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Abstract

This thesis presents a determination of the jet energy scale for the ATLAS detector using
in-situ measurements. This calibration is critical, as jets are found in many analyses, and
the energy measurement of jets contributes significantly to the uncertainty in numerous
ATLAS results. The energy of the jet is initially taken to be the detector measurement,
but this is lower than the true energy because the detector is calibrated for electromagnetic
particles, not jets. One can find a correction to this energy by balancing the jet’s transverse
momentum against a well-measured reference object. Directly calibrating the calorimeter-
level jet to the particle-level is called Direct Balance; here, a different method called the
Missing Ep Projection Fraction (MPF) method is used instead, which balances the p; of
the recoiling system against the reference object. The MPF’s pile-up resistant nature makes
it more suitable to use in the ATLAS environment. Results for the MPF method in the
Z + Jet channel are presented. A relative calibration of data to Monte Carlo simulation
is provided, including a complete systematic uncertainty analysis. The uncertainty on the

in-situ calibration is reduced to around 1% for most transverse momenta.
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Chapter 1

Introduction

1.1 Physics

The purpose of physics is to describe nature and how it works. This task encompasses
everything, ranging from the smallest distances and energies to the largest. Over the past
40-50 years, the Standard Model of particle physics (SM) has been used successfully to
describe three of the four fundamental forces: the electromagnetic, weak, and strong forces.
However, it does not include the gravitational force. The Standard Model also identifies the
known elementary particles. Despite the missing description of gravity, the Standard Model

is one of the pillars of modern science.

It is possible to classify particles by their statistical behavior: those that obey Fermi-
Dirac statistics and ones that obey Bose-Einstein statistics. These are called fermions and
bosons, respectively. The elementary matter particles are fermions, while force-carriers are
bosons. Fermions are further separated into leptons and quarks (shown in table 1.1) due
to quarks having color charge and undergoing strong interactions; this is analogous to how
electrons feel the electromagnetic force due to the presence of electric charge. The strong
force differs from familiar forces in the way that it behaves as a function of distance. For
the strong force, the energy of interaction is the sum of two terms. The first is proportional
to the distance between two colored objects: E o r (this dominates at large distances).
The second is a Coulomb-like potential that goes as E oc 7~! (this term dominates at
small distances) [58]. At large distances, the potential results in the phenomenon of colour
confinement and the formation of jets, as will be outlined later. This behaviour is in contrast

with the familiar electromagnetic force, which goes as E oc r~! for all r.

The electron, electron neutrino, up-quark, and down-quark constitute the first genera-
tion. There are second and third generations, which are comprised of similar particles that

are heavier (for example, the muon can be seen as a more massive electron).



Quarks combine to form hadrons. There are two types of hadrons: baryons and mesons.
In the simplest models, baryons consist of three valence quarks, and mesons are comprised
of a quark and an anti-quark. Baryons are fermions, while mesons are bosons. The proton is
a baryon, having two up and one down valence quarks. It also has a sea of quark-antiquark
pairs and gluons in addition to the valence quarks. The constituents of hadrons are called

partons.

fermion ‘ mass [GeV] ‘ spin ‘ electric charge | colour charge | generation
charged leptons
e 5.11 x1074 1 -1 no 1
106 x107% | 1 -1 no
T 1.78 % -1 no
neutral leptons
Ve % 0 no 1
vy % 0 no
vr % 0 no
up-type quarks
u 2.3 x1073 % +% yes 1
¢ 1.28 % +% yes
t 173.5 % +§ yes
down-type quarks
d 4.8 x1073 i -3 yes 1
9.5 x10~2 % —% yes
b 4.18 1 -3 yes

Table 1.1: [46]. Basic properties of the SM fermions. Note that the neutrino masses are not
zero, but they are extremely small and can effectively be taken as zero for the purpose of
this thesis. [58]

The spin-1 bosons are responsible for mediating the fundamental forces, meaning that
two particles interacting via a force exchange the corresponding boson. This idea differs
from the action-at-a-distance view of classical physics. Instead, it is a discretized particle
exchange, in which the distance interaction consists of two local interactions. The bosons
in the Standard Model are [58]:

« 7y : Mediates the electromagnetic force.
o W* : Carries the weak force.
o Z : Carries the weak force.

e Gluon : Carries the strong force.



o Higgs boson: Fundamentally different, as it has spin 0 and does not carry a force.

Responsible for giving elementary particles mass.

Table 1.2 shows some properties of the Standard Model bosons. The work presented in
this thesis is concerned with quarks, gluons, and the Z boson (which is studied via its decay
to Z — eet /upt).

interaction ‘ boson ‘ mass [GeV] ‘ spin ‘ electric charge | colour charge

force carrying bosons

Electromagnetic | ~ (photon) 0 1 0 no
w 80.39 1 +1 no
Weak
Z 91.19 1 0 no
Strong g (gluon) 0 1 0 yes

non-force carrying bosons

- | Higgs | 12500 | 0 | 0 \ no

Table 1.2: [41]. The bosons of the Standard Model, consisting of spin-1 bosons, which are
responsible for mediating forces, and the spin-0 Higgs, which gives elementary particles
mass.

When two protons collide with each other, the dynamics of the interaction depend on
the energy of the collision. The energy regimes are set by the de Broglie wavelength of the
colliding protons. If the beam energy is low, resulting in a wavelength that is long rela-
tive to the size of the proton, the electromagnetic interaction strength and the macroscopic
properties of the protons determine the dynamics of the event. However, if the energy is
high (meaning the de Broglie wavelength of the protons is on the order of or smaller than
the proton size), the parton-level properties determine the interaction [54, 58]. By raising
the energy to this regime, the interaction becomes akin to colliding groups of quarks/gluons
together. In this way, one can study a qq (or gg/gg) interaction (the Parton Distribu-
tion Function - detailed later - describes how the momentum of the particle is distributed
amongst the quarks/gluons). This is the only way to study parton-parton collisions because
isolated quarks do not exist in nature due to color confinement [58]. Color confinement is
the phenomenon that particles carrying the color charge cannot be isolated; they must come
in colorless combinations due the distance behaviour of the strong force. At the LHC, high
energies are provided by the 6.5 TeV proton beams. This thesis presents studies of pp (qq,
qg, or gg) interactions which result in a Z+jet event topology (to be detailed later).

At high energy, proton-proton collisions produce quarks and gluons. Because the strong
force increases with distance, quarks spontaneously emit gluons, which split into ¢g pairs.

These subsequent quarks emit gluons, and this iterative process continues until the energies



are low enough that resulting quarks and anti-quarks form colorless combinations instead of
emitting further gluons. Since the initiating quark had significant momentum, the resulting
particles are boosted in the initial direction, which results in the production of a collimated

spray of particles called a jet.

The process through which a quark evolves into a jet is called fragmentation. The frag-
mentation process can be divided into two different stages. The first is called parton show-
ering, which is the process detailed above wherein the quarks emit gluons, which then split
into gq pairs, and the process continues until the energies are low enough to initiate the
next step. This second step is called hadronization, which is the process where low en-
ergy quarks combine into colorless combinations and produce hadrons (composite particles
of quarks and anti-quarks). The strong force is described by Quantum Chromodynamics
(QCD), which is non-perturbative at low-energies (energies at which the hadronization pro-
cess occurs), but can be treated perturbatively at high-energies (the regime in which parton
showering occurs) [58]. This stems from the coupling constant of the strong force being
greater than 1 at lower energies but dropping below 1 at high energies. The key difference
between the two stages is that the parton shower can be calculated in principle (due to being
able to treat QCD perturbatively), while the hadronization must be modeled (as QCD is
non-perturbative at low energies). A schematic of a parton shower is shown in figure 1.1.
To be more specific, this is a quark-initiated jet, or simply a quark jet. A gluon can also
undergo the fragmentation process, resulting in a gluon-initiated jet. A validation of the

energy calibration of jets is presented in this thesis.

At ATLAS, the energy calibration is determined through Monte Carlo simulation and is
validated by data and in-situ measurements. The idea is to look for events in which a quark
(or a gluon) and a Z boson are produced from the collision (Feynman diagrams for which
can be seen in figures 3.7 and 3.8), and use momentum conservation in the transverse plane
to determine the true energy of the jet by using the Z boson as a reference. The Z boson
can be identified by its decay via the Z — eTe™ /u*u~ processes. Quark jets dominate in
the Z + jet topology. The selected events (see the Event Selection subsection in the Methods
chapter) are of the form qg — q(Z|vy), or q¢ — g(Z|vy). The former is more prevalent as
qg interactions are more abundant than ¢g due to the existence of eight gluon colors (in

contrast to the three quark colors).



Figure 1.1: When a quark is scattered from the proton-proton collision, it can emit a gluon.
This gluon can, in turn, decay into a quark-antiquark pair. These quarks can then continue
to emit gluons, and the process repeats. When the momentum is low enough, the quarks
form colorless combinations, resulting in a collimated spray of particles known as a jet. Note
that a gluon can also initiate the jet.

1.2 Objectives and Motivation

The primary purpose of the research presented here is to determine the Jet Energy
Scale (JES), and to improve on previous calibrations by reducing systematic uncertainties.
The primary detector component considered is the calorimeter, the purpose of which is to
absorb particles in order to measure their energy (more details in chapter 2.3). The jet
reconstruction algorithm groups together objects (energy depositions in the calorimeter or
particle trajectories, for example). When the jet is simply the sum of individual particles as
measured by the calorimeter, it is called an Electromagnetic Topocluster jet (an EMTopo
jet). Jets can also be reconstructed using a combination of the trajectories of the particles
and the calorimeter measurements (called Particle Flow jets, abbreviated as PFlow jets).
Both methods, however, do not measure the true energy of the jet as there is energy lost
to nuclear interactions in the calorimeter (which are poorly measured), dead regions of the
detector, jets not fully contained in the calorimeter, and other effects (see the Expected
Outcome section in the Methods chapter for more details). The JES provides a factor that
is applied to measured jet energies to correct for these effects. This task can be broken down

into two parts.

