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Abstract

Collectivity in Large and Small Collision Systems:

Flow in Xe+Xe Collisions and Sensitivity to the Presence of Hard Scatterings in pp Collisions

Pengqi Yin

The Quark-Gluon Plasma (QGP) produced in heavy-ion collisions has been shown to behave like
a nearly perfect fluid, characterized by a very low ratio of shear viscosity to entropy density. Sig-
nificant measurements in large collision systems have improved the constraints on the value of
n s. However, the precise temperature dependence of i s still remains unknown. The interplay
between viscous effects and initial geometry fluctuations is important that requires further inves-
tigation. Another key open question in the study of multi-particle production is the relationship
between the “ridge” — observed azimuthal correlations between particles in the underlying event
that extend over all rapidities — and hard or semi-hard scattering processes in small collision sys-
tems. In particular, it is not known whether jets or their soft fragments are correlated with particles
in the underlying event.

This dissertation presents two analyses. The first analysis measures flow harmonics vo—vg in
3 ub ! of Xe+Xe collisions at pm = 5.44 TeV using the ATLAS detector at the LHC. The
centrality, multiplicity, and pt dependence of the v, values obtained using two-particle correla-

tions and template-fit procedure are presented, and the measurements are compared with those in



Pb+Pb collisions and p+Pb collisions at pm = 5.02 TeV. The v, values in Xe+Xe collisions
are observed to be larger than those in Pb+Pb collisions for n = 2, 3, and 4 in the most central
events. However, the v,, values in Xe+Xe collisions become smaller than those in Pb+Pb collisions
with decreasing centrality or increasing harmonic order n. The v,, in Xe+Xe and Pb+Pb collisions
are also compared as a function of the mean number of participating nucleons and the measured
charged-particle multiplicity in the detector. The v3 values in Xe+Xe and Pb+Pb collisions are
observed to be similar at the same NNpa1 or multiplicity, but the other harmonics are significantly
different.

The second analysis studies two-particle correlations in pp collisions at pE = 13 TeV using
data collected by the ATLAS experiment at the LHC, with an integrated luminosity of 15.8 pb
in two different configurations. In the first case, charged particles associated with jets are excluded
from the correlation analysis, while in the second case, correlations are measured between parti-
cles within jets and charged particles from the underlying event. Second-order flow coefficients,
vo, are presented as a function of event multiplicity and transverse momentum. These measure-
ments show that excluding particles associated with jets does not affect the measured correlations.
Moreover, particles associated with jets do not exhibit any significant azimuthal correlations with

the underlying event, ruling out hard processes contributing to the ridge.
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Chapter 1

Introduction

The Standard Model of particle physics, developed during the latter half of the 20th century, is a
highly successful theory that describes the elementary particles and their interactions. It includes
three of the four fundamental forces: the strong, weak, and electromagnetic forces, and describes
all known particles as either fermions or bosons. The strong nuclear force, which holds quarks
together in protons and neutrons, is described by the thedppahtum Chromodynami¢QCD).

QCD is a quantum eld theory that predicts two key properties. The rst is asymptotic freedom,
which describes how the strong interaction between quarks and gluons becomes weaker at shorter
distances. The second property is color con nement, which implies that quarks and gluons cannot
be observed as isolated free particles.

When nuclei are accelerated to nearly the speed of light and smashed together, these collisions
can create an extremely hot and dense matter known as the Quark-Gluon Plasma (QGP). In this
state, quarks and gluons are no longer con ned within hadrons, allowing them to move freely
and independently. This decon ned state, which is more than 100,000 times hotter than the sun's
core, is of great importance in understanding the early universe, as it is predicted that the universe
underwent a similar phase transition just a few microseconds after the Big Bang, between the
electroweak phase transitio@ ( 10 ! s) and the strong phase transitia® (10 " s) [1].

