD and singly via QCD
and the weak force. Figure 2.7 shows the pair-production of VLQs via gluon fusion
followed by the decay of each VLQ into a W, Z or H boson and a third generation SM

quark. VLQ pairs can also be produced by quark anti-quark annihilation however
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Figure 2.4: Branching ratios for decay of vector-like top (T) and vector-like bottom
(B) for the singlet and doublet models [51]. For each model the three branching
ratios add to one. In these plots X and Y represent T5/3 and B_4/3 respectively.

gluon fusion dominates at LHC energies This is because the parton distribution
function is larger for gluons than anti-quarks in this regime. Figure 2.6 shows the
Feynman diagram for single production of the vector-like quark Ts/3.

The cross-section for pair-production is independent of the VLQ model and
depends only on mass. In fact, it is the same for pair-production of all new heavy
quarks including fourth generation chiral quarks. This is because the differences
between the various models of new heavy quarks are only related to the weak force
and have no effect on how they interact with the strong force. In contrast to this,
single production relies on the weak force so the cross-sections depend on the specific
model considered. Figure 2.7 shows the cross-section versus mass for pair-production
and single production for each of the VLQs discussed above. In the low mass range
pair-production dominates simply because the strong coupling constant is greater
than the weak coupling constant. At higher masses the kinematics cause the cross-
section for pair-production to fall much faster than for single production. In hadronic
collisions cross-sections generally fall with mass because it requires more energy to

make a more massive particle. The probability of having a collision of partons with



63

sufficient energy to produce a particle is less the more massive the particle. This
effect is stronger for pair-production since there must be enough energy to produce
two particles rather than one. For each VLQ there is a mass beyond which the effect
of kinematics overcomes the stronger coupling constant so that single production

becomes dominant.

q.q’
Z, H W~

Z H, W~

-
a.9
Figure 2.5: Feynman diagram showing the pair-production of vector-like quarks
(VLQ) by gluon fusion and the range of different possibilites for their decay. Each

VLQ decays first to a W*, Z or H boson and a third SM quark. With the deay of
these particles the system has an extremely rich variety of final states. [52]
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Figure 2.6: Feynman diagrams for single production of 753

After the decay of the VLQs their decay products decay further, giving rise
to a huge variety of different final states. These final states can contain multiple
leptons, and a large number of jets, including many b-jets. A number of these final

states are interesting because they have small SM background. In particular, events
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Figure 2.7: Cross-sections for pair-production and single production of vector-like
quarks (VLQ) as a function of VLQ mass at /s = 8 TeV. The single production
curves are shown for a variety of different VLQ models. X and Y represent the
VLQs referred to as T5/3 and B_,/3 in the text. The dotted part of the line indicate
the mass range already ruled out by direct searches. The shaded area corresponds
to cross-sections below 1 fb, uninteresting for the integrated luminosity of ~ 20 fb™1
collected in 2012 with the ATLAS detector . [53]

containing lepton pairs with the same electric charge are produced very rarely in the
SM. The number of such events would be greatly enhanced by the existence of VLQs.
Consider for example the pair-production of vector-like bottom quarks where each B
decays to a W boson and a top quark. When the top quarks decay the event contains
four W bosons and two b-jets (BB — WHW~tt — W*HW-W*W~bb). If either of
the W bosons with the same sign decay leptonically the final state will contain a
same-sign dilepton pair. Another final state that has very low SM background but
a large potential contribution from VLQs is the trilepton final state. In the above

example, if any three of the W bosons decayed leptonically the event would contain
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three leptons and two b-jets. With the exception of TT — W+bIW b all the decay
modes shown in Eq. 2.3 can give rise to trilepton and same-sign dilepton events.
These final states represent interesting signatures that are ideal for the search for
VLQs since they are not produced often in the SM. For the search described in
this dissertation B_,/3 is not considered since it cannot produce either of these final
states. Single production is considered only for T’ /3 since it is the only VLQ that can
produce a same-sign dilepton pair when produced singly. An important parameter
that affects the single production cross-section is the coupling constant A between
Ts/3 and Wt. This coupling is related to the mixing parameter g* used by the
model [54,55]: A = My, 99"/ mw+/2. Three scenarios for the Ts/3 are considered
in this analysis: pair-production only (A = 0) and a combination of single and

pair-production with two different values of the coupling (A = 0.5 and 1.0).
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CHAPTER 3

Experimental Apparatus

The Large Hadron Collider (LHC) is the most powerful particle accelerator ever
built. It was designed to collide proton-proton pairs and heavy ion pairs (Pb-Pb) at
high energies and luminosities. ATLAS (A Toroidal LHC Apparatus) is one of the
six detectors located along its circumference used to study the collisions in order to
perform high precision tests of the Standard Model and search for evidence of new
rare physics. The high energy of the LHC combined with the incredible precision of
ATLAS has allowed physicists to probe the Standard Model further than ever before.
The LHC and ATLAS ran from 2009 to 2012 (Run 1) at progressively higher energies
finally reaching the unprecedented energy of 8 TeV in 2012. The data collected
during Run 1 was used, among other things, to discover the Higgs Boson, which was
the last remaining piece of the Standard Model that had yet to be discovered. [4, 5]
This phenomenal achievement of the ATLAS and CMS collaborations led to the
awarding of the Nobel prize the following year to Peter Higgs and Francois Englert
for the theoretical prediction of the particle nearly forty years earlier. [6,7]

The search for vector-like quarks described in this thesis uses data collected at
the LHC with ATLAS in 2012. The LHC was then shutdown from February 2012
till early 2015 for scheduled maintenance and upgrades, to prepare it for reaching
its full design energy of 14 TeV. This scheduled shutdown period is referred to as
Long Shutdown 1 (LS1) as it is the first in a series of three shutdowns planned over
the life of the LHC. This chapter presents an overview of the LHC and ATLAS
experiment. There is also a description of the data quality monitoring of part of the

ATLAS muon spectrometer known as the Cathode Strip Chambers (CSCs).
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3.1 Large Hadron Collider

The LHC [56,57] is a circular synchrotron collider, 27 km in circumference and 100
meters underground. Located at CERN outside Geneva on the French-Swiss border
it occupies the same tunnel used for the LEP (Large Electron-Positron Collider)
which was decommissioned in 2001. It was designed to collide proton-proton pairs
at a center-of-mass energy of 14 TeV and a luminosity of 10** cm=2 s7!. This
collision energy and luminosity far exceed that of the Tevatron at the Fermi National
Accelerator Laboratory which was the most powerful collider in the world prior
to the construction of the LHC. The collision energy is seven times that of the
Tevatron and the luminosity exceeds the peak luminosity of the Tevatron by two
orders of magnitude. The Tevatron operated from 1983 to 2012 and made a number
of important contributions to particle physics including the discovery of the top
quark in 1995 [58]. The higher luminosity of the LHC means that it will produce
far more collisions. The higher energy means that there is a higher probability of
producing interesting events with signs of new physics. The combination of high
energy and luminosity means that the LHC has tremendous potential both as a tool
for precision measurement and discovery.

The layout of the LHC is shown in Fig. 3.1. It consists of eight arcs and eight
straight sections called insertions. The insertions are used both for crossing the
beams at the interaction points and other important utilities such as beam injection,
cleaning and dumping. The center of each of the insertions are labeled point 1
through point 8 with ATLAS located at point 1. The eight regions between adjacent
points are called sectors. The sectors are the primary working units of the LHC. Each
sector is powered separately and the bending magnets in each sector are connected

together in series and enclosed in the same continuous cryostat.
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Figure 3.1: Layout of the LHC with four interaction points. [59]

There are six major experiments at the LHC. ATLAS and CMS (Compact Muon

Solenoid) are the two general purpose detectors designed to collect data for a broad

range of different analyses with very different final states. Both experiments are in-

volved in a wide variety of searches including searches for supersymmetric particles,

new heavy particles such as vector-like quarks and of course both contributed to

the Higgs discovery. They are located at diametrically opposite sides of the LHC

at point 1 and point 5 respectively. The remaining four experiments are specialized
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to study specific areas of particle physics. ALICE (A Large lon Collider Experi-
ment), located at point 2, is used to study collisions of heavy lead ions in order
to investigate the nature of the quark-gluon plasma (QGP), which is believed to
have existed in the early universe before temperatures cooled enough for hadrons to
form. LHCb, located at point 8, is used to study heavy flavor hadrons, in particular
hadrons containing b-quarks with the aim of measuring parameters of CP violation
which could help explain the matter-antimatter asymmetry of the universe. LHCf
is devoted to studying the particles scattered in the very forward direction at point
1. It consists of two detectors on either side of the interaction point at a distance of
140 m. Because of the large distance, LHCf can share point 1 with ATLAS which
surrounds the interaction point at a much closer distance. Its goal is to measure the
number and energy of pions produced in the collider which could help to explain
the origin of ultra high energy cosmic rays. Finally TOTEM is dedicated to the
measurement of the complete proton-proton cross-section at the LHC and shares
point 5 with CMS.

A complex system known as the LHC injector chain [60] is used to produce the
proton beams and accelerate them to an energy of 450 GeV before they enter the
LHC. A schematic of the injector chain is shown in Fig. 3.2. The protons are first
isolated from hydrogen gas using a duoplasmatron ion source. In the duoplasmatron
source a cathode filament ejects electrons which pass through a vacuum chamber
partially filled with hydrogen gas. The electrons break the hydrogen molecules
H, into their constituent protons and electrons. The protons are then accelerated
through a 90 KV potential difference to produce an ion beam. The beam is then
sent to a radio frequency (RF) cavity where it is accelerated to 750 KeV and then
passed to a linear accelerator (LINAC) known as LINAC2 where it is brought to
50 MeV. It then passes through a series of three synchrotrons known as the Proton
Synchrotron Booster (PSB), the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS) where its energy is increased in steps to 1.4 GeV, 25 GeV and
450 GeV before it is injected into the LHC where it is accelerated to its final collision

energy.
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Figure 3.2: Schematic diagram of the LHC and LHC injector chain. [61]

One of the crucial design elements of the LHC is the use of superconducting mag-
nets to bend the proton beams into their nearly circular paths and to focus them to
a small cross-sectional area in order to maximize the probability of collisions at the
interaction points. Higher beam energies require stronger fields to bend the beam
within a fixed circumference. Thus very strong magnetic fields are needed to achieve
the design energy of 14 TeV. The magnets use superconducting niobium-titanium
(NbTi) cooled with superfluid liquid helium to 1.9 K and produce magnetic fields
in the range 8-8.5 T. For reference the magnets used in the previous generation of
colliders including the Tevatron and LEP did not exceed 5 T. There are approxi-
mately 6,700 magnets in the LHC. 1232 of these are dipole magnets located in the
arc sections used for steering the beam. Figure 3.3 shows a three dimensional cut
away view of the dipole magnets. The remainder are higher pole magnets such as
quadrupole, sextupole, octupole, decapoles etc. They are located in the insertions

and are used for focusing the beam and other purposes such as canceling horizontal
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Figure 3.3: Cut away view of the LHC dipole magnets used for steering the proton
beams. [62]

dispersion arising in the arc and deflecting the beam in order to dump it when data
taking is finished.

RF cavities are used inside each of the synchrotrons in the chain as well as the
LHC itself to accelerate the beam. An RF cavity is a metallic chamber containing a
resonant electromagnetic field. An RF power supply is used to produce oscillating
electromagnetic fields which form a standing wave inside the cavity. The size and
shape of the cavity are designed to produce resonance at a particular frequency. The
timing of the passage of the protons through the chamber and the oscillation of the
field is critical. The ideally timed proton, with exactly the right energy, will see zero
accelerating voltage when the LHC is at full energy. Protons with slightly different
energies arriving earlier or later will be accelerated or decelerated so that they stay
close to the energy of the ideal particle. In addition to accelerating the beam the RF
cavities are also responsible for separating it into bunches of protons and squeezing

the bunches to shorter lengths along the direction of the beamline. This increases
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the density of protons in each bunch and thus the probability of having collisions
when the beams intersect. The RF cavities in the LHC are centered around point 4.
There are two systems, one for each beam, each containing eight superconducting RF
cavities operating at 4.5 K and 400 MHz. At the peak luminosity of 103 cm=2 s 1,
there are 2808 bunches per direction in the LHC, and each bunch contains 10!
protons. The bunches are a few centimeters in length in the z-direction and 16 pum
in radius in the transverse direction. Pairs of bunches cross at each of the four

interaction points every 50 ns.

3.2 ATLAS Detector

The ATLAS (A Toroidal LHC Apparatus) detector is a cylindrical detector oriented
with its symmetry axis along the beamline of the LHC and the interaction point
of point 1 at its center [63-66]. It consists of a magnet system and three detector
systems which are used to identify particles produced in collisions at the interaction
point and measure their energy and momentum. The size and layout of the detector
are shown in Fig. 3.4. The inner detector (ID) is closest to the beamline, followed by
the calorimeter and then the muon spectrometer (MS). A superconducting solenoid
magnet and three superconducting toroid magnets are used to produce magnetic
fields to bend charge particles in the inner detector and muon spectrometer. The
solenoid magnet is a cylinder centered on the beamline located between the inner de-
tector and the calorimeter. The three superconducting toroid magnets surround the
muon spectrometer in the barrel and end-cap regions. The inner detector measures
the tracks of charged particles in the presence of the magnetic field of the solenoid.
It’s used both to identify particles based on their curvature in the magnetic field
and to measure their momentum. The calorimeter is used to measure the energy of
particles such as electrons, photons and hadrons. The muon spectrometer provides
an additional measurement of the momentum of muons, which are not absorbed in
the calorimeter, by reconstructing their tracks in the magnetic field of the toroid.

The geometry of ATLAS is described by a right handed coordinate system with
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Figure 3.4: Cut-away view of the ATLAS detector. The detector is 25 m in height,
44 m long and weighs approximately 7000 tons. [67]

its origin at the interaction point. The z-axis is along the beamline with positive z
pointing from point 1 to point 8. The x-axis points toward the center of the LHC ring
and the y-axis points upward. Because of their azimuthal symmetry a cylindrical
coordinate system is used to describe the trajectories of the final state particles. In
this system the particle’s momentum is expressed by giving its radial component,
also known as its transverse component pr, its azimuth ¢ and its pseudorapidity
1. Here the pseudorapidity is given rather than the z-component which is typically
given in a cylindrical coordinate system. The pseudorapidity is related to the polar

angle by

n = —Inftan(0/2)] (3.1)

The pseudorapidity is zero in the transverse direction and diverges toward infinity
in the forward direction (i.e. along the z-axis). It is used instead of the polar angle

because differences in pseudorapidity (An) are Lorentz invariant and because it is
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convenient for plotting the angular distribution of particles produced in coillsions.
Particle production is generally constant as a function of n while it tends to be
sharply peaked close to zero as a function of the polar angle 6.

The performance goals of the different detector systems in ATLAS are shown in
Fig. 3.1. For the inner detector and muon spectrometer the requirement is on the

resolution of the transverse momentum o, /pr which can be expressed as

Ipr _ Ts _ PTO%s
P s L?B

(3.2)

where s is the sagitta of the particle track, B is the magnetic field and L is the
length of the arc of the track. Since both systems measure the pr of particles by
looking at the curvature of their tracks in a magnetic field the resolution is directly
proportional to the pr itself. More energetic particles with greater pr are deflected
less so the ability to measure track curvature is degraded. Despite the fact that
the position resolution, and thus the resolution of the sagitta, is better for the
inner detector and the magnetic field is stronger there the momentum resolution
is better in the muon spectrometer because of the 1/L? dependence. The muon
spectrometer extends over a much larger distance than the inner detector. For the
calorimeter the requirement is on energy resolution og/E. The energy measured
in each cell of the calorimeter is proportional to the amount of charge deposited
there which is a stochastic process described by a Poisson probability distribution
function. Therefore the resolution is given by

E== \/_1N ~ % (3.3)
where N is the number of charge carriers produced by the particle as it passes through
the cell. In contrast to the pr resolution which is directly proportional to pr the
energy resolution is inversely proportional the square root of energy. This means
that more energetic particles are measured better in the calorimeter but worse in the
inner detector and muon spectrometer. The design requirements for the different

detector systems in ATLAS are summarized in Table 3.1.
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Detector component Required resolution 7] coverage
Measurement Trigger

Inner tracking op, [pr =0.05%pr ® 1% +2.5

EM calorimetry oe/E = 10%/ VE ® 0.7% +3.2 +2.5

Hadronic calorimetry (jets)

barrel and end-cap o /E = 50%/ VE @ 3% +3.2 +3.2

forward o /E = 100%/ VE ® 10% 31<ipl<49 3.1<|p <49

Muon spectrometer Op, [pr =10% at py = 1TeV +2.7 +2.4

Table 3.1: Performance goals for each detector system in ATLAS. E and pr are
expressed in GeV. [66]

3.2.1 Magnet System

The ATLAS detector includes a system of four large superconducting magnets used
to bend the tracks of charged particles as they pass through the inner detector and
muon spectrometer. This is done to measure the charge and momentum of particles
from the direction they are deflected and the curvature of their tracks. The position
of the magnets within the ATLAS detector is shown in Fig. 3.5 and some important
parameters are listed in Table 3.2. All the magnets use superconducting Al-stabilized
NbTi cooled with liquid helium to 4.5 K.

A co-axial solenoid magnet located between the inner detector and calorimeter
is used to produce a 2T magnetic field in the z-direction. This produces a force
on charged particles in the azimuthal direction leading to particle trajectories that
curve around the central axis of the detector. The solenoid magnet uses a single
coil. In order to minimize the amount of material in front of the calorimeter the
solenoid was designed to be as thin as possible and is contained within the same
vacuum vessel as the LAr calorimeter. This reduces the extent to which particles
lose energy before reaching the calorimeter where they are absorbed and their energy
is measured.

Three superconducting toroid magnets are used to bend charged particles passing
through the muon spectrometer. Located in the barrel and the end-cap regions each

toroid consists of eight coils oriented to produce a magnetic field in the azimuthal
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Figure 3.5: Superconducting solenoid and toroid magnets in ATLAS. [68]

direction pointing in a circle around the central axis of the detector. This field
orientation produces forces on charged particles in the n direction. The toroid
magnets produce a magnetic field of approximately 0.5 T and 1 T in the barrel and
end-cap regions respectively. The end-cap toroid system is rotated by 22.5° in ¢
with respect to the barrel toroid system in order to provide radial overlap and to
optimize the bending power ([ Bdl) at the interface between the two systems.

As part of the requirements placed on the resolution of the transverse momentum
in the inner detector and muon spectrometer, outlined in Table 3.1, the field of the
solenoid and toroid magnets must be known to high precision. For the solenoid the
field is determined with in-situ mapping using dedicated instrumentation inside the
ID cavity before the installation of the ID itself. The bending power of the solenoid
field is required to have a fractional uncertainty less than 5 x10~*. For the toroid
the field extends over a much larger region of space and varies significantly with
position. This makes in-situ measurement of the B-field of the toroid impractical.
Instead a combination of simulation and measurements made with ~ 1840 B-field
sensors in the muon spectrometer is used to reconstruct the B-field there. The
uncertainty of the toroid field contributes to the degradation of the pr resolution
in the muon spectrometer. This uncertainty combined with the uncertainty of the

position measurements of particles in the MS chambers and the uncertainty of the
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Property Feature Unit | Solenoid | Barrel toroid | End-cap toroids
Size Inner diameter m 2.46 9.4 1.65
Outer diameter m 2.56 201 10.7
Axial length m 3.8 253 3.0
Number of coils 1 8 2x8
Mass Conductor t 38 118 2 %205
Cold mass t 54 370 2 x 140
Total assembly t 5.7 830 2x239
Coils Turns per coil 1154 120 116
Nominal current kA 7.73 20.5 20.5
Magnet stored energy GJ 0.04 1.08 2x0.325
Peak field in the windings T 2.6 3.9 4.1
Field range in the bore T 0.9-2.0 0.2-2.5 0.2-35
Conductor | Overall size mm® | 30x4.25 57x 12 41x 12
Ratio AL:Cu:NbTi 15.6:0.9:1 28:1.3:1 19:1.3:1
Number of strands (NbTi) 12 3840 40
Strand diameter (INbTi) mm 1.22 1.3 1.3
Critical current (at 5 T and 4.2 K) kA 204 58 60
Operating/critical-current ratio at 4.5 K % 20 30 30
Residual resistivity ratio (RRR) for Al > 500 = 800 > 800
Temperature margin K 27 1.9 1.9
| Number of units x length m 452280 | B8x4x1730 | 2 x 8 x2x 800
| Total length (produced) km 10 56 2x 13
| Heatload | At45K W 130 990 330
' | At60-80K KW 0.5 7.4 1.7
| Liguid helium mass flow gfs 7 410 280

Table 3.2: Important parameters of the ATLAS magnet systems [66].

positions of the chambers with respect to the magnet coils are required to degrade

the pr resolution by no more than 5%.

3.2.2 Inner Detector

The inner detector, as the name suggests, is the part of the ATLAS detector closest
to the beamline [69,70]. It was designed to reconstruct the tracks of charged particles
deflected by the magnetic field of the solenoid. The reconstructed tracks are then
used to identify the particles and measure their pr. Because of its proximity to the
interaction point it must have very high granularity and be able to handle a high
event rate and withstand high levels of radiation. The inner detector consists of
three systems known as the semiconductor pixel tracker, the semiconductor tracker
(SCT) and the transition radiation tracker (TRT). A diagram of the inner detector
is shown in Fig. 3.6. The pixel tracker is closest to the interaction point followed by

the SCT and then the TRT. Each system has multiple modules in both the barrel
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and end-cap regions. The position of charged particles as they pass through the
inner detector is measured to a precision on the order of 10-100 pum depending on
the part of the inner detector it passes through. This leads via Eq. 3.2 to excellent

pr resolution.

i nmllm L

(EEEEEE]

' End-cap semiconductor fracker

Figure 3.6: Three dimensional cut-away view of the inner detector (ID). [71]

The pixel tracker and the SCT are both based on semiconductor technology and
consist of a large number of silicon sensors [72,73]. The working principle in each is
the same. Charged particles passing through the silicon sensors excite electrons from
the valence to the conductance band giving rise to a measured current. Together
the pixel tracker and the SCT provide a minimum of seven precision measurements
along a particle’s track. The pixel tracker consists of 1456 barrel modules and 288
end-cap modules. Each module contains 47323 pixels of nominal size 50 x 400
um?. This very fine segmentation leads to an excellent position resolution. The

uncertainty of the position measurement in the bending plane is ~ 12 pym. There

are three barrel pixel layers at radial distances ranging from 50.5 to 122.5 mm and
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six end-cap disks at radial distances ranging from 88.8 to 149.6 mm. The inner-most
barrel layer, known as the B-layer, is only 50.5 mm away from the beamline and
is essential for identifying secondary vertices in particle tracks. This is particularly
useful for identifying jets arising from b-quarks in the final state. The B-layer is
made to be removable so it can be easily replaced since it is in such a high luminosity
environment and thus susceptible to radiation damage.

The SCT consists of four barrel layers containing 2112 modules in the radial
range 299 < R < 514 mm and nine disks in the end-cap regions each containing
1976 modules in the radial range 275 < R < 560 mm. All the models consist
of a group of silicon micro-strips glued back to back with a 40 mrad stereo angle
between them. The pitch of the strips is 80 pum, leading to a 23 um point resolution
per single side measurement in the coordinate perpendicular to the strip direction.
The 40 mrad stereo angle provides transverse measurement capability and improves
the measurement resolution to about 16 um. The SCT is a very important part of
the inner detector as it covers a much larger portion of the charged particle track
than the pixel detector. This provides a greater arc length (L) which improves the
resolution of the pr measurement as shown in Eq. 3.2.

The TRT uses a different detection principle based on measuring ionized charge
in an array of drift tubes [74]. It consists of a large number of drift tubes which
are 4 mm in diameter aligned parallel with the beamline in the barrel region and
radially in the end-cap regions. There are 52544 axial tubes in the barrel section
and 122880 radial tubes in the end-caps. The axial tubes are 1.44 m long at radial
distances of 554 mm to 1082 mm. The radial tubes are 370 mm long at radial
distances of 617 mm to 1106 mm. The drift tubes are filled with Xe/CO5/04 gas in
the ratio 70%/27% /3% with anode wires at their center. Charged particles passing
through the tubes ionize the gas producing a current in the anode. In addition
to these standard tracking hits the TRT is also capable of identifying electrons
by the characteristic transition radiation (TR) they give off when passing through
materials of different index of refraction. Polypropylene foils installed in the space

between the tubes cause electrons to emit x-ray TR photons which leads to further



80

ionization in the drift tubes. Standard tracking hits deposit about 2 keV while a
typical TR photon deposits ~ 8 -10 keV [5]. This makes it possible to discriminate
between electrons and heavier ionizing particles, such as pions, by looking at the
number of hits above a certain energy threshold. Another advantage of the TRT
is that it helps to minimize the material in the tracking volume as it introduces
much less material per tracking point than the semiconductor trackers. Although
the TRT has relatively low resolution per tracking point (130 um) compared to the
semiconductor detectors it is much larger and consequently has many more points
per track (~ 36).

A summary of the important parameters of each of the ID systems is presented
in Table 3.3. Performance studies have shown that the inner detector operates
reasonably well at the design luminosity of 10* cm™2 s~!. With the exception
of the B-layer in the pixel tracker the inner detector systems are designed to be
radiation hard in order to function properly with minimal degradation over the
course of the ten year design lifetime of the LHC. The B-layer will have to be
replaced approximately every three years under the nominal luminosity. The pixel
detector and SCT are maintained at -5 to -10° C in order to maintain adequate noise
performance after radiation damage. In contrast the TRT is designed to operate at

room temperature.

3.2.3 Calorimeter

The ATLAS calorimeter system is used to measure the energies of charged and neu-
tral particles such as electrons, photons and pions. It is a sampling calorimeter
consisting of layers of an absorber material that facilitate the growth of particle
showers and an active material where energy is deposited and converted to a signal.
A particle shower is a cascade of secondary particles produced when high-energy par-
ticles interact with atomic nuclei in dense matter. The shower grows until the energy
of all the secondary particles falls below a certain threshold. Energy is deposited
by these secondary particles in the active material via ionization or scintillation

depending upon the part of the calorimeter.
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Item Radial extension (mm) Length (mm)

Overall ID envelope 0<R<1150 0 < |z] <3512

Beam-pipe 29 <R <36

Pixel Overall envelope | 45.5 < R < 242 0 < |z| <3092

3 cylindrical layers  Sensitive barrel 505 <R< 1225 0 < |z| <4005

2 x 3 disks Sensitive end-cap | 88.8 <R < 149.6 495 < |z] < 650

SCT Overall envelope | 255 < R < 549 (barrel) 0 < |z| <805
251 < R <610 (end-cap) | 810 < |z| <2797

4 cylindrical layers  Sensitive barrel 299 <R<514 0<|z| <749

2 % 9 disks Sensitive end-cap | 275 < R < 560 839 < |z| <2735

TRT Overall envelope | 554 < R < 1082 (barrel) | 0 < |z] < 780
617 < R < 1106 (end-cap) | 827 < |z| < 2744

73 straw planes Sensitive barrel 563 < R < 1066 0<|z] <712

160 straw planes Sensitive end-cap | 644 < R < 1004 848 < |z <2710

Table 3.3: Important parameters of the ATLAS inner detector systems [66].

The calorimeter system in ATLAS consists of (EM) electromagnetic calorime-
ters [75], which are close the beamline just outside the inner detector, followed by
hadronic calorimeters, which are farther from the beamline. Both the EM and
hadronic calorimeters consist of barrel and end-cap sections. Additionally a forward
calorimeter is included in the high pseudorapidity region which is used to measure
both EM and hadronic showers. The EM calorimeters are designed for precision
measurements of particles that interact primarily or exclusively via the electromag-
netic force such as electrons and photons. The hadronic calorimeters are designed
to measure the energy of hadrons that interact via the strong force such as protons,
neutrons and pions. The EM calorimeters are closer to the interaction point and
have finer granularity since EM showers are more compact and don’t penetrate are
far as hadronic showers. In contrast hadronic showers are much more diffuse and
have greater penetration. Consequently EM showers are generally contained in the

EM calorimeters while hadronic showers stretch across both the EM and hadronic



82

calorimeters.

The mechanisms by which the EM and hadronic calorimeters produce showers
and measure energy deposition differ. The EM calorimeter consists of layers of
lead /stainless-steel and LAr which function as the absorber and active material
respectively. Electrons and photons incident on the absorber layers initiate EM
showers by bremsstrahlung radiation and electron-positron pair production in the
presence of atomic nuclei. The electrons from the pair production also radiate
through bremsstrahlung producing more photons which can pair produce further.
The showering process continues until the energy of all photons falls below the
pair production threshold (~ 1 MeV) and the energy of electrons falls to the point
where energy loss through ionization begins to dominate over bremsstrahlung. The
electrons in the shower deposit energy via ionization in the LAr layers. Liquid
argon atoms are ionized producing electrons that drift toward a copper anode grid
at the center of the LAr layers. The TileCal consist of layers of iron and plastic
scintillating tiles made of doped polystyrene which function as the absorber and
active material. The HEC consists of layers of copper and LAr. In each case
hadrons interact with nuclei in the absorber layers via the strong force producing
more hadrons. In the TileCal these hadrons then deposit energy by producing
photons in the scintillator tiles which are collected by optical fibers and converted
to an electrical current. In the HEC the energy deposition occurs by ionization as
in the EM calorimeter. Due to the presence of particles such as neutral pions which
decay electromagnetically (7% — ~7) all hadronic showers have an electromagnetic
component. Due to energy lost in nuclear excitation and breakup in the absorber
layers of the hadronic calorimeter, which is not recovered, the energy deposited is
significantly less than that of the hadron that produced the shower. For this reason
the energy measured must be recalibrated to the hadronic energy scale. This is an
example of a non-compensating calorimeter where the ratio of energy deposited by
an electromagnetic particle and a hadronic particle of the same incident energy is
greater than one (e/h > 1).

The degree to which a particle shower penetrates a material is characterized by
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the radiation length (X,), in the case of electrons and photons where electromagnetic
interactions dominate, and the nuclear interaction length (\) for hadrons which
interact predominantly via the strong force. X, is defined as the average distance
over which an incident electron loses all but 1/e of its energy via bremsstrahlung
radiation. A is the mean distance travelled by a hadronic particle in a medium
before undergoing an inelastic nuclear interaction. Both X, and A are properties of
a material which depend on the atomic number (Z) and atomic mass (A) for the
material. For a given material A > X,. The thickness of the EM calorimeter is >
22 X, in the barrel and > 24 X, in the end-caps. The full calorimeter is 11 A thick
at 7 = 0. This thickness provides good containment of EM and hadronic showers
and minimizes punch-through to the muon spectrometer.

A diagram of the calorimeters in ATLAS is shown in Fig. 3.7. They are composed
of a barrel, two end-caps and a forward calorimeter which covers the high 7 region.
The inner barrel region contains the Liquid Argon (LAr) EM barrel (EMBA) housed
in the same cryostat as the solenoid. Outside the EMBA is the Tile barrel and
extended Tile barrel calorimeters (TileCal) [76]. The end-caps contain the LAr
EM end-cap (EMEC) followed by the hadronic end-cap (HEC) calorimeters. The
forward calorimeter (FCAL) consists of three modules on each side of the detector:
the first, made of copper/LAr, is optimized for electromagnetic measurements, while
the other two, made of tungsten/LAr, measure predominantly the energy of hadronic
interactions. Important parameters of the calorimeter system are listed in Table 3.4

In all there are ~ 180,000 calorimeter cells. The energy deposited in each cell for a
particular event is combined to form clusters using topological clustering algorithms
or fixed size projective towers in the 1 x ¢ plane. A typical EM shower consists of a
single cluster while a hadronic shower may contain multiple clusters. These objects
are then used as the input to the reconstruction of physics objects such as electrons

and jets to be discussed in Chapter 4.
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Barrel | End-cap
EM calorimeter
Number of layers and |n| coverage
Presampler 1 [n] <152 | 1 15<|n| <18
Calorimeter 3 nl<135 | 2 1.375<|n| < 1.5
2 1.35<|n| <1475 | 3 15<|n| <25
2 25<|n| <32
Granularity Anp x A¢ versus |1/
Presampler 0.025 < 0.1 [n| < 1.52 | 0.025x0.1 15<|n <18
Calorimeter Ist layer 0.025/8 = 0.1 [n| < 1.40 | 0.050x0.1 1.375 < |n| < 1.425
0.025x0.025 140 < |n| <1475 | 0.025%0.1 1425< |0/ <15
0.025/8 x 0.1 15<|n/<18
0.025/6 % 0.1 1.8 <|n|<2.0
0.025/4 % 0.1 20<|n| <24
0.025 x 0.1 24<|n|<25
0.1x0.1 25 < |n| <32
Calorimeter 2nd layer 0.025 % 0.025 [n| < 1.40 | 0.050x0.025 1.375 < |n| < 1.425
0.075x0.025 140 < |n| < 1.475 | 0.025x0.025 1425< |n| <25
0.1x0.1 25<|nl<32
Calorimeter 3rd layer 0.050 % 0.025 [n] < 1.35 | 0.050x0.025 15<|n <25
Number of readout channels
Presampler 7808 ‘ 1536 (both sides)
LAr hadronic end-cap
|| coverage 1.5<|n| <32
Number of layers 4
Granularity An x A¢ 0.1x0.1 15<|n <25
0.2x02 25<|n <32
Readout channels 5632 (both sides)
LAr forward calorimeter
|1| coverage 31<n| <49
Number of layers 3
Granularity Ax x Ay (cm) FCall: 3.0x 2.6 315 <|n| <430
FCall: ~ four times finer  3.10 < |n| < 3.15.
430 < |n| <483
FCal2: 3.3 x 4.2 3.24 <|n| <4.50
FCal2: ~ four times finer  3.20 < |n| < 3.24,
450 < |n| < 4.81
FCal3: 5.4 x 4.7 332 < |n| <4.60
FCal3: ~ four times finer 3.29 < |n| < 3.32.
460 <|n| <475
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
|n| coverage In| < L.0 08<|n|l< 1.7
Number of layers 3 3
Granularity An x A¢ 0.1x0.1 0.1x0.1
Last layer 0.2x0.1 0.2x0.1
Readout channels 5760 4092 (both sides)

Table 3.4: Main parameters of the ATLAS calorimeter system. [77]
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Figure 3.7: Three dimensional cut-away view of the EM and hadronic Calorimeters
in ATLAS. [77]

3.2.4 Muon Spectrometer

Among the final state particles measured with the ATLAS detector, muons are
unique in that they don’t deposit significant energy in the calorimeter. Compared
to electrons they emit very little bremsstrahlung radiation due to their much larger
mass and so rarely produce EM showers. They don’t interact via the strong force
and thus don’t produce hadronic showers either. This means they pass through the
calorimeter losing very little energy. Simulation shows that the most probable value
of the energy loss of 1 TeV muons in the calorimeter is ~ 3 GeV ( < 1%) [78].
Although muon pr is measured in the inner detector the resolution is limited due to
the small sagitta. This is particularly problematic for high pr muons (2 100 GeV)
because the tracks of such particles are nearly straight making it difficult to measure
the sagitta and degrading the pr resolution ( Eq. 3.2). To mitigate this, the muon

spectrometer is added outside the calorimeter to provide another measurement of
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Figure 3.8: Three dimensional cut-away view of the ATLAS Muon Spectrometer. [77]

muon pr [79-81]. The combination of the pr measurements from each system and
the intrinsically better resolution in the muon spectrometer improves the overall pr
resolution for muons significantly.

The muon spectrometer makes use of four different types of detector technolo-
gies including high precision tracking chambers for pr measurement and fast re-
sponse chambers for triggering events (the details of event triggering are discussed
in Chapter 4). The Monitoring Drift Tubes (MDTs) and Cathode Strip Chambers
(CSCs) are used for precision measurements of pr while the Resistive Plate Cham-
bers (RPCs) and Thin Gap Chambers (TGCs) provide the high timing resolution
necessary for triggering. A cut-away view of the muon spectrometer, showing each
of the different types of chambers that make it up, is shown in Fig. 3.8.

Figure 3.9 shows a cross-section of the muon spectrometer in the upper right
quadrant of the y-z plane with the interaction point at the origin. In the barrel the

chambers are arranged in three concentric cylindrical layers at radii of 5m, 7.5m and
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Figure 3.9: cross-sectional view of the ATLAS Muon Spectrometer in the upper
right quadrant of the y-z plane. The interaction point is at the origin. [77]

10m. They are labeled the inner, middle and outer barrel chambers. The middle
barrel layer is surrounded by the barrel toroid magnet. The end-cap chambers are
located in four disks at distances of about 7.4m, 10.8m, 14m and 21.5m along the
z-axis. They are labeled the inner, extra, middle and outer end-cap chambers. The
CSCs, which cover the forward region, are located just below the inner end-cap
chambers. The structures containing the end-cap muon chambers (excluding the
extra chambers) are labeled, in ascending order of distance from the interaction
point, the small wheel, big wheel and outer wheel where the small wheel contains
both the inner end-cap chambers and the CSCs. The end-cap toroid magnetic is
between the inner and middle end-cap chambers and just below the extra end-cap
chamber. The CSCs and TGCs are entirely in the end-cap region while the RPCs
are entirely in the barrel. The MDTs are the only chambers in both the end-cap and
the barrel. With the exception of the TGCs the rest of the muon spectrometer has

perfect azimuthal symmetry and can be divided into identical octants. Each octant
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Monitored drift tubes MDT

- Coverage [n| < 2.7 (innermost layer: || < 2.0)
- Number of chambers 1088 (1150)

- Wumber of channels 330000 (354 000

- Function Precision tracking
Cathode strip chambers CSC

- Coverage 20<n| <27

- Number of chambers 32

- Number of channels 31000

- Function Precision tracking
Resistive plate chambers RPC

- Coverage [n] = 1.05

- Number of chambers 544 (606)

- Number of channels 359000 (373 000)

- Function Triggering, second coordinate
Thin gap chambers TGC

- Coverage 1.05 < |n| < 2.7 (2.4 for triggering)
- Number of chambers 358K

- Number of channels 318000

- Function Triggering, second coordinate

Table 3.5: Main parameters of the ATLAS muon system. [77]

contains pairs of large and small chambers that overlap slightly in order to prevent
regions where muons can pass undetected between chambers. The larger chambers
are farther from the interaction point.