First is the provision of the jet response as a function of the momentum. The response

is defined as

E d
R— measure 1.1
Etruth ( )



For the reasons listed above, it is known that F,,cosureq Will be smaller than the jet en-
ergy (R < 1). It is expected that with higher momenta, the response improves (see the
Ezxpected Outcomes section for more detail). Thus, the response is given as a function of the
momentum of the jet. These response curves are derived for data as well as Monte-Carlo
(MC) simulations. In the jet calibration chain (see the Jet Calibration Chain section), there
are corrections to the energy and direction of jets that are based on MC simulations. This
calibration assumes that the MC perfectly describes the data, which is shown to be incor-
rect (see the Results chapter). Therefore, the jet energy from either MC or data must be
corrected to match the other. ATLAS corrects data to match the MC, and this correction is
the relative in-situ calibration shown in this thesis. The data are corrected because the MC
tracks the difference between processes (quark vs gluon jets for example), while the in-situ

calibration tests mainly quark jets.

The second task is a full analysis of the systematic uncertainties on the calibration. A
systematic source of error (called a systematic for short) is intrinsic to the system. Each
source of systematic uncertainty is varied, and the effect of this variation on the calculated
response is taken as an uncertainty. This process needs to be done for each systematic, and

a total uncertainty is then derived.

The main goals of the research presented here are:

o To provide an in-situ jet energy calibration using the 2015-2017 data and the new MC

samples.

e To improve on past uncertainties.

These are essential tasks as jets are always produced in LHC collisions, and so affect
many different analyses. By providing a calibration with small uncertainties, many ATLAS

physics results improve.

1.3 Overall Thesis Structure

In this thesis, the steps taken in the derivation of the jet energy scale will be clearly
outlined. First, a description of the detector and data is presented in Chapter 2. After this,
jets and related physics are discussed in chapter 3. The software will be briefly discussed
in chapter 4, and can be skipped without loss of continuity. The results are presented in

chapter 5, followed by conclusions in chapter 6.



Chapter 2

The Experiment: ATLAS and the
LHC

2.1 Design Considerations and Layout

2.1.1 Motivation

The research presented here relies on collisions recorded at the Large Hadron Collider
(LHC), which is a particle accelerator that lies on the border of Switzerland and France. It
is located in an underground tunnel at a depth ranging from 50 m to 175 m, and is 26.7
km in circumference. It comprises two rings that accelerate protons in opposite directions,
with steering magnets throughout the ring to bend the protons in the circular path and
focussing magnets to keep the beam from diffusing. The protons are accelerated in bunches
to nearly the speed of light, and collide at four points around the ring that are enclosed in
straight sections. The spacing between bunch crossings is 25 ns, and the design collision rate
is 23 interactions per crossing [13], although this has gone up with increased luminosity.
Luminosity is the number of incident particles per time per area, and when multiplied by
the probability (cross-section) of a process, yields the rate of production. The interaction
(collision) points (IPs) are set by crossing the rings at four different locations. There are
extra steering and focusing magnets at each interaction point to ensure maximal collision
rate. There is a detector at each IP [54, 55, 22]. The four detectors are ATLAS (AToroidal
LHC ApparatuS), CMS, ALICE, and LHC-B. The analysis presented in this thesis uses
data taken by the ATLAS detector.

When discussing the energy/momentum of particles, the direction transverse to the
beam is used. The initial momentum of the proton along the beam is known. However,
the distribution of the momentum of the partons in the proton is determined by proton
structure functions, more often referred to as Parton Distribution Functions (PDF). The
momentum of a particular parton in a particular collision is therefore not known. On the

other hand, the initial momentum in the transverse direction is small (on the order of MeV



compared to the typical GeV scales at ATLAS), and can be neglected. In an event, the sum
of all the transverse energy/momentum components should be negligible, and is assumed
to be zero. If there is a significant component, it signifies something that was not measured
(in this thesis, the missing energy is attributed to the mismeasurement of the jet energy,

explained in detail later).

The design of the ATLAS detector was motivated by various physics goals [2]. The
primary benchmark is the search for the Standard Model Higgs boson [40] and the need
to probe the electroweak scale [14]. The mass of the Higgs mp was expected to be greater
than 80 GeV and less than 1 T'eV. To be sensitive to the entire possible range of mp, the
detector was designed to be sensitive to the following processes (where ¢ means an electron,

muon, or tau):

H — vy
- which covers 80 GeV < mpyg < 150 GeV

H — Z7* — 40+
- which covers 130 GeV < mpg < 2m,

H — ZZ — 4%, 202y
- which covers 2m, < myg < 800 GeV

H - WW, ZZ — (*v 2jets, 20F 2jets, 20T 2v, 40*
- which covers myg < 1 TeV

The branching ratios (probabilities for decay channels) of the Higgs boson are shown in
figure 2.1. The expected cross-sections for the Higgs boson production are small, requiring

high luminosities.

The ATLAS detector is a general-purpose detector and has benchmarks set by other
physics searches as well. A second such motivation is a search for particles of the Mini-
mal Supersymmetric Standard Model [2, 34]. This model requires sensitivity to additional

processes such as:
A—=777 = euplus V's
H* =y
H* = 2 jets

H—>rtr™



0.1
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0.001
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Figure 2.1: [36] The branching ratios of the decay channels of the Higgs boson.



where A and H* are extra Higgs bosons seen in this model. There are other motivators for
the ATLAS design, which are not discussed here for the sake of brevity. Due to the required

sensitivity to various process signatures, the design considerations are [2, 13]:

o Good electromagnetic calorimetry is needed for energy measurements, and electron/photon
identification. High granularity allows for precise measurement of jet radii, as well as
discrimination between single photons and two close photons from the neutral pion

decay 7 — ~v (this is done in the first layer of the EM calorimeter).

e In order to measure jet energies well, good hadronic calorimetry is required. Hadronic

showers (detailed later) are driven by nuclear interactions, and have wide/long profiles.

o Efficient tracking at high luminosities is needed to measure charged-particle momenta,

as well as provide better particle identification in the ATLAS environment.

¢ Precision muon momentum measurements, and the requirement of a stand-alone muon

measurement at high luminosities.

o Efficient measurement and triggering of low momentum particles. The trigger system
determines if the event is of interest, and when the detector should store the data

(more details in chapter 2.5).

10



2.1.2 Coordinate System and Nomenclature

Due to the cylindrical geometry of ATLAS, the following coordinate system is used
(shown in figure 2.2).

e The x-axis points towards the center of the LHC.
e The y-axis points up.

e The z-axis is along the beam, and requiring right-handed coordinates sets the direc-

tion.

e The azimuthal angle ¢ is measured around the beam axis in the x-y plane with ¢ = 0

at the x-axis.

e The polar angle 6 is measured from the z-axis. This also defines the derived pseudora-
pidity, which is n = —In(0/2). Pseudorapidity is used instead of 6 because differences
in n are invariant under Lorentz boosts, while differences in 6 are not. Highly boosted
topologies are often encountered due to the high energy of the collisions, and a mea-

surement system that is impervious to these effects is necessary.

Detector

/ \ Collision S
Point 0 /0
o : I

X (Center of LHC)

Beam Line

Figure 2.2: The coordinate system used for the ATLAS detector [53]. The beams are incident
along the z-axis with a collision point set at the center. The x-axis points towards the center
of the LHC, the y-axis points up, and the z-axis is along the beam with the direction defined
by requiring the coordinate system to be right-handed. The azimuthal angle ¢ is defined
around the beam axis, and the polar angle 6 is measured from the z-axis.

11



2.1.3 Layout

The ATLAS detector is comprised of a large number of detector subsystems, for which

an overview is shown in figure 2.3.

The three main sections of the detector are:

1. Inner Detector

The Inner Detector is closest to the interaction point. The primary purpose of this
system is to measure the trajectory of particles emerging from the proton-proton
collisions. Typically, around 36 space points are measured for each particle in the
Inner Detector [13]. The fit to the collection of trajectory points associated with
a particle is called a track. The tracking system is enclosed in a solenoidal mag-
net, which bends charged particles. The combination of the magnetic field and
the tracking system allows for the measurement of the momentum and charge
of particles. The charge determines the direction in which a particle deflects in
a magnetic field; positive particles deflect one way, negative particles bend the
other way. The momentum of the particle determines the radius of curvature of
the trajectory. The track measurement is non-destructive and interferes negligibly
with the particles and minimally affects measurements by subsequent detector
systems (however, multiple scattering can be a noticeable effect). High precision
is needed in the tracking system to untangle the large number of particles present
at high luminosities. By placing the Inner Detector close to the interaction point,
a better measurement of the IP and the scattering angle is achieved. Even though
the default location of the interaction is defined as the center of the detector,
the actual IP can be displaced from this due to the sizeable longitudinal overlap
of the two proton beams. The actual collision point is called the vertex, and the
Inner Detector must be close to the interaction point to reconstruct the vertex
accurately. The tracking system comprises three separate systems: the pixel de-
tector, the semiconductor-strip tracker, and the transition radiation tracker. See

reference [3] for more details.

12
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2. Calorimeter

The purpose of this system is to measure the energy of particles. In order to
do this, the particle is absorbed, making calorimetry a fundamentally destruc-
tive measurement [39]. The calorimeter is therefore placed outside of the Inner
Detector, as it ends the paths of and absorbs most particles (except muons,
neutrinos, and exotic particles). Particles that enter a calorimeter go through
an iterative process known as showering [16, 41]. The particles interact with
the material, producing more particles, which in turn propagate through the
calorimeter. These products undergo interactions, and this chain reaction con-
tinues until the energy of the resultant particles is low enough to be absorbed

via ionization.

Calorimeters can be classified into two types: sampling and homogenous. Sam-
pling calorimeters contain many alternating layers: the active layer and the ab-
sorber. The absorber is optimized to cause showers in a small space, while the
active sections are optimized to measure energy depositions. The energy mea-
sured is proportional to the shower produced predominantly in the absorber.
The active sections “sample” the shower. A homogenous calorimeter is made of
one material that both generates the shower and measures the energy of the re-
sulting particles. The advantage is that the full shower is measured so that the
energy resolution is typically better. On the other hand, a sampling calorimeter
is cheaper, and the quicker development of showers in the absorber results in a

smaller volume.