In the past half-century, the protons—nuclei and nuclei—nuclei collisions have played a crucial



role in the discovery and understanding of QGP and its properties across a broad range of energies.
Scientists rst attempted to create QGP with xed-target experiments at the Alternating Gradient
Synchrotron (AGS) at Brookhaven National Lab (BNL) in the mid-1980s, reaching center-of-mass
energy PB of up to 5 GeV. In the 1990s, the Super Proton Synchrotron (SPS) at CERN reached
energies up to 17 GeV. In 2000, CERN published an article titled "New State of Matter Discovered
at CERN," stating they found of evidence for the existence of the Quark-Gluon Plasma (QGP) [2].
Several years later, experiments conducted at the Relativistic Heavy lon Collider (RHIC), which
achieved higher energy levels wﬁFBup to 200 GeV, revealed more compelling evidence for the
formation of QGP. These ndings are documented in white papers published by RHIC experi-
ments [3, 4, 5, 6]. Since 2010, the Large Hadron Collider (LHC) at CERN has collided heavy
ions of lead and xenon at even higher energies, reaching an energy of about 5 TeV per nucleon-
nucleon collision. Nowadays, RHIC and the LHC stand as the two most powerful experimental
facilities capable of performing relativistic heavy-ion collisions, providing signi cant advances in
the understanding of QGP.

One of the distinctive properties of the QGP is its remarkably low shear viscosity to en-
tropy density ratio (denoted 42 B which is close to the lower bound predicted by AntideSit-
ter Space/Conformal Field Theory (AdS/CFT) methods. This implies that the quarks and gluons
within the QGP are strongly coupled, rendering traditional perturbative techniques ineffective for
its study. This property is re ected in the collective response of the QGP to pressure gradients,
which are de ned by the initial geometric overlap of the colliding nuclei. In recent years, measure-
ments in Au+Au and Pb+Pb collisions have shown that the QGP produced in heavy-ion collisions
behaves like a nearly perfect uid [7]. This is particularly noteworthy since most high-temperature
systems do not exhibit such ideal uid-like behavior. The collective response of the QGP, such as
the azimuthal anisotropy, can be described by relativistic hydrodynamic theory.

In light of these discoveries, there has been extensive research aimed at incorporating viscosity
into hydrodynamic models. While tH& measurements have been performed in Pb+Pb collisions,

extending these measurements to different collision systems such as Xe+Xe collisions provides a



unique opportunity to disentangle the effects of viscosity from uctuations in the initial geometry.
Comparative analyses between Xe+Xe and Pb+Pb systems could enhance our understanding of the
underlying properties of the QGP.

The observed azimuthal correlations in large collision systems between particles extended over
all rapidities originate from the hydrodynamic expansion of the QGP produced. In smaller col-
liding systems like proton-nucleu®<A) or proton-proton ??) collisions, the QGP was not ex-
pected to be formed since the transverse size is too small. The collective phenomena were also
not commonly expected to develop. However, recent measuremed®aollisions have shown
the presence of such long-range correlations, which are produced from single-particle anisotropies
similar to those in heavy-ion collisions. These observations suggest the presence of collective ef-
fects similar to those seen in heavy-ion collisions, although the origin and nature of the long-range
correlations were still a subject of active research and debate in the eld. Itis crucial to understand
whether the ridge that has been observe@?rcollisions is associated with hard partons scattering
off of a dense gluonic state or a result of collective behavior. Understanding the underlying mech-
anisms will provide valuable insights into the dynamics of small collision systems and shed light
on the interplay between hard scattering and collective behavior in high-energy collisions.

This dissertation details two measurements using ATLAS detector at the Large Hadron Collider
(LHC) published as Refs. [8, 9]: a measurement of the azimuthal anisotropy of charged-particles in
Xe+Xe collision; and a measurement of the sensitivity of two-particle correlation8 gollisions
to the presence of hard scatterings. The dissertation is organized as follows: Chapter 2 provides
an overview of the physics background relevant to the study of ultra-relativistic nuclear collisions
and the physics of the QGP. Chapter 3 describes the LHC, the ATLAS experiment, and the ex-
perimental setups used in this dissertation. The two-particle correlation method and the template-
t method are brie y described in Chapter 4. The measurement of the azimuthal anisotropy of
charged-particles in Xe+Xe collision is presented in Chapter 5, followed by the measurement of
the sensitivity of two-particle correlations ih? collisions to the presence of hard scatterings in

Chapter 6. Finally, Chapter 7 summarizes the ndings and conclusions of this work.



