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ABSTRACT

The suppression of jet production in heavy ion collisions is a sign of the creation

of the hot and dense medium where quarks and gluons are deconfined. A number

of phenomenological and theoretical descriptions have been proposed to address jet

energy loss mechanisms in the QCD medium. In this thesis, we focus on the radia-

tive energy loss and, following individual proposals by Caron-Huot and Gale [1] and

Young, Schenke, Jeon, and Gale [2], study the finite formation time of a splitting

process and the running effect of the strong coupling in an emission vertex. We uti-

lize a Monte Carlo event generator, MARTINI (Modular Algorithm for Relativistic

Treatment of heavy IoN Interactions), in which the two radiative energy loss mod-

els are incorporated. Using MARTINI, we compute jet quenching observables in

PbPb collisions at
√
s = 2.76TeV using the ideal (3 + 1) dimensional hydrodynam-

ics background. We obtain a good description of charged particle RAA at different

centrality classes with a gradual rise up to 100GeV. Also we present distributions of

dijet imbalance AJ compared to experimental measurements from the CMS. These

results suggest that the two models play an significant role in the radiative energy

loss. Finally, we discuss possibilities for improvement of this study by expanding the

kinematic domain into that of the recent LHC energy scale and by applying more

realistic hydrodynamical descriptions for the background medium.
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ABRÉGÉ

La suppression de la production de jets dans les collisions d’ions lourds est un

signe de la création de la matière chaude et dense où les quarks et les gluons sont

déconfinés. Un certain nombre de descriptions phénoménologiques et théoriques

ont été proposés afin d’aborder les mécanismes de perte d’énergie des jets dans les

états de la QCD. Dans cette thèse, nous nous concentrons sur la perte d’énergie

par rayonnement et nous étudions le temps de formation finie d’un processus de

fractionnement ainsi que l’effet en cours d’exécution du couplage fort dans un sommet

d’émission, suivant les propositions individuelles de Caron-Huot et Gale [1] et de

Young, Schenke, Jeon, et Gale [2]. Nous utilisons un générateur d’événement de

Monte-Carlo, MARTINI (Modular Algorithm for Relativistic Treatment of heavy

IoN Interactions), dans lequel les deux modèles de perte d’énergie par rayonnement

sont incorporés. À l’aide du MARTINI, nous calculer observables de jet trempe

dans des collisions plomb-plomb à
√
s = 2.76TeV en utilisant l’arrière-plan idéal de

(3 + 1)-dimensionnelle hydrodynamique. Nous obtenons une bonne description de

la particule RAA chargée à différentes classes de centralité jusqu’à une augmentation

graduelle de 100GeV. Aussi, nous présentons la répartition des dijet déséquilibre

AJ que nous avons comparée aux mesures expérimentales du CMS. Ces résultats

suggèrent que les deux modèles jouent un rôle important dans la perte d’énergie par

rayonnement. Enfin, nous discutons des possibilités pour améliorer cette étude en

élargissant le domaine de la cinématique dans celui de l’échelle d’énergie récente LHC

v



et en appliquant des descriptions hydrodynamiques plus réalistes pour la matière de

QGP.
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CHAPTER 1
Introduction

1.1 Historical View of Heavy Ion Collision

The physics of a strongly coupled hot and dense medium, which explores dy-

namics of the very early universe, has been of great interest to subatomic physicists.

In the last several decades, great efforts have been made in establishing the concep-

tual basis of the subject. This led us to a good understanding of the state of matter

created under extreme conditions where quarks and gluons are deconfined.

Powerful accelerators, such as the Large Hadron Collider (LHC) and the Rel-

ativistic Heavy Ion Collider (RHIC), are the most important means of producing

the quark-gluon plasma, QGP — the deconfined state of quarks and gluons. It

is believed to have existed less than ≤ 20µs after the Big Bang. These facilities

perform high-energy collisions between relativistic heavy ions during which exceed-

ingly high temperatures and energy densities are achieved to create the QGP. In

the early 21st century, the existence of the QGP was discovered through heavy-ion

collision experiments, and the energy density in the QGP was estimated to be about

5GeV/fm3. This achievement, however, posed a puzzling question. The discovered

QGP medium behaved like a nearly perfect relativistic fluid, although a behaviour

closer to an ideal gas was expected because quantum chromodynamics (QCD) fea-

tures asymptotic freedom. Consequently, various attempts were made to describe the
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dynamics of the QCD medium and its space-time evolution in heavy ion collisions

within the framework of hydrodynamics [4–6].

The discovery of the QGP has provided us with an opportunity to analyze

the liquid-like extreme state of matter. Moreover, methodological development for

the relativistic heavy ion collision experiments made it possible to collect valuable

pieces of information on the exotic medium. The heavy ion programs, for instance,

at the LHC with a highly increased energy scale of collisions facilitated the access

to an enlarged kinematic regime of observables with a significant improvement in

systematic reliability.

One of the most notable results from the LHC and RHIC is that a strong sup-

pression of high transverse momentum (pT ) jets occurs in the QGP medium created

in heavy ion collisions. A jet, one of main observables of collision experiments, is

a highly collimated shower of particles concentrated in a small angular cone that

are produced in hard scattering processes. Since these hard scatterings occur at

the early stage of collisions before the QGP is created, these jets have a full his-

tory of soft interactions with the QGP medium. The interactions between the jets

and the background medium result in a loss of jet energies as they propagate in the

medium. This suppression, also known as jet quenching, has been studied indirectly

by measuring hadronic-level observables such as leading hadron pT spectra and az-

imuthal di-hadron correlations. An obvious clue of the quenched-jet phenomenon

was revealed by referring to calibrated measurements of the identical observables

in proton-proton collisions, in which the hot and dense medium is absent. Recent

studies carried out by the LHC show significant deviation [7–9] that clearly indicates
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On the other hand, the ‘away-side’ jet is absorbed in the medium as it is blocked by

the relatively thicker medium and hence suffers a significant energy loss.

To resolve such difficulties, innovative techniques were newly introduced in RHIC

and the LHC [12–15] for full jet reconstruction, which captures a whole bunch of

particles in a pre-defined cone in order to restore the underlying partonic kinematics.

This task requires to differentiate the hard scatterings that create the di-jet pair of

interest from an ‘underlying event’ that always coincides with the foremost event.

The underlying event (UE), by definition, contains all pieces of debris coming from

heavy ion collisions which do not originate from the primary hard scattering process.

Though it is challenging to determine the soft background defined by the UE

and its fluctuations, several algorithms [12, 16] were used to effectively reconstruct

the ‘true’ jet momentum where the UE contribution is subtracted. The studies on

the fully reconstructed jet enabled direct and unbiased estimations of the energies

of primary parton in the initial state. With the help of the jet algorithms, the jet

spectra in heavy ion collisions and the corresponding nuclear modification factors

were measured in several detectors [17, 18]. These analyses facilitate comprehensive

investigations of jet-medium dynamics and the jet suppression.

More recent ALICE results on p-Pb collisions indicate that the suppression of

jet production is mainly induced by the QGP medium effects, not nuclear effects.

The effects on the nuclear medium (e.g., a shadowing effect and initial-state en-

ergy loss) are dominant in p-Pb collisions, during which no medium is expected to

form [19]. In the meantime, measurements of diet asymmetry, an imbalance of the

reconstructed jet energies in opposite hemispheres, show a centrality dependency of
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the imbalance of leading and sub-leading jet momenta. A large broadening of the

imbalance was observed among central collisions at the CMS and the ATLAS [20,21].

1.2 Objective and Organization

As can be seen in the previous section, understanding of the new phase of the

QCD matter is the primary aim of heavy ion programs and ongoing tasks. It re-

quires further developments of the experimental methodologies to probe the medium

and extract valuable information from the measurements of such observables. On

the other hand, constructing appropriate models based on the framework of our

theoretical knowledge is another key element in the fulfillment of the ultimate goal.

Throughout this thesis I address the recent development of MARTINI, a Monte

Carlo event generator for high-energy heavy ion collisions, along with the results of

the nuclear modification factor, RAA, and the di-jet asymmetry from Pb-Pb collisions

at
√
s = 2.76TeV. The following is the outline of this thesis.

Chapter 2 will discuss the theoretical underpinning of the system in which the

medium evolves, starting from the QCD Lagrangian. This will cover two phenomena

occurring at opposite extreme limits: one is asymptotic freedom, where the energy

scale is large and/or the distance scale is short, and the other is colour confinement,

where the scale of the system is reversed. This will lead us to consider how they affect

behaviours of the QGP in reality. The regime of heavy ion collisions will be mapped

on a hadronic phase diagram. The finite temperature approach for radiative energy

loss will be introduced. This Arnold-Moore-Yaffe formalism forms the foundation of
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the radiative energy loss rate in MARTINI and includes the Landau-Pomeranchuk-

Migdal effect in 2 ↔ 2 particle processes. It is summarized by constructing the

effective kinetic theory based on the Boltzmann equation, including both 2 ↔ 2 and

1 ↔ 2 teams.

In Chapter 3, the basic ideas inherent in PYTHIA, the Monte Carlo event

simulator, will be introduced. They will include the systematic flow of producing a

collision event. The significant theoretical and phenomenological models supporting

the validity of the each step in the flow will be described. Moreover, this chapter

will discuss MARTINI, the essential means of studying the jet quenching in this

thesis. The mechanism that creates collision events by PYTHIA and treats the

partons coming from the collisions will be explained. To address the jet evolution

scheme in MARTINI, the AMY formalism of the QCD version will be applied to the

radiative energy loss rate, and the collisional processes will be also incorporated in

the total jet energy loss rate. At the end, the effects of each process on the energy

loss of a parton propagating in the medium will be shown, and the initial results

from MARTINI compared to the RHIC data will be presented.