Depending on the particle being measured, two types of showers exist. Electro-
magnetic showers are caused by electromagnetic processes and have a resulting
profile that is short/narrow, and measure electrons and photons. Hadronic show-
ers are caused predominantly by nuclear interactions, and are wide/long, and
measure hadrons [39]. The calorimeter system is therefore divided into two sec-
tions that are optimized for each shower type: the Electromagnetic Calorimeter
and the Hadronic Calorimeter. The EM calorimeter is a sampling calorimeter
with a lead absorber and liquid Argon (LAr) as the active material [13]. It is
highly granular in order to make a good measurement of the smaller electromag-
netic showers, and the first layer is segmented enough to discriminate between
two close photons (to distinguish 7° — 4+ from a single photon). The Hadronic
Calorimeter, which completes the measurement of hadronic showers, is located
outside the Electromagnetic Calorimeter. It is also a sampling calorimeter, but

the materials differ depending on the 7 region. In the central part of the de-
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tector (n < 1.7), steel is used as the absorber material, and plastic scintillator
tiles are used as the active material. Outside this n region, LAr calorimeters are
chosen due to their intrinsic radiation-hardness. The region 1.5 < 1 < 3.2 de-
fines the hadronic end-cap calorimeter (HEC), while 3.1 < n < 4.9 is covered by
the high-density forward calorimeter (FCAL) [13]. These use liquid argon as the
active material, and copper as the absorber, except for the hadronic section of
the FCAL, where the absorber is tungsten. Since the calorimeter system is used
for energy measurements, it is the component of the detector that the research
presented in this thesis most heavily uses. It is shown later that the showering

process is critical to the shape of the calorimeter response curves.
3. Muon Spectrometer

The Muon Spectrometer (MS) is located outside the calorimeters. The purpose
of the MS is to measure the momentum of muons. At the energies relevant to
this work, these are minimum ionizing particles (MIPs), which means that their
energy loss rate is minimal (in contrast to other particles that can deposit a
significant amount of their energy through electromagnetic processes) [39]. This
is because they do not interact strongly and are too heavy to emit significant
bremsstrahlung, except at very high energies. Bremsstrahlung is one of the pri-
mary electromagnetic methods of energy deposition in calorimeters. Therefore,
muons survive through the Inner Detector and the calorimeter. Thus, in order to
measure muons, a separate system is needed. The Muon Spectrometer - like the
Inner Detector - is also a tracker. It has a large system of superconducting air-core
toroid magnets and a dedicated tracking system [13, 22]. Muon identification is
easily accomplished, as any isolated particle present in the Muon Spectrometer is
tagged as a muon (although energy can leak through the calorimeter into the MS
for a small number of showers, notably for high-energy jets). As with the Inner
Detector, the charge and momentum of the muons are inferred by analyzing the
measured trajectories. Four detector technologies are implemented in the track-
ing system: thin gap chambers, resistive plate chambers, monitored drift tubes,

and cathode strip chambers [39]. Details are given in chapter 2.4.

15



Muon
Spectrometer

The dashed tracks
are invisible to
the detector

tromagnetic
rimeter

ATI AC

CVDEDIMEMT

http://atlas.ch

detector

Figure 2.4: A cross sectional view of a portion of the ATLAS detector, courtesy of CERN [51].
Shown are the three sections of the ATLAS detector: the Inner Detector (labelled tracking),
the calorimeter system (electromagnetic and hadronic calorimeters), all surrounded by the
muon spectrometer.

A cross-sectional view of a portion of the ATLAS detector is shown in figure 2.4. The

layout and design were motivated by the physics described earlier.
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2.2 Inner Detector

A charged particle that passes through a magnetic field is deflected based on a few pa-
rameters: the strength of the magnetic field, the charge of the particle, and the momentum.

The radius of the curved trajectory is

o
qB

where v is the Lorentz factor. If one measures the trajectory of the particle and calculates
the radius of curvature, the momentum and direction of the particle can be deduced. That
is the role of the Inner Detector. The ID is enclosed in a large solenoidal magnet that
provides a constant magnetic field (excluding fringe effects). The tracking system must be
able to distinguish a large number of particles with high precision, as the LHC runs in
high luminosity conditions. Semiconductor detectors are used due to their good position
resolution and high-rate capability. There are two semiconductor technologies implemented
in the Inner Detector: the silicon microstrip tracker (SCT), and the pixel detector [13]. The
latter is placed closest to the interaction point due to its high granularity, which is necessary
for vertex reconstruction. As a charged particle passes through a semiconductor detector, it
produces electron-hole pairs, which is a measurable signal. The segmentation allows for high
precision trajectory measurements. The Pixel detector has 80 million pixels over an area of
1.7 m2. The pixel size is 50 x 400 pum? with a resolution of 12 x 66 wm. The semiconductor
sensors are segmented in two dimensions, with advanced electronic methods of reading out
the channels (such as readout interconnections and large-area radiation-hardened readout
chips with data buffering systems) [13]. The SCT has 6 million channels distributed over
60 m?. There are readout strips every 80 um (strips are used here to lower the number of
channels as the area has dramatically increased), resulting in a precision of 16 pm in the
direction transverse to the strips, and 580 pum along the strips [13]. At the start of run 2,
the Insertable B-Layer (IBL) was added in as the layer closest to the interaction point [57].
It is also a pixel detector, with 12 million pixels that are 50 x 250 um? each. These are the
layers of the Inner Detector used for high precision. Due to the high cost of semiconductor

technology, another type of technology is used at larger radii [13].

The Transition Radiation Tracker (TRT) [44] is outside the semiconductor trackers. The
TRT has 350,000 straw drift tubes that are 4 mm in diameter (50,000 straws in the barrel
that have both ends read out, and 250,000 straws in both endcaps). The drift tubes have
30 um diameter gold-plated tungsten wires at their centre, and are filled with a 70-27-3 %
mixture of Xe— COy— O gas. The straw tubes are weaved with polypropylene foils. When
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a charged particle passes through a foil layer, it has a probability to produce a photon. A
charged particle moving towards a boundary induces a charge, which can be treated as a
mirror charge. The particle and its mirror charge produce an varying electric dipole, and
a resulting electromagnetic field. When the particle moves across the boundary, the field
changes and disappears, resulting in the emission of X-rays. The transition radiation en-
ergy is proportional to the Lorentz factor v, and is typically on the order of 10 KeV, but
for minimum ionizing particles it is around 2 KeV (this is dependent on the relativistic 7
factor)[39]. This can be used to discriminate between lighter /heavier particles by studying
how many photons are produced. For example, the TRT helps discriminate electrons from
pions by counting the number of hits, as well as the number of hits passing a high threshold
(HT hits). The fraction of HT hits provides a variable that has 90% electron ID efficiency
[43]. By reading out hits along the particle trajectory as well as analyzing the transition
radiation, the TRT provides a measurement of the trajectory as well as particle ID. The
TRT has 350,000 readout channels over a volume of 12 m3.

The tracking system works with the solenoidal magnet that encloses the Inner Detector.
This magnet provides a constant magnetic field of 2 T through the tracking systems in order
to bend the charged particles. The layout of the Inner Detector can be seen in figure 2.5,

with some parameter information given in table 2.1.

. Area Resolution Channels | 7 coverage
System Position
(m?) o(pm) 10°
1 removable barrel layer (B-layer) 0.2 R¢ = 12, z = 66 16 +2.5
Pixels 2 barrel layers 1.4 R¢ = 12, z = 66 81 +1.7
5 end-cap disks on each side 0.7 R¢ =12, z=177 43 +1.7-2.5
. ) 4 barrel layers 34.4 R¢ = 16, z = 580 3.2 +1.4
Silicon Strips
9 end-cap wheels on each side 26.7 R¢ = 16, z = 580 3.0 +1.4-2.5
Axial barrel straws 170 (per straw) 0.1 +0.7
TRT Radial end-cap straws 170 (per straw) 0.32 +0.7-2.5
36 straws per track

Table 2.1: Parameters for the Inner Detector components (IBL not included) [13].
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2.3 Calorimeter

In calorimetry, the goal is to determine the energy of an incoming particle. This measure-
ment is done by absorbing the particle and measuring the energy it deposits in the material.
The manner in which a particle deposits energy determines how well the calorimeter per-
forms, and how much/what type of material is needed. Note that, unlike the inner detector,
this process is fundamentally destructive in that it absorbs the particle. Consequently, the
calorimeter must come after the tracking system. A particle interacts with the material of
the calorimeter and produces more particles, which go forward through the calorimeter. The
initial energy of the particle distributes over the produced lower-energy particles. When the
resultant particles interact with the material, they produce more particles, all of which have
less energy. This iterative process continues until the energies of the produced particles are
low enough that they are absorbed via ionization. This process is called showering. This
should not be confused with the parton showering described earlier which was in the context

of jet formation.

There are two types of showering processes, depending on the underlying interactions:
electromagnetic (EM) and hadronic showers. EM showers are driven by the electromagnetic
processes of bremsstrahlung and pair production (for high energies), as well as ionization,
Compton scattering, and the photoelectric effect (for lower energies). Hadronic showers are
driven by strong and EM interactions [39]. The hadronic interactions involve 7% which
dominate, as well as kaons, protons, and neutrons. The charged pions undergo subsequent
nuclear interactions, while the neutral pions almost instantly decay via 7° — 7, providing

an EM component to hadronic showers. These two types of showers have different profiles.

The electromagnetic processes result in efficient energy absorption and have a narrow
angular distribution (largely determined by multiple scattering). In hadronic showers, the
energy absorption is not as efficient, and the lateral width is determined by momentum
transfer in nuclear interactions. Therefore, EM showers are narrow and short, while hadronic
showers are long and wide [39]. Furthermore, hadronic showers are not well measured as
they have invisible energy - energy deposited that cannot be measured, for example, nuclear
bond breaking. The difference between the development of the two types of showers is shown

is figure 2.6.
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Gamma shower Hadronic shower

Figure 2.6: [37] The characteristic shapes of the two different types of showers. The elec-
tromagnetic case can be seen on the left, while the hadronic can be seen on the right.
Electromagnetic showers are more narrow and well-contained, while hadronic showers tend
to have wider and longer profiles. The scales are an estimate, added manually using the
characteristic energy deposition plots of hadronic and electromagnetic showers vs interac-
tion/radiation lengths in lead.

