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Abstract

In this dissertation, the phenomenology of electromagnetic radiation and high trans-
verse momentum jets in relativistic heavy ion collisions is investigated. These are two
very important probes to study the strongly interacting matter at extreme tempera-
tures and/or densities and to investigate the possibility of a phase transition between
hadronic matter and quark-gluon plasma (QGP). First, a new channel of direct pho-
ton production from a charge-asymmetric QGP is explored in the effective theory
of quantum chromodynamics (QCD) at high temperature. The photon production
from this new channel is found to be suppressed compared to QCD annihilation pro-
cess and Compton scattering at low baryon density, but might assume significance
in baryon-rich matter. Second, the radiative jet energy loss in a three-dimensional
ideal hydrodynamical medium is studied for Au+Au collisions at Relativistic Heavy
Ion Collider (RHIC). A systematic analysis of the nuclear modification factor R44 is
presented for 7¥ production at high pr in central and non-central collisions, at mid
and forward rapidity. Third, jet energy loss by elastic collisions is consistently incor-
porated in the same formalism and applied to the study of jet quenching at RHIC.
It is found that the nuclear modification factor R4 for #° in relativistic heavy ion
collisions is sensitive to both collisional and radiative energy loss, while the average
energy loss is less affected by the inclusion of collisional energy loss. Last, the nu-
clear suppression of photon-tagged jets at high pr is studied by incorporating not
only direct photons, but the additional sources from fragmentation and jet-plasma
interaction. We find that these additional sources are very important for a complete
study of the correlations between hard photons and hadrons and even dominate in

some kinetic regime.
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Résumé

Dans cette dissertation, nous étudions la phénomenologie de la radiation électro-
magnétique et des jets a grande quantité de mouvement transverse dans les colli-
sions d’ions lourds relativistes. Ces observables permettent de sonder la matiére
en intéraction forte & des conditions extrémes de température et/ou de densité et
d’investiguer la possibilité qu’il y ait une transition de phase de la matiere hadronique
au plasma quark-gluon (QGP). En premier lieu, nous explorons un nouveau mode de
production des photons directs & partir d'un QGP chargé, a I’aide d’une théorie effec-
tive de la chromodynamique quantique (QCD) a haute température. Nous démontrons
que la production de photons dans ce mode n’est pas favorisée a basse densité de
baryon, par rapport aux processus d’annihilation par U'intéraction forte et de la diffu-
sion de Compton. Par contre, cette production de photons devient significative dans
la matiere riche en baryons. En deuxieme lieu, nous étudions la perte d’énergie ra-
diative des jets dans un milieu hydrodynamique parfait en trois dimensions, d’espace
pour les collisions Au+Au au “Relativistic Heavy Ion Collider (RHIC)”. Une analyse
systématique du facteur de modification nucléaire est présentée pour la production de
7% & haut pr dans les collisions centrales et non-centrales, ainsi qu’a rapidité centrale
et non-centrale. En troisiéme lieu, la perte en énergie des jets par collisions élastiques
est inclue dans le méme formalisme et appliquée a I'étude de “I’extinction des jets”
a RHIC. Nous trouvons que le facteur de modification nucléaire K44 pour le my dans
les collisions d’ions lourds relativistes est sensible et & la perte en énergie par colli-
sions, et a la perte en énergie par rayonnement, tandis que la moyenne de la perte en
énergie est moins touchée par 'inclusion de la perte en énergie par collisions. Finale-
ment, la suppression nucléaire des jets avec photons marqués a haut pr est étudiée
en incluant les photons directs, ainsi que les contributions venant de la fragmentation
et de l'intéraction des jets avec le plasma. Nous démontrons que ces contributions
additionnelles sont nécessaires dans ’étude des corrélations entre les photons durs et

les hadrons, et peut méme dominer dans certaines régions cinématiques.
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1

Basic phenomenology of relativistic heavy ion collisions

1.1 Introduction

One of main reasons for physicists around the world being interested in studying
physical phenomena in relativistic heavy-ion collisions is the large amount of energy
involved in those collisions. For example, the Relativistic Heavy-Ion Collider (RHIC)
at Brookhaven National Laboratory (BNL) was designed to accelerate gold (Au)
nuclei to an energy of about 200 GeV per nucleon pair !. At the Large Hadron Collider
(LHC) at the European Organization for Nuclear Research (CERN), lead (Pb) nuclei
will be accelerated up to 5.5 TeV per nucleon pair, and the center-of-mass energy for
lead-lead collisions at the LHC will exceed that available for gold-gold collisions at
RHIC by a factor of about 30.

On the other hand, experimental results have shown that the collisions between
two high energy nuclei have large cross sections, and are highly inelastic [8]. The two
nuclei, after they collide with each other, lose a large fraction of their initial energies.
The deposited energy is then transformed into intense heat and new particles, which
are captured by the detectors. Furthermore, since the two nuclei are travelling at
nearly the speed of light, they appear initially as two very thin disks (pancakes),
owing to Lorentz contraction. Therefore, the elementary nucleon-nucleon collisions
in the two colliding nuclei occur very close in space and nearly at the same time. As a
result, a large amount of energy is deposited in a small space-time volume, leading to

very high energy densities in the center-of-mass region. In fact, the study of nuclear

1For the details of the latest developments at RHIC, please refer to the review papers [1, 2, 3,4, 5,6, 7].



1.2 Confinement and chiral symmetry breaking in QCD 2

matter under extreme conditions is one of the important objectives of relativistic
heavy ion collisions.

Theoretically, high energy heavy ion collisions may provide a valuable tool to fur-
ther our understanding of strongly-interacting matter. The deep inelastic electron-
proton experiments in the early 1970s indicated that nucleons have an internal struc-
ture, made out of strongly-interacting quarks and gluons. It is unanimously acknowl-
edged that quantum chromodynamics (QCD) [9, 10] is the well-established theory of
strong interaction as it is able to correctly describe the most important features of
quark-gluon interactions and provided plenty of successful predictions.

According to QCD, quarks and gluons are confined inside hadrons; free quarks and
gluons are never observable in physical vacuum. One of the predictions of QCD is that
a deconfined state of quarks and gluons called quark-gluon plasma (QGP) is expected
to exist at sufficiently high energy density. This has been confirmed by lattice QCD
calculations [11, 12, 13], which simulate the strong interaction between quarks and
gluons on a discrete lattice. It is the hope of heavy ion physicists to create such a new
phase of matter in high energy nuclear collisions and study the critical phenomena
related to the phase transition between hadronic matter and quark-gluon plasma,
such as color confinement and chiral symmetry breaking [14, 15]. From a general
point of view, it is also of great theoretical interest and importance to investigate
the physics of nuclear matter under extremely high temperatures and densities. In
a word, relativistic heavy ion collisions may provide new insights into the physics of
strongly-interacting QCD matter and permit the exploration of the detailed structure

of the QCD phase diagram.

1.2 Confinement and chiral symmetry breaking in QCD

Quantum chromodynamics is a non-Abelian gauge field theory of SU(3) group de-
scribing the dynamic of interactions between colors. The fundamental color degrees
of freedoms are spin—% particles called quarks with N, = 3 colors, and spin-1 gauge

bosons known as gluons with N2 —1 = 8 colors. There are at least six different flavors
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of quarks: up, down, strange, charm, beauty and top.
Let 1)y denote the quark field of flavor f, with flavor index f = u,d, s, ¢, b, t. From

quantum field theory [16, 17], the Lagrangian for free quarks is
Lo = Ps(iv"8, — mys )iy (L.1)
f

where ¢ = 1T4°%.  The Dirac matrices v* are defined by the anti-commutators
{v*,4"} = 2¢*, and my is the quark mass of flavor f. The free Lagrangian has

a global symmetry under SU(3) transformation

wf - 10} = exp (igsTaga) wf (12)

where 17" denote the generators of the Lie algebra of SU(3) group, with a = 1,---,8,
and 4, are arbitrary phase parameters. In the fundamental representation of the
SU(3) group, T* = A,/2, where A, - -+, A\g are eight independent Hermitian traceless
3 x 3 Gell-Mann matrices {18].

The gauge invariant QCD Lagrangian is built by applying the gauge principle
to non-Abelian SU(3) group. The gauge principle requires the Lagrangian to be
invariant under local SU(3) transformation, 6, = 6,(x). This is achieved by replacing

the derivative of the quark field 9,1; by its covariant derivative,
Dy = (8, — ig,T°A%) ¥y, (1.3)
where A}, denotes the gluon field. The gauge invariant QCD Lagrangian is

ho (4 1 a yauy
Locp =Y _ s (iv*Dy — myg) ¢y — ZGWG . (1.4)
f

The gluon field strength tensor G, is

GZI/ = aliAg - aVAZ - gsfabcAb AL (15)

wo

where fu. are anti-symmetric structure constants of SU(3) group, defined by the

commutation relations, [1'%, T = i f. T [18].
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QCD theory exhibits a number of remarkable features of quark-gluon dynamics.
Like all other renormalizable gauge theories, the coupling constant as = g2/(4) is a

function of the energy scale @ [19],

ar
(11 - 2N§) In(Q/Aqcp)’

ay(Q) = (1.6)

where Aqcp is the energy scale where the coupling becomes strong as Q2 is decreased,
and Ny is the number of flavor considered in the theory. At short distances or high
energies, the effective coupling constant decreases logarithmically; quarks and gluons
appear to be weakly coupled. This famous feature is called asymptotic freedom [20].
At large distances or low energies, the effective coupling becomes strong, resulting in
the phenomena of color confinement [21]. This leads to the conclusion that quarks
cannot be isolated in nature but are found in hadronic bound states — mesons and
baryons. All observable particles in our physical world must be colorless or color
neutral. Even if we try to separate the quark and anti-quark, they cannot be forced
apart. Indeed, it is postulated that at large distance, the phenomenological potential
between a pair of quark and anti-quark increases linearly!. Beyond some critical
distance, the potential energy becomes large enough so that a new quark-anti-quark
pair can be created from the vacuum: the original quark-anti-quark pair becomes two
pairs. |

Another important aspect of QCD is the spontaneous breaking of chiral symmetry

[23]. More specifically, we introduce the left-handed and right-handed quarks,

vr = 5(1= 20, Yr= (1 + ). (17)

where 75 = i7%y!y243. Tt is straightforward to check that the QCD Lagrangian with
massless quarks is invariant under global chiral SUL(Ny) x SUg(Ny) rotation,

a

/\a
Y — A = exp (22\2—9%> Y, Yr — Ap¥r = exp <i§972> YR, (1.8)

!One of the most popular models for the quark-antiquark potential is called Cornell potential [22],
Vyg(r) = —2 4 br, where the first term is the Coulomb part of potential, and the second term is

linear in distance, which enforces confinement.
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where A, (AR) is an element of SUL(Ny) (SUr(N¢)) group, and gL,R are arbitrary
phases. As far as three massless u,d, s quarks are considered, A\ are Nf —1=28
Hermitian traceless 3 x 3 Gell-Mann matrices. The conserved currents associated

with chiral symmetry are
ua /s u/\a ua s u)‘a
Jrt =y 7’%, Jr = VRV EwR- (1.9)

The invariant charges are Q% = [d3zJ{* and Q% = [ d3zJ%. It is equivalent to say
that the QCD Lagrangian with massless quarks is invariant under the SUy(Ny) x
SU4(Ny) transformation

a

¢ A
Y — Avtp = exp <i~2—9§’/> Y, ¥ — Agp =exp (ng%) ¥, (1.10)

where 0y 4 are arbitrary phases. The associated conserved currents are vector current

V#% and axial-vector current A*®,

a a 7 )\a a a a n Aa
Jot = J + Jit = d}’y“?w, Jh=JE = Jit = 11)7“75—51#. - (1.11)
The conserved charges are Qy = Q% + @ and Q% = Q% _ Q%. The key point is that

v and @9 have different behaviors under parity transformation,
Qy — Qv, Q4 — —Q4%. (1.12)

If chiral symmetry was respected by the QCD vacuum, then for each positive parity
state, there should be a negative parity state with equal energy (mass). However, this
parity-doubling pattern is not observed in hadron spectra [8]. The light pseudoscalar
(J¥ = 07) mesons (r, K, 17) have considerably smaller masses than scalar (J* = 0%)
mesons. This implies that the QCD vaccum (the ground state) is not invariant under

axial-vector transformation A4,
QV0) =0, Q%0) #0. (1.13)

The chiral SUL(Ny) x SUR(Ny) symmetry of QCD Lagrangian is said to be spon-
taneously broken down to SUy (Ny) (The axial-vector symmetry SU4(Ny) is spon-
taneously broken). This requires that the scalar product of quark fields Y1) has a
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non-zero vacuum expectation value (as it carries the quantum number of the vac-

uum),
(09|0) = (OlvLyr + PrL|0) # 0. (1.14)

Thus, the quark condensate serves as the order parameter of the spontaneous breaking
of chiral symmetry in QCD. This is analogous to Cooper pairs and superconductivity
in metals, where the order parameter is the pairing of two electrons with opposite
spins ee;.

From Goldstone’s theorem [24], spontaneous breaking of a continuous symmetry
generates massless spin-0 particles called Goldstone bosons. In the case of massless
SU(3) QCD, the eight axial charges Q)% create eight degenerate states from the vac-
uum, |¢%) = Q%|0), giving rise to eight massless pseudoscalar bosons. However, due
to the nonzero masses of the light quarks, the chiral symmetry is also broken explic-
itly, leading to Goldstone bosons (7, K, n) that are not exactly massless. However,
the explicit breaking is small and can be treated perturbatively.

It is noted that at extremely high temperatures, chiral symmetry is expected to
be restored, while at extremely high baryon density, the system exhibits a different

type of symmetry breaking pattern — color superconductivity [25, 26].

1.3 Quark-gluon plasma

The asymptotic freedom of QCD tells us that at sufficiently high energy densities,
quarks and gluons will interact with each other very weakly, and the hadronic matter
will become a deconfined state of quarks and gluons — quark-gluon plasma. QGP can
be achieved either by heating the QCD matter up to high temperature or compressing
the system to high density (or equivalently large chemical potential !). There are three
places where we should expect to find QGP: in the early Universe, at the center of

compact stars, and in the initial stage of relativistic heavy ion collisions.

1From the definition of single particle phase space distribution f(x,p) = (2m)3dN/d3zd®p, the number
density is exponentially proportional to the chemical potential n = [ d®p/(2m)3f(z,p) x exp(u/T)

for a relativistic Boltzmann distribution.
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It is believed that our Universe originated from the Big Bang, a state of almost
infinite energy density, 13.7 billions year ago. During the first few microseconds of
its life, the energy density and temperature were so high that quarks and gluons
could not be bound to form hadrons. Instead, they were deconfined from hadrons
and permeated the entire Universe in a thermalized QGP [27]. Besides, in the core
of super-dense stars such as neutron stars and quark stars, the density in the center
of the stars is about several to tens times larger than that of normal nuclear matter,
there might be the possibility of the existence of deconfined QCD matter.

Relativistic heavy ion collistons provide another possibility to create quark-gluon
plasma in the laboratories by compressing and heating the heavy nuclei so much
that their individual protons and neutrons will overlap, and a large energy density
can be created. Either high temperature or high density matter might be formed
by colliding heavy nuclei at high energies. High baryon densities could be achieved
when the two colliding nuclei stop each other in the center-of-mass region, which
happens in relatively low energy nuclear collisions (about a few to a few tens of GeV
per nucleon). On the other hand, when the two colliding nuclei have sufficiently high
energies, they will pass through each other, and high temperature and low density

could be created in the center-of-mass region behind the receding nuclei.

Temperature T [MeV]

Nuclei Net Baryon Density

Figure 1.1: A schematic view of the phase diagram of strongly interacting matter. The net baryon
density is the density of baryons minus the density of anti-baryons [28].
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The study of QGP is not only a key issue for the understanding of quark confine-
ment, but allow us to explore the phase diagrams of the theory of strongly interacting
matter: QCD. Clarifying the thermodynamics of QCD is important not only from a
fundamental point of view, but may also have an important impact on astrophysics
and cosmology [28]. In Fig. 1.1 we show a schematic view of the phase digram of
QCD matter in the plane of temperature T and baryon density p (or baryon chemi-
cal potential 1) [29]. At low temperature and nuclear density, the nuclear matter is
in the hadronic phase. As the temperature and nuclear density become sufficiently
large, quarks and gluons will deconfined from hadrons and form a quark-gluon plasma
phase. Currently, it is not totally clear what are all the possible phases of QCD matter
and the precise locations of critical lines and critical points. In fact, the exploration
of the detailed structure of QCD phase digram is one of the main objectives in the

field of hot and dense QCD.

1.4 The bag model

The MIT bag model [30] is one of the simplest models to incorporate the main features
of QCD (color confinement and asymptotic freedom) and examine the possibility of
a phase transition between hadronic matter and quark-gluon plasma.

In the bag model, hadrons are considered as bubbles of a QCD vacuum (called
bags) in a confining medium. Inside the bag, quarks and gluons interact very weakly
and may be considered almost as free particles. To incorporate the properties of color
confinement so that no quarks and gluons live outside the bag, a constant energy
density B, called the bag constant, is introduced for the vacuum. Assuming the bag

is spherical, the total hadron energy is given by

47 3 CH
_ = —a 1.1
Ey 3RB+ 5 (1.15)

where the first term is the potential associated with the finite volume of the bag due

to the finite energy density of the vacuum, and the second term Cg/B is the kinetic

energy of quarks and gluons inside the bag. By minimizing the energy, we obtain the
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size of hadrons

1/4
%%:0:>R:G%). (1.16)

We may employ the bag model to describe the phase transition between hadronic
matter and quark-gluon plasma. As a first approximation, we may assume a gas of
free pions in the low temperature limit and a gas of free quarks and gluons in the
high temperature limit.

From statistical mechanics, the pressure, energy density and entropy density for a
gas of non-interacting massless pions are

Pt = dy T ey = 3dy T, sy = ddyy = T° (1.17)
H= Hgo y €EH = H90 y SH = Hgo s -

where dy; is the hadronic degrees of freedom for Ny flavors of quarks, dg = N?—l. The
above equations are the equations of state for a massless pion gas, which determines
the thermodynamic properties of the pion system.

In the quark-gluon plasma phase, the equations of states read,

7T2

2
T
FPocp = dQGP90T4 — B, egep = 3doep—

2
90T4 + B, SQep = 4dQGp7T—T3, (118)

90
where dggp is an effective degeneracy of the quarks and gluons in the QGP phase,

dQGP = gdq + dga dq = 2qtj X 25pin X 3eolor X Nf> dg = 2spin X (Nc2 - 1) (119)

The factor 7/8 comes from the difference between Fermi-Dirac statistics for quarks
and Bose-Einstein statistics for gluons.

Now we are in a position to describe the phase transition in the bag model. The
critical temperature T, is obtained from the phase equilibrium condition,

9 B >W

—_— 1.20
2 dogp — du (1.20)

PH(TC) = PQGP(TC) - Tc = (

Using the value B ~ (200 MeV)4, we obtain the critical temperature 7, ~ 144 MeV for
two flavors Ny = 2. The critical energy density required to realize QGP is estimated

to be €uiy = egep(Te) ~ 1 GeV/fm®. This is the typical behavior of the first order
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phase transition, and the energy density ¢ and the entropy density s = (e + P)/T are
discontinuous at 7" = T,.

