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Title: Confronting heavy-ion models with experimental data from LHC
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Abstract: The purpose of heavy-ion physics is to study the properties of strong
interaction and matter under the extreme conditions that prevailed within a few
millionths of a second after the Big Bang. These extreme conditions can be cre-
ated when two relativistic heavy ions collide and a special matter called quark-
gluon plasma is formed. The thesis deals with confronting models of proton-
proton and heavy-ion collisions with experimental data from LHC. The thesis
starts with the definition of basic kinematic quantities. Then, the facts about the
LHC and the ATLAS experiment are provided. In the next part, the physics back-
ground concerning jets and the quark-gluon plasma is explained. Consequently,
the description of used Monte Carlo simulations — PYTHIA 8 for proton-proton
and JEWEL for heavy-ion collisions is provided. The important part of the the-
sis was to implement an analysis within the Rivet framework, which is described
in the next part of the thesis. The implemented analysis was applied to data
from simulations and the resulting distributions were compared to experimen-
tal data. As to results, PYTHIA 8 can describe well experimental jet spectra in
proton-proton collisions. However, JEWEL does not describe heavy-ion collisions
well, which is shown by the significant suppression of the jet spectrum from the
simulations with respect to the experimental jet spectrum.

Keywords: LHC, ATLAS, heavy-ion collisions, jets, simulations.

1ii



Nazov prace: Validacia modelov zrazok fazkych iénov pomocou dat z LHC.
Autor: Emil Lelak

Ustav: Ustav ¢dsticové a jaderné fyziky

Veddci prace: Mgr. Martin Rybaf, Ph.D., Ustav ¢dsticové a jaderné fyziky

Abstrakt: Ucelom tazko-iénovej fyziky je $ttdium vlastnosti silnej interakcie
a hmoty za extrémnych podmienok, ktoré prevladali par miliontin sekundy po
velkom tresku. Tieto extrémne podmienky mézu byt vytvorené pri zrazke dvoch
ultrarelativistickych tazkych iénov, pricom vznika nova forma hmoty, nazyvana
kvark-gluénova plazma. Tato praca sa zaobera validaciou modelov proton-proté-
novych a fazko-ionovych zrazok pomocou dat z LHC. Na zaciatku peace st defi-
nované zakladné kinematické veli¢iny. Potom st zhrnuté fakty o LHC a experi-
mente ATLAS. V dalSej casti prace je vysvetlend fyzika jetov a kvark-gluénove;j
plazmy. Nésledne st popisané pouzité Monte Carlo simulacie — PYTHIA 8 pre
protén-proténové zrazky a JEWEL pre zrazky tazkych iénov. Dolezitou castou
prace bolo implementovat analyzu v ramci frameworku Rivet, ¢o je popisané
v dalsej casti prace. Implementovana analyza bola aplikovana na data zo simula-
cif a vysledné distribticie boli porovnané s experimentalnymi datami. Co sa tyka
vysledkov, PYTHIA 8 popisuje spektré jetov z experimentu z protén-proténovych
zrazok dobre. Na druhej strane, JEWEL zrazky tfazkych ionov dobre nepopisuje,
¢o vyplyva z vyrazného potlacenia spektier jetov zo simulacii vzhladom k name-
ranym spektram.

Klicové slova: LHC, ATLAS, zrazky tazkych iénov, jety, simulacie.

iv



Contents

Introductionl 2
(1 Basic Kinematics Quantities| 3
2 Experimental Layout| 5
2.1 The Large Hadron Collider|. . . . . . . .. .. ... .. ... ... 5
2.2 The ATLAS Detector] . . . . . . . . . .. . ... 7
2.2.1  The Inner Detector] . . . . . . .. ... ... ... ... . 7

[2.2.2  The ATLAS Calorimeter System| . . . . .. .. ... ... 7

[2.2.3  'T'he Muon Spectrometer| . . . . . . ... .. ... ... .. 8

[3 Physics Background| 9
[3.1 "The Standard Model of Particle Physics] . . . . ... ... . ... 9
[3.2  Theory ot Proton-Proton Collisions| . . . . . . ... .. ... ... 9
[3.2.1  'The Main Principles of the QCD|[ . . . . . . ... ... .. 9

[3.2.2  The Structure of Proton| . . . . . .. ... ... ... ... 11

[3.3  Quark-Gluon Plasmal . . . . . ... ... ... 00000 12
[3.4 Jet Physics] . . . . .. ..o 13
[3.4.1 Jet Properties and Observables . . . ... ... ... ... 14

[3.4.2  Jet Reconstruction Algorithms|. . . . . . . . ... ... .. 15
4_Monte Carlo Simulations| 18
EI_PYTHIAS. . . . oo e 18
H2 JEWEL . . . . . oo 19
U3  Generation of MC Fivents . . . .. ... ... ... L. 20

[>  Rivet Analysis| 22
[>.1 ~Analysis implementation . . . . . . . . ... ... 22
[.1.1 Introduction Part of the Implemented Analysis . . . . .. 23

5.1.2  The Init() Method . . . .. ... .. ... ... ... ... 23

5.1.3 The Analyze() Method| . . . . . .. ... ... ... .. .. 24

5.1.4 The Finalize() Method| . . . . . ... ... ... ... ... 24

[>.2  Analysis Execution and Plottingf. . . . . . ... .. ... ... .. 24

6 Resultsl 26
Conclusions| 33
[Bibliography| 34
[List of Figures| 37
[A_Attachments| 38
[A.1 PYTHIA Settings| . . . . . .. .. ... ... ... ... . ..... 38
[A.2 Analysis dSeript] . . . . ..o 39




Introduction

The ATLAS experiment is undoubtedly one of the most remarkable experiments
in particle physics. It is located at the Large Hadron Collider (LHC) at CERN —
the European Organization for Nuclear Research settled in Switzerland. Beams of
protons or heavy ions are accelerated and head-on-collided. Then the products of
the collisions are detected by ATLAS detectors and various data are obtained and
analyzed. The main purpose of the experiment is to get answers to fundamental
questions such as: What are the basic building blocks of matter? What are the
fundamental forces of nature? What is dark matter made of? [1]

At the LHC, it is possible to create a special form of matter, called quark-
gluon plasma (QGP). According to the current cosmological models, the QGP
is a matter that existed within a few millionths of a second after the Big Bang.
At the LHC, the QGP is formed when ultrarelativistic heavy ions (nuclei of Pb)
collide. We can study the properties of the QGP via jets — collimated sprays of
particles. Jets are created in both PbPb and proton-proton (pp) collisions. It
was discovered that jets created in PbPb collisions are suppressed in contrast to
those created in pp collisions. The reason is that when jets penetrate through
the QGP, they lose energy. By the measurement of jet suppression, we can learn
more about the QGP. [2]

At the LHC, high precision measurements of jet properties have been achieved.
However, experimental data are not always confronted with data obtained from
simulations using current theoretical models. Data from Monte Carlo (MC) sim-
ulations of pp collisions and PbPb collisions were obtained, using current MC
simulators: PYTHIA 8 and JEWEL, respectively. Then, experimental data from
the ATLAS experiment were confronted with those obtained by simulations. For
that, it was needed to implement a Rivet analysis routine, using the same analysis
procedure as applied to the experimental data in the article [3].



1. Basic Kinematics Quantities

First of all, the coordinate system in the ATLAS experiment is introduced. As
the origin of the coordinate system is considered the point of beam collision
(interaction point). The direction of the z-axis is the same as the beam direction.
Hence, the x-y plane is transversal to the beam direction. The positive x-axis
directs to the center of the LHC ring and the positive y-axis directs upwards.

As to spherical coordinates, the polar angle 6 describes declination from the
z-axis and the azimuthal angle ¢ describes rotation around the z-axis. The value
of # and ¢ of any point is from the interval (0, 7) and (0, 27), respectively.

The kinematic state of any particle is given by the four-vector of momentum
P* = (E,p), where E is the energy of the particle and p is the three-vector of
momentum. If the scalar productE] P*P, is done, the square of particle’s invariant
mass is obtained:

m?® = P'P, = E* — p?, (1.1)

where p is the size of the momentum vector p. It is useful to define transverse mo-
mentum of a particle pr and transverse energy Er, which are given as a projection
of p and E into the x-y plane:

pr = psind,

! (1.2)
Et = Esind.