Additional care has to be taken when dealing with hadronic showers, as they are
long. If not enough material is used, the shower survives through the calorimeter, yield-
ing an incomplete energy measurement; this is called punch-through. Two parameters are
defined to characterize the lengths of these interactions: the radiation length Xy and the
interaction length A;. The radiation length is the length over which an electromagnetic
shower’s energy is reduced to a factor of e of its initial value, while the interaction length

is the average distance a particle will travel before initiating a nuclear interaction [39].
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The ATLAS EM calorimeter is a sampling calorimeter that uses lead as the absorber,
and liquid-argon (LAr) as the active material. It is divided into two parts: the barrel region
n < 1.475, and the end-cap region 1.375 < n < 3.2. The barrel region EM calorimeter has
finer granularity than the endcap EM calorimeter, and the total radiation lengths are 24 X
in the barrel and 26 Xy in the endcap [13]. The EM barrel and endcap calorimeters have

an accordion geometry in order to eliminate cracks in the azimuthal direction.

The hadronic calorimeter is also a sampling calorimeter, but the material changes de-
pending on the 7 region. The barrel region covers n < 1.7, for which the absorber is steel, and
the active material consists of plastic scintillator tiles. The LAr hadronic end-cap calorime-
ter covers the region of 1.5 < 1 < 3.2 (slight overlap with the tile calorimeter). Here the
scintillating tiles are replaced with LAr to provide radiation hardness, and copper is used

instead of steel as the absorber.

And third, there is the LAr forward calorimeter (FCAL), which is located in the same
cryostat as the endcap. The forward calorimeter has EM and hadronic components, and
covers the region 3.2 < n < 4.9 [22]. The total thickness is 11 A7 [13]. The FCAL improves
the hermetic coverage of ATLAS, allowing for an improved determination of the missing
transverse energy as well as the detection of forward jets. These are important as they
are needed for the momentum balance in an event, but they are also crucial in studying
the parton structure of the proton, and the Higgs boson production in vector-boson-fusion

processes [35].

A diagram of the calorimeter systems is shown in figure 2.7, while some extra information

can be found in table 2.2.
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EM Calorimeter

Barrel

End-cap

Coverage

In| < 1.475

1.375 < |n| < 3.2

Longitudinal Segmentation

3 samplings

3 samplings

2 samplings

1.5 < |ngl< 25
1.375 < n|< 1.5
25 < n|< 3.2

Granularity (AnxAg)

Sampling 1 0.003 x 0.1 0.025 x 0.1 1.375 < |n|< 1.5
0.003 x 0.1 1.5 < |ngl< 1.8
0.004 x 0.1 1.8 < |nl< 20
0.006 x 0.1 2.0 < |nl<25
0.1x0.1 25 < n|< 3.2

Sampling 2 0.025 x 0.025 | 0.025 x 0.025 1.375 < |n|< 2.5
0.1x0.1 25 < n|< 3.2

Sampling 3 0.05 x 0.025 0.05 x 0.025 1.5 < |nl< 25

Presampler Barrel End-cap

Coverage [n|< 1.52 1.5 < |n|< 1.8

Longitudinal Segmentation | 1 sampling 1 sampling

Granularity (AnxAg¢) 0.025 x 0.1 0.025 x 0.1

Hadronic Tile Barrel Extended Barrel

Coverage [n]< 1.0 0.8 < |n|< 1.7

Longitudinal Segmentation | 3 samplings 3 samplings

Granularity (AnxAg¢)

Samplings 1 and 2 0.1x0.1 0.1 x0.1

Samplings 3 0.2 x 0.1 0.2 x 0.1

Hadronic LAr End-cap

Coverage 1.5 < [n|< 3.2

Longitudinal Segmentation 4 samplings

Granularity (AnxAg) 0.1 x0.1 1.5 < |n|< 2.5
0.2x0.2 2.5 < |n|< 3.2

Forward Calorimeter Forward

Coverage 3.1 < |nj< 4.9

Longitudinal Segmentation 3 samplings

Granularity (AnxAg¢) ~0.2 x 0.2

Table 2.2: Parameters for the calorimeter components [22].
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2.4 Muon Spectrometer

The calorimeter measures energies by absorbing the particles incident on it. Muons are
typically not absorbed because they are Minimum lonizing Particles (as explained earlier).
They instead survive through the calorimeter system, depositing a minimum amount of
energy. There is a dedicated part of ATLAS for measuring muons called the Muon Spec-
trometer. The basic idea is the same as the Inner Detector in that it provides the trajectory
measurement of a particle moving through a magnetic field. To this end, the Muon Spec-
trometer has a separate magnet system. It uses a series of large superconducting air-core
toroid magnets and four different tracking technologies [22, 13]. In the region n < 1.4,
the barrel toroid supplies the magnetic field responsible for the bending. For the region
1.6 < n < 2.7, two end-cap toroids provide the field.

Monitored Drift Tubes are used to track charged particles in the region n < 2. Drift
tubes are filled with gas and a wire stretched down the center. When a charged particle
passes through the gas, it ionizes it, producing electrons. These then drift to the wire
(which has a positive potential), inducing a signal that is read out. A series of these tubes
provides tracking hits along the trajectory of the muon [39]. For 2 < n < 2.7, Cathode Strip
Chambers (CSC) are used. The idea behind a Cathode Strip Chamber is the same as a drift
tube, except that instead of isolated tubes, multiple wires are in a chamber filled with gas,

and the strips are read out instead of the wires [39, 13].

Due to the requirement that the muon spectrometer be standalone, it must have a
dedicated trigger system. The trigger system uses Resistive Plate Chambers (RPCs) in
the barrel, and Thin Gap Chambers (TGCs) in the endcap [22]. RPCs provide a fast and
reliable muon trigger system. They are composed of two oppositely charged parallel plates
with gas filling the space between them. When a muon goes through, the gas is ionized, and
the electrons drift to the readout plate, which is lined with readout strips. The TGC is a
similar idea, but in this case, wires are strung between the plates. These are read out on

the cathode planes via copper strips and pads. [39, 13, 52].

The muon spectrometer system is shown in figure 2.8, and some parameters for the

different tracking technologies can be found in table 2.3.
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Thin-gap chambers (T&C)
| Cathode strip chambers (CSC)

Barrel tforoid

" Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift fubes (MDT)

Figure 2.8: A view of the Muon Spectrometer system at ATLAS [13]. Figure courtesy of
CERN [49].
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Monitored Drift Tubes
Coverage
Number of Chambers

Number of Channels

MDT
|n|< 2.7 (innermost later: |n|< 2.0)
1088 (1150)
339,000 (354,000)

Function Precision Tracking
Cathod Strip Chambers CscC
Coverage 2.0 < |n|< 2.7
Number of Chambers 32
Number of Channels 31,000
Function Precision Tracking
Resistive Plate Chambers RPC
Coverage In|< 1.05
Number of Chambers 544 (606)

Number of Channels

359,000 (373,000)

Function Triggering, Second Coordinate
Thin Gap Chambers TGC

Coverage 1.05 < |n|< 2.7 (2.4 for triggering)
Number of Chambers 3,588

Number of Channels 318,000

Function

Triggering, Second Coodrinate

Table 2.3: Some parameters of the muon spectrometer components [13].
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2.5 Trigger & DAQ

Due to the very large rate of events and the associated particles passing through the
detector, an excellent trigger and data-acquisition (DAQ) system must be in place to limit
the amount of data stored for further analysis. The trigger selects events that have a topology
of interesting events. As the details are beyond the scope of this thesis, only a quick summary

is provided here.

The ATLAS trigger system works in two stages [28]:

1. The Level-1 (L1) Trigger

This L1 is a hardware-based trigger that uses information from the calorimeter
and the muon trigger detectors to decide if events that occur are of interest.
Many other subsystems are used to help with this task, such as the Minimum
Bias Trigger Scintillators, the LUCID Cherenkov counter, and the Zero-Degree
Calorimeter. The L1 trigger passes at most 100,000 events every second to the
HLT.

2. The High-Level Trigger (HLT)

The HLT is a software-based trigger that is made of a large CPU farm of 28,000
processors which are located behind shielding in a room near the detector. A de-
tailed analysis of each event is executed, examining the entire event for selected
technologies (tracker and calorimeter, for example), or analyzing the entire de-
tector in isolated regions of the detector (looking at the ID, calorimeter, and
MS for a specific 1 region). The HLT accepts around 1,000 events every second,
which the DAQ then saves to disk and then computer tape.

If an event passes the L1 trigger and the HLT, it is transferred to the tier-0 site at CERN
for storage and offline (post-run) analysis. The trigger has on the order of us to make these
decisions. The logic flow of the trigger and DAQ (TDAQ) system is shown in figure 2.9.
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Figure 2.9: An overview of the ATLAS TDAQ system, courtesy of the ATLAS Collaboration
[28]. There are two trigger subsystems: the hardware-based Level 1 (L1) trigger, and the
software-based High-level trigger (HLT). The L1 trigger uses input from the calorimeter and
muon systems, as well as some other subsystems. The decision formed by the L1 trigger
goes into the Central Trigger Processor (CTP), which does dead-time processing. If the L1
trigger accepts the event, it is buffered in the Read-Out System (ROS) and passed into the
HLT. The HLT then further analyzes the event in more detail. If the HLT decides to keep
the event, it is then stored at the Tier-0 facility at CERN.
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2.6 Data Preparation

The data are stored at the Tier-0 facility at CERN. A copy of the data is sent to
eleven Tier-1 sites around the world to safeguard the data and for further refinement and
analysis. The ATLAS Tier-1 sites are located in Canada (SFU/TRIUMF), Germany (FZK),
Spain (PIC), France (IN2P3), Italy (CNAF), The Netherlands (SARA), Russia (JINR),
Taiwan (ASGC), Nordugrid (Scandinavia), UK (Rutherford Appleton Laboratory), and
the US (Brookhaven National Laboratory). There is then a calibration pass in which the
detector readings are parsed. The data are then refined into Event Summary Data (ESD)
files, which contain reconstructed information (such as data needed for particle ID or track
reconstruction) sufficient for tuning algorithms/calibrations. Then, the ESDs are further
refined into a dataset that contains all the key information needed for analyses. This data
format is called an xAOD (Analysis Object Data), wherein the data are comprised of physics
objects (reconstructed particles and jets). These xAODs are stored at 155 [1] Tier-2 sites
around the world, which are comprised of universities and other scientific laboratories. After
the xAOD stage, further refinement is performed by applying conditions to filter out specific
subsets of events. These are called DxAODs (Derived xAODs). For the results presented
here, the JETM3 DxAOD collection is used, which has a preliminary selection applied
to filter for Z — ee/up events. The DxAODs have multiple jet collections formed with
different reconstruction algorithms (PFlow and EMTopo, described in chapter 3.1), as well
as refined particle ID and track reconstruction. These are also stored at Tier-2 sites globally.
Tier-3 sites correspond to university /institute clusters and storage facilities. The Grid is an
interconnected system of computer centres spanning the globe, where users can access all
the Tier-2 data and run analyses on them using resources associated with the servers. Most
large-scale analysis is done on the Grid, including the production of all the results presented

here.