Chapter 4 will present two different models, which considering a formation time

of emissions and running coupling, respectively. These models will be incorporated

in MARTINI and improve the radiative processes in a realistic way. The Monte

Carlo implementation scheme of MARTINI will be also described by following a full

procedure of one heavy-ion event. This chapter will show the recent simulations of

MARTINI using the new features. They include the charged hadron nuclear modi-

fication factor RAA and dijet asymmetry AJ at different centrality classes compared

6



with results from the CMS experiments. Finally, possibilities for further improve-

ments of this study and models will be discussed.

In Conclusions, the models and the MARTINI results using the models will be

briefly reviewed. Arguments for future works will be finally made.
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CHAPTER 2
Theoretical Background

The theory of heavy ion collisions is an integration of highly sophisticated theo-

retical efforts. It serves as a sufficient means of verification of QCD, the underlying

concept which plays an essential role in establishing the basis of dynamics of the

strong interaction under extreme conditions. QCD, thus, enjoys the advantage of

being an experimentally well studied theory, and understanding QCD provides us

with a wealth of opportunities for constructing the theoretical foundation of heavy

ion collisions.

We shall discuss, in Section 2.1, basic features of QCD and their applications,

especially jet pair production and jet evolution in the weakly coupled QGP medium.

Section 2.2 will address the Arnold-Moore-Yaffe approach to the radiative energy

loss, which is implemented in MARTINI.

2.1 Quantum Chromodynamics

QCD is the theory of the strong interaction, one of the fundamental interactions

of nature, between quarks and gluons. All species of baryons and mesons that can

be observed are the bound states of quarks via the strong force. Since Gell-mann

and Zweig independently proposed the quark models [22, 23], six flavours of quarks

— up (u), down (d), strange (s), charm (c), top (t), and bottom (b) — have been

discovered. These quarks have a new intrinsic quantum number, colour charge,
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and transform under the fundamental representation of the colour SU(3) (in short

SU(3)C) symmetry groups. The strong interaction between quarks is mediated by

gluons, massless spin-1 gauge bosons, analogous to the exchange of photons in the

electromagnetic interaction.

The distinctive characteristics of QCD arises from the theoretical structure of a

non-commuting local symmetry group. This results in the gluons themselves carry-

ing the colour charge, contrary to photons in quantum electromagnetic (QED) which

have no electric charge. Gluons have 8 combined colour states corresponding to 8

gauge fields of the adjoint representation of SU(3)C , which, in turn, allows them to

interact with quarks and themselves. The non-Abelian character of QCD is also re-

sponsible for the asymptotic freedom and colour confinement in QCD. To understand

the way they are related to the non-abelian gauge theory, it is essential to address

the Lagrangian of QCD and useful concepts in terms of a gauge theory.

2.1.1 QCD Lagrangian

Since SU(3)C is a non-abelian gauge group, QCD is the theory constructed on

the basis of the SU(3) Yang-Mills theory of quarks in fundamental representation,

interacting with gluons in the adjoint representation. The Yang-Mills Lagrangian for

QCD has the form

LQCD = Lq + Lg = ψ̄(i /D −mq)ψ − 1

4
FµνF

µν . (2.1)
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Note that the first term represents the quark Lagrangian describing the interaction

of quark fields ψ, a 4-component Dirac-spinor, mediated by gluon fields. The co-

variant derivative Dµ plays an important role in local gauge invariance of the QCD

Lagrangian and it is defined as

Dµ = ∂µ − igAµ, (2.2)

with

Aµ = Aa
µλa, (2.3)

where Aa
µ (a = 1, 2, · · · , 8) represents the 8 gauge fields corresponding to the 8

different gluons and λa the generator of SU(3), called the Gell-mann matrices. Note

that the generators are the Lie algebra:

[λa, λb] = ifabcλc, (2.4)

where fabc are the SU(3) structure constants.

Although the structure of the QCD Lagrangian is analogous to that of the QED,

the non-commuting vector field Aµ for gluons imposes a new term in the field strength

tensor, Gµν , defined in terms of the commutator of the covariant derivative Dµ:

[Dµ, Dν ] = −ig(∂µAa
ν − ∂νA

a
µ + gfabcA

b
µA

c
ν)λa

= −igGa
µνλa, (2.5)

with the definition of Ga
µν ,

Ga
µν ≡ ∂µA

a
ν − ∂νA

a
µ + gfabcA

b
µA

c
ν . (2.6)
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Figure 2–1: Feynman diagrams for gluon self-interactions

Equivalently,

Gµν ≡ Ga
µνλa =

i

g
[Dµ, Dν ]. (2.7)

Therefore, besides the 1
4
(∂µAν−∂νAµ)

2 term in the QED Lagrangian, the gluonic

Lagrangian contains two additional terms due to the commutator of the covariant

derivatives, which results in the possibility of gluons interacting by themselves. The

Feynman diagrams for three- and four-gluon self interaction are shown in Fig. 2–

1. Such distinct characteristics of the QCD Lagrangian are the main cause of the

non-trivial dynamics of quarks and gluons that differentiate QCD from other field

theories.

2.1.2 Asymptotic Freedom

One of the unique features of QCD is the asymptotic freedom. It states that the

running coupling constant αs(µ
2) — the interaction strength that depends on the

scale at which the measurement is performed — decreases at large energy scale µ or

short distance r as roughly µ ∼ 1/r. This scale dependency is determined by the

renormalization group, especially through the beta function β(αs), and the theory
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predicts that [24]

µ2∂αs(µ
2)

∂µ2
= β(αs(µ

2)) = −β0α2
s(µ

2) +O(α3
s), (2.8)

where

β0 =
33− 2Nf

12π
(2.9)

is independent of the renormalization scheme, and Nf is the number of flavours. If

we introduce a dimensionful parameter Λ2
QCD,

Λ2
QCD =

Q2

e1/(β0αs(Q2))
, (2.10)

with the choice of the reference scale as the mass of the Z0 boson, Q = MZ0 =

91.2GeV, the solution for the beta function can be written as

αs(µ
2) =

1

β0 ln(µ2/Λ2
QCD)

. (2.11)

A recent study by the CMS reported that the strong coupling constant at MZ0 is

0.1185± 0.0019 [25].

Since QCD has 6 flavours guarantees that the β0 in Eq. (2.8) is always posi-

tive, the QCD coupling αs(µ
2) asymptotically approaches zero as the energy scale

µ2 diverges to infinity. Note that the first term in β0 has contributions from the

additional one-loop diagram in which the gluon self-interactions are involved, while

these diagrams are absent in QED.
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2.1.3 Quark Gluon Plasma

The ultraviolet behaviour of QCD, i.e., asymptotic freedom, predicted a new

state of QCD matter freed from the restrictions of the strong interaction [31, 32].

At very high temperatures, T � ΛQCD, where the coupling strength sufficiently

diminishes, quarks and gluons are no longer confined to bound states. The QGP

is the plasma-like state in which colourless hadrons are dissociated into quarks and

gluons retaining their own colour degrees of freedom .

Another property of an intrinsic symmetry in QCD predicts the formation of

the QGP as well. At low temperatures, the chiral symmetry of the QCD Lagrangian

for massless quarks is spontaneously broken. This broken symmetry generates a dis-

crete mass spectrum consisting of known hadrons, such as a pion and a proton. The

spontaneously broken chiral symmetry, however, is restored at high temperatures,

which guarantees the continuous spectrum of hadronic masses. The existence of the

phase transition from the regime of ordinary hadronic matter to that governed by

the deconfinement is manifested by the restoration of the broken chiral symmetry at

a critical temperature Tc. The critical point may vary depending on the determina-

tion schemes, but the lattice QCD calculation shows that the critical temperature at

baryon chemical potential µB, would be Tc = 173± 15MeV [33].

Phase diagram

The illustration for the hadronic matter phase transition as a function of tem-

perature and baryon chemical potential is shown in Fig. 2–2. As can ben seen in the

figure, the QGP exists, under the conditions at which temperature and/or density

13





fully equilibrated at asymptotically high temperature where the coupling constant is

small g � 1 . The effective kinetic theory described in [38] states that quarks and

gluons in the medium are well-defined (hard) quasiparticles and they are assumed to

have typical momentum of order T and thermal mass of order gT .

To describe the transport of the quasiparticles with sufficient precision, a set of

Boltzmann equations are formulated, which is of the form [38],

(∂t + v ·∇x)f(x,p, t) = −C[f ], (2.12)

where f(x,p, t) is the phase space density of the particles and C[f ] represents the

effect of collisions between the particles.

2.2.1 Collision Processes

The collision term C[f ] in Eq. (2.12) consists of two parts; 2 ↔ 2 particle

processes and collinear processes. The collinear processes are formally of a higher

order in g. However, due to the collinear singularity, it contributes at the leading

order. One can consider, as the formal case, ordinary Coulomb scatterings. The hard

partons traversing the medium are nearly on-shell, experiencing soft scatterings with

momentum transfer q ≡ |q| ∼ gT [38]. Such soft scatterings have small opening

angles θ ∼ g. One can parametrically estimate the mean free path of the process

using the differential scattering rate [38],

dΓ ∼ g4T 3dq

q3
∼ g4T 3 gdT

(gT )3

∼ g2dT, (2.13)
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Figure 2–3: 2 ↔ 2 particle processes by t-channel (a) gauge boson exchange, (b) qq̄
annihilation.

which gives,

τ ∼ Γ−1 ∼ (g2T )−1. (2.14)

It is also important to include a process where the type of an excitation is changed.

