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Title: Study of jet suppression in heavy-ion collisions with the ATLAS experiment
Author: Be. Emil Leldk

Institute: Institute of Particle and Nuclear Physics

Supervisor: Mgr. Martin Rybar, PhD., Institute of Particle and Nuclear Physics

Abstract: Ultra-relativistic heavy-ion collisions are performed to generate and
examine QCD matter at high temperatures, known as the quark-gluon plasma.
This extraordinary state of matter is theorized to have been present in the initial
microseconds following the Big Bang. Exploring the quark-gluon plasma and the
characteristics of the strong force involves analyzing particle showers, referred to
as jets, originating from scattered quarks and gluons.

Recent results from the measurement of the suppression of jet production in de-
pendence on jet size in lead-lead collisions with the ATLAS, ALICE, and CMS
experiments are inconsistent with each other. The motivation for this thesis is to
clarify the inconsistencies. The thesis deals with the systematical study of track-
jet production as a function of their size and minimum transverse momentum
of their constituents using data from the ATLAS experiment. The correlations
between calorimetric and track jets are also investigated. Furthermore, the the-
sis includes the correction of track-jet spectra for various detector effects and
background using Monte Carlo (MC) simulations (so-called bin-by-bin unfold-
ing). The last part is the application of the Iterative Constituent Subtraction
(ICS) method to subtract the background, which is dominated by soft (low-pr)
particles.

Even though the results of the thesis do not fully clarify the inconsistency between
the experiments, they provide a certain degree of understanding of track-jet sup-
pression in the QGP. Further analysis which would include better unfolding and
parameter tuning within the ICS should help to clarify the inconsistency between
the experiments.
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Nézov prace: Studium potlacenia jetov v zrazkach fazkych idonov na experimente

ATLAS

Autor: Emil Lelak

Ustav: Ustav Casticovej a jadrovej fyziky

Vedtci prace: Mgr. Martin Rybaf, Ph.D., Ustav ¢asticovej a jadrovej fyziky

Abstrakt: Ultra-relativistické zrazky fazkych iénov st vykondvané za tucelom
produkcie a studia QCD hmoty s vysokou teplotou, tzv. kvark-gluénovej plazmy.
Predpokladé sa, ze takyto extrémny stav hmoty existoval pocas prvych mikrose-
kind po Velkom tresku. Skimanie vlastnosti kvark-gluénovej plazmy a silnej in-
terakcie zahina analyzu kolimovanych sptsok castic, tzv. jetov, ktoré pochadzaju
z rozptylenych kvarkov a gluénov.

Nedéavne vysledky z merania potlacenia jetov v zavislosti na ich velkosti v zraz-
kach olovo-olovo z experimentov ATLAS, ALICE a CMS st vo vzajomnom nesi-
lade. Motivaciou tejto prace je objasnit nesulad medzi vysledkami experimen-
tov. Praca sa zaobera systematickym stidiom produkcie jetov konstruovanych
z nabitych castic v zavislosti na velkosti jetov a vybere nabitych castic podla ich
priecnej hybnosti. Tieto jety si tiez porovnavané s kalorimetrickymi jetmi. Dalej
praca zahtna opravu spektier jetov konstruovanych z nabitych c¢astic o rézne de-
tektorové efekty a efekty pozadia pomocou Monte Carlo simuldcii (tzv. bin-by-bin
unfolding). Poslednou ¢astou je aplikdcia tzv. Iterative Constituent Subtraction
(ICS) metdédy na odéitavanie pozadia, ktoré je dominované casticami s nizkou
priecnou hybnostou.

Napriek tomu, ze z vysledkov prace nemozno celkom objasnif nesilad medzi
vysledkami experimentov, praca vykazuje urcity stupen pochopenia potlacenia
jetov konstruovanyrch z nabitych ¢astic v kvark-gluénovej plazme. Dalsia analyza,
ktorad by zahfnala lepsi unfolding a ladenie parametrov v ICS metdde, by mohla
pomoct k objasneniu nesiladu medzi vysledkami experimentov.

KTucové slova: jet, jet quenching, CERN, ATLAS, LHC.
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Introduction

The main purpose of heavy-ion (HI) physics is to study QCD matter, called
quark-gluon plasma (QGP) [1I]. It can be produced at the Large Hadron Collider
(LHC) in CERN when two ultra-relativistic heavy ions are collided. The QGP
can be probed via collimated sprays of particles, referred to as jets. Jets are
produced in both proton-proton (pp) and HI collisions. Whereas the jets created
in pp collisions are not suppressed, in HI collisions they are. The explanation
is that when jets penetrate through the QGP, which is the case of HI collisions,
they interact with the matter, lose energy, and therefore are suppressed. Thanks
to the jet suppression it is possible to probe QGP properties.

One of the purposes of the ATLAS, ALICE, and CMS experiments at the LHC
is to study QGP. The recent results on the suppression of jet production in depen-
dence on their size in lead-lead (PbPb) collisions from these experiments [2}, 3], 14, [5]
are inconsistent with each other. However, the measurements in the individual
experiments were not performed in the same conditions. They differ in colli-
sion energy, quantity that describes jet suppression, jet constituents, and method
for background subtraction. It seems that different collision energies at such high
scales and different quantities that describe jet suppression do not play an impor-
tant role in the results. Probably the most important fact is that jet constituents
within ALICE are tracks, while the other experiments used calorimetric informa-
tion for clustering. To remove this difference, track-jet spectra are constructed
from ATLAS data within this thesis. It is the first time when the track jets are
studied within the ATLAS experiment in more detail. As to different methods for
background subtraction, ATLAS and CMS used a standard area-based method,
while ALICE used a machine-learning-based (ML-based) method which allows to
perform the analysis at lower transverse momentum pr. On the other hand, the
ML-based method implies larger systematic errors in the results.

In my data analysis, there appear some difficulties. The raw data include
various unwanted detector effects, such as imperfect tracking efficiency and mo-
mentum resolution of the detector, and background dominated by soft particles
(the raw data are folded), so some unfolding procedures must be applied to the
data. All these effects can be seen in MC simulations, where one can investigate
correlations between the reconstructed and truth jets. Within this thesis, a sim-
ple bin-by-bin unfolding is applied to the raw experimental data using the MC
simulations. However, such a simple unfolding is the very first attempt to correct
data, since it corrects them for a lot of effects simultaneously.

Since the background consists of soft particles, it can be removed by setting
the minimum transverse momentum of clustered tracks pf". However, the low-
energetic signals are also discarded along with the background, which means "bias
of physics". Another possibility how to treat background is to use a method for
background subtraction. Within this thesis, the ICS method is used. However,
this method involves a couple of free parameters and it is challenging to find their
optimal values.



1. Experimental Setup

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [6] is the biggest and most powerful particle
accelerator in the world. It is the last part of CERN’s accelerator complex (see
Fig.. In each part of the complex, the energy of particles gradually increases.
No accelerator in the world can give particles such high energy as the LHC.
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Figure 1.1: The CERN’s accelerator complex. Taken from [7].

The LHC is a circular accelerator with a circumference of 27 km. It accelerates
and bands charged particles using electromagnetic devices. The main devices are
radiofrequency (RF) cavities boosting the particles, and magnets, which keep
the particles on circular trajectories and squeeze them at so-called interaction
points, where are head-on collided. There are four interaction points at the LHC
corresponding to four big experiments: ATLAS, ALICE, CMS, and LHCb.

RF cavities are a little discussed in this paragraph. The RF cavities are
metallic chambers containing an electromagnetic field, which give the particles
an electrical impulse and accelerate them. The LHC contains 16 RF cavities
placed in four cylindrical refrigerators called cryomodules that enable them to
work in a superconducting state. Particle acceleration is based on the change of
field polarity in the cavities when the particles pass through them. The change of
field polarity is given by a frequency of 40 MHz. For this reason, the particles are
sorted into buncheﬂ with spacing 25 ns. The LHC cavities bring protons from
the energy of 450 GeV to 6.5 TeV. At this energy, protons go around the LHC
approximately 11 thousand times [6].

!Each proton beam contains about 3000 bunches and there are about 10! protons in each
bunch.



The LHC contains more than 50 types of electromagnets. Dipole magnets are
used to bend the paths of the particles. The main dipoles generate a very strong
magnetic field of 8.3 T. For such a strong magnetic field, the electromagnets use a
current of 11 kA, so superconducting coils are used to avoid big energy losses. The
LHC is also equipped with the magnets of higher multipolarity. The quadrupole
magnets help to keep the particles in a tight beam. Four magnetic poles are
placed symmetrically around the beam pipe and squeeze the beam horizontally
and vertically. There are also inner quadrupole triplets at interaction points,
which make the beams 12.5 times thinner, and the probability of the collision is
increased. The sextupole, octupole, and decapole magnets correct the magnetic
field for small imperfections and the extremities of the dipoles.

As to the type of particles, the LHC accelerates not only protons but also lead
nuclei 29°Pb. A particle collision is characterized by collision energy (center-of-

mass energy) /s,

Vs = (Ey + E2)? — (py + py)?, (1.1)

where F,, E5 are the energies and p,;, p, are the momenta of the first and the
second particle, respectively. If the particles of the same type with the same
energy are head-on collided, then /s = 2FE. If the collided particles are heavy
ions, the collision energy is rather expressed per nucleon and is denoted ,/snn.
The maximal collision energy of protons at LHC is /s = 13.6 TeV, whereas for
lead nucleiﬂ V/snn = 5.36 TeV.

