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Abstract

During 2015 to 2017, the ATLAS detector at the CERN Large Hadron Collider has
recorded 80fb~" of proton-proton collisions at centre-of-mass energy of 13 TeV. By
far, the most common final state objects procured in these collisions are collimated
showers of hadronic particles known as jets. In addition to their abundance, jets
play key roles in many physics phenomena of interest at the LHC. Thus, accurate

understanding of the detector’s jet measurements is essential.

In this thesis, the jet energy resolution of the ATLAS detector is measured. Two novel
techniques are developed to improve on precision of previous measurements. First,
different sets of triggers are combined to increase the amount of useable data. Second,
a new statistical fitting procedure based on convolution is implemented to determine
the detector response. These methods are demonstrated to accurately measure the

jet energy resolution.



Statement of originality

As the author, I certify that this thesis presents my original work and attributes due

credit to external sources.

I was primary analyser of the ATLAS detector jet energy resolution measurement
using dijet events. The following is a brief overview of the my research activities done

for this task.

Dijet data collection strategy

I improved the trigger procedure based on the so-called inclusion method. I formu-
lated the mathematical implementation in close collaboration with Robert Hankache,
whose focus was on the the so-called jet energy calibration using dijet events (so-called
n-intercalibration). Then, I evaluated efficiencies of all triggers used in the analysis

to optimize their configuration.

Jet energy resolution measurement

I established the analysis procedures, validated results, and finally evaluated their

systematics. Existing procedures from previous measurements were revised, as well as
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new techniques—for example, the extraction of detector response based on convolution—
designed and implemented. In addition, I performed several topical studies in sup-
port of relevant experimental efforts. The results of one such study—of the impact
of reduced data collection rates on the dijet jet energy calibration and resolution
analyses—informed the experiment’s new trigger settings from 2018 and onwards.
Throughout the analysis, I presented regular progress reports at the research group

meetings to receive and address feedback from senior researchers.

Analysis code maintenance and development

The jet energy resolution measurement codebase received significant updates and de-
velopments. Initially, I updated the code from previous measurements was updated
to utilise more modern experiment infrastructure. Afterwards, I developed code to
implement improvements and new procedures. After the successful completion of the
analysis, I added detailed documentation to the code and hosted it on the experiment-
wide repository to be made available for all future analysers. The development re-
ceived major contributions from Tanja Holm, who added code for measurement of
the jet energy resolution using dijet events based on alternative assumptions about

the momentum balance (so-called bisector method).
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Chapter 1

Introduction

The ATLAS experiment explores a variety of unresolved questions as well as searches
for new phenomena in particle physics from inelastic collisions of protons occurring at
the CERN Large Hadron Collider. Its detector, correspondingly named the ATLAS
detector, measures countless collision products to be studied by physicists. A striking
phenomenon observed in high-energy inelastic proton-proton collisions is showers of
hadronic particles called jets. Jets are the most common products from the collisions,

and serve as important probes of many studies conducted at the experiment.

Due to the complex nature of the hadronic particles of a jet in the detector, however,
they are also one of the most challenging objects for the detector to measure. There-
fore, it is crucial for physics analyses to be able to correct for any detector effects in

their jet measurements based on an accurate understanding of the detector.

The goal of this thesis is to determine the resolution of the ATLAS detector’s jet
energy measurements. A technique exploiting the momentum balance between two
jets is used to extract a measurement of the resolution from collisions data collected

by the detector.
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Chapter 2 briefly introduces the Standard Model of particle physics that underpins
the theoretical framework of physics discussed throughout the thesis, as well as the

mechanism by which jets are produced in inelastic proton-proton collisions.

Chapter 3 and 4 present the setup of the experimental apparatus and datasets used

in the study.

Chapter 5 outlines the how jets are measured in the ATLAS experiment. The meth-
ods used to of define jets out of detector signals is outlined, and the experimental

procedures in calibrating jets is explained.

Chapter 6 details the analysis procedures. It contains the main research carried out

for the measurement, with emphasis placed on novel techniques.

Chapter 7 and 8 present the results and conclusions on the measurement of the jet
energy resolution of the ATLAS detector. Improvements brought to the measurement
with respect to previous iterations are highlighted, and implications of the updated

results are discussed.



Chapter 2

Theoretical background

2.1 Standard Model

The Standard Model of particle physics (SM) describes the fundamental particles
and interactions of the universe. Its development began with the formulation of the
electroweak theory in 1961, and culminated into its complete form known today by
the experimental discovery of the Higgs Boson in 2012. shows a summary

of all SM particles.

There are three generations of spin-1/2 fermions, the first of which make up all stable
matter in the universe. They classify into two families, leptons and quarks. The
electron (e~ ), muon (i~ ), and tau (7) are charged leptons, whereas their correspond-
ing neutrinos — electron-neutrino (1), muon-neutrino (y,), and tauon-neutrino (1)
— are neutral. The up (u), charm (¢), and top (¢) quarks have electric charges of
+2/3 times the elementary charge, while the down (d), strange (s), and bottom (b)

quarks are -1/3 charged. Quarks also possess an additional property, colour, which

the strong nuclear force acts on. Each particle has an anti-particle, a mirror-image
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leptons

photon

Higgs boson

weak bosons

Figure 2.1: Fundamental particles of the Standard Model (black) and their interac-
tions (blue). [1]

with the same mass but reversed electric charge and colour.

Matter particles interact with one another via gauge bosons, which are carriers of the
fundamental forces. Under Quantum Field Theory (QFT), the theoretical framework
on which the SM works, all particles, including gauge bosons, are excitations of
their respective quantum fields. Respectively, the photon () is the mediator of the
electromagnetic, gluon (g) of the strong, and W* and Z bosons of the weak nuclear
force. Lastly, the Higgs boson (H) is a mediator of the Higgs field, which gives mass

to all SM particles, including itself.

The SM has withstood every experimental test conducted so far, several of which can
be seen in[Figure 2.7, As successful as it is, however, it is not a complete theory of the
universe. In the case of neutrinos, the SM does not require them to be massive, and
yet they have been observed to be so from neutrino oscillations. It is also possible
that they are their own anti-particles, the so-called Majorana fermions. Gravity,
which is the fourth force of the universe, is not part of the SM: its strength is so weak

compared to others that it is more or less completely negligible given the precision of
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current experiments. These aspects, while important in their own rights, are of little

consequence in the context of this thesis.

2.1.1 Quantum chromodynamics

Quantum chromodynamics (QCD) is the theory of the strong nuclear force describ-
ing quarks and gluons. An important property of QCD is asymptotic freedom: as the
energy (length) scale of the interaction increases (decreases), its strength becomes
asymptotically weaker. Consequently, quarks and gluons interacting over short dis-
tances behave as free particles. The gluon can also carry colour, resulting in three

ways in which quarks and gluons can interact with one another, as shown through

Feynman diagrams in [Figure 2.2]

(a) (b)

Figure 2.2: Feynman diagrams of the basic QCD interaction vertices (a) quark-gluon,
(b) three-gluon, and (c) four-gluon QCD interaction vertices

But bare quarks and gluons, collectively termed partons, have never been observed. In
fact, they bind together to form composite, colourless particles called hadrons. This
phenomenon is called colour confinement. Qualitatively, the interactions between
a quark-antiquark pair in a hadron is described as a string comprised of gluons.
Trying to pull the quarks apart results in a corresponding increase in their interaction
strength up to a certain point at which it becomes energetically favourable for the

string to form an additional quark-antiquark pair. Thus, instead of the quarks being
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freed, the system splits into a pair of hadrons.

2.2 Proton-proton collisions

A proton is a hadron, consisting of three valence quarks bound together by gluons,
as well as sea quarks that arise spontaneously from vacuum fluctuations. Most high

centre-of-mass energy (1/s) proton-proton (pp) collisions result in inelastic scattering,

in which individual partons of the protons interact, shown in |[Figure 2.3|

The primary interaction of interest in a collision is the hard scatter, shown in
lure 2.3 while the rest of the proton-proton system form the underlying event (UE).
The total pp production cross section of some state X (0, ,x) contains contributions

from all possible partonic hard scatter process cross sections (G4, x):
O-pp%X = Z/dxl /dx2 fa(xl;M%)fb(xQ;M%)&ab%Xv (21)
a,b

where f,(z,; u3) is the parton distribution function (PDF), which can be interpreted
as the probability for a parton a to be carrying fraction z; of the total proton lon-
gitudinal momentum at an energy scale pp at which the proton is being probed. In

turn, the cross section of an arbitrary partonic process ab — 1...n is

1 n d3p 4
&a n — - 2 5(4) a+ - r’L— iMa n27
o= 5700 ] 1L i @000t = ) M
(2.2)

where p; = (p;, m;) is the 4-momentum of particle ¢, F(p,, py) = \/(Pa ) — (mimg)

the Mgller flux factor, and M,_,; ,, is the matriz element of the process.
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fa(xl; H%’)

fb(%?lﬁ?)

Figure 2.3: Anatomy of an inelastic proton-proton collision, comprised of a hard
scatter process (red) between two partons and the proton remnants forming the un-
derlying event

2.2.1 Dijet production

The most common hard scatter processes are QCD scattering, represented through
Feynman diagrams in [Figure 2.4} leading-order (LO) diagrams are 2 — 2 processes,
while next-to-leading-order (NLO) contributions include initial state radiation (ISR),
final state radiation (FSR), or virtual loop corrections. The total matrix element
evaluation of a process of all possible Feynman diagrams, using the Feynman rules

encoded in them.