The MDTs and CSCs are the chambers that provide precision tracking of muons.
MDTs are included in every layer of chambers in both the barrel and the end-cap
regions. They cover the psuedorapidity range | n | < 2.7 in every layer except the
inner end-cap layer where they cover the range | n | < 2.0. The range 2.0 < | n | <
2.7 of the inner end-cap layer is covered by the CSCs which have the high timing
resolution necessary to handle the higher rate of charged particles in the forward
direction. The MDTs consist of gas-filled aluminum tubes that function as drift

chambers. Muons passing through the tubes liberate electrons that drift toward a
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central anode wire and produce a current. The time taken by the electrons to drift
toward the anode in each of the tubes the muon passes through is used to reconstruct
its track to high precision. The MDT chambers contain eight layers of tubes in the
inner chambers and six in the outer chambers. The tubes are 30 mm in diameter
with lengths ranging from 0.7 m to 6.30 m and run perpendicular to the beamline
in the ¢ direction. The position resolution in a single layer of tubes is 80 pm. With
multiple layers the resolution reduces to 30 (35) pm in chambers with eight (six)
layers of tubes. The CSCs are multi-wire proportional chambers (MWPC) located
on disks on each of the small wheels in the end-cap regions. Each disk is divided into
16 sectors, each containing four layers of gas filled chambers surrounded by cathode
strips aligned in both the transverse and ¢ directions. Anode wires at the center
of each chamber, running parallel to the transverse strips, collect electrons which
induce positive charge on the strips. Charge is induced across multiple strips forming
a cluster in each layer. The strips on either side of each chamber form a criss-cross
pattern allowing measurement of both coordinates of the muon as it passes through
the plane of the CSCs. The strips aligned in the ¢ direction, which measure the
coordinate in the bending plane of the toroid magnet, are referred to as the precision
strips since they have much finer segmentation and thus better position resolution.
The pitch of the precision strips is 5.31 (5.56) mm while that of the transverse strips
is 12.9 (21.0) mm for the large and small chambers respectively. Both the anode
wire pitch and the anode to cathode distance is 2.54 cm. The distribution of charge
collected in adjacent strips within a cluster is used to determine the position of the
muon within the central strip. This yields a single layer precision of 60 pm in the
bending plane of the magnet. Performing a fit across all four layers reduces this to
40 pm. In addition to good position resolution an important feature of the CSCs
is their good time resolution. This is essential given the high muon flux in the
forward direction. Maximum electron drift times in the CSCs are approximately 40
ns resulting in a timing resolution of about 7 ns per plane. Also the much smaller
pitch of the CSC strips compared to the diameter of the MDT tubes means that

the CSCs can resolve separate hits for muons that pass through very close to one



90

another.

An essential design criterion of the muon system was the ability to trigger on
muon tracks. The triggering capability of the muon spectrometer is handled by the
TGCs and RPCs. The primary purpose of these chambers is to deliver track infor-
mation, including pr, to the level one trigger on the order of tens of nanoseconds
after the passage of a particle and to match events to bunch-crossings which occur
every 50 ns. The chambers are required to have sufficient time resolution to ensure
99% matching efficiency. In addition, these chambers also measure the second co-
ordinate in the non-bending plane to complement the precision measurement of the
MDTs. The RPCs are rectangular gas chambers located on the middle and outer
barrel layers. Each RPC chamber contains a single gas gap and two readout strips,
one parallel to the MDT tubes and the other perpendicular. The most important
feature of the RPCs is their excellent timing performance with a resolution of 5 ns.
The TGCs, located on the end-cap inner and middle layers, provide the triggering
capability in the forward direction. They are MWPCs with a resolution of 4 ns.

Important parameters of each of the muon chambers are given in Table 3.5.
In addition to the intrinsic position resolution of each chamber another source of
uncertainty that must be accounted for is that associated with the alignment of
the chambers with respect to each other as well as other components of ATLAS
such as the toroid magnets. The MDT and CSC chambers were installed with a
precision of 5 mm and 2 mrad with respect to their nominal positions. However
their positions must be known to within 30 gm in order to meet the performance
requirement on pr resolution. This is crucial to the calculation of muon pr. To
accomplish this optical alignment systems are used to monitor the position of the
muon chambers within ATLAS and estimate their uncertainty. This optical network
is able to reliably detect relative changes in chamber position at the 20 um level.
Internal displacements of up to 10 mm can be corrected for in offline analysis. The
combination of the position resolutions of each of the chambers and that of the
optical alignment system are sufficient to meet the performance goal described in

Table 3.1 of a 10% pr resolution for a 1 TeV muon.
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3.2.4.1 (CSC Data Quality Monitoring

An important part of running the ATLAS experiment is monitoring the detector per-
formance and ensuring the quality of data before it can be used for physics analysis.
A system known as the Data Quality Monitoring Framework (DQMF) is used to
identify potential problems in the detector that may arise during data taking [82,83].
The DQMF serves two functions. It provides a record of the data quality for each
detector system in ATLAS. This record is used to produce GoodRunsLists (GRLs)
that specify the runs, and the LumiBlocks within each run, that can be used in
physics analyses (see Section 4.1). It also makes it possible to spot problems in real
time as data is being collected. In some cases immediate action can be taken to
resolve the problem and avoid a degradation in data quality.

The DQMF is divided into online and offline monitoring. The online DQMF runs
a series of automatic monitoring algorithms on the raw data from the detector that
returns data quality (DQ) flags. A green flag means that the detector is operating
normally and that data quality is high. A yellow or red flag means that there may
be a problem with part of the detector that could compromise the data. A red flag
indicates a more severe problem. The output of the online DQMF is displayed in
the ATLAS control room and monitored by experts during detector operation.

The offfine DQMF monitors the detector using the full ATLAS reconstruction
software, which is designed to reconstruct physics objects such as particles and jets
for use in physics analyses. By using fully reconstructed data the offline monitoring
has access to more information than the online monitoring and so can perform more
precise tests. In addition it is used to monitor the ATLAS software which is updated
over time to improve reconstruction. The disadvantage of the offline monitoring is
that it cannot be used to spot problems quickly because the reconstruction takes
time. In order to spot problems as they occur and potentially fix them the prevent
the loss of data the online monitoring is needed. This section describes the online

DQMF system used in 2012 to monitor the Cathode Strip Chambers (CSCs) in the
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forward region of the muon spectrometer. 12 This includes a number of modifications
of the online DQMF introduced during the year to improve its performance.

The DQMEF for CSCs includes five DQ algorithms that are applied separately in
each of the 32 CSC sectors. These algorithms return DQ flags that then propagate
upward to determine the overall flag for the CSCs. The DQMEF is organized in four
layers according to the following structure: CSC — end-cap — sector — DQAlgo-
rithm. A single yellow/red flag at the DQAlgorithm level produces a yellow /red flag
for the whole sector. At the sector level, at least 10% of the sectors (i.e. at least
two of the 16 sectors per end-cap) must be yellow/red for the end-cap flag to be
yellow/red. If either of the end-cap flags are yellow /red the overall flag for the CSCs
is yellow /red. This structure can be seen in the graphical interface of the DQMF
known as the Data Quality Monitoring Display (DQMD) shown in Fig. 3.10. The
segmented rings represent the two end-caps of the CSC, which are divided into 16
sectors each. The flag for each sector is determined from the results of five DQAlgo-
rithms known as [ISROSEvent, RPUStatusBad, Landau Fit, Segment Efficiency, and
Segment Occupancy. All five DQAlgrithms include a minimum statistics condition
that requires that there be at least a thousand events (MinStat=1000). If there are
fewer than a thousand events the algorithm returns a green flag. This is to avoid

returning unnecessary red flags early in a run when statistics are low.

12For the remainder of this section DQMF refers specifically to the online DQMF
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Figure 3.10: Image of the Data Quality Monitoring Display (DQMD) that shows
the structure of the DQ flags for the CSC DQMF. In this image all flags are green.

The IsROSEvent and RPUStatusBad DQ flags measure the fraction of total
events that have specific types of errors known as ROS and RPU errors. These are
errors associated with the read out driver (ROD) electronics that read out the raw
data from the CSCs. If there are an unusually large number of such events it can
mean there is a problem with the ROD electronics. Fig. 3.11 shows the histogram
used for these algorithms in the DQMD. These algorithms take the ratio of the ROS
and RPUStatusBad bins over the first bin that contains the total number of events.
If the ratio exceeds 0.01 a red flag is returned. Otherwise the flag is green.
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Figure 3.11: Image of the Data Quality Monitoring Display (DQMD) showing the
isROSEvent DQAlgorithm. The bins on the x-axis represent different types of errors
that can affect events. Important among these are ROS and RPUStatusBad events
which this DQAlgorithm monitors.

The Landau Fit flag is based on the results of a Landau fit to the cluster charge
distributions. The charge induced on the cathode stripes by the passage of a muon
should follow a Landau distribution with most probable value (MPV) of 250 ADC
counts (1 ADC count ~ 10%¢). The algorithm returns a green flag if the fit MPV
value differs from 250 ADC counts by less than 50%. It returns a yellow flag if the
difference is between 50% and 70% and a red flag if it is greater than 70%. It also
returns a red flag if the fit x? value is greater than 30.

For this DQAlgorithm, only clusters on track segments with at least three clusters
across the four CSC layers are considered. Clusters that are not on segments are
typically caused by photon or neutron background in the detector rather than the
passage of a muon. These clusters tend to have charge much lower than 250 ADC
counts leading to a sharp peak near zero in the charge distributions. Excluding
these clusters leads to much improved Landau fits. The Landau Fit flag is essential
to check the gas gain of the CSC chambers. This includes both the gas pressure and
the HV setting, as well as the distance between the cathode stripes and the annode

wires. These parameters are typically very stable but it is still necessary to check
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the response of the chambers by ensuring that the charge clusters have the correct
amplitude. Maintaining the correct value for the cluster charge amplitude is crucial
to accurately determining the position of the muon in the central strip. A separate
flag is returned for each layer of each sector in the CSCs. Figure 3.12 shows the
Landau Fit algorithm in the DQMD.
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Figure 3.12: Image of the Data Quality Monitoring Display (DQMD) showing the
Landau Fit DQAlgorithm. This histogram shows the distribution of cluster charge
measured in ADC counts (~ 10%¢) for clusters on segments of at least three clusters
across the four layers of the CSC.

The Segment Efficiency DQAlgorithm produces a flag based on how efficiently
track segments are found across the four layers of the CSC. A segment consists of
clusters in at least three of the four layers of the CSC that are close to one another in
1 and ¢. The clusters must be within 5 strips of one another and the angle between

13 This is to reduce

the segment and the z-axis must be less than four degrees
the number of segments arising from cosmic ray muons or muons produced away
from the interaction point. Clusters in three of the four layers are required to allow
for the possibility that one of the layers may malfunction. In 2012 there were five

dead CSC layers that had lost high voltage (HV) due to broken wires. With this

13The CSCs are tilted with respect to the transverse direction (see Fig. 3.9 so the segment angle
for a muon from the IP is typically very low
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definition, segments could still be found in the sectors containing those dead layers
(except sector 1 in end-cap C that had two dead layers). The fraction of segments
that have clusters on all four layers is a measure of the efficiency of the segment
finding. A muon should produce a cluster of charge in all four layers. However it
is possible that three clusters from neutron or photon background could fall close
to one another and form a segment. Segments such as these don’t represent muons
passing through the CSCs. The Segment Efficiency DQAlgorithm calculates the
ratio of the number of segments with clusters on all four layers to the total number
of segments for each sector and returns a red flag if it falls below 0.25. Separate
flags are returned for each sector and for segments on transverse and precision layers.
The algorithm always returns a green flag for the sectors containing the known dead
layers where the segment efficiency is approximately zero. This algorithm is used to
spot technical problems such as the appearance of new dead layers. If another layer
loses HV because of a broken wire the segment efficiency in the sector containing
that layer will drop dramatically leading to a red flag in the DQMF. Fig. 3.13 shows
the segment efficiency histogram used for this algorithm. The sectors with dead

layers are clearly visible.
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Figure 3.13: Image of the Data Quality Monitoring Display (DQMD) showing the
Segment Efficiency DQAlgorithm. The x-axis indicates the sector number with
positive numbers representing end-cap A and negative numbers indicating end-cap
C. The y-axis represents the segment efficiency defined as the ratio of segments
with clusters on all four layers over all segments. The efficiency is above 90% in
all sectors except those with dead layers. At the time this image was taken there
were five dead layers, two of which were in the same sector. Thus three sectors
show segment efficiency near zero and sector C1 shows no efficiency at all since no
segments are found there.

The Segment Occupancy DQAlgorithm counts the number of segments in each
sector of the CSC and compares it to the average number across all sectors. A
red flag is returned if the occupancy differs from the average by more than three
standard deviations. Otherwise a green flag is returned. A separate average is
calculated for the large and small sectors since large sectors have greater occupancy.
The occupancy in each sector is compared to the appropriate average to determine
the flag for that sector. Separate flags are returned for the occupancy of segments on
precision and transverse layers. The algorithm accounts for the known dead layers by
not returning red flags for those sectors. Like the Segment Efficiency DQAlgorithm,
this DQAlgorithm is also designed to identify problems such as broken wires or
faulty electrical connections that cause the loss of one or more layers in a given
sector. The Segment Occupancy DQAlgorithm displayed in the DQMD is shown

in Fig. 3.14. The sectors containing dead layers have very low segment occupancy
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Figure 3.14: Image of the Data Quality Monitoring Display (DQMD) showing the
Segment Occupancy DQAlgorithm. The x-axis indicates the sector number with
positive numbers representing end-cap A and negative numbers indicating end-cap
C. The y-axis shows the number of segments in each sector. At the time this image
was taken there were five dead layers, two of which were in the same sector. Thus
three sectors show low occupancy compared to the other sectors. Sector C1 shows
zero occupancy since no segments are found there because two layers are dead.

A number of important developments were made during 2012 to make the DQMF
more robust and improve its ability to spot potential problems. The structure
described above, in which flags are returned for each individual sector and then
propagate upward to the overall flag for the CSCs, was introduced. In the process
new histograms were added to check the error fractions (ROS and RPUStatusBad
events) in specific sectors rather than simply looking at the overall error fraction for
the full CSCs. Also a flag merging algorithm was implemented so that the DQMF
could successfully spot serious problems without returning unnecessary red flags for
minor problems. This includes the requirement that 10% of the sectors on either
end-cap must be yellow/red in order for the flag to propagate upward. In principle
the CSCs can still function well if only one sector on either end-cap is experiencing
problems. Under this merging algorithm the flag for that sector will indicate a

problem that will draw the attention of experts in the control room. However the
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run, or the effected LumiBlocks within the run, will not be removed from the GRLs.
If the whole CSC is red, a CSC expert will be consulted to decide if the run, or the
effected LumiBlocks within it, can be included in the GRLs.

Another major improvement made to the DQMF during 2012 was the introduc-
tion of cluster charge histograms for clusters on segments. This was a significant
improvement in particular for the Landau Fit DQAlgorithm. Without the require-
ment that clusters be on segments, the cluster charge distributions deviate signif-
icantly from the Landau shape. Figure 3.15 shows cluster charge distributions for
all clusters and for clusters on segments. These plots are taken from Run 212172
recorded in 2012. These plots clearly show that restricting the algorithm to clusters
on segments significantly improves the fit. This is primarily because the distribu-
tions of all clusters have a sharp spike near zero due to clusters from background
interactions in the detector. After introducing the Landau fit algorithm a number
of changes were made to the segment finding in order to improve the performance
of the flag. These included reducing the distance between clusters on segments from
20 strips to 5 strips and tightening the cut on segment angle from 10° to 4°. The
Segment Occupancy and Segment Efficiency DQAlgorithms can only be used to
check for broken connections that lead to the complete loss of a layer. Adding the
Landau fit flag allows the DQMF to spot more subtle problems with the gas flow or
the HV in the chambers.
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Figure 3.15: Cluster charge distributions for all clusters and for clusters on segments
for run 212172 recorded in 2012. The distribution for clusters on segments has
an MPV value much closer to the expected value of 250 ADC. Also the x?/ndf
value is approximately one for the distribution of clusters on segments while it is
approximately five for the distribution of all clusters.

Another major improvement made to the DQMF in 2012 was the introduction of
the segment occupancy algorithm described above. Prior to this a basic algorithm
was in place that simply checked that the segment occupancy histograms were not
empty. The algorithm which replaced this is far more sophisticated and makes better
use of the segment occupancy information. It allows the DQMF to determine the
specific sector which is experiencing problems. This was very useful and helped to
identify a new dead layer that lost HV in 2012.

Also in 2012 histograms were introduced to measure quantities such as error
ratios (for ROS and RPUStatusBad events) and segment efficiencies as a function
of LumiBlock during a run. The denominators of these quantities grow steadily as
the run progresses. After a large amount of time passes the denominators become so
large that the ratios are very small and are unlikely to exceed the threshold values
specified by the DQAlgorithm. This means that they are unlikely to return red
flags making the DQAlgorithms less sensitive to problems that arise late in a run.

This problem is resolved by applying the same threshold test to the ratio calculated
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for the next to last LumiBlock rather than for the entire run. The next to last
LumiBlock is used since the last LumiBlock is being filled while the DQAlgorithm
is being applied. This prevents the denominator from increasing to the point that the
ratio is kept below the threshold value and red flags are never returned. Figure 3.16
shows examples of these histograms taken from runs in 2012 for the RPUStatusBad
error ratio and the segment efficiency. This upgrade was still in development at
the end of 2012 and so was never implemented in the DQMF. The effort is ongoing
to introduce these modifications to the isROSEvent, RPUStatusBad and Segment
Efficiency DQAlgorithms for the next period of operation of the LHC starting in
2015.
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Figure 3.16: Histograms showing RPUStatusBad error ratio and segment efficiency
v.s. LumiBlock for runs taken in 2012. The error ratio v.s. LumiBlock plot shows
a sudden increase in the error ratio near the beginning of the run. The segment
efficiency v.s. LumiBlock plot taken from run 208982 shows a constant value of
~0.95 throughout the run. The modified DQAlgorithms that apply threshold tests
to the next to last bin in these histograms were still under development at the end
of 2012. They may be implemented for the next period of operation of the LHC
starting in 2015.

3.2.5  ATLAS Trigger and Data Aquisition System

The extremely high design energy and luminosity of the LHC leads to a high rate
of scattering events which exceeds the rate at which events can be recorded and

stored for further analysis. To reduce the event rate and in the process select hard
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scattering events of interest a three tier trigger system known as the Trigger and
Data Acquisition (TDAQ) system is implemented at ATLAS [84-88]. At 14 TeV the
total collision cross-section is ~ 100 mb [64] (101.7 &= 2.9 mb [89] at 8 TeV). However
~ 27 mb of this corresponds to low energy elastic collisions (pp — pp) where the
final state protons pass directly down the beamline and are not seen in the detector.
The remaining ~ 74 mb are inelastic events were the protons are broken up and
the final state particles have a more substantial transverse momentum and thus fall
into the acceptance of the detector. At the design luminosity of 103 cm~=2 s~'this
leads to an inelastic event rate of ~ 10° Hz . Since the proton beam in the LHC is
not continuous but rather bunched, with bunches of protons crossing each other at
each interaction point every 25 ns, and only one event can be recorded per bunch
crossing the actual event rate is 40 MHz. This means the number of collision events
per bunch crossing, known as pileup, is ~ 23. The typical size of an event in ATLAS
is 1.6 MB [90]. The limitations of the computing hardware and software at ATLAS
mean that events cannot be recorded at a rate 2 200 Hz [90]. The TDAQ system
is designed as a filter used to find the most interesting hard scattering events that
are useful for physics analysis while reducing the event rate from 40 MHz to ~ 200
Hz. It consists of three levels of triggers known as the Level 1 (L1) and Level 2 (L2)
triggers and the Event Filter (EF). The L2 trigger and the Event Filter together
are referred to as the High Level Trigger (HLT). A schematic of the three levels of
the TDAQ system is shown in Fig. 3.17. Each level applies tighter selection criteria
and decreases the event rate further.

The L1 trigger uses a subset of the information available from the detector in
order to reach a decision of whether to reject the event or pass it to the HLT as
quickly as possible. It uses information from specific muon chambers dedicated
to triggering and information from the calorimeter with decreased granularity (
i.e. not every calorimeter cell is used). No information from the inner detector is
used at L1. Due to the limited processing time the L1 trigger is hardware based,
implemented in electronics and firmware installed on the detector. The L1 trigger

uses the Central Trigger Processor (CTP) to implement a menu of different triggers,
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Figure 3.17: Schematic diagram of the ATLAS Trigger and Data Acquisition
(TDAQ) system. [64]

defined by combinations of selection criteria and thresholds. It also assigns one or
more regions of interest (ROIs), consisting of  and ¢ coordinates, to each event to
identify regions of the detector with high activity for that event. While the CTP
is processing the event on the basis of the subset of information used at L1 the
full event information is stored in an array of custom electronics known as pipeline
memories. Any event passing the L1 trigger is passed to the HLT together with its
ROIs and information about which triggers it passed. The latency period of the L1
trigger is ~ 2.5 us and it reduces the event rate to ~ 75 kHz.

The HLT uses the full information for each event, including information from the
inner detector, as well as all calorimeter cells and muon chambers. Unlike the L1
trigger, which runs on custom electronics on the detector, it is software based and

runs on a group of computer farms near the detector. The L2 trigger focuses on the
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ROIs passed from L1 corresponding to only ~ 1-2% of the full data for the event.
It applies a trigger menu similar to that applied at L1 but with a tighter selection
based on a certain signature such as a specific cluster shape in the calorimeter, a
match between an ID track and a calorimeter cluster, a particular £ threshold
etc. The L2 trigger has a latency of ~ 40 ms and reduces the event rate to O(1)
kHz. The output of 1.2 is sent to the event builder which combines the information
from the entire detector for each event. These whole events are then sent to the EF
which applies algorithms, similar to those used in offline analysis, to each event’s
ROIs in order to make a final decision. It has a latency of ~ 4 s and reduces the
event rate to ~ 200 Hz. The HLT reduces the event rate by a factor of ~ 103.
Finally the events passing the EF are sorted into one of a series of data streams on
the basis of the specific triggers they passed. The principle data streams are based
on the presence of specific physics objects in the final state and include the e, y, jet,
7, B /7 and B-physics steams. Additionally a calibration and express stream are

used for detector calibration and data quality monitoring respectively.
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CHAPTER 4

Data and Monte Carlo Samples

4.1 Data Collection

This analysis uses proton-proton collision data collected in 2012, from April 4
through December 16, with the ATLAS detector at the CERN Large Hadron Col-
lider (LHC) at a center of mass energy of 8 TeV. The data were collected with the
Trigger and Data Acquisition (TDAQ) system described in detail in Section 3.2.5
using the electron and muon data streams. Each stream records events that pass
any of the triggers on either the electron or muon trigger menu. The data are further
skimmed by applying offline cuts on physics objects according to the recommenda-
tions of the Top Physics Working Group (TopCommonObjecats [91]). These criteria
include the trigger requirement that considers only events that pass at least one of

the following single electron and muon triggers:
e EF mu24i tight or EF mu36_tight for the Muon stream,
e EF e24vhi mediuml or EF_e60 mediuml for the Egamma stream.

The number in the trigger name indicates the pr threshold while ”tight” and

”1” in the low pr

"medium1” indicates the lepton quality level (see Section 5.1). The
triggers indicates that these triggers include isolation requirements. This means that
events containing either an isolated electron with pr> 24 GeV or an electron with
pr> 60 GeV, regardless of its isolation, will pass the trigger cut with high efficiency
(in the plateau region of the efficiency curves in Fig. 4.1 and 4.2). Similarly an event
containing either an isolated muon with pr> 24 GeV or a muon with pr> 36 GeV

regardless of its isolation will also pass the cut with high efficiency. The selection

requires an inclusive OR of the four triggers so that any event matching at least one
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of the four triggers is recorded. The isolation requirement for low pr muons is

cone20
b <012
Pr
where ps"©?% is the scalar sum of pr, in a cone AR = 0.2 around the muon track,
of inner detector tracks having
pr > 1 GeV

|20 — 2| < 6mm

excluding the muon track itself. The isolation requirements for low pr electrons are

cone20

Pr

€

Pt

< 0.10

and a cut on the hadronic core isolation (< 1 GeV) at L1. The hadronic core
isolation refers to the energy deposited in the hadronic cell towers directly behind
the cluster in the EM calorimeter. Both isolation cuts are applied at the Event Filter
level (see Section 3.2.5). Stronger isolation requirements are applied to leptons in
the offline analysis to reduce the contribution from instrumental background in the
signal region. The above trigger level isolation requirements are included in the
low pr triggers in order to reduce the event rate to a level that can be recorded by
the ATLAS software. This is unnecessary for the high pr triggers since far fewer
events pass the high pr threshold. Another option for reducing the event rate of the
low pr triggers is to apply a pre-scale that arbitrarily accepts some percentage of
events that pass the other requirements of the trigger. The isolation requirement has
the advantage that it both reduces the event rate and selects events that are more
interesting for physics analyses. The pre-scale does the former but not the latter. It
is equivalent to discarding some percentage of the data before analysis which should
be avoided if possible. The disadvantage of the isolation requirement is that it leads
to complications in the data driven techniques used to model the fake/non-prompt

lepton background where the isolation is relaxed for the loose lepton definition. This
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difficulty and the strategy for overcoming it are described in detail in Section 7.2.1.
The full list of offline cuts applied to physics objects is detailed in Section 5.1

The trigger efficiencies are measured as a function of lepton n and Er in both MC
simulation and in data using a tag-and-probe technique with Z — ee and Z — uu
events. The efficiency is defined as the percent of either true electrons(muons)
in MC simulation or probe electrons(muons) in data that match at least one of the
electron(muon) triggers. The efficiencies for the single electron triggers, as measured
in data, are shown in Fig. 4.1. The efficiencies for the single muon triggers, measured

in both MC simulation and data, are shown in Fig. 4.2.
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Figure 4.1: Electron trigger efficiencies for the logical OR of EF_e24vhi mediuml
and EF_e60 mediuml as a function of electron Etr and 7. The efficiencies are shown
for all three levels of the ATLAS TDAQ system: level 1 (L1), level 2 (L2) and the
Event Filter (EF). sharp increases are seen at 24 GeV and 60 GeV which correspond
to the low and high pr thresholds. [92]

The ATLAS data for a given year are divided into periods, sub-periods, runs
and luminosity blocks (LBs). The periods break up the full year of data according
to the time of year it was recorded and are labelled with letters A-M. Each period is
further divided into a number of sub-periods that are labelled with positive integers.
The separation of events into periods and sub-periods is generally determined
by changing conditions in the accelerator and/or the detector. FEach sub-period

contains a range of runs. The time duration of a run ranges from a few hours to
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Figure 4.2: Muon trigger efficiencies for the logical OR of EF mu24i tight and
EF mu36_tight as a function of muon pr in the barrel and endcap regions. [93]

~ 1 day. The breakdown of the 2012 data set into periods, sub-periods and runs
is summarized in Table 4.1. There were a total of 308 runs in 2012 [94]. Within
each run the events are further divided into LBs that are approximately one to
two minutes in duration on average. They are defined such that the luminosity
of the beam is roughly constant during each LB, however a LB transition is also
issued whenever certain beam or detector conditions (e.g. trigger pre-scale settings)
change. Another reason this is done is to segment the data as much as possible so
that an entire run does not need to be discarded if problems arise that compromise
data quality for only part of the run. In this case a limited number of LBs
within the run will be effected. Data quality (DQ) algorithms are used to identify
runs and the LBs within each that have high quality and thus can be used for
physics analyses. These DQ algorithms are used to produce GRL (GoodRunsList)
files that save this information for use by the analyzers. This analysis used the
standard GRL for 2012 data recommended for all physics analyses using the full
detector  (datal2_8TeV.periodAllYear_DetStatus-v61-prol14-02_DQDefects-00-01-
00_-PHYS_StandardGRL_All_Good.xml [95]). This GRL excludes the three runs

from period M that used a bunch cross time of 25 ns rather than the 50 ns used for

the rest of 2012.
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Period Sub-periods Run Range  # Runs
A A1-A8 200804-201556 29
B1-B14 202660-205113 72
C1-C9 206248-207397 34
D1-D8 207447-209025 48
E1-E5 209074-210308 29
G1-Gb 211522-212272 18
H1-H6 212619-213359 22
I1-13 213431-213819 14
J1-J8 213900-215091 29
L1-L3 215414-215643 10
M1 216399-216432 3

Eha—IDomoaw

Table 4.1: ATLAS data taking periods and sub-periods for 2012 pp data. Taken
from the COMA Data Period Documentation Interface. [94]

The luminosity of the colliding beams in ATLAS is measured with a variety
of detectors that perform the measurement by counting the inelastic event rate
at the interaction point. Multiple detectors and counting algorithms are used in
order to compare results and better understand systematic errors. The ATLAS
luminosity community choses one preferred detector and algorithm that it considers
the most reliable. The luminosity measurement chosen as the ATLAS preferred for
2012 is that made by the Beam Condition Monitors (BCM). Further details on the
luminosity measurement in ATLAS are given in Ref. [96]. The integrated luminosity
of the data is determined from the GRL and the triggers used in the analysis with the
LumiCalc tool [97]. The luminosity calculation is trigger dependent since different
triggers have different dead times and some may be pre-scaled. Figures 4.3a and 4.3b
show the peak luminosity per fill as well as the total cumulative integrated luminosity
as a function of day in 2012. The peak luminosity in 2012 was 7.3 x 103 cm=2 s
The total integrated luminosity of the data used in this analysis is 20.3 fb™!&
2.8%. The estimation of the uncertainty on the integrated luminosity is described

in Section 8.1.4.
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Figure 4.3: Peak luminosity per fill and integrated luminosity shown as a function
of day in 2012. [98]

4.2 Monte Carlo Simulation

Monte Carlo (MC) simulations play an important role in particle physics analyses.
They are used to model SM processes and predict their contribution to all of the
phase space regions considered in the analysis. These include the signal region,
control regions where the instrumental backgrounds (see Section 7.2) are evaluated
and validation regions where the full background estimate is tested before looking
at the data in the signal region. MC samples contain events that are generated from
theoretical probability distribution functions of the physical observables in the final
state of the pp collision such as the transverse momentum and the angular position
of the final state particles. The samples are then sent through a detector simulation
to simulate the response of the ATLAS detector to each event. At this point the
simulation output is identical in format to the RAW data from the detector. They
are then passed through the same reconstruction and identification algorithms (de-
scribed in Section 5) as the data in order to produce reconstructed physics objects
that can be compared directly to those in data. An important feature of MC sim-
ulations is that in addition to the reconstructed physics objects they also contain

information about the simulated events prior to reconstruction known as truth in-
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formation. The truth information includes all the particles in the event and their
kinematic properties. In data we must infer the truth given the reconstructed ob-
jects but in MC simulation we have both since each event has been generated to
simulate a particular process that might occur in nature. This makes them very
valuable tools for measuring the efficiency of the reconstruction and identification
algorithms.

The simulation of hadronic collisions takes place in multiple stages. The first
is the hard scattering event, followed by parton showering, hadronization and the
decay of final state particles. These stages are represented in Fig. 4.4. The simula-
tion of the hard scattering event is carried out using perturbative QCD to calculate
the differential cross-section for a SM process at a particular order of the relevant
coupling constant (« or ;g depending on the nature of the process). The differential
cross-section yields the probability distribution functions that are used to gener-
ate the events. This step is followed by the simulation of the parton shower and
hadronization of colored objects in the final state that produces jets. These pro-
cesses are described in more detail in Section 2.2.4. Many of the hadrons produced
in this step are unstable and will decay within the detector. This in effect changes
the final state and so must also be included in the simulation.

In addition to the hard scattering event there are a number of other processes
that effect the final state of the collision that are referred to as the underlying
event (UE) and initial and final state radiation (ISR/FSR). The UE includes beam-
beam remnants and multiple parton interactions. Beam-beam remmnants refers to
the partons in the colliding proton-proton pair that don’t participate in the hard
scatter. These partons typically pass straight down the beamline however they
can interact with the particles produced in the hard scatter and thus effect the final
state. Multiple parton interactions (MPI) occur when more than one pair of partons
within the colliding proton pair have hard or semi-hard collisions. ISR/FSR is the
radiation of gluons by the initial and final state partons in the hard scatter. It is
the QCD equivalent of bremsstrahlung radiation in QED where gluons are radiated

instead of photons. The simulation of the UE and ISR/FSR is typically done in the
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Figure 4.4: Diagram of a hard hadronic scattering event [99].

showering and hadronization steps.

Another important part of the MC simulation is the pile-up arising from extra
proton-proton collisions in addition to that associated with the hard scatter of in-
terest. Pile-up includes both pp collisions within the same bunch crossing as the
hard scatter (in-time pile-up) as well as collisions from neighboring bunch crossings
(out-of-time pile-up). The average number of pile-up events per bunch crossing in
2012 was 36.2 [100]. The majority of the collisions that make up pile-up are ”soft”
or low energy collisions. As such, pile-up is simulated by superimposing minimum
bias (min-bias) events over the hard scattering event. Min-bias events are events
selected with a loose trigger intended to select inelastic collisions with as little bias
as possible. They are typically low energy events. The number of min-bias events
added to each hard scatter event is taken from a Poisson probability distribution

function with a mean set by the luminosity and the total min-bias cross-section.
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Pile-up also includes the effects arising from beam-gas and beam-halo events.

A beam-gas event involves a collision between a proton in the beam and a residual
gas particle in the beam pipe within the ATLAS cavern which leads to a measurable
signal in the detector. An ultra high vacuum is maintained in the beam pipe to
reduce the probability of these collisions and ensure a beam lifetime of ~ 100 hours.
The gas in the beam pipe is primarily made up of Hy, CHy, CO and CO2 with
densities of around 10'® molecules/m? per molecular species at the entrance of the
ATLAS cavern. Despite this, collisions between protons in the beam and residual
gas particles in the beam pipe is a non-negligible effect that must be included in the
simulation.

The beam-halo refers to a low density ring of particles in the beam that surround
the core of the bunch at large radial distances compared to the size of the core itself
(16 pm). These particles come from a variety of sources including collisions of
pairs of protons within a given bunch, collisions of protons with gas particles in the
beam-pipe outside the ATLAS cavern and low energy inelastic collisions of protons
in crossing bunches at the interaction point. In each of these cases the collisions can
either knock protons out of the core of the bunch or produce new particles that are
caught in the bending field of the superconducting magnets (see Section 3.1) and thus
follow the bunch as it moves through the LHC beam pipe at large radial distances
up to several meters (for reference the LHC beam pipe has a radius of 29 mm). The
particles in the halo are predominantly charged hadrons such as protons and muons
in order of decreasing flux. These particles can enter the ATLAS detector as the
bunch approaches the interaction point and leave a measurable signal particularly
in the end-cap regions. Further details of beam-gas and beam-halo events can be
found in Ref. [101].

It is common to use different MC generators to simulate the different stages of
the collision. Generators that simulate only the hard scattering of partons from
the calculation of matrix elements in QFT are referred to as Matrix Element (ME)
generators. ME generators calculate the cross-section for a given process using

perturbative QCD to calculate the cross-section for parton interactions and the
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QCD factorization theorem to relate these to the cross-section for pp collisions. A
crucial element in applying the factorization theorem is the Parton Distribution
Function (PDF) for the proton which describes the distribution of the fractional
momentum for each parton species in the proton. Many ME generators are limited
to leading order (LO) calculations where only leading order Feynman diagrams (e.g.
no diagrams containing loops) are considered. These are referred to as LO or tree
level ME generators. There are also generators capable of next-to-leading order
(NLO) calculations, where higher order diagrams with more vertices, are included.
These are referred to as NLO ME generators.

The events produced by ME generators don’t represent actual physical events
since they contain isolated partons that don’t actually exist in the final state due
to color confinement (see Section 2.2.4). Because of this, it is essential that ME
generators are interfaced with generators capable of simulating the parton shower
and hardonization as well as the UE and pile-up. Showering and Hadronization
Generators (SHGs) evolve events produced with ME generators from parton level to
the particles measured in the final state. The parton shower is simulated by allowing
partons to radiate gluons (QCD bremsstrahlung) and allowing partons to split into
pairs of other partons. The partons produced in the shower are then combined into
color neutral hadrons following phenomenological hadronization models tuned to
experimental data. As mentioned above the simulation of ISR/FSR and the UE is
handled by the SHGs. ISR/FSR is included in the parton showering step and beam-
beam remnants and multiple parton interactions are included in the hadronization
step because their products may be color connected to products of the hard scatter.
There are also general purpose MC generators that can be used to simulate the
full collision including the hard scatter, parton shower and hadronization making it
unnecessary to interface with a second generator.

The MC generators used in this analysis are MADGRAPH (MQG) v5.1, PYTHIA
v6.4 and v8.1, SHERPA v1.4 and PROTOS v2.2. MADGRAPH is an LLO ME generator
while PYTHIA, SHERPA and PROTOS are general purpose generators. PROTOS

is specialized for heavy quark production and thus is used for the generation of
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the vector-like quark signals. When MG is used it is interfaced with PYTHIA for
showering and hadronization. More information about each of these generators can
be found in Ref. [102-106].

After the MC samples are generated they are sent through a simulation of the
ATLAS detector based on the GEANT4 simulation toolkit [107,108]. The simulation
accounts for the detector geometry, the layout of each subsystem, the materials each
detector is made of, the principles of detection in each and up-to-date information
about inactive cells and electrical components. It simulates the interaction of the
final state particles in each MC event with the detector, including their bending
due to the magnetic fields in ATLAS as well as EM and hadronic showering in the
calorimeter. It then simulates the response of the detector producing for each final
state particle a set of signals for each of the detector modules through which it passes.
The simulation takes into account up-to-date information about the known response
of the detector and calibration information from test beam data. The full simulation
with GEANT4 is an extremely accurate simulation of ATLAS. A disadvantage of
using GEANTY4 is that it is very time consuming. In fact it is usually the most
time consuming part of the simulation chain. To speed up the process a faster
simulation known as AtlFastIl [109] (AF2) is sometimes applied which consists of
a GEANT simulation of the inner detector and muon spectrometer and a faster
simulation of shower development in the calorimeter based on smearing the MC
truth information with resolutions measured in the full simulation. A reduction of
CPU time of a factor of three can be achieved with AtlFastIl compared with the full
GEANT4 simulation. In cases where both simulations are used the final yields from
each are compared and found to be in agreement within the systematic uncertainty
assigned to the efficiency estimate.

Tables 4.3, 4.4 and 4.2 list the MC simulations used for each of the signal and
background samples in the analysis as well as the generators used to produce them,
the parton distribution function (PDF), cross-section and the detector simulation.

