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Abstract

The quark gluon plasma (QGP) is one of the most interesting forms of matter
providing us with insight on quantum chromodynamics (QCD) and the early
universe. It is believed that the heavy-ion collision experiments at the Rela-
tivistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) have
created the QGP medium by colliding two heavy nuclei at nearly the speed
of light. Since the collision happens really fast, we can not observe the QGP
directly. Instead, we look at the hundreds or even thousands of final hadrons
coming out of the collision. In particular, jet and heavy flavor observables
are excellent probes of the transport properties of such a medium. On the
theoretical side, computational models are essential to make the connections
between the final observables and the plasma. Previously studies have em-
ployed a comprehensive multistage modeling approach of both the probes and
the medium.

In this dissertation, heavy quarks are investigated as probes pf the QGP.
First, the framework that describes the evolution of both soft and hard par-
ticles during the collision is discussed, which includes initial condition, hydro-
dynamical expansion, parton transport, hadronization, and hadronic rescatter-
ing. It has recently been organized into the Jet Energy-loss Tomography with a
Statistically and Computationally Advanced Program Envelope (JETSCAPE)
framework, which allows people to study heavy-ion collision in a more system-
atic manner.

To study the energy loss of hard partons inside the QGP medium, the
linear Boltzmann transport model (LBT) and in medium DGLAP evolution

(implemented in the MATTER model) are combined and have achieved a si-
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multaneous description of both charged hadron, D meson, and inclusive jet
observables. To further extract the transport coefficients, a Bayesian analysis

is conducted which constrains the parameters in the transport models.
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Chapter 1

Introduction

Physics is the natural science that studies matter, its fundamental constituents,
its motion and behavior through space and time, and the related entities of
energy and force. The goal is to understand how the universe behaves. With
the development of modern physics since the ®@entury, the standard model

of particle physics is now generally accepted as the fundamental theory which
predicts 61 elementary particles categorized into fermions (including quarks
and leptons) and bosons (like photons, gluons, and the Higgs boson). Their
interactions are divided into three fundamental forces: the electromagnetic
force which satis esU(1) symmetry and is described by quantum electromag-
netic dynamics (QED), the weak force which satis esSU(2) symmetry and
can be uni ed with QED under U(1) SU(2) symmetry and the strong force
which satis es SU(3) symmetry and is described by quantum chromodynamics
(QCD). The fourth fundamental force, gravity, has yet to be uni ed with the
other three fundamental forces.

In this dissertation, | would like to study the properties of QCD in a special
form of matter, namely the quark gluon plasma (QGP). QGP is believed to
exist in particle collider experiments by colliding two heavy nuclei at nearly
the speed of light. The thermodynamic and transport properties of the QGP

can then be inferred from the distribution of the nal hadrons produced during



the collision.

1.1 Quantum chromodynamics and nuclear mat-
ter

Quantum chromodynamics, which is believed to describe the strong force be-
tween elementary particles, has two interesting features called asymptotic free-
dom and color con nement. Because of con nement, the fundamental degrees
of freedom in QCD, namely quarks and gluons, are not observed in the nuclear
matter under normal conditions. Instead, composites of quarks and gluons
called hadrons are observed. However, under extreme temperature and pres-
sure, hadrons should undergo a phase transition and break into quarks and
gluons again due to the asymptotic freedom property of QCD that causes in-

teractions between particles to become weaker as the energy scale increases.

1.1.1 The QCD Lagrangian

The Lagrangian of QCD can be written concisely as:

. 1
I—QCD = ( i D m) ZFa Fa : (11)
is the spinor of the quark eld with N, = 3 colors and N¢ avors. are

the Dirac matrices and m is the quark mass matrixD = @ igT,A? is the
covariant derivative whereg = P 4 s the coupling strength. The gluon eld

strength tensor is de ned as:
F2 =(@A* @A*+ gfgAA°); (1.2)

whereA, is the gluon eld and T, is the generator of the locaBU(N;) symme-
try. The rst term in the equation above is the kinetic term, while the second

2



term is the gluon eld self-interaction, which is a unique feature of non-Abelian

gauge eld theory.