Chapter 2

Background

2.1 History of The Standard Model

The Standard Model of particle physics describes the fundamental building blocks of matter and
their interactions through three of the four fundamental forces of nature: the electromagnetic force,
the weak force, and the strong force. According to the Standard Model, all matter is composed
of fundamental particles known as fermions, which include quarks and leptons. Quarks are the
building blocks of hadrons, such as protons and neutrons, while leptons include electrons, muons,
tau particles, and their corresponding neutrinos. The Standard Model also predicts the existence of
force-carrying particles known as gauge bosons, which mediate the interactions between fermions.
The Higgs boson, a scalar boson that gives mass to fundamental particles, is also a part of the
Standard Model. These particles are listed in Figure 2.1.

The electroweak theory, which uni ed the electromagnetic and weak forces, was proposed
independently by Sheldon Lee Glashow, Steven Weinberg, and Abdus Salam in the 1960s, known
as GWS theory [11]. For their work, Glashow, Weinberg, and Salem were jointly awarded the
Nobel Prize in Physics in 1979. The discovery of the W and Z bosons at CERN in the 1980s was
a major experimental con rmation of the electroweak theory by a team of physicists led by Carlo

Rubbia and Simon van der Meer, who were awarded the Nobel Prize in Physics in 1984.



Figure 2.1: Particles of the Standard Model of particle physics [10].

The theoretical framework of the strong force, Quantum Chromodynamics (QCD), was devel-
oped in the 1970s by Murray Gell-Mann, Harald Fritzsch, and Heinrich Leutwyler [12], who built
on the general eld theory developed in 1954 by Chen Ning Yang and Robert Mills [13]. One of
the signi cant breakthroughs in QCD came from the work of David Gross, David Politzer, and
Frank Wilczek. They discovered that the beta function, represented by Eq. (2.9), should be nega-
tive, contrary to previous understanding. This discovery revealed that the interaction strength can
decrease as energy increases, resulting in quarks being “asymptotically free” at high energies. For
their groundbreaking discovery, Gross, Politzer, and Wilczek were awarded the 2004 Nobel Prize
in Physics [14].

In 2012, the discovery of the Higgs boson, which is responsible for giving mass to elementary
particles, was announced by the ATLAS and CMS experiments at the LHC [15]. This discovery
was a major con rmation of the Standard Model and was recognized with the award of the Nobel
Prize in Physics in 2013 to Peter Higgs and Francois Englert, who had independently proposed the

existence of the Higgs boson in the 1960s.



2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the fundamental quantum eld theory that describes the
strong nuclear force, which binds quarks together to form hadrons. It describes the interactions
between quarks and gluons, the elementary particles that make up protons, neutrons, and other
hadrons. QCD has been extensively studied for several decades and has provided us with a deep
understanding of the behavior of hadrons and their interactions.

The theory of QCD is a non-Abelian gauge theory with the gauge gfoui3°. It features
eight gauge elds, known as gluons, that interact with each other and with the quarks. This self-
interaction among the force carriers is a distinctive feature unique to QCD, setting it apart from
other quantum eld theories like Quantum Electrodynamics (QED). The gauge covariant derivative

associated with locgl 13° symmetry is de ned as:
=m 8 %C- (2.1)

whereé6 is the strong coupling constam,® are the four potential of the gluon elds, ar@® are

the3 3 Gell-Mann matrices with the commutation relations of
C—By= 8 81C- (2.2)

where 5°%2is a set of numbers called structure constants.
The interactions between the quarks and the gluons is described by the QCD Lagrangian, which

is given by [11]: .
O
L class= kgt8* <ggfkg

=5

9 - (2.3)