The overall transverse momentum of all products of collision is conserved and
equals 0, since the overall pr of protons before the collision is 0.

Another commonly used quantity in particle physics is rapidity y, which is
defined by the following formula:

1 E+p,
=—1 1.3
v=ym(5). (13)

where p, = pcosé.

Another quantity called pseudorapidity 7 is obtained from rapidity when the
approximation E = p for ultrarelativistic particles is done. Following formula is
obtained after plugging the approximation in Formula [1.3}

—) »

Pseudorapidity is a function of only one variable 6. This function is mapping
interval (0, 7) onto (-00, c0). Pseudorapidity is odd about 6§ = 7. Some examples
of conversion 6 to n are shown in Figure [1.1}

Pseudorapidity is also an important quantity for a description of calorimeter
measurement ranges, see Table 2.1 ATLAS coordinate system within a cylindri-
cal detector including pseudorapidity is shown in Figure [1.2

IThe scalar product is performed by the Minkowski metric tensor.
2In particle physics, invariant mass m, momentum p, and energy F are given in electronvolts,
leV = 1.602 x 10~12J.
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Figure (1.1) Examples of conversion 6 to n . Taken from [4].
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Figure (1.2) ATLAS coordinate system. Taken from [5].

Let us assume a collision of two particles. Denote P\* = (Ey,p;) the four-
momentum of the first particle and P = (Es,P,) the four-momentum of the
second one. Their sum is P* = (Ey + Es, P, + Py). A quantity called center-of-
mass energy /s is obtained by the following formula:

Vs = VP EL = \/(El + E2)2 — (P + Pa)*. (1.5)

If ﬁl = _ﬁZ’ then \/g = E1 + EQ.

An important quantity in the scattering theory is momentum transfer Q).
Denote pi1, pi» momenta of two particles before the collision, and pf;, pp their
momenta after the collision. Then, momentum transfer () can be expressed as:

Q = |pn — pi| = |pi2 — pial. (1.6)



2. Experimental Layout

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [6] is the most powerful particle accelerator
in the world. It is situated in a circular tunnel, which is built at a mean depth
of 100 meters underground. The circumference of the tunnel is 27 km. Either
protons or lead ions are accelerated in two beams at the LHC, which are head-on-
collided at four interaction points. Protons and lead ions are charged, so they can
be manipulated by electromagnetic devices. Dipole magnets keep the trajectories
of the particles nearly circular, quadrupole magnets focus beams, and cavities —
electromagnetic resonators accelerate the particles. The total number of magnets
in the LHC is 9593.

Accelerated particles must be stable, which protons and lead ions are, other-
wise they could decay before the collision. There is an ultrahigh vacuum in two
beam pipes with a pressure of about 107! atm, so the collisions of the accelerated
particles with gas molecules are eliminated.

One of the most important parameters of an accelerator is luminosity L, which
measures the ability of the accelerator to produce a required number of interac-
tions [7]. Luminosity has units cm™2.s7!. Let us assume head-on collisions of
bunches of particles with revolution frequency f. Denote N; and Ny the num-
bers of particles in each bunch and Ng the number of bunches per beam. Let us
consider Gaussian distributions of the bunches with widths o, and o, in the x-
and y-direction, respectively. Then, luminosity is given by the following formula:

_ fNiN,;NgS

dro,oy

L (2.1)
where S is the luminosity reduction factor] S < 1. It is also beneficial to define
a quantity so-called integrated luminosity L:

T
.cz/o Ldt, (2.2)

where the integral is taken over the sensitive time 7', excluding possible dead
time. The number of events of a studied process Ngy ¢ in time T can be calculated,
assuming the cross-section of a studied process o:

Nevt = O‘ﬁ (23)

The LHC can accelerate each proton to an energy of 6.5 TeV and heavy ions
to 2.51 TeV per nucleon. This means that the center-of-mass energy of collided
protons is 13 TeV and 5.02 TeV per nucleon for heavy ions. Any other accelerator
in the world cannot provide such high energies to those particles. Let us note for
comparison that the energy of 1 TeV corresponds to the kinetic energy of a flying
mosquito. [6]

Protons circulate in the LHC ring in bunches. The polarity of an electro-
magnetic field in the accelerating cavities changes in time with so-called radiofre-
quency. Normally, each proton beam contains 2808 bunches with 100 billion

For LHC the luminosity reduction factor is approximately equal to 0.835. [7]



protons per bunch. There are only up to 40 collisions among 200 billion particles
when the bunches collide. Before the collision, the bunches are squeezed to a
width of about 20 pum, which increases the probability of pp collision. The bunch
spacing is 7.5 m, which corresponds to a bunch-crossing frequency of 40 MHz. The
number of pp collisions per second can be easily calculated: 40 million bunch colli-
sions per second x 40 pp interactions per bunch collision = 1.6 billion per second.
Luminosity of pp collisions at the LHC is approximately 1.2 x 10**cm=2. s7!. [6]

The LHC is the last element of the accelerator complex at CERN (see Fig-
ure [2.1), which is a succession of machines with increasingly higher energies. In
the following, let us describe how protons are accelerated through the acceler-
ator complex. Firstly, protons are obtained by stripping electrons from hydro-
gen atoms. The protons are accelerated by the linear accelerator Linac2 to an
energy of 50 MeV and they are injected into the Proton Synchrotron Booster
(PSB), which accelerates them to 1.4 GeV. The next machine is the Proton Syn-
chrotron (PS), where the protons reach 25 GeV. From the PS they are sent to
Super Proton Synchrotron (SPS), and with the energy of 450 GeV are led to the
LHC, where are accelerated to an energy of 6.5 TeV. Proton beams circulate at
the LHC for many hours under normal operating conditions. [6]

In the following, the description of the heavy-ion acceleration process is pro-
vided. First of all, lead vapor with a temperature of 800 °C is ionized to maximally
charged Pb?7 ions. These ions are selected and accelerated to the energy of 4.2
MeV per nucleon. Then they pass through a carbon foil, which strips most of
them to Pb%". The beam of Pb**" is accelerated to the energy of 72 MeV per
nucleon in the Low Energy Ion Ring (LEIR) and then is sent to the PS. The beam
reaches the energy of 5.9 GeV per nucleon there. Then it passes through a second
foil, where is fully stripped to Pb¥*. The beam of Pb®™ ions is transferred to the
SPS and is accelerated to the energy of 177 GeV per nucleon. Finally, the beam
is sent to the LHC, which accelerates it to the energy of 2.51 TeV per nucleon. [6]

Four big experiments are built at the LHC: ALICE, ATLAS, CMS, and LHCb,
which correspond to four interaction points, and three smaller ones: LHCH,
TOTEM, and MoEDAL, which are set close to ATLAS, CMS, and LHCb, re-
spectively.