Monte-Carlo (MC) simulated datasets are used to assess the performance of the
triggers [28], to derive a Jet Energy Scale (MCJES) that provides a preliminary correction
to the energy of the jets, and have many uses in analyses (such as background estimation).

There are two main steps to event simulation:

1. Generate the collision (generator step). This step covers everything from the interac-

tion up to the end of the hadronization process.

2. Propagate the particles through the detector (detector step). This step requires a
detailed knowledge of the detector and has to incorporate every possible type of inter-
action that particles may experience in a material. The product is a pseudo-dataset,

and so the readout of the detector must be simulated as well.

30



For the detector step, a framework called GEANT4 is used [31, 12]. For the generator
step, there are many different algorithms used to describe the collision dynamics, as well
as the parton showering and the formation of the jet particles (hadronization process).
The two generators used in this analysis are called Sherpa [38] and Pythia [56]. Pythia is
used as the nominal generator, while Sherpa is the alternate generator that is the most
different from Pythia. The difference between the two generators largely comes from the
hadronization (recall that the hadronization step of the fragmentation process cannot be
treated perturbatively and so must be modelled). Pythia is chosen as the nominal generator
by ATLAS. By comparing results from the two most different generators and using the
ratio of responses as an uncertainty, all possible choices of generators in physics analyses

are covered.

For the nominal MC dataset, the generator used is Powheg+Pythia8 [56], with the
AZNLO underlying-event parameter set [9], and the CTEQ6L1 PDF set [45]. The alternate
MC dataset uses the Sherpa-2.1.1 generator [38] and the default Sherpa underlying-event
tune, alongside the NNPDF-3.0 NNLO PDF set [15].
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Chapter 3

Jet Physics

3.1 Jet Reconstruction

Jets are reconstructed using readings from detector systems in an event. The ATLAS
calorimeter system is comprised of many small segments that are called calorimeter cells.
However, particles generally deposit energy in multiple cells, so the first step in jet recon-
struction is to group cells into clusters. ATLAS uses an algorithm called the 4-2-0 clustering

algorithm [29]. A visual representation of this process is shown in figure 3.1.

The difference between the energy deposited in a cell and the expected background
noise is calculated, and then divided by said width (sigma) in order to determine the sig-
nificance of the energy deposition. Any cell that exceeds the background by more than
40 is deemed significant enough to warrant a cluster and is used as a seed. If any of the
neighboring cells have a significance greater than 20, they are added to the cluster. Then,
the immediate neighbors of these cells are also examined. If any of these have a significance
larger than 20, they are also included. This iterative inclusion of 20 neighbors continues un-
til there are no remaining 20 neighboring cells. A ring having a thickness of one cell is then
included around the entire cluster, regardless of the significance (0¢), in order to include
the tails of the deposited energy (which improves resolution). This comparison of neighbors
is done in 3D, and also extends to cells that are in deeper layers. The end result is a three-
dimensional collection of cells based on the significance values detailed above. These values
were optimized for energy resolution, and the method is reported as 0 seed — Tneighbour — Tedge
[29]. Thus, the ATLAS clustering algorithm is called the 4-2-0 algorithm.
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Figure 3.1: A cell that has energy that exceeds the background by more than 4¢ is used
as the seed for a cluster. Then, any neighbors that exceed 20 are included in the cluster
as well. This significance check proceeds until there are no more neighbors that exceed 2¢.
Then, in order to include the tails/edges of the cluster, all remaining neighbors are also
included, regardless of significance (0c). All neighbor checks and inclusions are done in 3D.
This process constitutes the 4-2-0 clustering algorithm. [54, 55].

If the energy of the clusters is not modified, they are said to be at the EMTopo scale.
This is because the calorimeter is calibrated for electromagnetic showers. An alternative
is the Local Calibration (LC) scale [16], which attempts to compensate for the energy
loss in hadronic showers. However, it is no longer officially supported by ATLAS. The LC
scale looks at the density of energy in a cluster, and scales the energy up accordingly. For
electromagnetic-like energy deposits, the clusters are left untouched. But for hadronic-like
deposits (low energy density), the cell energies are scaled up. This scale is used because, for
hadronic interactions, the primary energy loss is from nuclear interactions in the calorimeter,
and the energy lost to bond-breaking cannot be detected. This results in a lower response
[39]. By looking at the energy density and neighboring cells, one can determine an energy
scale-factor that compensates for these effects. However, this scale is mostly obsolete, as an
algorithm for calibrating jets called the Global Sequential Calibration (GSC) has provided
similar improvements to the energy resolution with a more general approach. The LC scale
is not used in ATLAS recommendations or this thesis but may be present in some references

or other research presentations.

Clusters can be grouped to form jets. Once can also combine tracking information
with clusters to form a collection of jets known as PFlow jets (detailed later). In simulation,

the real information of particles is saved as truth particles. These truth particles can be
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grouped to form truth jets. All of these jet collections are formed with a common jet

reconstruction algorithm, which must meet a certain set of criteria [16]:

1. Infrared Safety: the algorithm should be insensitive to soft (low energy) radiation
in the event. If there is soft radiation present, it may provide a bridge for a jet
reconstruction algorithm to cross from one jet to another, resulting in an oversized jet

that is incorrect. An illustration of this is shown in figure 3.2.

2. Collinear Radiation Insensitivity: the algorithm should reconstruct the same jet, re-
gardless of the presence of collinear radiation. There are two possible ways that
collinear radiation may affect jet reconstruction. If a high energy particle emits boosted
radiation, the initial energy is divided between two particles that are traveling very
nearly in the same direction. These particles should still be a seed for a jet, but the
energy splitting may lower the individual particle energies to the point where the al-
gorithm does not recognize them as being significant enough to warrant a jet. This is
illustrated in figure 3.3. Secondly, if a high-energy particle emits collinear radiation,
the jet center may be skewed away from this particle by weighting effects. This is
shown in figure 3.4. The chosen reconstruction algorithm must be immune to both
these effects.

3. Invariance Under Boosts: the algorithm should be able to find the same jets regardless

of any Lorentz Boost effects.

4. Boundary Stability: the kinematic variables that the algorithm determines for the jet
must be insensitive to the specific details of the final state (such as the number and

angle of particles).

5. Order Independence: the same jet should be reconstructed at particle level (jets recon-
structed with particles before the interaction with the detector, also known as truth

jets in MC) and at calorimeter level (jets reconstructed using detector information).

Figure 3.2: [16]. The presence of soft radiation could provide a bridge for jet reconstruction
algorithms to group two distinct jets into one large jet. The ideal reconstruction algorithm
would be insensitive to such effects.
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Figure 3.3: [16]. If the seed energy is split between two cells, a jet reconstruction algorithm
may miss this jet due to low energy, although it would have been reconstructed if the energy
was deposited in one cell. This is called collinear sensitivity, and an ideal jet reconstruction
algorithm must reconstruct the same jet in both cases.

A

Figure 3.4: [16]. If the seed energy is split between two cells, a jet reconstruction algorithm
may skew the jet towards one side, which is clearly incorrect. This effect of collinear radiation
must not affect an ideal jet reconstruction algorithm. In this illustrated case, the skewing
of the jet axis results in the exclusion of a particle that should be part of the jet as well.

One such family of jet-finding algorithms is the sequential recombination algorithms

(also known as the k; algorithms)[41, 16, 21]. They are defined using the quantities

2

dij = min(p7";, p7%;) X ngj (3.1)
where
Aij = \/(@ —07)* + (yi — y5)? (3.2)
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dip = ki (3.3)

The indices 1, j represent objects in a running list of proto-jets, for example the list of
clusters found in the previous step of the jet reconstruction. Proto-jets are candidate jets,
which can be combined if they satisfy certain criteria. The other variables are the transverse
momentum (pr,;), azimuthal angle (¢;), and the rapidity (y) of the particles. Here, R is a

tunable parameter that determines the size of the jet in y — ¢ space.

The steps of the recursive k; algorithm are [16, 21]:

1. A list of proto-jets is constructed that consists of all individual particles and partially
combined jets from the previous iteration. It has a list of four-vectors for each proto-

jet.
2. The parameter d;; is calculated for every pair of proto-jets.
3. The distance parameter d;p is calculated between every proto-jet and the beam pipe.

4. For a given proto-jet, if d;p is smaller than all other d;;, that proto-jet is promoted

to a full jet. Otherwise, the proto-jet pair with the smallest d;; is combined.

o There are various ways of combining jets (such as p; weighting), but ATLAS
simply adds the four-vectors of the proto-jets [20].

o After this step, the algorithm returns to step 1, and the process continues until

all proto-jets have been combined into jets.

The behaviour and properties of the algorithm are determined by the parameter n,

which can be set to: n = —1,0, 1 [16, 21]. The corresponding algorithms are called:

e n =0, Cambridge-Aachen algorithm: this is simply a geometrical clustering in y — ¢
space because the first term in d;; is 1. It is the most intuitive of the methods and is

used at ATLAS for grooming large radius jets (not relevant here).

e n = 1, k; algorithm: the first term of the d;; calculation favours small p;, so that
this algorithm starts by combining low-p; proto-jets. The k; algorithm has runaway
boundary problems as the low-momentum particles can allow for bridges between
multiple collections of proto-jets resulting in large non-uniform jets. The k; algorithm
is useful for studying jet substructure, but is not used as the main jet-finding algorithm
at ATLAS.

e n = —1, anti-k; algorithm: the first term of the d;; calculation favours large p¢, so

that this algorithm starts by combining high-p; proto-jets. The idea is to construct
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jets around large momentum seeds, which results in clearly defined cone-shaped jets
if they are isolated. For overlapping jets, if p; jet1 >> py jer2 the overlapping particles
will be attributed to the first jet (which will be a perfect cone), and the second jet will
have a crescent shape. For equal momentum jets, the overlap area is divided between
the jets by a straight line. For the general case where p; jet1 = py jet2, the overlap area

is split using p; weighting [21].

