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CHAPTER 1

Introduction

At the Relativistic Heavy lon Collider (RHIC), nuclei are collided together at relativistic
speeds, producing a state of matter comprised of decon ned quarks and gluons, the Quark-
Gluon Plasma (QGP) [26, 27, 28, 29]. This rare state of matter is predicted by lattice
Quantum Chromodynamics (LQCD) to occur at extremely high temperatures and densities.
Such conditions existed in the earliest moments of our Universe just microseconds after the
Big Bang. The QGP has been found to exhibit a nearly perfect uid behavior, and has been
the subject of intense study and experimentation in the eld of heavy-ion physics over the
last several decades. The near perfect uidity of the QGP is observed as strong correlations
between particles produced in nuclear collisions [30]. Presently, the detailed interactions of
the he avy quarks (charm and beauty) in the QGP medium are under investigation. Heavy
avor quarks are not expected to be a part of the uid as they will have relatively larger
masses that are much higher than the temperature of the system. This also means that heavy
quarks will not be produced thermally. As they are not present in the colliding nuclei,
they can only be produced in hard scattering processes characterized by large momentum
transfers. These processes take place during the earliest stages of the collision prior to QGP
formation, and as a consequence of the uncertainty principle will occur at very short time
scales. Hadrons containing heavy avor quarks can be categorized as open heavy avor
or (hidden heavy avor) quarkonia. Open heavy avor hadrons consist of a heavy avor
guarks bound to lighter quarks, and quarkonia will be a bound state of a quark and anti-
qguark pair. This key difference in quark composition means that quarkonia will have a net
avor quantum number equal to zero. Therefore, to achieve a complete understanding of
heavy avor interactions within a decon ned medium, it is important to study both cases.

In the case of quarkonia, theyd meson, the most abundant charmonium bound state and

subject of this thesis, serves as an ideal probe. Faendesons possess a charm (C) equal



to 0, are created before QGP formation, and have a relatively long decay time as hadronic
decay modes are strongly suppressed. This results in an abundarege tf dilepton

decays, and meansyJ can be used to probe the full evolution of a decon ned medium.

1.1 Quantum Chromodynamics

There are four fundamental forces of nature: electromagnetism, the weak interaction, grav-
itation, and the strong interaction (see Table 1.1). The most successful theory to describe
these interactions (not including gravitation) is the Standard Model of Particle Physics,
which is a relativistic quantum eld theory based on the gauge symmet(@)gU SU(2),

U(1), . The Standard Model breaks the elementary particles that make up matter in the Uni-
verse into two groups: fermions and bosons. Fermions possess half-integer spin, obey the
Pauli exclusion principle, and can be further split into 2 groups: leptons (which participate
in electroweak interactions) and tigeiarks (which participate in strong and electroweak
interactions). There are six avors of leptons: the elect@nrouon (m), and tau () each

having an associated neutrin@(nm; n; ), and each lepton having an associated anti-matter
counterpart. The quarks come in six avors: up, dowharm, strange, top and bottom
(u;d;c;s;t;b), and comprise all hadrons. The bosons on the other hand possess integer
spin, and mediate the fundamental interactions via their exchange glibe mediates

the strong interaction, photons the electromagnetic, Z and W bosons mediate the weak

interaction, and the Higgs boson for mass (see Figure 1.1) [2].

Interaction Field Theory Relative Strength Mediating Particle
Strong Quantum Chromodynamics (QCD) 1 glugh (
Electromagnetic  Quantum Electrodynamics (QED) 30 photon §)
Weak Electroweak 10 (W*:W :andz?)
Gravitation General Relativity 168 graviton (hypothetical)

Table 1.1: Interactions with relevant eld theory, strength, and mediating boson [1].

Within the Standard Model, Quantum Chromodynamics (QCD) is the fundamental the-
ory that describes the strong interaction, and is a non-abelian gauge theory where the gauge
boson, the gluon, possesses charge and therefore can be self-interacting. This is in contrast

to electromagnetism, where the photon, is electrically neutral. Despite this difference, there



Figure 1.1: The Standard Model of Particle Physics [4]

is an analogousolor charge in QCD based on the SU(3) gauge symmetry, where “color”
refers to the charge associated with the strong force. As opposed to the two positive and
negative electric charges in electromagnetism, there are instead 3 types of color charge
(blue, red, and green) with an associated anticolor (antiblue, antired, and antigreen) (see
Figure 1.2) [31].

QCD exhibits the property of asymptotic freedom, where at incredibly short distances
or high energies, the strong coupling consta) becomes small leading to weakly inter-
acting quarks and gluons [32]. The reverse case is also true, if the distance between partons
(quarks and gluons) is large then there is a strong coupling between partons due to large
as[31]. This leads to another key feature of QCD, con nement, where partons are bound
together by the strong force, forming color-neutral hadrons: meggp®o( baryons §qq

orgqq). As a consequence, quarks and gluons are never observed in isolation in nature [33].



Figure 1.2: The elds produced by the color charges of quarks (represented by the gluon eld strength tensor,
G) in “color-neutral” con gurations. Top: Color charge can form "ternary neutral” states (involving three
quarks, as in baryons). Bottom: Quark-antiquark pairings (mesons), where color and anti-color cancel out to
achieve overall color neutrality [5].