Figure 1.1 : Summary of measurements ofg as a function of energy scal®
from various measurements [1].

One of the most remarkable properties of the QCD is the fact that the
strong coupling constant becomes small for processes involving large momen-
tum transfer Q2. Because of the self interacting term in Eq. 1.2, the sign of
the function is negative. This means the coupling constant becomes small at
shorter distance (asymptotic freedom) and large at large distance (color con-
nement). In Fig. 1.1 we can see that experimental measurements do con rm

this behavior:

2
«(Q%) = (Q ; s(Qp) . (1.3)
1+ =20 (1IN, 2N;)log %5
If we de ne a scale parameter ocp by s(%gg) = 11N° 2Nt og(Q2= 5D ):
we can further simplify the above expression into:
12
s(Q%) = (1.4)

(11N 2N;)log -
QCD

3



ocp is around 200 MeV. When the momentum-transfer approacheséCD
from the above, the coupling becomes too large for perturbation theory to be

applicable.

1.1.2 The QCD phase diagram

The QCD phase diagram (Fig. 1.2) is the phase diagram that describes the

thermodynamics of matter which dominantly interact via strong force.

At asymptotically high temperature, the decrease in the coupling strength
should lead to the transition from hadronic matter to a system of decon ned
guarks and gluons, called the quark gluon plasma (QGP). First principle lat-
tice QCD calculations [2] have studied this transition at zero baryon chemical
potential with three avors (up, down, and strange). In Fig. 1.3, we can see
that this transition is a smooth cross-over and has a pseudo-critical temper-
ature around 150 MeV. The lattice results agree very well with the hadron
gas model at low temperature and approach the non-interacting limit at high

temperature.

At nite baryon densities, the lattice approach is plagued by the well-known
sign problem [5] and can not produce reliable results. Phenomenological models
like the NJL model [6] have predicted a rst-order phase transition at large
baryon chemical potential g and low temperatureT. A baryon density this
large is not yet achievable in laboratories but is believed to exist at the center
of dense celestial bodies like neutron stars. Moreover, suppose this rst-order
phase transition does exist, there must be a critical endpoint (CEP) on the
phase diagram that separates the crossover phase transition at small and
the rst-order phase transition at large g. The beam energy scan program

at RHIC [7] is searching for such a CEP by colliding di erent species of heavy



Figure 1.2 : The conjectured phase diagram of the nuclear matter [3]. The
red dots are from lattice calculation [4]. The pink and green curves indicates
the reachable regions by the heavy ion program at the LHC and RHIC. The
beam energy scan experiments (denoted by the orange line segment) is trying
to determine whether we have a rst order phase transition and the critical
end point (CEP) on the phase diagram.

nuclei at di erent collision energies.

1.2 Relativistic heavy ion collision

Relativistic heavy ion collisions are currently the only experimental way to
access high energy density QCD medium in a laboratory. Since 2000, the
relativistic heavy ion collider (RHIC) has been colliding gold nuclei at 200 GeV.
Shortly after, the large hadron collider (LHC) started colliding lead nuclei at
2:76 TeV and 502 TeV. Emerging evidence has been pointing to a new state-
of-matter: the strongly interacting quark gluon plasma (QGP).

Two heavy nuclei are accelerated to nearly the speed of light and collide

head-on. They are highly contracted in the colliding direction which can be

5



Figure 1.3 : The lattice equation of state for (2+1) avor QCD taken from

[2]. The pressure, energy density and entropy density as functions of temper-
ature at zero g are shown as red, blue, and green bands. The dashed lines
denotes non-interacting (Stephan Boltzmann) limit, and the solid lines show
the expected values from a hadron resonance gas.

thought of two pancakes colliding with each other. The energy density in
the overlapping region is so high that nuclear matter should go through the
crossover phase transition and dissolve into quarks and gluons. The system
would then expand and cool down due to internal pressure and then hadronize
into hadrons which various surrounding detectors would detect.