An important quantity that characterizes the performance of an accelerator
is luminosity. Luminosity expresses how many beam particles it is possible to
squeeze through a given space in a given time. The conversion between luminos-
ity L and collision rate N, is through the cross-section of the collision o,

Ncol =olL. (12)

2

The luminosity of the LHC for protons is about 10** cm=2.s7! and for heavy ions
2 1

it is in the order of 10?" cm~2.s7!. The rate of pp collisions is approximately
10'? s71 [6] and the rate of inelastic PbPb collisions is about 50 kHz.

1.2 The ATLAS Detector

ATLAS (A Toroidal LHC ApparatuS) [§] is a general-purpose detector designed
to investigate a wide range of physics, from the Higgs boson to extra dimensions
and particles that could make up dark matter. The ATLAS detector is the largest
particle detector ever built. It is 46 m long, 25 m high, 25 m wide and its mass
is approximately seven thousand tonnes.

1.2.1 ATLAS Coordinate System and Kinematics

ATLAS coordinate system (see Fig. is introduced in this part. The center of
the coordinate system is at the interaction point. The z-axis has the direction of

2A lead nucleus consists of 82 protons and 126 neutrons (208 nucleons). Maximal collision
energy in pp collisions is 13.6 TeV, so in PbPb collisions, /sy = (82/208) x 13.6 TeV =
5.36 TeV.



the beam pipe, the x-axis directs to the center of the LHC ring, and the y-axis
upwards. Polar angle # is the angle between a given vector and the z-axis, and
azimuthal angle ¢ is the angle between the projection of the given vector to the
x-y plane and the x-axis.

Important kinematic quantities are the projections of momentum and en-
ergy to the x-y plane, referred to as transverse momentum pr and transverse
energy Er, which are given by the formula

pr =psinb,

1.3
Er = Esind. (13)

The great advantage of transverse quantities is that they are invariant under
Lorentz boost along the z-axis.

Another important quantities are rapidity y and pseudorapidity 7. They can
be expressed as

1l E +pcosb
= — In _—
Y73 E —pcosf)’

= —1In tng
n= a2 )

One can see that 1 depends only on #, and is obtained from rapidity in the
limit case F ~ p.

(1.4)

center of /
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Figure 1.2: ATLAS coordinate system. Taken from [9].

1.2.2 ATLAS Subdetectors

The ATLAS detector [10] consists of three main subdetectors: the Inner Detec-
tor, the calorimeter, and the Muon Spectrometer. All of these subdetectors are
discussed in the following paragraphs.

Inner Detector

The Inner Detector (ID) is the innermost part of the ATLAS detector. The ID
measures properties of electrically charged particles only — their charge, direction,



and momentum. The ID’s diameter is 2.1 m and its length is 6.2 m. The detector
can measure the tracks with pseudorapidity |n| < 2.5. It consists of three different
systems of sensors all immersed in a solenoidal magnetic field of magnitude 2 T
parallel to the beam axis: Pixel Detector, Semiconductor Tracker (SCT), and
Transition Radiation Tracker (TRT). The structure of the ID is shown in Fig.[1.3|

7
e/
V End-cap transition radiation fracker

} End-cap semiconductor tracker

Figure 1.3: Scheme of the Inner Detector. Taken from [10].

The Pixel Detector is the first point of detection in the ATLAS experiment.
It consists of four layers of silicon pixels. Charged particles leave a small amount
of energy in the Pixel Detector that is converted to signal. The signal is used to
determine the origin and momentum of the particle. The Pixel Detector contains
over 92 million pixels and almost 2000 detector elements.

The SCT surrounds the Pixel Detector and it is used for the track recon-
struction. It contains over 4000 modules of 6 million double-sided micro-strips of
silicon sensors. It is designed in a way that a particle crosses through at least four
silicon layers, which enables the measurement of particle tracks with a precision
of up to 25 pum.

The outermost part of the Inner Detector is the TRT. It contains three hun-
dred thousand straws filled with a gas mixture. Passing particles ionize the gas
and create an electric signal that is used to reconstruct their tracks and get in-
formation about the particle type [10].

Calorimeter

The ATLAS Calorimeter is the next part of the ATLAS Detector. It measures
the energy of electrons, photons, and hadrons. Most of all these particles are
stopped there. The ATLAS Calorimeter consists of two calorimeters: the Liquid
Argon (LAr) Calorimeter and the Tile Hadronic Calorimeter. The scheme of the
ATLAS Calorimeter is introduced in Fig. [1.4l The pseudorapidity range of the
calorimeter is |n| < 4.9.

The LAr Calorimeter contains both electromagnetic and hadronic calorime-
ters. It incorporates multiple layers of metal, such as tungsten, copper, or lead,



designed to absorb incoming particles and transform them into a cascade of new
particles with lower energy. Within these layers, liquid argon is sandwiched and
gets ionized by the produced particles, generating an electric current that can
be quantified. By gathering the measured currents, physicists can ascertain the
energy of the initial particle that interacted with the detector. To keep the argon
in liquid form, the LAr Calorimeter is kept at -184°C.

In addition, it is important to mention that the LAr Forward Calorimeter
(FCal, see Fig. is used to determine the centrality of a PbPb collision by
measuring the total transverse energy Er from the collision. The concept of
centrality is introduced in Sec. 2.2l The pseudorapidity range of the FCal is
3.1 < |n| <4.9.

The Tile Calorimeter surrounds the LAr Calorimeter and provides the calori-
metry of hadrons in the range |n| < 1.7. It is composed of steel layers and plastic
scintillating tiles. When particles hit the steel layers, they create a cascade of
new particles. Subsequently, the plastic scintillators emit photons, which are
then transformed into an electric current. The intensity of this current is directly
proportional to the energy of the initial particle.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 1.4: Scheme of the ATLAS Calorimeter. Taken from [10].

Muon Spectrometer

The outermost part of the ATLAS Detector is the Muon Spectrometer, which
identifies and measures the momenta of muons. Five different detector technolo-
gies are used: Thin Gap Chambers, Resistive Plate Chambers, Monitored Drift
Tubes, Small-Strip Thin-Gap Chambers, and Micromegas. However, these tech-
nologies will not be discussed in more detail in this thesis. More information
about these technologies can be found here [10].



1.2.3 Magnet System

The measurement of the charge and momentum of charged particles requires
a magnetic field. ATLAS Detector uses two magnet systems — solenoidal and
toroidal. These systems create a strong magnetic field, which requires high elec-
tric current. For this reason, they are cooled to about 4.5 K. The main parts of
the magnet system are: Central Solenoid Magnet, Barrel Toroid, and End-cap
Toroids. The Central Solenoid Magnet envelops the ID and provides a magnetic
field of magnitude 2 T. Toroid magnets generate a magnetic field of up to 3.5 T
and they are used to measure the momenta of muons. The Barrel Toroid sur-
rounds the center of the experiment and two end-cap toroids are at the ends of
the experiment [10].

1.2.4 Trigger System

At ATLAS, beam collisions occur at a frequency of 40 MHz. Handling and
storing the resulting data at this scale poses significant challenges. Furthermore,
many of the recorded events involve processes that have already been studied and
understood. Thus, it becomes imperative to selectively prioritize the recording
of events that align with our research interests.

The ATLAS detector has a two-level trigger system [11]. The Level-1 (L1)
trigger is the initial stage of event selection implemented in hardware. It uti-
lizes a subset of detector information to limit the acceptance rate of events from
a maximum input rate of 40 MHz to no more than 100 kHz. It can identify
jets, electrons, photons, muons, and some event properties as the total (missing)
transverse energy FEr.

Subsequently, a software-driven trigger known as the high-level trigger (HLT)
further reduces the rate of recorded events. On average, a few kHz of events are
stored for subsequent physics analysis. The HLT selectively reconstructs objects
such as leptons or jets based on specific L1 triggers that have endorsed the event
for further processing. Some examples of L1 and HLT triggers used in pp and
PbPb collisions are introduced in Sec. or in [I1].



2. Physics Background

2.1 Introduction to Quantum Chromodynamics

The main purpose of heavy-ion physics is to study quantum chromodynamics
(QCD) at extremely high temperatures [I]. QCD is a theory of strong force
and the main properties of the QCD are color confinement and asymptotic free-
dom [12].

Color confinement means that particles carrying color charge (quarks and glu-
ons) cannot exist separately at normal conditions, so quarks and gluons (together
so-called partons) are bound in composite particles — hadrons. It is a consequence
of the fact, that the further the partons are from each other, the stronger they
attract each other. The phenomenological potential of strong interaction between
two partons is given by the formula

4
Va(r) = =5 + b, (2.1)

where 7 is a distance between the partons, ag is a strong coupling constant and
k is the color string tension.

However, at sufficiently high temperatures and densities, the partons can be
deconfined. This phenomenon is called asymptotic freedom. The matter where
partons are deconfined is called quark-gluon plasma (QGP). Asymptotic freedom
is the consequence of the fact that strong coupling ag depends on transferred
momentum Q2 and can be expressed as

127
2
« = , 2.2

(O™ N In < (22)
where A =~ 200 MeV is the momentum scale at which the perturbation calculation
is meaningless, and Ny is the number of quark flavors that can be created in such
interaction. One can see that for big values of @) the strong coupling is very small.
The QCD theory is discussed in more detail in [12].