Suppose that the equations of state lead to a second-order phase transition, then
P and s are continuous, but ds/dT is discontinuous. This may be realized by param-

eterizing the effective numbers of degrees of freedom in two phases as
dH — d%f[f = dH + be(T_TC)/d, dQGp — dngP = dQGP - CG(T_—TC)/d. (121)

It is straightforward that as long as b+c¢ = dy +dggp, b > 0, b # (dy +dgep)/2, the
above parametrizations lead to a second-order phase transition. Besides, the scenario
of a smooth crossover from QGP phase to hadronic phase may be produced by the

following parametrizations

1 T - Tc
i, doap — & = S (doar + dir) + (dgap — dr) tanh ( _ ) L (1.22)

In the above parametrizations of equations of state, we have completely neglected
the effect of the interaction among particles. Such interactions must be taken into
account in order to have a full understanding of the physics related to the phase
transition between hadronic matter and quark-gluon plasma. At extremely low tem-
perature, chiral perturbation theory [31, 32, 33, 34, 35| may be used to study the
interaction between pions. Due to asymptotic freedom, at extremely high tempera-
ture, perturbative QCD is a suitable tool to calculate the interaction between quarks
and gluons. To study the physics near the critical points, we have to resort to non-
perturbative approaches, such as lattice QCD simulations [11, 12, 13|, and renormal-

ization group methods [36, 37] .

1.5 The evolution of a relativistic heavy ion collision

The space-time history of a relativistic heavy ion collision begins from the colliding of
two Lorentz-contracted nuclei. Then two nuclei cross each other and recede from each
other at high velocity in the opposite direction from the interaction region. A large

amount of lost energy by the two nuclei will be deposited in the center-of-mass region,
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producing very excited nuclear matter. In Fig. 1.2, we show a schematic view of the
entire history of a relativistic heavy ion collision with a space-time diagram [38]. Since
the excited strongly-interacting system moves with relativistic velocity, the evolution
of the system is characterized by the proper time in its rest frame 7 = \/t2 — 22. Each

hyperhola in the diagram has a constant proper time.

freeze-out

—_——— -+

Figure 1.2: A schematic view of the space-time evolution of the system produced in a heavy ion
collision [37].

1.5.1 Pre-equilibrium

The very early stage of relativistic heavy ion collisions is a highly non-equilibrium
process in which large entropy is produced. Theoretically, entropy production in these
processes is one of the most difficult questions to answer since it involves non-Abelian
gauge field theory. Many theoretical models have been proposed to understand the
entropy production process, such as mini-jets from the incoherent sum of incoming
partons followed by the equilibration process {39, 40, 41, 42}, and a coherent classical
configuration of low-x gluon associated with incoming nuclei to form the color glass
condensate (CGC) [43].

In the present study, we simply assume that the entropy production and subsequent

local thermalization take place before certain proper time 7 = 7;. Then the evolution
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of the created system in the collisions after that time will be controlled by relativistic
hydrodynamics [44, 45, 46]). It has already been shown that the collective behavior
of soft particle production at RHIC may be well described by assuming a perfect fluid
for the created matter [47, 48, 49, 50, 51, 52}, with a thermal equilibrium time 7; of

the system less than 1 fm/c.

1.5.2 Hydrodynamical evolution

In this period, the evolution of the quark-gluon plasma and its transition to the
hadronic phase take place. Suppose local thermal equilibrium is achieved at a certain
stage of the collisions, 7 = 7;, then we may study the evolution of the system using
relativistic hydrodynamics as long as the mean free path of constituent particles is
much smaller than the typical length scale of the system.

For a system in local thermal equilibrium, its energy momentum tensor and baryon
number density may be parameterized only by the local energy density € and pressure
P. Assuming the system can be approximated by a perfect fluid (without viscosity

and thermal conductivity), the energy-momentum tensor is given by,
" (z) = (e(z) — P(z))uH(z)u”(z) — Plz)g"”, (1.23)

where z# = (t,&). €(x) is the local energy density, P(z) is the local pressure, and
u(z) = v(z)(1,9(x)) is the four velocity of the fluid with respect to some fixed
reference frame. It is straightforward to check that in the local frame of the fluid,
ut = (1,0,0,0), the energy-momentum tensor is diagonal, 7% = ¢, T (z) = P(x)d;;
and T%(z) = T%(z) = 0. In general, the trace of the energy momentum tensor is
TH(x) = e(z) —3P(x). For a non-interacting gas of massless particles, P(z) = ¢(z)/3,
the trace vanishes.

The dynamics of the fluid is described by equations of motion based on the con-

servation of the local energy and momentum, which can be expressed as
9, T* (z) = 0. (1.24)

If there are conserved charges, such as baryon number or electric charge, there is an

additional conservation law for each. For example, the baryon number j5(z) is given
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by

Js(z) = np(z)u*(x), (1.25)

where ng(z) = j%(z) is the baryon number density measured in the local frame of

the fluid. The corresponding conservation law is
Oujls(z) = 0. (1.26)

The above conservation laws contain five independent scalar equations, and are
supplemented by equation of state, ¢ = ¢(P). The local energy density, pressure and
baryon density may be expressed in terms of the temperature and chemical potential
as a function of space and time. By solving these six equations, the space-time
evolution of six thermodynamic variables, e(z), P(z), ng(z) and three components
of the flow vector, v,(z), vy(z) and v,(z) can be determined. In general, the above
equation cannot be solved analytically and we have to resort to numerical methods
unless some simplified assumptions are placed on the symmetry of the system. Given
certain initial conditions at 7 = 7;, the hydrodynamical equations can predict the

subsequent development of the system until it undergoes freeze-out at 7 = 7.

1.5.3 Post-freeze-out

The freeze-out of the hadronic matter happens at 7 = 74, when the constituents of
the system begin free-streaming towards the detectors. The freeze-out is defined by
the space-time hyper-surface Xy, where the mean free paths A of the plasma particles
are compatible to the spatial dimensions of the system R (or the time scale of the

system expansion),

AL~ R (1.27)

no

We may define the freeze-out temperature 7 for each particle species, and as the
temperature of a volume of the fluid is equal to the freeze-out temperature T, the
freeze-out process happens for this particle species. The particle spectrum at freeze-

out (the number of particle passing through the freeze-out hyper-surface) is computed
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from the Cooper-Frye formula [53],

dN g g 1
Jolehig do,p* - dop" 1.28
Bp /z, ampdow @ p) /gf @m)2 MY explpow” — pp)/Ty] £ (1:28)

where do,, is the normal vector to this hyper-surface, p* is the particle momentum, f
is the single particle phase space distribution function, and py is chemical potential
at freeze-out.

There are two types of freeze-out: chemical freeze-out and thermal freeze-out.
Chemical freeze-out means the number of each particle species is frozen and no longer
changes. Thermal freeze-out is achieved as the kinetic equilibrium is no longer main-
tained for the system. Since the inelastic interactions have energy thresholds, whereas
elastic interactions do not, the chemical freeze-out temperature must be higher than
that of the thermal freeze-out.

It is noted that even after freeze-out, hadrons can still interact with each other
in a non-equilibrium way which may be described by the Boltzmann equation at the
hadronic level. The particle spectra at freezeout can serve as the initial conditions
for the microscopic transport models, such as hadronic cascade [54, 55, 56|, Ultra-

relativistic Quantum Molecular Dynamics (UrQMD) [57, 58], etc.

1.6 The Glauber model

The basic idea of the Glauber model [59, 60, 61, 62] is to describe the nucleus-nucleus
collisions as a collection of independent individual nucleon-nucleon collisions. The
space distribution of the nucleons is determined from experimental measurements
of nuclear density distributions, i.e., low-energy electron-nucleus scattering. Conse-
quently, the collisions of the two heavy nuclei can be treated as the uncorrelated
individual interactions of the constituent nucleons. Another assumption in the model
is that the individual nucleons carry so high energies that their linear trajectories are
maintained as the nuclei pass through each other. This hypothesis make is possible
to derive simple analytical expressions for nucleus-nucleus cross sections in terms of

fundamental nucleon-nucleon cross sections. The nuclear density distribution and
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inelastic nucleon-nucleon cross section are two important experimental inputs when
a Glauber approach is employed to calculate the geometry of the nuclear collisions.

The nucleon density function is usually parameterized by a Fermi distribution,

plr) = Tl L+ w (), (1.29)

where pg corresponds to the nucleon density in the center of the nucleus, R represents
the average nuclear radius, d is the surface diffuseness and w characterizes deviations
from a spherical shape. The distribution for a spherical shape with w = 0 is often
called Woods-Saxon distribution. The integral of the nuclear density function over
all space gives the atomic number of the nuclei, [ d3rp(r) = A. Those parameters
are determined by low-energy electron-nucleus scattering [63], i.e., R = 6.38 fm,
a = 0.535 fm and w = 0 for '*”Au, and R = 4.20641 fm, a = 0.5977 fm and w = 0
for ®3Cu.

Another input of the model is the inelastic nucleon-nucleon cross section. Since
low momentum transfer processes are involved in the collisions, it is impossible to cal-
culate it from perturbative QCD. Experimental results have shown that the inelastic
nucleon-nucleon cross section is an increasing function of the beam-energy [8]. For
nucleon-nucleon collisions at /syy = 200 GeV at RHIC, the inelastic cross section
onn ~ 42 mb.

Now we consider two nuclei, target “A” and projectile “B”, colliding with each
other with relativistic energies at impact parameter b, as shown in Fig. 1.3. The
probability for a nucleon being located in the unit transverse area in one of the nuclei

is called the thickness function
Ta(rL) = /dsz(Fl,z). (1.30)
The overlap function of two colliding nuclei is defined by
Tas() = [ d*FuTa(FL +5/2)T5(m — b/2), (1.31)

which represents the effective overlap area for which a specific nucleon in “A” can

interact with a given nucleon in “B”. Then it is straightforward to obtain the total
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Figure 1.3: The interaction zone of the collisions between two identical nuclei with impact parameter
b viewed in the transverse plane.
number of elementary nucleon-nucleon collisions at impact parameter b, called the

number of binary collisions
Ncoll(b) = TAB(b)UNN~ (132)

Since the total possible number of nucleon-nucleon collisions in a A+B collision is
AB, the probability of having one such collision will be N /(AB). Therefore, the
probability of having n such collisions between “A” and “B” is given by a binomial

distribution,

AB-n

o (TABUNN>" (1 B TABO'NN> (1.33)

AB

The differential cross section between the collisions between “A” and “B” is then

given by
o 4B - Taponn\*8
— = P =1—-{1—- ———— . 1.34
R WU (1-222) (1.34)

The number of participants (“wounded nucleons”) in such a collision at impact pa-

rameter b is given by [62]

- B
7 Ts(r. —b/2
Noswe0) = [ PRTA(F +5/2) 1_<1_ b(7s >aNN>
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Figure 1.4: Numbers of binary collisions N,y and wounded nucleon Npare as a function of impact
parameter in Au+Au collisions at /syy = 200 GeV.

(1.35)

- A
- Ta(rL —b/2
+/d2ﬁTB(ﬁ —b/2) |1 - (1 T /f/ )"NN>

In Fig. 1.4, the binary collision number N, and the participant number Npar are
shown as a function of impact parameter b for Au+Au collisions at /syy = 200 GeV
at RHIC, where d = 0.535 fm, R = 6.38 fm and oyy = 42 mb are used in the
Woods-Saxon distribution.

Often, the centrality z% as a function of impact parameter b is defined,
. fé’ dgg dO’AB/dQE

& d2b dopg/d?b

2%(b) (1.36)

Then a centrality class © — y% may be used to represent all the collisions with an
impact parameter b(z) < b < b(y). The average number of binary collisions in a
centrality class z — y% is calculated by

fblz(zy)) d25 N, coll(b)
Sol) d2b doap/d?b

<Ncoll> = (137)

In Fig. 1.5, the centrality 2% and the differential cross section do4p are shown as a

function of impact parameter b for Au+Au collisions at /syy = 200 GeV at RHIC.
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Figure 1.5: The differential cross section doag/db and the centrality % as a function of impact
parameters in Au+Au collisions at /syny = 200 GeV.

1.7 The Bjorken model

The Bjorken model [44] is one of the simplest models to describe the evolution of the
system created in heavy ion collisions provided that the local thermal equilibrium is
assumed to be achieved at 7 = 7;. A lot of intuitive information about the evolution
of the excited matter created in relativistic heavy ion collisions may be extracted
from this approach. The motivation of the Bjorken model came from the experimen-
tal data which indicated that the charged particle multiplicities are approximately
independent of the rapidity in the central rapidity region, i.e., they are invariant un-
der Lorentz boosts of moderate rapidity [64, 65, 66]. Since the reaction region in the
collisions has strong expansion along the longitudinal beam direction, it is reasonable
to first approximation to drop the transverse spatial dimension (z,y) and describe the
central rapidity region of the system in (14 1) dimensions, z and t. Now we transform
the coordinate system to the longitudinal proper time 7 and the space-time rapidity

U

Lpth? (1.38)

The inverse transformation reads,

t = tcoshn, z=Tsinhn. (1.39)
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The flow four velocity of the fluid is dependent on 7 and 7,

,  dzt .
W= = (coshn,0,0,sinh 7). (1.40)

It is straightforward to check u*u, = 1. Another approximation in the Bjorken model
is that the baryon number is set to be zero in the central rapidity region, ng = 0.
In the collision of two heavy nuclei with relativistic energies, the baryon number
is supposed to be carried away essentially by the nucleons leaving the interaction
region. Therefore, we only need to solve the equation for the conservation of energy

and momentum

0, T™ = % [(e + P)u*u” — Pg"]

e+ P) or Jut
- P R 4 §7s .
o ggr W (et Pla it (et Pluts o — g oo

=0. (1.41)

ou” _ wOP 01

The above equation can be simplified by using the following relations:

or out 1 0 1%}

— ©

~ bl _— = A42
gzt e T 7 Vo T ar (1.42)

Note that %L: = 0 from Eq. (1.40), then we obtain the evolution equation of the

system,

de €+ P
+ -

— . 1.4
or T 0 (1.43)

From the thermodynamic relation s = (e + P)/T, and ds = de/T at constant volume,

we have,
%2 0 (1.44)
or T
The solution of the above equation is
s()T = s(7)7 = const, (1.45)

where 7, is the initial proper time. As the volume element dV is given by d?r, 7dn,
the above relation implies that

dS

&r = T = const. (1.46)
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As transverse expansion is excluded for consideration in the model, we obtain

() an

Thus, the hydrodynamical motion of the fluid in the Bjorken model is characterized
by the constant entropy per unit rapidity with respect to the proper time.

To further describe the evolution of the system, we have to specify the equation of
state for the system. Here, we assume a first order transition between the QGP phase
and the hadronic phase. Above the critical temperature, the system is described by
the bag model with massless quarks and gluons, with the equation of state given by

P = ¢/3. Then the evolution equations for the energy density and pressure of the

system are
de 4de dP 4P
4= - I = 1.
d7'+37- ’ d7'+3'r 0, (1.48)
which have the solutions
6(7‘)7'4/3 = e(n)’rf/g, P(T)T4/3 = P(Ti)T?/:B. (1.49)

From the equation of state, we may get the evolution of the temperature as a function

of the proper time,
7\ 1/3
T(r) = T(r) (—) . (1.50)
T
As for a first-order phase transition from quark-gluon plasma to the hadronic phase,
the temperature of the plasma drops down to T, at the proper time determined by

o (100), aon

After this proper time, the system enters a mixed phase of quark-gluon plasma and

hadronic matter. The entropy density of the matter is given by

(1) = foar(T)sqepr(Te) + [1 = focr(T)] su(TL), (1.52)

where fop(7) is the fraction of matter in the QGP phase. By employing the relation

s(1)1 = s(1.)Te = s(71,)7h, we may derive the evolution of fosp(T) as a function of
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the proper time,

foer(r) = — (TE—1>, (1.53)

r—1
where r = dggp/dn is the ratio of the numbers of degrees of freedom between two
phases. The entropy density drops to sg(7T,) at 7, = 7., when all the quark-gluon
plasma matter are converted into hadronic matter, foer(7h) = 0.

In the case that the system starts from the mixed phase at 7, with QGP fraction

foep(Ti), we have the general expression for the QGP fraction foep(T),

[(r =D focp(t) + 17 = [(r — 1) focp(n) + 1) 7. (1.54)

Then the system arrives at hadronic phase at 7, given by

T = [(r = 1) foep(n) + 1] 7. (1.55)

After this proper time, the system will be in the hadronic phase. The dynamics
of hadronic system can still be described by relativistic hydrodynamics, with the
appropriate hadron equation of state. The temperature of the hadronic matter will
decrease until it reaches the freeze-out temperature at 7;.

Now we relate the initial conditions, i.e., entropy density s(7;) and energy density
€(7;), to the experimental observables such as the emitted particle per unit rapidity
dN/dn and transverse energy per unit rapidity d{Fr)/dn. Since the volume element
on the freeze-out hypersurface at 74 is mR%7sdn in a (1+1)-dimensional expansion,

the rapidity distribution of emitted particles is given by

dN
o = mR*rn(rs), (1.56)

where n(7y) is the number density of constituent particles. As the baryon number
vanishes in the central region, the entropy is mostly carried by pions. From the
relation between entropy density and particle number density is

274

= 454(3)11 = An = 3.6n. (1.57)

S




1.7 The Bjorken model 22

we obtain the relation between initial entropy density and rapidity distribution of

particles, by using the relation s(7)7 = s(7;)7; during the expansion,

1 dN  20* 1 dN
=T (1.58)

J=A— &
s(h) = A pe 45¢(3) TR2r; dn

From Eq. (1.18), it is straightforward to write down the relation between the initial

proper time 7; and temperature 7'(7;) to the particle rapidity distribution [67],

2 1 dN
1)1 = ———————. 1.59
(7 docp((3) mR? dn (1:59)
Similar to dN/dn, the total energy produced per unit rapidity is given by
d(FE
fl—n) = TR*rse(ry). (1.60)

Again, by using the relation e(7)7%3 = ¢(r;)7® during the expansion, we find

C_f)x/s: (Br) dN (r_f>1/37 (L.61)

ﬂ'R2 T —d; 7=0 Ty

1 d(Erp)
G(Tl)_ﬁRQTi dn

7=0
where we have used (Er) = (E) at n = 0. In the case of free streaming, by setting
7§ = 73, we may reproduce the famous Bjorken formula [44]. Thus, the factor (17/7;)/3
is a measure of the energy transfer due to the work done by the pressure during the
hydrodynamical expansion.

Another way to estimate the energy density is to apply the equation of state,

3 3
€ 4sT 4)\n (1.62)

Then, the initial energy density may be related to the rapidity distribution as

1/3 4/3
e(n):§ _4 14Ny (1.63)
4 27T2dQGP 7TR2TZ‘ d’l?