TOTEM

CHC e Y

ALICE LHCb

\ /// TT40 41
. X o ATLAS SPS oNEs Ny
Gran Sasso

| 160
N =+

B T;E AD
= = |
el G e, VR —
F o i

X tnac 27 @ =13
~ INAC 3 ) LE o
Liuac LUR

Figure (2.1) Scheme of the CERN acceleration complex. Taken from [§].
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2.2 The ATLAS Detector

The ATLAS detector [9] is a general-purpose detector that is designed to, for
instance, the precise measurements of the Higgs boson or searches for new physics
beyond the Standard Model. ATLAS is an abbreviation for A Toroidal LHC
ApparatuS. It is installed in the LHC tunnel. The detector has a cylindrical
shape with a length of 46 meters and a diameter of 26 meters. The weight of the
detector is approximately 7000 tonnes, similar to the weight of the Eiffel Tower.
The detector is symmetrical around the beam pipe, and the interaction point
is considered the center of the coordinate system of the detector. The detector
covers the full range of azimuthal angle 27 and most of the range of polar angle.
However, it is usual to express the range of polar angle in terms of pseudorapidity,
defined by Formula[I.4] The detector contains three main types of subdetectors:
the Inner Detector, calorimeters, and the Muon Spectrometer. [9]

2.2.1 The Inner Detector

The Inner Detector (ID) is a part of the ATLAS detector closest to the interaction
point. The ID measures the direction, momentum, and charge of electrically
charged particles. The ID is immersed in a 2T solenoid magnetic field. The
coverage of the detector is |n| < 2.5 [10]. The detector is composed of three
main subdetectors: Pixel Detector, Semiconductor Tracker (SCT), and Transition
Radiation Tracker (TRT). The Pixel Detector is made up of four layers of silicon
pixels. The SCT surrounds the Pixel Detector and is formed by 4000 modules of
6 million “micro-strips” of silicon sensors. Both Pixel Detector and SCT measure
the origin and momentum of a charged particle. The final part of the ID is TRT,
which is made up of thin-walled drift tubes — straws. The straws are filled with
a gas mixture. When a particle passes the straws, the gas molecules are ionized
and the electric signal is measured. Thanks to this, the tracks of the particles can
be reconstructed. The transition radiation is also created there, which provides
information about the type of passing particle. [9]

2.2.2 The ATLAS Calorimeter System

ATLAS calorimeters are composed of the alternating sequence of absorbing high-
density material layers, where a particle loses energy, and an active medium,
which measures the energy of a particle. The ATLAS calorimeter system [I1]
consists of the Liquid Argon Calorimeter (LAr) and the Tile Hadronic Calorime-
ter. Another division is into electromagnetic and hadron calorimeter. The whole
calorimeter system covers the range of pseudorapidity |n| < 4.9. The subdetectors
of the ATLAS calorimeter system are shown in Figure and their coverage [10]
is provided in Table

The LAr calorimeter surrounds the Inner Detector and measures the energy of
electrons, photons, and hadrons. Virtually all electrons and photons are stopped
there. Absorbing layers of the calorimeter are made of tungsten, lead, or cop-
per. The active medium between the layers is liquid argon, which is ionized by
electromagnetic showers formed in the absorbing layers. Thanks to ionization an
electrical current is produced and measured, from which the energy of the original
particle is calculated. [10]
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Figure (2.2) Scheme of the ATLAS calorimeter system. Taken from [12].

Part Coverage
Flectromagnetic LAr Electromagnetic barrel In| < 1.475
calorimeter LAr Electromagnetic end-caps | 1.375 < || < 3.2
LAr Forward calorimeter 3.1<|n <49
, Tile barrel In| < 1.0
Ea?giioniier Tile extended barrel 0.8 < |nl <17
LAr Hadronic end-caps 1.5 < |n| < 3.2

Table (2.1) Measurement ranges of the ATLAS subdetectors.

The Tile Hadronic Calorimeter surrounds the central part of LAr and mea-
sures the energy of hadrons that were not stopped in the LAr. It is made of steel
layers and plastic scintillator tiles. The energy of coming hadrons is absorbed in
the layers in the form of showers, which generate photons in the scintillator tiles.
Photons are converted into an electrical signal proportional to the original par-
ticle’s energy. The Tile Hadronic Calorimeter is the heaviest part of the ATLAS
detector with a weight of 2900 tonnes. [10]

2.2.3 The Muon Spectrometer

The Muon Spectrometer is the outermost part of the ATLAS detector. Muons
are particles that usually pass through the ID and the calorimeter system. There
are four subsystems of the Muon Spectrometer. Thin Gap Chambers and Re-
sistive Plate Chambers are used for triggering and 2nd coordinate measurement.
Monitored Drift Tubes measure curves of tracks and Cathode Strip Chambers
measure precision of coordinates in the outer-most part of the detector. [9]



3. Physics Background

Firstly, a very short introduction to the Standard Model of particle physics is
provided. In the following part, the theory of pp collisions, quark-gluon plasma,
and jets are described. Jets are a very important tool to measure the properties
of the QGP. The main jet reconstruction algorithms are also described, which are
utilized in the Rivet analysis implemented within this thesis.

3.1 The Standard Model of Particle Physics

The Standard Model of particle physics [13] is a set of theories, which includes
the current understanding of fundamental particles and forces. The main cate-
gories of fundamental particles are leptons, quarks, force carriers, and the Higgs
Boson. Leptons and quarks are the building blocks of matter, which exchange
force carriers during interactions. The Higgs Boson is a particle discovered in
2012, predicted earlier by the Standard Model. The Higgs Boson is the sim-
plest manifestation of the Brout-Englert-Higgs mechanism, which explains the
non-zero mass of intermediate bosons W and Z.

There are included three of four known forces in the Standard Model: the
electromagnetic one mediated by photon, the strong one mediated by gluon, and
the weak one mediated by intermediate bosons W and Z. Gravitational force
does not fit in the Standard Model yet. All fundamental particles are shown in
Figure . Every lepton and quark has the corresponding antiparticleﬂ

For this thesis, it is important to aim at quarks (¢), antiquarks (), and gluons,
which are together called partons. Quarks interact by all four interactions. Under
normal conditions, quarks are bounded together thanks to the strong force and
form composed particles — hadrons. Quarks can be bounded either in pairs qgq,
which are mesons (for instance pions and kaons), or in triplets gqq and gqq called
baryons (for instance protons and neutrons) and antibaryons, respectively.

3.2 Theory of Proton-Proton Collisions

First of all, the scattering process in collisions of ultrarelativistic particles can be
either hard or soft. Both processes are described by the underlying theory Quan-
tum Chromodynamics (QCD), but the approach for the hard and soft processes is
different. For the hard process, jets with high transverse energy Er are produced
and the event properties can be predicted using perturbation theory. However,
for the soft process, the event properties are dominated by non-perturbative QCD
effects, which are less well-understood. [14]

3.2.1 The Main Principles of the QCD

Quarks occur in three color charges: blue, red, and green. The existence of three
color charges implies, for instance, from the measurement of the ratio of hadrons

L An antiparticle has the same mass and spin, but the opposite charge to the corresponding
particle.
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Figure (3.1) Fundamental particles. Taken from [13].

and muons production by electron-positron annihilation [I5]. Gluons also carry
a color charge, so they can interact with each other. The consequence is that
the potential between two quarks is proportional to r for large r, where r is the
distance between the quarks. For this reason, quarks are bounded in hadrons.
This phenomenon is called color confinement. [15]

In the following, the process of hadron creation, called hadronization, is de-
scribed. The following model is considered: two quarks are connected by a "string'
(gluons). When the quarks start to strengthen the string, the energy stored in
the string increases until the spring breaks. However, new quarks (¢ and gq) are
created at the free ends of the broken string and new hadrons are formed. These
hadrons form collimated sprays called jets. The described model is shown in

Figure [3.2]

Figure (3.2) String model of hadronization. Taken from [16].
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Another important phenomenon in the QCD is asymptotic freedom. When
two quarks are really close to each other and energy density is high, the force be-
tween them is so weak that they behave almost as free particles. These conditions
are satisfied in the quark-gluon plasma, see Section [3.3]

3.2.2 The Structure of Proton

The text in this subsection is inspired by [I5]. The statement that proton is
composed of three quarks uud is not accurate. More accurate description is that
proton is composed of three valence quarks uud and indefinite number of so-called
sea quarks and antiquarks, which are formed in pairs ¢q, and include also charm,
strange quarks, and gluons. For better explanation, a parton distribution function
f(z) is defined, which means density of probability that parton carries the z-th
part of proton four-momentum, where 0 < x < 1. The parton distribution
functions for quarks u, d, s, ¢, and gluon are denoted by u(z), d(x), s(x), ¢(z), and
g(x), respectively (for antiquarks: u(x),d(x),5(z), ¢(x)). Valence distribution
functions uy (z) and dy (z) are defined as follows:

(3.1)

The fact that proton contains two up and one down valence quarks can be math-
ematically expressed as:

1
/ uy (x)dz = 2,
0

1 (3:2)
/ dy (z)dzx = 1.
0
As to sea quarks, for strange and charm it holds:
1
/ [s(x) — 3(2)]dz = 0,
0 (3.3)

/ e() — e(a)]dz = 0.