For example, a quark-antiquark pair of momentum p can be converted into a pair of

gluons by the soft qq̄ ↔ gg process. The typical example of 2 ↔ 2 particle processes

are shown in Fig. 2–3.

In the meanwhile, the momentum exchange due to the soft scattering in the

thermal medium induces an 1 → 2 splitting in which a hard quasiparticle splits into

two collinear particles. Such near-collinear processes are kinematically allowed in the

thermal medium. One example of the processes is a gluon bremsstrahlung following

a soft gluon exchange between hard quasiparticle as depicted in Fig. 2–4. The mean

free path for the 1 → 2 process can also be estimated as done for the soft process and

is of order of (g4T )−1, which is much larger than that for the soft scattering since

g � 1 at high temperature. Detailed information of the analogous case of the QED
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+ +

2

Figure 2–4: Leading order diagrams for the nearly collinear bremsstrahlung induced
by a soft scattering in the thermal medium.

Re
∗

Figure 2–5: A diagram for 1 → 2 processes in which interferences between split-
tings before and after multiple soft scatterings occur. Many diagrams of this type
contribute to the leading order splitting rate.

process can be found in Ref. [36].

2.2.2 LPM Effect

One should notice that the duration for the splitting process is not instantaneous;

this process has a finite size of a formation time tf ∼ (g2T )−1, which can be estimated

by

tf ∼ l⊥
|v⊥|

∼ (1/gT )

g

∼ 1

g2T
, (2.15)
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multiple soft scatterings are involved. In the original AMY formalism, however, no

interference between vacuum and the medium radiation is included. In addition to

that, 2 → 1 processes, where two hard particles collide each other and merge into a

single particle, are also physically allowed in the medium and should be taken into

account. The complete evaluation of 1 ↔ 2 collinear processes, including 2 → 1

processes, can also be found in Ref. [37].

One can consider a situation where a hard quark undergoes gluon bremsstrahlung

and all the hard partons recurrently interact with soft background medium at certain

times ti and si, as shown in Fig. 2–6. It is necessary to sum such diagrams and square

the summation to calculate the leading order gluon emission rate in which the LPM

effect is taken account. This task can be accomplished by evaluating the imaginary

part of an infinite number of gluon self-energy diagrams. A generalized gluon ladder

diagram is shown in Fig. 2–7. Fortunately, the contribution of this gluon ladder dia-

grams can be expressed in terms of a Schwinger-Dyson type equation, diagrams for

which is illustrated in Fig. 2–8. The following corresponds to the integral equation

for AMY formalism [39,40],

2h =iδE(h, p, k)F(h) + g2s

∫

d2q⊥

(2π)2
C(q⊥)

{

(Cs − CA/2)[F(h)− F(h− kq⊥)]

+ (CA/2)[F(h)− F(h+ Pq⊥) + (Cs − CA/2)[F(h)− F(h− (p− k)q⊥)]

}

.

(2.16)
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2.2.3 Effective Kinetic Theory

Having realized the importance of the two relevant particle processes mentioned

above, one can construct an effective kinetic theory. The Boltzmann equation in

Eq. (2.12) becomes [38]

(∂t + v ·∇x)fs(x,p, t) = −C2↔2
s [f ]− C1→2

s [f ], (2.19)

where s indicates the partons to be excited in the medium and C2↔2
s [f ] and C1→2

s [f ]

correspond to the soft exchange and the nearly collinear processes, respectively.

The 2 ↔ 2 soft scattering term can be expressed as [38]

C2↔2
a [f ] =

1

4|p|νa
∑

bcd

∫

kp′k′

∣

∣Mab
cd(p,k;p

′,k′)
∣

∣

2
(2π)4δ(4)(P +K − P ′ −K ′) (2.20)

×
{

fa(p)fb(k)[1± fc(p
′)][1± fd(k

′)]− fc(p
′)fd(k

′)[1± fc(p)][1± fd(k)]

}

,

where a− d denote 4 independent species of participants in the collision, and νa the

number of colour states multiplied by that of spin for a given species a. A short-

hand notation for the Lorentz invariant momentum integration for massless particles

is used in the equation,
∫

p

=

∫

d3p

2|p|(2π)3 . (2.21)

Mab
cd represents an effective scattering magnitude for the process ab↔ cd, and |Mab

cd|2

reads the square of the matrix element summed over the spins and colours of the

four particles. The distribution functions fa is either Fermi-dirac or Bose-einstein

distribution depending on the species of the parton a. The + and − signs represent

Bose enhancement or Pauli blocking, respectively.
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Similarly, 1 ↔ 2 collinear bremsstrahlung term has the following form [38]

C1↔2
a [f ] =

1

4|p|νa
∑

bc

∫

p′k′

∣

∣Ma
bc(p;p

′,k′)
∣

∣

2
(2π)4δ(4)(P − P ′ −K ′)

×
{

fa(p)[1± fb(p
′)][1± fc(k

′)]− fb(p
′)fc(k

′)[1± fa(p)]

}

+
1

2|p|νa
∑

bc

∫

kp′

∣

∣Mc
ab(p

′;p,k)
∣

∣

2
(2π)4δ(4)(P +K − P ′)

×
{

fa(p)fb(k)[1± fc(p
′)]− fc(p

′)[1± fa(p)][1± fb(k)]

}

,

(2.22)

where |Ma
bc|2 is same as in Eq. 2.20 but for the process a ↔ bc. From Eq. (2.22),

the splitting rates for the processes such as q → qg, q → gg, and g → gg were

calculated in [37]. These results are referred to as “AMY Formalism” in the later

works [39, 43, 44].

2.2.4 Radiative energy loss

We discussed the LPM effect that needs to be included in the AMY formalism

above. This is mainly due to the formation time of a radiative process τf having

the same order of magnitude as the mean free time of a soft scattering τ∗. At

asymptotically high temperature, both the BH (Bethe Heitler) limit (τf < τ∗) — the

individual scattering limit — and the LPM limit (τf > τ∗) are well described by the

solutions of the integral equation [37].
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Given the process shown in Fig. 2–6, we can write down the gluon emission rate

dΓ(p, k)/dk in the QCD medium for various cases [39,40], which is closely related to

the matrix elements |Ma
bc(p;p

′,k′)
∣

∣

2
in Eq. (2.22).

dΓ(p, k)

dk
=
Csg

2
s

16πp7
1

1± e−k/T

1

1± e−(p−k)/T
×























1+(1−x)2

x3(1−x)2
q → qg

Nf
x2+(1−x)2

x2(1−x)2
g → qq

1+x4+(1−x)4

x3(1−x)3
g → gg























×
∫

d2h

(2π)2
2h · Re F(h, p, k), (2.23)

where Cs is the quadratic Casimir invariant, 4/3 for the processes involving quarks

and 3 for the pure gluon processes, and gs the strong coupling constant. 1/(1±e−k/T )

is the Bose enhancement or Pauli blocking factor for the parton’s final state after

the transition (− for gluons and + for quarks). Here, x ≡ k/p is defined as the

momentum fraction of the radiated parton and Nf is the number of flavors. h ≡

(k × p) × e‖ determines how non-collinear the final state is, where e‖ is chosen by

convention to a unit vector collinear with p, k [37]. F(h, p, k) is the solution of the

integral equation in Eq. (2.16).
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CHAPTER 3
Monte Carlo Event Generator

In heavy ion physics, the experimental studies produce valuable information on

the multiparton interactions in the QGP medium. A proper comparison of such

experimental data and the theoretical expectation is necessary for physically mean-

ingful interpretations of the data. Monte Carlo techniques allow us to simulate the

heavy ion events as precisely as predicted by the theory and provides a way to com-

pare theory with data.

Section 3.1 briefly introduces PYTHIA, widely used in high energy and heavy

ion communities, and its procedure for simulating an entire course of nucleon-nucleon

collisions. In Section 3.2, the basic concept of MARTINI and detailed formalisms for

collisional and radiative processes of partons in the QGP medium are discussed. In

addition, their effects on the energy loss of a jet as well as early MARTINI results

with the default setting, compared to experimental data, are shown.

3.1 PYTHIA

PYTHIA [45, 46] is a popular, general-purpose event generator which gener-

ates either hadron-hadron or lepton-lepton collision events. Mostly, theories or phe-

nomenological models on which PYTHIA is based are focused on high energy physics

such as centre-of-mass energies
√
s > 10GeV for proton-proton collisions. At energies

above the limit, certain parts of the program such as the pQCD (perturbative QCD)
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calculations of cross-sections and the fragmentation modelling are well-defined and

yield reliable results. A user can select processes of interest (i.e., QCD process and

Electroweak process) and simulating certain level of the event generation chain is

possible as well. Free parameters in PYTHIA are required to be adjusted according

to the collision system, most of which are closely associated with the area of non-

perturbative QCD, such as multiparton interactions and hadronizations. PYTHIA

provides several tunes, where the parameters are tuned based on certain parton dis-

tribution functions (PDFs) and experimental data.

3.1.1 Program flow

The main flow of the simulation in PYTHIA can be subdivided into three parts:

initially, a process that decides the collision event of interest is created. At this level,

all properties of incoming beams such as
√
s and the nucleons are determined. The

PDF selection is done according to the PYTHIA tune parameter or by linking the

external LHAPDF package. The second stage controls the parton-level configuration

after the primary scattering of the hard partons. The application of initial- and final-

state radiation (ISR/FSR), multiparton interactions (MPI) and structures of beam

remnants are involved in this stage. The last part of the simulation hadronizes jet

partons with fragmentations and decays. Apart from the main procedures, PYTHIA

also provide the interface for linking to external programs for special purposes. We

shall discuss selected topics of important, regarding this thesis, among those men-

tioned above.
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Parton Shower

The algorithms for ISR and FSR are based on p⊥ ordered evolution [45]. Suppose

a radiation process in which a mother parton a is split into a daughter b of energy

fraction z and the remnant c having 1− z of the fraction. This process is formulated

by a splitting kernel Pa→bc(z) which can be calculated in leading order QCD.