The partons produced in collisions undergo a process called parton showering: gluons
can split into two gluons or a quark-antiquark pair (¢ — ¢gg,9 — qq), and quarks
can emit gluons (¢ — ¢g). The former case occurs with such small opening angles
that result in both partons travelling approximately the same direction (collinear),
while gluon emissions in the latter case carry only a small amount of energy away
from the original parton (soft). Subsequently, the partons evolve into hadrons due to
colour-confinement, a process called hadronisation. In summary, partons evolve into

collimated showers of hadronic particles, known as a jets.
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=L
el

Figure 2.4: Example (a) LO and (b) NLO QCD hard scatter processes.
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Figure 2.5: A parton undergoes showering and hadronisation to form a jet, where the
collimated trajectories of hadronic particles can be visualised to be contained inside
a cone.

[2] summarises the production cross section of several pp processes mea-
sured by the ATLAS experiment, detailed further in As explained, QCD
processes, which dominate the pp cross section, produce jets; thus, they are the most
common final state objects seen at the LHC, and serve as important probes of the

underlying parent partons. A pp collision in which two jets are produced are called

dijet events, shown in



CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.6: Illustration of a QCD hard scatter in a pp collision, resulting in dijet
production.

Standard Model Production Cross Section Measurements

Status: June 2018
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Figure 2.7: Production cross sections of various pp processes measured by ATLAS at

centre-of-mass energies /s = 7, 8, and 13 TeV. Results are in excellent agreement
with SM predictions. [2]



Chapter 3

Experimental setup

3.1 Large Hadron Collider

The Large Hadron Collider (LHC) [3] is a hadron accelerator and collider located
at the European Centre of Nuclear Research (CERN) near Geneva, Switzerland. A
layout diagram of the CERN Accelerator Complex, which includes the LHC, is shown
in [Figure 3.1} It is the most powerful particle accelerator in the world, designed to
accelerate protons up to kinetic energy of 7TeV. Two kinds of particle beams —
protons and heavy-ions — can be circulated at the LHC. Two beams are circulated in
opposite directions and brought into collision at four experiments on the LHC ring:
ATLAS, ALICE, CMS, and LHCb. As introduced in [Chapter 2| the collisions of focus

in this thesis will be inelastic pp physics at the ATLAS experiment.

The acceleration of protons take place through a multi-stage process. First, protons
are stripped from hydrogen atoms and accelerated through a linear accelerator aptly
called Linear Accelerator 2 (LINAC2). Then they are further accelerated through

three synchrotrons, also straightforwardly named Proton Synchrotron Booster (PSB),

10
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\LIT:IAC2

PSB

PS

Figure 3.1: Layout diagram of the CERN Accelerator Complex. Protons are acceler-
ated through the LINAC2, PSB, PS, and SPS accelerators. They are split into two
beams as they enter LHC, where they are circulated in opposite directions to reach
a total energy of 6.5 TeV per beam. Finally, they are brought into collision at four
major experiments: ATLAS, ALICE, CMS, and LHCb.

Proton Synchrotron (PS), and Super Proton Synchrotron (SPS). As they are succes-
sively fed from one accelerator to the next, the protons reach kinetic energies of

50 MeV, 1.5, 25, and 450 GeV, respectively, until they reach the LHC.

A synchrotron refers to a type of accelerator that uses a circular ring beam path,
such as the LHC. Particles are accelerated at a specific site of the ring, while be-
ing curved by a perpendicular magnetic field to loop around. The acceleration-loop
process repeats until the maximum beam energy is reached. Radiofrequency (RF)
cavities, which contain oscillating electromagnetic fields, are used to accelerate par-
ticles. Protons at nominal energy that arrive exactly on timing inside a cavity do
not experience acceleration, while those with slightly less or more that arrive later or
faster, respectively, are accelerated closer to the nominal energy. As a result, protons

are packed into discrete “bunches”. The bunches are spaced by 25 ns; as a result, they
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cross at the collision point at a rate of 40 MHz.

3.2 ATLAS detector

Y

------------------------- {1153 “ ,l-'- N /
o i = e | T . ", ,, /

¥

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

Figure 3.2: Cross-sectional view of the ATLAS detector, revealing its major compo-
nents. [4]

The ATLAS detector [4] is a general-purpose particle detector primarily designed to
study a broad range of pp physics interests at the LHC. It has a cylindrical design
around the nominal collision point with nearly 47 sr of solid angle coverage, spanning

44m and standing 25m tall with 7000t of detector components. A labeled diagram

is shown in [Figure 3.2] [4].

The complete detector is comprised of several components that provide complemen-
tary functionalities in identification and measurement of various collision products.

The innermost layers of the detector consist of charged particle trackers. Calorime-
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ters are placed behind to measure the energy of electrons, photons, and hadrons.
Finally, the Muon Spectrometer System envelops the calorimeters for muon measure-
ments. Separate barrel and endcap region sub-detectors specialise in measurements
of particles travelling away from (central) and closely along (forward) the beam-line,

respectively.

3.2.1 Coordinate system

The ATLAS detector is specified under right-handed Cartesian coordinates with its
origin at the nominal point of interaction at the centre of the detector, the x-axis
pointing towards the centre of the LHC ring, and the z-axis, also referred to as
the beam axis, travelling through the beam pipe. The polar angle (f) measures
from the beam axis. Cylindrical coordinates are used in the xy-plane, also called
the transverse plane, with the radial distance (r) from and the azimuthal angle (¢)
around the beam axis. shows the orientation of the detector with respect

to these coordinates.

Figure 3.3: ATLAS coordinate system. The detector silhouette is visualised as a grey
cylinder, viewed from (left) a side of the detector, and (right) the beam axis.
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The rapidity of a particle is defined in particle physics as

1 E
yzéln( +pz)7 (3.1)

where p, is the magnitude of the momentum component along the beam axis. Con-
versely, the transverse momentum (pr) of a particle is the magnitude of the momen-

tum projected onto the xy-plane orthogonal to the beam axis.

In the relativistic limit, the rapidity converges to a spatial coordinate measuring the

angle of the particle with respect to the beam axis, called pseudorapidity (n):

1= -ta (1 (2)) »

For reasonably light, high-energy particles, pseudorapidity is a good approximation
of the true rapidity. The detector pseudorapidity (74), measured at the detector
centreEL marks the angular position of different detector regions, as shown in
Central regions correspond to 74 close to zero, and forward regions to high

|Nget| values.

3.2.2 Tracking

Trackers utilise “hit” signals resulting from the passage of a charged particle as in-
dications of its presence at a specific site in the detector. These hits are traced
across different layers of trackers to reconstruct the trajectory of the particle. Under

a magnetic field, curvature of the trajectory enables measurements of the particle’s

momentum. The Inner Detector (ID), shown in [Figure 3.5| consists of three charged

Tt is implicit that the pseudorapidity of an object is defined with respect to the object’s origin
point, i.e. jet pseudorapidity to the interaction point and detector pseudorapidity to the detector
centre. In cases of ambiguity, nqet is used to explicitly denote the detector pseudorapidity.
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Figure 3.4: Detector pseudorapidity marks different detector regions. Central regions
approach 14, = 0, while |74e| > 0 for forward regions.

particle trackers immersed in a 2 T longitudinal magnetic field applied by an envelop-

ing solenoid.

The Pixel Detector (PD) [6] and Semiconductor Tracker (SCT) [5] use silicon semi-
conductor sensors. Electron-hole pairs are created in the semiconductor, and the
electrons travel toward the anode sites under a bias voltage applied across the semi-
conductor. The PD is the innermost tracker, consisting of four barrel layers and three
disk layers on each of the two endcaps. Individual silicon pixel sensor modules line
each layer side-by-side to cover the entire layer plane. The SCT uses modules seg-
mented in one-dimensional strips rather than pixels. There are four barrel and nine
disk layers, each of which has two layers of strip modules back-to-back at a stereo
angle of 40 mrad to provide space point measurements. Together, they provide high
precision tracking up to |n| < 2.5 with at least 8 and 12 hits per track in the barrel

and endcaps, respectively.

The Transition Radiation Tracker (TRT) [7] is a proportional drift tube system.
The Ar/CO,/0, gas mixture inside 4 mm-diameter “straw” tubes is ionised by the
transition radiation of relativistic charged particles and the charges are collected by

an anode wire running across centre of the tube and a cathode wall lining. The
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End-cap semiconductor tracker

Figure 3.5: Cross-sectional view of the ATLAS Inner Detector, consisting of the Pixel
Detector, Semiconductor Tracker, and Transition Radiation Tracker. [5]

barrel has straws running parallel to the beam-line, while the two endcaps arrange
them radially, perpendicular to the beam-line. Despite only the r — ¢ information
being available up to |n| < 2.0 from the TRT, its large number of more than 30 hits
per track on average and optimised TR thresholds to distinguish particles contribute

significantly to particle identification and momentum measurement of the ID.