N

wherek gdenotes the quark eld for th&th avor. In this context, ' avor' speci es the variety of

guarks, such as up, down, charm, strange, top, or bottom. Additiorallg,the mass of th8th



Figure 2.2: Feynman diagrams of the strong interaction. Panel (a) represents the emission of a
gluon by a quark. Panel (b) represents the splitting of a gluon into a quark-antiquark pair. Panel
(c) and (d) represent the three- and four-gluon self-interactions. The gure is reproduced from

Ref. [16].

quark, and & is the eld strength tensor and is de ned as:
9 =mA? mA?, 6512AlAZ- (2.4)

where the indice§, 1, and2 run over eight colors of the gluon eld. The third non-Abelian term
implies the gluon-gluon self-coupling.

Figure 2.2 shows the Feynman diagrams illustrating examples of the fundamental strong inter-
actions. These diagrams depict various processes, such as gluon emission, quark-antiquark pair
production from gluons, and three- and four-gluon couplings.

In order to quantize the QCD theory, it is necessary to add a gauge- xing term and a ghost term

to the classic Lagrangian density:

L QCD — L class, L gauge xing L ghost (2.5)

The gauge- xing term is added to remove redundant degrees of freedom that arise due to the gauge



symmetry of the theory. One of the gauge- xing choices is given by:

1 .
L gauge xing = %1m A 902 (2.6)

whereb is the gauge- xing parameter. The gauge- xing term introduces ghost elds, which are
necessary to preserve the gauge symmetry of the theory. The ghost elds are introduced through

the Faddeev-Popov procedure. The ghost term is given by:

where2 and?2 are the ghost elds.

In QCD, the running of the strong coupling constasy, is described by th& function

mig
VIUR = & —— 2.8
=8 (28)
where
Us Us 2 Us 38
VIUR = 2Ug — Wy, — Vi, — \,, eeee 2.9
B B e O 725 s 7o V2. (2.9)
The solution to the leading order of this function is
4
Ugi& 20 = S (2.10)
1plog &= aco

with 1o = 11 2=5+3, =5 the number of active avors, andgocp 200MeV is the QCD scale
parameter [11] which represents the energy scale at which the strong coupling becomes strong and
non-perturbative. The negative sign in Eq. (2.9) is signi cant and contrary to what was generally
believed. It is clear that the effective interaction strength decreases as the transferred momentum
(&2) becomes large (i.e. at short distances), making quarks “asymptotically free” at high energies.
This phenomenon is known asymptotic freedomand is a fundamental feature of QCD. Fig-

ure 2.3 summarizes measurements of the QCD coupling straggtinom different experiments.



Figure 2.3: The measurementldfas a function of the energy scale Q from ATLAS Collaboration.

The gure is reproduced from Ref. [17].

The strong coupling constabkis small in high energy or at short distances allowing pertur-
bation theory techniques to be applied, known as perturbative QCD (pQCD). This perturbative
approach, utilizing perturbative expansions in the coupling, is particularly useful in the study of
hard scattering processe@here the momentum transfers involved are large.

However, as the momentum transfer decreases, the coupling constant increases and eventu-
ally diverges a2 approaches éCD, and pQCD becomes less reliable and breaks down. This is
another important property of QCD, calledn nement which is responsible for binding quarks
and gluons within hadrons. Quarks and gluons are never observed as isolated particles but are
always found within color-neutral hadrons, such as protons and neutrons. In such regimes, non-
perturbative methods, such as lattice QCD (LQCD), are needed to describe and analyze the strong
interactions. In LQCD, space-time into a grid-like lattice, enabling the calculation of nonper-

turbative aspects of QCD that cannot be directly addressed using perturbation theory. The lattice

spacing) serves as a fundamental parameter, introducing a lattice cutoff that regularizes the theory



and removes divergences. By working with a nite lattice spacing, LQCD avoids the occurrence
of in nities and allows for the computation of well-de ned quantities. In the lattice formulation,
physical quantities of interest are obtained by performing calculations on the lattice and then taking
the continuum limitQ !  0). In the continuum limit, LQCD is designed to reproduce the results
of continuum QCD, enabling predictions over a wide range of phenomena, including hadron spec-
tra, the nucleon-nucleon potential, and the determination of fundamental quantities such as quark
masses and the strong coupling constant.