ATLAS uses the anti-k; algorithm for its jet reconstruction because it meets the set of
criteria outlined above, and gives jets that are centered on large energy depositions. The

different jet-clustering methods and their results are shown in figure 3.5.

Cam/Aachen, R

Sau
N

Figure 3.5: [21]. A characteristic MC event is shown. The performance of the different jet-
clustering methods can be seen, where it is evident that the anti-k; algorithm provides the
most stable jet shapes. The SIScone algorithm is seedless, and begins by forming stable

cones and then doing overlap merging/splitting between cones [19, 59]. It is not used at
ATLAS.
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In the JETM3 DxAQOD collection, the jets are reconstructed with the anti-k; algorithm
with a handful of different R values (which roughly correspond with the maximum radii
of the jets), and with different scales for the clusters (such as EMTopo or LC). Setting
R = 0.4 results in the small-R jet collection, while R = 1.0 results in the large-R jets. While
small-R jets are commonly used at ATLAS for analyses, large-R jets are used to study
highly boosted topologies; for example, a boosted W boson and its decay products can be

contained in a large-R jet.

Besides EMTopo and LC jets, there is a third collection called EMPFlow (PFlow for
short) jets [27]. PFlow jets are formed using both tracking information and the calorimeter
clusters (as opposed to only clusters). The idea here is that by combining two different
measurements of the energy /momentum, a better energy resolution is achieved because the
tracker measures low momentum particles better than the calorimeter. All tracks in the
event are considered and are extrapolated through the calorimeter and the muon spectrom-
eter. The extrapolated tracks are matched with clusters. In this way, each charged particle
has an associated track, and a resultant jet has a set of tracks matched to it. At low-p;, the
calorimeter energy response is low (detailed later). In this regime, the measurement of the

track curvature is more accurate.

At larger p¢, the calorimeter energy response is higher, but the track radius mea-
surement is less accurate because the deflection in the magnetic field is smaller. Therefore,
at low-p¢, one can expect a better measure of the energy of the jet using tracks instead of
calorimeter clusters, and at high-p; the converse is true. This scheme is reliable and gives

improved energy resolution. It is now the default jet collection at ATLAS.

The PFlow algorithm proceeds as follows [27]:

1. Tracks are selected with tight restrictions (at least nine hits in the silicon detectors,
no missing pixel hits, tracks within |n| < 2.5, p{™®* > 0.5 GeV, and which are not

matched to medium-quality electrons or muons).
2. The selected tracks are then matched to single topo-clusters.

3. The energy in the topo-clusters (F) is compared to the expected energy (track mo-

mentum p), and an E/p value is calculated.

4. The probability that energy was deposited in multiple topo-clusters is calculated (the
discriminant is the significance of the difference between the cluster energy and the

expected energy).
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5. If it is determined that the shower in the calorimeter was split over different topo-
clusters, all topo-clusters within a cone of AR = 0.2 around the track are considered
matched to the track.

6. The expected energy deposition in the calorimeter is subtracted cell-by-cell from the

topo-clusters to avoid double-counting the energy.

7. If the energy in the remaining cells is less than 1.5 X 0(Eegpectea) (if it is consistent
with the width of the E/p curve), the remnant cell energy is attributed to shower

fluctuations, and is removed from the topo-clusters.

If the remnant cell energy is greater than this threshold, it is not removed as it

may originate from a different particle.

8. The output of the algorithm is the collection of tracks and their associated energy-

subtracted topo-clusters, as well as any unmatched clusters that remain unchanged.

For the research presented here, R = 0.4 anti-k; jets are analyzed for EMTopo and

PFlow inputs to the reconstruction algorithm.
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3.2 Jet Calibration Chain

Once jets are reconstructed, they undergo a series of energy calibration steps. The

calibration chain is shown in figure 3.6.

Reconstructed Jet area-based Residual pile-up Absolute MC-based
jets pile-up correction correction calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum

tracking- and/or event pile-up p; density dependence, as a to the gamcle-level energy

calorimeter-based inputs. and jet area. function of y and Np,. scale. Both the energy and
direction are calibrated.

Global sequential Residual in situ
i calibration calibration

Reduces flavor dependence
and energy leakage effects i
using calorimeter, track, and ~ measurements and is
muon-segment variables. applied only to data.

Figure 3.6: The calibration chain that is applied to small radius jets [41]. It is discussed
in detail below. At the end of the chain is the Residual in-situ calibration (circled in red),
which is the topic of this thesis.

Before the calibration chain is discussed, pile-up must be defined. Pile-up is the
presence of excess energy in the event due to additional proton-proton collisions that occur
simultaneously with the collision of interest. If there are extra interactions within the same
bunch crossing, they lead to energy depositions in the calorimeter that overlap with the
primary interaction. This pile-up is called in-time pile-up. It can be characterized by the
number of primary vertices (Npy) present in the event. The proton-proton collisions in
nearby bunch crossings contribute energy to the current event, which is called out-of-time
pile-up and can be characterized by the average number of interactions per bunch crossing
(1), since the number of collisions (i.e. vertices) is not measured for adjacent bunch crossings.
The calorimeter is affected by this due to its long measurement time, while the tracking
detectors are relatively unaffected (fast semiconductor sensor measurement which requires
one process: the production of an electron-hole pair). It is impossible to determine if pile-up
is in-time or out-of-time, so these two parameters are used together to characterise pile-up

behaviour.
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The steps in the calibration chain are shown in figure 3.6, and are as follows:

1.

Reconstructed jets: this is the jet reconstruction described in the previous section.
Clusters of calorimeter cells are formed using the 4-2-0 algorithm, and jets are con-
structed using the R = 0.4 anti-k; algorithm. The inputs to the reconstruction algo-

rithm are EMTopo calorimeter clusters and the PFlow collection.

. Jet-area based pile-up correction [26, 23]: the jet has energy deposited by the particles

that originated from the hard scatter, as well as in-time and out-of-time pile-up. To
correct for the pile-up energy, the quantity px A, is subtracted from the jet. Assuming
that pile-up is uniformly distributed throughout the event, one can calculate the pile-
up energy density p for each event by looking at sections of the detector that are
not associated with any physics objects. The area of the jet is determined by ghost
particles [32]. These are artificial particles that are added to the event offline. They
have no mass and have extremely low momentum (magnitude of eV compared to the
typical GeV scale particle energies) so that they do not affect the energy of the jet.
The ghost particles are uniformly distributed in 7-¢, so calculating the area of a jet is
as simple as counting the number of ghost particles that are reconstructed in the jet.
The pile-up energy density is derived by looking at low-occupancy areas of ATLAS in

an event, while the area is determined on a per-jet basis.

. Residual pile-up correction [23, 26]: the jet-area based pile-up correction is imperfect

(because the energy density estimate does not describe forward regions of the detector
or the high-density jet cores well), so there is a residual pile-up dependency. This can
be seen when the jet energy is plotted as a function of Npy or u. In order to correct
this, each distribution is flattened by the subtraction of residuals. This step is derived

from an MC simulation, but is not perfect, as will be seen later.

. Absolute EtaJES [23, 26]: this is the main calibration and is based on MC simulations.

It corrects the average measured jet energy to the particle level as a function of energy
and 7. It accounts for the non-compensating calorimeter response, energy losses in
dead material, and biases in the jet n reconstruction. It is derived using the Pythia
generator with the previous steps of the chain applied, and is checked by the response
of the calorimeter to single particles. These corrections assume that the MC perfectly

describes data.

. Global Sequential Calibration (GSC) [26, 33]: the GSC improves the energy resolution

and reduces the flavor dependence of jets. It is comprised of many smaller MC based
calibrations. It should ideally flatten dependencies on: the energy in the first layer of
the Hadronic Calorimeter and the third layer of the Electromagnetic Calorimeter, the
number of charged tracks in the jet, the width of the distribution of tracks, and the

number of track segments behind the jets in the muon spectrometer.
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6. Residual In-Situ Calibration: this is a relative calibration that uses in-situ (in data)
measurements to correct the energy response of jets calculated in MC (step 4) to the
actual response of the calorimeter in data. The ratio between data and MC response

curves is used as a scaling factor, which is applied to jets in data.

The Residual In-Situ Calibration is critical because it normalizes the response deter-

mined in MC to the actual response in data. This crucial step is the focus of this thesis.
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3.3 In-Situ Calibration

3.3.1 MPF Theory

The energy response was previously defined as

E d
R — measure 3 '4
Eirutn (3:4)

Freasured 18 the energy read out by the detector, so a critical step in the calibration is
determining the true energy of the jet. This information is provided in simulations, but it
is not available in data. Fj..;; can be estimated by a well-measured reference object in an
event topology that has a jet and the reference object produced back-to-back in ¢ (more
details in section 3.3.3). This is predicated on the transverse momentum balance at the
parton level (see figures 3.7 and 3.8). One such technique is the Missing Er Projection
Fraction (MPF) method. It was first used at CDF for the 7 inter-calibration [11], and at
DO to derive a data-based jet energy scale [42]. This section will begin by describing an
alternate method called Direct Balance (DB), before moving to the MPF.

The initial transverse momentum of the partons in the collision is small (on the order
of MeV compared to the typical GeV scales of the final state), and can be treated as 0 (on
average). Thus, if there is a system in which a single reference object is back-to-back in ¢
with a jet, the reference object’s p; should balance the full recoil p;. However, the recoil being
discussed here includes all particles originating from the parton collision not associated with
the reference object. In practice, the jets available for analysis are reconstructed using the
detector with the anti-k; algorithm and have a maximum radius of 0.4. Therefore, many
particles that originated from the collision are not included in the jet, while extra pile-
up particles and contributions from the underlying event are. The underlying event refers
to the interactions of the proton remnants after a collision. These are colored and will
undergo their own fragmentation process, as well as affect the fragmentation process of the
jet through color reconnection. The measured jet is referred to as a calorimeter jet or a
calo-jet. The jet reconstruction algorithm can also be applied to the particles before they
propagate through the detector. Doing so yields the particle-level jet or particle-jets, which
also do not include the full recoil. The goal of the JES calibration is to take the calo-jet
back to the particle-level jet scale. The particle-level jet is the natural point of comparison

to theory, as it is independent of the detector. So, the response is simply

calo jet

_ t
R= pparticle jet (35)
t
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Figure 3.7: The s-channel Feynman diagram. The quark is excited via a gluon, and emits a
v/ Z (either can be produced). This results in a quark jet back-to-back in ¢ with a reference
object.
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Figure 3.8: The t-channel Feynman diagram. The qq interact, resulting in the emission of
a v/Z (either can be produced) and a gluon. This results in a gluon jet back-to-back in ¢
with a reference object.
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f as an estimate

In data, the particle level information is not available. One can use p;°
of the particle-jet momentum, but this is incorrect for the reasons discussed earlier; the
particle-jet does not include all particles originating from the collision. A correction is
needed to compensate for the missing and extra particles present in the particle-jet. This
is called the out-of-cone (OOC) correction. Since the OOC correction compensates for the
differences between the particle-jet and the recoil, applying it to the reference object’s
momentum allows for a transformation to the particle-jet momentum. This method is called

the Direct Balance (DB), and the response is given by

calojet

R=——F—— 3.6
pil - 00C 30

The OOC correction can be quite significant (on the order of 5-10 %), and the method

has shown dependence on pile-up conditions, making it potentially unstable.