The various background processes are described in detail in Section 7.1.
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ATLAS / Process Generator PDF Cross- K-factor | £ dt [fb~1] | Det.
SamplelD section [pb] sim.
tt+boson(s)

119353 ttW MG+PyTH. CTEQ6L1 0.104 1.17 3284 G4
174830 ttWj excl. MG+PYTH. CTEQ6L1 0.053 1.17 6404 G4
174831 ttWij incl. MG+PyTH. CTEQ6L1 0.041 1.17 8237 G4
119355 ttZ MG+PYTH. CTEQ6L1 0.068 1.35 4377 G4
174832 ttZj excl. MG+PYTH. CTEQ6L1 0.045 1.35 6532 G4
174833 ttZjj incl. MG+PYTH. CTEQ6L1 0.040 1.35 7446 G4
158814 Hwtw- MG+PyTH. MSTW2008 0.0022 1 91730 AF2
ttH
161305 H—-WTw- PyTHIA 8 CTEQ6L1 0.0195 1.43 7014 G4
169072 H—ZZ PyTHIA 8 CTEQ6L1 0.0023 1.45 29300 G4
161719 H—= 1ttt = (th PyTHIA 8 CTEQ6L1 0.0029 1.30 8051 G4
Diboson
185393 WEWE — tviv EWK SHERPA CT10 0.028 0.84 4332 G4
185394 WEW=E — vty QCD SHERPA CT10 0.016 1.04 6007 G4
185396 WZ — ttlv EWK SHERPA CT10 0.082 0.89 6809 G4
185397 WZ — ety QCD SHERPA CT10 2.34 1.27 672 G4
147196 ZZ — el EWK SHERPA CT10 0.0069 1 27120 G4
126894 Z7Z — et QCD SHERPA CT10 8.73 1.11 186 G4
WEW3Ejj from DPI
147281 DPI W+jet Pyruia 8 | CTEQ6L1 |  0.0019 [ 1 10310 [ G4
WH
161455 HS WTW™ = fvgq PYTHIA 8 CTEQS6L1 0.053 1.25 301 G4
161105 H—-WTW~ = v PyTHIA 8 CTEQ6L1 0.012 1.32 1213 G4
161646 H— 1ttt = th PyTHIA 8 CTEQ6L1 0.018 1.18 24060 G4
ZH
161505 H—WTW~ = fvqq PyTHIA 8 CTEQ6L1 0.028 1.38 5623 G4
161155 H—WTW~ — v PyTHIA 8 CTEQ6L1 0.0068 1.43 2058 G4
Triboson
167006 WWW* — bvlvly MG+PYTH. CTEQ6L1 0.0051 1 9811 G4
167007 ZWW™* — Lelvly MG+PyYTH. CTEQ6L1 0.0016 1 32160 G4
tWZ
179991 Z U MG+PyTa. | CTEQ6LL [ 0.0041 | 1 24211 [ G4
tH
189200 H—-WW MG+PYTH. CT10 0.00366 1 273596 G4
189203 H—ZZ MG+PyYTH. CT10 0.00981 1 1113855 G4
189204 H— 7171 MG+PYTH. CT10 0.000449 1 465374 G4

Table 4.2: Monte Carlo samples used for the background estimation (¢ means any
kind of charged lepton). The sample identifier is the sample number in the ATLAS
production. The K-factor is the rescaling factor between LO and NLO cross-sections.
L is the integrated luminosity corresponding to each sample, in fb~!. MG+PYTH.
means MADGRAPH followed by PyTHIA. [110]



117

Table 4.3: Monte Carlo samples for the various vector-like quark signals. The
sample identifier is the sample number in the ATLAS production. Note that the
pair production cross section is the same for all heavy quarks (¥, vector-like B, and
vector-like T).

Sample | Mass | Generator PDF Cross- Events | Detector
( GeV) section [pb] simulation
Vector-like B pair production
180308 350 Protos MSTW2008LO 5.32 238000 AF2
180265 400 Protos MSTW2008LO 2.39 249499 | AF2, G4
180310 450 Protos MSTW2008LO 1.15 250000 AF2

180312 500 Protos MSTW2008LO 0.589 250000 AF2
180314 550 Protos MSTW2008LO 0.315 249000 AF2
158937 600 Protos MSTW2008LO 0.174 150000 | AF2, G4
180316 650 Protos MSTW2008LO 0.0996 248999 AF2
180318 700 Protos MSTW2008LO 0.0583 499000 AF2
180320 750 Protos MSTW2008LO 0.0349 249000 AF2
180267 800 Protos MSTW2008LO 0.0212 250000 | AF2, G4
180322 850 Protos MSTW2008LO 0.0131 248000 AF2
Vector-like T pair production

180307 350 Protos MSTW2008LO 5.32 249999 AF2
180264 400 Protos MSTW2008LO 2.39 250000 | AF2, G4
180309 450 Protos MSTW2008LO 1.15 250000 AF2

180311 500 Protos MSTW2008LO 0.589 249500 AF2
180313 950 Protos MSTW2008LO 0.315 250000 AF2
158936 600 Protos MSTW2008LO 0.174 99999 | AF2, G4
180315 650 Protos MSTW2008LO 0.0996 250000 AF2
180317 700 Protos MSTW2008LO 0.0583 497999 AF2
180319 750 Protos MSTW2008LO 0.0349 250000 AF2
180266 800 Protos MSTW2008LO 0.0212 249000 | AF2, G4
180321 850 Protos MSTW2008LO 0.0131 250000 AF2
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Table 4.4: Monte Carlo samples for the 75,3 signals. Note that the pair production
cross section is the same for all heavy quarks (vector-like B, vector-like T', and T5/3).

Sample | Mass Generator PDF Cross- Events | Detector
(GeV) section [pb] simulation
Pair production
188554 600 | MG5+PyTHIAS | CTEQ6L1 0.174 100000 AF2
188555 650 | MG5+PyTHIA8 | CTEQG6L1 0.0996 99999 AF2
188556 700 | MG5+PyTHIA8 | CTEQGL1 0.0583 100000 AF2
188557 750 | MG5+PyTHIA8 | CTEQ6L1 0.0349 100000 AF2
188558 800 | MG5+PyTHIAS | CTEQ6L1 0.0212 100000 AF2
188559 850 | MG5+PyTHIA8 | CTEQG6L1 0.0131 100000 AF?2
188560 900 | MG5H+PyTHIAS | CTEQG6L1 0.00819 100000 AF2
188561 950 | MG5+PyTHIA8 | CTEQG6L1 0.00517 99999 AF2
188562 | 1000 | MG5+PyTHIAS | CTEQ6L1 0.00329 100000 AF2
Single production A =1
188565 600 | MG5+PyTHIAS | CTEQ6L1 0.0217 100000 AF2
188566 650 | MG5+PyTHIA8 | CTEQG6L1 0.0147 99999 AF?2
188567 700 | MG5+PyTHIAS | CTEQGL1 0.0101 100000 AF2
188568 750 | MG5+PyTHIA8 | CTEQG6L1 0.0071 100000 AF2
188569 800 | MG5H+PyTHIAS | CTEQ6L1 0.005 100000 AF2
188570 850 | MG5+PyTHIAS | CTEQG6L1 0.00364 99000 AF2
188571 900 | MG5+PyTHIAS | CTEQ6L1 0.0026 100000 AF2
188572 950 | MG5+PyTHIA8 | CTEQG6L1 0.0019 100000 AF2
188573 | 1000 | MG5+PyTHIAS | CTEQ6L1 0.0014 100000 AF2
Single production A = 0.5
188576 600 | MG5+PyTHIAS | CTEQ6L1 0.0054 99999 AF2
188577 650 | MG5+PyTHIAS | CTEQG6L1 0.0037 100000 AF2
188578 700 | MG5+PyTHIAS | CTEQGL1 0.00254 100000 AF2
188579 750 | MG5+PyTHIA8 | CTEQGL1 0.00177 100000 AF2
188580 800 | MG5+PyTHIA8 | CTEQG6L1 0.00125 100000 AF2
188581 850 | MG5+PyTHIAS | CTEQ6L1 0.0009 100000 AF2
188582 900 | MG5+PyTHIA8 | CTEQG6L1 0.00065 99999 AF2
188583 950 | MG5+PyTHIAS | CTEQ6L1 0.00048 100000 AF2
188584 | 1000 | MG5+PyTHIAS | CTEQ6L1 0.00035 100000 AF2
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CHAPTER 5

Event Reconstruction and Object Identification

The data collected by the ATLAS detector consists of the digitized electrical re-
sponse from a large number of readout channels. It is recorded as bitstream or raw
data. In order to facilitate the analysis of the proton-proton collisions these readout
signals are used to reconstruct a picture of what particles were produced in the final
state and what their properties were. Event reconstruction is the process of using the
raw data to build detector objects such as tracks, vertices and energy clusters and
ultimately physics objects such as particles and jets. Object identification refers to
the algorithms used to identify specific particle species such as electrons and muons
according to criteria placed on the reconstructed final state objects. These algo-
rithms are designed to optimize signal efficiency and background rejection and to
provide the best possible measurements of physical quantities. They are developed
and tested using data and Monte Carlo simulated samples. Object definitions vary
depending on the analysis. Generally each analysis follows the definitions recom-
mended by the Physics Analysis (PA) group to which it belongs within ATLAS.
Each PA group is devoted to a specific area of research (e.g. Top, Higgs, SUSY).
For this analysis the important physics objects that must be defined are jets, b-jets,

electrons, muons and missing transverse momentum (FEF').

5.1 Object Identification

The identification of electrons, muons and jets and the calculation of missing trans-
verse momentum in this analysis generally follow the recommendations of the Top
PA Group known as TopCommonObjects2012 [111]. Instances where the definitions
used in this analysis deviate from these recommendations are noted. The variables

used to describe these final state objects are the transverse momentum pr measured
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in the inner detector and muon spectrometer (for muons), transverse energy FEr
measured in the calorimeter, the azimuthal angle ¢ and the pseudorapidity n (de-
fined in terms of the polar angle with respect to the z-axis in Eq. 3.1). In addition to
these, other variables describe the event as a whole. These include the angular sep-
aration between different final state objects defined as AR = \/W and the
missing transverse momentum described in detail below. These variables are used
in the selections that define each of these objects in the final state. Before applying
object level selection criteria an event must meet some minimal requirements. Each
event is required to have at least one vertex formed from at least five particle tracks
with a pr> 0.4 GeV. In cases where more than one such vertex exists the primary
vertex is defined as the vertex with the largest scalar sum of the pt of the tracks

associated with it.

5.1.1 Jets

Jets are reconstructed by combining energy clusters in the calorimeter according to
the anti-k; algorithm described in detail in Ref. [112-114]. The anti-k; algorithm
represents an extension of a class of sequential recombination algorithms that build
jets by recombining entities, such as particles (in the case of MC simulation) or

calorimeter clusters, according to the distance parameters d;; and d;p defined as:

A2
dij = min(kil', k) o5

R2

_ 1.2p
diB — kti

d;; is the distance parameter between entities ¢ and j and d;p is the distance pa-
rameter between entity ¢ and the beam. A;; = (y; — y;)* + (¢ — ¢;)? where y and
¢ are the rapidity and azimuth respectively. R is a constant which is set to 0.4 for
the jest used in this analysis. The algorithm proceeds by identifying the smallest
distance d;; or d;p for all < and j on the list of entities. If the smallest distance is a
d;j, entities ¢ and j are recombined. If the smallest distance is a d;p, it is labeled a

jet and removed from the list. In addition to the radius parameter R the parameter
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p is included to govern the relative power of the energy scale versus the geometrical
scale A;;. Setting p = 0 defines the Cambridge/Aachen (CA) algorithm. This es-
sentially removes the energy scale entirely and simply recombines entities based on
their angular separation alone, starting from the entities that are closest together.
Setting p = 1 defines the k; algorithm which scales the distance parameters so that
lower energy entities are recombined before higher energy entities. Setting p = -1
defines the anti-k; algorithm which is used to reconstruct jets for this analysis.
The anti-k; algorithm is designed to recombine high energy entities before low
energy entities. This choice of the value of p exhibits some clear advantages over
the values that define the CA and k; algorithms. The main advantage is that the
reconstructed jets are less sensitive to the presence of soft radiation in the event.
This is desirable since soft radiation is subject to large random fluctuations on a
jet-by-jet basis. The size, shape and location of the jets reconstructed by the anti-k;
algorithm are effected far less by variations in the amount of soft radiation. Fig-
ure 5.1 shows the distribution of the active area of jets in simulated dijet events for
a number of jet finding algorithms. The distribution for the anti-k; algorithm can
be closely approximated with a d-function around the value 7 R2. The distributions
for the other algorithms show a much broader spread of values reflecting their sen-
sitivity to variations in the level of soft radiation in each event. In addition to this,
anti-k; jets tend to be roughly circular in shape in (y,¢) space. This is a consequence
of the fact that the jet is initiated by recombining the hardest entities first. The
location of the jet axis changes very little after the initial recombination since the
entities recombined thereafter are comparatively low energy. In both the CA and k;
algorithms the jet axis wanders significantly in (y,¢) space as the jet is being built
leading to an irregular shape. This can be seen in the Fig. 5.2 which shows a sam-
ple parton-level event generated with Herwig reconstructed with four different jet
finding algorithms. The circular shape characteristic of anti-k; jets is beneficial for
a number of reasons. In particular it simplifies the implementation of jet grooming

techniques designed to account for the effect of pile-up in jet reconstruction.
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Figure 5.1: Distribution of active jet area in dijet events generated with PYTHIA6.4
with a minimum pr of 1 TeV. Only the two hardest jets have been kept with a further
requirement that | y |[< 2. The distribution obtained with anti-k; is compared with
that obtained with a number of other algorithms. [112]
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Figure 5.2: A sample parton level event generated with Herwig together with many
soft random ”ghosts”, reconstructed with four different jet algorithms. The shape
of the jets produced by the CA and k; algorithms depends on the specific sets of
ghosts used and changes when the ghosts are modified. [112]

Before combining calorimeter clusters to form jets the clusters are recalibrated
using the local cell signal reweighting (LCW) method [115]. The clusters are origi-
nally calibrated at the EM scale, which correctly measures the energy deposited in
the calorimeter by particles produced in electromagnetic showers. The LCW method
recalibrates the energy of the clusters in order to better account for the response of
the calorimeter to hadrons. This calibration aims at an improved resolution com-
pared to the EM scale by partially correcting the signals from hadronic deposits and
thus reduces fluctuations from the non-compensating nature of the ATLAS calorime-
ter. Dedicated corrections address effects of calorimeter non-compensation, signal

losses due to noise threshold effects and energy loss in non-instrumented regions
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close to the cluster. The TopCommonObjets recommendation for 2012 was to use
jets build from clusters calibrated at LCW scale. This is different from top analyses
using 2011 data, where jets at the (EM) scale were used.

Jet quality selection criteria are used to distinguish between high pr jets pro-
duced in proton-proton collisions and background jets arising from a variety of
sources including beam-gas and beam-halo events (described in Section 4.1) and
calorimeter noise. Four levels of jet quality known as Looser, Loose, Medium and
Tight are defined by placing cuts on discriminating variables. Each successive jet
quality level applies stricter cuts and thus has higher background rejection and lower
efficiency for reconstruction of good jets. In order to distinguish between good jets

and bad jets it is necessary to distinguish good energy deposits from noise. The

LAr

a7) is a measure of how closely the pulse shape in a calorimeter

pulse quality (Q
cell matches the expectation from showering particles. Energy deposits arising from
particles showering in the calorimeter cause a characteristic pulse in the calorimeter
cells that can be used to distinguish ionization signals from noise. The pulse quality
is defined as the quadratic difference between the actual and expected pulse shape

summed across the five measurements that constitute the pulse. It is given by the

expression

chll = Z?:l(‘sj - Ag;?hy3>2

where s; are the amplitudes of each measurement, A is the total measured am-

plitude of the pulse and ¢"¥*

i~ 1s the normalized predicted ionization shape. The

variables used to discriminate between good jets to be used for physics analysis and

background jets are the following:
o frar: fraction of energy in LAr calorimeter cells
e fupc: fraction of energy in HEC calorimeter cells

e (Q): average pulse quality of calorimeter cells (Q.ey;) in the jet weighted by the

square of the cell energy.

° fQLAT: fraction of energy in LAr calorimeter cells with poor signal shape quality
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(QE4r> 4000)

cell

° féqEC: fraction of energy in HEC calorimeter cells with poor signal shape

quality (Q7EC~ 4000)

cell

The specific cuts placed on these variables for each jet quality level are given in
Table 5.1. These criteria were optimized by studying events enriched with good jets
and background jets in both MC simulated samples and data collected in 2011 at
a center-of-mass energy of 7 TeV [116]. Reconstruction efficiencies were measured
for each jet quality selection using the tag-and-probe method with dijet events.
These efficiencies are shown in Fig. 5.3 as a function jet pr for eight different n
ranges. The Loose jet quality selection is adopted for this analysis as recommended
by TopCommonObjects2012 [111].

In addition to the cuts listed in Table 5.1 the jets used in this analysis must
satisfy a number of other requirements. They must have pp> 25 GeV and | n | <
2.5. The jet energy is re-calibrated to the hadronic energy scale using n and pr
dependent corrections that are determined from collision and test beam data as
well as simulations [115]. To mitigate the effect of pile-up (see Section 4.1) the
jet-vertex-fraction (JVF) [117] is defined as the ratio of the scalar sum of the pr of
the tracks within the jet originating from the primary vertex to the scalar sum of
the pr of all tracks matched to the jet. For jets without associated tracks JVF = -1.
Jets with pr< 50 GeV, | | < 2.4 are required to have |JVF| > 0.5. Jets that have
pr> 50 GeV or | n | > 2.4 have no requirement placed on JVF. In order to avoid
reconstructing electrons as jets the latter are required to be separated from Medium
electrons with an angular separation AR(e,jet) of at least 0.2. Jet candidates which
fail this requirement are not reconstructed as jets and the calorimeter cluster is

associated with the electron.
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Looser Loose
HEC spikes (fuec > 0.5 and | fSEt |> 0.5 and (@) > 0.8) | Looser or

or | Eneg |> 60 GeV (fuec > 0.5 and | fSEC |>0.5)
Coherent (fem > 0.95 and fé‘“ >0.8and (Q) > 0.8 | Looser or
EM noise and|n|< 2.8) (fem > 0.95 and f{'i’“ >0.8and|n|<2.8)
Non-collision | (fnax > 0.99 and | 77 |< 2) Looser or
background or (fsm < 0.05 and fi, < 0.05and | 5 |< 2) | tier |> 25 ns

or (fpm < 0.05and | 77 |= 2)

(a) central region

Medium Tight
HEC spikes Loose or Medium

Suec > 1-| ngc |
Coherent Loose or Medium or
EM noise (fim > 0.9 and f{'i“ >08and|75|<2.8) f{gAr > 0.95

or (fim > 0.98 and f5*" > 0.05)

Non-collision | Loose or Medium or
background | tier |> 10 ms (fim < 0.1 and fonb < 0.2 and | 77 |< 2.5)

or (fim < 0.05 and fi, < 0.1 and | 77 |[< 2) or (fgm > 09and fih < 0.1 and | 57 |< 2.5)

or (fgm > 0.95and foh <0.05and | n]|<2) | or (feh < 0.01 and | 77 |< 2.5)

or (fsm < 0.1 and | 77 |2 2.5)

(b) forward region

Table 5.1: Criteria used to identity fake jets for the Looser, Loose, Medium and
Tight selections. HEC spikes and Coherent EM noise are two types of calorimeter
noise, while Non-collision background refers to energy depositions due to beam-gas
and beam-halo events. [116]
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Figure 5.3: Jet reconstruction efficiencies for each of the four selection criteria
(Looser, Loose, Medium and Tight) as a function of pr for eight n bins, from | 7 | <
0.3 (top-left) to 2.5 < | n | < 2.8 (bottom-right). The efficiencies are extracted from
both tag-and-probe measurements using dijet events in minbias data as well as dijet
MC simulations. [116]
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5.1.2 DB-tagging

An important part of the selection criteria for this analysis is the identification of jets
containing b-hadrons, known as b-jets. The techniques implemented in this analysis
for identifying b-jets follow those recommended in TopCommonObjects [111]. B-jets
are distinguished from light flavor jets in a number of ways. The main feature of
b-jets that allow them to be distinguished from light flavor jets is the long lifetime
of the b-hadron, which leads to tracks with large impact parameters and secondary
vertices within the jet. In addition to this, b-hadrons have large mass and large
branching ratio for leptonic decay compared with light flavor jets. Multivariate
algorithms exploit these differences to tag jets which have high probability of con-
taining a b-hadron. The b-tagging algorithm used in this analysis, known as MV1,
is a neural network-based algorithm which combines the output of three separate
tagging algorithms: IP3D, SV1 and JetFitterCombnNN. Each of these tagging algo-
rithms is designed to discriminate between b-jets and light flavor jets by exploiting
particular features of b-jets. IP3D uses the impact parameter of tracks in jets while
SV1 looks for secondary vertices. JetFitterCombnNN uses similar variables as SV1
and additional variables such as flight length significances of the vertices. A full
description of these individual tagging algorithms can be found in Ref. [118].

MV1 returns a value for each jet that characterizes the likelihood that it con-
tains a b-hadron. Jets are then classified as b-jets if the MV1 value is greater than a
threshold value chosen to correspond to a particular b-tagging efficiency. B-tagging
efficiency is defined as the fraction of true b-jets which are identified as b-jets by the
tagging algorithm. The c-jet mistag rate is the percent of jets containing c-quarks
that are mistakenly identified as b-jets by the tagging algorithm. The light-jet re-
jection rate is the reciprocal of the light jet mistag rate, which is the fraction of true
light flavor jets which are mistakenly identified as b-jets by the tagging algorithm.
These quantities are measured using a tt MC simulated sample. Figure 5.4 shows
the light-jet rejection plotted against b-tagging efficiency for the MV1 tagging algo-

rithm. For each b-tagging algorithm and jet collection a set of operating points are
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defined based on the b-tagging efficiency. These operating points are summarized
in Table 5.2. The operating point used in this analysis is that for the MV1 tagging
algorithm and LCW - jets corresponding to a 70% b-tagging efficiency: 0.7892
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Figure 5.4: The rejection rate of light jets and c-jets for the individual tagging
algorithms as a function of the tagger’s efficiency. In addition to the rates for the
MV1 algorithm the rates for SVO and MVl1c are also shown. The MVlc tagging
algorithm is identical to MV1 except that it is trained to optimize rejection of c-jets.
It can be clearly seen that it has better c-jet rejection in the region of low b-tagging
efficiency. [111]

tagger | e°[%] | weight | RFyen | RF. | RF. | weight | RFy | RF.| RF.
LC - jets EM - jets

MVI | 80 0.3511 25.18 | 3.08 5.39 || 0.3900 27.13 | 3.09 5.64

MVI | 70 0.7892 | 136.66 | 497 | 13.24 || 0.8119 | 150.00 | 499 14.07

MVI1 | 60 0.9827 | 58494 | 793 | 23.69 || 09867 | 651.81 | 798 2521

MVic | 57 0.8641 | 621.02 | 13.28 | 4942 || 0.8674 | 624.37 | 13.35 @ 47.23

MVic | 50 0.9195 | 1472.63 | 25.60 | 119.29 || 0.9237 | 1388.28 | 26.22 | 120.33

Table 5.2: Operating points for b-tagging algorithms with LCW /EM-jet collection
determined from ¢t MC simulation using a JVF > 0.5 cut for jets with pp> 50 GeV
and | n | < 2.4. [111]

In order to apply the results of the MV1 algorithm in the analysis the b-tagging
efficiency must be measured in data and compared with the value in MC simulation.

Scale factors are calculated as the ratio of the b-tagging efficiency in data and MC
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simulation:
data
jodata/MC _ %
€ - _MC
€

Similar scale factors are calculated for the c-jet mistag rate and light jet rejection
rates. These scale factors are then used to correct the MC to agree with data.
This is done to account for the fact that the detector simulation applied to the
MC samples does not perfectly simulate the detector response. The scale factors
are parametrized as a function of n and pr of the jet. A variety of techniques
are implemented to measure the efficiencies in data. They are described in detail
in Ref. [111]. To improve the precision of the b-tagging efficiency calibration, a
combination of the results from each technique is produced to determine the best
estimate for the scale factors. Table 5.3 summarizes the combination of techniques
considered for each jet collection and tagging algorithm. The scale factors used
in this analysis are calculated from a combination of the System8, tag-and-probe
and kinematic selection techniques. The System8 technique measures the b-tagging
efficiency by selecting events containing jets with associated muons. Because of
semileptonic decay of b-hadrons this sample is naturally enriched in b-jets. Both
the tag-and-probe and kinematic selection techniques measure the efficiency in a
sample of ¢t events selected by requiring an ey pair and at least one b-tagged jet.
In the tag-and-probe technique the events are required to have only one additional
jet, assumed to be b-jet since the sample is populated primarily by ¢t events, which
is then used as the probe. In the kinematic selection technique an expression relates
the total number of tagged jets to the b-tagging efficiency and mistag rates. The
mistag rates are taken from simulation and the expression is solved for the b-tagging
efficiency. Figure 5.5 shows b-tagging data-to-simulation scale factors for each of
these techniques as well as the combination plotted against jet pr. Figure 5.6 shows
the c-tagging efficiencies and data-to-simulation scale factors plotted against jet
pr. Figure 5.7 shows the mistag rates and data-to-simulation scale factors plotted
against jet pr in the central and forward regions.

The uncertainties on these scale factors lead to a systematic uncertainty on the
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MC event yields associated with b-tagging that is described in Section 8.1.3.

| Jet collection | JVF cut | Taggers | System8 ] KinSel | Tag and Probe | PDF method |
AntiKt4TopoEM | - MVI,MVlc | X X
AntiKt4TopoEM | > 0.5 MV1 X X
AntiKt4TopoEM | > 0.5 MVic X X
AntiKt4TopoL.C | - MVI,MVlic | X X
AntiKt4TopoL.C | > 0.5 MVI,MVlic | X (3-jet bin) | X

Table 5.3: Calibration methods used to determine the data-to-simulation scale fac-
tors and their uncertainties for each jet collection. The jet collection relevant for
this analysis is AntiKt4TopoL.C with JVF cut shown in the final row. [111]
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Figure 5.5: The b-tagging efficiency data-to-simulation scale factor for the MV1
tagging algorithm at 70% efficiency for LCW-jets. [111]
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Figure 5.6: The c-jet mistag rate in data and simulation and the data-to-simulation
scale factor for the MV1 tagging algorithm at 70% efficiency for LCW-jets. [111]
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5.1.3 Electrons

Electrons are reconstructed from an energy cluster in the calorimeter with a good
quality track pointing to it in the inner detector. The shape and size of the energy
cluster must be consistent with that arising from an electromagnetic (EM) shower.
Typically EM showers produce clusters that are smaller, more dense and don’t
penetrate as far into the calorimeter as compared with the hadronic clusters used
to reconstruct jets. Electron candidates must pass the ATLAS electron quality cuts
which include requirements on cluster shape and track quality [119]. The complete
list of variables used in the definition of the three levels of electron quality known
as Loose, Medium and Tight are shown in Table. 5.4. The identification efficiencies
for each of these electron quality levels were measured using the tag-and-probe
method on Z — ee data collected in 2012 and using Z — ee MC simulations. These
efficiencies are shown in Fig. 5.9 for a variety of  and pr bins. The electrons used
in this analysis are required to be Tight. For some aspects of the analysis, such
as the removal of jets that overlap electron candidates and the estimation of the
fake/non-prompt lepton background described in Section 7.2, the looser Medium
quality criteria is used.
In addition to these quality criteria, electrons must have Er> 25 GeV and

| Netuster | < 2.47, excluding the region (1.37 < | Neuster | < 1.52) where the calorime-
ter is not well instrumented. The impact parameter of the electron track with respect
to the primary vertex is required to be less than 2mm in the z direction and less
than 1mm in the transverse direction. Isolation requirements are imposed following
the ”mini-isolation” scheme in which a cone radius is set depending on the pr of the
electron: AR = 10 GeV/ pr. The summed pr of all tracks within the cone other
than the electron track must be less than 0.05xpt of the electron. This scheme is
used in order to reduce unwanted rejection of boosted electrons from the decay of
high pr W/Z bosons in the final state of energetic events [120]. Higher pr electrons
have a smaller isolation cone and thus a weaker isolation cut. This isolation scheme

is different from that recommended for electrons in TopCommonObjects2012 where
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fixed radius Er and pr cone isolation cuts are used instead. Electrons must also be
well isolated from jets that pass the above jet selection criteria. Any electron that
falls within a cone of radius 0.4 of a jet is removed from the event.

Electrons satisfying these criteria are referred to as tight. For the purposes of
estimating the fake/non-prompt lepton background a loose electron is defined by
relaxing or removing some of these criteria. To be clear, this is distinct from the
Loose electron quality level mentioned above. The loose definition is equal to the
tight with the isolation requirement removed and the electron ID criteria relaxed
from Tight to Medium. However the requirement of a hit in the innermost layer
of the pixel detector (included in Tight but not Medium) is retained in the loose
definition in order to veto electrons from photon conversions. The full explanation
of the fake/non-prompt lepton background estimation is given in Section 7.2. The
definitions of loose and tight electrons are also important for the event selection

described in Chapter 6.
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Categnry Description Variahle
lonae
Acceptance |7y = 2.47
Hadronic leakage In |5 < 0.8 and ;| = 1.37: ratio of Bt in the fiest layer of the hadronic Rhad.1
calarimeter to Fr of the EM cluster
In (L8 < [ < 1.37: ratio of B in whole hadronic calerimeter to FE of the Rena
EM cluster
Middle layer of the EM Ratio of energies in 3 x 7 cells over T x 7 cells iy
Lateral width of the shower W3
Frant layer of the EM Total shower width LT
Energy difference of the largest and second largest energy deposits in the Erntio
cluster divided by their sum
Track quality and track—cluster  Number of hita in the pixel detectar (> 0)
matching
Number of hits in the silicon detectars (> 7)
| An| between the cluster position in the firat layer and the extrapolated track Ay
(= 0.015)
medivm (ineludes loose with tighter requirements on shower shapes)
Track quality and track—cluster  Number of hita in the b-layer = 0 for |g) < 2.01
matching
Mumber of hits in the pixel detector = 1 for |n) = 2.01
Transverse impact parameter |dg| < 5 mm dy
Tighter |An; | cut {< (L005)
THI Loose cut on TRT high-threshold fraction
fight (includes meditm)
Track quality and track—cluster Tighter transverse impact parameter cut {|r.!n| <= 1 mm)
matching
Asymmetric cut on Ad between the cluster position in the middle layer and Adh
the extrapaolated track
Ratio of the cluster energy to the track momentum Eip
THTD Total number of hits in the TRT
Tighter cut on the TRT high-threshald fraction
Conversions Reject electron candidates matched to reconstructed photon conversions
(a) central region
Category Description Variable
Acceptance 25 < <49
Shower depth Distance of the shower barycentre from the calorimeter front face  Acentre
measured along the shower axis
Maximum cell energy Fraction of cluster energy in the most energetic cell Sfmax
Longitudinal second moment Second moment of the distance of each cell to the shower centre in (A%)
the longitudinal direction (X;)
Transverse second moment Second moment of the distance of each cell to the shower centre in (r?)
the transverse direction (r;)
Normalised lateral moment w2 and wmax are second moments of r; for different weights per cell m
Normalised longitudinal mo- Iz and I, are the second moments of A; for different weights per cell TP

ment

(b) forward region

Table 5.4: Variables used in Loose, Medium and Tight electron identification criteria
in the central (] n | < 2.47) and forward (2.5< | n | < 4.9) regions in ATLAS [121]
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Figure 5.8: Electron identification efficiencies as a function of n for four Et bins,
from 20-25 GeV (top-left) to > 40-45 GeV (bottom-right). The efficiencies are
extracted from both tag-and-probe measurements in Z — ee data collected in 2012
as well as with Z — ee MC simulations. The lower plots show the ratio of the
efficiencies measured with data to those measured with MC simulations. [119]
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Figure 5.9: Electron identification efficiencies as a function of n for four Et bins,
from 45-50 GeV (top-left) to > 80 GeV (bottom-right). The efficiencies are extracted
from both tag-and-probe measurements in Z — ee data collected in 2012 as well
as with Z — ee MC simulations. The lower plots show the ratio of the efficiencies
measured with data to those measured with MC simulations. [119]
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5.1.4 Muons

Muons are reconstructed from a combination of tracks in the inner detector and the
muon spectrometer and to a lesser extent energy deposits in the calorimeter. There
are several different ways to reconstruct muons depending on the information that is
available from each detector system. The different types of reconstructed muons are
Stand-Alone (SA), Combined (CB), Segment-tagged (ST) and Calorimeter-tagged
(CaloTag). SA muons are reconstructed entirely from tracks in the muon spectrom-
eter. The parameters of the muon track at the interaction point are determined
by extrapolating the track back to the point of closest approach to the beam-line.
For CB muons, tracks are reconstructed independently in the inner detector and
muon spectrometer and then combined. An ST muon consists of a track in the
inner detector that when extrapolated to the muon spectrometer is associated with
at least one local track segment in the MDT or CSC chambers. A CaloTag muon is
a track in the inner detector that can be associated with an energy deposit in the
calorimeter consistent with the passage of a minimum ionizing particle. CB muons
are the most commonly used and have the highest muon purity. ST and CaloTag
muons are primarily used in regions where the acceptance of the muon spectrometer
is compromised due to structural elements and electronics. An example of this is
in the very central region (n ~ 0) where the muon spectrometer is only partially
equipped with chambers to allow for services for the inner detector and calorimeter.

The reconstruction efficiencies for each muon type were measured with the tag-
and-probe technique using Z — pp and J/¢ — pp events in data collected in
2011-2012 at /s= 7-8 TeV. Complementary measurements were made using Z —
ppe MC simulated samples and found to be in agreement with those measured in
data [122]. These efficiencies are shown Fig. 5.10. For this analysis, only CB muons

are considered.
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Figure 5.10: Reconstruction efficiencies for CB (top-left), CB+ST (top-right) and
CaloTag (bottom-left) muons as a function of muon pr for muons with 0.1 < | n | <
2.5 for CB and CB+ST muons and | | < 0.1 for CaloTag muons. The CB and
CB+ST efficiencies are measured with both Z — pp and J/v — pp events in data
where the J/¢ — pp events were used specifically for low pr muons (shown in
the insert). The CaloTag efficiencies are measured with Z — pu events only. The
reconstruction efficiencies for each type of muon is shown as a function of 7 in the
bottom-right. [122]

Once a CB muon has been reconstructed it must pass a series of additional
cuts in order to be used in this analysis. The muon must have pr> 25 GeV and
| m | < 2.5. As for electrons muons are also required to originate from within
2mm of the primary vertex in z and be isolated according to the mini-isolation
scheme. Unlike electrons mini-isolation is the isolation scheme recommended for
muons by TopCommonObjects2012. Muons are also required to be isolated from

jets. Any muon that falls within a cone of radius AR = 0.04 + 10 GeV/pt of a
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jet is removed from the event. This muon-jet isolation requirement is different from
that recommended by TopCommonObjects2012 where a fixed cone radius of AR
= 0.4 is used. Using a variable cone radius that decreases with muon pr allows
for the reconstruction of a larger percentage of boosted muons from the decay of
high energy particles in the final state. Another requirement added to this analysis
that is not part of the TopCommonObjects2012 recommendations is a cut placed
on the significance of the transverse impact parameter of the muon, defined as
| d0siq |=| j—; | where d0 is the projection of the impact parameter of the muon in
the transverse direction. | dOyq | is required to be less than 3 in order to reduce the
non-prompt muon background arising from secondary muons from the decay of final
state particles. Events that contain two muon tracks with an angular separation in
the transverse plane (A¢) greater than 3.1 such that they may have come from
the passage of a cosmic muon through the interaction point are rejected. Events
containing an electron and muon candidate that share a track in the inner detector
are also rejected.

Muons satisfying these criteria are referred to as tight. As for electrons in cer-
tain aspects of the analysis such as the estimation of the fake/non-prompt lepton
background a looser muon definition is used. The loose definition is obtained from
the standard definition described here by removing the isolation requirement. The

definition of loose and tight muons is important for the event selection described in

Chapter 6.

5.1.5 Missing Transverse Momentum

Missing transverse momentum (FEX%) is defined as the momentum imbalance in the
plane transverse to the beam axis. This imbalance represents the energy carried
away by particles such as neutrinos that escape the detector without interacting. It
is the negative of the vector sum of the pr of all objects and energy deposits in the
event. The calculation relies on the assumption that momentum is conserved in each
collision. Since the momentum in the transverse direction is initially zero it must

be zero in the final state. It follows that the transverse momenta of all final state
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particles should sum to zero. However not all final state objects leave a signal in the
detector, so their transverse momenta are missing from the sum. The calculation
of Em includes contributions from energy deposits in the calorimeter and muons
reconstructed in the muon spectrometer. More details on the calculation can be
found in Ref. [123]. The calculation is validated by comparing distributions of EMss
in data to the true E& in MC simulations for Z — ¢¢ and W — (v events. The
true £ in MC samples is determined from the presence of neutrinos (for W — (v
events), particles that are outside the 7 acceptance of the detector and instrumental

effects such as punch-through or the failure of the detector to reconstruct low pr

objects.
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Figure 5.11: Distribution of ER as measured in data samples of W — ev (left) and
Z — pp (right) events. The expectation of Monte Carlo simulation is superimposed
and normalized to data after each MC sample is weighted to its corresponding cross-
section. The lower part of the plots show the ratio of data over MC. [123]
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CHAPTER 6

Event Selection

An extremely important feature of a particle physics search is the definition of the
signal region. It is what defines the search and makes it distinct from other searches
carried out with the same experiment. It is typically defined in order to maximum
the expected limits 4 for a particular signal or a collection of signals that have
a similar signature in the detector. This ensures a high likelihood of discovery if
the signal exists, or strong exclusion if it does not. The signal region is already
partly defined by the choice of trigger(s) and the object definitions discussed in
Chapter 4 and Chapter 5 respectively. These trigger and object level selections
are generally not unique to a particular analysis but rather are used by a range
of analyses that share some common features of their final state. As such data
sets with these selections applied are centrally produced by the ATLAS experiment.
Subsequently a more analysis-specific event selection is applied to these data sets to

further increase the significance for the signal(s) of interest.

6.1 Preselection

The basic preselection applied to all events is the following:
e the event must pass one of the single lepton triggers defined in Section 4.1
e the event must be in a run/LumiBlock on the Good Runs List (GRL)

e the event must contain at least one primary vertex with at least 5 tracks with

pr> 0.4 GeV

Hthe exclusion limits one could expect to set in the absence of any signal ( see Section 9.1)
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e the event is rejected if any quality criteria are not fulfilled (no overlap between
an electron and a muon, no bad jet, no LAr noise burst, no cosmic-like pair of

muons, no Tile error or trip, not incomplete event),
e the event must contain at least two jets
e the event must have B> 40 GeV

After this preselection, the events are separated into two different channels based

on the highest pr leptons in the event:
e if the three highest pr leptons are tight, the event is a trilepton event,

e if there are only two tight leptons amongst the three highest pr leptons in the

event, it is a dilepton event.

6.1.1 Same-sign dilepton channel

In the same-sign dilepton channel, after the previous basic preselection, the specific

preselection is:

e two of the three highest pr leptons must be tight, if a third lepton is present,

it should not be tight (otherwise it is a trilepton event, see below),
e these two leptons must have the same electric charge,

e if the two leptons are electrons (e*e*), a quarkonia/Z-veto is applied on the

mass of the two leptons mee: me. > 15 GeV and |mg. —91 GeV| > 10 GeV, 1
e one of the two leptons must match the trigger.

With this preselection, the fake/non-prompt background can be determined by ap-
plying the 4 x 4 matrix method described in detail in Section 7.2.1.

15This is to reduce the background from electron charge misid and thus is not needed for eu or
Jpb pairs
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6.1.2 Trilepton channel

In the trilepton channel, after the basic preselection described previously, the pres-

election requirements are:
e the three highest pr leptons must be tight,
e one of the three leptons must match the trigger.

With this preselection, the non-prompt /fake background can be determined by ap-
plying the 8 x 8 matrix method to the three leading leptons.