The parton distribution functions in a proton are shown in Figure [3.3] How-
ever, the parton distribution functions of nucleons in a Pb nucleus are a little
bit different. The following integral gives a part of proton four-momentum ()
carried by parton with distribution f(x):

(x) = /01 xf(x)dz. (3.4)

Clearly, the sum of all partons momenta must give the overall momentum of
proton:

Z/Ol zfi(x)de = 1. (3.5)

11



The overall momentum of a proton is distributed between partons approximately
in the following way: valence quarks carry 45% (both up 30% and down 15%),
gluons also carry 45%, and the rest 10% of proton momentum is carried by the
sea quarks. [15]

MSTW 2008 NLO PDFs (68% C.L.)

Q% =10 GeV? |

—
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Figure (3.3) Parton distribution functions in a proton. Note: @ is the momen-
tum transfer in pp collision, the width of lines corresponds to uncertainty. Taken
from [17].

3.3 Quark-Gluon Plasma

As mentioned in Section [3.2.1] quarks are bounded in hadrons thanks to color
confinement. However, extreme conditions such that quarks and gluons are no
longer bounded in nucleons can be prepared at the LHC. When ultrarelativistic
heavy ions collide (with /sxy = 5.02 TeV per nucleon), hundreds of nucleons are
smashed into a fireball that literally melts nucleons and a new form of matter
is created [I8]. This matter is called quark-gluon plasma. According to current
cosmological models, the QGP is a matter that existed within a few millionths
of a second after the Big Bang, see Figure [3.4, The QGP has an extremely high
temperature in the order of more than 10'? Kelvins and also an extremely high
energy density (greater than 12 GeV/fm®) [2]. However, the plasma gets cool
quickly and partons recombine into hadrons, mainly pions and kaons. Jets can
be produced in the collision and are an important tool to learn more about the
QGP.

The first signals of the QGP [I8] were observed in 2003 in the STAR and
PHENIX experiments at Brookhaven National Laboratory’s Relativistic Heavy
Ion Collider (RHIC) in the US. Different angular distributions of detected parti-
cles coming from pp and heavy-ion collisions were observed there. Later at the

12
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Figure (3.4) Quark-gluon plasma in the early Universe. Taken from [6].

LHC, strange behavior of jets measured from PbPb collisions was noticed. One
of the two back-to-back jets was quenched — either weakened or completely extin-
guished. The reason is that when jets pass through the QGP, they lose energy by
interaction with the matter of the QGP. This phenomenon is called jet quenching.

Let us take another interesting look at QGP [19]. In solids, atoms and
molecules are bounded and have low freedom. When a solid is heated, it melts
into a liquid and then evaporates into a gas, where atoms and molecules are get-
ting more and more freedom. The next stage is a plasma — ionized gas, where
electrons are excluded from atoms. More heating of plasma causes that nucleons
are excluded from nuclei and a hadronic gas is obtained. The final stage is the
hottest known state of matter — QGP, where partons are excluded from nucleons.

3.4 Jet Physics

Jets are collimated sprays of particles. They are created by the point-like scat-
tering of partons in hadronic collisions at the LHC [2]. One possible way how
to study the microscopic properties of the QGP is to do jet measurements in
heavy-ion collisions. Jets are under good theoretical and experimental control in
pp collisions. As to heavy-ion collisions, jets are suppressed by the QGP through
medium-induced gluon radiation and scatterings of medium constituents (see Fig-
ure . The suppression can be expressed by the comparison of data obtained
in heavy-ion collisions with those obtained in pp collisions. However, determining
QGP properties from data comparison is not trivial. The precise mechanisms of
interactions of jets with the QGP medium are currently under investigation [2].
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Figure (3.5) Jet quenching in the QGP (right). Jets from pp collisions are not
quenched (left). Taken from [17].

3.4.1 Jet Properties and Observables

To compare data from jet measurements, some knowledge about jet properties is
needed. Some kinematic quantities of jets defined in Section [I| can be measured,
such as transverse momentum pr, transverse energy Er, invariant mass m, rapid-
ity y, pseudorapidity n, azimuthal angle ¢, etc. In the following, other quantities
important for the description of jet measurements are discussed. [2]

o Jet constituents. They can be either final-state particles, calorimetric tow-
ers, or jets. Conventional jets are reconstructed from the final-state parti-
cles, as to MC simulations, or calorimetric towers, as to experiment. Con-
ventional jets might be further re-clustered.

o Jet radius R. It corresponds to the size of jet in n — ¢ space. Distance in
1 — ¢ space between two points with coordinates (71, ¢1) and (19, ¢2) can
be expressed as follows:

ARy = \/(772 —m)* + (g2 — ¢1)*. (3.6)

o Splitting scale \/d;;. It is an important quantity for jet reconstruction.

V/d15 characterizes the transverse momentum scale for the hardest splitting
in a jet and is determined by clustering objects i, 7 together according to
their distance AR;; from each other. The splitting scale is defined for each
clustering algorithm differently, see Table [3.1]

14



. . . n . . . .
o Differential cross-section dxf Z—- This means some kind of normahzatlo

of cross-section to n different physical quantities x;...x,.

o Nuclear thickness function (Taa). This function accounts for an enhance-
ment of the hard-scattering rate due to the larger geometric overlap between
the colliding nuclei. It is calculated by Glauber modeling. However, this
topic is over the range of this thesis. For more information see ref [20].

o C(entrality c. This quantity describes the degree of overlap between two
colliding heavy ions given by impact parameter b, which is the distance
between the centers of projectiles in transversal plane x-y. Mathematical
definition of centrality [21] is:

b
Jo gpdv”
C= o (3.7)
Jo qpdt/
where % is differential cross-section with respect to impact parameter.

Data from jet measurement in heavy-ion collisions are usually compared
within different centrality intervals, which are given in %. The most central
collisions are characterized by the centrality interval 0%-10% and the most
peripheral ones by 80%—-100%.

o Nuclear modification factor Raa. The quantity is important for comparison
of heavy-ion collisions to pp collisions. Raa used in this thesis is measured
as a function of jet transverse momentum pr and the splitting scale of the
two jets before the final clustering step in clustering algorithm +/d;» in
different PbPb centrality intervals, and is defined as follows: [2]

1 d®Njet
cht dedy cent

d?o;
<TAA> dp?(;; pp

Raa = (3.8)

where Nje; and oje are the jet yield in heavy-ion collisions and the jet cross-
section in pp collisions, respectively, y is the jet rapidity, and N is the
total number of heavy-ion collisions within a given centrality interval. Since
jets are quenched by the QGP, Raa < 1.

3.4.2 Jet Reconstruction Algorithms

Jet reconstruction algorithms [22] are used to determine jets and their properties.
Two main types of algorithms are distinguished: cone algorithms and sequential
clustering algorithms. In the following, one cone algorithm: Seedless Infrared-
Safe Cone (SISCone), and three sequential clustering algorithms: k;, anti-k;, and
Cambridge Aachen (C/A) are discussed.

2Differential cross-section is invariant with respect to binning in histograms. Let us explain
this in the following example. Let cross-section of some process be a constant function of
transverse momentum pr. Consider two equidistant binnings of histogram with Apr and 2Ap-.
If two pr distributions with these different binnings are plotted, the values of cross-section in
histogram with binning 2Apr are double. However, if such two distributions using differential
cross-section ;—" are plotted instead, the values of differential cross-section are the same in

both cases of blnnmg.
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SISCone Algorithm

The SISCone algorithm is in contrast to other cone algorithms seedless and
infrared-safe. Seedless means that the algorithm does not search for the seed,
which are usually the most energetic particles. Infrared safety means that the
algorithm is insensitive to the emission of soft gluons. The computational perfor-
mance of the algorithm is t ~ N21In N, where ¢ is the time needed to find one jet
within N particles. The scheme of the SISCone algorithm is shown in Figure 3.6

(a) . (b) . (c) . (d) .