2.2 Concept of Centrality

An important property of a HI collision is the centrality of the collision. It is
a quantity that describes a degree of heavy ions overlap. Centrality is directly
connected to an impact parameter, denoted b, which is a transversal distance
between the centers of colliding nuclei. One can see a graphical representation of
the HI collision in Fig.2.1 The connection between the collision geometry and
centrality is described by the Glauber model [13].

Mathematically, centrality ¢ can be expressed as

b didb,
0 dy
C= S de (2.3)
T
where % is the differential cross-section of the collision with respect to the impact
parameter.
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Figure 2.1: Scheme of a HI collision. Taken from [14].

As mentioned in Sec. [1.2.2] the determination of centrality at ATLAS involves
measuring the total transverse energy Er deposited in the FCal, as illustrated
in Fig.2.2l The acquired data are organized into equal cross-section bins, with
each bin corresponding to a specific centrality percentile. The centrality interval
of 0-10% involves the most central collisions characterized by small impact pa-
rameter b. Conversely, peripheral collisions, where only a few nucleons interact,
are categorized within the centrality interval of 60-80%.
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Figure 2.2: Total transverse energy Er measured with the ATLAS Forward
Calorimater in PbPb collisions. Centrality is divided into percentile intervals
by vertical lines. Taken from [I5].

2.3 Jet Physics

Jets are collimated sprays of particles that emerge from high-energy collisions.
They are fundamental objects in particle physics research and play a crucial role
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in our understanding of the strong force and the structure of hadrons.

The mechanism of jet creation can be described by a situation when two
partons are created in the initial hard scattering. Such partons can radiate gluons,
which leads to a parton shower creation. In addition, when two quarks are getting
further from each other, the potential energy between them increases thanks to
the character of strong interaction. When the potential energy is high enough for
the creation of a pair quark-antiquark (¢g), such a pair emerges from the vacuum,
see Fig. 2.3 This process of quark creation and gluon radiation continues as
long as partons have enough energy. The final result is a collimated shower of
particles — jet.
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Figure 2.3: Creation of a pair ¢q from intial quarks. Taken from [16].
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Jets carry information about the properties of the quarks and gluons from
which they originated, as well as insights into the underlying physics processes
occurring during the collision. Studying jets allows physicists to probe the dynam-
ics of the strong force, test predictions from QCD, and search for new particles
or phenomena beyond the Standard Model of particle physics.

2.3.1 Jet Reconstruction Algorithms

Jet reconstruction algorithms are used to define jets. Jet constituents can be
either final-state particles, calorimetric towers, tracks, or jets. Detectors have
limited precision of measurement, so the information about particle kinematics
is given by calorimetric towers or clusters measured with calorimeters, or recon-
structed tracks. So in the case of measured data jets consist of either calorimetric
towers or tracks. The jets can be further clustered to form larger jets if an
analysis requires that. However, from MC simulations one has also precise infor-
mation about the particle kinematics, so in this case, the jet constituents can be
final-state particles.

Some aspects of an algorithm that need to be considered are the jet radius
and whether the algorithm is infrared and collinear (IRC) safe. Infrared safety
means that by adding infinitely soft particles the jet definition remains the same.
Collinear safety means that by splitting one jet constituent into two the jet def-
inition does not change. If an algorithm is IRC unsafe, the perturbative QCD
calculations will be affected [12].

11



A very important parameter that must be considered by a jet reconstruction
algorithm is jet radius R. It describes the size of a jet in n— ¢ space. The distance
between i-th and j-th particle in the n — ¢ space is given by the formula

ARy = /(g = m)? + (9 = 6,)*. (24)

There are two classes of jet algorithms: cone and sequential clustering al-
gorithms. Cone algorithms operate under the assumption that particles within
jets will predominantly appear within conical regions. Consequently, they cluster
particles based on their n — ¢ space coordinates, leading to jets characterized by
fixed circular boundaries. While cone algorithms have historically been favored
by experimentalists due to their ease of implementation, they are not as popular
among theorists, primarily due to their reliance on non-physical constants. More-
over, cone algorithms are generally considered to be IRC unsafe. The most known
cone algorithms are IC-PR, IC-SM, and IRC safe. More information about these
algorithms can be found here [17].

Sequential clustering algorithms operate under the assumption that particles
within jets exhibit minor differences in transverse momenta. Consequently, these
algorithms group particles based on momentum space, leading to jets character-
ized by varying areas in n — ¢ space. While sequential clustering algorithms have
traditionally been preferred by theorists, experimentalists were less inclined to use
them due to their historically slow computational performance. However, with the
advent of the FastJet package, clustering algorithms have significantly improved
in speed, making them more appealing to experimentalists as well. Addition-
ally, sequential clustering algorithms adhere to the IRC safety criteria. The most
known sequential algorithms are k;, anti-k;, and Cambridge Aachen (C/A) [17].

The clustering process for sequential clustering algorithms follows this proce-
dure: Initially, the algorithm calculates all distances d;; and d;p (see Table
and identifies the smallest one. If d;; is the smallest distance, it merges the i-th
and j-th particle into a single entity. Conversely, if the smallest distance is d;g,
the algorithm isolates the i-th particle and designates it as a jet. This iterative
process continues until all particles are clustered into jets.

The performance of the mentioned sequential algorithms and the SIScone
algorithm (which is a cone algorithm) is shown in Fig. [2.4]

algorithm d;j d;s
ARZ
. 2 .2 i 2
K min (pTivaj) R Dy
ARZ.
: . 11 i 1
anti-k min | &, = K
t < i p%‘j) R Pt
ARZ?,
ij
C/A = 1

Table 2.1: Definitions of d;; and d;g for the sequential clustering algorithms. pr;
and pr; are the transverse momenta of i-th and j-th particle, respectively. AR;;
is their mutual distance in the n — ¢ space, and R is jet radius.
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A jet reconstruction algorithm determines also jet kinematics. Kinematics of
a jet is characterized by jet energy E, momentum p, rapidity y, pseudorapidity 7
(which is the same as rapidity in most cases), etc. However, the crucial property
of a jet is transverse momentum pr]'Tet, because as mentioned in Section pT
is Lorentz invariant quantity along the z-axis. Thus, jet spectra are measured in
terms of pis".

In the analysis performed within this thesis, the anti-k; algorithm was used.
The definition of d;; for the anti-k; algorithm implies that the algorithm prefers to
cluster hardEl particles first. Consequently, the fluctuation in the area in the n— ¢
space is minimal. The anti-k; algorithm’s preference for clustering results in supe-
rior jet resolution capabilities; however, its suboptimal de-clustering performance
makes it less suitable for studying jet substructure [17].

Cam/Aachen, R=1

Figure 2.4: Comparison of the performance of four distinct jet reconstruction
algorithms operating on calorimetric tower data in the n — ¢ space within the
same event. The event includes a background of soft particles. Taken from [18].

2.3.2 QGP and Jet Quenching

QGP can be produced at the LHC on an extremely short time scale when two
relativistic heavy ions are collided. As the nuclei pass through each other, a
region of extremely large energy density is formed (greater than 12 GeV /fm?) [1].
It is believed that QGP existed for a few millionths of a second after the Big
Bang. It means that physicists recreate the conditions of the early Universe by
relativistic HI collisions. The temperature of QGP is estimated above 10'? K

IHard particles are the particles with high pr.
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(see phase diagram in Fig.[2.5). However, after a very short time, the partons
recombine into hadrons — mainly pions and kaons.

% 200F m
= 3 Quarks and Gluons
= %‘ Critical point?
G!_J @A r/‘f_:i‘ 1s)
5 o W 5o,
o+ 4 f’})@
o l e
L 100} 2 Hadrons %%
5 % s g
— %‘—ée 1‘}?"
Color Super-
Neutronstars  conductor?
h 4 s
0 1 ) i N
Nuclei Net Baryon Density

Figure 2.5: Phase diagram of QGP. Note: 1 MeV ~ 10'° K. Taken from [19].

In HI collisions, the first indications of QGP existence were observed in 2003 in
the STAR and PHENIX experiments at accelerator RHIC in the US [20]. There
were measured different angular distributions of particles coming from pp and
HI collisions. Later, there was observed unexpected behavior of jets produced
in HI collisions at the LHC. One of the two back-to-back jets was significantly
suppressed. Such unexpected behavior can be explained by the existence of QGP.
A jet penetrating through the QGP deposits some amount of energy in the QGP,
so one of the jets lost more energy than the other one. This phenomenon is called
jet quenching. Thus, jet measurements in HI collisions are of great interest to
study the microscopic structure of the QGP liquid [1]. While jets are well-defined
entities in QCD and are effectively understood in pp collisions, their dynamics in
HI collisions exhibit distinct characteristics. The initial, hard scatterings respon-
sible for jet production occur in the early phases of the collision. The subsequent
evolution of the scattered parton, transitioning towards hadronization, unfolds
within the evolving QGP medium. This intricate process introduces modifica-
tions compared to the well-understood dynamics observed in pp collisions.