How do people con rm that this is indeed what happened during the colli-
sion? Collective ow and jet quenching were the rst supporting observations.
In order to explain what they mean, some basic terminologies need to be in-

troduced rst.



1.2.1 Kinematics in heavy ion collisions

In ultra relativistic heavy ion collisions, it is common to use a new set of co-

ordinates ;y; s; ), which are related to the Cartesian coordinatesx{y; z;t)

by:
= pt2 z2; (1.5)
1 t+z
s = ilnt : (1.6)

The z direction is where the two nuclei are moving. is called the proper
time and g is called the space-time rapidity. The advantage of usingand s

is that their Lorentz transformation is much simpler:

= ; (1.7)
0 1 1 + z
s= st 5 In 1 (1.8)
where , is the velocity of a Lorentz boost in thez direction.
The four momentum is parametrized as:
Px = pr COS; (2.9)
Py = prsin ; (1.10)
q
mr = m2+ p2; (2.12)
1 E+p
= -1 ; 1.12
y=sne—, (1.12)
where pr is the momentum transverse to thez direction. is the azimuth

angle. m+ is called the transverse mass ang is called the rapidity. There is

also the pseudorapidity de ned as

it (1.13)



where is directly related to the polar angle and is close toy whenmy  p,.

1.2.2 Impact parameter and centrality selection

Nuclei are extended objects. The radius of heavy nuclei scales approximately
to the 1=3 power of the atomic number. In the center-of-mass (COM) frame of
the collision, the nuclei Lorentz contract in thez direction by a factor of about

100 for gold nuclei at RHIC and larger than 2500 for lead nuclei at LHC.

Figure 1.4 : Left: A top view of the geometry of the collision system at dif-
ferent times (from top to bottom). Right : The time evolution of the geometry
of the collision system in the transverse plane.

As seen from Fig. 1.4, since the collision is not always head-on, the overlap-

ping region is like an almond shape in the transverse plane (if we collide two
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identical nuclei). The transverse distance between the center-of-mass of the
two nuclei is de ned as the impact parameteth. The collision geometry and
energy deposition depend largely obh However, in experiments, it is impossi-
ble to control or measure the impact parameter. What is used is a proxy called
centrality. The idea is that since the collision geometry correlates strongly with
the particle production, it is reasonable to assume that the impact parameter
b has a negative correlation with the number of nal charged particleBl, pro-
duced via the collision (multiplicity). Experimentalists make histograms of the
multiplicity and binned them into di erent percentiles. The 0 5% percentile
events with the highest multiplicity are associated with the 0 5% centrality
and are usually called the most central collisions. Events in the lowest mul-
tiplicity percentile are usually called the most peripheral collisions. The map
from multiplicity to collision geometry (e.g., the impact parameter) is usually

done by some sort of Glauber model [8].

1.2.3 Collective ow

People originally thought the QGP would behave like a gas due to the small
coupling strength at high temperatures. However, collective ow data from
RHIC has very good agreement with ideal hydrodynamic calculation. Collec-
tive ow means the nal hadrons are moving collectively in a speci ¢ direction.
Azimuthal anisotropic ow is related to particle motion in the transverse plane.
As seen from Fig. 1.4, the overlapping region is like an almond shape in the
transverse plane, so the nal hadrons' angular distribution is not expected to be
uniform from such initial collision geometry. To quantify this non-uniformity,

one can expand the nal state particle azimuthal distribution as a Fourier



Figure 1.5 : A cartoon example of the correlation of the nal state observable
N¢n with Glauber calculated quantities @, Npart ).