2D Simplification: Moving (a) initial circular enclosure in a random
direction until it some particle (b) touches the circle, then pivot the circle
around that edge point until (c) a second point touches the edge. (d) all
circles defined by pairs of edge points are all stable cones

Figure (3.6) Scheme of the SISCone algorithm. Taken from [23].

Sequential Clustering Algorithms

Sequential clustering algorithms are based on determining d;;, which is the dis-
tance between i-th and j-th particle (Note: d;; is something different from AR;;
defined by Formula , and d;g, which is the distance between i-th particle and

the beam. Actually, d;; is the square of the splitting scale \/@ . The distances
d;; and d;g are defined differently for each algorithm, see Table . The dis-
tances are the functions of jet radius R, the distance between the i-th and j-th
particle AR;;, and their transverse momenta pr; and pr;. If jet contains only one
constituent, then \/dTJ = 0. Jet radius is chosen before a clustering algorithm

starts.

di2 din
2
K, algorithm min (pgri,pgfj) Ag“ Py
. . . 1 1 AR? j 1
Anti-k; algorithm | min <p?“, P%) o o+
2
C/A algorithm —Ag”' 1

Table (3.1)

Definitions of d;; for the sequential clustering algorithms.

The procedure of clustering for any of mentioned sequential clustering algo-

rithms is the following. Firstly, the algorithm computes all distances d;; and d;g

and finds the smallest one. If the smallest one is d;;, it combines the i-th and
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7-th particle into one. If the smallest distance is d;g, the algorithm removes the
i-th particle and calls it a jet. The iteration is repeated until all particles are
clustered into jets. [22]

The Sequential clustering algorithms are implemented in the Fastjet package
in the C++ library. The most used algorithm in heavy-ion collisions is the anti-
k; algorithm, where d;; is dominated by hard particles (with high momentum)
and areas of jets in y — ¢ space fluctuate slightly (see Figure . However, this
algorithm cannot be used for jet substructure as it does not follow the natural
ordering of splitting in the parton shower. This can be reached by using the
k; algorithm. In the analysis implemented within this thesis, the anti-k; and k;
algorithms are used.

To conclude, areas of jets obtained by different reconstruction algorithms are

shown in Figure

Cam/Aachen, R=1

Figure (3.7) Areas of jets in y — ¢ space obtained by various jet reconstruction
algorithms. Taken from [22].
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4. Monte Carlo Simulations

An important part of this thesis is the Monte Carlo simulations of hadron colli-
sions. Data obtained from the simulations were further analyzed and compared
to real data from the ATLAS experiment within this thesis. Proton-proton col-
lisions were simulated by PYTHIA 8 [24], while Pb-Pb ones were simulated by
JEWEL [25]. PYTHIA 8, JEWEL, and the process of simulation are described
in this chapter.

4.1 PYTHIA 8

PYTHIA 8 is a general-purpose Monte Carlo event generator used in high-energy
physics. It can simulate collisions at high energies between various elementary
particles. PYTHIA 8 uses many components based on various theories and mod-
els for simulation: hard and soft interactions, parton distribution functions (see
Section , hadronization, multiparton interactions, parton showers, and so
on. [24]

In general, MC simulation [26] is a mathematical technique used to simulate
various phenomena. The method uses the generation of pseudo-random num-
bers. The basic principle of the MC simulation is to estimate the mean value of
a quantity as a result of a stochastic process. A computer model of the process
is created and a large number of events is simulated. The accuracy of results
increases with an increasing number of events. The simple use of the MC simu-
lation is for computing definite integrals. If some physical process is simulated,
all probability distributions of physical sub-processes and all available physical
theories must be included in the model for the best result.

PYTHIA 8 can be applied to various phenomenological problems in particle,
astroparticle, nuclear, and neutrino physics. For instance, collisions of various
particles (lepton-lepton, lepton-hadron, hadron-hadron), Standard Model particle
decays, beyond Standard Model particle decays, and dark-matter annihilation
into Standard Model particles can be simulated. [24]

PYTHIA 8 was used for the simulation of pp collisions within this thesis. The
outcome of a collision of two protons is called an event. An event consists of a
number of outgoing particles, which are detected by an idealized detector. Due
to the randomness of quantum processes, a various number of outgoing particles
with various properties is produced in each event. As a result, an event record is
obtained, which includes the list of subatomic particles with their four-momenta
and other important properties.

The structure of the PYTHIA event is very complicated, see Figure Pro-
cessing of PYTHIA event is divided into three main parts: a process level, a
parton level, and a hadron level [24]. It is over the range of this thesis to describe
each level accurately, so they are described here in a very short way.

The process level represents the hard-scattering process of two partons of
incoming protons. Which partons are scattered is computed using parton distri-
bution functions. The kinematics of the outgoing particles is based on matrix
elements calculated in perturbation theory. Partons with low momentum below
factorization scales are excluded from the hard-scattering process, but they are
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Figure (4.1) Structure of PYTHIA event. Taken from [24].

used in other stages of the event generation. The hard process may produce some
short-lived resonances, such as intermediate bosons W and Z, or top quark, whose
decay to stable particles has to be considered in close association with the hard
process itself.

The parton level involves initial- and final-state radiation. The initial-state
radiation starts from the scattering initiators using numerical estimation of soft
and collinear gluon emission, which is referred to as a parton shower. The final-
state radiation comes from the hard scattering itself and decays of resonances.
Multiparton interactions are also included at the parton level, which are interac-
tions between additional partons in a proton. At the end of the parton level, a
realistic partonic structure of the event is obtained.

At the hadron level, the strong interaction between partons results in their
color confinement into color-singlet subsystems, as strings or clusters. The strings
are then fragmented into hadrons. Unstable hadrons decay to other particles until
only stable ones remain. The result of the hadron level is a realistic event as it
can be observed in a detector. [24]

4.2 JEWEL

The text in this section is inspired by the JEWEL user manual [25]. JEWEL is a
MC simulator of heavy-ion collisions that describes the QCD evolution of jets in
a vacuum and a medium in a perturbative approach. It deals with QCD radiation
and re-scattering in a medium with fully microscopic dynamics in a consistent
perturbative framework with minimal assumptions. The underlying event in pp
and the remaining (largely soft) nucleon-nucleon collisions are not included.
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JEWEL is based on modified PYTHIA 6 to simulate the matrix elements,
initial state parton showers, and hadronization. The modifications provide an
enlarged record to accommodate the larger heavy-ion events, the use of the par-
ton distribution functions of nucleons in heavy ions, and multiplication of the
differential cross-section with a power of the parton pr to allow the generation of
weighted events.

JEWEL implements a fully microscopic description of jet evolution in the
medium including coherence effects. Scattering in the medium is described by
matrix elements with parton showers taking into account possible additional ra-
diation. JEWEL uses assumptions that, for instance, the medium consists of a
collection of partons, and the dominant effect of soft scattering can be included by
an infra-red continuation of the perturbative matrix elements. A more detailed
description of physics concerning JEWEL is available in references [25] 27].

4.3 Generation of MC Events

PYTHIA 8 is a C++ library. It is needed to write or use an existing C++ macro
using the PYTHIA 8 library to simulate some concrete process. A modified ver-
sion of the C++ script by Torbjorn Sjostrand was used for the simulation of pp
collisions. Output files were produced in the standard HepMC format. The code
is compiled using provided makefile by executing the following command:

’ make main100 ‘

The macro includes global settings, such as the type of collided particles, the
energy of particles, and the number of events. The energy of protons was set to
5.02 TeV, corresponding to the energy per nucleon in PbPb collisions. The macro
also includes settings referred to as a tune, that describes previous ATLAS data.
All the settings are provided in Attachment [A.1] The code can be executed by
the following command:

’ ./main100 output_name hardness min hardness max > log_ name.txt & ‘

The user has to set three arguments. The first one is the name of an output
file. The second and the third argument designate so-called the hardness of colli-
sion. More exactly, hardness_ min and hardness max denote the minimum and
the maximum value of the momentum transfer ) in GeV, respectively. It is ad-
vantageous to save logs from event generation into so-called log-files, which is
done by > log name.txt. The commands may look like that:

./main100 ppCollision_20_60.hepmc 20 60 > log 20 _60.txt &
./main100 ppCollision_ 60_160.hepmc 60 160 > log 60 _160.txt &

For further analysis, pp events within overall hardness (20, 1600) were gener-
ated. If it was done within a single data set, much more events within smaller
values of () in contrast to the larger values of () would be obtained, since the rate
of events is a decreasing function of jet transverse momentum pr. For this reason,
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five data sets within hardness intervals (20, 60), (60, 160), (160, 400), (400, 800),
and (800, 1600) were created, each with 8 million events. One data set was being
generated for more than one day and takes approximately 1 TB on a hard drive.