Initial state showers are space-like, whereas final state ones are time-like. Thus

different treatments are required for the different sort of radiations, although separa-

tion between them are somewhat arbitrary. Differential branching probabilities for

the ISR and FSR evolutions are, respectively [46],

dPISR

dp2⊥
=

1

p2⊥

∫ 1

0

dz
αs

2π
P (z)

f ′(x/z, p2⊥)

zf(x, p2⊥)
,

dPFRS

dp2⊥
=

1

p2⊥

∫ 1

0

dz
αs

2π
P (z), (3.1)

where z is the energy-sharing fraction between daughter partons and f(x, p2⊥) is the

PDF of the radiating parton with momentum fraction x at energy scale p2⊥. The

transverse-momentum variable in the shower evolutions is defined by [46]

p2⊥ = p2⊥evol =















(1− z)Q2 : ISR

z(1− z)Q2 : FSR,

(3.2)

where, depending on the offshellness of the branching, Q2
ISR = (−p2 + m2

0) and

Q2
FSR = (p2−m2

0) so that Q2 > 0. The leading order DGLAP splitting kernels, P (z),
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shown in Eq. (3.1) are as follows [46]:

Pq→qg(z) = CF
1 + z2

1− z
,

Pq→gq(z) = CF
1 + (1− x)2

x

Pg→gg(z) = CA
(1− z(1− z))2

z(1− z)
,

Pg→qq̄(z) = TR(z
2 + (1− z)2), (3.3)

for QCD, where CF = 4/3, CA = 3, and TR = 1/2. For QED,

Pf→fγ(z) = e2f
1 + z2

1− z
,

Pγ→ff̄ (z) = e2fNC(z
2 + (1− z)2), (3.4)

where NC = 1 for charged leptons. These splitting kernels are used to evolve the

PDF in Q2.

Multiparton Interaction (MPI)

The multiparton cross section for perturbative QCD 2 → 2 scattering is given

by [46]

dσ2→2

dp2⊥
∝ α2

s(p
2
⊥)

p4⊥
→ α2

s(p
2
⊥ + p2⊥0)

(p2⊥ + p2⊥0)
2
. (3.5)

With the small shift by the parameter p2⊥0, divergence of the multiparton cross section

in the p⊥ → 0 limit can be avoided. The integrated partonic cross section at the LHC

energy scale exceeds that for the hadronic level. It is interpreted in the MPI model of

PYTHIA such that several parton-parton collisions can be induced by single hadron-

hadron collision, taking into account the fact that a hadron consists of several quarks
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and gluons. Besides p2⊥0 that regulates the Infra-Red(IR) divergence, the value of

MPI cross section is controlled by the value of αs(Mz) and its running order, and

the PDF set providing the parton luminosities for MPI.

Using the multiparton cross section in Eq. (3.5), one can roughly estimate the

number of MPI per non-diffractive hadron-hadron collision for a given p⊥0 :

〈nMPI(p⊥0)〉 =
σ2→2(p⊥0)

σND

, (3.6)

where the non-diffractive cross section σND for a given energy scale s takes the form

σpp
ND(s) = σpp

INEL(s)−
∫
(

dσpp→Xp
SD (s) + dσpp→pX

SD (s) + dσpp
DD(s) + dσpp

CD(s)

)

. (3.7)

In PYTHIA, the inelastic cross section σINEL is derived by

σINEL = σTOT − σEL, (3.8)

where σTOT is the total cross section and σEL the elastic cross section, and it can

be divided into single-diffractive σSD, double-diffractive σDD, central-diffractive σCD,

and non-diffractive σND cross section.

With the help of the p⊥ ordered evolution in which the hardest MPI is first

generated, one can construct the probability for an parton-parton interaction, i, by

a Sudakov-type equation [46],

dPMPI

dp⊥
=

1

σND

dσ2→2

dp⊥
exp

(

−
∫ p⊥i−1

p⊥

1

σND

dσ2→2

dp′⊥
dp′⊥

)

, (3.9)

where p⊥i−1 is the p⊥ scale of the previous step. As expected from a geometric pic-

ture of nucleon-nucleon collisions, the probability for MPI has the impact-parameter
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dependence. The large overlap area between two colliding proton yields the large

number of the parton-parton interaction.

The expression for MPI in Eq. (3.9) can be integrated with ISR and FSR in

Eq. (3.1) by applying the single common sequence of decreasing p⊥,

dP
dp⊥

=

(

dPMPI

dp⊥
+
∑ dPISR

dp⊥
+
∑ dPFSR

dp⊥

)

× exp

(

−
∫ p⊥i−1

p⊥

(

dPMPI

dp′⊥
+
∑ dPISR

dp′⊥
+
∑ dPFSR

dp′⊥

)

dp′⊥

)

. (3.10)

Fragmentation

As mentioned in previous chapter, at long distance, the pQCD calculation breaks

down and colour confinement appears. Under this circumstance, the coloured quarks

and gluons produced by collisions merge into colourless hadrons at the final state.

However, the process of fragmentation is not fully understood in the theory of QCD.

Instead, several phenomenological models exist to depict the process of fragmenta-

tion.

In PYTHIA, the fragmentations framework has been based on the Lund model [47,

48] from the beginning. This model uses hypothetical strings to connect different

coloured partons so that their colours become neutral and both their energies and

momenta are shared. The iterated operations of the connection are governed by a

probabilistic rule. Moreover, the string described by the model has characteristics

of a flux tube, which is supported by the lattice QCD prediction. One can imagine

the simplest case, where qq̄ pair is bounded by a string. As the qq̄ pair moves apart,
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the potential energy stored in the string (tube) linearly increases and may break up,

producing an additional qq̄ pair. An initial parton where the connection of strings

starts off in a given event is chosen arbitrary and any ordering of fragmentation pro-

cesses should be equivalent.

3.2 MARTINI

MARTINI (Modular Algorithm for Relativistic Treatment of heavy IoN Inter-

actions) is a Monte Carlo event generator developed by Shenke, Gale, and Jeon [49].

The main purpose is to simulate jets in heavy ion collisions and compare the results

with the experimental data. The schematic diagram for MARTINI is illustrated

in Fig. 3–1. Initially, PYTHIA 8.2 is used to generate nucleon-nucleon collisions

and send information about the hard partons to MARTINI. Then it deals with the

parton evolution in the QGP medium according to the AMY formalism for the ra-

diative energy loss rates combined with the collisional processes, which is shown in

the black dotted box in Fig. 3–1. Finally, hadronization ( see Section 3.1 ) of the

evolved partons is performed based on the Lund string model, which is provided by

PYTHIA.

The background of thermal medium currently implemented in MARTINI is gen-

erated using MUSIC (MUScl for Ion Collisions) [50], a (3+1) dimensional hydrody-

namics simulator. It uses the MUSCL (Monotonic Upstream-Centered Scheme for

Conservation Laws) scheme which is also known as the Kurganov-Tadmor scheme.

Any of soft medium calculations from several groups [40, 51–55] can be used in

MARTINI, since the choice of the background evolution in MARTINI is flexible.
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following form [40]:

dPq(p)

dt
=

∫

k

Pq(p+ k)
dΓq

qg(p+ k, p)

dk
− Pq(p)

dΓq
gg(p, k)

dk
+

+ 2Pg(p+ k)
dΓg

qq(p+ k, k)

dk
,

dPg(p)

dt
=

∫

k

Pq(p+ k)
dΓq

qg(p+ k, p)

dk
+ Pg(p+ k)

dΓg
gg(p+ k, k)

dk

− Pg(p)

(

dΓg
qq(p, k)

dk
+
dΓg

gg(p, k)

dk
θ(2k − p)

)

(3.11)

dΓa
bc(p, k)/dk is the transition rate for a process where a parton a of energy p emits

a parton c of energy k and becomes a parton b. In Eq. (3.11), dΓg
qq(p + k, k)/dk is

identical to dΓg
qq(p+ k, p)/dp. The factor of 2 takes into account the fact that q and

q̄ are distinguishable. However, for the process dΓg
gg(p+ k, k)/dk, the two gluons are

identical, resulting in no additional factor. The θ function appears to avoid double-

counting of final states. Note that the equation includes the integration where k < 0,

representing the energy gain of the parton a.