6.2 Optimization

Events containing vector-like quarks are characterized by a large number of jets,
including a high fraction of b-jets, as well as a large amount of total transverse energy
and missing transverse momentum compared with most SM processes. Consequently
the most powerful variables for discriminating the VLQ signal from background
events that pass the preselection are Njess, Ny_jers, Hr and EIT]rliss where Hrt is defined

as the scalar sum of the transverse momentum of all jets and leptons in the event:

Hy = ZPT + Z pr
jets leptons

Another signal with significant overlap in its final state topology to VLQ events is
the production of four top quarks (tttt). Four top quarks can be produced in proton-
proton collisions via SM interactions. In addition there are a number of BSM theories
that predict an enhanced rate of production of these events. The Feynman diagrams
for these processes are shown in Fig. 6.1. Due to the similarity of their final state,
these tttt signals are included in the same analysis as the VLQ search described in
this dissertation. This means that in addition to the VLQ signal the data observed
in the signal region were also interpreted in terms of these ¢ttt models and used to
produce exclusion limits at 95% CL. These limits are not included in this dissertation

as they are not central to the search for VLQ. However some important aspects of
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the analysis, such as the optimization of the signal region, were carried out using
these tttt signals and the results applied to the search for VLQ. Figure 6.2 shows
the distribution of the variables listed above for each background as well as the ¢ttt
models for events passing the above preselection. In these plots all leptonic channels
(ee, pp, eu, eee, eep, epp, i) are combined. The signal histograms are scaled
such that their integral is equal to that of the combined background. This is done
to make them clearly visible and does not effect their shape. The distributions show

that these variables discriminate very well between the ¢ttt signals and background.

(T1,1} A{‘J,‘ll

w1 v

&t
1,1)
&

PUD IR

~l

c c + M
(c) Sgluon Pair Production (d) 2UED RRP Model

b

Figure 6.1: Feynman diagrams representing production of ¢ttt via four different
models. [110]
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Figure 6.2: Discriminating variables for various ¢ttt signals adding all leptonic chan-
nels. The signal histograms are scaled such that their integral is equal to that of
the combined background. [110]

In the previous incarnation of this analysis carried out with a partial 2012 data
set consisting of 14.3 fb™! of proton-proton collisions [124] the event selection was
implemented as a simple cut-and-count method. This means a single set of cuts
were applied on these four discriminate variables and the yields were calculated
separately for each lepton channel ee, e and pu (there was no trilepton channel at
this point). For the analysis carried out with the full 20.3 fb™! collected in 2012
a different approach referred to as the categorization method was adopted. Under
this approach multiple signal regions are defined by placing different combinations
of cuts on these discriminate variables. The original plan for the categorization is
outlined in Table 6.1. In this table, the cut values labeled Hr;, Hro, E%‘issl and

Emiss - are unspecified. A dedicated optimization study was carried out on the t¢tt
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sgluon samples to determine their values. The strategy for the optimization study
was to calculate expected limits for a large number of different combinations of cut
values and to choose the optimal combination that leads both to the strongest mass
limits and the strongest cross-section limits for low mass samples. The cross-section
limits are normalized to the theoretical cross-section. They are expressed as the

ratio
095%CL

Oth
known as the signal strength. For the mass limits, the signal strength was calculated
for four mass points and then used to find the mass at which the signal is expected to
be excluded at 95% CL (the point where the signal strength falls below 1). The goal
was to find the combination of cut values that produces the highest mass limit while
keeping the signal strength as low as possible for low mass samples. These limits
were calculated using most of the systematic uncertainties eventually included in the
calculation of the final limits. These include the uncertainties on the cross-sections
for the MC backgrounds, the fake/non-prompt lepton and charge misidentification
background estimations and uncertainties on object definitions and scale factors.
The remaining systematic uncertainties are small in comparison to these. The ranges

of different values that were considered for each cut are shown in Table. 6.2.

Table 6.1: Summary of the analysis categories for the ¢ttt signals

Category name

Ny =2 SR4t0
< <
Hry < Hr < Hr, N, >3 SR4t1
Nb _y Ev¥iss1 S ErTniss S Err[‘niss2 SR4t2
Hp > Hry ERs > Es SR4t3
Ny >3 SR4t4

The mass limits calculated for each combination are shown in Fig. 6.3 and the
signal strengths for a 400 GeV mass point are shown in Fig. 6.4. From Fig. 6.3 it is
clear that while the mass limit is unaffected by the value of Hyp; it increases with

Hro. It is expected that Hr; has no effect since most events coming from a sgluon
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Table 6.2: Tested values of the categorisation parameters.

Variable | Lowest value [GeV] Highest value [GeV] Step [GeV]
Hpy 350 600 20
Hro 500 900 50

B, 10 60 10
Emiss, 90 120 10

mass ~ 800 GeV !0 lie in the high Hy bin. Fig. 6.4 shows two effects. First for large
Hrs (> 600-700 GeV) decreasing Hr; below 400 actually makes the signal strength
worse. This is explained by the fact that reducing Hr; causes more background to
fall in the lower Hy bin while the high value of Hr > means that most of the 400 GeV
sgluon signal falls there as well. As a consequence the difference between signal and
background and therefore the signal significance decreases leading to a weaker signal
strength. Second, increasing Hr; beyond 500 GeV also makes the signal strength
worse. This is because increasing Hrp; removes both signal and background events
from the low Hr bin and for a 400 GeV mass sgluon it actually removes more signal
that background making the signal strength worse.

From the results of the optimization study the cut values are chosen to be:

[ ] HTl =400 GeV
e Hpy =700 GeV
o Emiss, — 40 GeV

Emissy =100 GeV

This choice leads to good expected mass limits and a low signal strength in the
low-mass range. Comparing to the expected mass limits in the previous round of
the analysis [124], there is an improvement of more than 120 GeV, corresponding
to a 15% improvement. In addition, the cut-and-count selection applied in the

previous analysis was applied (with object definitions updated to those described

16The observed mass limit in the previous incarnation of the analysis
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in Section 5.1) to the full 2012 data to facilitate a direct comparison with the

categorization selection. The cut-and-count method applies the following cuts:
o At least 2 b jets
o Hr> 650 GeV
o EIiss> 40 GeV

Expected limits on cross-section as a function of sgluon mass are shown in Fig. 6.5
for both the cut-and-count and the categorization selections. Applying the cat-
egorization selection improves the mass limit by ~ 50 GeV with respect to the
cut-and-count selection. Furthermore the cross-section limit is improved by a factor

of two for a 400 GeV sample and by ~ 60% for a 1 TeV sample.
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Figure 6.3: Expected mass limit on sgluon for various categorization parameters.
The numbers written in the bins correspond to the value of the expected mass limit
on sgluon for a given configuration. [110]
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Figure 6.4: Expected limit on 400 GeV sgluon signal strength for various catego-
rization parameters. The precise value of the expected limit on the signal strength
is written in the plot. [110]
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Although this optimization study was carried out using ¢ttt signal samples, the
results can be applied to the VL(Q signals because of the similarity in their final
states. Like tttt the VLQ signals also have large Hy, EX jet and b-jet multiplic-
ity compared to the SM background. This is shown in Fig. 6.6 for vector-like top
and bottom quark signals with a mass of 800 GeV. As for the ¢ttt plots the VLQ
signal histograms are scaled such that their integral is equal to that of the com-
bined background. However there are some differences between the titt and VLQ
final states that require modifying the categories defined for the tttt signals. One
significant difference is that the VLQ final state contains a large number of events
with a single b-tagged jet. To account for this, three extra categories for events
including a single b-tagged jet are added to the categories defined in Table 6.1 for
the tttt signals. The full list of categories which together define the signal region for
the VLQ search described in this dissertation is given in Table 6.3. In the following

they are referred to as SR categories.
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Figure 6.6: Discriminating variables for pair production of vector-like top and bot-
tom quark signals with a mass of 800 GeV. These samples do not use the branching
ratios defined for the singlet model discussed in Section 2.3 but rather use a flat
1/3-1/3-1/3 branching ratio for each of the three VL(Q decay modes. The signal
histograms are scaled such that their integral is equal to that of the combined back-
ground. All leptonic channels are combined.
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Table 6.3: Summary of the analysis categories for VLQ signals for events with two
same-sign leptons or three leptons. The correspondence between these categories
and those used for the four tops analysis is indicated.

Definition ‘ Name
efe® + eTuT + pFuT + eee + eep + e + ppgn, Ny > 2
Ny=1 SRVLQO
400 < Hy < 700 GeV | N, =2 Emiss > 40 GeV SRVLQ1 | SR4t0
N, > 3 SRVL.Q2 | SRA4t1

40 < B < 100 GeV | SRVLQ3
EXS > 100 GevV | SRVLQ4
40 < B2 < 100 GeV | SRVLQ5 | SRAt2
EF > 100 GevV | SRVLQ6 | SRAt3
N,>3| E™ >40GeV | SRVLQ7 | SR4t4

Hp > 700 GeV




155

6.3 Expected Yields and Selection Efficiencies

The expected number of events that pass the selection for the SR categories
SRVLQO-7 defined in Table 6.3 are calculated for each signal and background pro-

cess. These event yields are calculated with the following expression
Nzax/ﬁdtxe (6.1)

where o is the production cross-section for the process, [ Ldt is the integrated
luminosity of the data set and e is the selection efficiency for the sample. The
selection efficiency is defined as the ratio of the number of events in the MC sample
that pass the selection to the total number of events in the MC sample. In some MC
samples a generator filter can be applied that selects certiain events, such as events
containing a lepton, at the generator level. In this case the selection efficiency is
the ratio defined above multiplied by the generator filter efficiency. Table 6.4 shows
the number of events for each of the background processes described in Chapter 7
as well as the total number of background events. These background yields are
expressed along with their statistical and systematic uncertainties. Table 6.5 shows
the number of signal events in each SR category for vector-like top and vector-like
bottom. Tables 6.6 and 6.7 show the selection efficiencies for each VLQ sample
in each SR category. Both the signal yields and selection efficiencies are given
with their corresponding statistical uncertainty. For each flavor vector-like quark
11 masses are considered ranging from 350 GeV to 850 GeV in steps of 50 GeV 17,
Tables 6.8 through 6.11 give the yields and efficiencies for the T5,3 samples for three
values of the coupling constant .

The matrix method used to estimate the fake/non-prompt lepton background
(see Section 7.2) is limited in that in relies on reasonably large statistics in the loose
data sample. If statistics are too low for a particular region the matrix method can
give unreliable and even unphysical results. For example the fakes yield for a low

statistics region with an unusually large number of events containing tight leptons

1"Table 6.5 shows signal yields for six of these eleven samples



156

can be negative. In fact we see this for the SR category SRVLQ6. An alternative
to the standard matrix method, known as the likelihood matrix method!®, can be
used to avoid this problem however it is difficult to incorporate lepton-by-lepton real
and fake efficiencies in this approach. In the likelihood matrix method real and fake
efficiencies are input for the leptons in an event and a probability density function
(p.d.f.) is returned for the fakes yield. This explicitly avoids the possibility of having
a negative yield since the p.d.f. is only defined for a yield greater than zero. In
principle this could be done event by event and then the p.d.f.s for each event could
be convoluted to produce a final p.d.f. for each SR category. The fake yield and
its uncertainty are then taken from the most probable value (MPV) and standard
deviation of the convoluted p.d.f. Although this is straightforward in principle
the large number of loose events in each SR category make it difficult in practice.
Another possibility is to use the likelihood matrix method to produce a single p.d.f.
using average real and fake efficiencies for all events in the loose data sample. This
has the disadvantage that it ignores the dependence of these efficiencies on event
kinematics. As a compromise we apply the standard matrix method to determine
the fakes yield but use a version of the likelihood matrix method to estimate the
statistical uncertainty. Also, when the fakes yield is negative as in SRVLQ6 we
set it to zero. This is justified since the negative yield produced by the standard
matrix method in SRVLQG6 is small enough that it is consistent with zero given its
uncertainty.

The standard prescription for estimating the statistical uncertainty of the fakes
yield is to take the quadratic sum of the weights produced with the matrix method.
This can underestimate the statistical uncertainty in low statistics regions where the
yield is subject to larger fluctuations. To account for this an alternate statistical
uncertainty is calculated using a version of the likelihood matrix method. For each
SR category the average real efficiency is computed. The fake efficiency is then

tuned such that the MPV of the p.d.f. produced with the likelihood matrix method

18 A description of the technique is available at
https://indico.cern.ch/event /112438 /material /slides/07contribId=1
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using these efficiencies matches the yield produced with the standard matrix method
where per-lepton efficiencies are used. p.d.f.s are computed in this way separately
for trilepton and same-sign dilepton events for each SR category. The trilepton
and same-sign dilepton p.d.f.s are convoluted to produce a single p.d.f for each SR
category. The p.d.f.s are shown in Fig. 6.8. If this convoluted p.d.f. peaks away
from zero the standard deviation is taken as the alternate statistical uncertainty. If
it peaks near zero the standard deviation calculated with respect to zero is taken. In
most SR categories the alternate uncertainty is larger than the standard uncertainty.
However in order to be conservative and avoid reducing the uncertainty unnecessarily

the larger of the two is taken as the statistical uncertainty.
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SRVLQO SRVLQL/SR4t0  SRVLQ2/SR4tl
t+W/Z 162+ 03+70 126+ 03+54 124+ 0.09+ 0.53
tt+ H 25+ 01+03 1.8+ 01402 026+ 0.03+ 0.05
Dibosons 1124+ 06+28 09540194025 0.07 + 0.12 + 0.05
Fake/Non-prompt 42.1 & 5.4 4 24.6 8.61 £ 2.34 £ 5.02 1.17 & 0.82 & 0.68
Q mis-Id 208+ 07+52 1514+ 06+35  0.7+0.11+0.18
Other bke. 176 + 0.13 £ 0.17 0.75 £ 0.04 £ 0.1 0.1 + 0.08 + 0.03
Total bke. 045+ 54 £249 400+ 24+73 36+ 09+08
SRVLQ3 SRVLQ4
tt+ W/Z 2.07 £ 0.11 £ 0.89 3.14 + 0.13 + 1.35
tt+ H 0.4 4+ 0.04 = 0.07 0.57 + 0.05 + 0.07
Dibosons 2.36 + 0.29 + 0.61 2.03 & 0.25 4 0.49

Fake /Non-prompt

3.09 £ 1.29 £+ 1.80

4.24 £ 1.59 + 2.47

SRVLQ7/SR4t4

Q mis-Id 172 + 0.22 + 0.63  1.45 + 0.17 + 0.52
Other bkg. 0.22 + 0.08 & 0.03  0.41 + 0.10 + 0.06
Total bkg. 987 + 135 +210 119+ 16+28
SRVLQ5,/SR4t2 SRVLQG6/SR4t3
t+W/Z 1.87 £ 0.09 + 0.8 246 + 0.11 & 1.06
tt+ H 0.31 + 0.04 + 0.05 0.44 + 0.04 + 0.006
Dibosons 0.33 +0.14 + 0.10  0.04 + 0.12 + 0.03

Fake/Non-prompt
Q mis-Id
Other bkg.

1.03 £ 0.97 £ 0.60
1.17 £ 0.16 £ 0.38
0.16 = 0.08 &= 0.02

0.00 £ 1.02 £ 0.28
1.09 £ 0.14 £ 0.34
0.23 £ 0.08 = 0.05

0.57 £ 0.05 £ 0.25
0.08 £0.02 £ 0.2

0.00 £ 0.12 £ 0.00
0.04 £ 0.83 £ 0.24
0.30 £+ 0.09 £ 0.10
0.14 £ 0.08 £ 0.08

Total bkg.

4.86 £ 1.00 = 1.01

425 £ 1.05 £1.11

1.12 £ 0.85 += 0.37

Table 6.4: Expected number of events with statistical (first) and systematic (second)
uncertainties for the signal regions defined for VLQ production searches. [39]
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Table 6.5: VLQ yields in the signal regions. Uncertainties are statistical only. [110]

Source SRVLQO SRVLQ1 SRVLQ2 SRVLQ3
BBS (350 GeV) 205.56 +9.98 163.33 £8.66 15.00 +2.52 44.14 +£4.61
BBS (450 GeV) 44.43+245 37.59+2.17 4.40+0.75 19.98+1.63
BBS (550 GeV)  10.26 £+ 0.65 8.29 +£0.61 0.46 £0.13  7.65+0.57
BBS (650 GeV) 2.12+£0.19 1.27+0.14 0.09+0.03 2.424+0.19
BBS (750 GeV)  0.42 4+ 0.05 0.27 £0.04 0.02+0.01 0.6840.06
BBS (850 GeV)  0.07+0.01 0.06 £+ 0.01 0.00+0.00 0.2940.03
TTS (350 GeV) 147.93+8.99 129.93+8.24 39.194+4.40 28.96 4+ 4.09
TTS (450 GeV) 34.07+1.95 28.67+1.74 9.58+0.98 15.134+1.30
TTS (550 GeV)  6.24 +0.43 5.41 +0.40 1.25+£0.18 4.60 +0.37
TTS (650 GeV) 1.12+0.10 0.89 £ 0.09 0.19+0.04 1.7240.13
TTS (750 GeV)  0.24 +0.03 0.18 £ 0.02 0.03+0.01 0.5940.05
TTS (850 GeV)  0.06 +0.01 0.04 +£0.01 0.00+0.00 0.1940.02
Source SRVLQ4 SRVLQ5 SRVLQ6 SRVLQ7
BBS (350 GeV) 43.36 +4.64 34.794+3.81 38.824+4.19 9.92+2.28
BBS (450 GeV) 30.424+2.06 16.644+1.36 21.114+1.50 7.17+0.93
BBS (550 GeV) 17.63+0.91 8.04+£0.56 13.984+0.74 2.84+0.32
BBS (650 GeV) 7.77+0.34 2.15+£0.16 7.33+0.32 143+0.15
BBS (750 GeV) 3.28+0.14 0.74+0.06 2.81+0.12 047+0.05
BBS (850 GeV) 148 £0.06 0.22+£0.02 1.15£0.05 0.23+£0.02
TTS (350 GeV) 26.35+3.67 34.66 +4.68 35.97+4.36 21.254+2.96
TTS (450 GeV) 24.38+1.85 15.01+1.25 19.83+1.44 13.63+1.10
TTS (550 GeV) 11.60+0.62 5.95+0.39 10.72+0.55 6.54 +0.40
TTS (650 GeV) 5.52+0.24 1.86+0.13 4.85+0.20 241+0.13
TTS (750 GeV) 2.01 £0.09 0.54+£0.04 1.96+£0.08 0.92+0.05
TTS (850 GeV) 0.97+£0.04 0.21£0.01 0.82+£0.03 0.36£0.02
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Table 6.6: Event selection efficiencies (in percent), relative to the inclusive cross
section for the vector-like B signal as a function of the generated B mass. Efficiencies
are computed assuming the branching ratios from the singlet model. [110]

Process

SRVLQO

SRVLQL1

SRVLQ2

SRVLQ3

0.190 £ 0.007

0.151 £+ 0.007

0.014 £+ 0.002

0.041 £ 0.003

BBS (350 GeV

BBS
BBS
BBS
BBS
BBS
BBS
BBS
BBS
BBS
BBS

P

)
400 GeV)
450 GeV)
500 GeV)
550 GeV)
600 GeV)
650 GeV)
700 GeV)
750 GeV)
800 GeV)
850 GeV)

0.215 £ 0.008
0.190 £ 0.007
0.184 £ 0.007
0.160 £ 0.007
0.131 £ 0.006
0.105 = 0.006
0.080 £ 0.004
0.059 £ 0.004
0.044 £ 0.004
0.026 = 0.003

0.167 £ 0.007
0.161 £ 0.007
0.132 £ 0.006
0.130 = 0.006
0.101 £ 0.005
0.063 £ 0.004
0.055 £ 0.003
0.038 = 0.003
0.033 £+ 0.003
0.023 = 0.003

0.019 £ 0.002
0.019 £ 0.002
0.015 £ 0.002
0.007 £ 0.001
0.008 £ 0.002
0.005 £ 0.001
0.006 £ 0.001
0.003 £ 0.001
0.003 £ 0.001
0.001 £ 0.001

0.073 £ 0.005
0.086 £ 0.005
0.119 £ 0.006
0.120 = 0.006
0.122 + 0.006
0.119 £ 0.006
0.116 + 0.004
0.095 £ 0.005
0.112 + 0.006
0.110 = 0.006

Process

SRVLQ4

SRVLQ5

SRVLQ6

SRVLQ7

Total

BBS (350 GeV)
BBS (400 GeV)
BBS (450 GeV)
BBS (500 GeV)
BBS (550 GeV)
BBS (600 GeV)
BBS (650 GeV)
BBS (700 GeV)
BBS (750 GeV)
BBS (800 GeV)
BBS (850 GeV)

0.040 £ 0.003
0.076 £ 0.005
0.130 £ 0.006
0.194 £ 0.008
0.276 £ 0.009
0.361 £ 0.010
0.383 £0.011
0.450 £ 0.008
0.463 £ 0.012
0.527 £0.013
0.556 = 0.013

0.032 £ 0.003
0.059 £ 0.004
0.071 £ 0.005
0.094 £ 0.005
0.126 £ 0.006
0.117 £ 0.006
0.106 £ 0.006
0.105 £ 0.004
0.105 £ 0.006
0.066 = 0.005
0.084 + 0.005

0.036 = 0.003
0.060 £ 0.004
0.090 = 0.005
0.181 £ 0.007
0.219 £ 0.008
0.322 + 0.010
0.361 £ 0.010
0.389 £ 0.008
0.397 £ 0.011
0.431 £ 0.012
0.433 £ 0.012

0.009 £ 0.002
0.015 £ 0.002
0.031 £ 0.003
0.045 £ 0.004
0.044 £ 0.004
0.067 £ 0.004
0.071 £ 0.005
0.074 £ 0.003
0.066 £ 0.005
0.081 £ 0.005
0.085 £ 0.005

0.514 +0.012
0.683 +0.014
0.779 £0.015
0.963 £ 0.017
1.082 £ 0.018
1.229 £0.019
1.212 £0.019
1.275 4+ 0.014
1.226 £ 0.020
1.297 £ 0.020
1.319 £ 0.020
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Table 6.7: Event selection efficiencies (in percent), relative to the inclusive cross
section for the vector-like T" signal as a function of the generated T mass. Efficiencies
are computed assuming the branching ratios from the singlet model. [110]

Process

SRVLQO

SRVLQL1

SRVLQ2

SRVLQ3

0.137 £ 0.006

0.120 £+ 0.006

0.036 = 0.003

0.027 £ 0.003

TTS (350 GeV

TS
TTs
TTs
TTs
TTs

TS
TTs
TTrs
TS

)
(400 GeV)
(450 GeV)
(500 GeV)
(550 GeV)
(600 GeV)
TTS (650 GeV)
(700 GeV)
(750 GeV)
(800 GeV)
( )

0.159 £ 0.007
0.146 £ 0.007
0.119 £ 0.006
0.098 + 0.005
0.081 £ 0.005
0.055 £ 0.004
0.042 £ 0.003
0.034 £ 0.003
0.021 £ 0.003
0.023 = 0.003

0.161 £ 0.007
0.123 + 0.006
0.109 £ 0.006
0.085 £ 0.005
0.064 £ 0.004
0.044 £ 0.004
0.028 £ 0.002
0.026 = 0.003
0.019 £ 0.002
0.014 + 0.002

0.047 £ 0.004
0.041 £ 0.004
0.028 £ 0.003
0.020 £ 0.002
0.015 £ 0.002
0.009 £ 0.002
0.006 £ 0.001
0.004 £ 0.001
0.004 £ 0.001
0.001 £ 0.001

0.040 £ 0.003
0.065 £ 0.004
0.083 £ 0.005
0.072 £ 0.005
0.095 £ 0.005
0.084 £ 0.005
0.091 £ 0.004
0.083 £ 0.005
0.082 £ 0.005
0.072 £ 0.005

Process

SRVLQ4

SRVLQ5

SRVLQ6

SRVLQ7

Total

TTS (350 GeV
TTS (400 GeV
TTS (450 GeV
TTS (500 GeV
TTS (550 GeV
TTS (600 GeV
TTS (650 GeV
TTS (700 GeV
TTS (750 GeV
TTS (800 GeV
TTS (850 GeV

N N N N N N N N N

0.024 £ 0.003
0.057 £ 0.004
0.104 £ 0.006
0.128 £ 0.006
0.181 £ 0.007
0.224 £ 0.008
0.272 £ 0.009
0.288 £ 0.007
0.284 £ 0.010
0.344 £0.011
0.366 = 0.011

0.032 £ 0.003
0.044 £ 0.004
0.064 £ 0.004
0.077 £ 0.005
0.093 £ 0.005
0.115 £ 0.006
0.092 £ 0.005
0.092 £ 0.004
0.077 £ 0.005
0.081 £ 0.005
0.078 £ 0.005

0.033 £ 0.003
0.047 £ 0.004
0.085 £ 0.005
0.123 £ 0.006
0.168 £ 0.007
0.227 £ 0.008
0.239 £ 0.009
0.262 £ 0.006
0.276 £ 0.009
0.301 £ 0.010
0.308 = 0.010

0.020 £ 0.002
0.037 £ 0.003
0.058 £ 0.004
0.075 £ 0.005
0.102 £ 0.006
0.128 £ 0.006
0.119 £ 0.006
0.134 £ 0.005
0.131 £ 0.006
0.131 £ 0.007
0.136 £ 0.007

0.430 £ 0.011
0.592 £ 0.013
0.687 £ 0.014
0.742 £ 0.015
0.818 £0.016
0.949 £ 0.017
0.914 £ 0.017
0.942 + 0.012
0.915 £ 0.017
0.982 £0.018
0.998 = 0.018
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Table 6.8: T5/3 expected yields in the signal regions SRVLQO-SRVLQ3 . Uncertain-
ties are statistical only. [110]

Sample SRVLQO SRVLQ1 SRVLQ2 SRVLQ3
600 A <1 17.435£0.755 8.587£0.497 1.009 £0.162 12.579 £ 0.667
600 A =0.5 18.091£0.755 9.013+£0.497 1.0424+0.163 12.681 £ 0.667
600 A =1 20.378 £0.762 10.417£0.502 1.1714+0.164 12.96 £ 0.668
650 A < 1 7.788£0.383 4.036 £0.255 0.346 £0.077  7.293£0.38
650 A = 0.5 8.289£0.383 4.352+£0.256 0.367 £0.077  7.376 £0.38
650 A =1 9.743 £ 0.389 5.218£0.26  0.435+0.078 7.552+0.381
700 2k 1 3.336 £0.191  1.917£0.138 0.115£0.037 4.148 +0.221
700 A =0.5 3.646 +£0.191  2.099+£0.139 0.134£0.037 4.214 +0.221
700 A=1 4.607 £0.196 2.683+0.142 0.178 £0.038 4.402 + 0.222
A1 1.727+£0.108  0.801 £0.067  0.09+£0.021  2.585+0.135
750 A =0.5 1.932+£0.108  0.939£0.068 0.101 £0.021 2.636 £0.135
HOA=1 2.603 +£0.112  1.301 £0.071 0.122+0.022 2.766 = 0.136
800 A k1 0.844 £0.058 0.369+£0.035 0.04+£0.012 1.453 £0.078
800 A= 0.5 0.99 £ 0.058 0.458 £0.036 0.047 £0.012 1.488 £0.078
800 A =1 1.221 £+ 0.06 0.583£0.037 0.056 £0.012  1.55+0.078
850 A k1 0.363 £ 0.03 0.217£0.022 0.02+0.007  0.699 £ 0.042
850 A = 0.5 0.463 £ 0.03 0.277£0.022 0.026 £0.007  0.731 £ 0.042
850 A =1 0.766 £0.033  0.456 £0.024 0.036 £0.007  0.813 £0.043
900 A k1 0.202+£0.017  0.109+£0.012 0.004 £0.002 0.506 £ 0.028
900 A =0.5 0.267£0.017 0.146 £0.012 0.007 £0.002  0.53 £0.029
900 A =1 0.466 £ 0.02 0.265£0.014 0.015£0.002 0.592 £+ 0.029
950 A k1 0.1 +0.009 0.041 £0.005 0.005£0.002 0.309 £0.017
950 A = 0.5 0.147 £ 0.009  0.069 £0.006 0.007£0.002 0.324 £0.017
950 A =1 0.295+£0.012 0.143+£0.007 0.013£0.002 0.388 £0.018
1000 M < 1 0.048 £0.005  0.022 £ 0.003 0.001£0 0.166 £ 0.01
1000 A =0.5 0.078 £0.005  0.039 £ 0.003 0.002+0 0.178 £0.01
1000 A =1 0.179 £ 0.007 0.1 £0.005 0.006£0.001  0.215+0.01
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Table 6.9: T5/3 expected yields in the signal regions SRVLQ4-SRVLQ7 . Uncertain-
ties are statistical only. [110]

Sample SRVLQ4 SRVLQ5 SRVLQ6 SRVLQT7

600 A <1 46.281 £1.273 8.984 £0.505 28.319 +£0.902 6.725 £ 0.438
600 A =0.5 46.482£1.273 9.067 £0.505 28.45+0.902 6.754 + 0.438
600 A =1 46.939 £1.274 9.259 £0.505 28.896 £0.903 6.856 £+ 0.438
650 A <1 29.538 £0.764 5.294 £0.298 19.019 £ 0.558 3.402 £+ 0.235
650 A =0.5 29.684 £0.764 5.348 £0.298 19.136 +0.558 3.423 +0.235
650 A =1 30.196 £0.765 5.535£0.299 19.437£0.559 3.481 £0.235
700 A K1 18.116 £ 0.454 2.82+£0.164 12.318 £0.345 2.341 £0.145
700 A=0.5 18.245+0.455 2.863+0.164 12.4114+0.345 2.356 £0.145
700 A =1 18.671 £ 0.456 3+0.164 12.681 £ 0.346  2.409 + 0.145
ALK 11.722 £ 0.285 1.6724+0.098 7.851+0.214 1.422 £ 0.089
750A=0.5 11.849+£0.285 1.71£0.099 7.937+£0.214 1.437+£0.089
H0A=1 12.141 £ 0.286 1.8154+0.099 8.137+0.215 1.477 £ 0.089
800 A k'1 7.729+£0.181 1.043+£0.06 5.155£0.134 0.966 + 0.057
800 A =0.5 7.824+0.181 1.071+£0.06 5.214+£0.134 0.977 +£0.057
800 A =1 7.94 £0.181 1.111 £0.06  5.328£0.134  0.996 £ 0.057
850 A K1 5.144 £0.115 0.518 £0.032 3.116 £0.082 0.607 £0.034
850 A =0.5 5.221£0.115 0.538 £0.033 3.169+£0.082 0.615 £ 0.034
850 A =1 5.446 £ 0.116 0.6 £0.033 3.33+£0.082  0.643 £0.034
9200 A k1 3.388 £0.074 0.341 £0.021 1.942+£0.051 0.366 £ 0.021
900 A =0.5 3.451+0.074 0.356 £0.021 1.986 £0.061 0.371 £ 0.021
900 A =1 3.624 £0.075  0.397 £0.022 2.105£0.0561  0.393 £ 0.021
950 A k1 2.165+£0.047 0.199+0.012 1.344+£0.033 0.197 £0.012
950 A =0.5 2.214+0.047 0.209+0.012 1.379£0.033 0.201 £ 0.012
950 A =1 2.366 +£0.048 0.238 £0.013 1.475£0.034 0.213 +0.012
1000 A < 1 1.426 £0.03  0.107£0.007 0.862+0.021 0.129 £ 0.008
1000 A =0.5 1.466=+0.03 0.115+0.007 0.889+£0.021 0.132 £ 0.008
1000 A =1 1.599 £0.031 0.136 £0.008 0.971+£0.022 0.143 = 0.008
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Table 6.10: Event selection efficiencies (in percent), relative to the inclusive cross
section for the T3 signal in SRVLQO-SRVLQ3 as a function of the generated

mass. [110]

Sample SRVLQO SRVLQ1 SRVLQ2 SRVLQ3

600 A <1 0.494 +£0.021 0.243+£0.014 0.028 £0.004 0.356 £0.018
600 A =0.5 0.497+0.02 0.248+£0.013 0.028£0.004 0.348 £0.018
600 A =1 0.514 £0.019 0.263 £0.012 0.029 £0.004 0.327 £0.016
650 A < 1 0.385+0.018 0.199+£0.012 0.017+0.003 0.361 £0.018
650 A=0.5  0.396 £0.018 0.208 £0.012 0.017£0.003 0.352 +£0.018
650 A =1 0.42+0.016 0.225+£0.011 0.018 £0.003 0.326 £0.016
700 M k1 0.282+0.016 0.162+£0.011 0.009 £0.003 0.35£0.018
700 A=0.5 0.295+£0.015 0.17+0.011  0.01 £0.003 0.341 £0.017
700 A =1 0.332+0.014 0.193+0.01 0.012+0.002 0.317£0.016
ALK 1 0.244 £ 0.015 0.113£0.009 0.0124+0.003 0.365 £ 0.019
750 A=0.5 0.259+0.014 0.126£0.009 0.013£0.002 0.354 £0.018
7H0A=1 0.306 £0.013 0.153 £0.008 0.014 £0.002 0.325 £ 0.016
800 A k1 0.196 £0.013 0.085+£0.008 0.009 £0.002 0.338 £ 0.018
800 A=0.5 0.217£0.012 0.1 £0.007 0.01 £0.002 0.327 £0.017
800 A =1 0.249 £0.012 0.118 £0.007 0.011 £0.002 0.316 £0.016
850 A <1 0.136 = 0.011 0.082+0.008 0.007 £0.002 0.263 £ 0.016
850 A =0.5 0.163 £ 0.01  0.097 £0.007 0.009 £0.002 0.258 £ 0.015
850 A =1 0.225+0.009 0.134 £0.007 0.01 £0.002 0.239 £0.012
900 A k1 0.121£0.01  0.065 £ 0.007 0.0024+0.001 0.305+£0.017
900 A=0.5  0.149+£0.009 0.081+0.006 0.004£0.001 0.295+0.016
900 A=1 0.213+£0.009 0.121 £0.006 0.007 £0.001 0.27 £0.013
950 A k1 0.096 £ 0.009 0.039+£0.005 0.004 +£0.002 0.295+£0.016
950 A=0.5  0.129£0.008 0.06 £0.005 0.006 £0.002 0.283 +0.015
90 A=1 0.206 £0.008 0.1 £0.005 0.009 £0.002 0.27 £0.012
1000 A <1 0.072£0.008 0.033 £0.005 0.001+0.001 0.249+0.015
1000 A =0.5 0.106 = 0.007 0.053 £0.004 0.003 +0.001 0.242 £ 0.013
1000 A =1 0.188 £0.008 0.105+0.005 0.005=+0.001 0.226 +0.011
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Table 6.11: Event selection efficiencies (in percent), relative to the inclusive cross
section for the T3 signal in SRVLQ4-SRVLQ7 as a function of the generated

mass. [110]

Sample SRVLQ4 SRVLQ5 SRVLQG6 SRVLQT7
600 A <1 1.311 +£0.036 0.254 £0.014 0.802+0.025 0.194+0.012
600 A=0.5 1.279+£0.035 0.2494+0.013 0.782+£0.024 0.185 +0.012
600 A =1 1.185£0.032 0.233£0.012 0.73+0.022 0.173 £0.011
650 A < 1 1.462 +0.037 0.262 £0.014 0.941 £0.027 0.168 £0.011
650 A=0.5 1.418£0.036 0.255+0.014 0.914£0.026 0.163 +0.011
650 A =1 1.304 £0.033 0.239£0.012 0.839£0.024 0.15£0.01
700 M k1 1.532 +0.038 0.238£0.013 1.042+0.029 0.198£0.012
700 A=0.5 1.479+0.036 0.232+0.013 1.006+£0.028 0.191 +£0.011
700 A =1 1.348 £ 0.032 0.216 £0.011 0.915+£0.025 0.173£0.01
ALK 1 1.656 £0.04 0.236 +£0.013 1.109 £ 0.03 0.2 £0.012
750A=0.5 1.594+£0.038 0.23+0.013 1.067+£0.028 0.193 +£0.011
7H0A=1 1.429 +£0.033 0.213 £0.011 0.957£0.025 0.173 £0.01
800 A k1 1.798 £ 0.042 0.242+0.014 1.199 +0.031 0.224 £0.013
800 A=0.5 1.718 £0.039 0.235+0.013 1.145+£0.029 0.214 +£0.012
800 A =1 1.619 £ 0.037 0.226 £0.012 1.086 £ 0.027 0.203 £ 0.011
850 A <1 1.936 +£0.043 0.195+£0.012 1.173+0.03 0.228 £0.013
850 A =0.5 1.841£0.04 0.189 +£0.011 1.1184+0.028 0.217 +0.012
850 A =1 1.604 +£0.034 0.177£0.009 0.981£0.024 0.189£0.01
900 A k1 2.04£0.045 0.2056+£0.013 1.169+0.03 0.22=£0.012
900 A=0.5 1.923£0.041 0.198+0.012 1.107£0.028 0.207 +0.011
900 A=1 1.656 +£0.034 0.181£0.01 0.962+0.023 0.179 £ 0.009
950 A k1 2.065+£0.045 0.189 £0.012 1.282+0.032 0.188 £0.012
950 A=0.5 1.932£0.041 0.183+0.011 1.204£0.029 0.176 +0.011
90 A=1 1.656 £0.033 0.166 = 0.009 1.028 £0.023 0.148 + 0.008
1000 A <1 2.1394+0.046 0.16£0.011 1.293+0.032 0.194 +0.012
1000 A=0.5 1.9924+0.041 0.156 +£0.01 1.209+0.029 0.18 £0.01
1000 A =1 1.681 £0.033 0.143£0.008 1.021 £0.023 0.15£0.008
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Figure 6.7: Probability density functions for the fake/non-prompt yield computed as
described in the text, for signal regions SRVLQO-SRVLQ3. The contribution from
dilepton events is shown in the left-most plots, from trilepton events in the center
plots, and the total in the right-hand plots. Discontinuities in some distributions
arise from occasional non-convergence of the likelihood fit. These have a negligible
impact on the statistical uncertainties used in the analysis. [110]
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Figure 6.8: Probability density functions for the fake/non-prompt yield computed as
described in the text, for signal regions SRVLQ4-SRVLQ7. The contribution from
dilepton events is shown in the left-most plots, from trilepton events in the center
plots, and the total in the right-hand plots. Discontinuities in some distributions
arise from occasional non-convergence of the likelihood fit. These have a negligible

impact on the statistical uncertainties used in the analysis. [110]

6.4 Study of Multivariate Analysis

The event selection described in this chapter is an example of the cut and count

method. This means that the signal region is defined by placing a set of require-

ments or “cuts” on variables separately. An alternate approach is to implement a
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multivariate analysis (MVA) which can make better use of the information contained
in the data and the MC simulation. In an MVA a number of variables are used to-
gether to produce a weight that characterizes the likelihood that an event is signal
or background. This has the advantage that it can account for correlations between
variables to better isolate regions of phase space with a large signal to background
ratio ideal for performing the search. A method known as the Boosted Decision
Tree (BDT) is an example of an MVA used often in particle physics searches. A
study was carried out using a subset of the data collected in 2012 to assess the
potential benefits of a BDT analysis for the full 2012 data set. A comparison was
made between the results of a simple cut and count analysis and a BDT analysis.
Details on the BDT method and the software package used to implement it for this
study can be found in Ref. [125]

A BDT uses a large number of “trees”, each of which applies a sequence of
cuts on different variables to each event. Each tree consists of a series of nodes
that branch out from one another starting from an initial node and ending with a
group of terminal nodes. With the exception of the terminal nodes, each node is
connected by branches to two nodes in the next level of nodes below it. At each
node a cut is applied on a particular variable. The result of the cut determines
which of the two connected nodes the event is passed to. The number of trees,
number of nodes per tree, the variables used and the number of different cut values
attempted at each node are configurable. Within each tree the cuts are determined
to maximally separate signal and background. The variables and cut values at each
node are chosen so that signal-like events fall into certain terminal nodes with higher
probability than background-like events and vice versa. For each tree a weight is
produced for an event based on the terminal node in which it falls. This weight
expresses the likelihood that it is a signal event. The final weight for the event is
an average taken across all the trees in the BDT.