As to PbPb collisions, the data from simulations were provided by Filip Maxin,
a student of Charles University. The data were provided in 4 samples within
hardness intervals (20, 60), (60, 160), (160, 400), and (400, 800). Each sample
contains 3 x 10° events.
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5. Rivet Analysis

Rivet (Robust Independent Validation of Experiment and Theory) [28] is an
analysis toolkit widespread among phenomenologists, MC generator developers,
and experimentalists. There already exists a large set of Rivet analyses useful for
MC generator validation and tuning, as well as a convenient infrastructure for
adding own analyses. Rivet uses an object-oriented C++ framework for analysis
routines. It contains a large collection of generator-independent event analysis
tools — libraries, packages, and methods, which are well documented in the Rivet
manual [2§]. Rivet provides an ever-increasing collection of analyses (more than
900 yet).

5.1 Analysis implementation

One of the main aims of this thesis is to compare experimental data [3] from heavy-
ion and pp collisions from the ATLAS experiment to data obtained by MC sim-
ulation. The data come from PbPb collisions at the energy of \/sny = 5.02 TeV
per nucleon and pp collisions at the same energy. The integrated luminosity
(see Formula of PbPb and pp collisions is 1.72 nb™' and 257 pb™ !, respec-
tively. The data are processed as described in this paragraph and sumarized in
Figure 5.1} First of all, jets are reconstructed with the anti-k; algorithm using
jet radius R = 0.2. The jets are sorted by transverse momentum and jets with
pr > 35 GeV and rapidity |y| < 3.0 are used. Then, the jets are re-clustered
with the anti-k; algorithm using jet radius R = 1.0 with a rapidity cut |y| < 2.0.
The large-radius jet constituents are then re-clustered with the k; algorithm in
order to obtain the splitting scales \/d» (see definition for the k; algorithm in
Table B.1). The yield of the large-radius jets is measured as a function of pr
and /d;» within the rapidity and transverse momentum ranges, |y| < 2.0 and
156 GeV < pr < 1000 GeV, respectively. The interval of transverse momentum
(156, 1000) GeV is divided into six smaller ones (in GeV): (156, 200), (200, 251),
(251, 316), (316, 398), (398, 500), and (500, 1000). Measured distributions are
corrected for detector effects allowing comparison to theory and models.

To confront the experimental with simulated data, the implemented analysis
must follow the steps described in the previous paragraph. Conventional R = 0.2
jets are obtained from final-state particles for MC data or calorimetric towers
for experimental data. The results of the analysis are six distributions with the
dependence of yields on v/d;, for different intervals of pr, one histogram with pr
spectrum of re-clustered jets with |y| < 2.0, and two histograms of pr spectra of
conventional jets with radii 0.2 and 1.0, and rapidities |y| < 3.0 and |y| < 2.0,
respectively.

To start Rivet analysis implementation, it is needed to type the following
command:

| Rivet-mkanalysis PLASMA ANALYSIS |
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Figure (5.1) Scheme of the analysis procedure. Taken from [29].

PLASMA ANALYSIS is the name of the analysis. As a result, three files are
obtained: [30]

o PLASMA ANALYSIS.cc. This is the skeleton of the analysis routine. The
whole analysis procedure is implemented here. Rivet automatically gener-
ates an example of an analysis.

« PLASMA ANALYSIS.info. The file contains metadata of the analysis and
it is mainly relevant when submitting an official analysis routine.

o PLASMA_ ANALYSIS.plot. Default plotting options are set in this file.

The analysis consists of three main methods: init(), analyze(), and finalize().
The code of the implemented analysis provided in Attachment is described
in the following subsections.

5.1.1 Introduction Part of the Implemented Analysis

First of all, various header files are included in the implemented analysis, which
enable to use important projectionﬂ and methods. Secondly, important constants
are assigned, such as the values of rapidity cuts, two values of jet radius 0.2 and
1.0, and the array of the minimal and maximal values of pt intervals for spitting
scales. Lastly, two user functions are declared. The first one returns a string
which is used later to label histograms with \/d;o distributions, and the second
one returns pr of a jet.

5.1.2 The Init() Method

The code in the init() method is executed once at the beginning of the analysis
run. All histograms are booked and all projections required for the analysis are
initialized here.

I Projections project out physical observables of event objects.
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Firstly, the FinalState projection is initialized, which is used to obtain final-
state particles. The pseudorapidity cut is set to the value of 4.9, which is the
coverage of the ATLAS calorimeter system. Secondly, two FastJets projections
are initialized, which are used to cluster the final-state particles into jets. The jet
cluster algorithm is set to the anti-k; for both and jet radii are set to 0.2 and 1.0.
The binning ranges for transverse momentum and splitting scales, corresponding
to the binning ranges for the experimental data, are assigned to arrays. Lastly,
all 9 histograms are booked.

5.1.3 The Analyze() Method

The analyze() method takes an event as a parameter and the method is run
through all events. The main part of the analysis is performed here.

The final-state particles are clustered into conventional jets with radii 1.0 and
0.2 using the anti-k; algorithm, applying initialized projections. In both cases,
jets with pr > 35 GeV are selected. The conventional R = 1.0 and R = 0.2
jet pr spectra with |y| < 2.0 are constructed. The next procedure takes con-
ventional R = 0.2 jets with |y| < 3.0 as jet constituents and clusters them into
jets with R = 1.0 using the anti-k; algorithm. It is done using the class fast-
jet::ClusterSequence. Consequently, jets with |y| < 2.0 are selected and another
re-clustering procedure is then used to obtain \/dis of the jets. The procedure
takes jet constituents of re-clustered R = 1.0 jets and clusters them into jets
with R > 1.0 (set to 1.5 to make sure all constituents are clustered) using the
k; algorithm. As a result, a jet splitting scale is obtained. In the final part of the
analyze() method, the re-clustered R = 1.0 jet pr spectrum and six distributions
with the dependence of yields on v/d;5 are constructed.

5.1.4 The Finalize() Method

The code in the finalize() method is executed once and is used to normalize
histograms. The method sumOfWeights() is used to normalize the histograms
to the number of events and it takes into account the cross-section of the MC
sample. In addition, all the histograms are normalized to the corresponding
rapidity intervals to obtain yield per unit rapidity, and the distributions with the
dependence of yields on /d;5 are also normalized to the corresponding width of
pr interval.

5.2 Analysis Execution and Plotting

The analysis is compiled by the following command:

] rivet-build RivetPLASMA ANALYSIS.so PLASMA_ ANALYSIS.cc ‘

The analysis is executed by the command:

’ rivet —pwd -a PLASMA ANALYSIS -o OUTPUT.yoda INPUT.hepmc ‘
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It takes a file in HepMC format as input and returns a file in yoda format in-
cluding output histograms. Yoda files obtained from data sets with different
@ intervals can be merged into one using the following command:

’ rivet-merge —pwd -o OUTPUT.yoda MERGING__FILES.yoda ‘

Yoda files contain essential data for histogram plotting, histogram labels, and
histogram paths. The histograms can be plotted by the command:

’ rivet-mkhtml —pwd -o DIRECTORY_NAME INPUT YODA_FILES ‘

This makes a directory with a web page containing all plots, plotted histograms
in png and pdf formats, and the corresponding files with suffix dat. The his-
tograms with the same labels and paths are plotted in one plot together. Rivet
plots all histograms implemented in the analysis by default. To plot only a cer-
tain histogram, it is needed to add the option -m HISTOGRAM _PATH to the
previous command. For instance, the path of a histogram with pr spectrum of
re-clustered jets is /PLASMA ANALYSIS/jets pT.