Collisional energy loss

In MARTINI, the energy loss rate due to 2 → 2 scatterings at leading order in

g, as shown in Fig. 3–2, is given by [44, 49]

dΓel

dω
(E, ω, T ) = dk

∫

kk′

2π

4pp′
δ(p− p′ − ω)δ(k′ − k − ω)

× |M|2f(k, T )(1± f(k′, T )), (3.12)
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where dk is the degeneracy factor for the initial thermal partons and
∫

k
=
∫

d3k
(2π)32k

the

Lorentz invariant momentum integral. p = E = |p| and p′ = |p′| are, respectively,

the absolute values of the momenta of the incoming and outgoing particles, and the

same holds for k = |k| and k′ = |k′|. The two delta functions indicate the energy

conservation relations for the transferred energy, ω = p − p′ = k′ − k. The Fermi-

Dirac or Bose-Einstein distribution f appears with the + and − signs corresponding

to the Pauli blocking and Bose enhancement, respectively. |M|2 is the scattering

matrix element squared at leading order and is dominated by the t-channel in the

high-energy limit E � T . The elements for different processes are as follows [44].

|M|2qq =
4

9
g4
s2 + u2

t2
, |M|2qg = 2g4

(

1− su

t2

)

,

|M|2gq = 2g4
(

1− su

t2

)

, |M|2gg =
9

2
g4
(

17

8
− su

t2

)

, (3.13)

where the subscripts in the matrix element denote two incoming particles. The

Mandelstam variables are given by [44]

s = − t

2q2

[

{(p+ p′)(k + k′) + q2}

− cos(φpq|kq)
√

(4pp′ + t)(4kk′ + t)
]

,

t = ω2 − q2,

u = −s− t. (3.14)

φpq|kq is defined as the angle between the p× q and the k× q plane.
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where the components of P µν are such that

P 00 = 0,

P ij = δij − q̂iq̂j, (3.17)

and the longitudinal and transverse gluon propagators are, respectively,

∆L(ω, q) =
−1

q2 −m2
g

[

x ln
(

x+1
x−1

)

− 2
] ,

∆T (ω, q) =
−1

q2(x2 − 1)−m2
g

[

x2 + x
2
(1− x2) ln

(

x+1
x−1

)] . (3.18)

The angular integration with the matrix element for e.g., qq → qq scattering can be

evaluated as [44]

∫

dφkq|pq

2π
|M|2qq =

8

9
g4p2

[

{

(k + k′)2 − q2
}

|∆L|2

+
1

2

(

1− ω2

q2

)2
{

(k + k′)2 + q2
}

|∆T |2
]

. (3.19)

Eq. (3.19) can be simplified in the limit of small ω and q as followings [44]

∫

dφkq|pq

2π
|M|2qq =

32

9
g4p2kk′

×
[

|∆L|2 +
1

2

(

1− ω2

q2

)2

|∆T |2
]

. (3.20)

The calculation is logarithmically divergent at the lower limit of integration and in-

corporates a plasma screening effect through hard thermal loop corrections for soft

momenta. These procedure allows for a numerical calculation of Eq. (3.12). Fi-

nally the transition rate as a function of both the transferred energy and momentum

dΓ/dωdk is obtained by omitting the integration over k in Eq. (3.12). In MARTINI,
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it is used for sampling the transferred energy and momentum in an elastic process.

Conversion process

Not only the gluon radiation processes described above, MARTINI also includes

the conversion between quarks and gluons q ↔ g, due to the Compton scatterings

and annihilation (for example, Fig. 2–3), as well as a jet-photon conversion process

q → γ. These contributions come from the soft scatterings of jets with the medium,

where momentum transfer q is small. Typical examples of the jet-photon conversion

process are shown in Fig. 3–3. The transition rate for the jet-photon conversion,

obtained by the calculation analogous to that of gluon radiation, is expressed as [49]

dΓconv
q→γ

dω
(E, ω) =

(ef
e

)2 2παeαsT
2

3E

(

1

2
ln
pT

m2
q

− 0.36149

)

δ(ω), (3.21)

where ef is the colour charge of a quark of flavor f and αe = e2/4π the fine structure

constant. One has to deal with the IR divergence in the limit m2
q → 0, and this

can be regulated by replacing m2
q in by a thermal mass m2

th = g2T 2/6 [58, 59].

Here, the quark to be converted is assumed to have the energy E much higher than

the background temperature T , E � T , and the energy loss during the process is

neglected as implied in the δ function. The conversion rates between q ↔ g have

simply the identical expression to that of jet-photon process, multiplied by some

factors such that [49]

dΓconv
q→g

dω
= CF

dΓconv
q→γ

dω
,

dΓconv
g→q

dω
= Nf

Nc

N2
c − 1

dΓconv
q→γ

dω
, (3.22)
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Figure 3–3: Leading order feyman diagrams for the jet-photon conversion processes.

where CF = 4/3 is a colour factor.

3.2.2 Default results from MARTINI

This section shows early MARTINI results with the default setting prior to the

improvements on the jet energy loss, which is discussed in the next chapter. Several

works were carried out to test the validity of the collisional energy loss [44] described

above and the performance ability of MARTINI with both radiative and collisional

processes [49]. To examine the effect of collisional and radiative particle process on a

time-dependent parton energy distribution spectrum, one may start from evaluating

Eq. (3.11).

In Ref [44], the radiative energy loss rates obtained from different methods are

examined. The first method (A) uses Eq. (3.12) and divides the integration range

into two part as described above. In this calculation, Eq. (3.20) is directly inserted

into Eq. (3.15). The two momentum regions of the contributions are matched at an

intermediate value, q∗2 ∼
√
ETmg [44]. On the other hand, the second method (B)

applies Eq. (3.12) to the whole region of momentum integration. To achieve this
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where AA indicates the nuclei A colliding each other and b the impact parameter.

In Fig. 3–7, the results of neutral pion RAA in AuAu collisions at
√
s = 200GeV are

presented. The collisions were made in two different centrality classes: 0−10% (lower

panel) and 20 − 30% (upper panel), corresponding to the mean impact parameters

of 2.4fm and 7.5fm, respectively. The left figure shows the results using the (3 + 1)

dimensional hydrodynamic background, while in the right one, the medium was

described by (2 + 1) dimensional hydrodynamics. The coupling constants are same

as in the calculation in Fig. 3–6. It is found that the results in all centrality classes

and all background medium nicely describe the PHENIX data.

42



CHAPTER 4
New effects in the radiative energy loss

The phenomenon of jet quenching has become an essential subject to explore the

QCD medium created by heavy ion collisions. For better interpretations of experi-

mental results and better understanding of the medium, we need to to develop MC

event generators equipped with theoretically sound models and well reproducing ob-

servables under various environments. As introduced in Chapter 3, MARTINI is one

of the Monte Carlo (MC) event generators for simulating jets in heavy ion collisions.

We discussed the performance of MARTINI on the jet evolution in hydrodynamics

medium and found that MARTINI faithfully reproduces final state observables such

as momentum distributions and nuclear modification factor RAA at the low pT re-

gion ∼ 15GeV. However, as can be seen in Fig. 4–1 [3], theoretical models and event

generators [68–73] have predicted gradually rising RAA at extended energy scale.

This argument was supported by experimental measurements made by various de-

tectors [74–78] at different kinematical ranges. For example, the CMS data, plotted

in the black dots in Fig. 4–1, shows that jet quenching at pT ∼ 100GeV is notably

reduced compared to that at pT ∼ 10GeV. Considering the monotonic RAA curves

obtained from MARTINI ( see Fig. 3–7 ), it is required to improve jet energy loss

mechanisms that account for such high pT phenomena. This also leave possibilities

for MARTINI to be upgraded for better performances. We shell discuss the newly

improved version of MARTINI as well as its results of jet quenching observables.
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improvements are addressed in Section 4.4.

4.1 Models

This section introduces the two individual works prior to this study: a finite-

size effect [1] and running coupling [2]. The new features in MARTINI are modelled

based on these works. The former study modified the radiative energy loss of par-

tons in the QGP medium by applying the finite size effect to the radiative processes.

This suppresses the radiation rate at early times of partons’ propagation. The latter

investigated the effect of the running coupling on the radiative processes and showed

the MARTINI results of the leading hadron RAA. The followings are the detailed

descriptions of the studies and how we modelled them.

4.1.1 Finite-size Effect

The study carried by C. Simon and C. Gale [1] shows the finite-size effect on the

radiative energy loss of hard partons evolving in the QGP medium. The calculation

starts by invoking the light-cone path integral formalism derived by Zakharov [79,80],

dP a
bc

dk
=
P

a(0)
bc (x)

πp
× Re

∫ ∞

0

dt1

∫ ∞

t1

dt2
∂

∂x

∂

∂y
[K(t2,x; t1,y)− (vac)]x=y=0, (4.1)

representing the total probability for a parton a of energy p, created at time t = 0

being split into partons b and c with energies of k, p − k, respectively. P
a(0)
bc (x)

represent DGLAP splitting kernels [81–85] for a given process a → bc with the

longitudinal momentum fraction of the particle b with x = k/p. The splitting kernels
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are

P
a(0)
bc (x) =















































g2CF
1+(1−x)2

x
, g → gq

g2CA
1+x2+(1−x)4

x(1−x)
, g → gg

2g2NFTF [x
2 + (1− x)2], g → qq̄

e2 1+(1−x)2

x
, e→ γe

(4.2)

where CF = 4/3, CA = 3, and NFTF = 3/2 for QCD. K(t2,x; t1,y) is a retarded

propagator of a from t1 to t2 at the point, x = y = 0, where the parton a is produced

by hard scattering. The propagator is associated with the light-cone Hamiltonian,

which has the form [1]

H = δE(p)− iC3, (4.3)

where δE(p) and C3 are given by [1]

δE(p) =
pp2

2k(p− k)
+
m2

b

2k
+

m2
c

2(p− k)
− m2

a

2p
,

C3(x) =
Cb + Cc − Ca

2
v2(x) +

Ca + Cc − Cb

2
v2(

k

p
x) +

Ca + Cb − Cc

2
v2(

p− k

p
x).