The BDT is trained using a subset of events from MC simulation to distinguish
between signal and background. Another subset of the MC events, orthogonal to

that used for training, is used to test the trained BDT. The distribution of the
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weights for the events used for testing should roughly match the distribution of the
training events. If they do not match well the BDT may have been over trained.
This occurs when there are either too few events in the training sample, too many
trees or too many nodes per tree causing the BDT to reflect random fluctuations in
the training sample. Once the BDT is trained and tested it is used to determine a
weight for data and the remaining MC events not used in training or testing. The
signal region can then be defined by placing a cut on this weight rather than placing
a series of cuts on individual variables. A disadvantage of a BDT analysis is that
some fraction of the signal and background MC events must be used to train and
test the BDT. These events cannot be used to compare with data. As a consequence
there are fewer MC events available and the statistical error is larger.

The comparison was carried out using 14.3 fb=! of data collected in the first part
of 2012. It was done with a simpler cut and count analysis than that described in
this dissertation. Details on the earlier version of the analysis, including the results
of this simpler cut and count selection, are documented in Ref. [124]. Only same-
sign dilepton events were considered with three channels for ee, ep and pp events
rather than eight SR categories. The event selection for the cut and count analysis
required B > 40 GeV and Ht > 550 GeV. The variables used by the BDT are
Hr, E%‘iss, Njets; Ny—jers and 1 of the second leading jet. Four hundred trees were
used with five nodes per tree and twenty attempts at finding the optimal cut value
per variable at each node. The BDT was trained with the full background and a
combination of vector-like bottom and top isosinglets with masses 600, 700 and 800
GeV. The events in each MC sample are numbered from one to the total number of
events in that sample. Only even events were used for the training and testing in
order to reserve MC events for comparison with data.

The results of the BDT are shown in Fig. 6.9. Figure 6.9 (a) shows the distri-
bution of the BDT weight for the events used in training and testing. It shows that
there is good separation between signal and background and that the BDT is not
overtrained. Figure 6.9 (b) shows the signal and background efficiency as well as the

signal significance (defined as s/v/s + b) as a function of the cut placed on the BDT
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weight. The optimal cut value to maximize significance is 0.0527. Figure 6.10 shows
the distribution of BDT weights for signal and background events and data for the
ee, ey and pt ™ channels. Here the signal and background are correctly normalized
to the integrated luminosity of the data sample. The data is only shown below the
cut value. This was done to avoid looking at the data in what would have become
the signal region in the event that the BDT approach was adopted. The estimation
of the background was not finalized at the time so the analysis was still blinded (see
Chapter 7). The limits produced by placing a cut on the BDT weight are shown in
Fig. 6.11 for vector-like bottom and top singlets. Table 6.12 summarizes the limits
produced for the 14.3 fb~! data set using the simple cut and count analysis and us-
ing the BDT analysis. The table shows both mass limits and cross-section limits for
vector-like bottom and top signals of mass 600 GeV. The mass limits produced with
the BDT analysis show a slight improvement with respect to the limits produced
with the cut and count analysis. The mass limit for vector-like bottom increases by
4.5% and those for vector-like top increase by 2.4%. Although the BDT analysis
shows an improvement in the limits the improvement is very slight. Ultimately it
was decided that the categorization method described in Section 6.2 was the best
option for the analysis of the full 2012 data on the basis of the optimization study
done with the tttt signal.
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m~m FTT T T 1T T T 1T ‘ T T 1T ‘ TTTT ‘ TT 1T I TT 1T I T T3 M
é [ VLQ Stat only errors b é
m 10°E Exp. 95% CL upper limit = —
bm E I Exp. 16 uncertainty 3 b"

r Exp. 2 6 uncertainty 7

L Heavy Quark Pair Production |

10°L ATLAS work in progress |

| Ldt=143 10" =

C (s =8 TeV ]

10 E

10°E E

10 E E

:J L | | - ‘ 1111 ‘ I - ‘ 11 5‘:‘ 1 \ 1111 | 111 1 | 1 I:

300 400 500 600 700 800 900

(a) vector-like

my [GeV]

bottom

173

FTT LB LB | L | L J L ‘ L ‘ L

B VLQ Stat only errors T
10° Exp. 95% CL upper limit
E I Exp. 10 uncertainty E

C Exp. 2 6 uncertainty 7

L Heavy Quark Pair Production |
104 ATLAS work in progress |
| Ldr=143 10"

C (s =8 TeV ]
10 E
107 E
10 =
E 11 J 1111 | 1111 | I - | P11 J 111 J 111 ‘ 11 =

300 400

500 600 700

(b) vector-like top

800 900
m; [GeV]

Figure 6.11: Expected limits produced at 95 % CL on the production cross-section
for pair production of vector-like bottom (a) and top (b) using the BDT analysis.
These limits only account for statistical error

Table 6.12: Comparison of expected limits on the production cross section for pair
production of vector-like bottom and top isosinglets with a mass of 600 GeV pro-
duced with a cut and count analysis and a BDT analysis. Also shown is a comparison
of the expected mass limits for vector-like bottom and top isosinglets for the cut an
count analysis and the BDT analysis.

expected limts

BDT

87 209y | 140 (11%)

analysis 95 % CLs oy (fb) mass limit (GeV)
BBS600 | TTS600 BBS TTS
cut and count 109 157 643 607

672 (+a5%)

622 (+2.4%)
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CHAPTER 7

Background Estimation and Validation

The standard procedure in an analysis involving a search for new physics is to
compare the data in a particular region of phase space to the background only
and signal-plus-background hypotheses. An excess in data above the background
expectation can be interpreted as a sign of new physics depending on the significance
of the excess. As such, a crucial step is the estimation of the background contribution
to the signal region. The background for this analysis can be divided into two broad
categories: the irreducible background from SM processes that produce the same
final state as the signal and instrumental background arising from limitations of
the detector and reconstruction software in accurately determining the final state.
The irreducible background is estimated using MC simulations described in detail in
Chapter 4. Since the effects that give rise to the instrumental background occur in
a wide variety of physical processes and also involve the detector response they can
be difficult to model with MC simulations and thus are estimated using data-driven
methods. Both the MC simulations and the data-driven techniques are validated by
comparing kinematic distributions of data and the total background estimate in a
series of validation regions orthogonal to the signal region.

While the background estimation is being developed and validated the analysis is
said to be blind. This means that the analysis team does not look at the data in the
signal region. This is done to avoid the possibility that the background estimation
is influenced by knowledge of the data in the signal region. Once the techniques
used for estimating the background are finalized the analysis is unblinded and the

data in the signal region can be analyzed.
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7.1 TIrreducible Background from Standard Model Processes

SM processes that can produce either three leptons or a same-sign dilepton pair in
the final state, and thus contribute to the signal region, include associated produc-
tion of ¢t with bosons (tt+W/Z/H/WW), diboson production (ZZ — =010,
WZ/y* — bvlti=, WEW* — (*vl*v), triboson production (WWW* — (vlviv,
ZWW* — llvly), associated production of a single top quark with a Higgs boson
(tH where H - WW, H — ZZ and H — 77 decays are included) and associ-
ated production of a single top quark with a WZ pair (tWZ). The same-sign W
background (W*W=* — (*v/*v) includes a component arising from double parton
interactions (DPI) where two separate pairs of partons inside the colliding protons
scatter and each produces a W boson in association with jets. The Feynman dia-
grams for each of these processes are shown in Fig. 7.1 through Fig. 7.3. Table 4.2
lists important information for each of the background samples including the MC
generators used to produce them, the parton distribution function (PDF), cross-
section, K-factor relating the LO and NLO cross-sections, the integrated luminosity
corresponding to each sample and the detector simulation used.

The irreducible background sources are estimated from the following MC sam-

ples:
e Associated production of ¢t and bosons:

— ttW+jets, ttZ+jets and ttW W~ were generated at leading-order (LO)
with MADGRAPH 5.1 [102], showered and hadronized with PyTHIA
6.4 [126]. The cross-sections for the ttW/Z+jets samples are rescaled
to next-to-leading-order (NLO) calculations [127,128];

— ttH with H — WYW~,ZZ, 777~ and 777~ — ¢h were generated at LO
with PyTHIA 8 [104]. The cross-sections are rescaled to NLO computa-
tion [129,130];

e Diboson production:



176

— WEW=*, WZ/~* and ZZ samples were generated at LO using SHERPA
1.4 [105]. The accepted vector boson decays were restricted to WEW= —
wlv, WZ — Uy and ZZ — (000, where all three generations of lep-
tons are allowed. The cross-sections are normalized to NLO theoretical

calculations using MC for FeMtobarn processes (MCFM) [131];

— WWijj production from Double Parton Interaction of Wj [132] was gen-

erated using PyTHIA 8 [104];

— WH and ZH samples were generated at LO using PYTHIA 8 [104]. The

cross-sections are rescaled to NLO computation [129,130];

e Triboson production: WWW* — (vlvly and ZWW* — (llvlv were gen-
erated with MADGRAPH 5.1 [102], showered and hadronized with PyTHIA
6.4 [126].

e Associated production of a single top quark with a W Z pair (tW Z): produced
with MADGRAPH v.5 [102], showered and hadronized with PYTHIA6.4 [126].

e Associated production of a single top quark with a Higgs boson (tH) is gen-
erated by the means of MADGRAPHv.5 [102], showered and hadronized with
Pyruia 8 [104];. This contribution includes H — WW, H — ZZ and

H — 77 decays.

7.2 Data-Driven Instrumental Background

The two sources of instrumental background in this analysis are events containing
final state objects which are misidentified as prompt leptons from the hard scattering
process and events containing real opposite-sign dilepton pairs where one of the
leptons has its charge misidentified leading to a same-sign dilepton pair. They are
referred to as the fake/non-prompt lepton and electron charge misidentification '

backgrounds respectively. Their contributions to our signal region are estimated

with data-driven methods.

Ycharge misidentification is negligible for muons, see Section 7.2.2
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Figure 7.1: Leading order Feynman diagrams for production of top-antitop pair with
associated boson(s).

7.2.1 Fake/Non-Prompt Leptons

The fake/non-prompt lepton background includes events containing objects, such as
jets, which are misidentified as leptons as well as events containing true leptons that
are not from the hard scattering process but rather some secondary process such as
the decay of a heavy flavor hadron in the final state. The first category is referred
to as fake leptons while the second is referred to as non-prompt leptons. Since
the principles of detection and reconstruction of leptons differ greatly for electrons
and muons the physical sources of fake and non-prompt leptons depend heavily on
lepton flavor. For muons, the primary sources are semi-leptonic decay of b-hadrons
and c-hadrons and extremely energetic particles in jets that punch through the
calorimeter and reach the muon spectrometer. Fake or non-prompt electrons can
come from semi-leptonic decay of b-hadrons and c-hadrons (as for muons), photon

conversions that occur near the primary vertex, a photon or 7¥ that showers in the
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Figure 7.2: Leading order Feynman diagrams for production of three bosons.

b q H

(a) tWZ t q (b) tH t

Figure 7.3: Leading order Feynman diagrams for production of a single top quark
with boson(s).

EM calorimeter and happens to overlap a charged hadron in the inner detector and
hadronic showers that contain an abnormally large number of 7% and shower mostly
in the EM calorimeter. The method used to estimate the fake/non-prompt lepton
background is known as the matrix method. The implementation of the matrix
method in this analysis follows the techniques developed by the TopFakes subgroup
in ATLAS in the context of final states containing top quarks using the ATLAS 2012
pp data set [133]. The matrix method relies primarily on data but also makes use
of MC samples of single lepton tt, W+jets, Z+jets, single-top and diboson events.
Details on these MC samples including the MC generator, PDF and ATLAS sample
ID are given in Table 7.1. The way these MC samples are used in the estimation is
described below.

The matrix method uses two different lepton definitions known as loose (L) and

tight (T). The tight lepton definition matches that used in the analysis described
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Process ATLAS Generator Shower PDF Normalization
SamplelD
tt 117050 POWHEG [134] PYTHIA 6.4 [126) HERAPDF15NLO NNLO+NNLL
W +jets 117680-126605 ALPGEN [135} PYTHIA 6.4 CTEQ6L1 NNLO
Z+jets 117650-110816 ALPGEN PYTHIA 6.4 CTEQ6L1 NNLO
t (s-,Wt-channel) 110141 POWHEG PYTHIA 6.4 CT10 NLO+NNLL
WW/WZ]ZZ 107100-110832 ALPGEN HERWIG 6.5 CTEQS6L1 NLO

Table 7.1: Single lepton MC samples used in the estimation of the fakes/non-prompt
lepton background

in Chapter 5, while the loose definition is derived from the tight by relaxing one
or more of its requirements. The way in which the lepton definitions are relaxed is
analysis-dependent and generally varies with lepton flavor. In this analysis, the loose
muon definition is equal to the tight muon definition with the isolation requirement
removed. For electrons, the loose definition is equal to the tight with the isolation
requirement removed and the electron ID criteria relaxed from Tight to Medium.
However the requirement of a hit in the innermost vertexing layer of the pixel
detector in order to veto electrons from photon conversions (included in Tight but not
Medium) is retained in the loose electron definition. The main differences between

Tight and Medium electrons that are removed for the loose definition are:

e a cut on the A¢p and An between the calorimeter cluster and the extrapolated

1D track.

e a requirement on a minimum number of high threshold hits, characteristic of

electrons, in the TRT.
e a requirement on the ratio of cluster energy to track momentum E/p.

The loose signal region is a superset of the signal region where the tight lepton
definition is replaced with the loose definition. The matrix method relates the
number of events in the signal region with different combinations of tight and anti-
tight (loose but not tight) leptons to the number of events in the loose signal region
with different combinations of real and fake leptons. The expressions relating these

two sets of numbers involve the real and fake efficiencies r and f. These are the



180

probabilities that a real or fake lepton passing the loose definition also passes the
tight definition. These equations can be cast into a matrix form and solved to find
the number of events containing fake leptons in the signal region. The form of these
equations for the same-sign dilepton and the trilepton channels is given below but
first a discussion of the real and fake efficiencies is necessary.

The real and fake efficiencies r and fare measured in single lepton control regions
in data that are highly enriched in either real or fake leptons. For muons, r is
measured in events with a single muon and high W transverse mass (mf,> 100
GeV), while fis measured in events with a single muon with a transverse impact
parameter whose significance exceeds 5 standard deviations (| dOsg | > 5). For
electrons, ris measured in events with a single electron and high missing transverse
energy (EXss> 150 GeV), while fis measured in events with a single electron and
low Ess and mi;, (m{,< 20 GeV and mi,+E¥< 60 GeV). For both electrons and
muons, the real enriched regions are dominated by events with real leptons from W
boson decay from tt, W+jets and single-top events, while the fake enriched regions
are dominated by multi-jet events. The residual contribution to the fake enriched
regions from events containing real leptons (= 7% for electrons and ~ 2% for muons)
is removed with tf, W-jets, Z+jets, single-top and diboson MC samples.

Events with a single lepton and large EX'* are predominantly real lepton events
since the main source of large E¥* is neutrinos from leptonic decay of W bosons. In
contrast single lepton events with low EX5 are more likely to contain fake leptons.
This is because the only way to produce a single lepton in a proton-proton collision
is through production of a W boson (or another resonance that decays to a W boson
such as a top-quark) followed by the leptonic decay W — fv. Thus the same process
that produces a single real lepton also produces a neutrino which is seen as large
Emiss. Events with a single lepton and a large m{, are also predominantly real
since W bosons are most often produced centrally leading to large m¥,. In contrast
multi-jet events, which can contain fake leptons, are typically lower energy and
concentrated in the forward region of the detector leading to low mf;,. Requiring

a large | dOy;, | produces a sample enriched in fake muons because the tracks of
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non-prompt muons from the leptonic decay of long-lived b-hadrons generally have
a large impact parameter with respect to the primary vertex.

The efficiencies r and f depend on the kinematic properties of the lepton and the
event. To account for this they are parametrized as a function of a set of kinematic
variables. The electron efficiencies are parametrized in terms of leading jet pr,
electron n and the distance between the electron and the nearest jet AR(e,jet). The
muon efficiencies are parametrized in terms of muon pr, muon 7 and the distance
between the muon and the nearest jet AR(u,jet). For electrons, the efficiencies are
measured separately for events containing no b-tagged jets and events containing at
least one b-tagged jet. The efficiencies for both electrons and muons are measured
separately for leptons matched to each of the triggers used in the analysis (described
in Chapter 4) as well as additional e and p triggers equivalent to the low pr triggers
used in the analysis but with no isolation requirement.

Plots showing the dependencies of rand fon the parameters listed above for each
trigger and b-jet multiplicity (for electrons) are shown in Fig. 7.5 through Fig. 7.7.
These plots show a strong dependence of the efficiencies on the trigger matched to
the lepton. This dependence arises from the isolation requirement included in the
low lepton pr triggers which biases the efficiencies for leptons matched to them high.
The need to account for this bias is the motivation for measuring the efficiencies for
events passing the low lepton pr non-isolated triggers in addition to the triggers
used in the analysis. More details on exactly how this bias is handled are given

below.
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Figure 7.4: Leading order Feynman diagrams for production of two bosons.
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Figure 7.5: Efficiency for loose real and non-prompt /fake electrons to pass the tight
selection criteria as a function of the electron 7, leading jet pr, and the distance
AR(e,jet) between the electron and the nearest jet. The control sample used to
calculate these efficiencies required events to have at least one b-tagged jet. The
plots on the left show efficiencies for electrons that match the e24vh trigger, the
plots in the middle are for electrons that match e24vhi, and the plots on the right
for electrons that match e60.
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Figure 7.6: Efficiency for loose real and non-prompt /fake electrons to pass the tight
selection criteria as a function of the electron 7, leading jet pr, and the distance
AR(e,jet) between the electron and the nearest jet. The control sample used to
calculate these efficiencies required events to have zero b-tagged jets. The plots on
the left show efficiencies for electrons that match the e24vh trigger, the plots in the
middle are for electrons that match e24vhi, and the plots on the right for electrons
that match e60.
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Figure 7.7: Efficiency for loose real and non-prompt/fake muons to pass the tight
criteria as a function of muon pr, 1, and the distance between the muon and the
nearest jet. The plots on the left show efficiencies for muons that match the mu24
trigger, the plots in the middle are for muons that match mu24i, and the plots on
the right for muons that match mu36.
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A system of equations is derived to estimate the number of events in the signal
region containing fake leptons. For the same-sign dilepton channel the equations

can be cast into the following 4 x4 matrix equation

e N
Ntf Nll

=M (7.1)
N N
N N

where the matrix M is given by

rire 7‘1f2 f17“2 f1f2
Ty rife fiTa fife
Tire Tifs fira fife

ity Tif fiTa [ife

The values on the left hand side Ny, Ny, N and N represent the numbers of events
where the leading and sub-leading leptons (ordered by pr) are either tight (t) or not
tight (¢). This is indicated by the subscripts where the first subscript corresponds
to the leading lepton and the second corresponds to the sub-leading lepton. The
values on the right hand side N/, NI% | NZL N7/ represent the numbers of events
in the loose signal region where the leading and sub-leading leptons are either real
or fake following the same subscript scheme. The loose signal region is equivalent to
the signal region except that it contains two loose leptons which may or may not be
tight instead of two tight leptons. The elements of M are written in terms of the real
and fake efficiencies for the leading and sub-leading leptons denoted by (ry, f;) and
(12, f2). The notation 7 and f is shorthand notation for (1-r) and (1-f) respectively.
The values on the left hand side of Eq. 7.1 are measured directly while those on the
right hand side must be solved for by inverting the matrix M. From these values
we can obtain the corresponding values for the signal region (N*) by applying the
appropriate product of efficiencies. Then the fakes estimate for the signal region

(N%,4c) is the sum of all events containing at least one fake lepton given by
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Nige = Nif +Ni + Ny (7.3)
= 1 faNig + firaNg + f1f2Ng
= aryf [—]?1772]\7tt + firsN'™ + firpN™ — flTZNﬁ:|
+afirs [—7“_1J?2Ntt + 7 foN" 47y foN™ — T1f2NR]
+afifo [r}ng“ — AN — RN 4 m«gNﬁ]

where
1

(r1 — f1)(7”2 - fz).

Since the efficiencies in this expression depend on the kinematics of the lepton and

o =

of the event, Eq. 7.3 is recast as a weight to be applied to each event in the loose
signal region. This is done by replacing the values Ny, Ny ... by Boolean values
that indicate whether the leptons in each event are tight or not. The weighted sum
of all events in the loose signal region then yields the fakes estimate for the signal
region.

Since the same-sign dilepton channel allows for the presence of additional loose
leptons beyond the two tight same-sign leptons, we must estimate the contribution of
these events to the fakes yield. Because these events contain more than two leptons
we must decide which two to use in the 4 x4 matrix method described above. To do
this we subdivide the signal region into four sub-regions according to the pr ordering
of the leading three leptons in the event. The sub-regions are TT, TTL, TLT and
LTT. TT contains events with two tight same-sign leptons only and the other three
contain events with two tight same-sign leptons and one or more additional non-
tight leptons with the leading non-tight lepton being either first second or third in
pr ordering. We then apply the 4x4 matrix method to the leading two leptons in
each sub-region and sum the number of fakes from each to get the full fakes estimate.

The fakes for the trilepton channel are also calculated using the matrix method

where M is now an 8x8 matrix given by
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Nt rirers  rirafs  rifars rifafs  firers  firafs  fifers  fifofs N
Nt rireTs  Tirefs rifors rifofs  fireTs  firafs  fifoTs  fifofs NI
Nt rTars mTafs rifars rifafs fiTars fitafs  fifars fifafs N
Nt | mmers mMTafs Tifors rifofs fiTars fiTafs  fifeTs fifofs NI
N Tirors Tirafs Tifers Tifofs firers firafs  fifors  fifofs N
Nt TireTs Tirafs TifoTs Tifofs firoTs  firafs  fifers  fifefs N
Nt TiTars TiTafs Tifars Tifofs fitars  fiTafs  fifers  fifafs Ng
Nt TiTars Titafs Tifers Tifefs fiters fitefs fifets fufefs Nig
(7.4)

and the expression for the fakes estimate is a straightforward generalization of Eq. 7.3

Nike = Nuf + Nt + Nig' + N’ + Nig + N + Ny (7.5)

T r T frr
— Nlll Nlll Nlll Nlll
1172 f3N e + 71 fars Nog + 71 fo fsNog + firars Ny,
111 111 111
‘|‘f17"2f3N ar T f1f27‘3for + flfoSfof

An added complication to the fakes estimation in this analysis arises due to the
strong dependence of the real and fakes efficiencies on the trigger matched to the
lepton. Figures 7.5-7.7 clearly show that leptons matched to the low pr triggers
used in the analysis have efficiencies that are biased toward higher values due to the
isolation requirement included in the trigger. Since only one lepton is required to
satisfy a trigger for the event to enter the loose signal region, the event may also
contain low pr leptons that are not isolated. Thus it is inappropriate to use these
efficiencies.

To handle this issue efficiencies are also measured for low pt non-isolated, pre-
scaled triggers. The decision of which efficiency to apply to each lepton in each event
is made according to the following procedure. If any lepton in the event matches the
high pr trigger, then the event selection is not biased by the isolation requirement
and unbiased trigger efficiencies are applied to each lepton in the event. If no lepton
in the event matches the high pr trigger, the low pr biased trigger efficiency is
applied to the leading pr lepton that matches that trigger and unbiased efficiencies

are applied to the remaining leptons in the event. This procedure is outlined in
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detail in Table 7.2

Event trigger pr rank among Lepton pT range  Efficiency applied
trigger-matched leptons
> 1 lepton matches high-pt trigger Any high high-pt
> 1 lepton matches high-p trigger Any low low-pt unbiased
No lepton matches high-pp trigger Leading Any low-pT biased
No lepton matches high-pt trigger Subleading high high-pt unbiased
No lepton matches high-pr trigger Subleading low low-pr unbiased

Table 7.2: Selection probabilities » and f applied to each lepton, depending on the
characteristics of the lepton and the event trigger. High- and low-pr are defined here
by the boundary between the pt thresholds of the triggers that require isolation and
those that do not. For electrons, low-pr means the range 24 < pr < 61 GeV while
for muons the range is 24 < pr < 37 GeV [110]

A number of cross checks were carried out to test the matrix method and to verify
that the efficiencies shown in Fig. 7.5- Fig. 7.7 can be applied to the estimation of
the fake/non-prompt lepton background in the signal region for this analysis. A
closure test was carried out to show that the efficiencies can be used to accurately
calculate the fake /non-prompt lepton background in the single lepton control regions
where the fake efficiencies are measured. In addition to this, a test was carried
out where the matrix method was applied to t¢ MC events with the same event
selection applied as for the signal region in the analysis. The fake/non-prompt
lepton estimate calculated with the matrix method is then compared to the fake
estimate determined from the MC truth information. The results of these tests are

described in the following two sections.

7.2.1.1 Fakes Estimation in Single Lepton Fake Enriched Control Regions

In an effort to validate the matrix method used for estimating the fake/non-prompt
lepton background a test was performed in which estimates were calculated for
the single lepton control regions used to measure the fake efficiencies (f) for the
analysis. Strictly speaking this isn’t a true closure test as the estimates also use the
real efficiencies (r) which are measured using different samples. For electrons f is

measured using a single-electron control sample that requires mr (W) < 20 GeV and
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Emiss +mp(W) < 60 GeV while for muons it is measured using a single muon control
sample where the impact parameter of the muon with respect to the primary vertex
has a significance of > 5. For electrons the efficiencies are extracted separately for
events with 0 b-tagged jets and with one or more b-tagged jets. These regions are
dominated by multijet events.

The real and fake efficiencies used to produce fakes estimates for the multi-lepton
regions in our analysis, using the 4x4 marix method described in section 4.2.1, are
here used to estimate the fakes contribution to these single lepton control regions
using the 2x2 matrix method. The 2x2 matrix method follows the same logic as the
4x4 and 8x8 matrix methods described in section 4.2.1 except that the equations
are much simplified due to the fact that each event contains only a single lepton.
The full method is described in detail in [136]. The expression which gives the fake
yield, corresponding to Eq. 7.3 and 7.6 in Section 7.2.1 is

N = . I (r-N'— N, (7.6)

—f
Since the efficiencies in Eq. 7.6 depend upon the kinematics of each event the
above expression can be rewritten as a weight to be applied to the loose sample on

an event by event basis. The weight for the i*" event in the sample is

f
r—7

where 1sTight is a Boolean that is equal to one for tight events and zero for

~(r-1—14sTight(7)), (7.7)

w; =

non-tight events. The same parametrizations of r and f for electrons and muons
are used as in the analysis.

Figures 7.8-7.12 show a comparison of events in data to Monte Carlo and the
fake/non-prompt lepton background for these single lepton + jets fake enriched
samples. The events are shown distributed with respect to lepton pr, leading jet
pr, EX5 mp (W), and the AR between the lepton and the closest jet. Comparison
plots are shown for the pretag sample and the sample containing at least one b-tag

for electrons and muons.
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The distribution of electron pr shows a large discrepancy in the lowest bin as
well as a large positive slope in the ratio plot in the low pr range. This becomes
more prominent when we consider the b-tagged sample. There is also a clear slope
in the distribution of EXS for electrons. For muons the distributions show good
agreement for the pretag sample but a clear excess of fakes on the order of ~ 20%
in the b-tagged sample. There is also a slope in the distribution of leading jet
pr. All of these features have been observed in the analyses done by the TopFakes
subgroup detailed in [136]. The poor shape agreement in electron pr is explained
by the fact that electron pr is not used in the parametrization of r and f for
electrons. Leading jet pr is used instead. This parametrization was chosen because
both r and f were seen to depend on a number of variables that measure the
level of hadronic activity in the event such as jet multiplicity, EF¥* and leading jet
pr. The more hadronic activity the lower the fake efficiency due to the isolation
cut. Since lepton pr is also correlated to leading jet pr using leading jet pr in
the parametrization was an effort to capture the dependence on hadronic activity
and on lepton pr with a single variable. In most control regions, in particular the
multilepton control regions in this analysis, this parametrization accurately describes
the fakes background. The excess of fakes in the muon b-tagged region is explained
by the fact that the muon efficiencies used in this analysis are not split by b-tag
multiplicity as the electron efficiencies are. This was the initial recommendation of
the TopFakes group because originally there did not appear to be a large difference
between the fakes estimates calculated with pretag efficiencies and efficiencies split
by b-tag multiplicity. Later on, after reproducing background samples and applying
updated b-tagging scale factors, the difference was seen to be larger. Figure 7.12
shows the same comparison as in Figure 7.11 except that here the fake/non-prompt
lepton background is calculated using efficiencies measured with events in the same
fake enriched region as defined above for muons with the added requirement that the
events contain at least one b-tagged jet. With these efficiencies the ~ 20% excess
seen in Figure 7.11 is gone. This can be seen in Fig. 7.12. As a consequence of the

improved agreement in this fake enriched region b-tag splitting for muons has been
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adopted by the TopFakes group but this was after our analysis was frozen due to
unblinding. Regardless, the ~ 20% excess in fakes seen here is well within the 70%
systematic uncertainty used in this analysis. The estimation of this systematic is

described in Section &8.3.1.
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Figure 7.8: Distributions of some kinematic variables in the single lepton fake en-
riched control regions. The plots above compare data with background, including
fakes, for the pretag selection in the e+jets channel
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Figure 7.9: Distributions of some kinematic variables in the single lepton fake en-
riched control regions. The plots above compare data with background, including
fakes, for the b-tagged selection in the e+jets channel
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Figure 7.10: Distributions of some kinematic variables in the single lepton fake
enriched control regions. The plots above compare data with background, including
fakes, for the pretag selection in the p+jets channel
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Figure 7.11: Distributions of some kinematic variables in the single lepton fake
enriched control regions. The plots above compare data with background, including
fakes, for the b-tagged selection in the pu+jets channel
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Figure 7.12: Distributions of some kinematic variables in the single lepton fake
enriched control regions. The plots above compare data with background, including
fakes, for the b-tagged selection in the p+jets channel using efficiencies measured
with events containing at least one b-tag
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7.2.1.2 Validation of Matrix Method for Fakes Estimation in Signal Region Using
a Monte Carlo t¢ Sample

In addition to validating the matrix method in both single lepton and combined
trilepton and same sign dilepton control regions in data, a study was carried out
to validate the method in our signal regions using a Monte Carlo ¢t sample. In
particular the aim was to show that efficiencies measured in our control regions are
applicable in our signal regions. In the study estimates of the fake/non-prompt
lepton background calculated using the matrix method were compared to the truth
fake yields for each of the eight signal regions defined in Table 6.3. The truth fake
yields were determined by requiring that events contain at least one lepton that is
not matched to a true lepton as determined by the MCTruthClassifier which takes
leptons from W/Z and tau decay to be true (including trident electrons). The matrix
method fake estimates were calculated by applying the same loose and tight lepton
definitions as in the analysis to the MC dilepton ¢t sample and using efficiencies
measured in single lepton and multijet MC samples rather than in real and fake
enriched control regions in data. Although the analysis considers both trilepton and
same sign dilepton events, only dilepton events were considered in this comparison.
This is sufficient to validate our procedure as these events dominate our signal
regions. In addition to same sign dilepton events which are contained in our signal
regions we also perform the comparison for opposite sign dilepton pairs in order
to cross check an alternate region with better statistics. The real efficiencies were
calculated as the fraction of events in a combination of single lepton MC samples,
made up of tt, Z+jets, W+jets, diboson and single top, using the loose lepton
definition which also satisfy the tight lepton definition. The fake efficiencies were
calculated as the same fraction but in a multijet MC sample which includes heavy
flavor multijet events. The same technique for deciding which efficiencies to apply
to each lepton as used in the analysis, summarized in Table 7.2, was used here.
Both the truth and the matrix method fake yields are normalized to an integrated

luminosity of 20.3 fb~!, however no additional event weights are applied since we
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are not comparing MC to data.

The plots in Figure 7.13 show the comparison between the truth yields and the
matrix method estimates for the fake/non-prompt lepton background for both same
sign and opposite sign dilepton events. The first row shows the comparison for each
of the eight SR categories defined for the VLQ signals (SRVLQO - SRVLQT). The
second row shows the comparison for the three low Hy regions (SRVLQO - SRVLQ2)
and the five high Hy regions (SRVLQ3 - SRVLQT7) combined. All plots show the
combined yields for all three categories of dilepton events (ee, pu, ey ). We see that
the matrix method overestimates the fake/non-prompt lepton background in the
low Hr regions with the largest discrepancy in the single b-tag region (SRVLQO).
Although the significance of the excess is large in this region it is considered accept-
able as it is less than the 70% systematic uncertainty applied to the matrix method
fakes estimation. In the other regions the matrix method estimate is consistent with
the truth yield within uncertainty. The slight discrepancies that we see, for example
in SRVLQG6, are consistent with fluctuations in the ¢t dilepton sample due to low
statistics. In fact in this region we see a deficit of the matrix method estimate for
same sign events and an excess for opposite sign events. The plots in Figures 7.14
and 7.15 show how the matrix method and truth fakes are distributed with respect
to Hp, EZ** and Ny—jets- The distributions in Figure 7.14 are for same sign events
in the low Hp regions on the left and high Hy regions on the right. Figure 7.15
shows the same distributions for opposite sign events. As in Figure 7.13 all cate-
gories of dilepton events (ee, pu, ep) are included. The excess of matrix method
fakes in the low Hpy control regions is not concentrated in any particular range of
these distributions. No shape disagreement is seen although the error in the high
H7 regions, and in particular the high Hy same sign region, is very large due to low

statistics. In all of the plots only the statistical error is shown.

7.2.2  Electron Charge Misidentification

The background from charge misidentification (misid) consists of opposite-sign lep-

ton pairs, primarily from ¢f and Z+jets events, where the charge of one of the leptons
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in the pair is mis-measured causing the event to satisfy the selection criteria for a
same-sign dilepton pair. A full description of the method used to estimate this
background is given in Ref. [137]. The charge misid background only contributes to
the same-sign dilepton channel and not the trilepton channel since no requirement
is made on lepton charge for trilepton events. Furthermore it only contributes to ee
and ey events, since the probability of mis-measuring the charge of a muon is negli-
gible. The dominant sources of charge misidentified electrons are high pr electrons
where the radius of curvature of the track is large leading to large uncertainty in
the charge measurement, and trident electrons where the prompt electron radiates a
photon which subsequently undergoes pair production in the direction of the original
electron. Trident electrons lead to three particle tracks close to one another in the
inner detector, one of which has the opposite-sign charge to the prompt electron.
In this case, if the calorimeter cluster is matched to the wrong track the electron’s
charge is mis-measured.

The charge misid background is negligible for muons for three reasons. Muons’
charge is measured in both the inner detector and muon spectrometer so there
are two independent measurements. The lever arm in the muon system is larger
than that in the inner detector by a factor of 10 (see Section 3.2) so the charge
measurement is more precise. The large mass of the muon compared to the electron
suppresses bremsstrahlung radiation so trident muons are rarely produced.

The charge misid background is estimated using data by measuring the proba-
bility of an electron charge mis-measurement in Z — ee events in data where no
requirement is made on the charge of the electrons. The data sample contains both
opposite-sign and same-sign dilepton pairs where, the same-sign events come from
charge mis-measurement of one of the electrons. It is assumed that the rate at which
an electron’s charge is mis-measured depends on 7 and pr of the electron, but is
uncorrelated between the two electrons in the event. Given the assumption that the
sample consists entirely of opposite-sign dilepton events the number of same-sign

events arising from charge mis-measurement with electrons in the (7, k) and (7, ()
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n-pr bins can be expressed as
NG N ey + e5) (7.8)

where N*3! is the total number of events with an electron in the (i, k) n-pr bin and
another in the (j, [) n-pr bin and ¢, and ¢ are the charge misid rates in those n-pr
bins. The value of € for each n and pr bin is determined by minimizing a Poisson
likelihood function for the observed number of total events and same-sign events

using the above equation. The likelihood function has the form

—In[L(e|Ngs, N)] Z In[(gix + ) NI NEIL () + ) NI
ik, jl

Once the rates are measured, the number of charge misid events in the signal region
is determined by selecting events with the same criteria used to define the signal
region except with opposite-sign rather than same-sign lepton pairs. Each event is
then multiplied by the weight €, + £;; where the electrons in the event fall in the
(4, k) and (4, ) n and pr bins. In the case of an eu event one ¢ is zero. This event then
enters the signal region as part of the charge misid background along with a weight
characterizing the likelihood that one or the other, but not both of its electrons has
its charge mis-measured.

This method suffers from an important limitation. Since electrons from Z boson
decay rarely have pr> 100 GeV the measurement of the charge misid rates for
very high pr electrons has large uncertainty due to low statistics in the data. To
mitigate this the misid rates are also measured in ¢t MC simulated events. The
rates are matched to the rates measured in data for the low pr range covered by the
Z — ee data and the rates for high pr electrons (pr > 100 GeV) are determined

according to
e(|n|, pr;pr > 100 GeV) = &(|n|, pr € [80,100] GeV) X ayi(|n|, pr; pr > 100 GeV)

where (|n], pr € [80,100] GeV) is computed with the likelihood procedure described
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above, and
8(’”‘7pT)tt_
Inl, pr € [80,100] GeV);z

ai(|n], pr) = =

where £(|n|, pr): is computed using truth matching on the simulated ¢t MC sample.
The correction factors a7 and the charge misid rates corrected with these factors
are shown parametrized as a function of n and pr in Fig. 7.16a and Fig. 7.16b.

A closure test is carried out in which the rates in Fig. 7.16b were used to predict
the number of charge misid events, for the Z — ee data where they were measured.
Figure 7.17 shows a comparison of the same-sign events in the data and the charge
misid estimate produced by applying the procedure described above to the opposite-
sign events in the Z — ee data. The events are shown distributed as a function of
leading lepton pr without any pr dependence in red and with the pr dependence
including the high prt correction in blue. The agreement between data and the
charge misid estimate for events with pf“¥™ > 100 GeV is improved significantly
after applying the corrections from t¢ MC simulation. The number of data events
in this region is 702 and the charge misid estimate is 407£16 before the correction
and 67175 afterward.