It should be noted that hydrodynamics itself cannot tell the initial conditions, i.e.,

the initial time 7;, the spatial profiles of the energy density, and the baryon chemical
potential at 7;. The initial conditions are usually adjusted to fit the final experimental
observables. A more fundamental approach would be to calculate the initial conditions

from microscopic theories. If we assume the thermallization of quarks and gluons
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immediately happens upon their production [68], we may obtain a rough estimation
of the initial conditions by employing the uncertainty principle of quantum mechanics
at that time, (E(r;))7; ~ 1, where (E(7;)) is the average energy of partons at proper
time 7;. For simplicity, here we neglected the effects of Bose or Fermi statistics, then
Eq. (1.59) becomes,

2
3y o 1 dN
T (T’)“‘dQGP TR2 dy

(1.64)

where dgap = 12Ny+16. Furthermore, the average particle energy is about (E) ~ 3T,

then we obtain,

T ()7 = % (1.65)

Putting together, we obtain the temperature at initial thermalization time 7;,

3 dN/d")1/2 . (1.66)

T(r) = <dQGP —
For central Au+Au collisional at \/syy = 200 GeV at RHIC, we take dNe/dnl,_ =
700 based on the charged particle pseudorapidity densitity measured by the PHOBOS
experiment [69]. Thus for three flavors Ny = 3, the initial conditions are estimated

to be 7; & 0.17 fm/c and T(r;) ~ 400 MeV.

1.8 Signatures of QGP in relativistic heavy ion collisions

Relativistic heavy ion collisions are designed to create and study a new state of QCD
matter — quark-gluon plasma and investigate the critical phenomena related to its
phase transition to the confined hadronic matter. One of the most important tasks
in relativistic heavy ion collisions is to find clear and unambiguous signatures for
observing the formation of quark-gluon plasma and studying its properties. This
turns out to be complicated. The deconfined degrees of freedom (quarks and gluons)
are not directly observable. If a QGP is produced in a collision it will quickly cool
down, expand and hadronize into a plethora of mesons and baryons, which fly off to

the detectors. The QGP created in the collisions has very small size and lifetime,
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at most a few fermis and perhaps 5 — 10 fm/c in duration. In order to observe the
QGP formation in the collisions, we have to resort to a variety of indirect probes by
looking at the particles that stream out from the collisions. Moreover, signals of the
quark-gluon plasma compete with many backgrounds from the hot hadronic matter
and are modified by final-state interactions in the hadronic phase.

In spite of this, a wealth of ideas has been proposed in the past few decades to
identify and investigate the short-lived quark-gluon plasma phase, such as strangeness
enhancement [70, 71], heavy quarkonium suppression [72], electromagnetic radiation
(73, 74, 75], correlations and fluctuations (76, 77, 78], high pr jet quenching [79, 80],
etc. The basic idea is that a collision that produces QGP will send out different
signals than a collision that does not produce QGP. A comprehensive survey of the
quark-gluon plasma signatures is beyond the scope of this thesis, and I will concen-
trate on two very important and promising ones: electromagnetic radiation and high

transverse momentum jets.

1.8.1 Electromagnetic radiation in relativistic heavy ion collisions

Real photons and lepton pairs (virtual photons) have been proposed as one of the
most promising probes of quark-gluon plasma, and are currently under active in-
vestigations. As they carry no color charge, these particles will interact only elec-
tromagnetically with the surrounding matter. As the coupling constant «, for the
electromagnetic interaction is much smaller than the coupling constant ag for strong
interaction (o, ~ 1/137 and a; ~ 1/3 for QGP at temperature T' ~ 300 MeV), the
mean free path of the photon is much larger than the typical size of a QGP. As a
result, once they are produced, photons will leave the medium immediately and fly
off to the detectors without further rescattering, thus carrying information about the
interior of the quark-gluon plasma during the earliest and hottest phase of the evo-
lution of the fireball. Another advantage of small «, is that it allows the application
of perturbation theory to calculate photon production rates from QGP.

However, this ideal scenario is complicated by the fact that photons and dilep-

tons may be produced from various sources. During the early stage of the collisions,
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photons may be produced either from initial hard collisions between the two nu-
clei by Compton and annihilation processes, or by pre-equilibrium interactions. If a
thermalized QGP is created in a collision, the collisions among the medium partons,
such as annihilation processes and Compton scattering may create thermal photons.
Photons may also come from hard jets, either through direct jet-medium interaction
during their passage, i.e., the photon bremsstrahlung and 2 — 2 jet-photon conver-
sion processes, or through fragmentation after their passing through the QGP. In
the subsequent hadronic phase, photons may be produced by inelastic collisions of
hadrons, like 7 +p — 7+ v and * + N — N + ~. Finally, the decay of neutral
hadrons, such as 7#° and 7, may produce photons. Thus we have to take into account
all the contributions from both QGP sources and non-QGP sources in order to have
a comprehensive understanding of the physics of the photon production in relativistic
heavy ion collisions. In Chapter 2 {81, 82|, we will present a new channel of photon
production which arises solely when the charge symmetry in hot and dense QCD

matter is explicitly broken.

1.8.2 High pr jets as probes of QGP

Large transverse momentum (pr) jets of partons are regarded as good tools to probe
the color structure of hot and dense QCD matter in relativistic heavy ion collisions.
They are produced in the early state of the collisions and therefore have the capability
to probe all the stages of system by interacting directly with the hot and dense
medium during their path. At this point, hard jets stand in an excellent position to
make a bridge between the experimental data and the theoretical understanding of
the medium properties.

Experimental results at RHIC have shown that high pr hadrons in central A+A
collisions are significantly suppressed in comparison with those in binary scaled p+p
collisions [83, 84, 61]. Moreover, the disappearance of back-to-back azimuthal cor-
relations have been observed in central A+A collisions, in contrast to the strong
back-to-back correlations in p+p and peripheral A+A collisions [85]. Those results

have been attributed to the strong interaction between hard partonic jets produced



1.8 Signatures of QGP in relativistic heavy ion collisions 26

in the early stage of the collisions and the hot and dense nuclear medium created in
those collisions, and are commonly referred to as jet-quenching [86].

A lot of effort has gone into quantitatively calculating jet-quenching processes
taking place inside the soft matter. Gluon bremsstrahlung have been proposed to be
one of the dominant mechanisms for the energy loss of jets when traversing through
the medium. In a thermal medium, it has been shown that the coherence effect called
Landau-Pomeranchuk-Migdal (LPM) [87] effect controls the strength of the induced
bremsstrahlung gluon emission. Several theoretical formalisms have been elaborated
to describe the energy loss by the gluon bremsstrahlung: here we mention the work by
Baier-Dokshitzer-Mueller-Peigne-Schiff (BDMPS) [88], Gyulassy-Levai-Vitev (GLV)
[89], Kovner-Wiedemann (KW) [90], Zakharov [91], Majumder-Wang-Wang (Higher
Twist) [92], and Arnold-Moore-Yaffe (AMY) [93, 94, 95]. Another important energy
loss mechanism experienced by the color charges in the medium is by scattering off
the thermal partons from the nuclear medium through 2 — 2 elastic collisions. The
collisional energy loss of jets has also been extensively studied in several different
approaches and scenarios [96, 97, 98, 99, 100, 101, 102, 103]. The first consistent
study of radiative and collisional energy loss in the same energy loss formalism (AMY
[93, 94, 95]) was carried out in [104, 105] and is described in this thesis (see Chapter
5 for details).

All these studies have given rise to the hope that jets may be seen as a “tomo-
graphic tool” to study the hot and dense core of the early evolution of the nuclear
medium in some detail. Several quantities have been suggested as such “tomographic
tools”. Onme of those is the nuclear modification factor K44, defined as the ratio of
the hadron yield in A+A collisions to that in p+p interactions scaled by the number
of binary collisions. Since R4 is a rather averaged quantity (over jets’ origin and
in-medium path length), it cannot provide us much of detailed information about
the hot matter created in collisions. More detailed information about the medium
properties may be obtained by studying Rsa as a function of azimuth and pr in

non-central collisions [106] (see Chapter 4). This effectively corresponds to studying
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different paths of partons as they traverse the expanding medium. The nuclear modi-
fication factor R4 could also be studied as a function of pr at central and non-central
collisions at mid and forward rapidity [106] (see Chapter 4).

We may also perform correlation measurements, i.e., to study the production of
high pr hadrons correlated with other high py particles that are produced at the initial
vertex. One possibility is to use a hadron as the trigger particle, but the energy of the
away-side parton is not confined even though we choose a specific pr for the triggered
hadron. Another promising suggested trigger is a high pr photon [107, 108]. At
leading order, the photons are predominantly produced from hard collisions in the
early stage. If we trigger such a photon at mid-rapidity, the energy of away-side
associated jet will be determined. However, it should be noted that high pr photons
can be produced from other processes in high energy nuclear collistons, such as those
involving the jet-plasma interactions during their propagation in the medium and
fragmentation of surviving jets after their passing through the medium. We will see
in Chapter 6 [109] that it is important to take into account these additional processes

for a comprehensive study of photon-hadron correlations.
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Photon production from charge-asymmetric hot and dense matter

This chapter follows our recent work [81, 82], where a new channel of direct photon
production from a quark-gluon plasma. is explored in the framework of high temper-
ature QCD. This process appears in the next-to-leading-order in the presence of a
charge asymmetry in the excited QCD matter, and may be effectively described as
the bremsstrahlung of a real photon from a thermal gluon. It is found that the photon
production rate from this new channel is suppressed compared to the QCD annihila-
tion and Compton scattering at low baryon density, but could become important in

baryon-rich matter.

2.1 Introduction

As have been mentioned earlier, photons (real and virtual) occupy a privileged status
in theoretical studies of hot and dense strongly interacting systems as they suffer
essentially no final state interaction after their initial production [110]. Thus, their
emission rates have the potential to provide direct ihsight into the nature of the
medium created at RHIC.

In this chapter, we will explore the electromagnetic signatures from a series of
pure glue processes, which arise when the hot and dense medium is itself electrically
charged. This is achieved by the introduction of a non-vanishing charge chemical
potential or a net asymmetry between the quark and anti-quark populations. The
possibility of such rates was first pointed out in Ref. [111], and the dilepton rates
from such processes in different scenarios was explored in Ref. [112]. Here, we will

focus on the spectra of real photons from such processes.

28
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There have been a large number of calculations of photon production from an elec-
trically charged QGP [75, 93, 94, 95, 113, 114]. However, all these calculations have
neglected the baryon chemical potential g in the plasma. As is known, the central re-
gion at the CERN SPS and even at RHIC is not just heated vacuum [115, 116, 117],
but actually displays an asymmetry between baryon and anti-baryon populations,
thus pp in the QGP does not vanish. In Ref. [118, 119, 120, 121], the photon produc-
tion rate was calculated for finite baryon chemical potential, but they only include
processes which are non-vanishing at ug = 0. Here, we extend those efforts and
present the first attempt to calculate hard photon production rates from processes

which arise solely at finite chemical potential.

2.2 The photon-gluon-gluon vertex

In Quantum Electrodynamics (QED), diagrams that contain a fermion loop with an
odd number of photon vertices (see Fig. 2.1) vanish at zero temperature, and at
finite temperature and zero charge density, due to the cancellation by an equal and
opposite contribution originating from the same diagram with fermion lines running

in the opposite direction (Furry’s theorem [122, 123]).

%

Figure 2.1: Diagrams with a fermion loop and odd number of photon vertices in QED.

The above statement may be understood as we evaluate Green’s functions with an
odd number of gauge field operators. At zero temperature in QED, we are focusing on

quantities such as (0|A4,, A,,...A |0). Under the action of the charge conjugation

H2n41
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operator C, the photon vector gauge field transforms as CA,C~! = —A,,, while the

vacuum is invariant under charge conjugation, C'|0) = |0). Thus, we obtain

<OlAﬂ1A/—L2"'AIJ«2n+I|O> = <O|C_ICAM10_1CAM2°"Au2n+1C_lc|0>
:<OIAH1AM2"'AM2n+1|0>(_1)2n+1 = —(0]Au, Az - Apin 1210y = 0. (2.1)

The expectation value of an odd number of gauge fields is zero. At a finite temperature

T, the corresponding quantity to consider is

x>

ﬂ[ﬂ(#7ﬁ)Au1Auz--'Auzn+1] = Z <”|Au1Auz-"Au2n+1|n>€_ﬁ(E"_”Q"), (2.2)

n=—oo
where 8 = 1/T, p is a chemical potential, and n is the number of thermal particles
and anti-particles in the medium. Note C|n) = €'®| — n), where | — n) is a state in
the ensemble with the same number of antiparticles as there are particles in |n) and
vice-versa. At zero chemical potential, u = 0, inserting the operator C~1C as before,

one obtains,
(n|A Ay Ay INVe™PE = —(—n| AL Ay Ay | — m)e™PER, (2.3)

As the sum over all states in the ensemble contain the mirror term (—n|Ay, Ay ... A | —
n)e PEn with the same thermal weight, it is zero,

S| Ay Ay, Ay InYe PEr = 0. (2.4)

n

Thus, Furry’s theorem still holds. However, for a charged QCD medium, p # 0,
there are unequal number of particles and antiparticles. Under the action of charge

conjugation,
(Ml A Ay A [PYEPE D) = (A Ay A, | = m)e™ P19 (2.5)

Now since the net charge of the state | — n) is weighted differently by the chemical
potential, the mirror term becomes (—n|A, A,,.. A, | — n)e PEntrln) with a
different thermal weight. As a result, the thermal expectation of an odd number of
gauge field operators is non-vanishing,

> (] Ay Ay Apign . In) e PERTHOR) L . (2.6)

T
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Thus Furry’s theorem is now broken, leading to finite Green’s functions, which allows
the appearance of new processes in a perturbative expansion. One may say that the
charge conjugation invariance is manifestly broken by the charged medium itself.

In the above discussion of Furry’s theorem, we have focused on the diagrams in
pure QED. The extension of the above statement to QCD is straightforward, i.e.,
processes with two gluons and an odd number of photon vertices (see Fig. 2.2).
As been pointed out in Ref. [112] that the processes of Fig. 2.2 are also affected
by the constraints imposed by Yang’s theorem which states that a spin one particle
may not decay or be formed by two identical massless vectors [124, 112]. However,
the processes outlined in the following are computed within a thermalized medium,
where the symmetry which underlies Yang’s theorem is broken due to the presence

of longitudinal gluon excitations.

k
—_—
v q_k
p
Hooo+ q YV ou
SRR RS p q+p-k

e
|Y p-k

Figure 2.2: The one-loop Feynman diagrams of gluon-gluon-photon vertex as the sum of the two
diagrams with quark numbers running in opposite directions in the quark triangle loops.

It should be noted that the incorporation of thermal gluon masses and self-energies
in perturbation theory has to be done carefully, owing to issues arising from color
gauge invariance. In this work, we carry out our calculation in the framework of
gauge invariant resummed theory of Hard-Thermal-Loops [125], where one assumes
the temperature T — oo and as a result the coupling constant gs(7") — 0. Effective
propagators and vertices involving soft ~ g,7" momenta are obtained by integrating
out the hard ~ T modes. This allows for a well defined perturbative expansion of the

photon production amplitude.
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The Feynman diagrams corresponding to the leading contributions (in coupling)
to the new channel of photon production are those of Fig. 2.2, with two gluons
and a photon attached to a quark loop [111]. Such processes do not exist at zero
temperature, or even at finite temperature and vanishing chemical potential. At non-
zero density, this leads to two new sources for photon production: the fusion of gluons
to form a photon (g9 — %) and the decay of a massive gluon into a photon and a
softer gluon (g — g¢7).

The full, physical, matrix element is obtained by summing contributions from both

diagrams which have fermion number running in opposite directions,
™(p,k,p— k) =T{""(p, k,p — k) + T4 (p,p — k, k). (2.7)

The amplitudes corresponding to these two diagrams may be expressed in the imag-

inary time formalism as:

v + k)ags(g +k —p)
TP (p, kyp — k) =T / e 200 11 inan 8 1
(p, k,p — Z 95 [777777](q+k) gt k= p)?

y dab ~ k)ags(g — k +p)
TEP p—k, k / 2 b ,Bua( v
2" (p,p )= 2 3 [777777J< TR (g =kt p)?
(2.8)

The masses of quarks have been omitted as the momenta of the quarks is consid-
ered hard ~ T in the HTL expansion. In the imaginary time formalism, the zeroth

components of four momentum are discrete Matsubara frequencies,
Qo =1twy +p=12n+ 1)7T + p, ko = twy, = 2maT , po = iwp = 12077, (2.9)

where integers n, m and [ in the above expression range from —oo to oo, and y is
the quark chemical potential. It may be easily demonstrated that [111], using the

properties of the v matrices,

Triv*y "y vP 7 v%] = Try* v ¥ 4Py "y = Triv* v+ 7*7*7"] (2.10)

and changing integral variable ¢ — —q in T4"”(p,p — k, k), we obtain

(q + k)aqﬁ(q +k— p)v
T =T ,
Z/ PRSI P

s€g vTT[v YAy PP ( (2.11)
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but with ¢p = iw, — u = (2n + 1)7T — p. It is obvious that these two amplitudes
TP and T4"? cancel each other at zero chemical potential p = 0, consistent with the
QCD generalization of Furry’s theorem [122, 111, 112, 123].