(4.4)

ma and Ca are respectively the thermal mass and the Casimir factor (CF = 4/3 for

quarks and CA = 3 for gluons) of the parton a. CFv2(x) is the dipole propagation

amplitude per unit length for a qq̄ pair. The (vac) term in the time integration

corresponds to vacuum fluctuations.
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In order to include the effect of finite formation time in the momentum-space

AMY formalism, Eq. (4.1) was reformulated such that [1]

dΓa
bc(t)

dk
≡ P

a(0)
bc (x)

πp
× Re

∫ t

0

dt1

∫

q,p

iq · p
δE(q)

C(t)K(t,q; t1,p). (4.5)

dΓa
bc(t)/dk is defined as the radiation rate and the time integration of Eq. (4.5) over

t from 0 to ∞ yields dP/dk in Eq. (4.1). In momentum space, the time-dependent

C(t) acts as the Boltzmann collisional operator [1]

Cψ(p) =
∫

q

C(q)

{

Cb + Cc − Ca

2
[ψ(p)− ψ(p− q)]

+
Ca + Cc − Cb

2
[ψ(p)− ψ(p+

k

p
q)]

+
Ca + Cb − Cc

2
[ψ(p)− ψ(p+

p− k

p
q)]

}

, (4.6)

where ψ(p) is a wave function on momentum space, and the function C(q) is asso-

ciated with the dipole amplitude [1]

v2(x) ≡
∫

q

C(q)(1− eiq·x). (4.7)

This can also be expressed in terms of the elastic collisional rate for a hard particle [1]

C(q) =
(2π)2

Cs

dΓel(q)

d2q
, (4.8)

where the choice of dΓel/dk is

dΓel(q)

d2q
=

g2m2
D

32π2q3
, (4.9)

which is taken from Ref. [86].
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Eq. (4.5) contains a single time integration which can be solved numerically. The

new time variable t represents the time of the last scattering between t1 and t2, where

the next emission is supposed to occurs. Note that the time integration in Eq. (4.5)

is evaluated up to finite t, unlike the AMY formulation in which time dependence

is absent. The AMY rates are obtained by calculating feynman diagrams such as

Fig. 2–7, which gives the total probability of radiation per total time, dPtot/dTtot.

On the other hand, in this finite time formation, interference effects such as LPM

effect are included in the propagator K, which is evaluated numerically.

The schematic diagram for the finite-size effect of a parton propagating through

the QGP medium is depicted in Fig. 4–2. This figure illustrates the environment

where the Eq. (4.5) is effective. A given parton of momentum p is broken into two

bremsstrahlung partons with momenta q and p − q. The red lines represent hard

parton propagators, either a quark or a gluon, species of which are arbitrary chosen.

The black vertical gluon propagators with a shaded blob at each edge indicate not

the additional bremsstrahlung emitted from the hard partons, but the multiple scat-

terings by thermal medium with soft momentum exchanges. Such collision processes

directly induce the bremsstrahlung radiations. As can be seen in the figure, the

emitted gluon as well as the mother quark undergo the multiple scatterings.

The mean free path of the scatterings with thermal medium, lmfp, is estimated

in the following way. By definition,

1

lmfp

≡
∫

d3kρ(k)

∫

dq2(1− cos θpk)
dσel
dq2

, (4.10)
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where ρ(k) is the density of the thermal medium of momentum k (∼ T ), and (1 −

cos θpk) the flux factor with the angle θpk between the hard parton of momentum p

and the thermal parton. The cross section for elastic scattering takes the form

dσel
d2q

∼ CR
2α2

s

(q2)2
. (4.11)

With the debye mass m2
D = 3

2
g2T 2 [1], Eq. (4.10) can be evaluated as

1

lmfp

∼ k3
∫ ∞

m2

D

d2q
α2
s

(q2)2

∼ T 3 α
2
s

m2
D

∼ g2T, (4.12)

which yields

lmfp ∼ 1

g2T
. (4.13)

The first emission from the mother quark occurs at time t1 and the next splitting

is located at time t, as it is in Eq. (4.5). The duration between t1 and t corresponds

to the formation time of the radiation. During the formation time, or within the

coherence length, mother and daughter partons are considered to be in a coherent

state and no further emission should exist. The separation condition imposed by the

Heisenberg’s uncertainty principle is such that the distance between the two partons

l⊥ is larger than the transverse size of the typical gluon:

l⊥ &
1

q⊥
, (4.14)
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Now suppose that the emitted gluon of momentum q experiences Ncoh soft scatter-

ings with the transverse momentum transfer of µ2 during the coherence length lcoh.

Assuming that the motion of the gluon after each scattering follows a random walk

and its transverse momentum q⊥ is determined by µ2, we have

〈

(q⊥)
2
〉

= Ncohµ
2 =

lcoh
lmfp

µ2. (4.17)

Using Eq.4.16 and the following definitions

q̂ =
µ2

lmfp

,

ELPM = µ2lmfp, (4.18)

lcoh becomes

lcoh ∼ lmfp

√

q

ELPM

=

√

q

q̂
. (4.19)

In the absence of the formation time, the daughter gluon emitted at time t is con-

sidered to be fully separated from the mother quark and subsequent bremsstrahlung

from both two partons is immediately possible.

The result of the numerical calculation of the Eq. (4.5), labelled with ‘Full’ is

shown in Fig. 4–3 [1]. Comparison with results obtained from different prescriptions

can also be seen in the figure. The radiation rate of AMY formalism doesn’t have any

time dependence. This is because destructive interference between bremsstrahlung

from hard partons and the vacuum radiation is not included in AMY as well as the

formation time is not applicable. It begins to follow the full calculation roughly at

the formation time, at which LPM interference between medium induced radiation

starts to effective.
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Figure 4–4: Radiation rate implemented in MARTINI, which is approximate to the
Caron-Huot’s calculation. (a) A 5GeV parton emitted from its mother parton of
50GeV. (b) A 100GeV parton radiated from a 300GeV parton. For both, tempera-
tures are 0.4GeV and the coupling αs is 0.3.

rate for the finite-size effect (red-dashed in Fig. 4–4) is above the AMY (blue-dotted)

around the formation time.

We reproduced this modified rate as follows; we first generate a mother parton of

momentum p and its daughter of k at a same position and let them move in the same

z direction. Meanwhile, the two partons independently experience elastic processes,

which alter the transverse momenta and positions of the particles. The separation

condition of them is analogous to that in Eq. (4.14):

∆r⊥ >
1

2∆p⊥
, (4.20)

where ∆r⊥ and ∆p⊥ are differences between the positions and the transverse mo-

menta, respectively, of the two partons. In each event, the moment when this con-

dition first holds is recorded. The differential radiative rate dΓ/dk is obtained by
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accumulating the momenum and normalized by both the number of events and the

AMY rate. Comparison between MARTINI radiative rate and the original rate for

finite-size effect as well as the AMY calculation are shown in Fig. 4–4. Fig. 4–4 (a)

describes a gluon of 5GeV emitted from its mother quark of 50GeV, while (b) shows

a 100GeV gluon radiated from a 300GeV quark at T = 0.4GeV and αs = 0.3. It can

be seen that the approximated radiative rates in MARTINI (black-solid) smoothly

connect to the AMY curve roughly after the formation time as expected.

4.1.2 Running Coupling

The strong coupling constant αs in the previous version of MARTINI is chosen in

accordance with a relevant energy scale examined in a simulation and is assumed to

be a constant. However, as the energy scale increases, a deviation from the measured

values of αs appears. In order to determine the Q2 dependence of the coupling αs

in MARTINI, the averaged transverse momentum transfer kT in a splitting vertex is

used. The estimated averaged kT is given by [2]

〈k2⊥〉 = q̂tf . (4.21)

tf indicates the formation time of an emission after scatterings with the medium.

The jet transport coefficient q̂ that appears in the expression can be derived from

the equation in the fluid rest frame [89],

q̂ =

∫ qmax

d2q⊥q
2
⊥

dΓel

d2q⊥
, (4.22)
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where qmax ∼ 6ET [89] is the UV cut-off. The hard thermal loop (HTL) re-summed

elastic collision rate dΓel/d
2q⊥ is given by [89]

dΓel

d2q⊥
=
Cag

2T

(2π)2
C(q⊥), (4.23)

where expression for C(q⊥) is shown in Eq. (2.17).

Using the expression shown in Eq. (4.16), Eq. (4.21) becomes

〈k2⊥〉 = q̂
k

〈k2⊥〉
, (4.24)

which leads to [2]

〈|k⊥|〉 = (q̂k)
1

4 . (4.25)

The additional contribution of the coupling comes from the momentum transfer of

soft scattering vertex, which is of order gT [2] and its running effect is not considered

in this work.

Fig. 4–5 illustrates the running effect of αs as a function of momentum p at

temperature of 0.5GeV. The default coupling is set to 0.27 and it is assumed to start

running at 10GeV. Below the reference momentum, the running effect is ignored.

The running coupling shown as the black solid curve is compared to the default

coupling of the red-dotted curve. A decrease of roughly 20% at 100GeV is obtained

with the approximated calculation for running coupling.

The old results for the running coupling effects as well as the finite-size effect

are shown in Fig. 4–6 [2]. It is found that the both effects lead to less suppression

of jet quenching up to 100GeV. However, due to the lack of enough statistics, error

bars for each curve are omitted. In comparison, in the previous study carried out
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Figure 4–5: The running effect of a strong coupling constant αs as a function of
momentum p at temperature of 0.5GeV compared to a fixed coupling of 0.27. The
effect starts at 10GeV and is ignored below the momentum.

in [2], the finite size effect was estimated, not actually calculated.