Another important complication that must be accounted for in estimating the
charge misid background is the overlap with the fake/non-prompt lepton back-
ground. Trident electrons, which are a leading cause of charge misid events, also
contribute to the fake/non-prompt lepton background since they are less likely to be
isolated than leptons that do not emit hard radiation and thus are captured in the
matrix method described in Section 7.2.1. In order to avoid double counting these
events the charge misid rates are remeasured from the Z — ee data after applying
the matrix method to it and removing the fakes component. Figure 7.18a shows a
plot of the invariant mass of the ee system before and after the removal of fakes and
Fig. 7.18b shows the ratio of the misid rates before and after the removal of fakes
as a function of 7 and pr. The final misid rates after both the high pr correction
and the fakes overlap removal are shown in Fig. 7.19 and listed in Table 7.3. These

are the rates used to produce the charge misid yields for the analysis using Eq. 7.8
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is applied. [110]
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Figure 7.18: Removal of fakes in the charge misid rates. [110]
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Table 7.3: Charge misidentification rates as a function of |n| and pr. [110]

|| range

[0,50] GeV [50, 80] GeV

0,0.8]
0.8,1.1]
[1.1,1.37)
[1.52,1.8]
[1.8,2.3]
2.3,2.6]

pr range

[0, 100] GeV  [100,200] GeV  [200, 1000] GeV
0.00178 0.0024 0.00427
0.00739 0.00869 0.0168
0.00552 0.0066 0.00686
0.0195 0.0266 0.0303
0.0393 0.0467 0.055
0.053 0.0606 0.123
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7.3 Background Validation

To validate the MC simulations used to model the irreducible SM backgrounds
and the data-driven methods used to estimate the instrumental backgrounds the
total background is compared to data in a number of regions orthogonal to the
signal region. The validation compares the total yield as well as the distribution of
data and background events for a number of important kinematic variables in each
region. The variables considered are those that show the strongest discrimination
between signal and background. It is crucial that the background is well modeled
for these variables as they are used to define the signal region. Although same-sign
dilepton and trilepton events are considered together in the signal region due to
limited statistics, they are validated separately. Furthermore, within each category
the events are separated by lepton flavor. This amounts to a more rigorous test of
the background estimation. The regions used for the validation must have negligible
contribution from signal and have a background composition as similar as possible to
the signal region. To understand the composition of the signal region, an alternate
background estimate is produced entirely with MC, replacing the fakes/non-prompt

and charge misid backgrounds with the following simulated samples
e {t and single top,
o Wjets and Z+jets,
o W and Zv,
e WTW~—,
o WZ and ZZ decaying to a single lepton or two leptons of opposite charge.

which are the dominant SM processes that contribute to these instrumental
backgrounds. This estimate is referred to as the full MC background estimate
while the estimate including the MC samples listed in Table 4.2 and the data-
driven background estimates described in Section 7.2 is referred to as the

standard background estimate. The full MC background estimate is considered only
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to better understand the composition of the signal region in order to determine the
ideal regions for the validation of the standard background estimate. It cannot be
used to model the background in the signal region directly since instrumental effects
are not expected to be very accurately simulated, particularly in extreme kinematic
regions such as the signal region.

The first step is to validate the full MC background estimate by comparing it to
data in a number of regions orthogonal to the signal region but potentially different
from the regions that are ultimately defined for validating the standard background
estimate. Once there is confidence in the full MC background estimate it is used to
model the background in a region that is very close to the signal region. This region
is not identical to the signal region used in the analysis but has a large overlap with it.
It was used instead of the true signal region since this step of the validation was done
while the signal region was still being optimized. The exact definition of the signal
region and the way it is broken into categories was not settled yet at this point in the
analysis so a more generic region that is very close to the final signal region was used.
Later after the signal region was defined the full MC background estimate was also
used to model the true signal region and the results are in good agreement with the
standard background estimate. However this more generic early version of the signal
region is discussed here since it was used to determine the regions for the validation
of the standard background estimate which was then frozen after unblinding since it
relies on data-driven techniques which cannot be changed significantly after looking
at the data in the signal region. The validation regions are determined on the basis
of the full MC background estimate in this generic early version of the signal region.
The final step is to compare the standard background estimate to the data in these

validation regions.
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7.3.1 Validation of the Full MC Background Estimate

Before using the full MC sample to understand the composition of the signal region
it must be validated itself to be sure that we have included all the MC samples
necessary to account for the instrumental backgrounds. In particular we assume
that the contribution from QCD (pp — jets) is negligible since it would only enter
the signal region if there were two fake/non-prompt leptons which is unlikely. This
assumption must be checked. To do this we chose two control regions that contain
no signal, referred to as the Low £ and Low Hr regions. They are defined by the
preselection in Section 6.1 plus an upper bound on ER (Ems < 40 GeV) and Hr
(100 < Ht < 400 GeV) respectively. Tables 7.4 and 7.5 show the validation of the
full MC background estimate against the data for the same-sign dilepton channel in
the Low ER and Low Hr regions. Figures 7.20 through 7.22 show distributions
of these events with respect to Hr, E%liss, Njers and Np_jes. Tables 7.6-7.7 and
Fig. 7.23-7.26 show the same validation for the trilepton channel. The full MC
background estimate is in very good agreement with the data for both same-sign

dilepton and trilepton events for both control regions considered.
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Table 7.4: Yields in the Low E control region for the same-sign dilepton channels
using the full MC background estimate. [110]

Sample ee eu LhpL

Z + jets 1741.53 £+ 59.65 £ 260.19 63.45 +£21.34 £ 7.38 9.45 +23.09 +1.70
W + jets 48.91 +12.40 + 5.93 79.88 +13.80 + 10.75 1.45+10.38 = 0.31
W/Z +~ 235.06 £ 6.68 £ 56.80 96.69 £ 5.75 + 21.51 0.32+0.78 £ 0.10
t, tt mis-id 50.31 +4.02 + 4.72 71.474+5.01 £6.35 0.00 £+ 0.63

t, tt fakes 22.00 4+ 2.55 £ 1.82 38.72 +3.34 +3.22 6.23 +1.39+0.55
tt + X fakes/mis-id 0.17 +0.03 £ 0.02 0.33 £0.04 £ 0.03 0.07 +0.02 + 0.01
V'V mis-id 15.72 £ 1.45 + 2.71 10.74 +1.09 £+ 2.30 0.00+£0.74

V'V fakes 8.09+0.94 +1.75 22.13 +1.36 +4.55 11.31 £1.04 +2.48
V H fakes/mis-id 0.56 +0.17 0.92 £+ 0.09 0.42 £+ 0.08
VVV fakes/mis-id 0.01 £ 0.00 0.04 £+ 0.01 0.02 £ 0.00

HW (W) 1.71+£0.11+0.34 5.16 + 0.20 £+ 0.98 3.39 £ 0.17 £ 0.69
ttZ 0.71+0.07 £ 0.13 1.86 £0.10 £ 0.34 1.06 £ 0.08 £0.19
ttH 0.28 +0.04 +0.03 0.77 £ 0.06 + 0.07 0.49 + 0.05 + 0.05
4% 83.58 £2.07 £ 18.11 181.69 + 2.92 4 40.42 77.60 £1.92+17.13
VH 1.18 £0.30 3.16 + 0.46 3.08 £ 0.56
vvv 0.15 4+ 0.02 0.51 £ 0.04 0.33+£0.03
Total bkg. 2209.99 + 61.54 + 267.06  577.53 - 26.96 +48.42  115.23 £+ 25.49 £+ 17.42
Data 2196 626 122

Table 7.5: Yields in the low Ht control region for the same-sign dilepton channels
using the full MC bacground estimate. [110]

Sample

ee

ep

o

Z + jets

W + jets

W/Z +~

t, tt mis-id

t, tt fakes

tt + X fakes/mis-id
V'V mis-id

V'V fakes

V H fakes/mis-id
VVV fakes/mis-id

1821.61 £ 59.99 £ 274.27
96.96 £ 14.07 £ 11.79
255.86 £ 7.61 £ 56.33
175.99 + 7.83 £ 15.46

61.48 £4.29 £5.28
0.60 £ 0.07 £ 0.08
19.54 +1.50 £ 3.37
20.39 +£1.14 £4.70
1.07 £0.17
0.08 £0.01

77.82+21.57 £8.48
153.51 £ 16.76 £ 20.30
158.98 + 7.81 4 36.32
228.71 £ 8.82 + 20.57
101.46 + 5.54 & 8.56
0.74 £ 0.06 £ 0.07
16.80 +£1.19 + 3.81
51.35 £1.67+11.60
2.38+0.11
0.16 £ 0.02

13.14 £ 23.15 £ 2.32
4.45+10.47£0.70
0.33+£0.78 £0.10
0.00 £ 0.63
18.72 +£2.49 £ 1.57
0.15+0.02 £0.01
0.00£0.74
27.07 £1.30 £ 6.32
1.08 £0.09
0.06 £0.01

HW (W) 4.93+0.20 £ 1.09 15.16 +0.35 £ 3.30 9.46 +0.29 £2.12
ttz 1.06 £ 0.08 £0.23 3.21+0.14 +£0.68 1.57 £0.10 £ 0.32
ttH 0.55 £ 0.05 £ 0.05 1.75£0.09 £ 0.17 0.98 £0.07 £ 0.09
Vv 145.49 £ 2.48 + 33.62 344.32 £ 3.69 £ 80.53 157.82 £ 2.48 + 36.57
VH 2.89£0.45 9.16 + 0.82 6.75 +0.80
VvV 0.83 £0.05 2.36 +0.08 1.49 £0.07
Total bkg. 2609.33 & 62.81 +282.79  1167.88 4 30.57 +94.57  243.06 £ 25.73 £ 37.29
Data 2498 1259 260
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Figure 7.20: Distributions of some kinematic variables in the ee and ey channels,
in the low Hrt control region for both the full MC background estimation and the
data. [110]
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Table 7.6: Yields in the low EX control region for the trilepton channels using the
full MC background estimate. [110]

Sample eee eefl [ o

Z + jets 21.51 +21.04 £+ 2.59 0.75+21.02 £ 0.18 34.96 +21.40 £ 5.25 0.36 +22.98 +0.11
W + jets 0.00 £+ 10.50 0.00 £ 10.50 0.00 £ 10.50 0.00 £+ 10.45
W/Z +~ 14.75 + 1.48 + 4.42 0.00 £ 0.76 23.73+1.83+7.12 0.00 £0.76

t, tt fakes 0.43 +0.65 + 0.04 4.01 +1.20 +0.40 1.41 +£0.89+0.14 0.59 + 0.68 4 0.06
tt + X fakes 0.01 +0.01 + 0.00 0.03 +0.02 + 0.00 0.04 +0.02 £ 0.01 0.00 + 0.01

V'V fakes 2.76 + 0.80 + 0.58 3.13+0.85 +0.65 4.99 + 0.94 + 0.96 3.91+0.88+£0.77
V H fakes 0.00 4+ 0.08 0.00 £+ 0.08 0.01 +£0.08 0.00 + 0.08
VVV fakes 0.01 £ 0.00 0.02 + 0.00 0.01 £ 0.00 0.01 + 0.00

W (W) 0.10 £ 0.03 £ 0.02 0.48 £+ 0.06 £+ 0.09 0.51 +£0.06 £ 0.10 0.18 +£0.04 £0.03
ttZ 0.93+0.07 +0.17 1.32 £0.09 £ 0.23 1.54 £0.10 £ 0.29 1.79 £0.11 £ 0.32
ttH 0.05 £+ 0.01 £ 0.00 0.15+0.02 £0.01 0.20 £+ 0.03 £ 0.02 0.10 £ 0.02 £ 0.01
Vv 69.54 +£2.07 £+ 14.44 66.30 £ 1.84 + 14.77 106.20 + 2.62 + 22.08 109.53 + 2.48 4 24.40
VH 0.46 + 0.06 0.62 + 0.07 0.73 £ 0.08 1.06 £0.10
vvv 0.10 £ 0.02 0.24 +0.02 0.28 +£0.03 0.11 +0.01
Total bkg. 110.64 + 23.68 + 15.33  77.04 +23.63 £ 14.80 174.61 +24.09 +23.81  117.65 + 25.40 + 24.42
Data 98 84 190 121

Table 7.7: Yields in the low Ht control region for the trilepton channels using the
full MC background estimate. [110]

Sample eee eefl S j

Z + jets 23.51 +21.33 £ 2.80 0.70 +21.02 £ 0.18 38.87 +£21.48 +5.98 0.90 +22.98 + 0.16
W + jets 0.00 £+ 10.50 0.00 + 10.50 0.00 + 10.50 0.00 + 10.45
W/Z + ~ 14.05 +1.43 £ 4.15 0.00 £ 0.76 24.49 + 1.86 + 7.35 0.00 £ 0.76

t, tt fakes 3.96 +£1.17 £ 0.40 10.50 £ 1.83 £ 1.05 6.81 + 1.43 £ 0.66 0.99 +£0.79 £0.10
tt + X fakes 0.03 £+ 0.02 + 0.00 0.09 + 0.02 £ 0.01 0.12+0.03 £ 0.01 0.02 £+ 0.02 + 0.00
V'V fakes 7.33+£0.97 £ 1.50 7.50 +0.98 + 1.61 11.91 +1.14 +2.42 9.194+1.03+1.95
V H fakes 0.00 £ 0.08 0.00 + 0.08 0.01 +0.08 0.00 +0.08
VVV fakes 0.02 +£0.01 0.07 + 0.01 0.06 + 0.01 0.04 +0.01

LW (W) 0.42 + 0.06 + 0.09 1.51 £0.10 £ 0.30 1.96 £0.12 £ 0.43 0.95+ 0.09 + 0.20
ttZ 1.24 +£0.08 £ 0.27 1.85+0.11 £ 0.39 2.29+0.12 +0.47 2.50 +0.13 £ 0.54
ttH 0.11 +0.02 £ 0.01 0.37 +0.04 £ 0.03 0.45+0.04 £ 0.04 0.18 £ 0.03 + 0.01
4% 102.66 + 2.29 + 22.92 114.15 + 2.25 + 27.74 168.96 + 3.03 4+ 37.62 188.82 + 3.01 4+ 46.00
VH 0.89 £+ 0.09 1.19£0.11 1.53+£0.13 1.754+0.14
VvV 0.31 +0.02 0.82+0.04 1.08 +£0.05 0.60 £ 0.03
Total bkg. 154.53 +23.97 + 23.51  138.74 £23.71 £27.81  258.53 +24.24 + 38.88  205.95 + 25.47 + 46.05
Data 147 142 296 209
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7.3.2 Composition of the Background in the Generic Signal Region

The results in the previous section show that the full MC estimate accurately de-
scribes the background and can be used to analyze the composition of the back-
ground in the signal region. The generic signal region considered here (different
from the signal region in our analysis, see Section 7.3) is defined as having at least
two jets, one b-jet, EMs5> 40 GeV, Hr> 650 GeV and a Z/quarkonia-veto in the
ee channel. The event yields for the full MC estimate are shown in Table 7.8 and
Table 7.9 for the same-sign dilepton and trilepton channels. The dominant back-
grounds are ¢t and tt+W/Z in the same-sign dilepton channel and tt+W/Z, WZ
and tt (eep only) in the trilepton channel.

Table 7.8: Yields in the signal region for the same-sign dilepton channels using

the full MC background estimate. The first error is statistical and the second is
systematic. [110]

Sample ee et o

Z + jets 0.45£21.02£0.10 0.00 £ 21.02 0.15£22.98 £ 0.04
W + jets 0.58 £10.51 £0.17 0.00 £ 10.50 0.00 +10.45
W/Z 4+~ 0.37£0.73£0.08 0.04 +£0.69 £0.01 0.00 £ 0.76

t, tt mis-id 473+1.24+£0.42 493 +1.33 £0.49 0.00 £ 0.63

t, tt fakes 2.01£0.96 £0.20 2.68+1.05+£0.27  0.30£0.66 = 0.03

tt + X fakes/mis-id

0.16 =0.02£=0.01

0.18 =0.03 £0.01

0.06 =0.02 £0.01

V'V mis-id 0.01 £0.74 £ 0.00 0.01£0.74 £0.00 0.00£0.74
V'V fakes 0.54 +£0.81£0.14 043£0.74£0.08 0.09£0.74 £0.02
V H fakes/mis-id 0.00 £ 0.08 0.00 £0.08 0.00 £0.08
VVV fakes/mis-id 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
ttW (W) 1.29 £0.08 £ 0.22 3.51 £0.14 £ 0.62 1.95+£0.10 £ 0.35
tt7 0.42 £0.05+£ 0.08 1.06 £ 0.07 £ 0.21 0.40 £0.04 £ 0.08
ttH 0.22 £ 0.03 £0.02 0.80 £0.06 £0.08  0.43£0.04£0.04
Vv 0.43 £0.15£0.08 142£0214+026  0.66 £0.16 = 0.10
VH 0.00 £0.08 0.00 £0.08 0.10£0.11
VvV 0.00 &= 0.00 0.00 = 0.00 0.00 &= 0.00

Total bkg.

11.21 £23.59 £0.59 15.07£23.59£0.90 4.14 £25.29 +£0.38
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Table 7.9: Yields in the signal region for the trilepton channels using the full MC
background estimate. The first error is statistical and the second is systematic. [110]

Sample eee eel el o

Z + jets 0.00 £ 21.02 0.00 + 21.02 0.00 + 21.02 0.00 + 22.98
W + jets 0.00 £ 10.50 0.00 £ 10.50 0.00 + 10.50 0.00 + 10.45
W/Z +~ 0.00 £0.76 0.00 £0.76 0.00 £0.76 0.00 +0.76

t, tt fakes 0.00 £0.63 0.44 +0.68 = 0.04 0.14 +0.61 £0.01 0.00 + 0.63

tt + X fakes  0.01+0.01 4 0.00 0.03 £ 0.02 £+ 0.00 0.03 £ 0.02 £+ 0.00 0.00 +0.01
V'V fakes 0.06 +0.74 £ 0.01 0.07 £ 0.74 £ 0.02 0.09 +0.74 £+ 0.02 0.11+0.74 £0.03
V H fakes 0.00 +0.08 0.00 £0.08 0.00 £ 0.08 0.00 £ 0.08
VVV fakes 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
HW (W) 0.08 + 0.02 4+ 0.02 0.30 +0.04 £ 0.05 0.34 +0.04 £+ 0.06 0.16 +0.03 £+ 0.03
ttz 0.62+0.05+0.12 0.95+0.07 +£0.17 1.03 £0.07 £ 0.19 1.10 £ 0.08 £ 0.20
ttH 0.07 +0.02 £ 0.01 0.16 +0.03 £ 0.01 0.22 +0.03 £+ 0.02 0.08 +0.02 £ 0.01
Vv 0.44+0.16 £0.11 0.72+0.16 £ 0.16 0.94+0.20 £ 0.24 1.35+0.26 £0.28
VH 0.00 £ 0.02 0.00 £ 0.02 0.00 £ 0.02 0.00 + 0.02
VvV 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Total bkg. 1.28 £23.53+0.16 2.67+23.53+£0.25 2.79+23.53+0.31 2.82+25.27+0.35

7.3.3 Validation of the Standard Background Estimate

The ideal control regions for background validation should contain no signal but have
the same background composition as our signal region. In general it is nontrivial to
find control regions that satisfy both of these requirements. Figures 7.20-7.21 show
that a Low Hr region with at least one b-tagged jet is a good region for validating
the leading backgrounds. As expected it is dominated by ¢t in particular in the ey
channel. In the ee channel there is a large contribution from Z+jets. This can be
validated with a region where the Z-peak is selected. The pp channel contains a
non-negligible contribution from WZ which can be controlled by looking in a region
with Low Ht and zero b-tagged jets. To summarize, the control regions for the

same-sign dilepton channels are the following:

e low Hr+1b: preselection defined in Section 6.1, 100< Ht < 400 GeV, at
least one b-tagged jet. This is the main control region, used to validate the

tt(+Z /W) background, in particular in the ey channel;

e low Hrp+0b: preselection defined in Section 6.1, 100< Ht < 400 GeV, zero
b-tagged jets. This control region is necessary to validate the description of
the W Z background that enters in the low Hr+1b control region, for the pu

channel only.
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e Z-peak: preselection defined in Section 6.1, removal of the Z/quarkonia veto in
the ee channel, 81<m,. <101 GeV. This control region is necessary to validate
the description of the Z 4+ jets background that enters in the low Hr+1b

control region, for the ee channel only

The trilepton control regions must be able to validate the tt+W/Z and WZ back-
grounds as well as the ¢t background in the eey channel. The Hy + 0b and Hy + 1b
control regions defined for the same-sign dilepton channel can also be used here
to validate the WZ and ¢t backgrounds respectively. It is not possible however to
find a region to validate the tt+WZ background without allowing significant signal
contamination.

Tables 7.10 and 7.11 show the same-sign dilepton yields in data in the Ht + 1b
control region compared to both the standard and the full MC background estimates.
Figures 7.29 through 7.31 show the distribution of same-sign dilepton events in data
compared to the standard background estimate in the Ht + 1b, Ht + 0b and Z-
peak regions. Tables 7.12 and 7.15 show the trilepton yields in data in the Ht + 1b
control region compared to both the standard and the full MC background estimates.
Figures 7.32 through 7.34 show the distribution of trilepton events in data compared
to the standard background estimate in the Ht + 1b, Ht + 0b control regions. The
yields in all the tables and plots in this section include statistical and systematic
errors. The systematic error includes only the leading systematics in the analysis
namely the uncertainty on the cross-section of the MC backgrounds and a 30%
uncertainty on the fake/non-prompt and charge misid backgrounds. The standard
background estimate is consistent with the data within uncertainty in each of the

validation regions considered.
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Table 7.10: Yields in the low Hrt+1b control region for the same-sign dilepton
channels. The first error is statistical and the second is systematic. [110]

Sample ee el i

Q Mis-id 135.68 4+ 1.80 4+ 40.70 117.99 4+ 1.44 4+ 35.40 —
Non-prompt/fakes 152.68 £ 11.23 £ 120.21 224.94 +10.45 £ 175.98 28.82 +3.10 +22.84
tHW (W) 3.80 £0.18 £ 0.85 11.72 +0.31 + 2.56 7.24 +£0.25+1.64
ttZ 0.77+0.07 £ 0.17 2.44 +£0.12 +£0.52 1.19 +£0.09 £ 0.25
ttH 0.39 +0.04 + 0.04 1.31 +0.08 £0.13 0.76 = 0.06 £ 0.07
174% 5.57 £0.45 +1.08 15.90 £ 0.78 +2.93 9.00 £ 0.58 +1.79
VH 0.28 +0.16 0.63 +£0.28 0.20 £ 0.08
VvV 0.04 £0.01 0.12£0.02 0.07 £0.01
Total bkg. 299.21 +11.39 + 126.93 375.05 +10.59 +179.55 47.29 4+ 3.17 +22.97
Data 271 307 52

Table 7.11: Yields in two control regions for the same-sign dilepton channels using
the full MC background estimate. The first error is statistical and the second is
systematic. [110]

“low Hr+1b" “low Hp40b”
Sample ee eu L L
Z + jets 53.28 +22.01 +4.67 2.34 +£21.00 £ 0.33 0.61 £22.98 +£0.10 12.52 £23.15 £ 2.31
W + jets 7.03 £10.56 £ 0.93 5.47 £10.54 £+ 0.80 0.00 £ 10.45 4.45 +£10.47 +£0.70
W/Z +~ 14.63 £1.86 £ 3.24 15.37 £2.61 £ 3.85 0.00 £0.76 0.33 £0.78 £ 0.10
t, tt mis-id 131.68 + 6.58 + 11.96 173.06 £ 7.64 £ 15.63 0.00 £+ 0.63 0.00 £0.63
t,tt fakes 38.36 +3.39 £+ 3.44 62.22 £4.20 £ 5.51 12.22+2.09+1.05 6.50 £ 1.37 £ 0.52
tt + X fakes/mis-id 0.46 £ 0.06 £ 0.06 0.53 £ 0.05 £ 0.05 0.12 £0.02 £0.01 0.03 £ 0.01 £ 0.00
V'V mis-id 0.40 £0.73 £ 0.08 0.58 £0.74 £ 0.13 0.00 £ 0.74 0.00 £ 0.74
V'V fakes 1.20 +0.76 £ 0.26 4.57 £0.85+0.82 1.93+0.78 £0.41 25.14 +1.27 £ 5.92
V H fakes/mis-id 0.06 £+ 0.08 0.17 £ 0.08 0.08 £ 0.08 1.00 £ 0.09
VVV fakes/mis-id 0.01 £ 0.01 0.00 £+ 0.00 0.01 £+ 0.00 0.06 £+ 0.01
ww((w) 3.80 £0.18 £0.85 11.72 £ 0.31 £ 2.56 7.24£0.25 £1.64 2.224+0.14 £ 0.48
tz 0.77 £0.07 £0.17 244 +0.12+£0.52 1.19 +£0.09 £+ 0.25 0.38 £ 0.05 £+ 0.08
ttH 0.39 +0.04 £ 0.04 1.31+0.08 +0.13 0.76 £ 0.06 £ 0.07 0.21 £ 0.03 £ 0.02
(4% 5.57 £0.45 £ 1.08 15.90 £ 0.78 +2.93 9.00 £0.58 £1.79 148.82 +£2.41 + 34.81
VH 0.28 £0.16 0.63 £ 0.28 0.20 £ 0.08 6.55 £ 0.80
VvV 0.04 £ 0.01 0.12 £ 0.02 0.07 £ 0.01 1.42 +0.07
Total bkg. 257.96 + 25.60 + 13.78  296.44 + 25.24 £ 17.50 33.44 £+ 25.38 +2.69 | 209.62 £ 25.63 £ 35.40
Data 271 307 52 208
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Figure 7.27: Distributions of some kinematic variables in the ee channel, in the low
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Figure 7.28: Distributions of some kinematic variables in the ey channel, in the low
Hr+1b control region for both the background estimation and the data. [110]
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Figure 7.29: Distributions of some kinematic variables in the pu channel, in the low
Hr+1b control region for both the background estimation and the data. [110]
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Figure 7.30: Distributions of some kinematic variables in the pu channel, in the low
Hr+0b control region for both the background estimation and the data. [110]
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Table 7.12: Yields in the low H1+0b control region for the trilepton channels. The
first error is statistical and the second is systematic. [110]

Sample eee eefl e LU L
Non-prompt/fakes  38.57 £ 6.60 & 30.85 17.13 £ 3.89 £ 13.70 63.83 £ 7.15 + 51.06 —0.01 +1.65+0.01
W (W) 0.11 +0.03 £+ 0.02 0.34 + 0.05 + 0.06 0.36 £ 0.05 + 0.07 0.19+0.04 +0.04
tz 0.33 +0.04 £ 0.06 0.47 £ 0.05 £ 0.09 0.51 +£0.06 +=0.10 0.56 £0.06 +0.12
ttH 0.04 +0.01 £ 0.00 0.09 +0.02 £ 0.01 0.13+0.02 +£0.01 0.05 £ 0.02 + 0.00
Vv 96.88 £ 2.23 £ 21.81 107.36 £2.17+26.46  160.54 £2.98 £35.94 179.59 £ 2.94 £ 44.29
VH 0.87 £ 0.09 1.12£0.11 1.44+0.13 1.62+0.13
vvv 0.29 +0.02 0.78 £0.04 1.06 £ 0.05 0.58 £0.03
Total bkg. 137.09 £6.97 £ 37.78  127.30 £4.46 £29.80 227.86 £ 7.75 £ 62.44 182.57 4 3.38 £ 44.29
Data 132 124 260 195

Table 7.13: Yields in the low Hp-+1b control region for the trilepton channels. The
first error is statistical and the second is systematic. [110]

Sample eee eep [ o
Non-prompt/fakes  8.04 + 2.32 + 6.44 13.20 £2.41 +£10.56  17.87 +2.77 £ 14.30 1.34 £ 0.55 £1.07
tHW (W) 0.30 + 0.05 £ 0.07 1.174+£0.09 + 0.24 1.60 £0.11 +0.36 0.76 =+ 0.08 £ 0.16
tZ 0.90 +0.07 £ 0.21 1.38 +0.09 + 0.29 1.78 +£0.11 £ 0.38 1.94 +£0.11 + 0.42
ttH 0.07 +£0.02 £ 0.01 0.28 +0.03 £ 0.03 0.32 +0.03 £ 0.03 0.14 £0.02 £ 0.01
vv 5.78+0.51 +1.14 6.78 £0.57 + 1.33 8.42+0.57 £ 1.78 9.23 +0.65 + 1.82
VH 0.02 + 0.02 0.07 £ 0.02 0.09 +0.03 0.13+0.04
vvv 0.02 +0.01 0.04 +0.01 0.03 +0.01 0.02 +0.01
Total bkg. 15.14 £2.38 +£6.54 22.924+2.48 +£10.65 30.11 £2.83 +14.42 13.56 +0.86 = 2.16
Data 15 18 36 14
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Table 7.14: Yields in the low H1+0b control region for the trilepton channels using
the full MC background estimate. The first error is statistical and the second is

systematic. [110]

Sample eee eef et j

Z + jets 22.47 +21.32 + 2.76 0.45+21.02 £ 0.13 38.11 £21.48 +5.96 0.87 +22.98 + 0.15
W + jets 0.00 £ 10.50 0.00 £+ 10.50 0.00 £+ 10.50 0.00 + 10.45
W/Z +~ 13.21 +1.40 £ 3.90 0.00 £0.76 22.69 +£1.79 +6.81 0.00 £0.76

t, tt fakes 1.58 £ 0.87 £ 0.16 4.22 +1.25+0.42 3.48 +1.06 4+ 0.33 0.59 + 0.73 + 0.06
tt + X fakes 0.02 +0.01 + 0.00 0.03 + 0.02 4+ 0.00 0.02 +0.01 £ 0.00 0.02 £ 0.01 + 0.00
V'V fakes 6.98 +0.96 + 1.45 7.124+0.97 £ 1.55 11.18 £1.11 £ 2.31 8.57 +1.01 +1.82
V' H fakes 0.00 4+ 0.08 0.00 + 0.08 0.01 +0.08 0.00 £ 0.08
VVV fakes 0.02 +0.01 0.07 + 0.01 0.06 + 0.01 0.03 £ 0.01

W (W) 0.11 £ 0.03 £ 0.02 0.34 £+ 0.05 £ 0.06 0.36 + 0.05 £ 0.07 0.19 £ 0.04 £ 0.04
ttZ 0.33 +0.04 + 0.06 0.47 + 0.05 4+ 0.09 0.51 +0.06 +0.10 0.56 £ 0.06 + 0.12
ttH 0.04 £+ 0.01 £ 0.00 0.09 £+ 0.02 £ 0.01 0.13+0.02 £ 0.01 0.05 £+ 0.02 £ 0.00
Vv 96.88 +2.23 + 21.81 107.36 £ 2.17 + 26.46 160.54 + 2.98 + 35.94 179.59 + 2.94 4 44.29
VH 0.87 + 0.09 1.12+0.11 1.44 £0.13 1.62 +£0.13
vvv 0.29 +0.02 0.78 £ 0.04 1.06 £+ 0.05 0.58 £0.03
Total bkg. 142.80 + 23.95 + 22.37  122.06 £ 23.66 £ 26.51  239.59 +24.21 + 37.14  192.67 £ 25.46 + 44.32
Data 132 124 260 195

Table 7.15: Yields in the low Hr+1b control region for the trilepton channels using
the full MC background estimate. The first error is statistical and the second is

systematic. [110]

Sample eee eefl e JApLp

Z + jets 1.05 + 21.02 £ 0.22 0.25 +£21.02 £ 0.05 0.76 £21.01 £0.12 0.03 +£22.98 £ 0.01
W + jets 0.00 % 10.50 0.00 £ 10.50 0.00 % 10.50 0.00 £ 10.45
W/Z +~ 0.84 £0.81 £0.25 0.00 £0.76 1.80 £ 0.90 £ 0.54 0.00 £0.76

t, tt fakes 2.38 £0.97+0.24 6.27 +1.46 £ 0.63 3.34+1.134+0.33 0.40 £ 0.65 + 0.04
tt + X fakes 0.02 +0.01 £ 0.00 0.06 £0.02 £0.01 0.09 +0.03 £ 0.01 0.01 £0.01 £ 0.00
V'V fakes 0.35+0.75 £ 0.07 0.38+£0.74 £ 0.07 0.72+0.73 £0.12 0.62+0.75+0.13
V H fakes 0.00 £ 0.08 0.00 £ 0.08 0.00 + 0.08 0.00 £ 0.08
VVV fakes 0.00 £ 0.00 0.00 £+ 0.00 0.00 £ 0.00 0.01 +0.00
HWw (W) 0.30 +0.05 £ 0.07 1.17 £0.09 £ 0.24 1.60 £0.11 £0.36 0.76 £ 0.08 +0.16
ttZ 0.90 £0.07£0.21 1.38 £0.09 +£0.29 1.78 £0.11 £0.38 1.94 +£0.11 +£0.42
ttH 0.07 +£0.02 £ 0.01 0.28 +£0.03 £ 0.03 0.32+0.03 £0.03 0.14 +£0.02 +£0.01
4% 5.78+£0.51 +1.14 6.78 £0.57 £1.33 8.42+0.57 £ 1.78 9.23 £ 0.65 £1.82
VH 0.02 +0.02 0.07 £ 0.02 0.09 +0.03 0.13£0.04
vvv 0.02 £0.01 0.04 £0.01 0.03 +0.01 0.02+£0.01
Total bkg. 11.73 £23.55+1.23 16.68 £23.57+1.52 18.94+23.55+1.97 13.28£25.28£1.88
Data 15 18 36 14
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Figure 7.32: Distributions of some kinematic variables in the eee and eey channels, in
the low Hp+0b control region for both the background estimation and the data. [110]
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Figure 7.33: Distributions of some kinematic variables in the eup and ppp chan-
nels, in the low Hr+0b control region for both the background estimation and the

data. [110]
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Figure 7.34: Distributions of some kinematic variables in the eee and eey channels, in
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235

= - T T T T T T T T T | = T T T T T T T =
& iLdt =po3tw’ ATLAS Internal e channel, ys=8 TeV o & 203" ATLAS Internal ey channel, Ys=8 TeV
g = 2UED/RPP 1 TeV—] S —— 2UEDVAPP 1 TV ]
= — iops Contect 3 - — 4-10ps Gontact
2 -- UCIAghtight o 5 -+ UGl ightight ]
o -8 Data — o 8- Data =
w [ ron-promptiskes ] [ Non-prompttskes—|
D iwpws = D viwowny -
Bz = [— L= —
[ I = [ I -
3 mw —
Bw = 3w T
v — Owy e
444 Totalbakground 5 444 Totalbackground _|
© n } L 1 1 1 1 1 = © & " L L I ]
2 N 2
g 2 8
= a = = Fo |
£ n £ , 7
= 2 o
(2] [72]
-+ 4
200 400 600 800 1000 1200 1400 1600 1800 2000 2 100 200 300 400 500 600 %%2 B
i
H, [GeV] Er™ [GeV]
2 L] T T T T T 2 T T T T T
] ' ATLAS Internal eup channel, Vs=8 TeV o ATLAS Iniernal eup channel, Vs=8 TeV_o
i — ZUEDAPP 1 Tev™—] i — PUEDVAPF 1 TeV o
— 4-ops Contact — 4-ops Contact
- 10l Aghtright -+ 4Gl ightight |
-8 Data = -8 Data 5
[ Non-promptiskes — [ Mon-promptskes
Ciwwy = Ciww 3
- iz —
- B i 5
3 v —
— s =
Owv = Owy —
£ Totalbadground ] %44 Tolal background E
n L L L M| i Lo
@ o
2 N 2
N e 3 E
£ o £
= = -
w " (2]
0 2 4 [ B 10 12 14 5 [ 7
ots Nb—Jets
% T T T T T | % T T T |
5} ppp channel, ys=8 TeV 3 @ upyp channel, {s=8 Te\V—]
g —— 2UEDVAPP 1 TeV o g —— 2UEDVAPP 1 TeV
- — 4-ops Contast ——] - — 4-tops Contact —
g -+ = HCl nght-night E 5 == nClghtight
2 8- Data = & 8- Daa =
w [ Hon-promptiskes 7| [ Mon-promaiickes —|
D wwn = D dwom =
e @iz E
— Wi 3
= [ E
mEw = @ w =
WY = wy 3
244 Totalbadground o 444 Totalbadground
@ 1 1 1 1 1 = © =
2 2
@ o
= — Ne) |
= =
[= - [= L B
=J =1
wn (2] 4
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 100 200 300 400 500 600 700 800
miss
H; [GeV] Er™ [GeV]
°E" - T T T T T ™ g ar T T T T T T T R
H] jjl_dt=20.3 ' ATLASInternal pup channel, ys=8 Te\V—| 2 mZJ:Ld =2031" ATLASInternal wup channel, {s=8 Te\V4
w —— 2UED/RPP1 TeV —o w [~ ~—— 2UEDAPP 1 TeV T
— 4-1ops Contact _— — 4-10ps Contact 7]
-- UCIAghtight o -+ UCIAghtight
-8~ Data - -8 Data -
[ Non-prompiskies —| [ Non-prompitskes |
EJtwomn = D iwonn —
= iz =
= | -
E mw =
— [ U -
3 Wy 7
44 Toalbadkground 444 Totalbatkground ]
® I } ) = © | ) =
2 2
© o
S B S - B
= =
£ £ n
= i=y
(2] [72]
4
B 10 12 14 1] 1 2 3 5 [ 7
Nievs Nb-jets

Figure 7.35: Distributions of some kinematic variables in the eup and ppp chan-
nels, in the low Hr+1b control region for both the background estimation and the
data. [110]



236

CHAPTER 8

Systematic Uncertainties

The estimation of uncertainty is an extremely important part of any experimental
measurement. In particular in a particle physics search it factors heavily in the
statistical interpretation of the data in the context of the background-only and the
signal-plus-background hypotheses. The uncertainty can be divided into two com-
ponents: statistical and systematic. Statistical uncertainty derives from random
fluctuations in measurement that are either unknown or unpredictable. In the con-
text of a particle physics analysis these fluctuations follow a Poisson distribution
with mean p and standard deviation /. This error can be significant in extreme
regions of phase space where N is small, however it decreases as more data is col-
lected. It is straightforward to evaluate and scales with the inverse square root of
the integrated luminosity of the data. 2 In contrast the systematic uncertainty is
generally not straightforward to evaluate and does not decrease as the integrated
luminosity increases. Identifying and controlling all the sources of systematic error
is a crucial and non-trivial part of the analysis.