Jet quenching can be quantified by the measurement of several quantities.
Here we will discuss nuclear modification factor Raa and central-to-peripheral
collision yield ratio Rcp. While R4 is defined as the ratio of jet spectra in central
HI and pp collisions, Rcp is the ratio of jet spectra in central and peripheral HI
collisions. These quantities are given by formulae [I]

1 1 d%Njet |
(Tan) Nevt dprdy cent

RAA - d20jet | )
dprdy PP
(2.5)
1 1 d®Njet
R (Tan) Nevt dprdy lcent
CP —

1 1 d?Njet ’
per

—

TAA> Nevyt dprdy
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p+p A+A

Figure 2.6: Left: jets in pp collisions. Right: jet quenching in QGP. Taken

from [21].

d? Njet

) dprdy
pr and vy, %ﬁ;; is a differential cross section of jets with respect to pr and y, and
(Taa) is the nuclear thickness function. The type of collision is set behind the
vertical line: cent = central PbPb collisions, per = peripheral PbPb collisions,
and pp serves for proton-proton collisions.

In short, the nuclear thickness function accounts for an enhancement of the
hard-scattering rate due to the larger geometric overlap between the colliding
nuclei. In both cases, (Taa) is calculated via the Glauber model [13]. It is
important to mention that the measured values of Rax and Rcp are less than 1
since in central PbPb collisions the jets are quenched the most.

Additionally, one can look at how the jet structure is modified in the QGP [22].
This can be addressed by measuring of charged-particle pr distribution at a dis-
tance r around the jet axis D(pr,r) which is given by the formula

where Nt is the number of events, is the number of jets with respect to

1 1 dnea(pr,7)
~ Niw2mrdr  dpr

D(pr,T) (2.6)

where Nj is the number of jets in consideration and ne,(pr,r) is the number of
charged particles with a given pr at a distance r from the jet axis. The ratio of
the charged-particle yields measured in HI and pp collisions Rpp. ) is then

D (pT7 T)HI
RD(pT,T) D(pT, ,r,)pp ’ (27>
The ratio Rppy,» quantifies the modifications of the yields due to the QGP
medium. The modification of charged-particle yields associated with the calori-
metric jets, sorted according to the charged-particle pr is shown in Fig. [2.7]
Since the values of Rppr,r) for the charged particles with pr < 4 GeV are greater
than 1, exclusion of these particles from a track jet would lead to the accidental

suppression of Rax.
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Figure 2.7: Rppy, as a function of angular distance r for 126 < pjft < 158 GeV
and jet radius R = 0.4 for seven pr selections of charged particles involved in
the calorimetric-jet area in central PbPb collisions. The vertical bars on the
data points indicate statistical uncertainties, while the shaded boxes indicate
systematic uncertainties. Taken from [22].

2.4 Motivation for the Thesis

The motivation for this work is the following. The ATLAS, ALICE, and CMS
experiments obtained results from the measurement of jet suppression in PbPb
collisions for various jet radii [2], [3, 4, 5]. The results from individual experiments
are displayed namely in Figures[2.8] 2.9 and 2.10] The common plot of the ratio
of Ran for jet radii R = 0.4 and R = 0.2 was also made, see Fig. [2.11}

Whereas for ATLAS measurement the values of the Rcp double ratio are
above the unity for low pjTet, for ALICE measurement the values are below the
unity. However, the dependence of Rxp on R is not theoretically described qual-
itatively. There exist some models predicting that the suppression is smaller
with increasing R, while the other models predict the opposite behavior, see Fig-
ures and More information about the models from the figures can be

found here [5], 23, 24, 25].
2.4.1 Differences in Measurements

Fig.[2.11|shows that results from the experiments are inconsistent with each other.
However, the measurements in the individual experiments were not performed
in the same conditions. In this subsection, the impacts of differences in the
measurements on the results are discussed.

Collision energy

ATLAS measurement from 2013 (light green in Fig. [2.11)) was performed at col-
lision energy /syn = 2.76 TeV [2], while the collision energy in the other mea-
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Figure 2.8: Ratios of Rcp values between R = 0.3,0.4, and 0.5 jets and the ref-
erence R = 0.2 jets as a function of p¥* in the 0-10% centrality bin from the
ATLAS experiment. The error bars show statistical uncertainties. The shaded
boxes indicate partially correlated systematic errors. The lines indicate system-
atic errors that are fully correlated between different pr bins. Taken from [2].

surements is \/syy = 5.02 TeV. This affects Raa through the different straight of
quenching and spectra shape. A comparison of Raa (see Eqn. for collision
energies of 5.02 TeV and 2.76 TeV for two centrality bins and jet radius 0.4 can
be seen in Fig. . Additionally, a comparison of Rppr) (see Eqn. for
the same two collision energies for pr interval 126-158 GeV and jet radius 0.4 is
displayed in Fig. It seems that the impact of collision energy on such scales
has only minimal impact on jet quenching.

RAA VS RCP

The jet-quenching measurement from ALICE, ATLAS, and CMS experiments at
V/snn = 5.02 TeV is expressed in terms of Ras. In contrast, the measurement of
jet quenching from the ATLAS experiment at /sy = 2.76 TeV is expressed in
terms of Rcp, where as peripheral collisions are considered those with centrality
60-80%. The reason is that data within this measurement were collected in 2010,
and there was not sufficient available statistics in pp collisions. The conversion
from the double ratio of Rcp to Raa for any centrality interval can be made by
multiplication of the Rcp double ratio for given centrality bin by the Raa double
ratio for centrality bin 60-80%. The values of this double ratio are supposed to
be slightly below the unity, so this effect would have only a small impact on the
results. For example, one can see in Fig. [2.10|in the upper row that the values of
the Raa double ratio for R = 0.4, centrality bin 50-90% (green color), and pk'
from 200 to 400 GeV are close to 1.
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Figure 2.9: Double ratio of jet nuclear modification factors using RE3%? as the
denominator and using R = 0.4 (left) and R = 0.6 (right) as the numerator from
the ALICE experiment compared to model predictions for central (top row) and
semi-central (bottom row) collisions. The statistical uncertainties of data are

shown as vertical lines, whereas the systematic uncertainties are shown as shaded
boxes. Taken from [4].

Jet Constituents

Another difference between the measurements is the type of jet constituents.
Jets measured by ALICE are created from tracks — charged particles only. On
the other hand, jet constituents in ATLAS are calorimetric towers, whereas CMS
exploits information from both calorimetric and tracking detectors for jet recon-
struction. Thus, within the analysis included in this thesis, data from ATLAS
are processed in the following way. The procedure that clusters tracks into jets
is performed, and the dependence of charged-jet pr spectrum and Raa on jet
radius R is investigated.

Background subtraction

In the analysis of HI collisions, a significant portion of the observed particle ac-
tivity comes from the underlying event (UE) [29], which can obscure signals of
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Figure 2.10: The Raa double ratio as a function of jet radius R with respect to
R = 0.2, in various event centrality bins and p]{ft ranges from the CMS experi-
ment. The statistical uncertainties of data are shown as vertical lines, whereas
the systematic uncertainties are shown as shaded boxes. Taken from [5].

interest. Briefly, the UE refers to additional particle activity apart from the
primary hard scattering process of interest, such as multiple nucleon-nucleon in-
teractions, multi-parton interactions, initial- and final-state radiation, and other
secondary interactions within the collision environment. The UE presents chal-
lenges for data analysis and interpretation in high-energy physics experiments,
and specialized methods are employed to mitigate their effects and extract mean-
ingful physics results. It is also important to estimate systematic uncertainties
depending on the used method to subtract UE. The most commonly used is the
area-based method, which was applied to the data of interest in ATLAS and CMS
experiments [2, B, 5]. However, the machine-learning-based (ML) technique was
applied to the data of interest within the ALICE experiment [4].

Another effect that contributes to the background is pile-up (PU), which
refers to the occurrence of multiple simultaneous collisions within the same bunch
crossing in collider experiments. The PU is the main source of background in pp
collisions. However, the contribution of the PU to the background in HI collisions
is negligible with respect to the UE (in the order of 1073).

The area-based method for background subtraction [30] starts with the com-
putation of the average background momentum density p. The calculation of p
differs for individual experiments. The corrected momentum pi'j, of a certain
jet (reconstructed with a jet algorithm and parameters set within the analysis)
is then computed as

COIT raw

PT jet = PT et — PAjet (2.8)

where p¥, is the transverse momentum of the reconstructed jet before back-
ground subtraction, and Aje is the jet area [3I]. This procedure is applied

19



— ‘ ‘
—+— ALICE 5.02 TeV

—— ATLAS 2.76 TeV, R
—a— ATLAS 5.02 TeV (re-calculated)
—— CMS 5.02 TeV

1.8

1.6

1.4

' a(0.4)/R,A(0.2)

o 1.2

\l\\\‘\\\‘\HTH\‘\H‘\\\‘H\‘\H

0.8
0.6
0.4 |
40 50 60 102 2. 102 10°
pi* [GeV]

Figure 2.11: Comparison of jet suppression for jet radii R = 0.4 and R = 0.2
measured with experiments ATLAS, ALICE, and CMS in central PbPb collisions.
There is also introduced the collision energy per nucleon for each experiment in
the plot. Re-calculated (dark green) means that the ratio was made additionally,
it is not officially published. Plot made by Yeonju Go.

event-by-event. Finally, systematic uncertainties associated with the background
estimation should be carefully evaluated and accounted for in the final results.