3.2.3 Calorimetry

High-energy particles traversing through a dense medium undergo showering as they
interact with the medium as produce cascades of secondary particles. The ATLAS
calorimseters [§], shown in [Figure 3.6 uses sampling calorimeters, which have alter-

nating layers of absorber and active materials. The dense absorber material induces
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Figure 3.6: Cross-sectional view of the ATLAS calorimeters, consisting of the Liquid
Argon, Tile, and Forward Calorimeters. []

showering of particles, while the active material produces an output signal propor-
tional to their energies. Particle showering is classified into two categories by the
incident particle—electromagnetic and hadronic—for which ATLAS deploys separate

specialised calorimeter designs and technologies.

Electromagnetic calorimeters

Electromagnetic (EM) showers mainly consist of cascades of bremsstrahlung of elec-
trons and pair-production from photons. The electromagnetic calorimeters are dedi-

cated for measuring these processes from high energy electrons and photons.

The Liquid Argon (LAr) electromagnetic calorimeters use lead as absorber and LAr as

active materials (lead-LAr). The barrel calorimeter (EMB) is a pair of halves joined
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around the centre with a 4 mm gap, covering 0 < |n| < 1.475. The endcaps (EMEC),
one placed on each side, extend the coverage to 1.375 < |n| < 3.2. An innovative
design of the absorber-active material geometry, called the “accordion-shape”, allows
for several active layers in depth without any cracks in ¢-coverage. Calorimeters
are also divided into several layers of A¢ x An granularity, starting from 0.1 x 0.1
in the coarsest layer and becomes more finely segmented closer to the interaction

region.

Hadronic calorimeters

Hadronic showers are inherently more complicated to measure than EM showers, in
that hadrons can also interact through the weak and strong interactions (non-EM).
A part of the the shower component interacting with the detector material in these
non-EM processes may not produce an output signal. ATLAS hadronic calorimeters
are non-compensating, meaning this “invisible” energy of the shower is not measured.
As a result, they have a lower energy response to hadrons than to electrons and

photons.

The Tile Calorimeter (TileCal) [9] is a steel/scintillator calorimeter. Plastic scintil-
lator tiles are arranged in the plane perpendicular to the colliding beams and are
radially staggered in depth. Scintillation light is guided out by wavelength-shifting
(WLS) fibres to be measured by photomultiplier tubes (PMTs) at the outer radius.
The innovative orientation of the tiles allows the WLS fibres to run straight to the

PMTs without any bends, enabling the TileCal to have full ¢-coverage.

The Forward Calorimeter (FCal) [10] is designed to provide electromagnetic and
hadronic energy measurements in the most forward regions of the detector (3.1 <

In| < 4.9). The first module closest to the interaction point (FCall) uses LAr/copper



CHAPTER 3. EXPERIMENTAL SETUP 19

to optimise for electromagnetic showers, while the other two (FCal2&3) are LAr/tung-

sten modules.

3.2.4 Trigger system

As explained in [Section 3.1 proton bunches cross at a rate of 40 MHz. Due to the
high bandwidth and computation resources necessary for the full detector readout
and reconstruction of a collision event, it is impossible for every crossing to be fully
processed. The ATLAS trigger system [11] reduces this down to a feasible rate of
about 1kHz. A trigger is a set of requirements that, if fulfilled, would signal an event
of interest to be studied. Each event is checked from a pre-defined list of triggers and
only those passing at least one trigger is allowed to be fully processed. The system is

divided into two levels: Level 1 and High-Level Trigger.

The Level 1 (L1) system is hardware-based, using custom design electronics that
processes detector signals received immediately from the front-end pipelines. It uses
coarse calorimeter and muon system information to identify a physics signature of
potential interest, called a Region-of-Interest (Rol). Only events containing Rols that
satisfy requirements of a trigger item are passed on to be further processed, which

reduces the event rate to 100 kHz.

The High-Level Trigger (HLT) system is software-based, using sophisticated algo-
rithms that process events using full detector information in the L.1 Rols or, for some
signatures, the entire event. HLT accepts events at around the target rate of 1kHz,

after which they are written to data disks for full reconstruction.

Still, a trigger’s requirements, if too broad and/or non-restrictive, may be passed at

too high of a rate. Then, it must also undergo a secondary rate reduction in which,
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probabilistically, only one out of a number of the events, called the prescale of the
trigger, passing the trigger requirements will finally pass. This forces the trigger to

pass events within its allowed rate budget.



Chapter 4

Data and simulation

4.1 2015-2017 ATLAS dataset

In particle physics, the event rate of a given process measured by a detector is given
by:
dN

E = EAO'L, (41)

where € and A are respectively the detector efficiency and acceptance factors, o is the
process cross section, and L is the instantaneous beam luminosity. The cross section
has units cm? and the instantaneous luminosity s~ / cm?. Then, for a specified pro-
cess, the integrated luminosity (L) is a measure of the total amount of data collected

over a data taking period:

£:/L&, (4.2)

usually expressed in unit fb™' = 1 x 10* em™2. The ATLAS data acquisition system
operates in discrete time intervals of about 1 min, called a luminosity block, in which

the the system is dynamically adjusted according to the beam and detector conditions.

21
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From 2015 to 2017, ATLAS has recorded about 80 fb™" of inelastic pp collision physics
data at /s = 13 TeV.

From year to year, the LHC has delivered significantly increased luminosities, which
has recorded by the ATLAS detector with high efficiency, as shown in [Figure 4.1]
The increase in the amount of collected data from year to year was achieved by
focusing more protons into each bunch. This increases the chance of a hard scatter
process occurring per bunch crossing, but at a cost of also increasing the number
of undesired additional inelastic interactions called pileup interactions. The amount
of pileup interactions is quantified by the mean number of interactions per bunch
crossing (u). shows the amount of pileup interactions seen by the ATLAS
detector during the 20152017 period, and an event display with pileup interactions

occurring on top of a hard scatter. The effects of pileup on this analysis is detailed

in [Chapter 6
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Figure 4.1: Total integrated luminosity in 2015-2017 pp collision data recorded by
ATLAS detector at 13 TeV centre-of-mass energy. [12]
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Figure 4.2: (left) Luminosity-weighted distribution of the mean number of interactions
(1) per bunch crossing crossing. (right) ATLAS detector event display of a pp collision
recorded in 2017 containing a candidate Z — pp hard scatter on top of additionally
reconstructed vertices from pileup interactions: the left shows the transverse plane,
right the longitudinal plane, and the bottom zoomed in on the interaction region, the
reconstructed vertices (squares) and tracks (lines). [12] [13]
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4.2 Monte Carlo samples

Theoretical predictions of all physics processes in an inelastic pp collision, as described
in [Section 2.2] are necessary for them to be tested against experimental data. They
are produced using Monte Carlo generation of events, shown in ??7. All generators
used in this analysis are accurate to leading-order calculation of the matrix element.
Parton showering and hadronisation processes are emulated through phenomenolog-
ical models. These three components are interfaced to PDFs produced from fits of
previous experimental data. Configuration parameters of these generators that affect
other aspects of the event, such as UE, are tuned to optimise modelling of observed
data. The event generators used in this analysis are summarised in — for

brevity, they will be referred to as PYTHIA8, SHERPA, and HERWIGT.

The full detector response to all generated particles in the event record is simulated
by a framework based on the GEANT4 toolkit [14]. Pileup activity is merged into the
event during the digitization of hit signals. Finally, the digital readout of the detector

is processed through the same reconstruction procedures used for real data.

Since both the physics and detector response in an event are fully dictated by sim-
ulation, MC samples constitute pseudo-datasets with two layers of information: (1)
the true kinematics of particles according to theoretical predictions, called truth-level,
and (2) the reconstruction of these events simulated from expected detector conditions

and performance, called reconstructed-level.

Generator PDF Tune
PyTHIA 8.186 NNPDF2.3L.O Al4
SHERPA 2.1.1 CT10 SHERPA

HerwiG 7.0.4 NNPDF3.0NLO MMHT2014l068cl

Table 4.1: Configurations of MC generators used in the analysis
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Jet reconstruction

5.1 Jet clustering algorithm

The purpose of a jet clustering algorithm is to define jets out of the observed particles
in an event. The algorithms used by default in ATLAS are based on a sequential
recombination procedure called inclusive k, [15]. It starts from the list of the particles’
four-momenta, each of which are “jet candidates”. First, distance measures between

candidates ¢ and j (d;;), and a candidate i from the beam (d;z) are defined as

A2

. 2 2 7,
dij = min(k;, k7)) jo (5.1)
dip = k! (5.2)

where A;; = (y; —y;) ® (¢; — ¢;) is the angular distance between i and j and k, is the

transverse momentumEﬂ. R is the jet radius parameter and p is a power parameter.

1a®b:\/a2+b2

*For historical reasons, the transverse momentum is denoted as k; in this algoritm. In all other
cases, pp will be used.

25



CHAPTER 5. JET RECONSTRUCTION 26

For all (7,j) combinations in the list, d;; and d;5 are computed and the minimum is

determined. If it is a d;,

then (i, 7) are merged into one candidate by summing their
four-momenta. If it is a d;, then (i) is defined as a jet and removed from the list.
The list is re-computed after either step. The algorithm repeats until no individual

candidates remain.