The main result of a particle physics search is the significance which quantifies the
agreement of data with the background expectation and, in the case of no excess, the
exclusion limits for the signal(s) being investigated. The details of their calculation
are given in Chapter 9. They are calculated directly from the event yields observed in
data and the expected signal and background event yields. The former is determined
by simply counting the number of events in data that pass the selection defining
the signal region while the latter are determined with Eq. 6.1. The uncertainty

on the expected signal and background yields has both a statistical and systematic

20For signal and background event yields the statistical uncertainty is the quadratic sum of the
weights applied to the MC events and scales with the inverse square root of the size of the MC
sample.
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component. The systematics arise from theoretical and experimental uncertainties
that affect the cross-section, the integrated luminosity and the selection efficiency.
These uncertainties contribute to the overall uncertainty on the event yield which
affects the calculation of the significance and exclusion limits. Greater systematic
uncertainty makes it more difficult to distinguish between the background-only and
the signal-plus-background hypotheses and thus fundamentally limits the sensitivity
of the search. For these reasons it is critical to identify all sources of systematic error
and to minimize them as much as possible. The remainder of this chapter lists the
leading sources of systematic uncertainty for this analysis. In each case a parameter
subject to some uncertainty is varied and the systematic uncertainty is estimated
by comparing the yields calculated with the variation to the nominal yield. For
each systematic there are three yields, nom, Zup and Zgewn corresponding to the
nominal value of the parameter and the value shifted up and down by one standard
deviation. These three values are used to determine the probability distribution
functions for the nuisance parameters 7(v;) (described in Section 9.1) used for setting
limits. In some cases the nominal values are smeared by a Gaussian producing a
single shifted value which is then symmetrized to get z,, and Z4own and determine
m(v;). Tables 8.1 and 8.2 show the leading systematic uncertainties on the combined
background yield and on the yield for a representative signal (600 GeV vector-like
bottom pair production) for each SR category.
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VLQ signal region number

Source 0 1 2 3 4 5 6 7

Cross section +8.0 £13.6 +£15.1 +£11.1 £12.1 +£16.8 =£25.2 +£23.8
Fake/non-prompt leptons | £33  £18 25  +23  £26  +16 +1.5 3.8
Charge misID IR R S - R S R R T
Jet energy scale IR B O S S v S
b-tagging efficiency ‘ +1.0 £2.6 I B e e 29 53
Lepton ID efficiency ‘ +1.3  +£16 +1.6 T3} 30 AFY 23 £2.5
Jet energy resolution ‘ +0.5 £0.2 +3.1 +1.9 +0.3 +0.9 +0.8 +3.4
Luminosity ‘ +£09 £1.1 +1.3 +1.4 +1.5 +1.5 +2.1 +1.9

Table 8.1: Uncertainty (in %) on the total background yield for each SR category
due to the leading sources of systematic uncertainty. [39]

VLQ signal region number
Source 0 1 2 3 4 5 6 7
Jet energy scale Soot Tes TRy BT B B T TS0
b-tagging efficiency | Y50 g7 5y M7 T 9 T4 i
Lepton ID efficiency ‘ +2.9 429 428 £29 37 429 32 130

Jet energyresolution‘:l:OB +25 439 +03 +0.7 +0.7 +1.0 40.1
Luminosity \i2.8 +2.8 +28 +£28 +£2.8 +2.8 +2.8 £28

Table 8.2: Uncertainty (in %) on the yield of a representative signal (600 GeV
vector-like B pair production) for each SR category due to the leading sources of
experimental systematic uncertainty. [39]

8.1 Uncertainties on Monte Carlo Samples

8.1.1 Trigger and Object Reconstruction

The trigger and object reconstruction efficiencies described in Chapters 4 and 5 are
not the same in MC simulation and data. This is because the detector simulation is
imperfect and can only approximate the true detector response. The trigger efficien-

cies in both MC simulation and data are shown in Fig. 4.1 and Fig. 4.2. The object
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reconstruction efficiencies in MC simulation and data are shown in Fig. 5.3, 5.9
and 5.10 for jets, electrons and muons respectively. The difference between the effi-
ciencies measured in MC simulation and those measured in data must be accounted
for in order to accurately compare MC event yields with observed event yields. This
is done by scaling the efficiencies in the MC simulation to agree with those in data.

Scale factors are evaluated as the ratio

€data (777 pT)

SF =
EMC(n7pT)

They are parametrized as the efficiencies are in terms of object n and pr. The
scale factors used in this analysis for each of the trigger and object reconstruction
efficiency corrections follow the recommendations of the relevant physics Combined
Performance (CP) group. The CP groups and the software tags used for each

correction is given in Table 8.3

Efficiency Correction | CP Group Software Tag
muon trigger Muon TrigMuonEfficiency-00-02-48
electron trigger E/gamma | ElectronEfficiencyCorrection-00-00-50
jet reco Jet/EtMiss JetEffiProvider-00-00-05
electron reco E/gamma | ElectronEfficiencyCorrection-00-00-50
muon reco Muon MuonEfficiencyCorrections-02-01-19-02

Table 8.3: Combined Performance (CP) groups and software tags for each efficiency
correction

The uncertainty on these scale factors constitutes a systematic uncertainty on
the final signal and background yields. Each efficiency correction is treated as a
separate uncorrelated systematic. To estimate the effect of these systematics the
full event selection is applied using the nominal values of the scale factors and using

the scale factors shifted up and down by one standard deviation.
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8.1.2 Object Scales and Resolutions

The energy of final state objects measured in the detector can deviate significantly
from the energy of the underlying particles that produced them. The detector aims
to accurately measure the energy or momentum of the particle. However for a
variety of reasons there can be a mismatch between the measured energy and the
true energy of the particle. Despite this mismatch the measured energy is found
to be proportional to the true energy and so must be calibrated to agree with it.
This is generally done by comparing the true energy to the reconstructed energy
for MC simulated events and producing calibration factors. In addition to these
calibration factors measured in MC simulated events, in situ techniques are applied
to data to assess the difference in the detector response in data and MC simulation.
The calibration factors measured in MC simulation are applied directly to the MC
signal and background samples. The calibration factors measured in MC simulation
and then corrected with in situ data-driven techniques are applied to the data. The
uncertainty in the difference between the calibration factors applied to the MC
samples and data introduces a systematic uncertainty on the final event yields.
The largest object scale systematic is the Jet Energy Scale (JES). The recon-
structed energy of a jet can deviate significantly from the energy of the underlying
parton (quark or gluon) that produces it. The effects that contribute to this devia-

tion include:

e Ratio of calorimeter response to electromagnetic showers and hadronic show-
ers e/h is >1 for non-compensating calorimeters. The mechanisms by which
electrons, photons and hadrons interact in the calorimeter (described in Sec-
tion 3.2.3) are very different. Hadrons interact with nuclei in the calorimeter
material often breaking them up into smaller nuclei. The energy expending
by the incident particle in breaking up these nuclei is not recovered by the

calorimeter and thus is missing from the reconstructed energy.

e Energy lost in un-instrumented regions of the detector (dead material)
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e Loss of energy deposits from part of the shower which falls outside the

calorimeter (leakage, punch through)

e Energy deposits in the calorimeter due to processes other than the hard scatter
of interest, including the underlying event, multiple parton-parton interactions

and pile-up.
e Detector and electronic noise

e The fraction of the jet energy excluded due to the finite size of the jet (out-

of-cone corrections)

ATLAS uses a calibration scheme that applies n and pr dependent JES correc-
tion factors to restore on average the measured jet energy to its initial value. The
methods used to evaluate the JES uncertainty are described in detail in Ref. [138].
The correction factors are measured in MC simulation and then a residual JES
correction is applied to account for differences between MC simulation and data.
This correction and its systematic uncertainty are evaluated in bins of jet n and pr.
They are estimated using a combination of in situ techniques exploiting the trans-
verse momentum balance between a jet and a reference object such as a photon or
Z boson. The effect of multiple parton-parton interactions is corrected for and an
uncertainty is evaluated using in situ techniques. The JES uncertainty is shown as
a function of pz’; " and 7 in Fig. 8.1. The values of the JES uncertainty are given for
a number of prjre " and 7 bins in Table 8.4.

In addition to the energy scale of final state objects the difference between the
object energy resolution in MC simulation and data introduces another systematic
uncertainty. As with energy scale systematics the largest energy resolution system-
atic is the Jet Energy Resolution (JER). Compared to electromagnetic objects, jets
usually have a much poorer resolution due to large shower-by-shower fluctuations
in their hadronic showers referred to as intrinsic fluctuations. The energy deposited
by jets in the calorimeter is split into two parts:

_ pEM had
Edep — Hdep + Edep
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EEM

dep 18 the energy deposited in the electromagnetic shower within the jet due to the

presence of neutral pions and photons. Eg;f is the energy deposited in the hadronic
shower within the jet. It arises from strong interactions between hadrons in the

jet and nuclei in the calorimeter and is subject to large fluctuations compared to

EEM

. These fluctuations derive in part from the fact that not all of E}%¢ is visible

dep
in the calorimeter. Some fraction of this energy is lost to nuclear binding energy in
breaking up nuclei in the calorimeter. This fraction varies from shower to shower
and thus contributes to the intrinsic fluctuations mentioned above.

Measurements of jet energy in MC simulation and data show that the JER is
poorer in data. This results from the failure of the detector simulation to adequately
simulate the intrinsic fluctuations of hadronic showers. To correct for this the energy
of jets in MC simulation is smeared with the difference between JER in data and

MC simulation. The smearing is done with a Gaussian distribution with standard

deviation:

Osmear = \/(UMC + AU)2 - U%/[C

The value of 04peqr is determined with in situ measurements and is subject to un-
certainty. This uncertainty gives rise to the a systematic uncertainty in the event
yields for the MC samples. The smeared MC samples are used for physics analysis
and the difference between the smeared and unsmeared samples is used to deter-
mine the systematic uncertainty. The full analysis selection is applied to both sets
of samples producing a nominal and a smeared yield for each MC signal and back-
ground sample for each SR category. For the purposes of limit setting where three
values are needed to determine the prior for each systematic 7(v;) ( Tnom, Tup and
Tdown, See Section 9.1) the smeared value is symmetrized to produce z, and Tgown
(Tnom £ Tomear)-

In addition to the JES and JER described here, object scale and resolution
systematics are also evaluated for electrons and muons. However these systematics

are small compared to JES and JER.
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Figure 8.1: Fractional in situ jet energy scale systematic uncertainty as a function
of pr ( 8.1a, 8.1a) and jet pseudorapidity ( 8.1c, 8.1d) for anti-k; jets with distance

parameter of R = 0.4 calibrated using the LCW—+JES calibration scheme.

The

contributions from each in situ method are shown separately. [138]
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In7] region Fractional JES uncertainty
Py =20GeV | P =40GeV | pi' =200GeV | p = 800GeV | p' = 15 TeV

Il = 0.1 2.4% 1.2% 0.8% 1.3% 32%
nl = 0.5 2.5% 1.2% 0.8% 1.3% 32%
nl = 1.0 2.6% 1.4% 1.1% 1.3% 3.2%
nl =15 3.1% 2.1% 1.7% 1.4% 3.3%
Inl = 2.0 3.9% 2.9% 2.6% 1.8%

nl = 2.5 4.6% 3.9% 3.4%

nl = 3.0 5.2% 4.6% 3.9%

Inl = 3.5 5.8% 5.2% 4.5%

nl = 4.0 6.2% 5.5% 5.1%

Table 8.4: Summary of in situ LOW+JES jet energy scale systematic uncertainty
for different p/s " and n values for anti-k, jets with R = 0.4. These values do not
include pile-up, flavor or topology uncertainties. [138]

8.1.3 DB-tagging Uncertainties

The uncertainties for the calibration scale factors for the b-tagging efficiency, c-jet
mistag rate and light jet rejection rate are shown in Fig. 5.5 - 5.7. These uncertainties
give rise to a systematic uncertainty on the selection efficiency and in turn on the
signal and background MC yields. A separate systematic is evaluated for each of
these three sets of scale factors. For each, the scale factors are varied by 0 and the
systematic is taken as the fractional change in the event yield. The largest effect is

from the variation of the b-tagging scale factors.

8.1.4 Luminosity and Production Cross Sections

The integrated luminosity of the data set used for this analysis is 20.3 fb~!. This
is determined with the LumiCalc tool [97] and depends on the triggers used for the
analysis, the GoodRunsList (GRL) recommended by the Top Working Group, and
the instantaneous luminosity measured per LumiBlock for each run. The measure-
ment of instantaneous luminosity is described in Section 4.1 and in further detail

in [96]. It is determined by measuring the inelastic event rate at the interaction
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point. A variety of different detectors and counting algorithms are used and the
results are compared in order to estimate the experimental uncertainty. This un-
certainty leads to a systematic uncertainty on the integrated luminosity and the
event yields. The method used to determine the systematic uncertainty on the
yields follows that described in [139]. For the ATLAS 2012 data set the systematic
uncertainty derived from the uncertainty on the integrated luminosity is 2.8%.
Theoretical uncertainties on the background cross-sections arise from a variety
of sources. The factors that contribute to this uncertainty are the normalization and
factorization mass scales, the modeling of initial and final state radiation (ISR/FSR),
the parton distribution functions (PDFs) and higher order corrections in perturba-
tion theory. 2! These parameters are varied in order to estimate the effect that their
uncertainty can have on the event yields. The cross-section uncertainties for each
of the backgrounds considered in this analysis are summarized in Table 8.5. The
details of the calculation of the systematic uncertainty for the cross-section of the
leading irreducible background t{W/Z are given in Section 8.2. The calculations for
the other irreducible backgrounds are detailed in the references given in Table 8.5.

Table 8.5: Summary of the Monte Carlo backgrounds production cross section sys-
tematic uncertainties.. [110]

Background Variations Comment

ttW/)z —43% +43% see details in Section 8.2

ttH —10% +10% conservative estimate from [129,130]

W Tw- —26% +38% estimate from MADGRAPH (scales variation)

WZ|ZZ —30% +30% conservative estimate using dedicated
study with VBFNLO for high multiplicity
events [140]

WH/ZH —10% +10% conservative estimate from [130)]

WEW —25% +25% estimate from MADGRAPH (scales variation)

VvV —10% +10% conservative estimate from [141]

tH —10% +10% conservative estimate from [142]

twz —10% +10% conservative estimate from [143]

21Gee Section 2 for a discussion of perturbation theory in Quantum Field Theory
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8.1.5 PDF Uncertainties

In addition to affecting the cross-section measurement, varying the PDF can also
affect the distributions of events in a number of kinematic variables. This can affect
the selection efficiency since the signal region is defined by placing cuts on these
variables. The evaluation of the systematic uncertainty resulting from this is done
by generating additional samples with three NLO PDF sets: NNPDF23 nlo_as 119,
CT10 and MSTW2008NL02008. The uncertainty is estimated according to the Top-
PDFUncertainty page recommendations, varying the intra-PDF and inter-PDF un-
certainties. The resulting deviations form an envelope which is taken as the ampli-
tude of the systematic uncertainty [144]. The amplitude of the systematic uncer-

tainty is corrected to account only for acceptance effects.

8.2 Determination of the systematic uncertainty for the t¢tW/Z background

Following the same procedure as the same-sign dilepton SUSY analysis [145], the
total systematic uncertainty on the production cross section of the ttW and ttZ pro-
cesses is determined from four sources: theoretical uncertainty, shape uncertainty,
parton shower modeling, alternate MC generators. The various contributions and
the global uncertainty are given in Table 8.6. The uncertainty on the yield is evalu-
ated separately for each SR category. The largest of these is taken as the systematic

applied across all SR categories. This leads to a conservative estimate of 43%.

8.2.1 Theoretical uncertainty

From the theoretical NLO predictions of [127,128], the systematic uncertainty on
the production cross section is 22%, largely dominated by the scale variations (see

Appendix L of [145]).

8.2.2  Shape uncertainty

Since MADGRAPH is an LO generator, its shape uncertainty is estimated by varying

the generator parameters. An extensive study performed by the SUSY group (see
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Table 8.6: Systematic uncertainties (in %) from the various sources for each SR
category. The sum in quadrature is shown in the last column. The “Worst case”
corresponds to the conservative estimate, taking the largest contribution from each
source. [110]

Region Theory | Shape | Parton shower Generators Total
Alt. MG Alpgen Final
SRVLQO 22 3.8 2.5 23 0.9 23 32
SRVLQ1 22 2.1 2.7 14 2.5 14 26
SRVLQ2 22 9.2 7.0 7.3 13 13 28
SRVLQ3 22 9.4 5.5 27 12 27 36
SRVLQ4 22 9.4 < 0.1 7.1 6.2 7.1 25
SRVLQ5 22 11 1.3 22 17 22 33
SRVLQ6 22 11 0 3.0 34 34 42
SRVLQ7 22 13 7.8 3.7 4.1 4.1 27
Worst case SRVLQ 22 13 7.8 34 43

Appendix L of [145]) concluded that, by far, the dominant uncertainty comes from
the variation of ISR. Therefore, only these samples were used in estimating the
uncertainty (DSID 176897, 176905 and 176913 for the ¢t with ISR up; 176921,
176929 and 176937 for the ttZ with ISR up; 176898, 176906 and 176914 for the
ttW with ISR down; 176922, 176930 and 176938 for ¢tZ with ISR down). Only
NTUP_TRUTH samples are available, thus the full analysis is not possible with
these varied samples. The estimate is then based on a similar selection as the
analysis but only on the truth particles, still performing the same object selection
(cuts on pr and 7, overlap removals) and applying weights to take into account the
70% efficiency on b-jets. The cuts on ER which are part of the definition of the
SR categories in Table 6.3 are not applied in this study. This is because there was
no good definition of F¥* in the MC samples.

The basic selection requires the presence of at least three leptons or two leptons
with the same electric charge, and at least two jets. For SR categories 0-2, we
require 400 GeV< Ht < 700 GeV. For SR categories 3-7, the cut is Hy> 700 GeV.
Since there are no cuts on E¥5 SR categories 3 and 4 have the same estimate, as
do 5 and 6. The variation observed in each SR category is shown in Table 8.6. The
largest one is 13%, which is consistent with the 12% value observed in the SUSY
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8.2.3 Parton shower modeling

The default ttW/Z simulated samples used in the analysis (see Table 4.2) are split
into three sub-samples: ¢tV + 0 parton exclusive, ¢tV + 1 parton exclusive and
ttV + 2 partons inclusive. In order to take into account variations in the parton
shower modeling, an alternative estimate is performed replacing the ¢V + 1 parton
exclusive and ¢tV + 2 partons inclusive samples by a ¢tV + 1 parton inclusive sample
(DSID 119354 for t¢W and 119356 for t¢Z). The difference between the two estimates

is taken as a systematic uncertainty and is shown in Table 8.6 for each SR category.

8.2.4 Difference between several generators

Three different t¢1W/Z simulated samples are available: the nominal one has been
produced with MADGRAPH, while an ALPGEN set and an alternative MADGRAPH
set can be used. Differences between the alternative samples and the nominal ones
are shown in Table 8.6 for each SR category. The final value is taken as the largest
difference in each region.

The complete list of ttW/Z MC samples used is shown in Table 8.7. The nominal
MadGraph samples have been generated with on-shell Z bosons, including up to
two additional partons at the MadGraph level, but excluding b quarks. Therefore,
additional bb pairs may be present in the final state, but only coming from gluon
splitting at the Pythia level. In the alternative MadGraph samples, the top quarks
and the W and Z bosons are decayed within MadGraph. Moreover, the additional
parton for the samples 117488 and 117490 may be a b quark. For the alternative
Alpgen samples, up to three additional partons are included at the Alpgen level,
but they do not include b quarks. Moreover, the statistics of ¢t/ Alpgen samples
is roughly ten times smaller than the MadGraph samples.
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Table 8.7: Monte Carlo samples used for the ¢ /Z background estimation (¢ means
any kind of charged lepton). The sample identifier is the sample number in the
ATLAS production. The K-factor is the rescaling factor between LO and NLO
cross sections. £ is the integrated luminosity corresponding to each sample, in fb™.

Sample Process Generator Cross- K-factor | £ [fb 1]
section [pb]
Nominal MadGraph samples
119353 W MADGRAPH+PYTHIA 0.104 1.17 3284
174830 ttW +j MADGRAPH-+PYTHIA 0.053 1.17 6404
174831 ttW+jj (incl.) MADGRAPH+PYTHIA 0.041 1.17 8237
119355 ttZ MADGRAPH+PYTHIA 0.068 1.35 4377
174832 ttZ+j MADGRAPH+PYTHIA 0.045 1.35 6532
174833 ttZ+jj (incl.) MADGRAPH+PYTHIA 0.040 1.35 7446
Alternative MadGraph samples (with single lepton filter)
117487 LW MADGRAPH+PYTHIA 0.072 1.29 5405
117488 ttW+j/b (incl.) MADGRAPH+PYTHIA 0.062 1.29 6249
117489 HZ (Z — v, qq), it~ MADGRAPH+PYTHIA 0.048 1.40 7410
117490 tt6t ¢~ +j/b (incl.) MADGRAPH+PYTHIA 0.013 1.40 5692
Alternative Alpgen samples
174233 ttW (W — fv)+Np0 ALPGEN+HERWIG 0.027 1.0 556.5
174234 W (W — fv)+Npl ALPGEN+HERWIG 0.018 1.0 543.4
174235 ttW (W — fv)+Np2 ALPGEN+HERWIG 0.0095 1.0 528.4
174236 W (W — €v)+Np3 (incl.) ALPGEN+HERWIG 0.0065 1.0 459.4
174248 ttZ (Z — £107)+Np0 ALPGEN+HERWIG 0.0080 1.0 6275
174249 tZ (Z — £+07)+Npl ALPGEN+HERWIG 0.0077 1.0 5846
174250 17 (Z — 107 )+Np2 ALPGEN+HERWIG 0.0052 1.0 5519
174251 | tZ (Z — €107 )+Np3 (incl.) | ALPGEN+HERWIG 0.0039 1.0 5641

8.3 Uncertainties on Data-Driven Backgrounds

Table 8.1 shows that for most of the SR categories the leading systematic uncer-
tainties are those associated with the data driven backgrounds. The estimation of
the systematic uncertainty on the fake/non-prompt lepton and the electron charge

misid backgrounds are described in the following section.

8.3.1 Fake/Non-Prompt Lepton Background

The systematic uncertainty on the fake/non-prompt lepton background derives from
the uncertainties on the real and fake efficiencies used in the matrix method to
calculate fake weights. These efficiencies represent the probability that a real or
fake lepton which passes the loose lepton definition will also pass the tight lepton
definition. Three sources of uncertainty in the calculation of the efficiencies were

considered:
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i) choice of the real and fake enriched control regions used to measure them

i1) MC model used to subtract events with real leptons from the fake /non-prompt

control region
ii1) limited statistics in the control regions

To assess the effect of i), fakes yields are estimated using efficiencies measured in
alternate real and fake control regions. These yields are then compared to the yields
produced with the nominal efficiencies and the difference is taken as the systematic.
The real and fake control regions used for measuring the efficiencies in the analysis
are described in Section 7.2.1. In the following these regions are referred to as the
nominal control regions. For electrons the alternate real control region is defined as
having EX5> 175 GeV, while the alternate fake control region is defined as having
Emiss< 20 GeV. For muons the alternate real control region has mf,> 110 GeV,
while the alternate fake control region has m{;, < 20 GeV and mi,+ER*< 60 GeV.
The ERs and mi;; cuts used for the alternate real control regions must be increased
with respect to the nominal control regions as any decrease would allow a non-
negligible number of events containing fake/non-prompt leptons to enter the region.
The increased cut values were chosen so that the alternate real control regions
would contain half the number of events in the nominal control regions. Effect i)
is accounted for by remeasuring the efficiencies after varying the normalization of
the MC samples used for the subtraction up and down by 10%. As for effect 1),
the yields calculated with these efficiencies are compared to the nominal yields to
estimate the systematic. Effect iii) is dealt with by dividing each control region up
into four equal subregions and calculating efficiencies and yields separately in each
subregion. The standard deviation of these four yield values divided by two is taken
as the systematic for this effect. The factor of one half is included since there are
approximately four times as many events in the nominal control regions as in each
of the subregions.

Figures 8.2 - 8.7 show how the efficiencies for electrons and muons vary due to

effects 7) and ). The use of alternate fake control regions has the largest effect on
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the value of the efficiencies for both electrons and muons. The magnitude of each
component of the systematic uncertainty depends on the specific selection applied.
In control regions such as the high Hp+1b region the leading systematic is that due
to effect ¢) which is ~ 30% while the others are at the few percent level. In our signal
region the overall systematic uncertainty is much larger. The overall systematic shift
for each SR category is shown in Table 8.8. The large systematic uncertainty there is
caused by reduced statistics in the signal region and possible differences between the
efficiencies in the control regions, where they are measured, and the signal regions,
where they are applied. The reduced statistics means that leptons which happen to
fall into bins of the efficiency plots with atypically large variations can significantly
impact the shift in yield. To mitigate the problem of low statistics SR categories
with similar characteristics are combined to form larger subsets of the full signal
region where the systematics are reevaluated. The systematic uncertainty in these
regions is shown in Table 8.9. The values range from ~ 50% to 70%. Based on the
variations seen in these combined regions a flat conservative value of 70% is taken
for the fake/non-prompt systematic across all SR categories.

Section 7.2.1.2 describes a study that was carried out to assess the effect of
differences between the efficiencies in the control regions where they were measured
and the signal regions. In the study efficiencies were measured in the same control
regions as in the analysis in MC simulation and applied to estimate the fake/non-
prompt lepton estimate in the same SR categories as in the analysis for an MC tf
sample. The fake/non-prompt lepton estimate from the matrix method was then
compared to the fake/non-prompt lepton background from truth information. The
study concluded that they agree within the 70% systematic uncertainty assigned to

the fake/non-prompt lepton estimation.
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Figure 8.2: Electron real and fake efficiencies for electrons that match the low-pr
trigger EF _e24vhi mediuml, parameterized as a function of the electron n. The
upper left plot is the default, the upper right plot shows the effect of increasing
the MC normalization to remove real electrons from the fake/non-prompt control
region, the lower left shows efficiencies calculated using the alternate fake/non-
prompt control region, and the lower right shows efficiencies calculated using the
alternate real control region. [110]
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Figure 8.3: Electron real and fake efficiencies for electrons that match the prescaled
low-pr trigger EF_e24vh mediuml, parameterized as a function of the electron 7.
The upper left plot is the default, the upper right plot shows the effect of increasing
the MC normalization to remove real electrons from the fake/non-prompt control
region, the lower left shows efficiencies calculated using the alternate fake/non-
prompt control region, and the lower right shows efficiencies calculated using the
alternate real control region. [110]
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Figure 8.4: Electron real and fake efficiencies for electrons that match the high-pr
trigger EF_e60_mediuml, parameterized as a function of the electron 7. The upper
left plot is the default, the upper right plot shows the effect of increasing the MC
normalization to remove real electrons from the fake/non-prompt control region, the
lower left shows efficiencies calculated using the alternate fake/non-prompt control
region, and the lower right shows efficiencies calculated using the alternate real
control region. [110]
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Figure 8.5: Muon real and fake efficiencies for muons that match the low-pr trigger
EF mu24i tight, parameterized as a function of the muon 7. The upper left plot is
the default, the upper right plot shows the effect of increasing the MC normalization
to remove real muons from the fake/non-prompt control region, the lower left shows
efficiencies calculated using the alternate fake/non-prompt control region, and the
lower right shows efficiencies calculated using the alternate real control region. [110]
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Figure 8.6: Muon real and fake efficiencies for muons that match the prescaled low-
pr trigger EF mu24 tight, parameterized as a function of the muon 7. The upper
left plot is the default, the upper right plot shows the effect of increasing the MC
normalization to remove real muons from the fake/non-prompt control region, the
lower left shows efficiencies calculated using the alternate fake/non-prompt control
region, and the lower right shows efficiencies calculated using the alternate real
control region. [110]
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Figure 8.7: Muon real and fake efficiencies for muons that match the high-pr trigger
EF mu36_tight, parameterized as a function of the muon 7. The upper left plot is
the default, the upper right plot shows the effect of increasing the MC normalization
to remove real muons from the fake/non-prompt control region, the lower left shows
efficiencies calculated using the alternate fake/non-prompt control region, and the
lower right shows efficiencies calculated using the alternate real control region. [110]



258

Table 8.8: Systematic uncertainties on the fake/non-prompt yield obtained from
applying the procedure described in the text to each signal region. A fractional un-
certainty cannot be assigned in SRVLQG6/4t3 since the central value of the estimated
yield is zero. [110]

Signal region Fake/non-prompt uncertainty (%)

SRVLQO +51/-48
SRVLQ1/4t0 166
SRVLQ2/4t1 162

SRVLQ3 +69/-70

SRVLQ4 +£57
SRVLQS5/4t2 +105/-103
SRVLQ6/4t3 -
SRVLQT/4t4 +200/-195

Table 8.9: Systematic uncertainties on the fake/non-prompt yield obtained from
applying the procedure described in the text to signal regions combined according
to their requirements on Ht and the number of b-tagged jets. [110]

Signal region characteristic ~Fake/non-prompt uncertainty (%)

Hyp <700 GeV +53

Hy > 700 GeV +65

Exactly 1 b-tagged jet +52

Exactly 2 b-tagged jets +69
> 2 b-tagged jets +68/-67

> 3 b-tagged jets +57

8.3.2 Electron Charge Mis-Identification Background

The systematic uncertainty on the charge mis-identification background is calculated
by shifting the charge misid rate for each n-pr bin (e(n,pr)) up and down by o.(n,pr)
and comparing the charge misid yields in each case to the yield calculated with the
nominal values of €(n,pr). The rate uncertainty is the quadratic sum of six different

contributions:

e the statistical uncertainty on the charge misid rates from the likelihood method

Uéikelihood(|n|7pT) X atg(|77|,pT)7
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e the statistical uncertainty on the pr dependent correction factor

likelihood(

€ 0], pr) X 04, (0], pr). This uncertainty only affects the region where

the electron pr > 100 GeV.

e the difference between the rates measured with the 2D likelihood method and

truth-matching on simulated Z — ete™ events,

e half of the difference between the true rates measured for electrons and
positrons. This uncertainty is taken into account only in the (|n|,pr) con-
figurations where the ratio on these rates is not compatible with one within

uncertainties,

e the variation of the rates due to the variation of the Z peak region definition
when the background is extracted. In this case, the different regions have been

variated by lo,

e the difference on the correction factor using different simulated ¢t samples
(MC@NLO+Herwig instead of POWHEG+Pythia). The uncertainty is taken
into account only in the (|n|, pr) configurations where the ratio on the different
correction factors is not compatible with one within uncertainties. It affects

only the region where the electron pp > 100 GeV.

The contributions from each source are shown in Fig. 8.8. The total systematic
uncertainty on the rates are given for each n-pr bin in Table 8.10. The combination
of all six of these effects leads to a total systematic uncertainty on the charge misid
yields of approximately 26-45% depending on the SR category.

An additional systematic is introduced because of the removal of the fake/non-
prompt lepton background from the Z — ee events that are used to measure the
charge misid rates. The uncertainty on the fake/non-prompt lepton background
that is subtracted from the Z peak region leads to an uncertainty on the measured
charge misid rates and ultimately on the charge misid yields. This uncertainty is
evaluated by varying the fake/non-prompt lepton background in the Z peak region

according to the three sources of uncertainty 7)-ii7) described in the previous section.
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Table 8.10: Charge mis-identification rates (in %) as a function of |n| and pr. The
uncertainty is the total systematic uncertainty on the rates, without taking into

account the effect from the overlap removal. [110]

pr range
|n| range [0,50] GeV [50, 80] GeV [80,100] GeV  [100,200] GeV  [200, 1000] GeV
[0,0.8] 0.0565 £ 0.0104 0.0708 £0.0171 0.178 £0.067  0.240 +0.103 0.427 +£0.24
[0.8,1.1] 0.0909 £ 0.0305 0.2 +0.0563 0.739 £0.183  0.869 +=0.335 1.68 £ 0.58
[1.1,1.37] 0.250 £ 0.051 0.162+£0.0474 0.552£0.194 0.660 £ 0.294 0.686 + 1.004
[1.52,1.8] 0.844 + 0.060 0.87£0.104 1.95+0.37 2.66 £ 0.780 3.03 + 3.66
[1.8,2.3] 1.28 £0.058 01.55 £0.150 3.93£0.44 4.67 £ 0.58 5.0 £3.9
[2.3,2.6] 3.15£0.178 3.49£0.31 5.30£1.23 6.06 £ 1.27 12.3+4.8

Tables 8.11 and 8.12 show the charge misid rates measured with the fake/non-

prompt lepton background varied up and down by these three effects. The final

systematic uncertainty applied to the charge misid background to account for the

fakes/non-prompt - charge misid overlap removal ranges from 5-6% depending on

the SR category. Since an upward shift in the fakes/non-prompt lepton background

would cause a downward shift in the charge misid background (since fewer events

would be subtracted from the Z peak region) this systematic is anti-correlated with

the 70% systematic uncertainty on the fakes/non-prompt lepton background.
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Table 8.11: Charge mis-identification rates (in %) as a function || and pr, for the
downward variation of the non-prompt/fakes background. [110]

pT range
|n| range | [0,50] GeV  [50,80] GeV  [80,100] GeV  [100,200] GeV  [200, 1000] GeV
[0,0.8] 0.0678 0.861 0.193 0.261 0.464
0.8,1.1] 0.104 0.215 0.763 0.898 1.74
[1.1,1.37] 0.276 0.208 0.596 0.713 0.742
[1.52,1.8] | 0917 1.01 1.96 2.67 3.05
[1.8,2.3] 1.40 1.71 3.95 4.69 5.50
[2.3,2.6] 3.32 3.89 5.43 6.20 12.6

Table 8.12: Charge mis-identification rates (in %) as a function || and pr, for the
upward variation of the non-prompt/fakes background. [110]

pr range
|n| range | [0,50] GeV  [50,80] GeV  [80,100] GeV  [100,200] GeV  [200,1000] GeV
[0,0.8] 0.0452 0.0555 0.162 0.219 0.390
[0.8,1.1] 0.0774 0.185 0.714 0.840 1.63
1.1,1.37 | 0.223 0.117 0.507 0.606 0.631
[1.52,1.8] 0.771 0.732 1.94 2.64 3.01
1.8,2.3] 1.16 1.39 3.91 4.65 5.45
[2.3,2.6] 2.98 3.09 5.18 5.92 12.0
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CHAPTER 9

Results

9.1 Statistical Interpretation

Once the event selection defining the signal region has been determined, it is applied
to data and to the signal and background MC simulations. The number of data
events that pass the selection is then compared with the number of signal and
background events that pass in order to test the consistency of the data with two
hypotheses: the signal-plus-background hypothesis and the null, or background-
only, hypothesis. From this comparison exclusion limits are produced that quantify
the likelihood that the signal could exist.

If the number of data events is closer to the background-only expectation then
it is more consistent with the null hypothesis and strong exclusion limits are set.
Conversely, if it is closer to the signal-plus-background expectation weaker limits are
set. In the latter case, the significance of the excess in data above the background-
only expectation is used to interpret the results. If the significance is less than two
standard deviations it may be the result of a fluctuation in data or the first sign
of new physics. A significance of five standard deviations or greater is interpreted
as a discovery of new physics. An intermediate significance between two and five
standard deviations is inconclusive and requires more data to understand. Many
searches in particle physics show no significant excess and lead to exclusion limits
that rule out an increasingly large region of phase space for the new physics signal
as more data is collected. Eventually the signal may be ruled out all together.
Occasionally, analyses produce an excess which grows over time as more data is
collected eventually leading to a discovery when the excess surpasses five standard
deviations. What follows in this section is a description of the technique used for

setting limits in this analysis, known as the C'L; method.
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9.1.1 The CLs Method

The C'Lg method is a modified frequentist model widely used in particle physics to
set exclusion limits on new physics signals [146, 147]. It defines a test statistic (q)
which is maximally different for the signal-plus-background and background-only
hypotheses. The value of the test statistic is calculated from the events observed
in data and compared with distributions of values calculated from a large number
of pseudo-experiments. One set of pseudo-experiments assumes the signal-plus-
background hypothesis while another assumes the background-only hypothesis. The
test statistic chosen here, known as the Log Likelihood Ratio (LLR), is defined as:

q:LLR:—anM

£ b) (9.1)

where L£(x | s+b) and L(x | b) are the likelihood functions for data (or the result
of the pseudo-experiments) in each hypothesis. They are Poisson probability dis-
tributions with the mean taken as the signal-plus-background expectation and the

background-only expectation respectively. The distributions are given by

e+ (5 4+ b)®

L(z|s+b)= -

—(b) (p\z
L(z|b) = %
where s and b are calculated with Eq. 6.1. If the signal region is made up of multiple
channels, as in this analysis where it consists of the eight SR categories defined in
Section 6.2, the likelihood functions become a product of the above expressions for

each individual channel.

—(si+Dbi) (Si + bl)azl

,C(x|s—|—b):He

%

e~ i) (p.)Ti
L |v)=]] O

(9.2)

i

The observed LLR value is calculated from the above expression by setting x
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to the observed number of data events in each channel of the signal region. In
addition, an LLR value is calculated for each pseudo-experiment by setting x to the
observed number of events for that pseudo-experiment. This produces distributions
of LLR values denoted f(q | s+b) and f(q | b) for the signal-plus-background and
background-only hypotheses. In this notation the test statistic q is the LLR value.
For values of x that are more consistent with the signal-plus-background hypothesis
the likelihood ratio is greater than one and thus the LLR is negative. Similarly values
of x that are more consistent with the background-only hypothesis are positive. An
example of f(q | s+b) and f(q | b) as well as the observed LLR value for a vector-like
bottom quark of mass 650 GeV is shown in Fig. 9.1.

&' 18000
=
16000
14000
12000
10000
8000
6000
4000
2000

3

Signal + Background=-19.43 Background only=9.12

Observed=-9.64

III|III|III|III|III|III|III|III|III|—

A B B A P B
-150 -100 -50 0 50 100 150 200
LLR

E III|III|III|III|III|III|III|III|IIIL

Figure 9.1: Distribution of LLR values for pseudo-experiments in the signal-plus-
background and background-only hypotheses for a vector-like bottom with a mass
of 650 GeV. For each hypothesis 100,000 pseudo-experiments are carried out. Also
shown is the observed LLR value calculated using the observed number of data
events in the signal region.

From the distributions of LLR values and the observed LLR value, p-values are
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defined which characterize the likelihood that each hypothesis could have produced
the observed data. The p-values are defined as integrals of the LLR distributions for
all values that show equal or lesser compatibility with the given hypothesis. These

can be expressed as

[e.e]

Ps+b = flg]s+b)dg (9.3)

qobs
qobs

= f(q | b)dgq

—00

The C'L, value is then defined as the ratio

OL, = =t
L—py
The signal-plus-background hypothesis is considered ruled out at the Confidence
Level (CL) of 1 - a when C'Lg < a. By convention « is taken to be 0.05 corresponding
to a CL of 95%.

In earlier versions of the method the upper bound was placed on p,,; directly.
This has been replaced by the current method which places the upper bound on
the C'Lg value. It is clear that to exclude the signal one should require p,.; to
be small as it represents the probability of obtaining the observed data under the
signal-plus-background hypothesis. Placing the upper bound on the value of C'L;
rather than p,,;, enforces the condition that both p,.; and p, are small. By requiring
that py is small the method avoids excluding signals in analyses with low sensitivity
when there is a downward fluctuation of the background. Many exotic searches are
limited in the signal sensitivity they can achieve due to the small cross-section of
signal compared to background. When this happens the distributions f(q | s+b)
and f(q | b) are less separated and have large overlap. In this case a downward
fluctuation of the background leads to a larger value for the observed LLR that can
cause psip to fall below 0.05. If the upper bound were placed on pgyy, itself rather
than C'L; this signal would be excluded despite the low sensitivity of the search. We

avoid this unwanted exclusion by using C'L; instead of p,,. Although ps,p is small
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in this case, p, is large. This drives up the value of C'L; making it more difficult to
exclude a signal. Given that p, is always greater than zero C'L; is always greater
than ps.p. This makes the C' Ly method a more conservative technique for setting
limits than its predecessor where only ps,;, was considered.

Typically the BSM theory being considered contains a number of free parameters
that define a phase space within which the new particle may exist. In order to be
exhaustive the search must consider the entire phase space. In practice this is done
by dividing the phase space into bins defined by appropriate intervals of these free
parameters and treating each bin as a separate signal. The C'Lg; method is applied
within each bin to determine if the signal is excluded there. In this way, exclusion
limits are set on the free parameters in the theory and regions of phase space are
ruled out.

In most BSM theories, as in the Standard Model, the masses of the particles in
the theory are free parameters and thus form part of the phase space that must be
explored ?2. There are often constraints placed on the value of these masses using
electroweak precision measurements. However they are not determined exactly by
theory and so searches must be carried out over a large mass range. Depending on
the specific VLQ model considered the number of free parameters is either one or
three. In the VLQ Singlet Model the only free parameter is the VLQ mass. If we
consider a broader range of models the branching ratios for the three allowed decay
modes of VLQ are not fixed as they are in the Singlet Model. This is described in
more detail in Chapter 2. Given the constraint that the branching ratios sum to
one this adds another two free parameters to the phase space of the search.