The con nement of quarks and gluons can be understood qualitatively by considering a pair of
static quarks, such as@® The potential energy between the quarks can be described by the QCD

analog of the Coulomb potential, known as the Cornell potential [18]:

+10= 2 A- (2.11)

whereAis the distance between the quarks, anis the strength of the color force. The rst

term represents the Coulomb-like contribution between the quarks. The second term represents
the linearly increasing potential energy that arises from con nement. As the separation distance
between the quarks increases, the potential energy also increases linearly, resulting in a con ning
force that prevents the separation of quarks beyond a certain distance. This distance is typically
on the order of a few femtometers. The increasing amount of energy is stored in the stretched
gluon eld called a ux tube. After the potential energy becomes so large that it is energetically
favorable to create a new quark-antiquark pair rather than continue to pull the original quarks apart.
The new pair combines with the original quarks to form two new hadrons. This process is known
as stringfragmentation The concept of the ux tube has played a signi cant role in advancing

hadron phenomenology by treating them as relativistic strings [19].
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2.3 Factorization and Parton Distribution Function

Perturbative QCD is a strictly powerful tool for calculations of scattering processes study. Scat-
tering processes can be formulated by neglecting the masses of all quarks, where the mass is
signi cantly smaller than the momentum transfer in the process. The cross-section for a hard
hadron-hadron collision can be expressed as:

' ' 0
f17-2°= 3G 3G &G RGN G?-67-7 - (2.12)

8-9

where ?; and ?, are the momenta of the two incident hadrons respectiviglgnd S are parton
distribution functions (PDFs) corresponding to the part®asd 9, andf* represents the partonic
cross-section for parton scatterings. At a certain scalie total cross-section can be factorized

into soft and hard parts, which respectively account for the long and short-distance behaviors,
and is known agactorization With the scale as a dividing point, the factorization ensures that
there is no interference between the hard and soft behaviors. This factorization also establishes
a clear separation between the perturbative physics at the parton level and the non-perturbative
physics at the hadron level. Factorization theorem have only been proved for speci ¢ processes
for example in deep-inelastic scattering (DIS) [20], in hard scattering jet production, and in the

Drell-Yan process [21, 22].

2.4 Smallx and Gluon Saturation

Considering the case of deep-inelastic scattering of an electron off a proton, the electron interacts
with the proton through the exchange of a highly virtual photon, which kicks out one of the proton's
constituents. In the case of a proton with a very large mome#@talong the -axis, the momentum

can be approximated as

% '1 %0,— % (2.13)
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and choosing a frame in which the virtual photon has momentum
@' @gr—0°— (2.14)

the kinematics of the photon-proton scattering can be described by the virtual photon momentum
squared&? = @ Y 0, which is exchanged between the electron and the hadron, and the di-
mensionless Bjorkevariable, which represents the longitudinal momentum fraction carried by
a parton in the hadron, de ned as

&? &% | &2

G= : i 2.15
2% @ B, &2 B (2.19)

whereBis the center-of-mass energy. In the high-energy regime, wBere& 2, the cross section

for the virtual photon-proton process can be expressed as

_ 4c?U

f %2

21G—&o— (2.16)

where » is the standard structure function [23]. At large value§of 01, the structure function
is approximately independent of varyi&g and is known agjorken scalingwhich was predicted
by Bjorken [24]. Shortly after, Feynman developed the parton model, in which he explained the
scaling behavior as a result of the proton being made up of point-like, electrically charged free

partons at high energies. The structure function can be expressed in terms of the&af BFas