There are two important requirements to be satisfied in order for a clustering algo-
rithm to produce jets whose definitions are consistent and well-defined. First, the
presence of additional particles with infinitesimal energies must not alter the jet’s
four-momentum. Second, colinear emissions from a single hard particle must not al-
ter the jet’s four-momentum, i.e. at some point in the algorithm, they are clustered
into a single candidate with the four-momentum of the original parent. By construc-
tion, the inclusive k, algorithms possess both of these properties, respectively called

infrared safety and colinear safety.ﬂ The p = 1 and -1 cases are respectively called

Figure 5.1: Jets defined from hadronic particles by the (a) k, and (b) anti-k, clustering
algorithm. Different colours represent the area occupied by the jet.

k, and anti-k;, . As shown in and explained further in [Section 5.1.1| dif-

ferent algorithms exhibit differences from one another in their jet definitions. The £,

algorithm tends to be sensitive to soft radiation activity, often resulting in irregular

In particle physics, the term infrared refers to low-energy, or equivalently long-distance, scales.
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jet boundaries. The anti-k, algorithm forms circular boundaries around the hardest
particles, resulting in cone-shaped jets. In ATLAS, the anti-k, with R = 0.4 is the
primary clustering algorithm used to define jets, which are referred to as small-R

jets.

5.1.1 Ghost particles

A powerful technique often used with jet clustering algorithms is adding particles
with infinitesimal py, called ghost particles, in the jet candidate list. As explained in
Section 5.1 adding ghost particles into a jet does not change the jet finding results

or its four-momentum.

This technique can used in various ways to quantify properties of the jet. One intuitive
but powerful example is the aforementioned determination of a jet’s area and bound-
ary. Ghost particles are added uniformly in (y, ¢)-space, forming a grid. Tracking
which ghost particles are clustered into a jet then reveal the area in which real parti-

cles, if they did exist within its boundary, would have been clustered together.

5.2 Constituent inputs

The anti-k, algorithm clusters particles to form jets. In MC simulation, stable parti-
cles produced by the hadronisation can be used directly. This corresponds to what a
“perfect” detector would measure; therefore, jets defined from such particles are re-
ferred to as truth jets. At the reconstructed-level, the detector signals of particles are
processed into clustering algorithm inputs; jets defined from these signals are called
reconstructed jets. Two types of reconstructed jets—calorimeter and particle-flow—

are studied in this thesis.
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5.2.1 Topological calorimeter cell clustering

Calorimeter cell signals are collected into three-dimensional topologically connected
clusters, called topo-clusters |16], to reconstruct particle showers in the calorimeter.

More generally, jets defined from topo-clusters are called calorimeter jets.

The cell signal significance (;;Ejf) is defined as the ratio of the cell signal (E;Eell\f) to

. EM .
the average noise (Opoisecen) at the electromagnetic scale.

EM
EM __ Ecell 5.3
Scell = EM ( : )
Onoise,cell

The seeding, growth, and boundary of a topo-cluster is controlled by three respective

cell significance threshold parameters (S > N > P).

(
S : primary seed

EM
Scell

> § N :growth control (5.4)

P : boundary threshold

\

ATLAS uses the (S =4, N = 2, P = 0) configuration by default. The formation of
topo-clusters follows a seed-and-collect followed by a splitting procedure. First, ¢oyy is
computed for all cells. Starting from the seed cell with the highest ¢i1, neighbouring
cells (adjacent in same sampling layer, or (7, ¢)-overlapping in adjacent sampling
layers) that satisfy either the growth or boundary thresholds are added until those
whose neighbours satisfy the boundary threshold, but not the growth threshold, are
collected. The clusters undergo a splitting procedure if they contain multiple local
EM

signal maxima (E.y > 500 MeV) with at least four neighbours, all with less energy

than the local maximum cell. This procedure is illustrated in [Figure 5.2| [16]

Each topo-cluster is assigned a four-momenta with energy equal to the sum of its
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associated cells, (y, ¢) from the energy-weighted average of the cells, and mass equal to
zero. Since they are designed to reconstruct the energy signatures of particle showers
in the calorimeter rather than the particles themselves, individual topo-clusters can be
from the full or fractional shower of a particle, or a combination of full and fractional

showers from multiple particles.

ATLAS simulation 2010 ATLAS simulation 2010
c [ Pythiagans™ [ E[MeVle [ pyinia 6'.425_'5 P l E [MeV]
g - dijetevent ' 10° 2 - dijetevent ", a 210°
I S B S S = t O :
E 0.05 .- ...... :..'.. . é 0.05
: 10* —10*
0 0
3 10° =10’
0,05 -0.05
r 10° 10?
-0.05 0 0.05 -0.05 0 0.05
|tan 8| x cos ¢ [tan 6] x cos ¢
EM EM
(a‘) ‘gcell ‘ >4 (b) }gcell ‘ > 2
ATLAS simulation 2010
e [ Pythiagass T s E [MeV]
2 L duetdev?nt H S 10°
- L
§ 0.05
10
0
B 10°
0,05 “ = S
L " H 5] — 10?
20.05

005
|tan 8] x cos ¢

(¢) topo-clusters

Figure 5.2: Stages of topo-cluster formation in the first module of the Forward
Calorimeter (FCALO) in a simulated dijet event with at least one jet entering this
calorimeter, under no pileup and modelled electronic noise conditions [16]. All topo-
clusters in (c) either have a seed cell in (a), or are seeded by one in another module. |16]
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5.2.2 Particle-flow

The particle-flow algorithm [17] combines calorimetric and tracking information re-
move overlap between the energy and momentum measurements of the respective
sub-detectors. As a result, the energy measurements of soft jets are more reliable
due to better tracking performance relative to calorimetric measurements for low-pr
hadrons. The angular resolution obtained through tracks is also far superior to that
from calorimeters. Finally, it provides intrinsic suppression of pileup jets, since tracks
that do not originate from the hard scatter, along with their matched topo-clusters,

can be entirely removed from the input list prior to clustering.

First, each charged particle track is matched to a set of topo-clusters based on the
positions of the topo-clusters and the track extrapolated to the calorimeter layers.
Additional topo-clusters are added until they contain the full expected shower energy
of the particle, assumed to be a charged pion. Then it subtracts away the energy
from topo-clusters based on the momentum measurement of the track. In the case
that the energy deposited in the topo-cluster is consistent with being entirely from
the single particle, it is removed. Otherwise, a cell-by-cell subtraction is performed to
take away the particle’s contribution to the topo-cluster. This procedure is illustrated
in [Figure 5.3l The removed topo-cluster information is then replaced by the tracking

information.
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Figure 5.3: Particle-flow algorithm track matching and topo-cluster removal proce-
dure in the second layer of the Barrel EM LAr calorimeter (EMB2) in the vicinity of
a 30 GeV truth jet (ellipse). Tracks are extrapolated to the calorimeter (asterisks),
where the cells are clustered into topo-clusters (blue rectangles). The tracks selected
for particle-flow jet reconstruction (dark purple) are ones matched to the nominal
hard-scatter primary vertex and clustered into the jet. Topo-clusters are matched to
tracks (red), associated to neutral particles (green), or discarded as pileup (blue). [17]

5.3 Energy calibration

A reconstructed jet obtained immediately from the clustering algorithm has four-
momentum equal to the sum of its constituents’ four-momenta, and is referred to be

at constituent scale.

N,

const

pconst _ Z ngonst _ (Econst7 pconst) (55)

=1

Jet calibrations are derived as multiplicative scale factors to the components of the

constituent scale four-momentum, with the exception of the pseudorapidity correc-
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tion, which is applied as an offset:

t t t t
(Ea , ¢7 m) = (CcalibEcons ’ nCOHS + AT’? gbCOIlS ’ CcalianCons ) (56)
N
Cealib = H Cealib;i — CPU " CJES " €GSC * Cinsitus (5.7)
i=1

where each c,y;,; corresponds to one of the calibration steps shown in |Figure 5.4}

Constituent scale T @i Absolute MC- Global sequential Residual'in situ
jets P based calibration calibration calibration

Jet area-based correction Corrects the jet four- Reduces flavour A residual calibration is
as a function of pileup pr momentum to the particle- dependence and energy derived using in situ
density followed by level energy scale. Both leakage effects using measurements and is
residual  and NPV the energy and direction calorimeter, track, and applied only to data.
dependent correction are calibrated. muon-segment variables.

Figure 5.4: Calibration procedures applied to the reconstructed jets. ||

5.3.1 Pileup correction

Two separate corrections are applied to correct the reconstructed jet pr to mitigate

effects in energy deposits from particles produced in pileup interactions .

The first correction approximates and then subtracts the expected pileup contribution
to any given jet. This is done by first estimating event-by-event the pileup pr density
(p) using jets within |n| < 2.0 built from k, algorithm due to its sensitivity to soft
radiation background. Then, the area (A) of anti-k, jets (A*") in (1, ¢)-space are

calculated using ghost particles, as explained in [Section 5.1.1

If the area-based subtraction was perfect, the jet pr should be independent on the
pileup activity. However, it is observed to have a residual dependence on pileup
activity, as shown in Therefore, pileup activity is further parametrised

by Npy, the number of reconstructed primary vertices, and p. Additional piecewise-
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linear subtraction factors o and [ are derived for these:

cpupr = pr — pA — a(Npy — 1) — B (5.8)
m ErooT | TT 1T ‘ TT 1T | TT 1T ‘ TT 1T [ L TT 1T TTI11]
2 r ATLAS Simulation ]
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Figure 5.5: Per-event average pr density at Npy = 10 (solid) and Npy = 20 (dotted)
for 24 < p < 25 as found in MC simulation, to be taken as p for the area-based
correction factor. 18]

5.3.2 Absolute MC-based calibration

Due to the non-compensation, the measured EM-scale energy of a jet will tend to
be lower than the true energy. As well, there are many other factors that also affect
the reconstructed jet energy. An baseline calibration derived from MC simulation is

applied to correct for all of these effects [18].