The ML-based method for background subtraction used by ALICE is de-
scribed in the steps [32] displayed in Fig. [2.15, The neural network is trained
and tested on data from MC simulations. First of all, the toy model data are
created. To create events with particle jets in a HI background, events generated
by PYTHIA [33] at /s = 5.02 TeV are embedded in a thermal background. The
thermal background is created by randomly distributing charged particles accord-
ing to realistic particle multiplicity and momentum distributions. The multiplic-
ity distribution is modeled with a Gaussian function with a mean of 1800 and a
width of 200, which roughly reproduces the multiplicity in central PbPb events
at \/snn = 5.02 TeV. The second step is the training of the ML-based estima-
tors and their evaluation on the toy model. However, since jet quenching is not
described properly by the toy model, the background estimators trained on this
toy model serve for a significant systematic uncertainty analysis on real data (see
shaded boxes in Fig. . In the third phase, the trained and verified estimator
is utilized on HI data to derive background-corrected spectra. In addition, a re-
sponse matrix is created to account for detector effects. The final step entails the
unfolding process to obtain the final spectra.

Another approach to massively reduce the background effects is to set a
higher p§" on jet constituents since the background is dominated by low-p par-
ticles. However, a great disadvantage of this approach is that the low-pt con-
stituents of a jet are also discarded. Thus, the thesis deals also with the question
of the impact of p$* to jet constituents on the charged-jet pr spectra and Raa. In
addition, the ICS method [29] for background subtraction is implemented within

cut

the analysis, which enables setting the p§" to lower values. The ICS method is
more discussed in Chap. [7]
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Figure 2.12: The ratio of Raa for various jet radii R to the reference R = 0.2, in
various pJT‘at ranges for the 0-10% centrality interval. The statistical uncertainties
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Figure 2.13: The Raa as a function of pJTGt at collision energies 2.76 TeV and
5.02 TeV for two centrality bins 0-10% and 30-40%. The error bars represent
statistical uncertainties, and the shaded boxes around the data points represent
bin-wise correlated systematic uncertainties. Taken from [26].

21



2_5 T T T T

ATLAS | <2.1anti-k, R=04jets |
— -
'_
S ]
Q 2 [] 126 < p < 158 GeV, |5, =2.76 TeV
Q: @ 126 < p < 158 GeV, |5y, =5.02 TeV +
1.5 -
i 4
I

I Pb+Pb, 0-10% 1
0.5 | | -

1 10 10

p_[GeV]
T

Figure 2.14: Rppy) for 126-158 GeV jets for collision energies of 5.02 TeV [27]
and 2.76 TeV [28] in central PbPb collisions. The vertical bars on the data points
indicate statistical uncertainties while the boxes indicate systematic uncertainties.
Taken from [27].

Y Y

Thermal

PYTHIA Toy model
creation

| Toy model dataset

Adjust if

. Training and
1 Training needed Testing g

evaluation

"""\Q; Machine learning estimator ﬁ‘""

(e.g. neural network)

appl create —
pply response Application
to data

Response matrix

Bkgrd-corrected

spectra
- /
v
| Unfolding |
ﬂ Unfolding
Final result

Figure 2.15: lustration of the full proposed analysis strategy using the ML-based
method for background subtraction by ALICE. Taken from [32].

22



3. Dataset

3.1 Data Samples

This analysis uses 1.72 nb™! of PbPb data at /sxy = 5.02 TeV recorded in 2018,
and 257 pb~! of pp data collected in 2017 at the same collision energy. Various
hard probe triggers (high-pr jets, muons, electrons, and photons) are grouped
into a Hard Probe (HP) stream and the Main stream in PbPb and pp data-
taking periods, respectively. Additionally to the jet-triggered data sample, pp
collisions recorded by Minimum-Bias (MB) triggers grouped into the MB stream
are utilized in this analysis. Mutually exclusive streams of peripheral events
and central events are combined to obtain an MB PbPb data sample. The run
numbers for each set are given in Appendix [A.T]

3.2 Event Selection

The standard HI event quality requirements were applied for the event selection
both for the pp and PbPb events.

o All the sub-detector systems were required to be fully functional: all the
data were required to pass the official good run lists.

o All events are required to have a good reconstructed primary vertex.

« Additional event cleaning to remove additional detector imperfections
(problematic events due to LAr, Tile, SCT, incomplete events).

« No PU removal is applied in pp collisions (typical p is 2).
o In PbPb collisions, the out-of-time PU contribution is removed.

e In PbPb collisions, the in-time PU contribution is removed. The main
motivation to remove the PU contribution in PbPb collisions is to not bias
centrality estimation.

3.3 Trigger Selection

To maintain efficiency for events containing hard probes, specific jet triggers are
used. As mentioned in Sec. [1.2.4] events are first identified at L1 by various
L1 triggers. These L1 “seeds” are passed to the HLT, where the jet trigger
algorithm with various thresholds on pi$* was used for the final selection.

HLT jet triggers both in pp, and PbPb collisions were seeded by different L1
seeds: a) L1 jet triggers performing a simple sliding window algorithm to find jet
candidates (L1J) with Er threshold ranging from 15 to 30 GeV or b) total energy
trigger requiring 20 GeV of total energy at the L1. The HLT jet trigger uses a jet
reconstruction algorithm similar to that used in the offline analysis, and various
Er thresholds are applied to jet trigger collection at the HLT. The jet trigger
uses anti-k; R = 0.4 jets. The lists of used triggers for corresponding pr bins are
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given in Tab. [3.1] and [3.2] for pp and PbPb collisions, respectively. This analysis
uses only jet triggers in the region of plf' for which the triggers are fully efﬁcien.
A detailed description of the jet triggers in HI collisions can be found in [11].

trigger it [GeV]
HLT_j40_0Oeta490_L1TE20 72-79
HLT_j50_L1J15 79-84
HLT_j60 84-102
HLT_j75_L1J20 102-112
HLT_j85 112-124
HLT_j100_L1J20 >124

Table 3.1: Triggers used in the analysis of 2017 pp data and the corresponding

et
P ranges.

trigger i [GeV]
HLT_j50_ion_L1J12 79-84
HLT_j60_ion_L1J15 84-102
HLT_j75_ion_L1J30 | 102-112
HLT_j85_ion_LIJ30 >112

Table 3.2: Triggers used in the analysis of 2018 PbPb data and the corresponding

p]et
T ranges.

3.4 Monte Carlo Samples

This analysis utilizes MC16 PYTHIAS pp jet events at /s = 5.02 TeV with the
A14 ATLAS tune and the NNPDF23LO pdfs. The summary of the pp MC sam-
ples can be found in Tab. [3.3] The PbPb MC sample uses PYTHIAS events with
the same tune and pdfs as in pp MC samples that are overlayed on top of events
from a dedicated sample of real MB PbPb collisions. The PYTHIA model is used
since the theoretical model that would describe jet quenching well does not exist.
The overlay procedure guarantees that the UE is perfectly described in the simu-
lations. The overlayed samples (listed in Tab. were recorded with a mixture
of MB triggers and total energy triggers requiring 1.5 TeV or 6.5 TeV to enhance
the number of central collisions. The samples were reweighted on an event-by-
event basis for unfolding purposes and to evaluate measured distributions in the
MC such that they have the same centrality distribution as the jet-triggered data
sample. The reweighting factors are estimated as the ratio between normalized
EEC distributions and are discussed in more detail at the beginning of Chap. .
The pp MC is generated with the PU contamination that matches the one in the
data. No PU reweighting is performed in the analysis.

!Efficiency is better than 99%.
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JZ | Q [GeV] o [nb] x € Hevents
T | 2060 | (68 x107) x (2.0 x 10%) | SM
2 60-160 (6.4 x 10°) x (4.29 x 1073) 8 M
3 | 160400 | (4.7 x 10°) x (5.30 x 107%) | 8 M
1| 400 800 | (27 x 10) x (459 x 10°%) | 8 M
5 | 800-1600 | (2.2x 10 1) x (2.18 x 10°°) | 8 M

Table 3.3: MC samples of pp collisions generated by PYTHIAS.

JZ | Q [GeV] o [nb] x € #events
T | 2060 | (68x107) x 28 x10°%) | 77 M
2 | 60160 | (64 x 10°) x (429 x 10°%) | 7.7 M
31160 400 | (47 x 10°) x (5.30 x 10°%) | 7.7 M
1| 400 800 | (2.7 x 107) x (4.50 x 10°%) | 7.5 M
5 1800 1600 | (22x 10 1) x (2.18 x 10°9) | 7.7 M

Table 3.4: PbPb MC overlay datasets.
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4. Experimental Data Processing

First of all, the data are organized in so-called trees. From the tree, one can
obtain various observables for each event:

« Kinematic quantities of calorimetric jets: transverse momentum pjTet, pseu-
dorapidity 7’°*, azimuth angle ¢'**, and mass M**. These jets were recon-
structed from calorimetric towers with the anti-k; algorithm with a fixed
radius R = 0.4.

« Kinematic quantities of tracks: transverse momentum p$%*, pseudorapid-

ity n'*¢ and azimuth angle ¢, Since the most of tracks are charged
pions, we suppose the mass of the tracks is 139.6 MeV in this analysis. Only
tracks passing established track selection quality criteria are used.

track

« Event centrality in PbPb collisions (definition in Sec. [2.2)). Centrality range
0-80% is divided into 8 equidistant bins, so each PbPb event is characterized
by one of the centrality bins: 0 — 10%, 10 — 20%, ..., 70 — 80%.