Figure 1.6 : Decomposition of one initial condition into its rst 4 harmonic
deformations [9].

series:
" #
d*N .1 N R _ o
prdpr dyd (priy: )= 2 prdprdy 1+ . 2vn (pr; y) cosh( n
(1.14)

whereE; pr;y; arethe energy, transverse momentum, rapidity, and azimuthal

angle of the particle, RP is the reaction plane angle associated with the initial
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Figure 1.7 : Anisotropic ow integrated over 0:2 < pT < 5 GeV for two-parti-
cle and multi-particle correlation as a function of centrality for PbPb collisions
at 2:76 and 502 TeV. Comparing the hydrodynamical model prediction [10, 11]
with ALICE measurements [12].

density distribution. The Fourier coe cients v,(pr;y), among which the rst
three are named as direct(;), elliptic(v;) and triangular(vs) ow, characterize

the geometric anisotropy of the system, they are given by:

R dprdyden _—_dN__
v.gh & o= Br dypr dpr d
n dN

R = & (1.15)
Prdprayd G aora
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Figure 1.8 : Estimated temperature dependence of the speci ¢ shear and bulk
viscosity. Left column : posterior medians and 90% credible regions fers(T)
and "=s(T) estimated from PbPb collision data at 276 TeV and 502TeV.
Right column : one dimensional (1D) histograms showing the marginal distri-
butions for the indicated parameters, along with 2D density histograms show-
ing the joint distributions between the parameters.Top row : shear viscosity.
Bottom row : bulk viscosity. [13]

The angular bracket denotes the average over particles of interest in all
selected events, EP is the event plane angle that points to the direction where
the n" harmonic coe cient is the largest.

Fig. 1.7 shows the comparison between experimental measurements and
a hydrodynamic calculation of di erent orders of harmonic coe cients. The
calculation matches the data with a small viscosity to entropy ratio=s, which

leads to the conclusion that the QGP behaves like a perfect uid. In fact,
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Figure 1.9 : Top : Snapshots of typical energy density pro les in the transverse
plane for PbPb (left panel), pPb (center (Banel) and pp collisions (right panel,
including zoom-in to enlarge system) at s = 5:02 TeV. Bottom : Elliptic
(v2), triangular (vs) and quadrupolar (v4) ow coe cients from superSONIC
simulations (bands) compared to experimental data from ATLAS, CMS and
ALICE (symBoIs) for pp (left panel), pPb (center panel) and PbPb (right panel)
collisions at” s =5:02 TeV. Simulation parameters used were=s = 0:08 and
=s = 0:01 for all systems[14].

from state-of-the-art Bayesian analysis, we see T dependence of=s and a
minimum value around 01 nearT. (see Fig. 1.8).

In fact, the collective ow has been even observed in proton-lead (pPb)
and proton-proton (pp) collisions and hydrodynamic calculations are able to
t the ow coe cients in all three collision systems with the same parameters
(see Fig. 1.9), which indicates that the QGP droplet may exist even in smaller

systems.
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1.2.4 Jet quenching

Jet quenching is another crucial evidence for the existence of the QGP medium,
described as the suppression of high transverse momentpmhadron spectra

in heavy ion collisions compared to in pp collisions. A jet is a collimated
ensemble of larggr hadrons that tries to probe partonic interactions. If no
QGP medium is created, thepr spectra of individual hadrons or jets should
be similar to what we see in pp collisions after normalizing it with the number
of individual nucleon-nucleon collisions. The suppression is quanti ed by the

nuclear modi cation factor:

dNaa=dpr |
AN coni dNpp=dpr .

Raa (Pr) = (1.16)

In reality, the Raa Of both charged hadrons and jets are signi cantly smaller
than 1 over a wide range opr (see Fig. 1.10 and Fig. 1.11), indicating a strong

suppression due to the interaction between higpy partons and the medium.

1.2.5 Heavy avor probes

Table 1.1 : Properties of hadrons carrying open heavy avor with charm or
bottom quantum numbersC =+1 or B =+1 [1].