A truth jet and a reconstructed jet are defined to match if the two are within angular

distance AR = An @ A¢ < 0.3 of each other. Then, the jet energy response (R) is
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Figure 5.6: Dependence of jet pr on Npy (left) and p (right) as a function of jet
Naet| for Pt = 25 GeV before any pileup corrections (blue circle), after the area-
based correction (violet square), and after the residual correction (red triangle). The
values of the linear-fitted dependence after the area-based correction in 4 |1y, | regions
(purple band) are taken as the residual correction factors o and §.

determined as

E

reco (5.9)

R = Etruth’

where E™ is the reconstructed jet energy after pileup correction, and E™™™" is the

energy of its matching truth jet.
The calibration is derived as the inverse of the average response,

1
CIpg = <—>, (5.10)

E™™ and the reconstructed jet ng. It is then parametrised as

in narrow bins of
a function of E™® in each 1y, bin such that the jet response is close to unity in
each (Etmh, Naet) bin. An offset An to the reconstructed jet pseudorapidity is applied

to correct for biased direction reconstruction, notably in transition regions of the

detector. These calibrations are shown in
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Figure 5.7: (a) The average energy response as a function of 7y for jets with a truth
energy of 30, 60, 110, 400, and 1200 GeV, and (b) the signed difference between the
truth jet n™™" and the reconstructed jet 7™ due to biases in the jet reconstruc-
tion. [18]

5.3.3 Global sequential calibration

The global sequential calibration (GSC) [19] improves precision of the jet calibra-
tion using features of a jet’s shower development. For each detector variable z that
characterises the jet shower, a correction factor c¢(x) stabilises the jet response with

respect to the variable, as shown in [Figure 5.8}

(5.11)

where k is a constant chosen such that the overall response stays constant, and R(x) is
the jet energy or pr response. It is parametrised as a function of pt and jet property
x, c(pr, ), in 1y bins that reflect changes in response between different detector

regions. Several calorimeter energy deposit and tracking variables are used:

1. fLass, fraction of jet energy deposited in the third electromagnetic calorimeter

layer.

2. frieo, fraction of jet energy deposited in the first tile calorimeter layer.
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3. Nirack, Number of reconstructed tracks matched to calorimeter clusters.
4. wtraCk, the tracks’ pp-weighted average distance from the jet axis.
5. MNgegments, the number of muon segments with track activity behind the jet.

They are applied sequentially, with each step derived from the calibrated energy up

to the previous step:

N
cgsc = Hci(PZT_lal'i)- (5.12)
=1
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Figure 5.8: Average pp response with respect to w™* of jets in 0.3 < || < 1.3 several

pr bins (above) and the underlying w"™*®* distributions (below) before (left) and after
(right) application of GSC. [18]
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5.3.4 Residual in situ calibration

The MC-based calibration corrects for the EM-scale response to bring the jet energy
to the particle-jet level. Biases that may be present from mismodelling effects in MC
simulation are determined using events with topologies in which the jets are expected
to be balanced in momentum with respect to a well-measured reference object. A
residual in situ correction is derived as the pp response ratio between MC and data,

and only applied to data [18]:

1 _ Rdata _ < ’ft/pl'%)f)data (5 13)
Cinsitu 7?’MC < rI?t/prTef>MC

Relative n-intercalibration

If the absolute MC calibration had a perfect description of the detector in simula-
tion, the jet energy response is expected be flat as a function of n. However, it is
observed to be non-uniform, notably in transition regions of the detector that are
difficult to model, as well as due to discrepancies in the distribution of dead ma-
terial. n-intercalibration calibrates the jet response of the forward detector region
(0.8 < |n| < 4.5) with respect to the well-calibrated central region of (|n| < 0.8).
shows the relative response of the forward jet with respect to the central

reference jet.

Absolute Z/~-+jet and Multijet balance

Photons and electrons, which deposit all their energy in electromagnetic showers
in the calorimeters, and muons, which produce tracks both in the ID and Muon

Spectrometers, can all be measured much more precisely than jets. Thus, events in
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Figure 5.9: Relative jet response as a function of probe jet 14, for in dijet events
with 85 < pp® < 115 GeV. [1§]

which a jet recoils against a Z boson, which decays via Z — ee/uu, or a photon

provide a precise, independent reference to measure the jet energy response .

These topologies are statistically limited to be effective in the central detector region

(In] < 0.8) for jets with 30 < pp < 950 GeV. Subsequently, the recoil system of well-

calibrated jets against a single high-pr jet is used to extend the calibration up to pr <

2000 GeV. The three calibrations are combined into one, as shown in |Figure 5.10|
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Figure 5.10: Combined in situ calibration of jets using Z/v + jet and multijet

events.



CHAPTER 5. JET RECONSTRUCTION 39

5.4 Trigger-level jets

As explained in [Section 3.2.4] the trigger system must make near-instantaneous judg-
ments on whether or not an event contains an interaction of interest or not. Jets are
reconstructed very coarsely at the trigger-level to serve as valuable inputs in making

these decisions.

At L1, a jet Rol is defined using a sliding window algorithm on the EM calorimeter
trigger towers. A 2 x 2 local maximum in granularity of A¢ x An = 0.1 x 0.1 is
located, and it is deemed a Rol if the surrounding 8 x 8 region has total Ep from the
EM and hadronic calorimeters that exceeds a predefined noise threshold. The local

maximum core defines the coordinates of the jet Rol [20].

At HLT, jets are defined from anti-k, R = 0.4 using topo-clusters. Then, they are
calibrated following a customised version of the procedures used in full calibration.
Pileup subtraction and MC-based absolute calibration are appliedﬂ As of 2017, GSC
using only calorimeter-based variables, as well as residual in situ calibrations, have

also become available [21].

4Though equivalent in procedures, trigger-level calibrations often use older and carefully validated
data.
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Analysis

6.1 Overview

The jet energy resolution quantifies the amount of fluctuations in the measurement
of a reconstructed jet’s energy at a fixed particle-level energy. The ATLAS calorime-
ters were designed to give a Gaussian energy response, which is observed both in
simulation and data to a good approximation [18][8]. Hence, the relative jet energy
resolution is defined to be the standard deviation of energy measurements over the
mean, denoted by:

OF

£ (6.1)

Due to the negligible contributions of the mass and angular resolution in small-R
anti-k, jets, the transverse momentum resolution is approximately synonymous with

energy resolution, and colloquially taken to be as such:

op _ Op.
— ~ =L 6.2
R (6.2)

40
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This is the quantity measured in this thesis.

An in situ calibration technique introduced in momentum balance be-
tween two jets in dijet events—can also be used in the jet energy resolution measure-
ment. Momentum is conserved from the initial system of incoming partons to the
final system of outgoing particles. In the centre-of-mass frame of a dijet event, the
outgoing jets’ transverse momenta and rapidities are balanced. The transformation

in rapidity for a boost along the beam axis is additive:

Yy Bole, y — tanh ™' . (6.3)
In the detector frame, the rapidities of the jets are boosted by the initial system’s
momentum along the beam axis, meaning the jets can shower into different regions
(Nget) of the detector, as shown in [Figure 6.1} Meanwhile, the transverse momenta of

the jets will remain invariant with respect to the longitudinal boost between the two

frames:
(p y) (pT7y _tanh_l ﬂ)
T
B=v/c
__________________ —>
(prs —y) (pr, —y — tanh™' 3)

Figure 6.1: A dijet event viewed from the centre-of-mass (left) and detector (right)
frame.

Define asymmetry of the dijet system as

probe ref

A= %7 (6.4)
T
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probe

£ . L. .

where p7 is the transverse momentum of the jet in a well-measured reference region,
probe avg probe ref

,and pr® = (pp " +pr)/2.

is of the jet being studied in detector region 7.,

For dijet events produced at a fixed particle-level (pif, p2°®), the widening of the

|ndet‘ =0.7

(¥, Ter)

(p%robe ’ (pj);;)be )

Figure 6.2: A dijet system forming a transverse momentum balance, with one jet in
the well-measured reference region (green) and the other in a probe region (white)

being studied

asymmetry due to the detector resolution (aiet) can be expressed in terms of the jet

energy resolutions of the reference and probe jets as

o ref o probe
O_jet _ < pT) D ( pT) . (65)
pr pr

The reference region is defined to be 0.2 < |n| < 0.7, which is considered the region of

the ATLAS calorimeters with the best energy resolution. The jet energy resolution

is studied as a function of p3® and 77°°"°. For events in which both jets fall in the
reference region, they have the same resolution. Subsequently, the probe region jet

energy resolution is obtained by subtracting the reference jet energy resolution from

'This is based on recent, unpublished studies in MC simulation, but also consistent with the

results presented herein.
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the asymmetry resolutionﬂ

o ref Uref
pr A
_ %A 6.6
(pT ) V2 (6.6)

o probe o ref
(ﬂ) = o o (ﬂ) . (6.7)
Za Pr

The asymmetry resolution is measured in discrete bins of p§®, which constrains both

the reference and probe jet pr scale.