« Event run number (listed in Sec. [3.1)).

o Activated trigger, corresponding to the leading-jet pr according to Tab.
and [3.2] Information about the activated trigger together with the event
run number is used to obtain the trigger prescale correction accounting for
the effect that some triggers sample only a fraction of total luminosity.

4.1 Calorimetric-Jet Spectra

The first step of the analysis is to construct calorlmetrlc—Jet spectra, which means
the dependence of the differential cross-section 5 d* 7, on p’T Kinematic quantities
of the calorimetric jets are obtained directly from the tree. Only jets with pseu-
dorapidity |[®*| < 1.9 are selected, since within the further analysis also tracks
are clustered into jets with radius 0.6, and the pseudorapidity range of the ID is
In| < 2.5. The jet spectrum is constructed for both pp and PbPb collisions for var-
ious centralities. Jet-spectra histograms are corrected for the prescale computed
from the activated trigger and the event run number as mentioned above. To get
the differential cross-section, the spectra are then divided by corresponding lumi-
nosity (luminosity is different for pp and PbPb collisions) and normalized by the
number of events corresponding to a given centrality interval, bin width, and the
jet pseudorapidity range. The calorimetric-jet spectra are displayed in Fig. [4.1]
The spectra have the shape of an exponentially decreasing function, which is ex-
pected. Furthermore, Raa distributions are constructed for the calorimetric-jet
spectra, which are shown in Fig. £.2] As mentioned in Sec. the measured
values of Raashould be less than 1 in HI collisions. However, the values of Raa
are greater than 1 for low pif* in central collisions (0 — 10%). The reason is that
there is a contribution of fake jets due to the large UE fluctuations [2].
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Figure 4.1: Spectrum of R = 0.4 anti-k; calorimetric jets with |[¢*| < 1.9 for
pp and PbPb collisions for centrality bins 0 — 10%, 20 — 30%, 40 — 50%, and
60 — 70%. Only statistical errors are presented.
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Figure 4.2: Raa distribution of R = 0.4 anti-k; calorimetric jets with [®*] < 1.9
for centrality bins 0 — 10%, 20 — 30%, 40 — 50%, and 60 — 70%. Only statistical
errors are presented. The value of 1 is marked by a grey line.

4.2 Track-Jet Spectra

The next step is to cluster tracks into jets. Again, the anti-k; algorithm is used.
One of the aims of this thesis is to investigate track-jet spectra behavior for
various jet radii. Thus, the clustering is performed for radii 0.2, 0.4, and 0.6.
Another parameter that can be varied is p$" on tracks, discussed in Sec. . The
track-jet spectra are constructed for the values of p™: 1 GeV, 2 GeV, 3 GeV,
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4 GeV, 5 GeV, and 6 GeV.

Before the clustering, track selection is performed. First of all, the tracks
with piack > psit are selected. However, there is a residual contribution of fake
tracks, so a fake-elimination procedure is needed to perform. If pifack > 30 GeV,

the following two conditions have to be satisfied:

e The track must match to any calorimetric jet with pjft > p§*. In other

words, the distance between the track and the calorimetric jet must be less
than 0.4.

e Transverse momentum of the track must be less than the transverse mo-
mentum of a jet that the track matches to Pt et pltiplied by a factor f,
so pirack < fpletmatch “phig factor is computed from the formula

f=1+ \/(30JER)2 + (30rMR)?, (4.1)

where ojgr = 0.15 and oryr = 0.15E|.

The tracks with pfac > 30 GeV that do not satisfy these conditions are excluded.
After the fake-elimination procedure, the tracks are clustered with the anti-k;
algorithm for various jet radii. Again, only jets with pseudorapidity |7’®*| < 1.9
are selected, and the jet spectra are corrected for the prescale and normalized in
the same way as the calorimetric jets.

Track-jet spectra for pp and PbPb collisions for various centrality bins, var-
ious jet radii, and various p$"* are displayed in Figures , , and The
corresponding Raa distributions are shown in Figures [1.6], [£.7 and [4.§ Track-
jet spectra are exponentially decreasing and most of them have similar shapes.
However, there are some exceptions for those where p™* of 1 GeV and 2 GeV are
used. The reason is that a significant portion of the background is also included
in the clustering. More of the background is clustered, if: pS$™* decreases, or the jet
radius increases, or p]Tet decreases, and the more central the PbPb collisions are.
In most Raa distributions one can see that the more central the collisions are, the
values of Raa are smaller, which means that the jets are suppressed more. For
higher pjT‘gt, statistical fluctuations occur mainly for peripheral collisions. As men-
tioned above, a significant portion of the background is clustered for lower values
of p* which is manifested as the divergence of Raa distributions at low p]ft for
central PbPb collisions, see Figures .72l [4.8a] and .85l In general, one can see
that the values of Raa of track-jets (except for the cases with a significant UE

contribution) are lower than in the case of calorimetric jets with corresponding

centrality (Figures and [4.2).

!The values of oygr and opyr are the first guess.
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Figure 4.3: Track-jet spectra with |[®*| < 1.9 and radius R = 0.2 for pp and
PbPb collisions for centrality bins 0 — 10%, 20 — 30%, 40 — 50%, and 60 — 70%.
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are presented.
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Figure 4.8: Raa distributions from track-jet spectra with [®*| < 1.9 and radius
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Consequently, the Rxa double ratio distributions are constructed, namely

giigg:g and giigg:g; for various values of p* on tracks. The double ratios for

central PbPb collisions (0 — 10%) are displayed in Fig. In the individual

subplots, p{"* is fixed, but R in the numerator varies. For p{* = 1 GeV and

2 GeV, the results are affected by large background. The background is present

more in jets with R = 0.6 than those with R = 0.4. If p§** = 3 GeV, the values

in the plot are greater than 1 (up to 1.6 for R = 0.6) for lower pX'. For the other

values of p*, the values in the distribution are close to 1. Another option is to
cut

fix R in the numerator and vary the p$". Such an option is applied within the
individual subplots in Fig. [4.10]

4.3 Correspondence between the Calorimetric
and Track Jets

In the previous paragraphs, the construction of calorimetric and track-jet spec-
tra, and their Raa distributions was described. In the next step, the correlation
between their transverse momenta is investigated. Namely, 2D histograms (cor-
relation matrices) p'r** ¥ versus p " for pp and PbPb collisions for various
centralities, jet radii R of track jets (calorimetric jets have always R = 0.4),
and p$" on tracks are constructed. From each event, a list of calorimetric and
track jets with |7®*| < 1.9 is created. The algorithm matches the corresponding

calorimetric and track jets as follows:

1. A list of all distances in the 7 — ¢ space between the i-th calorimetric and
the j-th track jet AR;; is created.

2. A minimal distance AR?;“‘ is calculated, and the corresponding indices 7,
and jni, are stored.

3. The condition AR??“ < 0.75R is checked.

4. If the condition is satisfied, the match is found. Consequently, this pair is
removed from the list and the algorithm moves to step 1 and all procedure
is repeated as long as the condition in step 3 holds.

In the ideal case, the correlation matrix between pr of calorimetric and track
jets would be perfectly diagonal. However, in reality, the following effects modify
the correlation matrix:

o The calorimetric jets contain also neutral particles, whereas the track jets
are formed by charged particles only. This effect decreases pr of the track
jet with respect to the matched calorimetric jet.

e The calorimetric jets are deprived of the UE, whereas the track jets are

not. The UE increases pr of track jets. This effect is significant mainly in

central events for low values of p§'* and large jet radius R.

o Imperfect tracking efficiency decreases pr of track jets.

o Fake tracks increase pr of track jets.
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value of 1 is marked by a grey line.
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are presented. The value of 1 is marked by a grey line.

o Momentum resolution is different for calorimetric and track jets.

The above effects can be seen in the correlation matrices in Figures
and [£.12] The figures contain two sets of the correlation matrices for track-jet
radii and p$" on tracks: R = 0.2 with p{" = 6 GeV (small jets with large p™),
and R = 0.6 with p{** =1 GeV (large jets with small p$™), respectively.
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Figure 4.11: Correlation plots between the calorimetric and track-jet pr, both
reconstructed with anti-k; algorithm and pseudorapidity || < 1.9. Calorimetric
jets have R = 0.4, whereas the track jets have R = 0.2 and p$*"* = 6 GeV. The
plots in the first two rows correspond to PbPb collisions for various centrality

bins, the bottom plot corresponds to pp collisions.
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5. MC Data Processing

First of all, the data structure is discussed, similarly as in the introduction of
Chap. [l The observables are also organized in the tree. In addition to all the
observables discussed in Chap. 4] the following observables for each event are also
available:

« Kinematic quantities of truth tracks: transverse momentum p¥"® pseudo-

rapidity 7", and azimuth angle ¢'""*®. The mass of the particles is set to
139.6 MeV (the mass of a charged pion).

o MC weight wyc . As mentioned in Sec. [3.4] the data are divided into 5 JZ
slices according to the transferred momentum in the collision. Each JZ slice
has the unique value of MC weight, and it is the same for each event within
a certain JZ slice.

o Total transverse energy deposited in the forward calorimeter FCal, de-
noted EIT?CM. This value is used to get another weight, wpca. The wpca is
obtained from the histogram in Fig.[5.1} If EEC > 4.5 TeV, then wrca = 1.
The resulting event weight is w = wye X Wgcal-

3 1.6
S

1.4
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0.8
0.6
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I|III|III|III|III|III|III|III|
L
.
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Figure 5.1: Dependence of wgc, on the total transverse energy deposited in the
FCal.