The full recoiling system completely balances the reference object. This statement is true
by definition, and the MPF is based on it. This is also the limitation of the MPF; it calculates
the recoil response, not the jet response. The difference in response between the high-
energy core of the jet and the lower-energy outer regions will affect the measured response,
and necessitates corrections. These corrections need to account for particles crossing the
boundary of the jets, showering of particles in the calorimeter that lead to energy depositions
outside of the jet, energy contributions from the underlying event and pile-up, and gluon
radiation from the parton showering. The showering correction accounts for the first two
effects, and the topology correction accounts for the latter two. The combined correction

was shown in the past to be of order 2 % [41], and is not derived here.

The derivation of the MPF response equation begins with the balance between the

reference object and the recoil.

p—»tref _|_]527"ecoil -0 (37)

The recoil here refers to every particle being produced from the quark/gluon (see figures
3.7 and 3.8 for Feynman diagrams). One can assume that the masses of the particles are
small compared to the momenta involved so that § ~ Ep. The previous equation can be

written at calorimeter level as

recoil - Miss

— f —
RrefETTe + Ryecoit BT =—Fr (38)

where R,y and R,.oi are the responses of the detector to the reference object and the recoil
respectively. The missing transverse energy originates from the fact that R..y # Ryecoils

which results in an imbalance in energy. It is assumed that the reference object is perfectly
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measured so that its response is 1 because the calorimeter is calibrated to v/e®, and muons

are well-measured in the Muon Spectrometer.

Projecting the equation along the direction of the reference object, and using p}ref +

—recoil

Dt = 0, the previous equation is written as
- miss
E;ef - RrecoilE;ef = _ET : ptref (39)

Rearranging for the recoil response yields the MPF equation:

- MiSS

T et

Rrccoi =1+ E;Ef

(3.10)

Note that this i¢s not the response of the defined jet, but rather the response of the recoil
system. The hadronic recoil includes particles radiated by the partons participating in the
hard scattering (the jet also includes most, but not all, of these particles). Contributions
from the underlying event and pile-up are superimposed on top of this, and are picked up
when calculating the MPF response in an event. However, pile-up effects average to zero
over a large number of events, and the underlying event is mostly ¢-symmetric and cancels
as well. These cancellations end up being a strength of the MPF as the method is relatively
unaffected by pile-up and UE effects. The combined showering and topology corrections
(as detailed earlier) transform the recoil response to the desired jet response. The small
uncertainty associated with the showering and topology correction as well as the significant
pile-up dependence seen in DB motivate the use of MPF as the primary in-situ calibration

method for small-R jets.

The MET (missing transverse energy) can be written as

E—»Trmss _ _(E—»Tref 4 ZE—*Tn) (311)
n
where n runs over all energy depositions in the calorimeter that are not related to the

reference object. Substituting this expression back into the MPF equation yields

- N ~
Zn Erp 'ptref

Rrecoil = -
ref
ET

(3.12)

This form shows more clearly that the recoiling system is being balanced against the
reference object. However, with the inclusion of all particles in the event, the method opens
itself to the response being affected by particles from the UE and pile-up. Looking at one
particular event, the pile-up should balance to 0, but contributions from the UE must affect
the balance and, therefore, the response calculation. Extra particles are introduced that

were not part of the interaction of interest, and the event is potentially not balanced. On
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average, the contributions skewing the balance in one direction are balanced out by another
event where the balance is shifted in the opposite direction, and on average over a large

number of events the UE effects cancel.

This on-average cancellation is robust to the point where the MPF method is es-
sentially unaffected, making it an excellent calibration technique for ATLAS. In contrast,
Direct Balance has pile-up included in the jet cone. This pile-up is always biased in the
direction of the jet. A pile-up correction can be (and is) made to account for this effect, but
the accuracy to which it can be done is less than the natural cancellation of pile-up effects
that happens in MPF, which makes MPF a more robust technique against pile-up. DB also
suffers from an added uncertainty coming from the out-of-cone correction, which has been

shown to be larger than the showering and topology correction uncertainty.
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3.3.2 Expected Outcome

It is instructive to anticipate the shape of the response curve as a function of jet p;.
As the particles in the jet arrive at the calorimeter, they interact and begin showering in
the calorimeter material. Interactions produce more particles, which propagate and undergo
subsequent collisions. This process continues until the product particles have low enough
energy to be absorbed via ionization. During this showering process, there are two classes
of interactions: electromagnetic and hadronic. Electromagnetic interactions produce well-
measured energy depositions and yield a high response. Hadronic interactions proceed via
nuclear collisions, which result in invisible energy due mostly to nuclear binding energy and

neutrino production, yielding a relatively low response.

The characteristic shape of the jet energy response curve - as a function of the energy
(or transverse momentum) of the jet - is due to the hadronic interactions of the 7 mesons be-
cause they dominate particle production in the nuclear interactions of the hadronic shower.

0% are produced in equal amounts. The charged 7% predom-

Due to isospin symmetry, m
inantly deposit their energy through subsequent nuclear interactions, resulting in a poor
response due to the aforementioned invisible energy [60]. The neutral ¥ decays almost im-
mediately to two photons via 7° — v, which then deposit their energy electromagnetically
and have a high response. At each interaction point in the shower, there is an equal chance
to create 7%%. The higher the initial momentum, the more steps there are in the calorime-
ter shower, leading to more chances to create %, which causes an increase in the overall
response. At each step, there is always a 1/3 chance to create a 7°, but the number of
opportunities increases. However, the increased number of steps means more nuclear inter-
actions, which lowers the overall energy response. These two effects compete. The 79 — 4y
outweighs the negative effects of the charged pions; the response increases with momentum.
The presence of nuclear interactions means that the response is never 1, but a plateau is

expected. The predicted response curve is shown in figure 3.9.
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Figure 3.9: The expected response shape. At low energies, there are fewer chances to create
79 due to less steps in the showering process before the resultant particles are absorbed.
With higher initial momentum, there are more chances to do so. The charged 7% deposit
their energy hadronically so that the response is relatively low. The 7° decays via 70 — v+,
which deposit their energy electromagnetically, resulting in a higher response. So, with
increased p;, we expect an increase in response.

This trend would be the case if there were no other biases or effects, but many criteria
are implemented in event and jet selection. These result in biases in the jet response. One
such bias is the threshold effect. The jet reconstruction algorithm functions best above a
certain jet p; due to the expected background noise. This threshold is calculated in MC
simulations, and jets that fall below this threshold are not reconstructed as jets but rather
left as particles. This limitation causes a bias at low momentum. The energy response
for a certain jet p; is not a particular value; there is a distribution of responses due to
the statistical nature of the calorimeter shower. Some jets may have a high response (for
example, if all the nuclear interactions happen to produce 7%), and conversely, some may

have a very poor response.

Near the jet reconstruction threshold, fluctuations in the response can cause jets to
cross the threshold and pass or fail the p; cut. The cross-section of jet production falls very
steeply with jet p;, resulting in more jets that fluctuate over the threshold than those that
fluctuate down below the threshold. This bias manifests as an upturn of the response curve

near the threshold. The expected shape is shown in figure 3.10.
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Figure 3.10: The expected response shape accounting for the threshold effect. Near the
threshold, the recorded jets are biased towards higher response as lower response jets would
fall below the threshold. The dashed curve shows the expected shape without any threshold.

Other factors cause an upturn at low momentum as well, such as the cuts used in the
analysis (detailed later), and cluster reconstruction thresholds. These all cause the same
upturn effect near the jet reconstruction threshold, and do not affect the response at higher
p’s. There is an extra feature expected for PFlow response curves. The response at low p; is
better due to tracking, but calorimetry is better at measuring energies at higher momenta.
Therefore, PFlow switches from tracks to calorimeter clusters slowly, and the response curve
should start dipping down to match the EMTopo curve at a certain jet momentum. The

results presented in this thesis do not extend far enough to notice this effect.
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3.3.3 Event Selection

Now that the goal is clear, the methods and criteria used to filter the large number of
events is discussed. For the research presented here, the event of interest is one in which
a 7 boson is produced back-to-back in ¢ with a jet. The jet can be initiated by either a
quark or a gluon. The Feynman diagrams of interest are shown in figures 3.7 and 3.8. In
both diagrams, either a Z boson or a « is present in the final state. The Z boson is studied

via two of its decay channels:
1. Z = putp~
2. Z —ete”

These channels are chosen as the energies are well measured, yielding a good reference
object. From here on out, both particle and anti-particle are referred to by their particle
name (for example, the first process is written as Z — pp). The topology of the required
events has now been described; two leptons produced opposite a single jet. There is a possi-
bility of extra jets in this type of event originating from radiation in the initial state (ISR)
or the final state (FSR), and from the underlying event. For example, in figure 3.8, either
quark in the initial state can spontaneously radiate a gluon, which results in a secondary
jet. Similarly, the final state gluon can also emit a gluon, resulting in a secondary jet. These
extra emissions will spoil the assumed p; balance between the Z boson and the primary jet.

Therefore, steps must be taken to avoid such events.

In order to search for these events, it saves time to take advantage of the DxAODs. These
datasets have already been skimmed to find certain candidate events. The DxAOD collection
used here is the JETM3 collection, which contains events with a Z + jet structure, and
further categorizes these into Z — up or Z — ee subsets. The JETMS3 collection contains
events that pass either the single or di-lepton triggers for either electrons or muons, and
requires that there be two leptons with p; > 20 GeV. Further criteria (cuts) are applied in
the analysis presented here in order to preferentially select events that do not have extra

radiation.