The sum over the Matsubara frequencies may be conveniently performed using
the non-covariant propagator method [111, 126, 127]. Here, one defines a time-three-
momentum propagator A(r, E) in the mixed representation as (see Appendix B and
D for details),

AT, E)zTZe_i“’”TA(iwn +u, B) (2.12)
n

The inverse transformation being

B ) ~
Aliw, £ p, E) = / dre“"" A, (r, E). (2.13)
0

In the above equations, £/ = |p] represents the real energy of the particle from its
three momentum, not the conjugate of the imaginary time 7. The explicit expression

of the Matsubara propagator reads,

~ 1
Aiw, £ p, E)= o L = B
~ s 1
=» Agliw, T, F) = —_— . 2.14
Zs: (iton £ 1, E) Sgl 2w, £ p— sE ( )

The explicit expression of the imaginary time quark propagator in the mixed repre-

sentation is given by

8

o7 (1= fa(sB)| e meEF0), (2.15)

Ai(T, E) = Z A.<s,:i:(7—7 E) =

s==%1 s==%1
where fi(E) = 1/(exp|[(E F p)/T] + 1) are Fermi-Dirac distribution functions. The

amplitude may be expressed in terms of Matsubara propagator

, d3q eq*w o
™ ”:Tznj/ G 2 Try*v*y"¥*v*7"1(q + k)ats(q + k — D),

X [A(iwn + iwy + p, B1)A(iwon, + i, By) Ao + i, — iwp + s, Es)
~Aliwn + iwy — p, B)Aiwn — pt, Ba)A(iawn + iwy — iw, — p, )|, (2.16)
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where B} = Egqy = |+ E|, Ey=F,=|q,and E3 = Egyy—p = |+ E-ﬁ] Now we

are in the position to evaluate the following sum of the frequency wy,

TS A(iwn + iwg £ p, B A(iwy, £ p, B2)A(iwy, + iwy — iw, £ g, Es)

=T Z Asl(iwn + dwy £ L, E’I)AS2 (tw,, + u, Eg)&ss(iwn + fwg, — twy £ p, E3)
7818283

1 S3
=T
Z iwp — $1E1 + 83E3 2E3

nS18283

A,A,, — %AA} . (2.17)

It is straightforward to show (see appendix D for derivation)

$182 fa(s1Ey) — fu(saFy)
4E1E2 zwk - SIEI + SQEQ .
(2.18)

TS Ay, (Gwn £ p, E2) A, (iwn, + iy + p, Br) =5

ns281 5182

Therefore, we obtain the expression for the sum of the frequency w, for the product

of three propagators,

TS Aliwn + iwg £ py B)A(iwy £ p, E2)A(iw, + iwy — iw, £ p, )

_ 818283 1
S16283 8E1E2E3 iwp - 81E1 + 83E3
o [ Fe(s1Bn) = fa(s2Bo)  falsaBa) —~ fe(s2E) (2.19)
iwk — 81E1 + SQEQ iwk — iwp — 83E3 + SQEQ - |

Adding two diagrams together, we obtain

TS [A(iw + Wi + 1 B A(iwn + by E2)A(iwy, + iwy, — iwy, + 11, Es)

—A(iwn + W — W, El)ﬁ(iwn - i, Eg)ﬁ(iwn + fwg — twy — U, Eg)]

. 818283 1
_513233 8E1E2E3 iwp - 81E1 + 83E3
9 AJ(51Ey) = Af(s2Ey)  AJ(s3E3) — Af(s2F) (2.20)
z’wk — 8 E] + $2E2 iwk - iwp — S3E3 + 82E2 ’ '

where we have used the shorthand, Af(sE) = f,(sE) — f_(sE). Now with the use
of the identity fo(—F) =1 — f+(F), it is straightforward to obtain

Af(sE) = [+(sE) = f-(sE) = J+(E) = J-(E) = Af(B), (2.21)
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for both s = 1 and s = —1. Furthermore, from the following identities,
OAL(T, E N
——————ié: ) :TZ(—iwn)e””’"TA(iwn +u, E,)
aA:t(’7-7 Eq) _ S ra —7(sEq—p)
—87—__2 (—(sEq F p)] (—E) [1 - f:i:(SEq)J e TR (2.22)

we may put quark momenta (¢ + k)q, g and (¢ + p — p), inside the sums over sy,
sy and sz by substituting them with (¢ + k)s,a, ¢s,8 and (g + k — p)s,+, respectively,
where ¢, = (sE,, ). After performing the summation of the Matsubara frequency wy,

in the quark propagators, we obtain

Tm/p:/ dsq 6925@
(2m)3 2

Triy*y*y*vPv°y"]

515253 (9 + K)s1095,8(0 + k — P)ssry
8Eq+quEq+k_p iwp - SlEq+k + SgEq+k_p

X
818283

x (Afv(Equk) - Af(Eq) Af(Equk—p) — Af(Eq)

wi — S$1lgp + 50Eg  iwy —iwp — S3Fqyk—p + S2 By

> . (223)

Our next task is to evaluate the sum over s;, sy and s; to obtain the photon
production amplitude. This is carried out in the HTL approximation for the quark
loop. In this limit, the photon and gluon momenta are considered soft p, &k ~ g,T,
and the quark momenta are hard ¢ ~ T, where T is the temperature and g, is the
effective coupling constant in the medium. The quark lines which carry a component

of the external gluon energies are Taylor expanded as follows,

k? — (E ’ @2 (q + k) sa k -
R oo + =——K0, 2.24
2F, ’ Eoik Gsa 2E, ( )

Eq+k’QJ“Eq+E'(j+

where ¢, = (s,§) and K = 2(0,k — (k- §)§). Similarly, for any function f(FE,s), we
have the following expansion, for k < g,

df(E)) kK — (k-9 df(E) (k-2 d>f(E,)
a5, 2, dm, T2 am %)

F(Eqrn) = [(B) +£-4

The above approximation allows for a factorization of the quark angular integral. In
the limit of high temperature, we may perform the integral over the magnitude of the

quark momentum ¢ analytically,

=241.(2.26)

/ququdAf

1daf /oon AT
kb, " Jo

1 00
== T, / 2 =
3 1o8la096IT, | a*dag- - ir?



2.2 The photon-gluon-gluon vertex 36

After substituting the above expressions, we find that the leading order terms pro-
portional to dA f| (E,)/dE, are cancelled automatically. Putting all together leads to

the following expression for the amplitude,

y dQ, eg 28, o v
T’”’~/ bMTT[VW’Y’YBVV]

GraGipdey k? - (E - q)? k2 — (E/ ) @)2
X ¢ — - . + S
Pgys k- gy k' qy
 kKaGipliy — KGralesKy (K4 K g
pds kg K -q4
Gralipley B2 — (-2 — (K2 — (K- (k¢ K -4
P d+ p-ds k-q. K-
_ralipley (KGR — (k-0 K -g k- (K97
p-d+ k- k-qs+ k- g k-
204 0l450 kg2 (K- §)?
n qd+ Q+ABQ+7 ( iI) n ( : ?)
p-ds k-q K -gy
O Y B 5y E-q
—Q—aQ+BQ+vm - Q+aQ—ﬂQ+wp Gy — G+ad+pd- ch ) (2.27)

where k' = p — k and d€; = dcosdf,d¢, is the differential solid angle of the quark
momentum ¢. The first line of the above equation, demonstrates explicitly that
the amplitude is directly proportional to the chemical potential u. As a result, the
contribution to the photon production rate from this channel will grow quadratically
with increasing chemical potential if the temperature of the medium is held constant.
It is noted that in the above equation, the gluon energy ko = iwy is still an imaginary
frequency and its sum will be performed later in the calculation of the imaginary part
of the photon self-energy.

The remaining nontrivial angular integral over df1, is performed numerically. The
possibility of radiation or absorption of a space-like gluon by an on-shell quark induces
an enhancement in a small part of phase space (k-d; ~ 0) in each of the two diagrams

separately. In this regime of phase space, we may perform the integration over cos 8,
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analytically if we employ the following expansions,

k k k2 . kA
cos By, = ?O + % 1-— E%u, Gs & G, + %uQ, (2.28)

where ¢ and Q are given by

g, = (s, V1—k2/k2cos ¢, /1 — k2/k2 sin ¢, ko/k>
O (o, “ko/k\/1 — KZ/R2 cos b, —ko k1 — K3 /k2sin 1 — kg/z?) . (2.29)

In the above expansion, we have chosen the z-axis as the direction of the photon
momentum k. Performing the integral over new variable u in this part of phase
space, we find that such contributions are diminished by the destructive interference
between the two diagrams. Including all contributions leads to the survival of only

the imaginary part of the amplitude in this sector. The resulting expression is,

dp eg*da pw\
Hp a Mm Cp VB Py _r
T /(277)3 5 Trhvvwm]( 8k>m
1 oo o IS 2 >y
x {"p 5 (k/CanrﬂqH —Kq,aq6K 7)
B2 — (k- §)% — K = (K- §)?

- ~ é_ é‘ Ej
(p'q+)2 +a'f+p1+y

+ﬁ (Qa27+ﬁ27+7 + §+aQﬂ27+~/ + §+a§+ﬁgw) - 27+a€7+ﬂ(?—7} ’ (2'30)

Note that while the result has been derived in a thermalized environment, it may
be easily generalized to moderate departures from equilibrium, which will remain
the subject of a future effort. In the following sections, the above amplitude will be
applied to compute the photon production rate from the fusion of gluons to form
a photon or the decay of a gluon into a photon and a gluon of lower energy in the
simplest model of a QGP, a plasma of quasi-particle quarks and gluons in complete

thermal and chemical equilibrium.

2.3 The photon production rate

In the case of a medium in complete thermal and chemical equilibrium, the thermal

photon emission rate R = d*N/d*z is related to the discontinuity or the imaginary



2.3 The photon production rate 38

part of the retarded photon self-energy Hf,, at finite temperature 7' through the
relation [73, 128, 129],

dR 1
=2 = ImITfH
Fp~ @nE 1

where F and p are the energy and momentum of the photons. This formula is valid

(2.31)

to all orders of strong interactions, but only to €? in the electromagnetic interactions,
as the photons, once produced, will tend to escape from the matter without further
interaction. In what follows, the focus will lie on the imaginary part of the photon

self-energy of Fig. 2.3.

Figure 2.3: The Feynman diagram of the photon self-energy evaluated in this chapter, where the
dark blobs represent effective vertices or propagators in the HTL approximation.

The photon self-energy from the Feynman diagram in Fig. 2.3 may be expressed

formally as,

' 3k 'l
1 (p) = T [T . p—K) S (YT b k) Sy (= K),(2:32)
ko

where TH?(p, k,p— k) is the effective photon-gluon-gluon vertex evaluated in the last
section, and S, (k) is the effective gluon propagator, after summing up all the HTL
contributions to the self-energy of the gluon. In the Coulomb gauge, the effective

propagator is given by [129)]
Su(k) = Ap(ko, k) PR + Ap(ko, k)uyu, (2.33)

In the above equation, Py (k) = 0, PE (k) = &;; — kik;/ k2 is the transverse projection
tensor, and u* = (1,0,0,0) specifies the rest frame of the medium. Ap(ko, k) and

Ar(kg, k) are longitudinal and transverse gluon propagators,

1 1 k?

== () = ——= = 2.34
FT _ kQ? AL(k07A’) FL _ ]{2 I{Q’ ( 3 )

AT(k()v k)
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where the explicit expressions for Fy (ko, k) and Fr(kg, k) are,

Fy = 2m2(1 — 2*)(1 — 2Qo(z)) , Fr=m? — % (2.35)

z+1

In the above equations, Qo(z) = 31In 2+ is the Legendre function with x = w/q, and

my is the thermal gluon mass,

m? = ¢ g2T2+iN g* T2+3—”2 (2.36)
96 4 12" n2 )’ ‘

where C4 = 3 is the SU(3) group factor, and Ny is the number of quark flavors.

In the complex kg plane, the longitudinal and transverse propagators exhibit a
discontinuity or cut from —k to k; in addition, they have poles at kg = twr (k),
which give the two dispersion relations for the longitudinal and transverse modes of
the gluons in the medium. The expressions for wr(k) and wy (k) are determined by

the following equations [129, 126],

2 2
2 Mgt o  ar(l—=p) wr+1}|
wT—l_ﬁ[xT_‘_ B h’le—l =0
27722 Zr .Z‘L‘f—l
1 —g[l———l }:O 2.37
= 2 a1 (2:37)

where x7 = wr/k and z; = wy/k. These two equations can be solved numerically.
In Fig. 2.4, two dispersion relations wr(k) and wg (k) are plotted. In the plot, the
upper branch is the dispersion relation for transverse excitation modes, and the lower
branch is for the longitudinal one. The solid line represents the light cone.

In order to calculate the thermal photon differential production rate, we evaluate
the imaginary part or the discontinuity of the photon self-energy, which involves
evaluating its various cuts. In the interest of a physical interpretation of the various
cuts, the polarization tensor Plﬂ,(k) may be expanded as a product of polarization
vectors as PL,(k) = e,u(k)e;, (k) + e_u(k)er,(k), where the z-axis is chosen as the
direction of the photon momentum k. Then the effective propagator may be formally

written as

Swk) = 3 Aik)e(k)en(k), (2.38)
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Figure 2.4: The dispersion relations wr (k) for transverse gluons and longitudinal gluons in a
quark-gluon plasma, where my is the thermal gluon mass.

where we set ef = u* = (1,0,0,0) and Ax = Ar, Ag = Ar. The entire expression
for the rate, may be expressed in a factorized form f(ko)g{po — ko), where ko is the
Matsubara frequency of the gluon and py is the frequency of the external photon. The
remaining sum over kg and the discontinuity across the real pg is achieved by means

of the identity, [111, 130] (see Appendix D for derivation),
DiscTy f(ko)g(po—ko) = 27ri/dw/dw’p1(w)p1 (W)d(w+w' = E)(1+ f(w) + f(w),
ko

where f(w) and f(w') are the thermal distribution functions of gluons, and p;(w)
and ps(w’) are the spectral functions of f(ko) and g(po — ko). The spectral function
p(z) for f(z) is defined as p(z) = Discf(z)/(2ni). Employing the above formula, the
discontinuity in the photon self-energy may be expressed in a kinetic form,

dR 1 1 &k
E@_Z 2 2(27r)26%_1/(27r)3

l=+i,j=%£,0

x [ do [ du'pifw)py ()0 + o = BY(1 + f(w) + f@))|Myl?,  (239)

where the matrix element M;; = €, (p)ei(k)e;o(p — K)T**(p, k,p— k), and p;(w) and

p;(w’) are the spectral functions of the gluon propagators A; and A;.

pr.o(ko, k) = Z1,1.(k)[8(ko—wr,L(k)) — 6 (ko+wr (k)] + Br.r (Ko, k)B(K* = kj) (2.40)
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where the explicit expressions of Z; 7 and By r are given by [129)]

wr (Wi — k?) wr(wf — k)

2 _ _ 41
(k) K2(k2 + 2m2 — o)’ Zr(k) 2m2E — (w? — k2)2’ (2.41)
and
miz
ko, k) = 5
BL( 0» ) (k’Q + 2mg(1 _ % In z_'tﬂ)? =+ 7r2m31'2
im2z(1 — z?)
ko ) — 3y . (2.42
ﬁT( 0 ) k2($2 _ 1) _ mg(;ﬂ + g 1— a:2) In -;5-*_“—}{)2 + i7r2m3x2(1 — m2)2 ( )

The two spectral functions contain contributions from the poles wy 1, with residue
Zr,1 as well as from the branch cuts fr . The product of two p functions give three
types of contribution: pole-pole, pole-cut, and cut-cut. The pole-pole terms represent
the process involving two quasi-particles with dispersion relations displayed in Fig.
2.4. The terms from the cuts represents the processes involving space-like gluons from
the medium, i.e., gluons which are intermediate states of a scattering process. In this
first effort, the focus will lie on the hard photon production rate, i.e., photons with
momenta p ~ T'. This requires that at least one of the gluons in Fig. 2.3 to be hard.
While in the usual HTL prescription, such particles receive suppressed contributions
from hard loops, a component of the HTL self-energy which produces a thermal gluon
mass is retained. The cut-cut contribution with two space-like gluons is dominant

only in the region where both gluon momenta are soft and is ignored in this effort.

2.4 Results

In this section, we will present the numerical results for the hard photon production
rate from our new channel in a plasma with finite baryon density. Here we only
consider two massless flavors of quarks with equal chemical potentials p,, = pg = pg/3
and the strange sector has been ignored in this calculation. The strong coupling
constant is set to be ay = 0.4 in such a plasma.

In Fig. 2.5, the photon production from our new channel (ggy vertex) is compared
with the contribution from the leading order QCD annihilation process (¢g§g — g7)

and Compton scattering (q¢ — qg). The photon differential rate from annihilation
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Figure 2.5: The differential rate of photons from ggy vertex in a hot and dense medium with
temperature T' = 200MeV compared with the contribution from QCD annihilation and Compton
processes.

and Compton processes at finite temperature and chemical potential is parameterized

as in Ref.[75, 120, 121] by

dR 5 a0, w2\ _E 2.912ET
F— == 24 .
Bp 0o (T + 7r2> e’ Tln <g2(T2 oy + G) : (2.43)

where the dimensionless quality G is fitted to be G = In(1 + p?/7*1?) for pu/T < 1
and G = In(1 + 0.139u2/T?) for u/T > 1.

From Fig. 2.5, one may immediately find that the contribution from the new
channels (gg7y vertex) to the photon production is much smaller than the QCD anni-
hilation and Compton processes at low chemical potential. However, with increasing
chemical potential at a fixed temperature, the photon production rate from the ggvy
vertex tends to increase at a larger rate. This may be understood from the fact that
the matrix element corresponding to the gg~ vertex in Fig. 2.2 is proportional to the
chemical potential as we see from Eq. (2.27). Thus, we will expect that in baryon-rich
matter such as that produced in low energy collisions of heavy ions or in the core of
neutron stars, the new channel from gg vertex will become significant in comparison
to the leading order QCD rates. Interestingly, the new FAIR accelerator at GSI will

have the mandate to explore the realm of high baryon densities.
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In the above estimates, the chemical potential and temperature are held fixed sep-
arately. It has been shown in Ref. [118, 120, 121] that the photon production rate
from leading order QCD processes have a strong dependence on increasing chemical
potential x4 of the medium if the energy density of the medium is fixed. If the energy
density were held constant, the temperature 7" and p are related to each other by the
equation of state. Here we use the equation of state derived from the phenomeno-
logical MIT bag model [30, 118, 120, 121] (see Chapter 1). In this case, the energy
density is given as,

3tr?r 1lmas )\ 4 205\ , 0 o . 3 20\ 4
= - . (12 B, (2.44
‘ (30 3 )T+3(1 W)Tu+27r2(1 W>M+  (244)

where the bag constant B is fixed to be 200 MeV?. If T is made dependent of u
in this way, then both rates will decrease strongly with increasing chemical potential
because of the decreasing of the temperature T of the medium. At RHIC, one expects
a maximum energy density of about e =5 GeV/fm?, and the average energy density
will be smaller than this value. We pick a conservative estimate of ¢ = 1.8 GeV/fm?,

which corresponding to T = 200 MeV at zero chemical potential.
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Figure 2.6: The differential rate of photons from gg~v vertex in a hot and dense medium with
energy density fixed, € = 1.8GeV/fm3, compared with the contribution from QCD annihilation and
Compton processes.

In Fig. 2.6, the result of the leading order rate and that from the new channels
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(ggy vertex) is presented, where we increase the chemical potential u from p/T =1
to u/T = 3. As may be seen from the plot, the photon production rate from our
new channel (ggy vertex) decreases with increasing chemical potential with fixed
energy density, showing a similar dependence to the QCD leading order processes. It
would appear that with energy density fixed, the photon production from our new
channel has a much stronger dependence on the temperature than on the chemical
potential and has not exceeded the photon production rate from QCD annihilation
and Compton processes in the range of energies explored. It should be noted that the
above statement may not be true for soft photons where cut-cut contributions need

to be incorporated.

2.5 C(Conclusions

In the present chapter, we have presented the hard photon signature emanating from
the gluon fusion channel. We employed an effective field theory of QCD at high
temperature (HTL) and focus the photon spectrum from a medium at equilibrium. It
is found that the hard photon production rate from this channel tends to be suppressed
compared to the leading order rate from QCD annihilation and Compton process for
realistic values of temperature and chemical potential, but will gain significance in
baryon-rich matter. Since photon production from such channels is dependent on the
gluon density of the medipm, it offers a new window to probe the gluon sector of the
highly excited strongly interacting matter.

Our results may be extended to non-equilibrium cases, such as in the early stages
of relativistic heavy ion collisions. In such a scenario, the gluon populations are much
larger than those of quarks, and the photon production from this new mechanism
could outshine that from conventional channels. Another application of such rates is
to photon production in neutron stars where the chemical potential far exceeds the
temperature and many of the conventional channels are Pauli blocked. It would be
highly interesting to estimate the photon production rate from two gluons in such

diverse scenarios, and this is left for future efforts.
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Photon and gluon bremsstrahlung in the AMY formalism

In this chapter, we briefly review the Arnold-Moore-Yaffe formalism (AMY) [93, 94,
95] for photon and gluon bremsstrahlung in a quark-gluon plasma. We first discuss
the complete leading-order result of thermal photon emission rates from a quark-
gluon plasma, including 2 — 2 processes as well as bremsstrahlung and inelastic pair
annihilation processes with Landau-Pomeranchuk-Migdal (LPM) effect [87]. Then
the induced photon emission from bremsstrahlung with LPM effect is generalized to
induced gluon bremsstrahlung process. Later, we follow Ref. [131] and present some
simple applications to the calculation of radiative part of jet energy loss in the quark-
gluon plasma. In the last section, the applicability of the AMY formalism is discussed
[131, 132].