5.1 Track-jet Modification

From MC data, track-jet spectra are constructed using the anti-k; algorithm in a
similar way as in the case of experimental data (various centrality bins, various jet
radii, and various values of pS™ are considered). The spectra have a similar shape

as those in Figures[4.3] [4.4] and [4.5] So instead of spectra, the corresponding Raa
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are rather displayed in Figures[5.2] [5.3] and [5.4 It is very important to mention
that MC does not simulate jet quenching, so Raa for truth track jets should be
equal to one (in fact, the values slightly fluctuate around 1 due to statistics, see
Fig. 5.5). Therefore, the centrality-dependent modification of MC reconstructed
jet spectra in PbPb versus pp is caused by background and migration due to
momentum resolution, and tracking efficiency. Of course, these effects are also
present in experimental data, so it is useful to probe them within MC. Then it is
possible to correct experimental jet spectra.

5.2 Track-jet Reconstruction Efficiency

Since we have information about truth tracks in MC, it is possible to use this in-
formation to determine the efficiency of track-jet reconstruction. It is determined
as a ratio of matched truth-jet spectra to overall truth-jet spectra. The matching
means that each truth jet is matched to a compatible reconstructed jet in the
sense of minimal AR in the n — ¢ space within each event if such matching exists.
The matching procedure is the same as it was in the case of matching the track
jets to calorimetric jets in experimental data (see Sec. . There are displayed
two plots of track-jet reconstruction efficiency in this thesis: the first one for jets
with R = 0.2 and p* = 6 GeV, and the second one for jets with R = 0.6 and

P =1 GeV (Fig. . In both cases, the efficiency is above 0.9 and it seems

cut

that it is generally higher for large jets with a small p§*.

5.3 Migration Matrices

Jet migration due to momentum scale and resolution can be expressed via the
so-called migration matrix. It is a 2D plot — correlation of reconstructed- vs truth-
jet pr. The reconstructed jets are again matched to truth jets in the same way as
above. Again, the same two sets of plots of migration matrices are selected: the
first one for jets with R = 0.2 and p$"* = 6 GeV (Fig. , and the second one for
jets with R = 0.6 and p"* = 1 GeV (Fig. . In the case of an ideal detector and
no background, the migration matrices would be diagonal. However, in both sets
of plots, one can see that jets migrate due to detector resolution, the presence of
fake tracks, and tracking efficiency. In the case of large jets and small p$™, there
is also present a significant background, especially for central events (Fig. [5.8)).
Another type of correlation between the reconstructed and truth jets can be
expressed through momentum scale pie© /puh vs piruth (Figures - 5.9 and [5.10) - In
the case of no background and an ideal detector, the momentum scale piee° /piruth
would be equal to 1 for all values of pih. In the Figures E 5.9) and [5.10) - one
can see the effects of imperfect tracking efficiency, detector resolution, and the
background. The momentum resolution is much worse in the case of large jets
and small p"* than for small jets and large p$" due to the large background,
especially in central PbPb collisions. In addition, for both cases, the mean value
of the momentum scale < e/ ptr“th> as a function of pFu* was made (Fig. |5.11]).

However, for small jets and large p**, (piee°/ ptTruth> is approximately 0.7 in PbPb
collisions for all centralities and 0.9 in pp collisions (Fig. |5.11af). This is caused

mainly by imperfect tracking efficiency. For large jets and small P (Fig. [5.11D)),

41



5 160 = 00% s 161 - 0-10%
14 -+ ~20-30% x 140 ~20-30%
£ -+ 40-50% r 40-50%
1.2 ~+ 60-70% 1.25- -+ 60-70%
F¥- F -e
P —— 4 -
- N 4 ' .
ro Fx
0.8~ +++Zt‘+‘ o 08 4, o
F + r ¥y —e—
0.6) + Ty 060 '*':*: -
e e e o Sl L= e S +4. i +*"*+* — | C7 +—-|#sbﬁ*# i+, ]
0.4 0.4
0_2’ L > L L 0'2’ L . L L
10 p:[ackjel [GeV] 10 p;[ack jet [GGV]
(a) p* =1 GeV (b) p§t =2 GeV
g1 6: ---0-10% g1 6; - 0-10%
x 14 - 20-30% x 14 - 20-30%
r 40-50% r 40-50%
1.2 ~+ 60-70% 1.2 -+ 60-70%
E Fo-
e F o
0.8+ "¢ 0.8+
et ARt P .
. . . =
0 6: S a0 3+ *qg*;g;.*.f‘a:’: 0 6: R e S s *:t::t*ﬂ!fﬁi*f+f
0.4 0.4
0_2’ L > L L 0'2’ L . L L
10 p:[ack jet [GeV] 10 p:[ack jet [GeV]
(c) p§* = 3 GeV (d) p§t =4 GeV
2 1'6; - 0-10% < 1'6; - 0-10%
x 14C - 20-30% T 14E - 20-30%
r 40-50% r 40-50%
1.2 ~+ 60-70% 1.2 -+ 60-70%
o 1o
E o E -4
0.8 0.8
L ety 0 R = P e
0. 6: el S *3‘1 0. 6;P+++ ey = $*¢¢+7+7
0.4 0.4t
0_2’ L > L L 0'2’ L . L L
10 p:ack jet [GeV] 10 plTrack jet [GeV]
(e) p§"* =5 GeV (f) p§* = 6 GeV

Figure 5.2: Raa of MC track jets with [7¢*| < 1.9 and radius R = 0.2 for centrality
bins 0 — 10%, 20 — 30%, 40 — 50%, and 60 — 70%. The individual subplots are
made for various p$"* on tracks. Only statistical errors are presented. The value
of 1 is marked by a grey line.
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Figure 5.3: Raa of MC track jets with [7®*| < 1.9 and radius R = 0.4 for centrality
bins 0 — 10%, 20 — 30%, 40 — 50%, and 60 — 70%. The individual subplots are
made for various p$"* on tracks. Only statistical errors are presented. The value
of 1 is marked by a grey line.
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Figure 5.4: Raa of MC track jets with [7®*| < 1.9 and radius R = 0.6 for centrality
bins 0 — 10%, 20 — 30%, 40 — 50%, and 60 — 70%. The individual subplots are
made for various p$"* on tracks. Only statistical errors are presented. The value

of 1 is marked by a grey line.
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the values of <p5§c° / pfr“‘th> are increased due to the large background, especially

for central PbPb collisions and low pl'.
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Figure 5.7: Migration matrices for MC track jets with R = 0.2, p$"* = 6 GeV, and
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collisions for various centrality bins, the bottom plot corresponds to pp collisions.
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6. Bin-by-bin Unfolding

MC simulations are useful not only for the investigation of jet migration but they
can be used also for the correction of jet spectra constructed from experimental
data. Within this thesis, a simple bin-by-bin unfolding of experimental data is
performed. However, this is the very first attempt to correct experimental track-
jet spectra which is not so precise. The more precise unfolding would be beyond
the scope of the thesis.

The bin-by-bin unfolding is performed as follows. First of all, the ratios
Nreco/ Nirutn 0f the reconstructed track-jet spectra and the truth track-jet spectra
within MC are made. In this case, the reconstructed jets are not matched to the
truth ones. Two examples of such ratios are displayed (again with the same pa-
rameter selection as in the previous chapter) in Fig. . Then, the experimental
track-jet spectra are divided by the ratios with compatible R and p$'*. Such cor-
rection accounts for the effects of momentum scale, resolution, UE contribution,
fakes, and efficiency. Finally, the corrected Raa (Fig. and double Raa ratios
(Fig. are made from the corrected track-jet spectra.

In this paragraph, the above-mentioned figures are discussed. It seems that the
corrections are much larger for the spectra of jets with R = 0.6 and p$** = 1 GeV
than those with R = 0.2 and p$" = 6 GeV, especially for central events (0—
10% and 20-30%), where the values of Nyeco/ Nirutn are in the order of hundreds
or thousands as a consequence of a significant background contribution to the
spectra (Fig. . This is expected as all the effects mentioned above are more
pronounced for larger jets and lower p$". As to Raa (Fig. , the plots with
corrected spectra do not differ so much from each other than those made from
raw spectra. For R = 0.6 and p{* = 1 GeV, the correction shifted Raa to a
reasonable order, and for R = 0.2 and p§" = 6 GeV, the correction increased the
differences in Raa between the individual centralities. As to double R ratios
(Fig. , the correction again shifted the values for p§* = 1 GeV and 2 GeV to
the reasonable order (these dependencies are missing in the figures corresponding
to raw spectra since the values would be in the order of hundreds), but their
shapes seem to be also unphysical. As mentioned above, this simple bin-by-bin
unfolding has very bound limits for corrections and the uncertainty of the result
is significant.
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with R = 0.6 and p$** = 1 GeV. Only statistical errors are presented. The value
of 1 is marked by a grey line.
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7. Iterative Constituent
Subtraction

In the above analysis, the background was treated using a high p**. However,

the signal tracks are removed along with the background. Therefore, a more
appropriate choice is to use a method for background subtraction without or
with a small p§**. Within this thesis, the iterative constituent subtraction method
(ICS) is used. The text in this chapter is inspired by [29].