6.2 Trigger strategy

Single-jet triggers, which search for individual jets in the detector, are used in this
analysis. Because there is a significant transition in calorimetry from EMEC/HEC
to FCal around 3.1 < |nge| < 3.2, two separate chains of HLT(LL1) single-jet triggers,
central and forward, search for jets in |nge| < 3.2(3.1) and |nget| > 3.2(3.1), respec-
tively. Multiple triggers exist in each chain, defined by a threshold requirement on

the transverse energy (Er) of the trigger-level jet:

E
Er=—— Ok (6.8)

As will be shown, using a logical-OR combination of a central and forward single-jet
trigger at each Er threshold yields significant benefits over using either one individ-

ually in collecting dijet event data.

ob= Vel &
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6.2.1 Efficiency calculation

The efficiency of the trigger is the fraction of events of interest accepted by the

trigger:
€t = —— (6.9)

where N is the total number of events of interest, and NP** is the number of the
subset of these events passing the trigger requirements. Usage of an inefficient trigger
without dedicated correction factors can introduce severe biases in measurements
performed with the collected data; therefore, it is important to have a trigger selection

that is fully efficient, i.e. ¢ =1 to a good approximation.

When using single-jet triggers to collect dijet events, there are four possible scenar-

ios:
1. Neither trigger nor forward trigger requirements pass (00).
2. Only central trigger requirements pass (10).
3. Only forward trigger requirements pass (01).
4. Both central and forward trigger requirements pass (11).

The set of events collected by the chosen trigger strategy is given by:

(

(o' 4+ oL : central trigger only

NP = 0 (g0 4 gt ofvd : forward trigger only - (6.10)

(0" + " + o) L™ . trigger combination
\

where ¢ are the cross sections of the trigger scenarios ab = (00, 10,01, 11), and £™®

for trig = (ctr, fwd, comb) are respectively the luminosities collected by the central,
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forward, and their combined triggers, explained in [Section 6.2.2l Meanwhile, the total
to be collected also includes the inefficient case in which events do not pass either

trigger’s requirements.

Nall _ (000 + 010 + 001 + Oll)ﬁcomb (611)

First, the trigger usage must be restricted to a kinematic region in which the event

must pass the requirements of at least one of the triggers (000 = 0). However, as

shown in [Equation 6.10] events that pass the requirements of only one of the central

or forward triggers cannot be collected by the other, which means using either one
trigger may still be inefficient. The only way to guarantee full efficiency is to combine

both triggers to collect the data.

Trigger efficiencies are calculated using the so-called tag-and-probe technique. First,
an unbiased sample of events containing jets is obtained using an already fully efficient
tag trigger with a less stringent requirement than the probe trigger being studied.
Then, the probe trigger is emulated in these events to determine those that pass its
requirements. Finally, the efficiency of the probe trigger is estimated by the fraction
of events passing its requirements out of the total. Lowest Et threshold triggers are
tagged by pass-through triggers, which fire randomly per bunch crossing and are thus
fully efficient by construction. Since the main requirement of a trigger is the jet Et
threshold, one that reaches full efficiency at some p7'® should remain so for higher p7®;

therefore, it can be used to probe another with higher Er threshold. This process is

performed successively for all triggers to be used.

As shown in|Figure 6.3, neither the central nor forward single-jet trigger becomes fully

efficient for events in which the probe jet falls in the 3.5 < |nge| < 4.5 region of the

detector. Their combination, on the other hand, is fully efficient for p7'® > 115 GeV.
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Figure 6.3: Trigger efficiency calculated using [Equation 6.9| as a function of pT™®

a given ngr;’be bin. Neither single-jet trigger reaches full efficiency individually, but

their combination does.

Consequently, trigger combination allows the data collected in this kinematic region,

which would have otherwise been discarded, to be used.

Finally, the lowest p7® point at which a trigger reaches full efficiency, called the
trigger’s turn-on point, is identified for all triggers. The turn-on point of a trigger

is estimated to be the lowest p7® point to reach and retain at least 99 % efficiency

b . . . B
across N~ plus some conservative safety margin, as shown in [Figure 6.4}
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Figure 6.4: Turn-on point of HLT j110 OR HLT j110_320eta490 trigger combina-
tion set to across 75" bins
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6.2.2 Luminosity calculation

As explained in [Section 3.2.4] the prescale of a trigger (s™¢) probabilistically passes

only a fraction of events passing requirements of the trigger that would otherwise pass

events at too high of a rate:

1
P(atrig -1 ‘ Ttrig _ 1)7

trig

s (6.12)

trig trig

where " and a " ® are booleans indicating whether or not the trigger’s requirements
have been passed and has passed the prescale, respectively. As a result, the luminosity

collected by the trigger from a dataset is given by:

: Lt
LUE =" (6.13)
Ibn %

where in each luminosity block i, respectively, £i°* is the total collected luminosity

trig
7

and s, ° is the trigger prescale.

In the case of a trigger combination, as prescribed by the inclusion method [22], its

prescale is categorised based on the trigger requirements:

’
1 ctr ctr fwd
P(aCtr:1|rCtr:1):St :<Ttr )Z(]'O)
1 fwd ctr fwd
Scomb = P(ade -1 ’ fwd _ 1) =S : (T ' r ) = (Ol) ,
1 Sctrsfwd fud
ctr_ fwi
= (rr = (11
\ P(actr + leWd -1 | T,ctr _ wad _ 1) Sctr + wad 1 ( ) ( )

(6.14)
where trig = (ctr, fwd, comb) respectively denote the central, forward, and their com-
bined trigger. Consequently, combination effectively results in a lower applied prescale

and a higher collected luminosity than individual triggers.
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6.2.3 Trigger combination

The demonstrated efficiency and luminosity gains are compounded due to the steeply
falling dijet cross section with respect to pT®. A single-jet trigger with a lower Er
threshold requirement is applied a much higher prescale than their higher siblings.
Therefore, it is desireable to use the trigger such that they are fully efficient, yet with
the lowest Ep threshold requirement. Consequently, not only does trigger combination
expand the kinematic region in which which lower E+ threshold triggers can be used
with full efficiency, it also accepts more events than using either one individually

within the region.

For each trigger combination, the p7'® range in which it is uniquely the fully efficient

with the lowest applied prescale, called the turn-on range, is identified. As shown

in [Table 6.1| and [Figure 6.5 trigger combinations are only used in their respective

turn-on regions. Furthermore, correct categorised luminosity calculation should yield

an unbiased distribution of asymmetry.
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Trigger combination

Turn-on pT® range

central forward [GeV]
HLT j15 HLT_ j15_320eta490 25,35)
HLT j25 HLT j25 320ctad90 135,50)
HLT j35 HLT i35 320etad90 150,65)
HLT j45 HLT j45 320eta490 (65,85)
HLT j60  HLT_ j60_320eta490 [85,110)
HLT i85 HLT i85 320eta490 110,125)
HLT j110 HLT j110_320eta490 [125,195)
HLT j175 HLT j175 320eta490 [195,280)
HLT j260 HLT j260_320eta490 [280,380)
HLT j360 HLT j260 320etad90 [380,475)
HLT j460 HLT j260_ 320eta490 [475,1500)

Table 6.1: Trigger combination turn-on pg® regions. Each trigger combination is
specified a p7® region in which it is fully efficient and is applied the lowest prescale.
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Figure 6.5: Dijet visual cross section versus (left) p7® with different colours indicating
different trigger combinations used in their respective turn-on regions and (right)
asymmetry with (01,10,11) denoting the categories explained in [Equation 6.14}
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6.3 Dijet event selection

Throughout the data taking period, several factors can lead to degradation in quality
of data recorded by the ATLAS detector. These include non-collision backgrounds,
such as cascades from proton losses in the beam and cosmic-rays, as well as temporary
detector errors, such as noise spikes. The detector is monitored around-the-clock and
the recorded luminosity blocks passing data quality checks status are compiled into a
good-runs-list (GRL) [23]. Only events marked to be of sufficient quality for physics
analyses, as indicated by the GRL, are selected; events during which select detector

components reported suboptimal operation are further vetoed.

In order to ensure that events contain a pp collision, they are required to have at least
one reconstructed primary vertex along the beam axis (Npy > 1) with at least two
tracks pointing towards the hardest scatter vertex (nfj;/ci > 2). The trigger selection

outlined in is applied only on data passing these basic requirements.

Two requirements are placed on quality of reconstructed jets. First, jet cleaning
[24] is a criteria to reject jets likely produced from non-collision backgrounds or dur-
ing detector noise spikes. Second, the Jet Vertex Tagger (JVT) [25] is a likelihood
discriminant based on tracks to identify jets that do originate from the hard scat-
ter. It is applied on low-py jets (20 < p]Tet < 60GeV) within tracking acceptance
(Inget| < 2.4) to reject pileup jets that originate from pileup interactions. Events are
required to have the two leading—meaning highest pr—jets pass both cleaning and
JVT > 0.59(0.2) for topo-cluster(particle-flow) jets. Also, the third jet in the event
is defined to be the one that passes the same cleaning and JVT requirements as the

leading two.