In AMY, it is simply assumed that the temperature T of the quark-gluon plasma is
so high that one may treat QCD running coupling constant gs(7") as a parametrically
small quantity. This allows us to compute the leading order photon and gluon emission
rates using perturbation theory. As the temperature 7" is the only momentum scale in
the quark-gluon plasma, we usually call those particles with momenta of order T" hard
particles, those with momenta of order g, T soft particles, and those with momenta
of order ¢g2T ultra-soft particles.

It should be emphasized that we treat the quark-gluon plasma as a relativistic
dynamical medium, with moving scattering centers. The screened color electric and
magnetic field generated by the medium is treated as a classical random background
field, and photons and gluons are emitted when an energetic parton is propagating

through such a color gauge field. It has been shown in the model that by simple

45
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physical considerations of localization of particles in both space and momentum, the
LPM effect in bremsstrahlung can be interpreted as an infinite sum of self-energy
diagrams, called ladder diagrams. As it is just a geometric series, the resulting sum
is then converted into a linear integral equation, from which the photon and gluon

emission rates are computed.

3.1 Complete LO result for photon emission from QGP

It is of great importance for theory to establish the production rates of photons
from the quark-gluon plasma. According to QCD theory, the simplest diagrams
contributing to the leading order photon emission rate are 2 — 2 processes, such
as annihilation process ¢4 — ¢y and Compton scattering process ¢(q)g — q(g)7, as

shown in Fig. 3.1.

Figure 3.1: QCD annihilation process and Compton scattering — 2 — 2 processes that contribute to
the leading order photon production rate.

Perturbative QCD calculations of photon emission rate from annihilation and
Compton scattering processes encountered the infrared singularity when the exchanged
momenta in internal quark lines are zero. It was shown in Ref. [75] that this diver-
gence can be circumvented by using the hard thermal loop (HTL) approximation [125],
where the correlation functions are expanded in terms of effective dressed propagators
and vertices instead of bare ones. One may introduce an arbitrary momentum scale
to separate the photon emission rate into soft contribution (with quark momentum
of order ¢g,T") and hard contribution (with quark momentum of order T'). The soft

contribution is computed with appropriately dressed propagators in one-loop photon
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self-energy as shown in Fig. 3.2, and the hard contribution can be computed using
perturbative methods in kinetic theory. When the two parts of the contribution are
finally put together, the result is independent of the arbitrary separation scale as it

should be.

Figure 3.2: The one-loop hard photon self-energy with one of the quark propagators being dressed.

If we define the photon emission rate per unit volume R, = dN,/d*zdt, the final

result of photon emission rate from 2 — 2 processes is given by [75, 93, 94, 95],

(27r)3dR§_‘2 B ef>2 8moeasT?

43k =2 (? k

o) (30 %+ coatem)). )
f q

2

where fp(k) = 1/[exp(k/T) + 1] is Fermi-Dirac thermal distribution function and
mg is the thermal gluon mass, m? = gZI?/6. In the limit of k > T, Cy(k/T) is a

constant given by

YE | 2 ¢'(2)
—JE L 2o 22 o 0.3614902. 3.2
> t3in2+ 2(2) 0 (3.2)

As for any value of k, it has been shown in Ref. [93, 94, 95] that the following simple

C2—>2(k/T) = _i

parametrization may reproduce the numerical values of Cy_o(x) quite accurately,

0.041
Coa(z) ~ —0.3615 + —+ 1.01e7 1%, (3.3)

One might expect that 2 — 2 processes are the complete lowest order result for
the photon production in the quark-gluon plasma at leading order O( ;). But it
was pointed out in Ref. [93, 133, 94] that some 2 — 3 processes, namely photon
bremsstrahlung process (¢7 — ¢¢v, g9 — qg7y) and inelastic pair annihilation process

(993 — qv, 9gqG — ¢7v) as shown in Fig. 3.3, generate the same order contribution
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Figure 3.3: 2 — 3 particle processes (bremsstrahlung and inelastic pair annihilation) that also
contribute to the leading order photon production rate.

as 2 — 2 processes to the emission of photons from the quark-gluon plasma. As for
2 — 3 processes, if the exchange gluon momentum ¢ is hard ~ T, then the rates are
O(a.a?), negligible compared to 2 — 2 processes, whose rate are O(a.q,). But if
the exchange gluon momentum is soft ~ g,7", an enhancement from the soft gluon
propagator 1/(g,T)* will cancel the extra power of g2 from the extra vertices, making
the contribution to the photon emission rate from these 2 — 3 processes the same
order as 2 — 2 processes.

However, in order to obtain the correct leading order photon emission rate from
the quark-gluon plasma, it is not sufficient to incorporate only those additional 2 — 3
processes as shown in Fig. 3.3. First, the mean free path (time) of hard jets between

soft scatterings by thermal partons in the surrounding medium is given by

1 1 1

A = — ———— N ——,
no  T%g/T?)  giT

(3.4)

Second, as the exchanged gluon momentum is soft, from energy and momentum
conservation, the corresponding internal quark line are nearly on-shell, which implies
that the photon and the quark are highly collinear. As the scattering angle is small,
it will take some time for the photon and the quark to be apart in space. This is
the formation time of the collinear photon emission. In fact, the energies of internal

quark lines are off-shell by an amount of

2 T 2
5F ~ % ~ %l ~ g°T, (3.5)

8
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from which we may obtain the time duration of this process,

1 k T 1

o ™ 55~ T~ G~ T (30

We may see that the photon emission time is the same order as the mean free time
between soft scatterings by the surrounding partons from the medium. This implies
that the quark has the potential to suffer more than one soft scattering with thermal
medium particles before emitting the hard collinear photon. As a consequence, the
multiple scattering processes cannot be treated independently; the interference of all
those scatterings, such as 3 — 4 processes, 4 — 5 processes, or more, have to be
taken into account consistently in order to obtain a complete calculation of leading

order photon emission rates. This is known as Landau-Pomeranchuk-Migdal (LPM)

effect [87].

1/g*T 1/¢*T

gT gT

Figure 3.4: The typical orders of magnitude of various momentum, length and angular scales asso-
ciated with a photon bremsstrahlung.

In Fig. 3.4, we show the typical orders of magnitude for various momentum,
length and angular scales when a hard photon (with momentum k ~ T') is emitted
by a hard partonic jet (with momentum p ~ T') propagating through the dynamical
medium. The hard parton suffers more than one soft scatterings (with momentum
transfer ¢ ~ g,T") before emitting the photon. The angle deflection in each collision is
6 ~ q/p ~ gs. It is noted that scattering off ultra-soft gauge bosons (with momentum
q ~ g*T) is not important, as the momentum exchanged is too small to affect the

kinematics of the photon emission process.
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*

N L

Figure 3.5: Cutting the ladder diagram may be interpreted as the interference between two diagrams
with photon emission before and after the soft scatterings.

From Eq. (2.31), the photon production rate is related to the imaginary part of
the photon self-energy, called ladder diagram. This corresponds to considering its
cuts. It has been shown in Ref. [93, 94, 95] that a correct treatment of collinear
bremsstrahlung and inelastic pair annihilation processes requires a summation of all
ladder diagrams of the type shown in Fig. 3.5, each with a different number of gluon
rungs (see Fig. 3.6). As indicated in Fig. 3.5, cutting the ladder diagram leads
directly to bremsstrahlung and inelastic annihilation processes with LPM effects.
Considering bremsstrahlung for example, this corresponds to the interference between
two diagrams with photon emission before and after the soft scatterings. As all the
exchanged gluons are soft (with momentum of order g;7"), the hard thermal loop
(HTL) corrections [125] must be employed to the soft gluon propagators. As the
resulting sum is just a geometric series, AMY [93, 94, 95] have written the total

self-energy in terms of a linear integral equation, as illustrated in Fig. 3.6.

>

Figure 3.6: The sum of the geometric series of photon self-energy may be written in terms of the
solution to a linear integral equation.
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After performing the numerical computation of the integral equation, the leading
order photon emission rate from bremsstrahlung and inelastic annihilation processes

with LPM effect may be written as [93, 94, 95]

7)3d RLPM er\2? 8ranc. T2
(CLUC (%) Smaetsl” o ) Crom(/T), (3.7)

37,
a3k 7 \e k
where the numerical values of Crpy(z) may be reproduced quite accurately by the

following paramétrization [93, 94, 95],

Ny [0.5481n(12.28 + 1/2) 0.133z
Crem(@) ~ /14 =L + . 3.8
o 6 [ ¥/ 1+ 2/16.27 (38)

For details of how to derive the above formula, please refer to Ref. [93, 94, 95]. Finally,
putting all necessary ingredients together, we obtain the complete leading order result

for photon emission rates from the quark-gluon plasma at O(aeas) [93, 94, 95],

Fo(0) 10 25 + Coralk/T) + Cum(8/7)] 39

(27)°dR, (e
d3k = <i

)2 80, T?
7 \e

k

where Cy_5(z) and Cppp(z) are approximated by Eq. (3.3) and Eq. (3.8), respectively.

3.2 Gluon emission by bremsstrahlung from QGP

The above analysis of LPM effect for photon emission can be analogously extended
to the evaluation of gluon emission by bremsstrahlung process in the quark-gluon
plasma. The key complication here is that gluons also carry color charges. Thus, the
emitted gluon will interact with the soft color background field, as shown in Fig. 3.7.

In spite of this difference, much of the argument for photon emission still holds for
gluon emission, i.e., the emitted gluon and the incoming quark are nearly collinear.
As we are considering hard gluon emission, we may treat the emitted gluon as another
incoming particle propagating through the soft color background field. As a result, it
is still possible to convert the resummation of infinite ladder diagrams into a similar
integral equation. Analogous to photon emission, we may obtain the induced gluon

emission rate dRy"M(k)/d*k (see Ref. {93, 94, 95] for details).
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Figure 3.7: A typical gluon bremsstrahlung diagram that needs to be resummed in the AMY for-
malism.

In order to obtain the time evolution of the jet distribution, we need to extract the
transition rate dFJb(p, k)/dkdt for the partonic process j — a + b. For example, the
gluon emission rate from the process ¢ — gg may be written in terms of transition

rate as,

(27m)3d R, (k) _ (27)*d N, (k) _/ d®p (2m)3dN,(p) (27r)3df‘gg(p, k)
P FkBzdt O Phdi
dre, (p, k)

- [ s, a0 (3.10)
where f,(p) = (27)%/d,-dN,(p)/d*pd3z = fr(p) is the phase space distribution of the
quark in the medium (Fermi-Dirac thermal distribution function) and d, =2-3 =6
is its spin-color degeneracy. Finally, the complete result for the gluon bremsstrahlung

rate is [131, 132]

dl'(p,k)  C.g? 1 1
dkdt — 16mp"1 £ e *T 1+ e~ (-k)/T
14(1—-z)?

231 -2)2 q—49 -
22+(1-2)% _ d*h h k
X Ni=+—+ g—qq X / (27‘(’) ——=2h-Re F(h P, ) . (3.11)

2(1—-2)?
L tlal g o gy
Here x = k/p is the momentum fraction of the gluon (or the quark, for the case
g — qq). The factors 1/[1+exp(k/T")] are Bose enhancement or Pauli blocking factors
for the final states, with — for bosons and + for fermions. k= P X k determines how

non-collinear the final state is; it is treated as parametrically O(g,7?) and therefore

small compared to p - k. Therefore it can be taken as a two-dimensional vector



3.3 Application of AMY to radiative jet energy loss 53

in transverse momentum space. ﬁ(ﬁ,p, k) is the solution of the following integral
equation [131, 132]:

d*qL
(2m)?
+(Ca/2F(h) — F(hp )] + (Ca/2)[F(h) — F(h—(p=k)@)]}.  (3.12)

2h=i6B(h,p, K)F(R) + 62 [ EC@((C, = Ca/2)IF(R) = Pk L))

Here 5E(E,p, k) is the energy difference between the final and the initial states:

Rom omi, om
v T o 1
opk—k) T 2k T 2p—k)  2p (3.13)

and m? are the medium induced thermal masses. Also, C(g.) is the differential rate

SE(h,p, k)=

to exchange transverse (to the parton) momentum ¢ . In a hot thermal medium, its
value at leading order in oy is [134]

mp 9T

Cq) = 52— 2 = I8~ _(IN.+N;). 3.14
(qL) ﬁ(ﬁ+m%)’ mp 6 ( + f) ( )

For the case of ¢ — ¢q, (Cs — Ca/2) should appear as the prefactor on the term
containing F(h — pq.) rather than F(h —kq.).

3.3 Application of AMY to radiative jet energy loss

It has been shown in Fig. 3.7 that when a hard partonic jet traverses through a
quark gluon plasma, it will interact with the colored medium by exchanging soft
momentum ~ ¢,7" with the constituent particles. Those soft multiple scatterings will
induce the radiation of a gluon by bremsstrahlung, leading to the energy loss of the
propagating hard parton. This energy loss mechanism is commonly referred to as
radiative jet energy loss. In this section, we present some simple applications of the
AMY formalism to the radiative part of jet energy loss in a hot and dense medium.

The expressions of transition rates in Eq. (3.11) are used to evaluate the time
evolution of the hard quark plus anti-quark distribution F,(p,t) = dN,(p,t)/dp and
the hard gluon distribution P,(p,t) = dNy(p,t)/dp, as they traverse the soft color
medium. The joint evolution equations for P,(p, t) and Py(p, t) are given by [131, 132]:

dP, (p) dF" dig(p+k k) dré (p, k) L dLg(p + &, k)
_/ Folp + k)= e — Rl = g T 2R+ b=
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4 (p+k,p) ng(p+k k)
qg g9\t D
”/ Fylp g Tt k)=
— Py )( dkdt proramiiCLi )/ (3.15)

where the k integrals run from —oo to oo. The integration range with & < 0 represents
absorption of thermal gluons from the QGP; the range with & > p represents annihi-
lation against an anti-quark from the QGP, of energy (k—p). In writing Eq. (3.15),
we used dI'y,(p, k) = dI§,(p, p—k) and similarly for g — gq; the © function in the loss

term for g — gg prevents double counting of final states.
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Figure 3.8: The evolution of a quark jet with initial energy E; = 16 GeV propagating through a
medium of temperature T = 400 MeV, where the vertical lines represent the values of mean energies
related to the corresponding distributions.

As the first simple application to jet energy loss, we follow Ref. [131] and study
the time evolution of a single hard particle traversing a quark-gluon plasma. In Fig.
3.8, the time evolution of the quark momentum distribution is plotted as a function
of the quark energy for several different times. In the plot, The quark has the initial
energy F; = 16 GeV, and the medium has a constant temperature T = 400 MeV.
Here the strong coupling constant a; is set to be a constant ay = 1/3. With the
above setting, the result of Fig. 1 in Ref. [131] is reproduced. The vertical lines in

the plot represent the values of mean energies of the quarks, as evaluated by the first
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moment of the corresponding quark momentum spectra. We may see that the final
quark distributions are not centered at the mean energies, and become broader as the

energy loss grows.
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Figure 3.9: The ratios of the final and initial momentum spectra for quarks plus anti-quarks, after
propagating through a medium of temperature T = 400 MeV.

To have a more realistic evolution of jet momentum spectra in the thermal medium,
we evolve the jets with the following power-law parametrization for initial pr spectra

of quarks and anti-quarks, taken from [114]

dN a
—_ =K— 3.16
Pprdy|,_y (14 pr/b)F (3.16)

where a = 500, b = 1.6 and ¢ = 7.9 for quarks, and a = 130, b = 1.9 and ¢ = 8.9 for
anti-quarks. K is a constant to account for the next-leading-order corrections to the
leading order result as inferred from perturbative QCD calculation.

The time evolution of quarks plus anti-quarks with above pow-law distributions is
shown in Fig. 3.9, where the ratio of the final momentum spectrum to the initial mo-
mentum spectrum is plotted as a function of quark energy for several different times.
The suppression of the jet momentum distribution is clearly observed as they traverse
through the thermal medium. As for a plasma with temperature T = 400 MeV, we

already observe approximately 4 — 5 times suppression for quark jets when the size
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of the medium is 2 fm/c. This size might be too small compared to the medium
achieved at RHIC, but 400 MeV is probably the highest temperature being created
at RHIC. In order to have a more accurate calculation of jet quenching at RHIC, a
realistic hydrodynamical model is required to describe the space-time evolution of the

created medium. This will be addressed in later chapters.

3.4 Discussions

In this section, we present some discussion of the applicability of the AMY formal-
ism following Ref. [131, 132]. There have been several other theoretical models
to describe the radiative energy loss by induced gluon bremsstrahlung, i.e., Baier-
Dokshitzer-Mueller-Peigne-Schiff (BDMPS) [88], Gyulassy-Levai-Vitev (GLV) [89],
Kovner-Wiedemann (KW) [90], Zakharov [91] and Majumder-Wang-Wang (Higher
Twist) [92]. AMY formalism differs from other approaches in several different ways
[132]. First, as was mentioned at the beginning of this chapter, the model treats QGP
as a relativistic dynamical medium; the constituent particles of the medium are dy-
namic. The calculation of gluon emission rate is completely thermal; it is performed
in the framework of finite temperature field theory, and temperature enters through
the thermal phase space of the initial and final particles. Second, the model incor-
porates both energy loss processes and energy gain processes, such as the absorption
of thermal partons and quark-anti-quark pair annihilation and creation. Third, the
model explicitly solves for both the transition rates and the coupled rate equations
for hard quarks plus anti-quarks and gluons.

In this work, the transition rates in the momentum space are calculated in the
thermodynamic limit, which implies that the high energy parton experiences a uni-
form medium in the time scale of the gluon emission. However, the medium created
in relativistic heavy ion collisions has a finite size, which will impose some limits on
our formalism. This limitation is related to the coherence length of induced gluon
radiation.

There are three typical length scales associated with the gluon bremsstrahlung
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in relativistic heavy ion collisions: the mean free path A for soft scatterings, the
coherence length I, for induced radiation and the size L of the medium created in
the collisions. The coherence length [, plays an important role in the consideration
of the coherence pattern of induced gluon emission.