7.1 Description of the ICS

The ICS method is based on the creation of so-called ghosts that correct pr of par-
ticles before the clustering, and this should lead to background elimination. The
ghosts are considered to be infinitely soft massless particles that cover uniformly
the y — ¢ space within the detector acceptance (|n| < 2.5) with the density of
background transverse momentum p. The background density p can be estimated
using one of the methods described here [34]. In general, p can be a function of
other variables, in most cases of rapidity y.
Before the iteration description, here is the list of free parameters:

o Number of iterations Niger.

o Ghost area Ag. This is a fixed area that each ghost covers and is used to
determine the ghost’s transverse momentum pf = pA,.

o Mazimal particle-ghost distance ARn.c. It controls a condition for the
termination of the background removal procedure. AR« can be different
for each iteration.

o Momentum weight «. This parameter is included in the determination of
the distance measure D, ; between the i-th particle and k-th ghost defined
as

Dix = p7; ARk (7.1)

where AR, ;, = \/(yZ —yp)?+ (¢ — B%)?

e Ghost removal. It can be either turned on or off. If turned on, the algorithm
does not use ghosts in the following iterations that were not fully subtracted
in the previous iteration.

The algorithm follows these steps:

1. Background momentum density p is calculated and ghosts with p§ are cre-
ated.
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2. Event-wide CS correction is performed. This is an iterative procedure for
background removal. First, a list of distance measures D, j, is created and
sorted from the lowest to the highest values. The procedure starts with the
particle-ghost pair with the lowest D; ;, and the following manipulations are
done:

If pr; > P%,k : DT — PTi — p%‘,ka
s —0;
‘ Pk (7.2)
otherwise: pri — 0,

g g
Pty — Py — PTa-

The procedure iterates as long as AR, < ARpax.

input output

3. A scalar pr sum of the input ghosts pp”"" and of the output ghosts pp
is calculated. The input ghosts are those present in the event before the
CS correction, and the output ghosts are those remaining after the CS
correction. The input ghosts are then updated by scaling their pr by a
factor p3*P"" / piTn put,

4. The next iteration is performed — the algorithm moves to step 2 with the
updated ghosts and generally different values of AR,.x. A number of iter-
ations is given by Nite;.

An example of how the ICS method works is given in Fig. [7.1]

7.2 Parameter Discussion and Results

Within this thesis, the ICS is applied to MC data for an option R = 0.6 and

cut

PP = 1 GeV, since this is the case with the strongest background and for MC

it is possible to construct migration matrices and correlation plots piec® /piruth vs

truth

bt

A challenging task is to set free parameters of the ICS (listed in Sec. [7.1)).
Optimization of the parameters for data from pp collisions is discussed in [29],
which can be of course different for the case of PbPb collisions since the nature
of the background is different. Despite this fact, the setting of the parameters
was inspired by [29]. The number of iterations Ni, is recommended to be set to
2 since more iterations do not bring significant improvement.

In general, ghost area A, should be A, < 0.01. Ghost area determines the
density of ghosts, so with decreasing A, the density of ghosts increases and the
resolution is better, but the computational time is much larger.

The parameter AR, determines the maximal distance between particles
and ghosts that can be combined. By setting finite AR,,.x one avoids combining
particles with ghosts far from each other. An optimal value of A R,,.x can depend
on the jet definition and the detector granularity. As mentioned in Sec. [7.1]
A Rpax can be different for each iteration (ARpax1, ARmax2)-

As to parameter «, it can be beneficial to set a > 0, since the particle-
ghost pairs with lower pr of particles (background is formed by soft particles) are
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Figure 7.1: An example of 2-iterative ICS correction. Subfigure (a) illustrates
an event before the first iteration with hard scatters, background, and ghosts.
After the first iteration, some ghosts can remain in the event (subfigure (b)),
and their total pr is then redistributed uniformly in the y — ¢ space (subfigure
(c)). Subfigure (d) shows a background-corrected event after the second iteration.

Taken from [29].
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prioritized (see . An optimal value of o depends on ARy, %", jet radius
R, and granularity of the detector.

The last free parameter is ghost removal. It affects subtraction in the cases
when AR > ARpaxe. The impact of ghost removal can depend on the back-
ground properties. When p is correlated /anti-correlated in close-by regions in the
y — ¢ space, then it may be useful to turn the ghost removal on/off, respectively.

Within this thesis, four configurations of parameters are used, which are listed
in Tab. [7.1] The varied parameters are just @ and ghost removal. Raa of MC
track jets for the various parameter configurations is shown in Fig. Indeed, it
seems that the ICS works since the divergencies at small pr are reduced (compare
with Fig.[5.4a]). It seems that the configuration #4 (o = 0 and ghost removal on)
reduces the divergencies mostly. However, it is difficult to say which configuration
is optimal. Furthermore, the other parameters can be also varied.

In PbPb collisions, it is needed to take into account the effects of flow on
the UE. The flow originates from the azimuthal anisotropy of the spatial overlap
of the colliding nuclei, which results in the azimuthal momentum anisotropy of
particle emission. It can be expanded to the Fourier series [35]. Within the ICS,
we take into account just coefficients vy and vs.

Consequently, the migration matrices and correlation plots piec /piuth v plruth
were constructed for all the configurations. Since there are almost no visible dif-
ferences in the migration matrices and the correlation plots between different
configurations, just one set of plots (config. #4) is presented in the thesis (Fig-
ures and [7.4). The migration matrices (Fig. look more physical than in
the case of no subtraction (Fig. . The jet momentum scale (Fig. looks
similar for all the configurations and the average value is about 0.7 in PbPb col-
lisions and 0.9 in pp collisions (similar as in Fig. [p.11a]), which is the result of
imperfect tracking efficiency.

Config. | Niter A, ARpaxi | ARpmaxe | « i?ﬁ;&al
#1 2 0.01 0.2 0.1 1 OFF
#2 2 0.01 0.2 0.1 1 ON

#3 2 0.01 0.2 0.1 0 OFF
#4 2 0.01 0.2 0.1 0 ON

Table 7.1: Table of parameter configurations within the ICS method.
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Conclusion

The motivation for the thesis was the inconsistency between the results from the
jet-suppression measurement in dependence on jet radius R between the experi-
ments ATLAS, ALICE, and CMS. A crucial difference between the measurements
was that ALICE analyzed track jets, while the other experiments analyzed calori-
metric jets. For this reason, we constructed and analyzed track jets from ATLAS
data to mitigate this difference. It was the first time that track jets were analyzed
in detail within the ATLAS experiment in PbPb collisions.

We investigated the dependence of track-jet Raa on jet radius R and the min-

imum transverse momentum of the clustered tracks p§'. Setting a higher value

of p{* eliminated the majority of the background dominated by soft particles.
On the other hand, low-pr signals were also discarded, and therefore, physics
was biased. In general, the higher R and smaller p$", the more the background
is clustered. For raw data and p$" > 4 GeV, the values of double Raa ratios
Raa(0.4)/Ran(0.2) and Rpx(0.6)/Raa(0.2) in central events are approximately
equal to 1. If p§* = 3 GeV, the background starts to be clustered, especially for
R = 0.6, and the values of Rx(0.6)/Rax(0.2) increase with decreasing p' and
are slightly above 1. For lower values of p$", the values of double Raa ratios
diverge at small p".

MC simulations were analyzed to investigate jet performance as a consequence
of imperfect tracking efficiency, momentum resolution of the detector, and back-
ground. Subsequently, the raw experimental data were corrected for these effects
by performing a simple bin-by-bin unfolding. However, this unfolding is very
limited since it corrects spectra for a lot of effects simultaneously. As a result,
the unfolding shifted the values of double Raa ratios for p5* = 1 GeV and 2 GeV
to a reasonable order, but the shapes seem to be still affected by various effects.

Additionally, the ICS method was used to remove the background and improve
jet reconstruction performance. It was applied to MC track jets with R = 0.6
and p$" = 1 GeV. In this configuration, the background is the most significant.
The ICS was performed for four parameter configurations (free parameters within
the ICS) and it seems that the method reduced the UE significantly. However,
finding an optimal parameter configuration is a challenging task and would require
additional investigation.

To conclude, the results from this thesis are not sufficient to clarify the in-
consistency between the results from the experiments, but they provide a certain
degree of understanding of track-jet suppression in the QGP. Further analysis

should include better unfolding and parameter tuning within the ICS.
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A. Appendix

A.1 Run Numbers of ATLAS Data

o 2017 pp data: 341184, 341123, 341027, 340973, 340925, 340910, 340850,
340849, 340814, 340718, 340697, 340683, 340644

« 2018 PbPb data: 365502, 365512, 365573, 365602, 365627, 365678, 365681,
365709, 365752, 365834, 365914, 365932, 366011, 366029, 366092, 366142,
366268, 366337, 366383, 366413, 366476, 366526, 366528, 366627, 366691,
366754, 366805, 366860, 366878, 366919, 366931, 366994, 367023, 367099,
367134, 367165, 367170, 367233, 367273, 367318, 367321, 367363, 367364,
367365, 367384
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