If we consider a quark-antiquarkid) pair, and attempt to separate them, more and more
energy must be added to tlyg pair. We can simply describe the potential between the

guark-antiquark pair by:

V(r) = gaT% kr (1.1)

wherer is the distance between the quarks, agd the strong coupling constant dependent

on momentum transfers, akds a con nement parameter [34]. As the distance increases,
the QCD coupling increases, but the second term overtakes the potential. This leads to an
increase in the potential between the two particles. At a certain separation, the potential
energy becomes so large that it becomes energetically favorable to crg@fgaa from

the vacuum. In turn, the originajg pair splits and forms two new pairs with the vacuum



pair, con ning the new quarks (see Figure 1.3). Thus, nature circumvents the generation of

isolated quarks.

Figure 1.3: Diagram showing quark color con nement.

Despite con nement, one can qualitatively conclude that because of the property of
asymptotic freedom, at suf ciently high temperatures and parton densities, the interaction
strength between quarks and gluons could weaken signi cantly, allowing them to move
relatively freely. In the regime of short distances, perturbative QCD (pQCD) successfully
describes the strong interaction, because the coupling strength is small. At larger inter-
action strengths pQCD breaks down, and instead lattice QCD is used. Lattice QCD is
a highly successful framework for studying the properties of quarks and gluons by dis-
cretizes space-time, and allows for the implementation of numerical methods to solve the
equations of QCD. Most importantly, lattice QCD calculations predict the existence of a
QCD phase transition from normal nuclear matter to a decon ned phase when temperatures
are above the critical levd;, 150 MeV (see Figure 1.4) [35]. This state of decon ned

guarks and gluons is known as the Quark Gluon Plasma (QGP).



Figure 1.4: QCD phase diagram [6]

1.2 Quark Gluon Plasma production and RHIC

During the rst few microseconds after the Big Bang, the Universe was in such a hot and
dense state that quarks and gluons were not bound by the strong force, and thus allowed
to move freely throughout space without being con ned to hadrons. Unfortunately, as we
know it, the Big Bang is a singular event, and there is no way to directly observe the early
universe. However, by recreating these extreme conditions in laboratory experiments, we
can gain insights into the properties of the early universe and the behavior of matter under
extreme conditions. The Relativistic Heavy-lon Collider (RHIC) [36, 37] at Brookhaven
National Laboratory (BNL) was built with the goal of creating such extreme conditions
and producing a QGP medium (see Figure 1.5). The planning, design, and construction
of RHIC spanned several decades before beginning operations in 2000, and in 2005, a
signi cant milestone was reached with the successful con rmation of QGP production at
RHIC [38, 39, 40, 41]. Comprehensive measurements showed the system produced was

partonic, and that there are signs of decon nement, but the signi cant discovery was that



the system was a strongly interacting near-perfect uid.

Figure 1.5: Satellite view of the Relativistic Heavy lon Collider (RHIC) at Brookhaven National Laboratory
(2014) [7]

Heavy-ion collisions (A+A) at RHIC and the Large Hadron Collider (LHC) [42], are
collisions of relatively large nuclei, such as gold (Au), stripped of their electrons. Pre-
collision heavy-ions move at ultrarelativistic speeds extremely close to the speed of light,
and will experience Lorentz Contraction along the beam axis. The relativistic effect will
compress the nuclei substantially, attening into near 2D disks. At such speeds, the nucle-
ons (protons and neutrons) within the positively charged nuclei violently interact with one
another. The nucleons within the overlap region are referred to as participants, and those
outside are spectators (see Figure 1.6). The creation and evolution of a QGP medium in

collisions at RHIC can be broken up into several stages:

1. Pre-equilibrium: The pre-equilibrium phase occurs immediately after the initial col-
lision of the nuclei. This phase is characterized by extremely high energy and parton
densities and is rapidly evolving. Hard processes may occur leading to the creation of

high-pt probes such as jets, heavy quarks (charm or beauty), and direct photons.



Figure 1.6: Heavy-ion collision schematic view. The impact parantetershown as well as the spectator
nucleons and the participant nucleons [8].

2. Thermalization: The partons produced during the pre-equilibrium phase are highly
interacting, leading to a redistribution of energy and momentum within the system

and resulting in local thermal equilibrium.

3. QGP Phase: Once a thermal equilibrium is achieved, the system behaves like a nearly
ideal uid [43], and is in a decon ned state. The quarks and gluons have a near zero
mean free path causing the strong correlations observed. The system can be described

with relativistic viscous hydrodynamics.

4. Hadronization: When the medium has cooled near the critical temperdturel60
MeV) [35], baryons and mesons form, in a process called hadronization. In heavy ion
collisions at the top RHIC energy, similarly to the early universe, the baryon chemical
potential is close to zero. In this regime the transition from QGP to hadron gas is a
cross-over transition, with no well de ned phase boundary. When the inelastic inter-
actions between the hadrons cease, the particle abundances are xed. This is referred

to as chemical freeze-out.

5. Freezeout: Eventually, the system will undergo kinetic freeze-out where the particles
are no longer interacting. The momenta are frozen, de ning the nal momentum

distributions of the particles, with these nal-state particles detected by experiments.
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