Now we consider a gluon with energy w emitted by a hard partonic jet after
suffering Neon coherent soft scatterings. If we assume that the multiple soft scattering
can be described by a random walk, with a momentum kick k£, ~ p ~ g7 from a
single soft scattering, then the total transverse momentum squared p2,, accumulated

by the hard jet after Ny, coherent scatterings is given by
pon = Neonit®. (3.17)
Moreover, The distance travelled by the hard jet is given by
leoh = NeonA (3.18)

This is also the formation time (length) of the hard collinear gluon radiation,

lcoh = tiorm = QL (319)

coh

Therefore, one may obtain the expression of the coherence length as [135],

AW
leoh = 1| —- 3.20
n = 2 (3.20)

When l.n < A, the multiple scatterings are incoherent, and we may treat them
as independent scatterings. This is the Bethe-Heitler regime, where the energy loss

per unit length is proportional to the incoming energy [135],

dI’ a, 1
= = N,—. 3.21
wdwdz T N, A ( )

When A < lon < L, the multiple scatterings are coherent. This is the LPM regime,
where the energy loss per unit length is proportional to the square-root of the incoming
energy [135],

' a, 1 _ %y u_2
dodz 7 leoy, T NVAw

w (3.22)
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When the coherence length exceeds the length of the medium .., > L, effectively

there is only a single scattering. In this case, we are back to Beth-Heilter limit [132],

1

7 (3.23)

dar 1Y
=N,
w dwdz T

Equivalently, we may introduce two energy scales: the LPM scale Fppy and fac-

torization scale Ef,.; defined as,

L 2 2L2
Eipm =M%, Epe, = Erpu (X) = ,u)\ . (3.24)

When the emitted energy w is in the range w < FEppy, one is in incoherent Beith-
Heilter regime. When the emitted energy w is in the range Fipm < w < min[E;, Fgact),
one is in coherent LPM regime. As the emitted energy w exceed the factorization
energy scale, w > Fi,, effectively there is only a single scattering.

In our formalism, it is assumed that the high energy parton experiences a uniform
medium on the time scale of the gluon emission, [, < L. This requires that the
energy of incoming parton is limited to be smaller than the factorization energy scale,
E; < Efaet. As for Au-+Au collisions at RHIC energies, setting L ~ 5 fm, yu ~ 0.5 GeV
and A ~ 1 fm, we obtain the applicability of AMY formalism: F; < 30 GeV. This
is essentially within the momentum acceptance of the four RHIC detectors. As for
Pb+Pb collisions at the LHC, setting L ~ 5 fm, g ~ 1 GeV and A ~ 0.5 fm, we
obtain F; < 250 GeV.
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Radiative jet energy loss in a 3D hydrodynamical medium

This chapter follows our recent work [106, 136], where the formalism [93, 94, 95]
described in Chapter 3 is employed to study the radiative jet energy loss by induced
gluon emission in relativistic heavy ion collisions. First, we present our calculation of
the nuclear modification factor R4 4 for n° production at high transverse momenta pr
in Au+Au collisions at \/syy = 200 GeV at RHIC [106] by applying relativistic ideal
three-dimensional hydrodynamics {137] to describe the thermalized medium produced
in those collisions. We provide a systematic analysis of the azimuthal asymmetry of
70 suppression at high pr in central and non-central collisions, at mid and forward
rapidity. Then, a calculation of the charged hadron R4, is presented as a function of
pr for central Pb+Pb collisions at \/syy = 5.5 TeV at mid-rapidity at the LHC [136],
where ideal two-dimensional hydrodynamical model [138] is employed to describe the

soft thermalized medium.

4.1 Introduction

In Chapter 3, we have presented the basic ingredients of our formalism, and some
simple applications to the radiative part of jet energy loss in a quark-gluon plasma.
In this chapter, we will perform a more sophisticated calculation of jet quenching
at RHIC by employing relativistic three-dimensional hydrodynamical to model the
space-time evolution of the thermalized medium produced in those collisions.

As has been mentioned earlier, significant jet quenching has been discovered at
high pr in central Au+Au collisions at RHIC. Experimentally, jet quenching can be

quantified by measurements of various quantities, such as the nuclear modification

99
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factor Raa in central collisions as well as non-central collisions [139]. Additional
tomographic observables are high pr triggered correlation measurements, see e.g.
[140, 141, 142, 143]. In this and next chapter, we will focus on the nuclear suppression
of single particle spectra, and two particle correlations will be addressed in Chapter
6, where we present our study on the energy loss of photon-tagged jets at RHIC.
There have been considerable theoretical effort developed to improve our under-
standing of jet-quenching in the nuclear medium [144, 145, 146]. However, early cal-
culations often relied on an elementary description of the soft medium, which varies
with time unconstrained by the bulk observables. Recently, a 3D hydrodynamical
evolution calculation [137] of the expanding medium in central and non-central colli-
sions was employed in detailed studies of jet energy loss as predicted in the BDMPS
formalism [147, 148] and in the higher twist formalism [149]. In this effort, we ap-
ply the tools described in Chapter 3 to the energy loss of the hard partons induced
by gluon bremsstrahlung in the thermal partonic medium in central and non-central
collision as inferred from 3D relativistic hydrodynamics [137]. The incorporation of
the collisional energy loss will be done in Chapter 5. Note that in our approach,
we only considers the energy loss in the thermalized partonic phase, and the energy
loss in the confined hadronic sector is excluded in the present study, as essentially no
jet-quenching has been observed in d4Au collisions [85]. Here we present a calcula-
tion of Ra4 as a function of transverse momentum (and the azimuth) in central and

non-central collisions and also study the rapidity dependence of this quantity.

4.2 Relativistic 3D hydrodynamical medium

In this section, we briefly review the relativistic ideal three-dimensional hydrodynam-
ical model [137], which will be applied to describe the space-time evolution of the hot
QCD matter being created in Au+Au collisions at RHIC.

The behavior related to the bulk properties of the high energy density phase in
heavy-ion collisions at RHIC is well described by Relativistic Fluid Dynamics (RFD,
see e.g. [44, 45, 46]). It should be noted that this description is not applicable in the
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late dilute stages of the collisions as the mean free path of hadrons is large than the
typical length scales of the system. Here in the calculation of the ultra-relativistic
regime of heavy collisions at RHIC, we utilize the coordinates (7,x,y,n) with the
longitudinal proper time 7 = v/t — 22 and space-time rapidity n = 1 In[(t+2)/(t—2)].

We have already seen, in Chapter 1, the evolution of the system is controlled by

the relativistic hydrodynamical equations,
9, T" (z) =0, 9,55(x) =0. (4.1)

For an ideal fluid, the energy momentum tensor 7" (x) and the baryon density current

j&(z) can be expressed as
T (x) = (e(z) + P(z))u#(z)u”(z) — P(x)g", jh(z) = np(z)u”(z). (4.2)

To solve the above partial differential equations, an equation of state (EoS), ¢ =
¢(P), has to be specified. Here we use a simple equation of state with first order phase
transition between QGP phase and hadron phase. Above the critical temperature
(T, = 160 MeV at u = 0), the medium is described by a bag model will massless u,
d, s quarks and gluons [150, 151]. Below the critical temperature 7,, a hadron gas
equation of state with corrections from excluded volumes [152] is employed.

The initial conditions have to be provided to solve the relativistic hydrodynamical
equations. The information of the initial conditions can be extracted by comparing
to the experimental data. Here, we assume early thermalization with subsequent
hydrodynamical expansion at 7, = 0.6 fm/c. The initial energy density and baryon

number density are parameterized by
e(z,y,m) = emaxW (2, y; b) H (1),
TlB(CC,y,U) = anaxW(xay;b)H(n)7 (43)
where b and €max (NBmax) are the impact parameter and the maximum value of energy

density (baryon number density), respectively. The transverse distribution W (z, y; b)

is parametrized by a combination of binary collision model and wounded nucleon
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model [153],

2
d Ncoll
dQT‘_L

dszart

W(z,y;b) = w o

+(1—w)

(4.4)

where w is the weight factor for binary scaling. The binary scaling is characteristic
of “hard” particle production processes, while the wounded nucleon scaling is char-
acteristic of “soft” particle production processes. The longitudinal distribution H(n)

is parametrized by

H(n) = exp [~ (In| —m0)*/(202) - (0| = m0)] , (4.5)

where 7y and o, determine the plateau size and spreading of the longitudinal distri-
bution. The initial conditions have been chosen such that a successful description
of the soft physics at RHIC (elliptic flow, pseudo-rapidity distributions and low-pr
single particle spectra) is achieved. Below, we list the values of the parameters at

7, = 0.6fm/c used in the our calculation:
€max = 55 GeV/fm®, npmax = 0.15 fm™, w =06, o = 0.5, 0, = 1.5.  (4.6)

Once the EoS and the initial conditions at 7; have been specified, the hydrody-
namical evolution of the system is determined uniquely. This allows us to calculate
the properties of the soft matter at RHIC, especially collective flow and particle spec-
tra. The particle momentum spectra at freeze-out may be obtained by employing

Cooper-Frye formula [53],

dN g g 1
Jopahig / do,p" f(z, p) = / do,p* (4.7
Fp ~ Js, @p 0 IO = [ Gt St — i £ 40

where do,, is the normal vector to the freezeout hyper-surface ¥y, p# is the parti-
cle momentum, f is the single particle phase space distribution function, and py is
chemical potential at freeze-out. Here, the freezeout process is assumed to happen
when a temperature in a volume element of fluid is equal to a freezeout temperature
Ty = 110 MeV. Also the freezout temperature Ty may be treated as a free parameter

and determined by comparing to the experimental data on single particle spectra.
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It should be mentioned that the 3D hydrodynamical model used in this thesis
does not take into account the subsequent interactions among hadrons after freeze-
out. Those interactions may be described by microscopic transport models, such as
Ultra-relativistic Quantum Molecular Dynamics (UrQMD) [57, 58]. As for this case,
the ensemble of hadrons produced at freezeout is used as the initial input for UrQMD
calculation. For further details of the implementation of UrQMD calculation and its

possible implications, we refer the reader to {137].

4.3 Jet evolution in the soft medium

In this section, we present the techniques employed to calculate the initial jet pro-
duction in the early stage of the collisions, the subsequent propagation through the
hot and dense medium, and final hadronization in the vacuum. As we focus on the
hadrons in the high p; region, fragmentation will be the dominant mechanisms for
the production of hadrons. Other mechanisms such as the recombination of par-
tons become of increasing significance for the production of softer hadrons (below
pr ~ 7 GeV/c) [154].

The momentum distribution of initial hard jets is computed from pQCD in the

factorization formalism [113],

do’, L 2ms s
o :Z/dxaGa/A(xa,Q)Gb/g(xb,Q)— b g &Patboitd

4 . 4.8
d*prdy o T 2w, — Tpey dt (48)

In the above equation, G,/4(za, @) is the distribution function of parton a with mo-
mentum fraction x, in the nucleus A at factorization scale @, taken from CTEQ5
[155] including nuclear shadowing effects from EKS98 [156] !. The index j represents
one of the partonic species (j = ¢,§,g), and z} = 2p§~/m, where /sy is the
center-of-mass energy for nucleon-nucleon collisions. The distribution do/dt is the
leading order QCD differential cross section, and the K-factor accounts for next-to-

leading order (NLO) effects and is taken to be constant in our calculation as it is

1Unless otherwise stated, in the following discussions the use of CTEQ5 + EKS98 for nuclear parton

distribution functions will be applied.
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almost pr independent [138) 157, 158]. The initial Cronin effect is neglected in our
calculation since the nuclear modification factor of neutral pions from d+Au collisions
is consistent with 1, within systematic errors [159].

The hadron production is obtained by introducing the hadron fragmentation func-
tion Dy/;(2;, @), which gives the multiplicity of the hadron A with the momentum
fraction z; = pr/ p’T produced from a jet j at a scale Q. For p+p collisions, as no
medium is produced (thus no energy loss for the jets), the final hadron spectra are

obtained by fragmenting the initial hard jet spectra,

do}, dz;
= E D
dszdy / h/j z]’QF)

doJ

d2 ]dz

(4.9)

In our calculation, the fragmentation function is taken from the KKP parametrization
[160]. The factorization scale @ = p}. and fragmentation scale Qp = pr are set as
in [138] where the K-factor is found to be 2.8. These values nicely reproduce the
experimentally measured 7% yield at mid and forward rapidity in p+p collisions at
VSvn = 200 GeV, as shown in Fig. 4.1 and Fig. 4.2, where experimental data
are taken from PHENIX [161] and STAR [162], respectively. It can be clearly seen
that replacing the CTEQS5 parton distribution functions by MRSTO01 [163] yields
essentially the same result for the inclusive 7% production in p+p collisions. We point
out that the presence of a nuclear medium in relativistic heavy ion collisions might
in principle alter these scales but we postpone a detailed study of this possibility to
future research.

As for the hadron production in Au+Au collisions at RHIC, we must include the
energy loss of hard jets during their propagation through the thermalized medium
produced in those collisions before fragmentation in vacuum. This is performed by
taking into account the induced gluon emission during jets travelling. The jet energy
loss depends on the path taken by the jet and the medium profile along that path,
which in turn depends on the location of the production vertex 7 of the jet and its
propagation angle ¢ with respect to the reaction plane. Therefore, we must convolve
the jets over all origins 7| and directions ¢.

The probability density distribution of initial jets Pap(b,7L) at the transverse
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Figure 4.1: The inclusive cross section for 7% production versus 70 transverse momentum at mid-
rapidity in pp collisions at /syny = 200 GeV, compared with PHENIX data.

position 7, in A+B collisions with impact parameter bis given by

Paalhit)— T T bﬁlzr(i)m ~5/2) (4.10)

Here we use a Woods-Saxon form, p(7,, 2) = po/[1 + exp(*57+)], for the nuclear den-

sity function to evaluate the nuclear thickness function T4 (7L) = [dzpa(FL, z) and
the overlap function of two nuclei Tap(b) = [ d?r Ta(7)T5(TL + 5) The values of
the parameters R = 6.38 fm and d = 0.535 fm are taken from [63].

We have already seen, in Chapter 3, the evolution of jet momentum distribution
Pi(p,t) = dN,;(p,t)/dp (essentially the probability of finding a jet with energy p at
time ¢) in the medium is obtained by solving a set of coupled rate equations for

quarks, anti-quarks and gluons, which have the following generic form,

dP;(p,t) / dl5,(p + k, k) dl5,(p, k)
A dk |Py(p + k,t)—L——"1 — Pi(p, t) —2—2| | 4.11
where dT,(p, k)/dkdt is the transition rate for the partonic process j — a + b. We

point out that the calculation includes not only the emission but also the absorption
of thermal partons as the k integral in Eq. (4.11) ranges from —oo to oo.
The strength of the transition rate in pQCD is controlled by the strong coupling

constant «g, temperature T and the flow parameter 5 (the velocity of the thermal
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Figure 4.2: The inclusive cross section for 79 production versus 7° energy at forward rapidity in pp

collisions at /syny = 200 GeV, compared with STAR data.
medium) relative to the jet’s path. In a 3D expanding medium, the transition rate
is first evaluated in the local frame of the thermal medium, then boosted into the

laboratory frame,

dl'(p, k)
didt

dI'(po, ko)
dkodty ’

local

=(1-- ﬁ) (4.12)

lab
where ko = k(1 — 0 3)/vVT=02 and t = t/T — B2 are momentum and the proper
time in the local frame, and v is the velocity of the jet. As jets propagate in the
medium, the temperature and the flow parameter depend on the time and the posi-
tions of jets, and the 3D hydrpdynamical calculation [137] is utilized to determine the
temperature and flow profiles. The energy-loss mechanism is applied at 75 = 0.6 fm/c,
when the medium reaches thermal equilibrium, and turned off when the medium
reaches the hadronic phase.
The final hadron spectrum at high pr in A+B collisions is obtained by the fragmen-

tation of jets in the vacuum after their passing through the 3D expanding medium,

do’ 5(b) - /dz dUAB(b rl,¢)
T A N WP g D i@ 413

where do?, 5/ d*prdy|g, is the final momentum distribution of the jet initially created

at transverse position 7, and propagating at azimuthal angle ¢. The yield of final



4.4 Results 67

hadron production is given by,

dNZB (b) - Ncoll(b) do’le (b)
d*prdy onn  d?prdy '

(4.14)

The nuclear modification factor R4 is defined as the ratio of the hadron yield in

A+A collisions to that in p+p interactions scaled by the number of binary collisions

onn_ ANRp(b)/d*prdy _ doA(b)/dprdy

R b, pr,y)= = 4.1
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Figure 4.3: The neutral pion R4 at midrapidity in most central (upper) and midperipheral (lower)
Au+Au collisions at RHIC compared with PHENIX data.

In this section, we present the numerical results of our radiative jet energy loss
study. Here we only show results for the nuclear modification factor R44 for neutral
pions, as results for charged hadrons (including contributions from charged pions,
kaons and protons) are qualitatively similar. In Fig. 4.3, we present the calculation
of the nuclear modification factor R44 for neutral pions measured at midrapidity
for two different impact parameters b = 2.4 fm and b = 7.5 fm, compared with
(preliminary) PHENIX data for most central (0 — 5%) and midcentral (20 — 30%)
collisions [139].
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The strong coupling constant ay is the only quantity which is not uniquely deter-
mined in the model once the medium evolution is fixed by the initial conditions and
subsequent 3D hydrodynamical expansion. The value of «; is a direct measure of the
interaction strength and adjusted in such a way that the experimental data in the
most central collisions is described. The same value, a; = 0.33, is used in peripheral
collisions. Treating a, as a constant from early thermalization on down to the phase
transition temperature is a simplification and corresponds to the assumption that the
deconfined phase of the medium formed in Au+Au collisions at \/syy = 200 GeV
at RHIC can be characterized by one average effective coupling. We have verified
that choosing different constant values of o, does not influence the shape of R4 as

a function of pr significantly while only the overall normalization is affected.

8§ —————1————1—— 71—

— 1=0.6 fm/c, inner
— 1 =0.6 fm/c, outer
—~ 1=3.6fm/c, inner
-~ T =3.6 fm/c, outer

x (fm)

Figure 4.4: The inner and outer boundaries for T = T, in the transverse plane at two different
proper times, b = 7.5 fm.

In Fig. 4.3, Ra4 at midrapidity is averaged over the azimuth ¢. However, a4
in central collisions alone is not suited to distinguish in detail between different the-
oretical conjectures about jet energy loss [164]. More tomographic capabilities can
be achieved if one studies R44 at midrapidity in non-central collisions not only as a

function of pr averaged over ¢ but also as a function of the azimuth ¢ [139)].
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Figure 4.5: The time evolution of the temperature seen by a jet initially created at (rg, ¢g) moving
in plane and out of plane through the medium, b = 7.5 fm.

In non-central collisions, the initial geometric asymmetry for the reaction zone
leaves its imprint on the subsequent 3D hydrodynamical evolution. As a result,
initial jets experience different energy loss due to the different local properties of the
nuclear medium with which they interact. The important input from the evolution
is the temperature in the rest frame of the local fluid that the jet experiences (and
to a lesser extent the flow profile of the medium, as discussed later).

To illustrate the geometrical asymmetry of the medium, we show in Fig. 4.4
isotherms for T' = T, in the transverse plane for an impact parameter of b = 7.5 fm
at two different proper times of the evolution. They represent the inner and outer
boundaries of the mixed phase during the evolution. The geometric asymmetry of the
temperature profile can be clearly seen from the plot. Both boundaries move towards
the center and the inner boundary moves faster than the outer boundary. It is useful
to define the emission in plane (¢ = 0) versus out of plane (¢ = 7/2).

Fig. 4.5 shows the temperature observed by a jet traversing this medium. The
jet is assumed to be created at position (19, ¢o) by a hard scattering at early times
in the heavy-ion collision. As it propagates through the medium, the surrounding

environment will change from the QGP phase to the mixed phase, then to the hadronic
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phase and will eventually freeze-out. We plot the temperature evolution experienced
by jets that are created in a symmetric position (¢g = 7/4) relative to in-plane and
out-of-plane and illustrate the geometrical asymmetry of the medium experienced by
the jet. We compare jets starting at the origin and those at 1o = 3 fm.