Rivet takes default plot settings from file PLASMA ANALYSIS.plot. The
plots can be customized by rewriting dat files. For instance, the title of a his-
togram, the title of a legend, or the x- and y-range can be customized. Plot
settings are documented in [31]. After the changes, Rivet rewrites the corre-
sponding plot in pdf format using the following command:

’ make-plots —pdf INPUT.dat ‘
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6. Results

As mentioned in Section [£.3] five data sets of pp events with different intervals
of () were generated. Each data set contains 8 million events. The Rivet analysis
implemented within this thesis was applied to the data sets and the resulting
yoda files were merged into one within @ € (20, 1600) GeV. Re-clustered jet pr
spectra for different intervals of @) are shown in Figure [6.1] Differential cross-
section dgi‘(’iy is a monotonously decreasing function of pr, so if all the events
were generated for () € (20, 1600) GeV in a single data set, the number of events
for large () would be much less than those within smaller (), which would lead to

worse statistics.
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Figure (6.1) Re-clustered jet pr spectra for different values of @@ (in GeV).

Spectra of conventional R = 1.0 jets (obtained by clustering of final-state
particles) and re-clustered R = 1.0 jets (obtained by clustering of conventional
R = 0.2 jets) are shown in Figure The ratioﬂ of conventional and re-clustered
spectra shows higher yields of conventional jets and a decrease in the difference
between the spectra with increasing pr. This is expected as the re-clustering
procedure suppresses more soft than hard components of jets and jets are more
collimated with increasing pr.

Conventional jets with jet radii R = 0.2 and R = 1.0 within rapidity |y| < 2
are compared in Figure (6.3l The differential cross-section of R = 1.0 jets is larger
than that of R = 0.2 jets, since with increasing R more particles are clustered
into a jet from a certain initial parton, so pr of the jet increases. The resulting
effect is that the pr spectrum of R = 1.0 jets is "shifted to the right" with respect

1Ratio plots represent the ratio of values of differential cross-section (and also values of error
bars if included) and the value represented by the red line in the corresponding bin.
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Figure (6.2) Comparison of pr spectra of re-clustered and conventional R = 1.0
jets.

to the spectrum of R = 0.2 jets. However, the jets with increasing pr are more
collimated, which means that the difference between R = 1.0 and R = 0.2 jets
decreases with increasing pr. This explains why the ratio of the spectra of R = 0.2
jets and R = 1.0 jets increases with increasing pr.

Data from simulations were compared to the experimental data from the AT-
LAS experiment. The experimental pp data were collected in 2017 with inte-
grated luminosity (see definition in Formula Loy = 257 pb~! and center-of-
mass energy 5.02 TeV. The experimental PbPb data were recorded in 2018 with
Lpppy = 1.72nb~! and the same center-of-mass energy per nucleon [3]. In the
comparison, only data from central PbPb collisions (with centrality 0-10%, see
definition in Formula were considered. The provided experimental data were
corrected for detector effects (not within this thesis).

The comparison of pr spectra of re-clustered jets from pp simulations using
PYTHIA 8 and experiment is shown in Figure The spectrum of MC jets
differs from the experimental pp data by up to 10 %, which implies from the ratio
plot. The nuclear modification factor Ras (see definition in Formula with
respect to MC data is presented by the green line in the ratio plot. The values
of Raa rise from 0.5 to 0.66. In addition, the conventional R = 0.2 jets from the
simulations and the experiment are compared in Figure [6.4b|, and a similar level
of agreement is seen.

Yields of re-clustered jets as a function of \/dj within |y|<2 for different
ranges of pr from the simulations and the experiment are compared in Figure|6.5|
The first bin is composed only by contributions of jets with a single sub-jet
(formed by 1 constituent). As mentioned in Section , Vs of a jet formed
by one constituent is defined to be 0. The number of such jets is much larger than
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Figure (6.3) Comparison of pr spectra of conventional jets with different jet
radii.

jets with a more complex sub-structure [3]. This explains the significant decrease
in the differential cross-section in the second bin. Discrepancies of jet yields as
a function of v/d;» between simulations and experiment are significant in some
cases. The possible reason is that systematic uncertainties in the measurement of
jet yields as a function of /d;» are more significant than those in the measurement
of jet pr spectra. [3]

Data from simulations of PbPb collisions using JEWEL within centrality 0-
10% were provided in four data sets within four different ranges of @). Each
data set contained 3 x 10° events. The data sets were merged into one within
Q) € (20,800) GeV. The implemented Rivet analysis was applied to the resulting
data set. Jet pr spectra from simulations and experiment were compared and are
shown in Figure[6.6] The pr spectra of both re-clustered R = 1.0 and conventional
R = 0.2 jets from the simulations are significantly suppressed with respect to
measured spectra. The ratio of JEWEL jet spectra and the measured jet spectra
is less than 0.5. The possible reason is that JEWEL is based on the older version
PYTHIA 6, which might not be able to properly describe the overall cross-section
in pp collisions that is then propagated to quenched spectra.

Six distributions of yields of re-clustered PbPb jets from JEWEL simulations
and experiment as a function of \/dy, for different ranges of pr are shown in
Figure [6.7] Since pr spectra of MC jets are suppressed with respect to the
experimental jet pt spectra, the overall suppression of the yields of MC jets with
respect to the experimental jets as a function v/ds is expected. The suppression
is observed in most cases. Exceptions may be caused by significant systematic and
statistical errors in experimental data, and also by statistical errors in JEWEL
data (the last bin in Figure [6.7h).
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Conclusions

The aim of this thesis was to confront models of pp and heavy-ion collisions
with experimental data from LHC. Simulations of pp collisions were performed
in PYTHIA 8 within the thesis and PbPb collisions were simulated in JEWEL.
The analysis within the Rivet framework was successfully implemented to analyze
the data from the simulations. The analysis follows the procedure described in
the article [3]. It can be submitted to the collection of Rivet analyses and can be
used within the ATLAS collaboration.

The data from the simulations were compared to experimental data. The
experimental data from pp and PbPb collisions were collected within the ATLAS
experiment in 2017 and 2018, respectively. The center-of-mass energy of PbPb
collisions was 5.02 TeV per nucleon, which was the same as for pp collisions. Only
the data from PbPb collisions within centrality 0-10 % were considered in this
thesis.

The results show that PYTHIA 8 can describe well experimental jet spectra
in pp collisions. Only a small discrepancy in pr spectra of jets between the
PYTHIA 8 simulations and experiment is observed. The discrepancy in yields
of MC jets with respect to the experimental jets as a function of v/d;5 is more
significant in some cases. One possible reason is that systematic uncertainties in
the measurements of jet yields as a function of v/d;» are more significant than
those in the measurements of jet pr spectra. As to JEWEL, it does not describe
PbPb collisions well, since the pr spectrum of jets from simulations is significantly
suppressed with respect to the experimental jet spectrum. This may be caused
by the older version PYTHIA 6, which JEWEL is based on. In addition, the
differences in jet yields as a function of v/d;5 between JEWEL simulations and
experiment are also significant.
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A. Attachments

A.1 PYTHIA Settings

// *x**x*x*x* Pythia collision configurations **k***xx*x*

pythia.readString("Main:numberOfEvents = 8000000") ;

to be generated
pythia.readString("HardQCD:all = on");

pythia.readString( Form("PhaseSpace:pTHatMin= \J.0f", pTHatMin) );

of the collision - lower limit

pythia.readString( Form("PhaseSpace:pTHatMax= \%.0f", pTHatMax) );

of the collision - upper limit

//other settings - we will not change

pythia.readString("Beams:eCM = 5020."); // Collision energy

pythia.readString("Main:timesAllowErrors = 10");
pythia.readString ("Random:setSeed = on");
pythia.readString ("Init:showAllSettings = off");
pythia.readString ("Init:showChangedParticleData =

on") ;

pythia.readString ("Init:showAllParticleData = off");