4.2 Monte Carlo Implementation

The main task of MARTINI is to solve the rate equation Eq. (3.11) using the

Monte Carlo techniques in order to simulate the evolution of hard partons in the

QGP medium, provided by equations of hydrodynamics. We shall follow the entire

course of an event simulation generated by MARTINI.
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and the overlap function TAB(b) is defined as [49, 90]

TAB(b) =

∫

d2zTA(rT )TB(rT + b) (4.28)

In order to evaluate these functions, we used the Wood-Saxon form of the nuclear

density function [49, 90]

ρA(r) =
ρ0

1 + exp ( r−R
d
)
, (4.29)

where R = 6.38fm is the radius of the gold nucleus, d = 0.535fm the surface depth

parameter, which values are taken from [91]. The normalization factor ρ0 is fixed to

yield [49, 90]
∫

d3rρA(r) = A. (4.30)

In practice, nucleons in the nuclei A and B are sampled using the Woods-Saxon

distribution. MARTINI determines the overlap region using the impact parameter b

and divides the area into circles with the inelastic cross-section σinel corresponding

to the area, which forms a tube in 3–dimensions. Then the number of the binary

collisions with the minimum jet transverse momentum pmin
T is determined within

each tube using the number of nucleons in the tube from nucleus A and nucleus

B. The probability for the jet events in each area is given by σjet(p
min
T )/σinel [49].

The species of the nucleons in the binary collisions are randomly determined by the

number of nucleons corresponding to each species within one nucleus. Alternatively,

MARTINI also provides an option for the Optical Glauber, in which one (averaged)

binary collision per event is sampled using Eq. (4.26) with identical Glauber model

described above. In this study we use the Optical Glauber model and leave the

event-by-event background study for future.
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The initial parton distribution function (PDF) can be chosen using the Les

Houches Accord PDF (LHAPDF) [92] interface, an external package linked to PYTHIA.

In addition, other PDFs can be also selected according to the parameterization of the

given tune equipped with PYTHIA. We also include nuclear effects on the PDF such

as showing effect. The EKS98 [66] and EPS08 [93] parameterizations are available

in MARTINI.

Once the initial hard processes are generated, PYTHIA does the full parton

shower, i.e., initial state radiation and final state radiation, until the soft background

is formed at τ0. This is a reasonable assumption because most of the parton shower

take place before the formation of QGP medium, τ < τ0. With the help of the finite-

size effect [1], the interference between the vacuum shower and the medium created

at τ0 is implemented.

After τ0, partons, created by the hard collisions and the consequent shower,

evolve through the medium. Each parton is given its velocity at each time step

and moves accordingly. During the in-medium evolution, they also lose their energy

through the collisional and radiative processes. MARTINI performs a Lorentz-boost

into the rest frame of a fluid cell from the position of a parton in order to determine

the local temperature and the energy E of the parton and calculate the intrinsic

transition rates.

A parton may have probabilities for several processes at the same time and

one process is picked at any given time step according to its own weight, which is

determined by the energy of the parton and the temperature of the cell where the

parton is located. When these processes occur, MARTINI uses a rejection method
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to sample related quantities such as radiated or transferred energy for, respectively,

radiative or collisional transition rates and transferred transverse momentum for

scattering elastic collisions.

When the sampling is finished, MARTINI boosts the partons back to the lab

frame and they either exit the medium or continue to travel the medium, repeating

the energy loss processes. This repetition occurs until the energy of the partons

in the rest frame fall down to the same order of the local temperature, E ≤ 4T .

This assumption is reasonable since the AMY formalism is based on the high- en-

ergy/temperature approximation where E > T . Meanwhile, the collisional and ra-

diative transition also stops at the moment when the momentum of a parton falls

below a certain minimum pmin, which is typically chosen to 3GeV.

During the in-medium evolution, MARTINI keeps track all colour string in-

formation of partons in the medium. Once the parton evolution terminates, the

complete information on the strings is sent to PYTHIA to perform fragmentation,

which is based on the Lund fragmentation model, and the additional decay of unsta-

ble particles. The procedures of the event simulation are finished after hadronization

is performed and a list of the final state particles with their properties is passed to

MARTINI.

4.3 Results and Discussion

The leading hadron nuclear modification factor RAA is a useful observable to

quantify the jet quenching effect of high transverse momentum pT final particles

which escaped from the QGP medium. On the other hand, dijet imbalance should
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allow us to not only identify the partonic energy loss in the medium but also inves-

tigate the geometric properties of jet productions and their quenching.

This thesis can be regarded as a follow-up study to the earlier work done by C.

Young, B. Schenke, S. Jeon, and C. Gale [2]. This section shows the new and im-

proved results for the observables obtained using MARTINI. Comparisons between

the results and the CMS experimental data corresponding to the observables are also

presented. For each observable, the detailed descriptions for the simulation scheme,

i.e., parameter setup, jet reconstructions, are mentioned.

4.3.1 Leading Hadron RAA

We simulated PbPb collisions at centre of mass energy
√
s = 2.76TeV at 3

different centrality classes; 0− 5%, 5− 10%, and 10− 30%. In order to calculate the

leading hadron spectra of pp and PbPb collisions, we used the Tune 2C [94] in the

PYTHIA parameter set. This tune, in which CTEQ 6L1 PDF is used, is designed to

describe the CDF data. More detailed information can be found in [94]. The impact

parameter b is taken to be an average impact parameter 〈b〉 based on the Optical

Glauber model and calculated by Eq. (7) in [95]. To calculate 〈b〉 for each centrality,

we used the values of the minimum and maximum impact parameter, respectively,

bmin and bmax and the averaged nuclear overlap function 〈TAA〉 taken from [3, 96].

Those geometric quantities including the average number of participating nucleons

〈Npart〉 and binary nucleon-nucleon collisions 〈Ncoll〉 are shown in Table 4–1. The

inelastic nucleon-nucleon cross section σNN
inel = 64 ± 5mb [3] at

√
s = 2.76TeV was

used. The values of 〈b〉 for the three different centralities of 0 − 5%, 5 − 10%, and
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Centrality bin bmin bmax 〈Npart〉 rms 〈Ncoll〉 rms 〈TAA〉 rms
% (fm) (fm) (1/mb) (1/mb)

0 - 5 0.00 3.50 381 ± 2 19.2 1660 ± 130 166 25.9 ± 1.06 2.60
5 - 10 3.50 4.94 329 ± 3 22.5 1310 ± 110 168 20.5 ± 0.94 2.62
10 - 30 4.94 8.55 224 ± 4 45.9 745 ± 67 240 11.6 ± 0.67 3.75

Table 4–1: Table for the geometric quantities for PbPb collisions at
√
s = 2.76TeV

at 0− 5%, 5− 10%, and 10− 30% centrality bins. The minimum bmin and maximum
bmax impact parameter are taken from [96], and the average number of participat-
ing nucleons 〈Npart〉, binary nucleon-nucleon collisions 〈Ncoll〉, and nuclear overlap
function 〈TAA〉, as well as corresponding r.m.s values are taken from [3].

10 − 30% are respectively 2.31fm, 4.23fm, and 6.85fm. Also the rapidity range of

|η| < 1.0 was used.

The hydrodynamic background that we adopted was obtained from the (3+1)

dimensional ideal fluid simulation of MUSIC [50]. The default strong coupling αs was

set to 0.27 and no modifications in the factorization or renormalization scale were

made. For the simulations of PbPb collisions, we performed 3 different settings: (i)

default setting in MARTINI, where the finite-size effect and running coupling are

not included, (ii) the default one with only the finite-size effect is turned on, and

(iii) both the finite-size effect and running coupling are included.

The pT spectrum for charged particles for |η| < 1.0 in pp collisions at
√
s =

2.76TeV is shown in the upper panel of Fig. 4–7. The red curve represents the the-

oretical calculation using PYTHIA, while the black dots corresponds to the CMS

measurements with statistical error bars for comparison. For pp collisions, the sta-

tistical uncertainties of the PYTHIA results are ignored as less than 0.2% at 100GeV,

and 0.08% at 10GeV. To reach the enough statistics up to 100GeV, we performed
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Figure 4–7: Upper panel : Invariant pT distribution of charged particles in
√
s =

2.76TeV pp collisions for |η| < 1.0. A PYTHIA tune used in this calculation is Tune
2C and the experimental measurement from the CMS is compared. Lower panel :
The ratio of the PYTHIA simulation to the pT spectrum obtained by the CMS [3].

independent simulations of 15 million PYTHIA events with identical parameters ex-

cept p̂T ranges. In PYTHIA, p̂T constraints the kinematics of generated 2 ↔ 2

processes and the range of p̂T was divided into 5 sub-regions: 0 − 20, 20 − 40, · · · ,

80− 100GeV. Then we combined all sub-runs, which are weighted by the cross sec-

tion for multiparton interactions where the kinematic constraints are applied. The

lower panel shows the ratio between the PYTHIA simulation and the experimental

measurement from the CMS. The ratio was obtained using power-law interpolation.
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Figure 4–8: MARTINI results on the invariant pT distribution of charged particles
in

√
s = 2.76TeV pp collisions for |η| < 1.0. PYTHIA parameter set is same as in

Fig. 4–7. Centrality classes of 0− 5% (red), 5− 10% (orange, ×103), and 10− 30%
(purple, ×106) are calculated. For each class, an experimental measurement from
the CMS data is compared [3].

The simulations for PbPb collisions at
√
s = 2.76TeV were performed using

MARTINI and the results for the four different centrality bins are depicted in Fig. 4–

8. In this calculation, we followed the same p̂T cuts for each sub-runs as in pp cases,

and 5 million events were generated in each centrality class and each sub-run. For

visible comparison with the CMS data, pT spectra for each centrality are multiplied

by 〈Ncoll〉 corresponding to the centrality classes, which is shown in Table. 4–1.