As is clearly evident, jets that propagate out of plane pass the mixed phase and
the hadronic phase at a later proper time than those traversing in plane and will
interact with the deconfined and mixed phase of the medium longer. As a result, the
energy loss experienced by the jets propagating out of plane will therefore be larger

than in plane if they start from the same point and carry the same energy.
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Figure 4.6: The neutral pion R4 4 at midrapidity for emissions in plane and out of plane as a function
of pr for different impact parameters.

This behavior is reflected in Fig. 4.6, where R4 is shown as a function of pr for
emissions in plane and out of plane for different impact parameters. While there is
a very small difference for B44 between the two planes in central collisions, a much
larger difference for midcentral collisions (~ 13% for b = 7.5 fm) is predicted, as can
been seen from the ratio of B44 out of plane to that in plane shown in Fig. 4.7.

As a further tomographic quantity, one can also study K44 for non-central colli-
sions as a function of the azimuthal angle ¢ for different pr. In Fig. 4.8, we show the

ratio of differential R44(¢) to the ¢-averaged Raa as a function of ¢ for three different
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pr. From the plot, we observe a monotonous decrease of R4, for emissions from in
plane to out of plane. This reflects (an average of) the asymmetric temperature (and

flow) profiles experienced by the jets while they traverse the medium.
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Figure 4.7: The ratio of the neutral pion R4 at midrapidity for emissions in plane and out of plane
as a function of pr for different impact parameters.
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Figure 4.8: The neutral pion R44 at midrapidity as a function of the azimuthal angle ¢ of the pion
for different pr, b = 7.5 fm.

The azimuthal anisotropy is often studied in terms of Fourier expansion of the

particle spectrum dN/d*prdy as

dN AN
- L+ 20n(pr,y) cos(ng) | , 4.16
ordordddy ~ Zrprdpedy |- 2 20n (P y) cos(nd) (4.16)
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Figure 4.9: The neutral pion vy at midrapidity in most central (upper) and midperipheral (lower)
Au+Au collisions at RHIC compared with PHENIX data.
where the coefficient v, is given by

27 de cos(ng)dN/d®prdy
2" dpdN/d2prdy

It is evident that all odd coefficients vanish because of symmetry, leaving the coeffi-

vn(pr,¥) = (4.17)

cient ve to be the most important one.

In Fig. 4.9, the anisotropy parameter vy of 7° production in Au+Au collisions
at RHIC energies is shown as a function of py. Our calculation is compatible with
available experimental data at high pr. Our results imply that v, at high pr is almost
identically zero for most central collisions, as the medium is essentially symmetric with
respect to the azimuthal angle. As for for mid-peripheral collisions (b = 7.5 fm), vy
is positive (around 0.03) and has little dependence on hadron pr. It should be noted
that our calculation includes only fragmentation for the final hadron production, thus
our result is only reliable at higher py regime. For the production of softer hadrons
(below pr ~ 7 GeV/c), other mechanisms, such as the recombination of partons,
become of increasing significance [154].

In a 3D expanding medium, there is also considerable collective flow being built up
during the evolution. This can affect the energy loss of jets and may to some degree

influence the asymmetry in the final pion spectrum [165]. To quantify this effect, we



4.4 Results 73

0.5 T T T T T T

0.4

0.3+ ¢=0 - B

<
- o=n/2
0.2 _
L — ¢ =0, incl. flow _
— ¢ =m/2, incl. flow
0.1 - = 0 =0, no flow N
L - = ¢ =7/2, no flow -
. | . 1 . I .
% 5 10 5 20

Py (GeV/c)

Figure 4.10: Comparing the neutral pion R44 at midrapidity with and without flow for emissions
in plane and out of plane as a function of pr, b = 7.5 fm.

use the same 3D hydro temperature profile, but disregard the transverse flow. We
compare the case with flow to one where the flow velocity is disregarded, namely B =0
is enforced by hand in Eq. (4.12) (only for illustration purposes). This treatment can
give an estimate on how collective flow (not the temperature of the medium) influences
the jet energy loss in the evolution. As is shown in Fig. 4.10, flow effects only slightly
increase the quenching power of the medium in the calculation. It is emphasized that
for a realistic hydrodynamical calculation, the overall temperature of the medium
would not drop as fast if collective flow was switched off and the medium itself would
expand more slowly in this case.

We may perform more differential analysis of jet quenching in a three dimensional
dynamical evolving medium, i.e. the dependence of the nuclear suppression of jets on
their initial production vertices 7| = (z,y) in the transverse plane. For example, one
may cut the transverse plane into many small slices along z axis and study Ra4 of
the hadrons produced from the quenched jets originating in each of those slices. This

corresponds to calculating the following quantity,

_ JdyPaa(z,y)Raalz,y)
Raa(z) = TdyPartey) (4.18)
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Figure 4.11: In-plane Ra4 for neutral pions as a function of jet origin 2 in Au+Au collisions at
RHIC. The momenta of pions are take to be 8 GeV/c < pr < 10 GeV/c.
where z is the mid-point of each slice (or we may perform the integration over z
around the mid-point in both numerator and denominator). In Fig. 4.11, we show
R 44 of neutral pions with transverse momenta 8 GeV/c < pr < 10 GeV /¢ originating
from quenched jets moving in the positive x direction as a function of jet production
vertices along the z-axis. It can be clearly seen in the plot that the quenching of jets
has a strong dependence on the medium size traversed by jets before fragmentation.
Furthermore, a small rise of R4 is observed when jets are produced in the furthest
slice. This is because the medium traversed by those jets has the smaller energy
densities and temperatures compared to those jets produced in more central positions.
Another highly interesting question is where those quenched jets that produce the
hadrons with a certain momentum pr come from. This is equivallent to the question
how big is the probability for the jets to survive and fragment into hadrons after
traversing a certain depth of thermal medium. Mathematically, one may define a

normalized probability density function P(z,y) as follows,

. ,PAA(‘T) y)RAA(xa y)
Pley) = [ dzdyPaa(z, y)Raalz,y)’ (4.19)

where the position-dependent nuclear suppression factor Raa(z,y) is weighted with
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Figure 4.12: The probability distribution of initial jets in transverse plane to produce a hadron in
plane with a transverse momentum pr in Au+Au collisions at RHIC. The distribution has been
projected onto x axis by integrating out the distribution in y direction.

the jet probability density function Psa(z,y). In fact, this is the conditional probabil-
ity of finding a jet at the position (z, y) given that a hadron with a certain momentum
pr is observed. In Fig. 4.12, we show the probability function P(z,y) projected onto
x axis (y-integrated probability P(z) = [ dyP(z,y)). Again we look for neutral pions
originating from quenched jets moving in the positive z direction. From the plot, we
observe that in most central collisions (b = 2.4 fm), hadrons are more likely produced
from those jets around = = 3 fm region, not in the center. This is due to the fact that
the medium traversed by jets produced around the center has the largest energy den-
sity. As we move to more peripheral collisions, the energy loss by those jets become
smaller. Consequently, the most probable region for jets to produce hadrons become

closer to the center of the medium (around z =1 fm for b = 7.5 fm).

4.5 Nuclear suppression of jets at forward rapidity

We point out that a further interesting quantity is R4 4 as a function of pr at forward
rapidity. The formalism as outlined in the above sections can be straightforwardly

extended to treat this case. Here we restrict ourselves to only moderate deviations
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from midrapidity (maximum forward rapidity y = 2). One reason is that the nuclear
parton distribution functions can be less exactly determined in the relevant region
[156, 166]. On the other hand, the assumption of a thermalized medium essential for

a hydrodynamical treatment is no longer fulfilled far away from midrapidity.
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Figure 4.13: The jet (quark plus anti-quark) transverse momentum distribution at different rapidi-
ties, b = 2.4 fm.
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Figure 4.14: The neutral pion Ra4 at different rapidities, b = 2.4 fm.

In Fig. 4.13, we show the initial jet distribution of quarks plus anti-quarks for
different rapidities. Note that at finite rapidity, the energy of a highly-relativistic jet

with a transverse momentum pr is given by E = ppcoshy. Therefore, the kinematical
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cut off at E' = /syn/2 = 100 GeV is reached at lower pp for finite y.

In Fig. 4.14 we show R4 as a function of pr for central collisions (0 — 5%,
b = 2.4 fm) at mid and forward rapidity. It is interesting to notice that R44 behaves
quite differently as a function of pr at y = 2 than at y = 0. This is not only due to
the different temperature profiles of the hydrodynamical medium at forward rapidity

but also strongly influenced by the different initial jet distributions, see Fig. 4.13.
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Figure 4.15: Comparing neutral pion R4 with and without nuclear shadowing effect at different
rapidities, b = 7.5 fm.

To provide additional insight, we studied the same quantity averaged over ¢ for
midcentral collisions with an impact parameter of b = 7.5 fm with and without nuclear
shadowing effects taken into account in the parton distribution functions utilized in
Eq. (4.8). Results are shown in Fig. 4.15. It is interesting to notice that R44 is not
monotonously increasing as a function of pr. The midrapidity R4 is decreasing above
~ 18 GeV/c (with nuclear shadowing), the turning point for y = 1 is at ~ 9 GeV/c
(with nuclear shadowing). The values of R44 at y = 2 decreases monotonically above
~ 6 GeV/c in the case without nuclear shadowing and exhibits two turning points if
shadowing is taken into account. We have also found that assuming a simple power
law approximation for dN/d?prdy distributions for all values of pr would lead to

increased R44 at higher pr (comparison not shown). This demonstrates that the
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overall decrease of R44 at higher pr is mainly due to the initial jet distribution
according to Eq. (4.8) at high transverse momentum which decreases faster than an

overall power law, see Fig. 4.13.
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Figure 4.16: The neutral pion R44 at midrapidity in most central (upper) and midperipheral (lower)
Au+Au collisions at RHIC compared with PHENIX data. Different prescriptions of nuclear parton
distribution functions are used for comparison.

The non-monotonous behavior of R44 at forward rapidity at higher pr can be
traced back to the parton distribution function. As has been pointed out earlier, see
e.g. [166], the determination of nuclear parton distribution functions (nuclear PDFs)
from experimental data is ambiguous. These uncertainties can also influence the
calculation of the nuclear modification factor at mid and forward rapidity at RHIC. To
illustrate this, here we compare results obtained with the nuclear parton distribution
functions as determined by NPDF04 [166] with those that were employed so far,
namely EKS98. We remind that the nucleon parton distributions which NPDF04
and EKS98 rely on, namely MRSTO01 and CTEQ5, respectively, lead to almost the
same prediction of the inclusive cross section for 7° production in p + p collisions
(compare Fig. 4.1 and Fig. 4.2).

In Fig. 4.16, we show the neutral pion R44 at midrapidity in central and midpe-

ripheral Au-+Au collisions at RHIC as obtained with the two different nuclear PDF's.
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Figure 4.17: Comparing neutral pion R44 at different rapidities using different descriptions of
nuclear parton distribution functions, b = 2.4 fm.

Differences due to the different nuclear PDF's appear especially at larger transverse
momenta of the produced pions. The same holds true for R44 at forward rapidity,
see Fig. 4.17 for a comparison in central collisions.

It is possible to trace these differences in R4 back to differences in the initial jet
distributions resulting mainly from the different shadowing descriptions. We show in
Fig. 4.18 upper panel the ratio of the initial quark and anti-quark jet distributions
as inferred from NPDF04 to EKS98. This translates - after jet-energy loss and frag-
mentation have been taken into account - into a similar behavior of the ratios of the
nuclear suppression factor K44 in the two cases. Differences in the initial distribution
(mainly resulting from different nuclear shadowing) will therefore be reflected in R44
at mid and forward rapidity and at different centralities. This clearly demonstrates
that that R4 is not only sensitive to the employed jet quenching formalism but also
to nuclear shadowing effects. The reason is that — even after energy loss and frag-
mentation — R4 4 is sensitive to the initial jet distribution which in turn varies within
the uncertainties of the determination of nuclear shadowing. A further reduction
of uncertainties in the determination of nuclear shadowing effects will make a more

stringent test of jet quenching formalisms by R44 measurements.
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Figure 4.18: The ratio (NPDF04/EKS98) for the initial quark plus anti-quark jet distributions
(upper) and nuclear modification factors Ra4 (lower) using different descriptions of nuclear parton
distribution functions, b = 2.4 fm.

In the above calculation, the 3D hydrodynamical model has been applied to de-
scribe the evolution of the thermalized medium created at RHIC. One may address
the question: how the above results would change if one utilizes a 2D hydrody-
namical evolution model? Here we investigate this issue by comparing the full 3D
hydrodynamical calculation to an effective 2D boost-invariant approach in which the
hydrodynamical solution at midrapidity is assumed to describe the medium at for-
ward rapidity. More specifically, the information of the medium at finite rapidity is

inferred by applying longitudinal boost invariance,

. L= . 3.(0,7,7 "
T(na T, T_L) = T(Oa T, T.L)y ﬁJ_(n)Ta T_L) = %n—llwﬁz(n,’r; T‘L) = tanh'f], (420)

where the medium profile at midrapidity is obtained from 3D hydrodynamical calcu-
lation. This corresponds effectively to imposing a posteriori Bjorken expansion onto
the non-Bjorken hydrodynamical evolution. We study the ratio of Rya by imposing
a boost invariant expansion, and comparing with the fully 3D non-Bjorken evolution.

Fig. 4.19 shows a calculation at forward rapidities for non-central collisions with
a finite impact parameter of b = 7.5 fm. This ratio is obviously not measurable, but

is interesting from a theoretical point of view. Its relatively strong deviations from
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Figure 4.19: The ratio of the neutral pion R4s4 imposing a boost-invariant expansion to Raa as
calculated from the 3D hydrodynamical (non-Bjorken) medium, b = 7.5 fm.

1 at y = 2 stem mainly from the different transverse temperature profiles at forward
rapidity in the non-Bjorken evolution whereas these differences at y = 1 are not
significant. The fact that the ratio is rather flat in pr (it varies only in the range of
0.7£0.05 for y = 2) indicates that the reduction of the quenching power of the medium
in the non-Bjorken case compared to the boost-invariant one is similar for partons over
the full range of initial jet energies probed in the collision. Therefore a measurement
of the absolute normalization of R44 at midrapidity and forward rapidities might be
useful in quantifying the deviations arising from the simplifications made in boost
invariant expansion models.

In 3D hydrodynamical calculation, the longitudinal distribution of the initial
medium profile is parametrized by the function H(n) in Eq. (4.5). With this input,
the final temperature and flow profiles are obtained by solving the hydrodynamical
evolution equations in both transverse and longitudinal directions simultaneously.
One might be interested in the influence of the longitudinal evolution on the medium
expansion in the transverse directions. To address this issue, we may still assume the

boost invariance for flow profiles, but the temperature profile of the medium at finite
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Figure 4.20: The ratio of the neutral pion R44 by decoupling longitudinal direction from transverse
direction to Raa as calculated from the 3D hydrodynamical (coupled) medium, b = 7.5 fm.

rapidity is reduced by the factor H(n) compared to that at mid rapidity,

- — = — ﬁ 0: TJIF —
T(U, 7, TJ_) = T(Oa 7, TJ—)H(n)v /BJ.(T]3 T, TJ_) = ——l((jml—’l]l_), ﬁz(na T, TL) = tanh 71(421)

As long as the longitudinal evolution decouple from the transverse expansion, we
may use the above equation to infer the medium profiles at finite rapidity from the
information at mid rapidity. Thus, by comparing R4, at finite rapidity using the
real 3D hydrodynamical calculation (the longitudinal and transverse directions are
coupled) to that using the above estimation, we might be able to know whether it is
important to include the longitudinal expansion for jet quenching study at forward
rapidity. Such comparison is shown in Fig. 4.20, where we show the ratio of B4, from
the decoupled case to the coupled case. We may observe that while the longitudinal
direction seems decoupled from transverse expansion at very forward rapidity, they
couple to each other much stronger in the smaller rapidity regime. As a result, the
densities and temperatures of the medium at moderate rapidity are raised by the
medium at mid rapidity if we solve the coupled equations in the longitudinal and

transverse directions simultaneously, leading to higher suppression of jets.
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Figure 4.21: The neutral pion R4 at midrapidity in most central Au+Au collisions at RHIC
compared with PHENIX data. Two different hydrodynamical models (2D and 3D) are used for the
description of the thermalized medium created at RHIC.

In this section, we calculate the nuclear modification factor F 44 for charged hadron
production as a function of pr in Pb+Pb collisions at \/syy = 5.5 TeV in central
collisions at mid-rapidity at the LHC. The energy loss of the partonic jets is calculated
by applying the same formalism described in previous sections to calculate gluon
bremsstrahlung. Here we use a boost-invariant ideal hydrodynamic model with initial
conditions calculated from perturbative QCD + saturation [138, 167].

The strong coupling constant «; is a direct measure of the interaction strength
between the jet and the thermalized soft medium and is the only quantity not uniquely
determined in the model, once the temperature and flow evolution is fixed by the
initial conditions and subsequent hydrodynamical expansion. We verified that by
assuming a constant oy = 0.33, R4 for 7° production as a function of pr as obtained
in the same boost-invariant ideal hydrodynamical model adjusted to Au+Au collisions
at /syy = 0.2 TeV at RHIC [138] is in agreement with preliminary data from
PHENIX in central collisions at RHIC. The result is very close to the one obtained

in 3D hydrodynamics presented in previous sections, as shown in Fig. 4.21.
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Figure 4.22: The time evolution of the temperature seen by a jet initially created at (o, ¢g) moving
in plane through the nuclear medium created in most central Au+Au collisions at RHIC (b = 0 for
2D and b = 2.4 fm for 3D).

Although the calculations of R4 in two different hydrodynamical models agree
with each other, the medium profiles inferred from two models are quite different. Es-
pecially, the initial conditions are quite different between two hydrodynamical mod-
els, i.e., the initial equilibrium time 7; = 0.6 fm/c in 3D hydrodynamical model [137],
whereas 7; = 0.17 fm/c in 2D hydrodynamical model {138]. This difference is under-
stood from different assumptions employed to infer the initial conditions. In Fig. 4.22,
we compare the temperature profiles from 2D and 3D hydrodynamical calculations
for Au+Au collisions at RHIC.

It is conjectured that «, should not be changed very much at the LHC since the
initial temperature is about twice larger than the one at RHIC whereas a; is only
logarithmically dependent on temperature. In Fig. 4.23 we present a prediction for
charged hadron Ra4 as a function of pr at mid-rapidity for central collisions at the
LHC. We present results for a; = 0.33 and 0.25. We consider that these two values
of a, define a sensible band of physical parameters. Note that here we only include
the radiative energy loss from induced gluon radiation. The above prediction for the

LHC will be changed if we include the collisional energy loss (see Chapter 5).
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Figure 4.23: The pr dependence of the nuclear modification factor Raa for charged hadrons in
central Pb+Pb collisions at mid-rapidity at the LHC.

4.7 Conclusions

In this chapter, we have studied the jet energy loss by employing a 3D hydrodynamical
evolution model [137] to describe the bulk properties of matter created in heavy-ion
collisions at RHIC.