Open Heavy Flavor Mesons
Name Quark content 1 (J)F Mass GeV =€)
D* cd 10) 1:8696 0:0002
DO cu 2(0 ) 1:8648 0:0001
DZ cs 0(0 ) 1:9685 0:0003
D * cd %(O ) 2:0102 0:0001
B* ub %(O ) 5:2792 0:0003
B° db %(O ) 5:2795 0:0003
B? sb 0(0 ) 5:3663 0:0006

Heavy avor (charm and bottom) quarks are good candidates for probing
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Figure 1.10 : Experimental measurements of nuclear modi cation factoRaa

of neutral pions °, charged hadron1 and charged particle at PbPb collisions
at 17:3 GeV, PbPb collisions at 276 TeV and AuAu collisions at 200 GeV, as a
function of transverse momentunpr, compared with several theoretical models
[15].

the QGP medium. Their massfh, 13 15GeV,m, 42 45 GeV)are
much larger than the temperature of the QGP and the QCD scale (200 MeV).
Because of this, heavy quarks are dominantly produced by hard scatterings at
the beginning of the collision, before thermalization of the QGP medium. They
participate in the full evolution of the QGP medium and can provide valuable

information on the transport properties of the medium. A large mass also
guarantees a negligible thermal production contribution.

Since the gluon bremsstrahlung radiation of an accelerated heavy quark
Is suppressed within an angular cone of size< M=E (called the dead cone
e ect), one would expect that the heavy quarks will lose less energy in the

medium compared to light quarks and gluons. The nuclear modi cation factor
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Figure 1.11 : Upper panel: TheRaa Vvalues as a function of jetpy for jets
with jyj < 2:8 for di erent centrality intervals. Bottom panel: The Raa values
as a function of jetpr for jets for four other centrality intervals [16].

would show a mass-dependent hierarchy &%, < R%, < R, if the dead
cone e ect is the dominant contribution. However, there is also the collisional
energy loss mechanism. One of the questions addressed in this thesis is to see
whether both light and heavy avor Raa can be described simultaneously with

proper consideration of the quark mass.
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Figure 1.12 : Nuclear modication factor of charged particles, D® me-
son,non-promptJ= and B mesons performed by CMS at PbPb collisions
at 5:02 TeV [17, 18, 19].

In this study, the focus is on open heavy mesons, such as D mesons. How-

ever, one can also study heavy quarkonium, which are bound states@®.

cc is called charmonium andhb is called bottomonium. The ground state of
charmonium and bottomonium areJ= and . One of the most important
features of quarkonium is its small size or large binding energy. Compared with
the typical hadron radius 1 fm, the radii ofJ= and ground states are around

0:1 and Q2 fm respectively (with binding energies around:8 and 12 GeV)
[21]. This indicates that they can still survive in the QGP within a certain
range of temperatures above the critical temperatur@.. The higher excited
states are less stable due to their larger radius. Consequently, the production

of di erent quarkonium states and extract thermal information of the QGP can
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Figure 1.13 : Bottomonia Raa as functions of transverse momentum at:26
TeV PbPb collision. The upper and lower curves correspond to calculations
with parameters that di er by  10% respectively from the parameters used in
the middle curve. The band indicates the nPDF uncertainty that is centered
at the middle curve. [20]

be observed. A recent calculation of quarkoniunRas based on perturbative

non-relativistic QCD (pNRQCD) is shown in Fig. 1.13.

1.2.6 Small systems

Key evidence for the formation of a hot quark gluon plasma (QGP) in nucleus-
nucleus (AA) collisions at high collision energies is the presence of jet quenching
and collective behavior, along with their absence in smaller collision systems
like proton{nucleus (pA) or deuteron{gold (dAu) [24]. The control measure-
ments are needed to characterize the extent to which initial state e ects can be
di erentiated from e ects due to nal state interactions in the QGP. Indeed, in
the case of hard processes at mid-rapidity, control experiments, both at RHIC

in dAu collisions atp s =200 GeV [25, 26], and at the LHC in pPb collisions
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