The measurements from the CMS are represented by the dots, while the MARTINI

results of the default settings are drawn by the lines. For both, their statistical

uncertainties are included. Different colours indicate the different centrality classes:
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the red, orange, and purple correspond 0− 5%, 5− 10%, and 10− 30% centralities,

respectively.

Fig. 4–9 shows the charged particle nuclear modification factor RAA as a func-

tion of transverse momentum pT at different centrality bins. We sampled only one

nucleon-nucleon collisions in one event when running MARTINI. That is, the MAR-

TINI results represents the numerator of Eq. (4.31), while the denominator is ob-

tained from PYTHIA.

RAA(pT ) =
(1/〈Ncoll〉)d2NAA/dpTdη

d2Npp/dpTdη
(4.31)

Therefore, we directly divided the PbPb spectra by the pp reference without any

scale modification.

The centrality dependence of the RAA can be seen in Fig. 4–9 (a)-(c) for charged

particles and (d)-(f) for negative pions. The left figures in each panel is the centrality

bin for 0 − 5%, and the centre and right ones are those for 5 − 10% and 10 − 30%

respectively. The red solid curves in each box depict the default setting (i), while

the blue dot curves and green dashed-dot curves represent respectively the (ii) and

(iii) scenarios. The error bars indicate the statistics uncertainties for each curve. We

compared the results with the experimental measurements by the CMS [3], which are

plotted as the black square with the systematic uncertainties of the grey shadows.

Significant fluctuations with uncorrelated pT dependence of the statistical error

bars in the CMS measurements are observed for more peripheral centralities. On

the other hand, the MARTINI results show smooth curves for data points with high

statistics correlated to pT . Both the finite size and the running coupling effect lead
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Figure 4–9: RAA with the finite-size effect and running coupling at different centrality
classes. Upper panel : The charged particle RAA compared with the preliminary CMS
data [3]. Lower panel : Those for negative pions π−. From left to right centrality
classes correspond to 0− 5%, 5− 10%, and 10− 30%.

to less quenching at all the pT regions. This is expected as both effects lowers the

effective scattering rate. The three graphs in all centrality bins are fairly in good

agreement with the CMS data, especially for higher pT regions, within the statistical

uncertainties. However, substantial gaps are found between the degrees of increase in

each RAA. The RAA curves with the both effects show enough rises for all centrality

classes, while those of the default scenario remain below the uncertainty bands for

the CMS data. The increase is clearly shown in the RAA curves for π−, which are

depicted in Fig. 4–9 (d)–(f). This indicates that the experimental results include the
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running coupling effect and the finite-size effect.

4.3.2 Dijet Asymmetry

In order to perform jet reconstruction in the PbPb collision simulations, we

used the anti-kT jet algorithm [97], which is built in the FastJet package [98]. In

this algorithm, a jet is selected to a cone containing a cluster of particles within a

radial parameter R. To sort out jets out of all particles, the following definition of

distances between the particles is used [97]:

dij = min(k2pti , k
2p
tj )

∆2
ij

R2
, (4.32)

where dij is the distance between particles i and j, and kti the transverse momentum

of the particles i. The ∆2
ij is given by [97]

∆2
ij = (φi − φj)

2 + (ηi − ηj)
2, (4.33)

where φi and ηi are respectively the azimuth angle and rapidity of the particle i.

The anti-kT algorithm uses the value p = −1 [97] in Eq. (4.32). Jet selection starts

with the minimum dij, which corresponds to the hardest particle and its neighbour

close together. Then, particles within a given radius of R around the hard particle

are added to form a cluster of jets. The procedures continue until no particles above

a given kinematic threshold remain. Once all particles are clustered in cones of

jets, we determine pairs of jets which directions of propagation are in opposite. The

jet pairs are considered to be created by identical hard processes and the difference
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between distances each jet travels within the medium results in imbalance of a energy

distribution of the dijet.

The distributions of dijet asymmetry obtained from PbPb collisions at
√
s =

2.76TeV as a function of dijet momentum balance AJ are shown in Fig. 4–10. The

quantity for balance (imbalance) is defined as

AJ =
pT,1 − pT,2
pT,1 + pT,2

, (4.34)

where pT,1 is the momentum of a leading jet and pT,2 that of a subleading jet. The

subscription for the leading and subleading jet implies that AJ is always positive.

The simulations were performed in four different centrality bins: 0− 10% (top left),

10− 20% (top right), 20− 30% (bottom left), 30− 50% (bottom right). The average

impact parameters 〈b〉 are taken from [99], which values for each centrality bin are

respectively 3.4fm, 6.0fm, 7.8fm, and 9.9fm. A good agreement was found with

the cross-check calculations for 〈b〉 using Eq. (7) in [95]. In this analysis, jets were

determined by the cone of radiusR = 0.5 and the we sampled imbalanced dijets which

leading jets and subleading jets have momenta of pT.1 > 120GeV and pT.2 > 50GeV,

respectively. We also restricted the azimuthal angle between the near-side and away-

side jets ∆φ12 to be larger than 2/3π so that the high quality of dijet selection is

ensured. Jets outside of the rapidity range |η| < 2.0 were ignored.

Again, we followed the three scenarios adopted for the RAA analysis in order to

be consistent in investigating the effects of the two models on dijet imbalance. The

red dashed curves represents the default MARTINI setting (i), the blue dot and the
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Figure 4–10: Dijet asymmetry with the finite-size effect and running coupling at
different centrality classes. In the figure, (a)-(d) correspond to the results for the
centrality of 0 − 10%, 10 − 20%, 20 − 30%, and 30 − 50%, respectively. The mea-
surements from the CMS [99] are compared

green dashed double-dot one corresponds to respectively the default with the finite-

size effect is added (ii) and the case both the models are turned on (iii). For dijet

imbalance, we generated 500 thousands jet production events in each centrality class.

The CMS measurements with the same kinematic cuts, taken from [99], are shown

as the black squares with the statistical uncertainties. The iterative cone algorithm

is used to define jets in the CMS measurements.

We find that both the effects influence on the results for dijet imbalance at

all centralities. For the scenarios (ii) and (iii), sizeable enhancements of the dijet
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variable AJ are observed for AJ < 0.2, although the default modes are relatively in

agreement with the CMS data. This indicates an underestimation of dijet imbalance,

resulting from the use of the Optical Glauber approximation where no temperature

fluctuation in the medium exists. Compared to the case of RAA, the discrepancy is

more noticeable in the dijet measurements which require plentiful information on the

internal structure of the medium. This leaves potential to improve the jet simulations

by introducing the event-by-event calculation and the IP-Glasma initial conditions

where wider deflection of jets are expected to be observed due to the lumpiness of

the medium.
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CHAPTER 5
Conclusion

We have presented a theoretical and phenomenological study of jet quenching in

relativistic heavy ion collisions using MARTINI, a Monte Carlo jet event generator.

The essential aspect of this study is incorporation of the two models [1,2] improving

the jet radiative energy loss mechanism into MARTINI.

The finite-size effect takes account of an energy-dependent formation time in an

inelastic process. During the formation, the hard parton and the radiated parton are

in a coherent state, in which additional emissions are suppressed. This also takes into

account interference between vacuum radiation and that from hard partons occurring

during the time. They lead to the gradually increasing radiative rate, which smoothly

connects the flat region where the LPM effect is dominant. For the running coupling

effect, we let αs appearing in an emission vertex be a function of hard scale Q so

that the radiative transition rates are directly affected.

Using the strong coupling αs = 0.27 in the infrared (IR) limit and the ideal

(3+1) dimensional hydrodynamic background obtained from MUSIC, both the nu-

clear modification factor RAA and dijet imbalance were well reproduced by MAR-

TINI at different centralities. For RAA, the effective rise from 0.2 ∼ 0.4 at 10GeV

to 0.4 ∼ 0.6 at 100GeV confirmed that the particles of higher energy scale are less

likely to lose their energy during the QGP evolution. We have also shown that
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the prescription for the finite formation time and running coupling reduces the jet

quenching at all pT regions.

In this work, we have treated the dynamics of the background soft medium

as a ideal (3+1) dimensional hydrodynamics averaged over all events. This is the

simplest case where no fluctuations of each binary collisions are visible. Although

we mainly focused on the jet quenching behaviour at high-energy scale up to pT =

100GeV where such effects are weak, it is demanded to describe the QGP medium

using more realistic models. In practice, event-by-event simulations including viscous

hydrodynamics or imposing IP-Glasma initial conditions are crucial to describe the

experimental measurements at a low pT region. These medium fluctuations will be

a good inspiration of our further study.

Under the pQCD prediction, the jet quenching in heavy ion collisions is expected

to be weaker as a region of kinematics is expanded. For example, the effects of the

formation time discussed in this study as well as running coupling, both of which

have the energy dependence, would be significant at the higher energy scale. On

the other hand, recent results from experiment collaborations such as ATLAS reveal

the plateau-shaped leading hadron RAA at higher pT of few hundred GeV. Such a

kinematic realm in which new treatment of the total energy loss rate is required

should be investigated in future to determine the applicability of the two models and

find good explanation of the jet quenching mechanism.

In conclusion, we have demonstrated that, with the two radiative energy loss

mechanisms, MARTINI has enhanced capability for reproducing jet quenching phe-

nomenon in heavy ion collisions using the ideal hydrodynamics. The future work
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will cover viscous hydrodynamics and IP-Glasma event-by-event simulation which

contain initial fluctuation of nucleon positions. These initial conditions will lead to

more realistic behaviour of the dijet pairs in the QGP medium and provide us with

better description of dijet imbalance in heavy ion collisions.
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