Kinematic criteria on jets in the event are applied to enforce dijet topology. Events are

required to have a large azimuthal separation between the two leading jets (A¢(j;, jo) >



CHAPTER 6. ANALYSIS 51

2.7) and a third jet, if one exists, that carries only a small fraction of the dijet system

transverse momentum (p} < max(25GeV,0.25 - pi'®

is shown in |[Figure 6.6

)). The impact of this selection

The track record of the number of events remaining after each selection, called the

cut-flow, is presented in [Table 6.2]

Event selection Number of events

calorimeter particle-flow
All 338857664
GRL 333621504
LAr/TileCal quality 333369856
Primary vertex 333364576
Trigger strategy 271445888
> 2 jets 270467200 264772928
Jet cleaning 269701664 264772928
JVT 235873520 252889024
Dijet topology 13469030 13301840

Table 6.2: Remaining number of events after requirements.
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6.4 Truth-level asymmetry

Perfect momentum balance only holds for an ideal, leading-order 2 — 2 parton sys-
tem. In a realistic pp dijet event, as shown in [Figure 6.7] the balance between the two
jets will be spoiled by several factors. Though isotropic in ¢ on average, initial state
radiation from incoming partons will boost the hard scatter centre-of-mass system
to a non-zero initial-py state. As well, the full parton shower of an outgoing parton
may not necessarily be fully captured by the clustering algorithm due to final state

radiation from the parton, an effect called out-of-cone (OOC) radiation.

Figure 6.7: Illustration of a QCD process with both ISR and FSR emission. This
event can still be considered a dijet event if their effects are sufficiently insignificant

such that the event passes the dijet topology selection described in [Section 6.3

These effects can be verified in the distribution of truth-level asymmetry (Atmth), cal-
culated from truth jets in dijet events, as shown in [Figure 6.8, The reconstructed-level
asymmetry (LA™), calculated from reconstructed jets, then contains both physics and

detector resolution effects.
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Figure 6.8: Distributions of dijet asymmetry calculated from truth-level jets (blue)
and reconstructed jets (black)

6.5 Detector response convolution

In order to extract a measurement of the jet energy resolution, the detector response
to the dijet asymmetry must be separated from the underlying physics in the re-
constructed asymmetry distribution. The method outlined below describes a new

procedure derived for this analysis.

First, the truth-level asymmetry is obtained from MC simulation, by requiring the

truth matching between reconstructed and truth jets using the same method described

in[Section 5.3.2] As shown in|Figure 6.9] this distribution is found to be well-described
by the empirically derived form:

f(Atruth) _ (C) S(Atruth; 1,0, n) + (1 . C) N(Atruth; Hl, 0_/)’

. n) (6.15)

E(z;p,0,n) = eXp(__ T—p
N(z;p,0) = exp(_M)

2
2072

where ¢ is a parameter between 0 and 1, (i, 0,n) are the mean, width, and power
parameters of the exponential power function (€), and (41, ¢’) are the mean and width

of the gaussian function (N).
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Next, as shown in |[Figure 6.10, the reconstructed-level asymmetry can be described

by the convolution of the truth-level asymmetry with the detector response:

AA _ Areco _ Atruth7
g(AI‘eCO) _ (f ®N)(Arem) (616)

2
_ / f(Atruth>N<AA; ,U/iifty O'jEt)dAtrUth.
-2

where the detector response to the dijet asymmetry is posited to be Gaussian. Then

the asymmetry resolution (O'jet), the parameter of interest in [Equation 6.5] is deter-

mined from the fit.
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Figure 6.9: The truth asymmetry distribution (blue markers) fitted by the functional
form of [Equation 6.15| (blue line). Fits performed through x*-minimization.

When both jets are in the reference region, the asymmetry distribution is symmetric
around zero. In other probe regions, varying degrees of imbalance favouring central
jets over forward jets (or vice versa) is predicted. In all cases, as shown in ,
the chosen truth asymmetry function fits is verified to reliably describe their respective

characteric shapes.

The validity of this measurement method can be verified in MC simulation. The non-

closure—also called method bias—is the difference between the measured and true jet



CHAPTER 6. ANALYSIS 55
H L I B B I L LSS B
2 E =
E F  MC16d Pythia8 Dijet Balance = truth 3
S — AntiKt4EMTopo —
= E 1100 <p2[GeV] < 1500 Mreconstructed 3

E 02< nz;‘ °<0.7 detector =3
Gi Moo = (0.0.00% 4
E Oyt = (4.720.0)% 7
sF- E
3 E
3= E
o
13 - E
ok rars N IR AR EAEN e E
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Asymmetry
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X2—minimization.
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Figure 6.11: Different shapes of the truth-level asymmetry observed in the reference
(left) and probe (right) regions fitted by the exponential power + Gaussian function,
and the reconstructed-level asymmetry fitted by their Gaussian convolutions. Fits
performed through y*-minimization.

energy resolutions in MC simulation. The true jet energy resolution is obtained from
the relative width of the jet pr response distribution, parametrised by its Gaussian
core, as shown in [Figure 6.14] In an ideal scenario in which the in situ method
works perfectly and the detector has an entirely Gaussian jet energy response, the
two should yield identical jet energy resolution values. As shown in [Figure 6.12] the
measurements are within 10 % of the true value, which is a convincing verification
that the convolution fitting procedure is reliably extracting the detector resolution

from the reconstructed asymmetry distribution.
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events compared to the true quantity as a function of pr and 74.. The lower panels
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method. The larger relative non-closure at high-pr is identified to be due to the
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6.6 Systematic uncertainties

The effects of various analysis choices and techniques applied in the measurement

of the jet energy resolution are assessed to evaluate systematic uncertainties of the

measurement. [Table 6.3] summarises the sources of systematic uncertainties.

Source

Description

Jet energy scale
Pileup jet rejection
Dijet topology

MC generator

In situ non-closure

Potential jet energy miscalibration

Jet JVT requirement

Dijet topology event selection

Difference in physics modelling between MC generators

Bias of the measurement method

Table 6.3: Summary of the sources of systematic uncertainties assessed.



CHAPTER 6. ANALYSIS 57

Jet energy scale

As explained in [Section 5.3] the jet energy calibration is a multi-step procedure, each
with an associated set of uncertainties [18]. The impact on the jet energy resolu-
tion measurement is evaluated following the standard procedure used at the ATLAS
experiment: a given systematic source is propagated to all jets in MC simulation,
resulting in adjusted four-momenta, and the full analysis is repeated. This is done

separately for each JES systematic uncertainty source.

The jet energy scale is observed to be the most dominant source of systematic uncer-
tainty in low-p regions, most heavily impacted by uncertainties in n-intercalibration.
A localised feature at high-pt is seen to arise from theoretical uncertainties in mod-
elling of hadronic physics in GEANT4 [26], which is not expected to be representative

of data; nevertheless, it is kept as a conservative estimate.

Pileup jet rejection

Contamination of pileup jets breaks the expected momentum balance between jets.
The JVT requirement is tightened to JVT > 0.91(0.5) for calorimeter(particle-flow)
jets, which enhances the rejection of pileup jets. The impact of this variation is found

to be negligible.

Dijet topology selection

The dijet topology selection, as explained in [Section 6.3, enforces the ¢-balance of
the two leading jets and limits pp-imbalance due to additional jets, modelled by
parton showering in LO MC generators used and are not perfectly described. In past

measurements, an extrapolation of the selection to perfect balance was performed
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[27], which eliminated this systematic, but re-introduced a different one due to the
parametrisation of the extrapolation fit. In this analysis, the selection is tightened
and loosened around the nominal working point by A¢(j;,j,) > 2. 7103 and pjf’ <

max(2552GeV, 0.25,00aps).

MC generator

Differences in the physics modelling among MC generators lead to uncertainties in the
underlying truth-level asymmetry distribution to be assumed. Since all MC genera-
tors are accurate to LO, there is no a priori reason to trust one over others. The MC
sample using the same generator used to derive jet energy calibrations, PYTHIAS, is
chosen as the nominal sample, while SHERPA and HERWIGT are used as comparisons

and to quantify the systematic uncertainty.

MC physics modelling is a significant source of systematic uncertainty in the forward
regions of the detector |n| > 3.2. Usage of NLO generators, which should provide an

accurate description of the third leading jet, remains an area for improvement.
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Figure 6.13: Discrepancies in dijet asymmetry observed in MC simulation (coloured
lines) versus data (dotted circles) for 400 < p' < 550 GeV



CHAPTER 6. ANALYSIS 59

Non-closure

The non-closure of the measurement method is within 1 %ﬂ Its relative effect is the
most significant in high-p regions, where non-Gaussian tails are observed in the jet
pr response, shown in [Figure 6.14] The Gaussian core approximation is currently the
standard procedure within the ATLAS experiment, and an improved parametrisation,

currently under study, should result in better closure of the method.
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Figure 6.14: Gaussian fit (solid red line) to the core of the jet p response simulated in
MC, extrapolated (dashed red line). The fits describe the entire shape of the response
distribution for low-pt jets, but non-Gaussian tails are observed for high-pt jets.

Summary

Most systematic uncertainty sources assessed are evaluated by introducing variations
that inject or remove events. Due to the limited statistics in the MC samples used, the
resulting variations will both contain the actual systematic bias, but also statistical
fluctuations. A Gaussian kernel smoothing procedure [28] is applied to estimate

statistically significant effects as a continuous function over the (pr,n) phase space.