The cuts relating to the Z boson done in the analysis are:

1. There must be exactly two leptons produced that are the same flavor (either electron
or muon) and have opposite charges (must have both particle and anti-particle). The
presence of fewer or more leptons hints at a different underlying process, and those

events are removed.

2. The reconstructed Z mass must be in the range 66 GeV < M < 116 GeV. This

requirement is loosely centered on the Z mass of 91.19 GeV.
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The cuts relating to the electrons in the analysis are:

1. Electrons are identified by applying a cut on the output of a multivariate likelihood
function analysis [5], which is based on measurements in different parts of the detector

[30]. A list of these variables is shown in table 3.1. The Loose Selection Level is used.

2. Must pass lowest unprescaled triggers for two loose electrons.

« Not all triggers need to or are able to run at the full rate dictated by the LHC;
there are just too many events. Instead of saving all interesting events, a prescaled
trigger chooses to save a certain fraction instead, and this fraction is the prescale
factor. Events saved that rely on prescaled triggers have to correct for this re-

duced count.

e The triggers used for this analysis are listed in Appendix B.

3. Must be in range of the tracking detectors: |n| < 2.47.

4. Must not be in the transition region between the barrel and endcap: NOT (1.37 <
In| < 1.52).

5. Must have p; > 20 GeV.

6. Loose isolation level, meaning the requirement that the electron object is isolated from

any other object is not very strict, but it must still be reasonably isolated.

e Anisolation energy is defined by looking at a cone of R = 0.2 around the electron,
and summing all the transverse energies as measured from topoclusters that fall
within this cone. The electron energy is then estimated as the readings from a
rectangle of cells (5x7 cells), and this energy is subtracted from the total energy of
the cone. After compensating for electron energy leakage outside of the rectangle
of cells and pile-up/UE corrections are implemented, the energy left is due to
other activity in the event that was near the electron. The loose isolation level
requires that Ei° /pgt < 0.20.
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Type Description Name Rejects Usage
LF | v | HF
Hadronic Ratio of Erin the first layer of the hadronic calorimeter Rpaar X | x LH
leakage to Erof the EM cluster
(used over the range || < 0.8 or |n| > 1.37)
Ratio of Erin the hadronic calorimeter
to Epof the EM cluster Rhad X | x LH
(used over the range 0.8 < || < 1.37)
Third layer of Ratio of the energy in the third layer to the total energy in the
EM calorimeter | EM calorimeter. This variable is only used for
Er< 80 GeV, due to inefficiencies at high Fr, and is f3 X LH
also removed from the LH for || > 2.37, where it is
poorly modelled by the simulation.
Second layer of | Lateral shower width, \/ (ZEn?)/(SE;) — (SEm)/(ZE))?,
EM calorimeter | where E; is the energy and 7; is the pseudorapidity Wy X | x LH
of cell ¢ and the sum is calculated within a window of 3x5 cells
Ratio of the energy in 3x3 cells over the energy in 3x7 cells Ry X | x LH
centred at the electron cluster position
Ratio of the energy in 3x7 cells over the energy in 7x7 cells R, x |x| x | LH
centred at the electron cluster position
First layer of Shower width, \/(ZEi(i — imax)?)/(XE;), where i runs over
EM calorimeter | all strips in a window of An x A¢ = 0.0625 x 0.2, Watot x |x| x |C
corresponding typically to 20 strips in 7, and iy, is the
index of the highest-energy strip, used for Ep > 150 GeV only
Ratio of the energy difference between the maximum
energy deposit and the energy deposit in a secondary Eratio X | x LH
maximum in the cluster to the sum of these energies
Ratio of the energy in the first layer to the total energy f X LH
in the EM calorimeter
Track Number of hits in the innermost pixel layer N Blayer X C
conditions Number of hits in the pixel detector NPixel X C
Total number of hits in the pixel and SCT detectors ns; X C
Transverse impact parameter relative to the beam-line dy x| x | LH
Significance of transverse impact parameter |do/o(do)] x| x | LH
defined as the ratio of d; to its uncertainty
Momentum lost by the track between the perigee and the last Ap/p X LH
measurement point divided by the momentum at perigee
TRT Likelihood probability based on transition radiation in the TRT | eProbabilityHT | x LH
Track—cluster An between the cluster position in the first layer Amy X | x LH
matching and the extrapolated track
A¢ between the cluster position in the second layer
of the EM calorimeter and the momentum-rescaled Adpes X | X LH
track, extrapolated from the perigee, times the charge ¢
Ratio of the cluster energy to the track momentum, used for E/p X | x C
Er> 150 GeV only

Table 3.1: The many variables and cuts used when determining whether
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electron or not. LH stands for variables used in the likelihood function, and C refers to
variables that are used as hard cuts [30].




The cuts relating to muons are:

1. Loose selection and isolation levels.

o There are 4 different types of measured muons [25]:

(a)

(b)

()

(d)

Combined (CB) muon: track reconstruction is performed independently in
the ID and the MS, and the tracks are combined with a global refit.
Segment-tagged (ST) muons: if a track in the ID, once extrapolated to the
MS, can be associated with a track in the monitored drift tube or cathode
strip chambers in the MS, that track is classified as a muon.
Calorimeter-tagged (CT) muons: if a track in the ID can be successfully
matched to an energy deposition in the calorimeter that looks like a minimum-
ionizing deposition, that track is classified as a muon.

Extrapolated (ME) muons: the muon is reconstructed using only the track in
the MS, and a loose requirement on the track matching with the interaction

point.

o Overlap between the 4 types is fixed as follows [25]:

If two muon types have the same track, priority is given in the order CB,
ST, and lastly CT muons.

Overlap with ME muons is settled by looking at the track hits, and picking
the track with a better fit and more hits.

o There are a few variables used in the identification of a muon [25]:

q/p significance: "defined as the absolute value of the difference between the
ratio of the charge and momentum of the muons measured in the ID and MS
divided by the sum in quadrature of the corresponding uncertainties." [25]
p': "defined as the absolute value of the difference between the transverse mo-
mentum measurements in the ID and MS divided by the pr of the combined
track."[25]

The normalized x? of the combined track fit.

The number of hits in the ID and MS.

o The loose selection level is defined as considering all 4 types of muons [25]:

All CB and ME muons satisfying the medium selection are used. The criteria
are that CB muons must have > 3 hits in two or more MDT layers; the ME
muons must have > 3 hits in separate MDT/CSC layers. The ME muons are
only used for 2.5 < |n| < 2.7.

The CT and ST muons are restricted to the |n| < 0.1 region.

For |n| < 2.5, the distribution of loose muons is: 97.5% CB, 1.5% CT, and
1% ST muons.
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2. Must pass the lowest unprescaled triggers for two loose muons.
o The exact triggers are listed in Appendix B.
3. Must be in the range of the tracking detectors: |n| < 2.47.

4. Must have p; > 20 GeV.

Once the Z boson selection criteria are applied, a series of cuts is implemented to ensure

the correct event topology:

1. The goal here is to measure the JES in the central region of the detector, so |nje| < 0.8

o An 7 intercalibration (first step of the in-situ calibrations) uses p; balance in
dijet events to correct the energy scale of forward (0.8 < |n| < 4.5) jets to match

the calibrated central region jets.

2. The leading jet must be back-to-back with the reference object, so A¢(jeticqq, ref) >

m—0.25
3. There must not be a significant sub-leading jet in the event, so p{** < min(12 GeV, 0.3
ref
P )

4. JVT > (0.59,0.2), to reject pile-up jets for (EM,PFlow) scales [24, 4]:

e The JVT stands for Jet Vertex Tagger, which is the output of a two-dimensional

likelihood analysis using the corrJVF and R,, variables.

e A jet has tracks associated to it via ghost association. The p; of these tracks can
be summed. The sum is done for all tracks in the jet, as well as all tracks that
originate from a given primary vertex (PV). Taking the ratio of these sums yields
the jet vertex fraction (JVF).

Z track
PVjtracks pt,i
rack

JVF(jet;, PV;) =
' ’ ZallPV ZPVjtT’acks pi,i

(3.13)
e As pile-up increases, the number of scattering vertices increases, reducing the
JVEF. The JVF can be corrected for this effect, and is called the corrJVF.

o Taking the p; sum of the tracks in the jet that come from the hard-scatter vertex,
and comparing it to the calibrated jet p; defines a response. This response only

relies on the hard scatter, and so is independent of Npy .

track
_ XPVas P
- jet
Py

Ry, (3.14)
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» For each corrJVF and R, point, the relative probability that a jet is signal-type
is found by computing the ratio of the number of hard-scatter jets to the number

of hard-scatter plus pile-up jets in simulated dijet events [24].

» For a jet, its corrJVF and R, values are computed, and the JVT value is set by

referring to the simulation-derived signal-type probability for those values [4].

e The JVT cut for PFlow is looser as PFlow has an inherent track-based cut that

filters out bad events.

5. The calibrated leading jet must have p, > 12 GeV.

The A¢ and the sub-leading jet cuts serve to reject events with radiation in the initial or
final states (ISR and FSR). A sub-leading jet resulting from ISR/FSR would throw off the
back-to-back balance of the leading jet and the reference object. The A¢ and sub-leading
jet cuts may be correlated, but they were found to be essentially independent in earlier
studies [10, 41]. It was found that the A¢ cut is sensitive predominantly to ISR, while the
sub-leading jet cut deals with the FSR. The reason behind this is not yet understood.

One final requirement is placed on jets to ensure that good jets are used; the BadLoose

requirement [6], which filters jets with criteria that:
e Reject jets due to sporadic noise bursts in the calorimeter.
e Reject jets due to large coherent noise or isolated pathological calorimeter cells.

e Reject jets due to hardware issues, beam-induced background, and cosmic muon show-

ers.
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3.3.4 Systematic Uncertainties

Determining the uncertainty on the calibration is just as important as the calibration
itself. With a detector as complex as ATLAS, one must be careful and thorough in the treat-
ment of uncertainties. Any calibration, correction, or cut may be a source of error known
as a systematic error (called systematics for short). In the MPF method, everything other
than the two leptons is studied via calorimeter clusters. These leptons must be calibrated
after reconstruction to ensure that the assumption of a *well-defined reference object’ holds.
At ATLAS, these calibrations are found by analyzing MC simulations and comparing the
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