~

1@ =G 4pd0- (2.17)
@
where42@is the fractional electromagnetic charge carried by the quark. The combined data on
the » structure function is shown in Figure 2.4. It is clear from the data that the scaling is valid
for G 0<1. However, for lowerG the Bjorken scaling is violated which can be attributed to the

parton evolution. The evolution of PDFs is a way of dealing with collinear emissions following

12



Figure 2.4: The proton structure functior,, for various&? andGas measured in DIS experi-
ments. For clarity, the data are multiplied B%, with & the number of the bin in Bjorken-x from

&= 1for G= 0:85t0 &= 24for G=5 10 °[1].
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Figure 2.5: The parton distribution functions&®t = 10 Ge\? [25]. The valence quark distribu-
tions are de ned a&R=GD @andG3=G3 . The sea quark distributio@ (and the gluon

distributionG6have been multiplied by a factor of 0.05 for clarity.

the leading-order vertex.

The evolution of parton densities with decreasfag described by the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution equations [27, 28]. These equations provide a frame-
work for understanding how the parton distributions inside a nucleon change as the energy scale
decreases.

Figure 2.5 shows the proton PDFs extracted from DIS experiments with the DGLAP evolution
equations [27, 28] at next-to-leading-order (NLO). The curves representing the valence quarks
are observed to peak at larger values=ofAt lower values ofG the gluon distribution becomes

increasingly dominant and exhibits rapid growth with decrea&ngt suf ciently low x values,
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Figure 2.6: The phase diagram for QCD evolution [26]. The coloured circles represent partons,

with the area of the circlX(>»  1&2. The grey band indicates the nonperturbative regime.

it is anticipated that the gluon density will reach a saturation point, meaning that the rate of gluon
recombination becomes comparable to the rate of gluon splitting. This saturation phenomenon,
known asgluon saturation is a consequence of unitarity constraints and serves as a limit to the
growth of the gluon density, ensuring that the total scattering probability remains within the bounds
of unity.

In the Regge-Gribov limit of QCD, whei&? is xed, G! 0,andB! 1 , the rapid increase in
the gluon distribution is described by the Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation which
describes the evolution of the gluon distribution alémgle @ instead of evolving the PDFs to in-
creasing&? scales, as is the case in the Bjorken limit, as shown in Figure 2.6. The gluon saturation
effect in the in nite momentum frame (IMF) in the Regge-Gribov limit is well described by the

Color Glass Condenstaf€GC) [29, 30], an effective theory for a proton or nucleus at high ener-
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gies. The condensate designation comes from the fact that saturated gluons form effective partons

with large occupation numbe311s Ug.

2.5 Jets

In high-energy collisions, the fragmentation of partons can give rise to a collimated spray of stable
particles known as get. Jets are a crucial and distinctive feature of high-energy collisions, serving

as valuable experimental observables for probing and studying hard scattering processes at the
partonic level. In principle, one can determine the kinematics of the initial parton by analyzing the
four-momenta of all the hadrons within a jet. However, the nal states particles associated with jet
production can be highly complex, with simultaneous interactions between multiple partons. To
address this complexity, different jet clustering algorithms have been developed to cluster particles
together and provide a more precise de nition of jets.

There are two primary categories of jet reconstruction algorithms commonly used in high-
energy physics. The rst one is the cone algorithms most used in the early days, which identify
particles or energy deposits that are nearby in angle and associate them to form jets. The second
class consists of sequential clustering algorithms, which includegf®l], anti- ¢[32], and the
Cambridge/Aachen [33] algorithms.

Sequential clustering algorithms are based on the assumption that particles within jets exhibit
small differences in transverse momentum. As a result, these algorithms group particles in mo-
mentum space, leading to jets with uctuating shapes if theg plane. The sequential clustering
algorithms use two distance variables: the distance between two pa8i#ids® denoted a8sg
and the momentum space distance between the beam axis and the particle, deBgtedlssse

distances can be expressed as:

. 27? ,;? 89
= 2c -
3g9= mMin ‘18~ 79 3
27?
= ?°
3g = 7%
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Figure 2.7: A sample parton-level event clustered wigand anti: calgorithm [34].

where' is the radius parameter that determines the nal size of jets, arggrepresents the spatial

distance between particl8and 9 given by:
'2=1s [£2.10s g (2.18)

Different values of? correspond to a speci c clustering algorithm. In particular, wi?en 1, the
algorithm is known as thecalgorithm. When? = 1, it is referred to as the anticalgorithm.