The C'L, value as defined above can only be used to determine whether or not
the signal is excluded at 95% CL. In order to calculate the 95% CL upper limit on
the signal cross-section we must scale it by a factor p and look at the dependence of
the C'L, value on p. This multiplies the right hand side of Eq. 6.1 by x and changes
the value of s that is used in the limit calculation. This shifts the LLR distributions

22The masses of SM particles are not predicted by theory and so prior to their discovery were
unknown
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for both the signal+background and background only hypotheses. The value of
where C'L, crosses 0.05 is known as the signal strength. The 95% CL upper limit is

the product of the signal strength and the theoretical signal cross-section.

O95%CL = M X O¢p

Signals for which CLy< 0.05 with g = 1 are excluded. The signal strength for such
signals is less than one meaning that the upper limit on the cross-section is less
than the theoretical cross-section. Signals for which C'Ls> 0.05 with 4 = 1 are not
excluded. The signal strength in this case is greater than one meaning that the
upper limit on the cross-section is greater than the theoretical cross-section. By
calculating cross-section limits within each separate region of phase space we obtain
more information about the signal there than simply determining whether or not it
is excluded.

In addition to the observed limits, expected limits are calculated to show the
limits that would be expected in the absence of signal. This provides a guideline for
the observed limits that are the results of the search. If no excess is seen in data
the observed limits should be at least as restrictive as the expected limits. Only
when there is an excess do we see the observed and expected limits disagree beyond
the level of about two standard deviations. In the case of a discovery one should
see the observed limit peak far above the expected limits in a particular region of
phase space. Expected limits are calculated in the same way as observed limits
except that the data is replaced with the median value of the test statistic from
the pseudo-experiments carried out under the background-only hypothesis ( i.e. the
median of f(q | b)). This essentially assumes that the data is just what one would
expect if the signal did not exist and then calculates limits based on that assumption.
In addition to this median expected limit, expected limits are calculated using f,,eqn (
q | b ) shifted up and down by one and two standard deviations. This provides the
error bands around the expected median used to compare the observed and expected

limits.
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Systematic uncertainties are incorporated into the C'L; method as nuisance pa-
rameters that influence the signal and background yields in each SR category ( s;
and b; ). These yields influence the test statistic (LLR) via Eq. 9.1 and thus effect
the final limits produced for each VLQ signal. The functional dependence of s; can
be written as s;(j,;) where p is the scale factor applied to the signal cross-section,
which is the parameter of interest, and v; are the remaining parameters referred to
as nuisance parameters. Similarly b; can be written as b;(v;) where 1 is not included
as there is no scale factor applied to the background cross-section. The nuisance
parameters are not central to the calculation but nonetheless effect the values of
s; and b;. Examples include the theoretical uncertainties on the cross-sections in-
troduced due to higher order corrections in perturbation theory and uncertainties
in the parton distribution function (PDF). The complete list of systematic uncer-
tainties in this analysis is given in Chapter 8. The full systematic uncertainty for
each signal and background in each of the SR categories is given in Tables 6.4, 6.5
and 6.9. With the addition of systematic uncertainties the likelihood functions are

redefined as

(sl+b) b
E(x|s+b):H6 $Z+ H?TJ (1, v5) (9.4)

i

£l 10 -] + [10)
i J
where the index i runs over the SR categories as before, and the index j runs over all
nuisance parameters. The functions 7; are probability distribution functions for the
nuisance parameters, also known as priors. They are assumed to be Gaussian and
are determined from the values om, Zup and Zgoun for each systematic uncertainty.
These are the nominal yield and the yields obtained from shifting the systematic
uncertainties up and down. Each signal and background sample is statistically varied
independently. Correlations of the systematic uncertainties across all samples and
channels are taken into account. The incorporation of systematic uncertainties via

priors in this way is what makes the C'L; method a 'modified’” rather than a 'pure’
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frequentist method. This means that it doesn’t rely entirely on pseudo-experiments.
The generalized definition of £ in Eq. 9.4 increases the width of the distributions in
Fig. 9.1 leading to greater overlap between f( q | s+b ) and f( q | b ), larger C'Lj

values and weaker limits.

9.2 Expected and Observed Event Yields

A comparison of the expected background to the data for each SR category is pre-
sented in Table 9.1 and Fig. 9.2. In addition to the yields, Table 9.1 shows the
p-values characterizing the probability that the observed yield could arise from the
background-only hypothesis. Figure 9.2 shows the significance of the disagreement
between the background expectation and the observed yield in each SR category.
These significance values are related to the p-values in Table 9.1 by the following

expression:

© 1
p= /Z \/%e 2 dx

where z is the significance in units of standard deviations. The p-values are the
background only p-values (py) calculated in the CLg; method described in the previ-
ous section. However the values shown are calculated separately for each individual
SR category. This means that the likelihood functions consist of a single Poisson
distribution function rather than the products across all categories shown in Eq. 9.2.
Although the definition of p, contains a reference to a particular signal, via the test
statistic LLR, the p-values themselves are independent of this signal. Varying the
signal shifts both the observed LLR value and the distribution of values in the back-
ground only hypothesis from which p, is calculated. They shift to the right if the
signal increases and to the left if it decreases. They shift together such that the
integral in Eq. 9.3 is unchanged.

Figure 9.2 shows an excess in data above the background expectation with the
excess concentrated mostly in SR categories with at least 2 b-jets and high Hry
(SRVLQ6 and SRVLQT7). In these SR categories the local significance reaches ap-

proximately two standard deviations.
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Although the p-value and significance for each SR category is independent of the
particular signal being considered this is not true for the full signal region consisting
of the combination of all SR categories. To combine SR categories we simply take
the product of the likelihood functions for each SR category as shown in Eq. 9.2.
This corresponds to adding the expressions for the LLR of each SR category. With
this definition of LLR, varying the signal does affect the p-value. As in the case of a
single SR category both the observed LLR and the background distribution of LLRs
shift but in such a way that the p-value changes. The p-value is interpreted as the
probability that the cross-section for a particular signal model is zero. For models
that lead to events being concentrated in SRVLQ6 and SRVLQ7 the data is more
consistent with those models existing, so the p-value is small. On the other hand
models with events concentrated in any of the other SR categories have a larger p-
value since there’s no excess in those regions. Since higher mass vector-like quarks
produce more events with high Hrt that populate SRVLQ6 and SRVLQ7 they have
smaller p-values.

The p-value and corresponding significance for the full signal region (SRVLQO0-7)
are shown in Fig. 9.3 as a function of VLQ mass for vector-like top and vector-like
bottom quarks. The significance is greater for the vector-like top quark because the
signal region is only sensitive to five of the six possible decay modes of vector-like top
while it is sensitive to all six of the decay modes of vector-like bottom. TT— WbWb
cannot produce a trilepton or a same sign dilepton event. This means the expected
signal yield is lower for the vector-like top quark leading to a smaller p-value (py)
and a larger significance. For the same reason the significance increases with VLQ
mass for both vector-like top and vector-like bottom. Higher mass resonances have
lower expected yields. For the range of masses not already excluded by Ref. [124]
the significance lies between one and two standard deviations with the significance

reaching ~ 1.9 standard deviations for a vector-like top with a mass > 0.75 TeV.
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SRVLQO SRVLQ1/SR4t0 SRVLQ2/SR4t1
tt+W/Z 162+ 03+£70 126+ 03+54 1.24+0.09 £ 0.53
tt+ H 25+ 0.1+0.3 1.8+ 0.1 4+0.2 0.26 £0.03 £ 0.05
Dibosons 1124+ 06 £28 0.95+0.194+ 0.25 0.07 £0.12 £ 0.05
Fake/Non-prompt 42.1 £ 54 + 24.6 8.61 +2.34 +5.02 1.17 £+ 0.82 £ 0.68
Q mis-Id 208+ 0.74+52 151+ 0.6+ 35 0.7+ 0.11 £ 0.18
Other bkg. 1.76 + 0.13 £ 0.17 0.75 £ 0.04 + 0.1 0.1 £ 0.08 £ 0.03
Total bkg. 945+ 544249 400+ 24+ 7.3 3.6 £ 09+£08
Data 107 54 6
p-value 0.36 0.12 0.24
SRVLQ3 SRVLQ4

tt+W/zZ 2.07+0.11 £ 089 3.14 £0.13 £ 1.35

tt+ H 0.4 £+ 0.04 £ 0.07 0.57 &£ 0.05 &+ 0.07

Dibosons 2.36 = 0.29 + 0.61 2.03 £ 0.25 £+ 0.49

Fake /Non-prompt

3.09 £ 1.29 £ 1.80

4.24 £ 1.59 £ 2.47

Q mis-Id 1.72 £ 0.22 £ 0.63 1.45 4+ 0.17 £+ 0.52

Other bkg. 0.22 +£ 0.08 + 0.03 0.41 £+ 0.10 £ 0.06

Total bkg. 9.87 £ 135+ 210 11.9+ 1.6+ 2.8

Data 7 10

p-value 0.83 0.71

SRVLQ5/SR4t2 SRVLQ6/SR4t3 SRVLQT7/SR4t4

tt+W/Z 1.87 £0.09 £ 0.8 246 +0.11 + 1.06  0.57 + 0.05 4+ 0.25
tt+ H 0.31 + 0.04 + 0.05 0.44 £+ 0.04 £+ 0.006 0.08 £ 0.02 + 0.2
Dibosons 0.33 +£0.14 + 0.10 0.04 £ 0.12 £ 0.03  0.00 £ 0.12 + 0.00

Fake/Non-prompt
Q mis-Id

1.03 £ 0.97 £ 0.60
1.17 £ 0.16 £ 0.38

0.00 £ 1.02 £ 0.28
1.09 £ 0.14 £ 0.34

0.04 £0.83 £ 0.24
0.30 &= 0.09 &= 0.10

Other bkg. 0.16 = 0.08 & 0.02 0.23 £ 0.08 £ 0.05  0.14 £ 0.08 £ 0.08
Total bkg. 4.86 &+ 1.00 = 1.01 4.25 £ 1.05 £1.11 1.12 £ 0.85 £ 0.37
Data 6 12 6

p-value 0.46 0.029 0.036

Table 9.1: Expected and observed number of events with statistical (first) and sys-
tematic (second) uncertainties for the SR categories defined for VLQ production
searches. The p-values for the agreement between the observed yield and the ex-
pected background in each SR category are reported. [39]
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Figure 9.2: Expected background yields and observed data events in all SR cate-
gories. The difference between data and expectations is quantified by the means of
the significance, computed from the p-values from Tables 9.1. [39]
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Figure 9.3: Probability for the data in the VL(Q signal regions (SRVLQO-SRVLQT)
to be consistent with a zero cross section for vector-like top and bottom, as a function
of the quark mass.

9.3 Cross-Checks of Data Excess

A number of cross-checks were carried out to verify that the excesses seen in SR
categories six and seven are legitimate and not the result of an error in the analysis.
A number of these cross-checks consist of scrutinizing various properties of the events
in the signal region to ensure that they should indeed pass the selection. Others
involve running additional tests to further validate the techniques for estimating the
background, described in Chapter 7. The results of each of these cross-checks are
given below. None of the cross-checks uncover anything that leads the analysis team
to doubt the excess seen in data or the significance assigned to it.

Tables 9.2 and 9.3 give details on the properties of the data events observed in
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the SR categories where there we see an excess. They show that for most events
the Hr and EP are well above the required threshold values that define these
regions. Of the events in these regions only two in SRVLQ6 and one in SRVLQ7
have values of Ht that are close to the threshold value of 700 GeV and even these
events are above the threshold by more than 5 GeV. All events have EXsS well above
the threshold values of 100 GeV in SRVLQG6 and 40 GeV in SRVLQ7.

Figures 9.4 and 9.5 show distributions of the data events along with the signal
and background expectation for a number of variables in SRVLQ6 and SRVLQ7.
The signal distributions shown are not for VLQ but rather for two of the ¢ttt models
considered in the same analysis. In general when there is an excess in data, the
shape of the events in the excess can be used to understand whether they are more
consistent with being signal events or fluctuations of the background. However, the
statistics are too low to make this distinction. Figure 9.4 (a) shows that most of
the excess in SRVLQG6 falls in a lower Ht range than that expected for ¢ttt events.
However the expected Ht range of VL) events (not shown in the plot) is lower
but still large enough to populate this region. Non of the other distributions show
anything unusual. Given the low statistics in these regions, it is not possible to
determine on the basis of these distributions whether the more likely source of the

excess is signal or a background fluctuation.
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Type N; Hr [GeV] E¥s [GeV]
e e” 3 807 171
etet 5) 862 268
etet 5 868 113
e 6 1346 353
etut 5) 810 106
e pu- 3 707 184
e |- 2 706 174
ptet 8 882 150
wtet 4 860 112
wrpt b 888 111
pwetet 5 773 197
pwetet 9 968 355

Table 9.2: List of data events in the SRVLQG6 category (by definition, all events have
exactly two b-jets, the EXs is above 100 GeV and the Ht above 700 GeV). [39]

Type N; N, Hry [GeV] ERS [GeV|
etet 4 3 709 298
etet 6 3 800 137
etut 5 3 744 216
etut 4 3 888 155
phet 3 3 1439 239
wptpm 4 4 1072 175.9

Table 9.3: List of data events in the SRVLQ7 category (by definition, the EXss is
above 40 GeV and the Ht above 700 GeV). [39]
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Figure 9.4: Distributions of Hr (a), E&* (b), number of jets (c) and number of
leptons (d) (including loose leptons) in the SRVLQG6 category, for the expected
background and the observed events in data. The number of b-jets in this category
is two by construction. The signals shown are for the production of ¢ttt in the SM
and in a BSM theory involving two extra dimensions in the real projective plane.
These signals were also considered in this analysis since they produce final states
very close to VLQ final states. The Feynman diagrams for these signal processes
are shown in Fig. 6.1. [39]
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Figure 9.5: Distributions of Hr (a), ER (b), number of jets (c), leading jet pr
(d), number of b-jets (e) and number of leptons (f) (including loose leptons) in the
SRVLQT category, for the expected background and the observed events in data.
The signals shown are for the production of ¢ttt in the SM and in a BSM theory
involving two extra dimensions in the real projective plane. These signals were also
considered in this analysis since they produce final states very close to VLQ final
states. The Feynman diagrams for these signal processes are shown in Fig. 6.1. [39]
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The plots in Fig. 9.6 show the distribution of events observed in data and the
expected background yields plotted against the data taking period in Run I for each
of the SR categories. The background yields for each data period were calculated
by scaling the number of events in the MC simulation for each background to the
integrated luminosity of each data period rather than the full integrated luminosity
collected in 2012. This is an effort to ensure that the excess events did not arise
from some technical problem with the LHC or ATLAS that was not flagged by the
DQMEF. These plots show that the events observed in all SR categories are evenly
distributed with respect to data taking period. In particular, the excesses seen in
SRVLQ6 and SRVLQ7 are not concentrated in any particular period.

Figures 9.7 shows the distribution of the isolation variable used in this analysis

known as mini-isolation for data and the background expectation. Mini-isolation is
defined as:
I — Ztratzk:s Pr
Dr

where pf is the pr of the lepton and the sum is over all tracks within a cone of
radius AR = 10 GeV /p% of the lepton. The leptons are considered to be isolated if
I < 0.05. This definition is designed to try to capture more real prompt leptons from
the decay of boosted objects which may not pass a fixed cone isolation requirement.
These distributions show that all the leptons in the signal region are very well
isolated.

Figures 9.8 and 9.9 show the distribution of the weights produced by the MV1
algorithm which characterize the likelihood that a jet contains a b-hadron. The
plots show the MV1 for all b-tagged jets in SRVLQ6 and SRVLQ7. In order to be
tagged as b-jets the MV1 weight must be greater than 0.7892. These distributions
show that all b-jets in these regions have an MV1 weight well above this threshold
value. This means that no events have b-jets that were very close to the threshold

and so perhaps only passed the selection due to a fluctuation.
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Figure 9.6: Observed number of events in data and expected background yields v.s. data period.
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Expected yields for the ¢t and ttZ processes were produced using two alternate

sets of MC samples in addition to those used for the nominal yields. These processes

are the dominant contributions to the irreducible SM background. The alternate

sets of MC samples are listed in Table 8.7 and the differences between them are

described in Section 8.2.4. A comparison of the total background yield as well as

the components due to ttW and ttZ are shown in Table 9.4 for the nominal and each

of the alternate MC samples. For the nominal estimate of the total background the

uncertainty includes both statistical and systematic uncertainties. For the ¢t/ and

ttZ the uncertainties are only statistical. The comparison shows that the yields for

both the nominal and each of the alternate MC estimates are in agreement within
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Region Nominal Alternative ~ Alternative  Observed
MadGraph MadGraph Alpgen

Total bkg. SRVLQO 95 + 25 98 95 107

o 1tW 9.43 +0.25 11.29 +0.21 8.8 +0.7

o117 6.79 + 0.20 8.66+0.18 7.55+0.20

Total bkg. SR4t0/VLQ1 39.8+6.8 415 40.1 54

o 1tW 7.91 +£0.23 8.30 £ 0.18 75+0.7

o 117 4.69 +0.16 6.04 £0.15 541+0.17

Total bkg. SR4t1/VLQ2 36+1.1 3.5 34 6

o 1tW 0.75 +£0.07 0.64+0.05 0.73+0.21

o 117 0.49 +0.05 0.51£0.04 0.36+0.04

Total bkg. SRVLQ3 99+24 104 10.1 7

o 1tW 1.02 £ 0.07 1.17+0.07 1.10+0.28

o117 1.05 £ 0.07 1.46 +0.08 1.23+0.09

Total bkg. SRVLQ4 11.9+3.1 12.1 11.7 10

o 1tW 1.89 +£0.11 1.97+0.09 1.68+0.33

o117 1.25 + 0.08 1.39 +0.07 1.27+0.09

Total bkg. SR4t2/VLQ5 49+ 1.1 53 52 6

o 1tW 0.91 +£0.06 1.04+0.06 1.01+0.26

o 117 0.97 £ 0.07 1.24 +0.07 1.18 £0.08

Total bkg. SR4t3/VLQ6 43+10 42 5.1 12

o 1tW 1.52 +0.09 1.40 +£0.07 24+04

o (17 0.94 +0.07 0.98+0.06 0.90 +0.07

Total bkg. SR4t4/VLQ7  1.12+0.38 1.10 1.10 6

o 1tW 0.30+£0.09 0.288 +0.033 0.25+0.13

o117 0.256 £ 0.035 0.257 £0.030 0.29 £ 0.04

Table 9.4: Comparison of the event yields for the total background and the ¢/ and
ttZ components using the nominal samples and two sets of alternate MC samples for
these processes. For the nominal estimate of the total background the uncertainty
includes both statistical and systematic uncertainties. For the ttW and ttZ the
uncertainties are only statistical.

In addition to the standard background estimate that makes use of both MC

simulation and data-driven techniques, a background estimate was produced which

consists entirely of MC simulation.

This background estimate is referred to as

the full MC background estimate and is described in Section 7.3. It was initially
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developed to better understand the composition of the signal region in order to select
the best regions to validate the standard background estimate. As an additional
cross-check the full MC' background estimate is applied to the signal region directly
and compared to the standard background estimate. A comparison of the yields
from each of these estimates and the data is shown in Table 9.5 for each SR category
defining the signal region. The uncertainties for the full MC' background estimate
are not shown because they are very large, due to the low integrated luminosity of
some of the samples

Since tt is the dominant process contributing to the instrumental background, an
alternate full MC background estimate has been produced by replacing the standard
tt sample (DSID 117050) with a set of alternate samples (DSIDs 201020-4, 201220-4,
201027-8). These alternate samples include tf + heavy flavor events (ttbb and ttcc).
Since Heavy Flavor Overlap Removal was not available for these samples we expect
an overestimate of the ¢¢ + heavy flavor component. In general each of the full MC
background estimates agree with the standard background estimate. The exception
is in SRVLQ6 where the alternate full MC estimate shows an excess with respect to
the others in the ee and ey channels. In this SR category the full MC estimate gives
1.1 £ 1.0 ee and 1.1 £ 1.0 e events while the alternate full MC estimate gives 1.9

+ 1.0 ee and 2.4 £ 1.0 eu events. The uncertainties given here are only statistical.
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Region Data-driven Full MC Full MC (alt. ##) Observed
SRVLQO 93.4 + 18.5 77.3 87.6 107
SR4t0/VLQ1 393 +6.4 375 44.8 54
SR4t1/VLQ2 3.53+1.04 2.87 2.80 6
SRVLQ3 9.72 +2.09 8.00 104 7
SRVLQ4 11.7+2.8 9.83 13.0 10
SR4t2/VLQ5 4.78 +1.05 4.53 6.04 6
SR4t3/VLQ6 4.17 +1.11 5.33 7.70 12
SR4t4/VLQ7 1.10 +£0.40 1.12 1.17 6

Table 9.5: Comparison of the number of events in data to the standard background
estimate and the full MC background estimate for each SR category. Column four
shows yields produced from an alternate full MC background estimate that uses
different ¢t samples.

9.4 Exclusion Limits

9.4.1 Vector-Like T and B Pair Production

The expected and observed 95% CL cross-section limits calculated with the C'L;
method for vector-like top and vector-like bottom quarks in the Singlet model are
shown in Fig. 9.10. The branching ratios used in producing the signal yields that
enter in the limit calculation are those shown in Fig. 2.4. When compared with the
theoretical cross-section these limits exclude vector-like top masses below 0.59 TeV
and vector-like bottom masses below 0.62 TeV at 95% CL. For comparison with the
background-only hypothesis the expected mass limits are 0.66 TeV and 0.69 TeV
respectively. The observed limits are consistently above the expected limits across
the full mass range due to the excess seen in data. The limits on vector-like bottom
are stronger then those on vector-like top because the signal region is sensitive to
all six decay modes of the vector-like bottom and only five of the six decay modes of
vector-like top. As mentioned in the previous section the TT— WbWb decay mode
cannot produce a trilepton or a same sign dilepton event.

Figures 9.11 and 9.12 show expected and observed exclusion limits for vector-like
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Figure 9.10: Observed limits on the pair production cross section as a function
of mass for (a) vector-like B and (b) vector-like 7" quarks. These limits assume
branching ratios given by the model where the B and T quarks exist as singlets.
These branching ratios can be found in Ref. [106].

bottom and vector-like top as a function of the branching ratios to the three decay
modes. The axes in the plane represent the branching ratios for two of the three
decay modes with the third determined by the constraint that the branching ratios
add to one. Each point in the plane corresponds to a unique combination of branch-
ing ratios. The vertical axis represented in color indicates the mass limit. These
limits explore the full phase space of the vector-like quarks in a model independent
way.

For vector-like bottom quarks, the strongest mass limits are produced in the
region of the plane corresponding to a high branching ratio to Wt. For vector-like
top, the strongest mass limits are produced in the region of the plane corresponding
to a low branching ratio to Wb. These results reflect the sensitivity of the signal
region to the various topologies of the VLQ final states discussed in Section 2.3. As

with the limits for the Singlet VLQ models, the expected limits are stronger than the
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observed limits for the model independent limits shown here. This is caused by the
excess in data over the background expectation which is the same regardless of the
signal. Also, consistent with the Singlet VLQ limits, the model independent limits
are stronger for vector-like bottom quarks than for vector-like top quarks. More
of the plane is excluded for any given mass for vector-like bottom quarks than for
vector-like top quarks. This is again consistent with what the limits on the singlet
VLQ models show. Figures 9.13 and 9.14 show the same model independent limits
in a different format and also indicate the points on the plane that correspond to

the Singlet and Doublet benchmark VL(Q models.
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Figure 9.11: Expected (a) and observed (b) vector-like B quark mass hypotheses
excluded at 95% CL as a function of the assumed branching ratios.
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Figure 9.13: B branching fractions excluded at 95% CL for several B mass hypothe-
ses. The branching fractions expected in models where the B appears in a SU(2)
singlet are indicated by a circle, and those expected when the B appears in a (T, B)
doublet are indicated by a star.
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Figure 9.14: T branching fractions excluded at 95% CL for several T' mass hypothe-
ses. The branching fractions expected in models where the T' appears in a SU(2)
singlet are indicated by a circle, and those expected when the T" appears in a (T, B)
doublet are indicated by a star.

9.4.2  Vector-Like T5/3 Pair and Single Production

95% CL cross-section limits for pair production and pair production combined with
single production are calculated for the vector-like quark T5/3. Three scenarios are
considered: pair production only and combined pair production and single produc-
tion with two values of the coupling constant A defined in Section 2.3 (A = 0.5 and
1.0).

The pair production limits are shown in Fig. 9.15a, and correspond to an observed
mass limit of 0.74 TeV and an expected mass limit of 0.81 TeV. The limits on pair

plus single production with A = 0.5 are show in Fig. 9.15b, where the observed mass
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limit is 0.75 TeV and the expected limit is 0.81 TeV. Finally, the limits on pair plus
single production with A = 1.0 are shown in Fig. 9.15¢, where again the observed
mass limit is 0.75 TeV and the expected limit is 0.81 TeV. The cross section limits
for combined pair production and single production for both values of A are weaker
than for pair production alone since the overall selection efficiency is less for the
singly produced Ts,3 than for 75,3 produced in pairs. This is particularly true in
the high Ht SR categories. This is why the difference increases with mass, since a
higher mass T5,3 is more likely to populate one of the high Hr regions. For A =1
the combined pair production and single production cross section limits are ~ 12%
larger than pair production alone for 600 GeV and ~ 30% for 1000 GeV. Despite
this, the mass limits are marginally stronger for the combination of single and pair
production because the theoretical cross sections are larger. However the difference

is very small (~ 1 GeV)?

23This is rounded to 10 GeV for the final mass limits.
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Figure 9.15: Expected and observed limits as a function of mass on (a) 753 pair
production, (b) T5/3 pair plus single production for coupling A = 0.5, and (c) 753
pair plus single production for A = 1.0.
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CHAPTER 10

Conclusion

This dissertation presents a search for vector-like quarks in 20.3 fb=! of proton-
proton collision data collected in 2012 with the ATLAS detector at a center-of-mass
energy of /s = 8 TeV. The analysis considers trilepton and same-sign dilepton final
states, which are rarely produced in the SM but are significantly enhanced by the
presence of vector-like quarks. The data are interpreted in the context of several
vector-like quark models including vector-like top (T) and vector-like bottom (B)
quarks with electric charge 2/3 and -1/3 respectively as well as the T /5 with electric
charge 5/3.

For T and B, only pair production via gluon fusion is considered since single
production cannot produce either a trilepton or a same-sign dilepton final state. For
T5/3, both single and pair production are considered since a singly produced T3
can give rise to a same-sign dilepton pair. A variety of BSM models are considered
in which T and B appear as isosinglets or as part of isodoublets or isotriplets with
other vector-like quarks. Depending on the model, T and B can decay into a W, Z
or H boson together with a third generation SM quark. The branching ratios for
these decay modes are specified by the model. This leads to a very broad range of
different final state topologies from the decay of 77 and BB pairs, many of which
are trilepton or same-sign dilepton states. T3 decays exclusively to W, which can
also give rise to trilepton and same-sign dilepton final states.

The event selection is optimized to maximize the contribution from vector-like
quark signals while minimizing leading backgrounds such as tt+W /Z, the fake /non-
prompt lepton and electron charge misidentification backgrounds. In addition to the
trilepton and same-sign dilepton signatures, events containing vector-like quarks are
distinguished from SM background events by having large total transverse momen-

tum, large missing transverse momentum, and a large number of jets including
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b-tagged jets. The signal region consists of eight categories defined in terms of these
four discriminating variables: Hp, E¥5 N,us and Ny_jes, (see Table 6.3). In six
of the eight categories the event yields in data are consistent with the expectation
from the SM background. In the remaining two categories, characterized by large
Hr and a large number of b-tagged jets, there is an excess in data above the back-
ground expectation. In SRVLQ6, 12 events are observed in data while only 4.25 +
1.05 £ 1.11 2* are expected from the SM background. In SRVLQ7, 6 events are ob-
served in data while only 1.12 4 0.85 4= 0.37 are expected. These combined excesses
correspond to a significance of ~1.9 standard deviations for a vector-like top with
mass > 0.75 TeV. These excesses are interesting, however the significances are too
low to claim discovery of any new physics. At this level, they are consistent with
fluctuations of the SM background. More data is needed to determine if they are
indeed the result of fluctuations or if they are the first signs of new physics.

Exclusion limits are produced at 95% CL on the cross-section for pair production
of vector-like quarks in BSM models in which T and B occur as isosinglets. These
limits are produced as a function of vector-like quark mass. Combined with the
theoretical cross-sections for vector-like quark pair production, the cross-section
limits are used to constrain the vector-like quark mass. Lower limits on the mass
of vector-like top and bottom quarks, in the isosinglet scenario, are set at 0.59
TeV and 0.62 TeV respectively. In addition, 95% CL exclusion limits are produced
directly on the mass of both T and B in a model independent way. These limits are
represented as two dimensional plots showing the mass limit as a function of the
branching ratios for each of the decay modes for vector-like quarks. Each point in
the plane corresponds to a unique combination of branching ratios for each decay
mode and the mass limit is represented with the color scale.

Exclusion limits are also produced at 95% CL on the production cross-section
for the Ts/3 vector-like quark. The limits are produced for three scenarios: pair
production only and combined pair and single production with two different values

for the weak coupling constant A between T5/3 and Wt (A = 0.5 and 1.0). When

24The first uncertainty is statistical and the second is systematic
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compared with the theoretical cross-sections in each of these scenarios these limits
constrain the mass of the Ts /5. If only pair production is significant (A=0), the T3
is excluded below a mass of 0.74 TeV. If both pair production and single production
are significant (A=0.5 or 1.0) it is excluded below a mass of 0.75 TeV.

A previous search by the ATLAS collaboration, using an integrated luminosity
of 1.04 fb~! of pp collisions at a center-of-mass energy /s = 7 TeV observed no
significant excess in same-sign dilepton events [148]. This result was used to set
a lower limit of 450 GeV on the mass of a heavy down-type quark, under the
assumption that the branching ratio to Wt is 100%. A more recent search with
a similar final state carried out by the ATLAS collaboration, using 2012 data also
observed no excess in these events [149]. This analysis uses 20.3 fb~! of pp collisions
at a center-of-mass energy of 8 TeV. It differs from the search described in this
dissertation in that it does not require the presence of b-jets and was not used to
set limits on VLQ signals but rather considered a variety of SUSY models.

The CMS collaboration also carried out searches with same-sign dilepton and
trilepton final states using data collected in 2012 and observed no significant ex-
cesses. These analyses use 19.5 fb~! of pp collisions at a center-of-mass energy of
8 TeV collected with the CMS detector. Ref. [150] did not require the presence of
b-jets and was not used to set limits on VLQ signals. The analysis in Ref. [151] set
a lower limit on the mass of the vector-like top T" by considering final states with
either a single lepton, a same-sign or opposite sign dilepton pair or three leptons.
The multi-lepton final states require the presence of at least one b-jet. The lower
limit lies between 687 GeV and 782 GeV for all possible values of the branching
fractions into the three allowed decay modes. The analysis in Ref. [152] sets a lower
limit on the mass of the T5/3 at 800 GeV by considering a final state involving a

pair of same-sign leptons.
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10.1 Future Outlook

At the beginning of 2013 the LHC and ATLAS entered an extended shutdown period
known as LS1 (Long Shutdown 1). The first three years of operation of the LHC that
preceded LS1 from 2010 to 2012 are referred to collectively as Run I. LS1 was needed
for scheduled maintenance and repairs as well as upgrades necessary to prepare both
the LHC and ATLAS for higher energy and luminosity. After approximately two
years in LLS1 the LHC began its second phase of operation known as Run II in
June 2015. The first data of Run II were recorded on June 3, 2015. During Run
I the LHC ran with a collision energy of 7 TeV in 2010-2011 and 8 TeV in 2012.
The beam luminosity was on the order of 10%* ecm™2 s™!, reaching a peak value of
7.3 x 103 cm™2 s7! in 2012. Approximately 25 fb~! of collision data was recorded.
In Run II the LHC will reach the full design energy and luminosity of 14 TeV and
1034 cm=2 s71. The current collision energy at the LHC is 13 TeV. It will remain at
this value for some time, eventually rising to 14 TeV later in Run II.

Work is already in progress to continue the search for VLQ in trilepton and same-
sign dilepton final states with the Run II ATLAS data. The increased luminosity
means that more data (~ 75 - 100 fb™!) will be available for analysis. The increased
collision energy means that the production cross-sections for the VLQ) signals will
increase significantly. Both of these factors will lead to higher signal yields in Run II.
Although the expected background yields will increase as well for the same reasons,
they will increase by less so that the sensitivity of the search will improve.

In general it is difficult to predict the increase in the expected background be-
cause of the component arising from instrumental effects. The increase in the SM
background yields can be easily calculated with Eq. 6.1 given the integrated lumi-
nosity and the increase in the cross-section due to the higher collision energy. The
cross-sections for the leading SM background in this analysis ttW/Z are a factor
of ~ 2-5 times larger, depending on jet multiplicity of the sample, at 13 TeV than
at 8 TeV. The cross-sections for VLQ pair production are a factor of ~ 10 larger

at 13 TeV than 8 TeV. This is an approximation as the actual increase depends on
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the VLQ mass. If there were no instrumental background to consider the sensitivity
of the analysis would necessarily improve by virtue of the more significant increase
of the signal cross-sections compared to the background cross-sections. There is
no straightforward way to predict the change in the contribution from instrumen-
tal background which relies on data-driven techniques. However, in general these
techniques improve over time leading to an overall reduction of the background.
Figure 10.1 shows projections for the expected limits on pair production of
vector-like bottom and top quarks at 13 TeV compared to those produced in 2012
at 8 TeV. The plots show limits for a variety of values of the integrated luminosity
and the increase in the total background. The signal yields are normalized to the
13 TeV cross-section values and a variety of different values of the integrated lumi-
nosity. The background yields are obtained by simply scaling the 2012 background
yields by factors of three and five to approximate the possible increase in Run II.
These projected limits show that with a minimum of 2 fb=! of data the Run II

expected mass limits will exceed those produced in 2012.
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Figure 10.1: Projections for the expected limits on pair production of vector-like
bottom (a) and top (b) quarks in Run II. The signal yields are normalized to the 13
TeV cross-section values and a variety of different values of the integrated luminosity.
The background yields are obtained by scaling the 2012 background yields by factors
of three and five.

The projected limits in Fig. 10.1 assume the same analysis techniques as in 2012.
There are a number of ways in which the Run IT analysis could be modified to poten-
tially improve the sensitivity with respect to the 2012 analysis. The most obvious
improvement comes from reduced systematic uncertainties. Generally the longer
an experiment is running the better its operation is understood so that systematic
uncertainties tend to reduce over time. As an example, the systematic uncertainty
associated with the luminosity measurement decreased from 3.6% in 2011 to 2.8% in
2012. Many of the systematic uncertainties described in Chapter 8 should decrease
in Run II leading to improved sensitivity in searches and stronger limits. In addition
to this the analysis could be improved by making use of the shape of events in the
signal region and by implementing a multivariate selection rather than following a

simple cut and count procedure. The power of such techniques is limited by the
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statistics of the data sample. This is why they were not applied in Run I. How-
ever, there may be sufficient statistics in Run II to make them worthwhile. Another
possibility is the introduction of techniques designed to select hadronically decaying
objects that are boosted such that some or all of the decay products are merged into
a single jet. These boosted objects will be far more common at the higher energies
in Run II.

The search described in this dissertation is a cut and count analysis. This means
that the signal region is defined by placing requirements or ”cuts” on variables
such as Hp and ER separately and that only the total number of events in the
signal region is considered in setting limits. One way to improve a cut and count
experiment is to use distributions of events in the signal region to set limits rather
than simply counting the total number. By using distributions, the data can be
compared to the background only and signal+background hypotheses in each bin of
the distribution. Ideally the variable used for the distribution is highly discriminant
between signal and background. To set limits, the likelihood functions given in
Eq. 9.2 would be a product over all categories that define the signal region as well
as every bin of the distributions in each category. A major limitation of this approach
is that there must be large enough statistics that the true shape of the events can
be seen. This is only a concern for the data and the data-driven background since
one can always generate more MC events if necessary. If there are too few events
no consistent shape will emerge from the distributions. Also, the statistical error
will be large due to the very small number of events in each bin. Given sufficient
statistics distributions can be used to exploit differences in the shape of signal and
background events and increase the overall signal significance for the analysis.

An alternative to defining the signal region with a set of cuts on separate variables
is to implement a multivariate analysis (MVA). In an MVA a weight is determined
based on several variables which characterizes the likelihood that an event is signal
or background. By using a single multivariate function an MVA can account for
correlations between variables in order to better isolate regions of phase space with

high signal sensitivity. The signal region can be defined by placing a cut on the
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MVA weight. Alternatively the weight can be used as a distribution from which to
set limits. A study was carried out using a subset of the data collected in 2012 to
explore the possibility to implementing an MVA known as a Boosted Decision Tree
(BDT) in the analysis of the full 2012 data set. A comparison was made between
the results of a simple cut and count analysis and a BDT analysis. The results of
this comparison are given in Section 6.4. The expected limits produced by the BDT
analysis were slightly better than those produced by the cut and count analysis.
Despite this, ultimately it was decided to proceed with the cut and count approach
with the categorization of the signal region outlined in Table 6.3. It was decided on
the basis of the optimization study carried out on the ¢ttt signal (see Section 6.2) to
implement the categorization method outlined in Table 6.3 rather than this MVA
approach.

Higher energy collisions produce boosted final state objects whose decay products
are collimated. Already in the 2012 analysis, techniques were introduced to account
for this. The variable AR requirement applied to muons and the mini-isolation
requirement applied to both electrons and muons were introduced to accept more
boosted events from signal. These requirements are described in detail in Section 5.1.
Although this allows leptons to be less isolated in boosted events the selection still
requires each final state particle to produce a resolved object in the detector. In
many high energy events, particles are so boosted that their decay products produce
a single very large jet in the detector. These large jets can be reconstructed using the
anti-k; algorithm described in Section 5.1.1 with a large value of the constant R used
in the definition of the distance parameter d;;. Many other analyses in 2012 have
added channels that look for such large R jets and reconstruct them as boosted W
bosons or top quarks. An example is the search for ¢t resonances in the lepton+jets
channel carried out with the ATLAS 2012 data [153]. Adding such channels may be
very beneficial for the Run II continuation of this analysis.

Figure 10.1 shows that the increase in luminosity and collision energy alone in
Run IT will significantly improve the sensitivity of the search for vector-like quarks

in trilepton and same-sign dilepton events. In addition to this, the analysis may
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be improved further by introducing techniques such as the use of distributions in
comparing data with background and signal4background models, multivariate tech-
niques such as BDTs and the addition of extra channels for boosted events. These
techniques were not applied in Run I due to limited statistics in the signal region.
Run II should provide sufficient statistics to make them valuable. The large increase
in the luminosity and energy of the LHC in Run II, as well as the possibility of im-
proved analysis techniques, mean that there is great potential to continue the search
for vector-like quarks in this unique final state and further investigate the intriguing

excess in data seen in Run 1.
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