3This is the absolute uncertainty on the relative jet energy resolution, which is itself expressed

in %.
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Total systematic uncertainties, shown in |Figure 6.15] are obtained by addition in

quadrature of uncertainties of the individual sources, which should be independent of

one another.
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Figure 6.15: Total systematic uncertainties on the jet energy resolution, obtained by
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Results

The jet energy resolution is measured in different 7 regions that reflect the transition
regions of the ATLAS detector that are predicted to exhibit performance differences.
No significant difference exists in the resolution between the the left (n < 0) and
right (n > 0) halves of the detector, which is expected from its symmetric design.

Therefore, |n| bins are merged to increase statistics.

The pp-dependent jet energy resolution is parametrised as a function of three terms [27]:

N
pr pbr \VPT

where N characterises the electronic and pileup noise, S is the stochastic term due
to the sampling nature of the calorimeters, and C' is the constant term attributed
to non-uniformities in the energy response and/or signal loss due to passive material
in the detector. Results are fitted and compared to those obtained from the truth
response simulation in MC. Although this parametrisation describes the observed
functional form of the jet energy resolution well, it entails a high degree of (anti-

)correlation between the parameters in fits, and it is not possible to unambiguously

61
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disentangle individual contributions from a single set of measurements. Also, in the
case of particle-flow jets, since the constituent input is not solely based on calorimetric
information, this parametrisation cannot be expected to hold — for example, the
CMS experiment, which has implemented a similar particle-flow algorithm, uses an
ad hoc parametrisation, in which it is possible for the nosie term contribution to be

negative [29]. Therefore, the results of the fits, shown in [Table 7.1 are not meant to

be a conclusive determination of the parametrisation.
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calorimeter particle-flow

N S C N S C

0.0 < |7ges] < 0.2
45422 085+0.13 (3.0+07)% 35+31 092+0.13 (3.3+0.7)%

51+1.8 0.794+0.12 (26+0.7)% 0.00+£3.2 0.95+£0.04 (2.6=+0.5%

0.7 < |Nae] < 1.3
60+1.6 082+0.12 (3.1+0.6)% 0.00+58 1.05+0.04 (2.840.5)%1

0.00+32 0.93+0.04 (3.8+04)% 0.00£20 1.024+0.04 (4.0+0.4)%

1.8 S |77det| <25
0.00+£14 0.72+£0.04 (29+04)% 0.00£59 0.80+0.04 (3.1+0.3)%

2.5 < Naes| < 3.2
76417 0524£030 (4.6+08)% 0.00+59 1.00+0.06 (2.3+0.8)%

3.2 S |77det| < 3.5
6.9+52 072+1.07 (6.9+4.7)% 0.00+£11.5 1.08+£0.15 (6.5+1.7)%

3.5 S |77det| < 4.5
6.4+13 000+226 (6.0+£1.6)% 0.00+1.2 0.92+0.18 (1+£15)%

Table 7.1: Fit results of (Noise, Stochastic, Constant) parametrisation of jet energy
resolution extracted from 2017 data. Neighbouring terms (N, S) and (S,C) tend
to be strongly correlated, while the noise and constant terms (NV,C) tend to be
strongly anti-correlated. The parametrization used only has theoretical justification
for calorimeter jets. The results shown for particle flow jets are not very meaningful;
future work is needed to find an appropriate functional form for this resolution.



CHAPTER 7. RESULTS

64

2017 Data Dijet Balance
L=436fb" {s=13TeV
anti-k, R=0.4 EM+JES p-flow

e Data
3 syst unc
| totunc

— fit

— MC sim

ol b e b

1 1 1
200 300 400

1000

P [Gev]

- 03 e e - 03 e
2 C B o =
&'_ r 00s Nget| < 0.2 2017 Data Dijet Balance ] &'_ r 00s Nget| < 0.2
° o025 L=436f" Vs=13TeV - ° o025
C anti-k, R=0.4 EM+JES topo 7 r
02k - 02
< e Data 4 E
3 syst unc b
0.157 | totunc 3 0.15
01— - 01—
0.05— - 0.0
ol ) . . . | | ol )
50 60 100 200 300 400 1000 50 60 100
ot [Gev]
(a) 0.0 < |nget] < 0.2
~ 03 —r — ~ 03 —r
2 N 1 o F
5’_ r 02< Maet| < 0.7 2017 Data Dijet Balance ] &’_ r 02< [Maee| < 0.7
© o025 L=436fb ys=13TeVv — © o025
r anti-k, R=0.4 EM+JES topo ] C
02f - 02
K e Data 4 E
A 3 syst unc B -
0.153 L fotunc - 0.15
01— - 01—
0.05— ] 0.05—
C | | il C |

2017 Data Dijet Balance
L=4361" Vs=13TeV
anti-k, R=0.4 EM+JES p-flow

e Data
I syst unc
| totunc

—fit

i b b b b P

.
50 60 100

.
200

. . .
300 400 50 60 100

Pr [Gev]

(b) 0.2 < o] < 0.7

. . .
200 300 400

Pr [Gev]

Figure 7.1: Jet energy resolution of the ATLAS detector measured in 2017 data of
calorimeter (left) and particle-flow (right) jets.
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Figure 7.1: Jet energy resolution of the ATLAS detector measured in 2017 data of
calorimeter (left) and particle-flow (right) jets.
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Figure 7.1: Jet energy resolution of the ATLAS detector measured in 2017 data of
calorimeter (left) and particle-flow (right) jets.
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Figure 7.1: Jet energy resolution of the ATLAS detector measured in 2017 data of
calorimeter (left) and particle-flow (right) jets.



Chapter 8

Conclusions

The jet energy resolution of the ATLAS detector during 2015 to 2017 data taking peri-
ods have been measured, and associated systematic uncertainties have been evaluated.
For jets with transverse momenta of 45 GeV that fall in the central calorimeter region,
the relative jet energy resolution is measured to be (16.2 +2.8)% and (13.8 £ 2.7)%
for calorimeter and particle flow jets, respectively. The corresponding measurements

for jets with transverse momenta of 1200 GeV are (3.5+0.6)% and (3.6 £0.6)%.

As the first jet energy resolution measurement to be done using 13 TeV collision
data, these results will be important for all ongoing analyses within the experiment.
In the near future, these results will be combined with those from other measurements
using different event topologies (Z /v +jet) and other specialised strategies. While
these complementary methods are expected to provide much more precision in the
low-pr regions and/or constraints on the noise term, the results from the dijet in
situ, method alone has the widest reach in measurement phase space, reaching out
to ;t > 500 GeV as well as forward-n regions where other methods are statistically

limited.
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With the aid of increased amount of data and the new trigger strategy, enough statis-
tics are available to measure the resolution in finer n-bins than ever before, which
reveal detailed features of the detector. In particular, the endcap-to-forward transi-
tion (3.2 < |n| < 3.5) is observed, as expected, to have by far the worst resolution.
As well, the seam region at which the LAr EM calorimeter half-barrels are joined
together (0.0 < |n| < 0.2) exhibits degradation in resolution compared to the rest of
the barrel region (0.2 < |n| < 0.7). This is the first time that these findings are being

reported through an in situ measurement.

The systematic uncertainties of the measurement using the convolution fitting proce-
dure are assessed to be at least as precise as or more than the previous measurement.
Detailed investigations into each source, as discussed in [Section 6.6, show promises

of further precision improvements to be gained in future iterations.

Most importantly, the measurement clearly indicates discrepancies between the jet
energy resolution simulated by MC versus observed in data. In particular, the detector
performance in the central region up to |n| < 1.8, which is the the most sensitive region
for many physics analyses, is consistently overestimated in simulation. These analyses
rely on MC simulation to derive detector correction factors and evaluate systematic
uncertainties, and the results presented reveal shortcomings in the MC simulation,
which will now need to be adjusted to match the resolution observed in data. On a
lower level, it may even be used as input to tune the GEANT4 model of the ATLAS

detector itself.

The ATLAS experiment is a long-term physics project spanning multiple decades.
Almost 10 years after its first recorded collision, the ATLAS detector continues to

operate with excellent performance in jet energy measurements.
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201542016 jet energy resolution
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calorimeter particle-flow
N S C N S C

0.0 < [nqet| < 0.7

484+1.9 0.79+0.12 (2.7+£0.70% 0.00+6.1 0.96+0.05 (2.8+0.6)%
0.7 < |nget| < 1.3

53+1.7 0.75+£0.12 (344+0.6)% 1.8+46 1.0+0.1 (3.1£0.7)%1

6.7+14 093+0.04 (38+£04)% 0+£15 1.3+0.1 (3.9+£04)%

54+14 038+021 (394+04)% 0.0+£33 0.78+0.04 (3.24+0.3)%
2.5 < |Nget] < 3.2

534+2.0 054+£024 (49+07% 4.04+23 0.76+0.15 (3.9+0.7)%

0+20 1.19+0.15 (31+4.1)% 49+55 095+£061 (5.6+4.3)%
3.5 < |nget| < 4.5

00+1.2 0644+022 (36£37)% 0£16 054+£025 (5.5+2.4)%

Table A.1: Fit results of (Noise, Stochastic, Constant) parametrisation of jet energy

resolution extracted from 201542016 data. Neighbouring terms (N, S) and (5,C)

tend to be strongly correlated, while the noise and constant terms (N, C') tend to be

strongly anti-correlated. The parametrization used only has theoretical justification
for calorimeter jets. The results shown for particle flow jets are not very meaningful;
future work is needed to find an appropriate functional form for this resolution.
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