And when? = O, it corresponds to the Cambridge/Aachen algorithm. In:thalgorithm, with a

positive exponent, the algorithm exhibits high sensitivity to low momentum patrticles, which may
not be part of a jet originating from hard scattering. On the other hand, the@lgerithm, with a
negative exponent, assigns greater importance to hard particles and tends to cluster particles around
them. As a result, the shape of the jet is primarily determined by the hardest particle. Figure 2.7

provides an illustration of jet areas obtained using:thand anti: calgorithms.

2.6 Quark-Gluon Plasma

With the theory of the lattice QCD, it has been predicted that when hadrons are subjected to very

high energy densities and temperatures ( qcp), they will undergo a phase transition to a
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Figure 2.8: The evolution of the universe history in the Big Bang scenario of the Standard Model

of cosmology.

state of QCD matter consisting of decon ned quarks and gluons, called a Quark-Gluon Plasma
(QGP) [35, 36, 37]. Since the mid-1970s [35, 38], it has been understood that this state of matter
existed at the very early stages of the universe, a few microseconds after the Big Bang, between
the electroweak phase transitiad (10 ! s) and the strong phase transitia® (10 " s) [1]. The
connection to the earliest stages of the universe and the new form of matter not made of hadrons
motivated the study of ultrarelativistic heavy ion collisions. By investigating the QGP produced in
these collisions, one could understand the native interactions of quarks and gluons when they are
not con ned within hadrons.

Figure 2.9 shows a schematic representation of the phase diagram of QCD matter in terms
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Figure 2.9: A schematic representation of the phase diagram of QCD shown as a function of

temperature and the baryon chemical potentig]41].

of temperature and net baryon density (or baryon chemical poteng)al The different phases

of strongly interacting matter, including the quark-gluon plasma (QGP) and the hadron gas, are
shown. The white circle on the diagram indicates a predicted critical point, where the QGP to
hadron gas becomes a rst-order phase transition. At Igwlattice QCD simulations suggest
there is a smooth cross-over transition aroind 150 MeV, where the matter is in an interme-

diate state between nuclear matter and the QGP [39]. At low temperatures and high baryon den-
sities, neutron stars are formed. As the density keeps increasing, it is predicted that a degenerate
Fermi gas of quarks with a condensate of Cooper pairs is formed, creating a material to be a color
superconductor [40]. The existence of rst-order phase transition at lagger not proved exper-
imentally, and nding the critical point where the cross-over transition gives way to the rst-order
phase transition remains an active area of research in low-energy heavy ion collisions.

The equation of state of QCD matter can also be determined through lattice QCD calcula-
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Figure 2.10: Normalized pressure, energy density, and entropy density as a function of the tem-
perature. Lattice QCD calculations of the press@renergy densityy and entropy densit of

hot QCD matter in thermal equilibrium at temperature T from a hadron resonance gas (HRG) are
shown in lines [42]. The Stefan-Boltzmann limit is indicated by the horizontal line for energy

density. The yellow vertical band indicates the cross-over region [43].

tions. Starting from the QCD Lagrangian in Eqn.(2.3), the partition function of strongly interact-
ing matter can be derived, and the energy density and pressure can then be obtained using standard

statistical mechanics:

2
=)_ min/ _ %) min/
+ m) . m+

(2.19)

Figure 2.10 shows the energy density of strongly interacting matter, normali€tl &y a function
of temperature [43]. The dot line in the gure indicates the Stefan-Boltzmann liggip)

15627. The plot shows a sharp change in energy density arpundl50 MeV, suggesting that
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