// common ATLAS Pythia8 - we will not change
pythia.readString("Main:timesAllowErrors = 500");
pythia.readString("6:m0 = 172.5");
pythia.readString ("23:m0 = 91.1876");
pythia.readString ("23:mWidth = 2.4952");
pythia.readString("24:m0 = 80.399");
pythia.readString("24:mWidth = 2.085");

pythia.readString("StandardModel:sin2thetaW = 0.23113");
0.23146") ;

pythia.readString("StandardModel:sin2thetaWWbar =

pythia.readString("ParticleDecays:1limitTau0 = on");
pythia.readString ("ParticleDecays:tauOMax = 10.0");

// CT10 + AU2 tune - we will not change
pythia.readString ("Tune:pp = 5");

pythia.readString("MultipartonInteractions:bProfile = 4");
pythia.readString("MultipartonInteractions:al = 0.

pythia.readString("MultipartonInteractions:pTORef
pythia.readString ("MultipartonInteractions:ecmPow
pythia.readString("SpaceShower:rapidityOrder=0") ;

// CALL PYGIVE ’MSTP(81)=0’ - we will not change
pythia.readString("PartonLevel :MPI = off");
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A.2 Analysis Script

// -%- C++ —x%-—

#include "Rivet/Analysis.hh"

#include "Rivet/Projections/FinalState.hh"
#include "Rivet/Projections/FastJets.hh"
#include "Rivet/Projections/PromptFinalState.hh"

namespace Rivet {

class PLASMA_ANALYSIS : public Analysis {
public:

/// Constructor.
RIVET _DEFAULT _ANALYSIS_CTOR(PLASMA_ANALYSIS);

// Declare constants.
const double rap_max_RO02 = 3.;
const double rap_max_R10 = 2
const double rap_norm_R02 = 2.;
const double R_small 0.2;
const double R_large = 1.0;

//Specify intervals of pT for di2.
const int intervals[7] = {156, 200, 251, 316,

//Declare useful functions.
string make_str (const int a, const int b)

{
string sl = to_string(a);
string s2 = to_string(b);
string stot = "jets_d12_" + sl + "_" + s2;
return stot;
¥
double get_pT (const PseudoJet& p)
{
const double px = p.px();
const double py = p.py();
const double pt = sqrt(px*px + py*py);
return pt;
};

/// @name Analysis methods
///e{

void init () {

/// Book histograms and initialise projections before

const FinalState fs(Cuts::abseta < 4.9);
declare (fs, "FinalState");
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500,

1000} ;

the run.

// The final-state particles declared above are clustered using FastJet
with the anti-kT algorithm and a jet-radius parameter 0.2 or 1.0.

FastJets jetsmall(fs, FastJets::ANTIKT, R_small);

declare(jetsmall, "smalljets");

FastJets jetlarge(fs, FastJets::ANTIKT, R_large);

declare(jetlarge, "largejets");

// Book histograms.
// Specify custom binning.

vector<double> binning_pT = {20., 25.119, 31.623,
100., 112., 125., 141., 158., 177., 199.,

354., 398., 501., 630., 999., 1501.};
vector<double> binning_d12 = {0., 6., 14.,
172., 246., 500.};
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// Book histogram for pT spectrum of conventional R=1.0

book(_h["largeJets_pT"], "largeJets_pT", binning_pT);

// Book histogram for pT spectrum of re-clustered R=1.0

39

50.119, 72.1, 79.,
251.

, 281., 316.,

, 59., 84., 121.,

jets.

jets.



book(_h["jets_pT"], "jets_pT", binning_pT);
// Book histogram for pT spectrum of conventional R=0.2 jets.
book(_h["smallJets_pT"], "smallJets_pT", binning_pT);

// Book histograms for jet di12 distributions.
for (int i = 0; i < 6; i++){
string ss = make_str (intervals[i], intervals[i+1]);
book(_h[ss], ss, binning_d12);
}
}

/// Perform the per-event analysis.
void analyze(const Event& event) {

// Retrieve clustered jets with R = 1.0, sorted by pT and rapidity, with
a minimum pT and a maximum rapidity cut.
const PseudoJets& largeJet_select = apply<FastJets>(event, "largejets").
pseudoJetsByPt (35.0%GeV) ;
for (const PseudoJet& pjet : largeJet_select) {
if (abs(pjet.rap()) < rap_max_R10) {
_h["largeJets_pT"]->fill(get_pT(pjet) / GeV); //Construct the pT
spectrum of conventional R=1.0 jets.
}
}

// Retrieve clustered jets with R = 0.2, sorted by pT and rapidity, with a
minimum pT and a maximum rapidity cut.
const PseudoJets& jet_select = apply<FastJets>(event, "smalljets").
pseudoJetsByPt (35.0%GeV) ;
PseudoJets jet_selected_rap;
for (const PseudoJet& pjet : jet_select) {
if (abs(pjet.rap()) < rap_max_R02) {
jet_selected_rap += pjet;
if (abs(pjet.rap()) < rap_norm_R02){
_h["smallJets_pT"]->fill(get_pT(pjet) / GeV); //Construct the pT
spectrum of conventional R=0.2 jets.
}
}
b

//Recluster R = 0.2 jets into R=1.0 jets using the anti-kt algorithm.

PseudoJets reclustered_jets;

const fastjet::ClusterSequence antikt_cs(jet_selected_rap, fastjet::
JetDefinition (fastjet::antikt_algorithm, R_large, fastjet::E_scheme,
fastjet::Best) );

reclustered_jets = antikt_cs.inclusive_jets ();

//Cut by rapidity, abs(y) < 2.0
PseudoJets reclustered_cut_rap;
for (const PseudoJet& psjet : reclustered_jets) {
if (abs(psjet.rap()) < rap_max_R10) {
reclustered_cut_rap += psjet;
}
}

// Use a kT cluster sequence to recluster R=1.0 jets so that d12 can then
be obtained from the re-clustered jets.
vector<double> splittingScales;
for (const PseudoJet& tpjet : reclustered_cut_rap) {
const PseudoJets tpjet_constits = tpjet.constituents();
const fastjet::ClusterSequence kt_cs(tpjet_constits, fastjet::
JetDefinition(fastjet::kt_algorithm, 1.5, fastjet::E_scheme, fastjet
::Best) );
const PseudoJets kt_jets = kt_cs.inclusive_jets();
const double d12 = 1.5 * sqgrt(kt_jets[0].exclusive_subdmerge (1)) ;
splittingScales.push_back(d12);
}

// Construct the pT spectrum of re-clustered R=1.0 jets.
int ijet = 0;
for (const PseudoJet& jet : reclustered_cut_rap) {

const double pt = get_pT(jet);

const double di12 = splittingScales[ijet];
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_h["jets_pT"]1->fill(pt / GeV);

// Construct distributuions with the dependence of yields omn di12.
for (int i = 0; i < 6; i++) {
if (intervals[i] < pt/GeV && pt/GeV <= intervals[i+1]) {

string ss = make_str(intervals[i], intervals[i+1]);
_h([ss]->£fil1(d12 / GeV);
break;
}
}
ijet++;

}
}

/// Normalize the histograms after the run.
void finalize () {

const double x_nb = crossSection() / nanobarn;

const double sumW = sumOfWeights ();

const double x1_norm_factor = x_nb/(2 * rap_max_R10 * sumW);
const double xs_norm_factor = x_nb/(2 * rap_norm_RO2 * sumW);

// Normalize jet pT spectra to pT and rapidity.
scale(_h["jets_pT"], x1l_norm_factor);
scale(_h["largeJets_pT"], xl_norm_factor);
scale(_h["smallJets_pT"], xs_norm_factor);

// Normalize d12 distributions to di12, rapidity, and the corresponding
intervals.

int interval_width[6];

for (int i = 0; i < 6; i++) {

interval_width[i] = intervals[i+1] - intervals[il;
string str = make_str(intervals[i], intervals[i+1]);
scale(_h[str], xl_norm_factor / interval_width[i]);
}
¥
///@}

map<string, HistolDPtr> _h;
I8

// The hook for the plugin system
RIVET_DECLARE_PLUGIN (PLASMA_ANALYSIS);
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