We first calculated the nuclear suppression factor R4 as a function of pr for
neutral pions in central and non-central collisions. Our model calculations are in
good agreement with the current available experimental measurements. Then we
provided the calculations of R4 4 as a function of pr and the azimuth ¢ in non-central
collisions. These give us more capabilities to understand the interaction between hard
jets and the hot and dense medium at RHIC once further data become available. We
furthermore studied RB44 as a function of pr in central and non-central collisional
at forward rapidity. It is found that a measurement of these dependences might not
only be able to reveal more information about the nuclear medium, but also provide
a possibility to observe nuclear shadowing effects in the initial parton distribution
function indirectly given appropriate experimental resolution.

In conclusion, our study provides a stringent test of our theoretical understanding

of jet energy over a variety of initial jets and medium profiles, and thus lays the
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groundwork for a tomography of the nuclear medium. It is noted that additional
tomographic information can be obtained by measuring high pr triggered correlations.

This will be addressed in Chapter 6.



5

Radiative and collisional jet energy loss in the quark-gluon plasma

This chapter follows our recent work [104, 105, where we calculate and compare ra-
diative and collisional energy loss of hard partons traversing a quark-gluon plasma.
We include both radiative energy loss by induced gluon radiation and additional en-
ergy loss by elastic collisions. It is found that the solution of Fokker-Planck equations
of the probability density distributions of partons until fragmentation is decisive for
a correct calculation of the nuclear modification factor R44 for hadron production
in heavy ion collisions. While the averaged energy loss induced by elastic collisions
is smaller compared to the radiative one, the time evolution of parton distribution
function differ significantly in both cases. We find that the magnitude of Ray4 is

sensitive to the inclusion of both collisional and radiative energy loss contributions.

5.1 Introduction

In Chapter 4, we presented a calculation of R4, in central and non-central collisions
by calculating the jet energy loss induced by gluon bremsstrahlung. In this chapter,
we consistently incorporate collisional and radiative energy loss in the same formalism
and to employ this formalism in a realistic description of energy loss of hard pr leading
partons in the soft nuclear medium as described by (3+1)-dimensional hydrodynamics
in \/syn = 200 GeV Au+Au collisions at RHIC.

Several points are to be emphasized here. First, although there have been extensive
literatures addressing the radiative or collisional energy of hard jets in a thermal
medium, this is the first study which incorporates both radiative and collisional energy

loss in the same formalism. Second, in many previous jet-quenching calculations, the

87



5.2 Collisional jet energy loss in QGP 88

average energy loss is applied to the primary partons. However, bremsstrahlung and
collisional energy loss are not well described by an average energy loss alone. In fact,
the evolution of the probability density distributions of partons until fragmentation
is the decisive quantity for such studies [131]. In our model, we directly evolve
the spectrum of partons as they undergo bremsstrahlung and collisional energy loss.
Third, a lot of approaches take the LPM coherence effect as a parametrically large
suppression. This is only true when the parent parton and the emitted gluon are
highly energetic. For small radiated gluon energies, the LPM suppression can be
significantly less. In fact, those bremsstrahlung events with small energy radiation
are of significant importance in jet quenching due to the steeply falling initial parent
parton spectrum [131]. Fourth, until recently most jet quenching calculations used
simple medium models only loosely constrained by the value of bulk observables. Here
we use the (3+1)-dimensional hydrodynamics to describe the thermalized medium

produced in Au+Au collisions at RHIC [137].

5.2 Collisional jet energy loss in QGP

We now consider a high energy jet of energy E traversing a thermalized QCD plasma
with a temperature T'. The jet will lose energy by scattering off thermal particles, i.e.,
through binary elastic collisions. The interaction rate I'(E) for the binary scatterings

between the jet of energy F and the thermal particles is given by

d &k &y Bk i S
L(E)=25 (2m)32k (zw)sz' / Gy 2O P K= PP K)
x| M2 f(k)[1 £ f(K)]. (5.1)

In the above equation P = (E,p) and K = (k, k) are the four-momenta of the
incoming jet and the thermal parton, and P’ = (E',7") and K’ = (k’,/;’) are four-
momenta of the outgoing jet and thermal parton. Here we are interested in the energy
loss of high energy light quarks and gluons and all the particles are set to be massless.
The phase space is weighted by a thermal distribution for the incoming thermal parton
with dy, its statistical degeneracy, and a Bose-enhancement or Pauli-blocking factor

for the outgoing thermal parton.
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Figure 5.1: The ¢ channel Feynman diagrams for the collisional energy loss of quarks: gq and gg
scatterings.
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Figure 5.2: The ¢ channel Feynman diagrams for the collisional energy loss of gluons: gq and gg
scatterings.

Assuming that the energy of the incoming jet is very high F > T, the amplitude
is dominated by ¢ channel gluon exchange processes, as shown in Fig. 5.1 and Fig.
5.2. The energy loss rate dE/dt is related to the differential interaction rate by the

following relation,

: .. dl ,
:/dE(E_E)dEI(E’E)' (5.2)
One may find
b _dy [ &k d*p/ Bk -
di—2E ) (2m)k <2w>32E'/ g 20 (P + K = P! = K')
x(E - E"|MPf(k)[1 £ f(K)], 5.3

To evaluate the integration from ¢ channel processes, we may use the three-momentum
0 function to perform the p’ integration. By introducing an integration variable

w=p—p =k’ —k, the energy loss rate can be written as
d3/-c 3K 1
— 9 = 2 I
/ / 27r 3 16pp kk’(27r)5(p P —w)(2m)o(k — k w)
G35 109 5.4

—

We may shift K integrationto §=p—p' = k' — k and choose a coordinate such that

the z axis is along the direction of ¢ while 7 lies in the xz plane. Then the two ¢
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functions may be written as

/

t
5(p—p'—w)=£5<cos@,,q—%}+ ),

pq 2pq
oK w t
) k/ — Kk — = — gy — — — — ], .
( k—w) o (cos Okq . qu) (5.5)

By taking the limit p — oo, one may find

dE _ di 1
dt — (2m)3 16p?

/0 " dq /_ dew /: dk /O 2”%’?;1&1;2 FR)L£ f(E)], (5.6)

where ¢pquq the is the angle between the p x ¢ plane and k x ¢ plane. The limits of
integrations come from taking into account the restriction from ¢ < k+ %', ¢ < p+p’
and —g < w < q. As is well known, Eq. (5.6) has an infrared logarithmic divergence
which has to be screened by plasma effects. Here we introduce an arbitrary momentum
scale g, to divide the integration over ¢ into two parts, hard part ¢. < ¢ < p and
soft part 0 < ¢ < ¢.. The contribution from hard momentum transfer ~ 71" can
be calculated at tree level, but for the soft momentum transfer ~ ¢7, the hard
thermal loop corrections (HTL) [125] to the propagator of the exchanged gluon must
be employed. The contributions must be matched together consistently to give the
correct energy loss rate to the leading order.

We first compute the energy loss from the hard momentum transfer part. Fig. 5.1
and Fig. 5.2 show the ¢ channel scatterings experienced by the quark jets and gluon

jets. And the corresponding matrix elements squared are {168, 169]

SU.
(1‘72)’

(1—7 - fﬁ) . (5.7)

g 2

_ 4 ,8%+u?
2 4
|]\4t aq — §gs 12 )

g
T 12 4 su 7 12 9 4
’Mtlgq = 2gs 1- t_2 ’ |Mtlgg = 595

|Mﬁ gg =

To evaluate the integral in Eq. (5.6), we need the expressions for the Mandelstam

variables s, ¢t and v in the matrix element |M|?. They are

P- g
—é? {[(p +p,)(/€ + k;') + qg] — COS ¢pq[kq\/(4ppl + t) (4/{5]{}/ + t)} ,
u=-—s —t. (5.8)

t=w
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Then we obtain, i.e., for gg — gq scattering,

d _ 2(2pp’ + 2Kk 2 N2(k + k')?

/ d’kqlpqlMt?:;ll_ (2pp + +w)+(p+p)( + k) . (5.9
2 3 9q? 3q*

Furthermore, we rewrite the Bose or Fermi distribution function in terms of the

infinite sum of Boltzmann distribution function,

1

exp(k/T)F1 i )"~ exp(—nk/T). (5.10)

n=1
By inserting the above expansion, the integral in Eq. (5.6) can be computed analyti-
cally. Then we take the limit p — oo and neglect the terms that vanish as g. — 0.

By using the following relations

1 w2 In(n) ,

;ng @)= % Z — ¢'(2) ~ 0.937548, (5.11)

or
n-1 1 n11n(n 1
S = @, DB - L) s, 6.12)

one may obtain, i.e., for soft momentum transfer, gg — gq scattering,

dFE 2 ET ¢'(2) 23

—| =ZNpmalT? |1 - 13

7 . g Noma [n 7 YE + ) +In2+ — 3 (5.13)

Next we compute the energy loss from the soft momentum transfer part. We may

write ¢ channel matrix element squared |M;|?, i.e., for gg — qq scattering as

| M, |2, = Lo (P, P") Lpg (K, K')D**(Q) D**# (Q). (5.14)

By tracing over the quark line and averaging the spin and color of the initial particle,

one finds, for g ~ g7,
1
Loo (P, Py = 5 G2tr[T°TP)8 P P, (5.15)

The matrix element squared is then simplified to be

32

W=

L D*(Q)Ks| . (5.16)
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In the coulomb gauge, the effective thermal propagator takes the form of
D*(Q) = Ar(w,9)0°%% + Ar(w, q) Pp’, (5.17)

where P® = 0, P{ = §" — §'¢ is the transverse projector and Az(w, q) and Ar(w, q)
are longitudinal and transverse gluon propagators, whose expressions may be found

n [129]

Br(y0) = 5z, Arfwnd) = s (5.19
VT g TPV T R T |
where the explicit expressions for F(ko, k) and Fr(ko, k) are,
2 2 2 I
FL:2mg(l—$ )(1—&7@0(.’1))) y FT—mg—7 (519)

In the above equations, Qo(z) = % n “1 is the Legendre function with z = w/g, and

1y is the thermal gluon mass, m2 = 3(1+ N;/6)g*T?. The final expression of matrix
element squared |M;|? is

| M, iq—%gﬁ KAy + Al (k- g) — (- R - (5.20)

Note that (p-§)(k-§) — (p-k) = sin Opq SIN Oiq COS Prging, and at leading order, sin Oy =

sinf, ~ /1 — w?/q?, we obtain

dey, 32 1 w?\?
/ """’|Mt =3 —gip*k* ||AL® + 5 (1 - ?> |Ar|? (5.21)
The expressions of |A|? and |Ar|? are
1
A= ,
o [¢? + mam2QL (7)) + m2a?m]
1

Arf?= (5.22)

[w? — g% + s7ma(l — 22)m2Qr(2)]? + §7222(1 — 22)?md’

where the functions @Qr(x) and Qr(z) are

QL(x)=1<3-m”’“’), QT(x):%( 2 +1n1”). (5.23)

T \z 1—=x 1— 22 1—-2

Note that the integral Eq. (5.3) is symmetric under the exchange of k and K'. There-
fore it can be symmetrized by replacing the thermal distribution factor f(k)[1— f(k')]
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by (f(k) — f(k’))/2. By making use of the fact that ¢ ~ gT', the thermal distribution

factor can be expanded to lowest order in w,

flk) = f(K)y=—wf'(k)+---. (5.24)

To further simplify the integration, it is convenient to change integration variable
w to z = w/q. The integration over g can be done analytically by taking the limit
gc > my, revealing a logarithmic dependence on g.. The integration over x for the
logarithmic term can be evaluated analytically. The final result for the energy loss

rate from soft part reads

dE

2
dt

9

2
Nyma2T? [m # + cs] : (5.25)

qq g

In the above equation, the constant ¢, accounts for the following integration:

Co=- ' dza? [g In(722%) — In2 + In(1 + Q2 (x)) + 2Q4 () arctan (1/Qx ()
1

+5 In(1 + Q%(z)) + Qr(z) arctan (1/Qr(z))| . (5.26)

The remaining integration over £ may be evaluated numerically, giving ¢, = —1.66246.
It is noted that the result for soft part is consistent with the calculation in [170], where
the energy loss of a high energy quark is computed by considering the effect of the
Lorentz force on the quark by the induced chromo-electric field described by the
screened dielectric functions. l

The resulting expressions for collisional energy loss rate dF/dt|,, for the scattering

of a light hard parton a off a soft thermal parton b are:

dE 2 [ ET 23
2 —ENmalT? In =% i,
a|, 9T _nmg+cf+12+c}’
dE| 4 , ., [ ET 13 _
% :g'ﬂ'QsT X lnm—f—Cb—i-F‘*—Cs )
q9 - g
dB| 1 ool ET 13
E Z-éNfTFOéST ln—ﬁ-i-Cf-f‘E-ch N
99 - g
dE o ET 131
L T s RV I 2 el 5.27
|, 3raiT? x _nm§+cb+ 48+C} (5.27)
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In the above equations, the two constants ¢, = —yg + ('(2)/¢(2) +1n2 and ¢; =
—vEe + ('(2)/¢(2). Note that the collisional energy loss as calculated by [170] differs
by constant terms in the brackets in Eq. (5.27) since only the s%/t? terms were kept
by setting ¢t = 0 and u = —s in the numerators of the matrix elements squared |M;|?
for the hard scattering processes there. Remember that for hard momentum transfer

~ T, t = w? — q? is not necessarily small. It is also noted that these differences are

not of phenomenological importance.
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Figure 5.3: The energy loss rate dE/dt for quarks (upper) and gluons (lower) in a medium of
temperature T' = 400 MeV.

In Fig. 5.3, we plot the energy loss rate dF/dt for quarks and gluons when they are
transversing a thermal medium (N; = 3) with a constant temperature 7 = 400 MeV.
Here, the strong coupling constant of jet-medium interaction is taken to be o, =
1/3. Due to different color charges carried by quarks and gluons, the energy loss
experienced by gluon jets is larger than that by the quark jets (~ 9/4). Also, the
energy loss rate of jets by scattering off the thermal gluons is larger than that by
scattering off the thermal quarks (~ 6/Ny) because of different degeneracies for the

incomong thermal particles.
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5.3 Incorporation of collisional jet energy loss in AMY

In this section, we will address how we incorporate the collisional energy loss and
radiative energy loss consistently in the context of the AMY formalism. We have
already seen, in Chapter 3 and Chapter 4, jet momentum distribution P(F,t) =
dN(E,t)/dE evolves in the medium according to a set of coupled Fokker-Planck type
rate equations with the following generic form,

—-»E 9
dpP; Et —Z/dw[ (F+w, t)dFa ]C(iw;t—w w)—Pj(E,t)

dT_y(E, w)

.2
dwdt » (5:28)

where dI'(E,w)/dwdt are the transition rate for processes where partons of energy
lose energy w. The w < 0 part of the integration incorporates processes which increase
a particle’s energy. The radiative part of the transition rate has been discussed in
Chapter 3. In the following, we will focus on addressing the collisional transition
rates.

Compared to radiative loss, collisional losses are more dominated by small energy
transfers, therefore it should be an adequate procedure to approximate elastic colli-
sions by a mean energy loss plus a momentum diffusion term as dictated by detailed
balance. If elastic collisions turn out to dominate jet quenching we may want to im-
prove this treatment, but if they are subdominant it should be sufficient to quantify
their effect. More specifically, for small energy transfer w, we may expand the gain
term in the Fokker-Planck equation to the second order,

dr(E,w)  d dT (B, w)
dwd “’EE[ B) =it }

+}w2£ [p(E)M]+..., (5.29)

P(E + w)———dr(f&l;‘)’w) — P(E)

2 dFE? dwdt
Then the Fokker-Planck equation becomes,

dP(E) 2
dt dE[A P+ pz]

Bx P(E)+--, (5.30)

where the transport coefficients A and B are called drag and diffusion coefficients.

They are determined to be

dT'(E,w) LdT(E, w) dE
4= /d T dwdt 7’ 2/d Cdwdt Ut (5.31)
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where the second relation is derived by using microscopic detailed balance,

dl(E,w)/dwdt w
dl(E, —w)/dwdt (") : (5.32)

T

Thus we obtain for small w

=1/dww dF(E,w) B dI'(E, —w)
dwdt
dl'(E,w) Z,dI'(E,w) B
/dwwl—exp( T) _— 2T/d

= —. 5.33
dwdt ( )
As we perform the numerical computation of discretized Eq. (5.28), such that [ dw —

Cdwdt T

Ay Y w=na,, the transition rates for elastic collisions are approximated by two spikes

at w = £A,,

dT(E,w) 1 dE 1 dE

dodr L Fe(B - = Au) + fa(Au) = rdw + Au), - (5:34)

where fg(A,) = 1/[exp(AL,/T)—1] is the Bose-Einstein thermal distribution function.
In the limit of small A, it may be easily check that the above transition rates yield
the correct energy loss rate and preserves detailed balance. So the above procedure to
incorporate the collisional transition rates is equivalent to introducing the drag term
and the diffusion term for into the coupled jet evolution equations Eq. (5.28) for the

collisional energy loss.

5.4 Results

In this section, we present the calculation and comparison of radiative and collisional
energy loss of hard jets traversing a hot and dense medium. To illustrate how col-
lisional and radiative energy loss influence the time evolution of the leading parton
distributions, we first consider a single light quark jet of energy F; = 16 GeV travers-
ing through an infinite medium with a constant temperature 7" = 400 MeV. Here, the
strong coupling constant of jet-medium interaction is taken to be a constant oy = 1/3.

In Fig. 5.4 we compare the evolution of the jet parton distribution P(F,t) under
three different scenarios: (1) with only collisional energy loss, (2) with only radiative

energy loss (already calculated in Chapter 3 and Ref. {131]), and (3) with both energy
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Figure 5.4: The evolution of a quark jet with initial energy E; = 16 GeV propagating through a
thermal medium with a constant temperature T" = 400 MeV, where the vertical lines represent the
values of mean energy related to the corresponding distributions.

loss mechanisms. The vertical lines represent the mean energy (FE), defined as the
first moment of the corresponding momentum distribution. The figure indicates as
expected that radiation leads to a larger mean energy loss than with elastic collisions
only. Adding collisional energy loss to radiative one leads to small change for the
mean energy loss of hard jets (compare the vertical lines in the case (2) and the case
(3)). While the time evolution of P(FE,t) in case (3) resembles qualitatively the case
(2) in which only radiative energy loss has been considered, quantitative differences
are large, especially at energies closer to F;.

One may further study the mean energy loss (AE) = E; — (F) of single quarks
jet with different initial energies. This is illustrated in Fig. 5.5, where we show the
fractional mean energy loss of the quark jet as a function of its initial energy E; after
travelling through such a thermal medium for 1 fm/c. We may see that for very high

energy quark jets, the energy loss induced by radiation is much larger than that by
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elastic collisions (approximately 4 times larger for a light quark with initial energy
E; = 30 GeV). The total mean energy loss seems not very sensitive to the inclusion

of collisional energy loss for high energy quark jets.
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Figure 5.5: The fractional mean energy loss of a quark jet with initial energy E; after travelling
through a thermal medium with a constant temperature 7' = 400 MeV for ¢t = 1 fm/c.
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Figure 5.6: The ratio of the final to initial jet spectra P(F,t)/P(E,0) for quark jets after propagating
through a thermal medium with a constant temperature 7' = 400 MeV for ¢t = 1 fm/c.

We may study the evolution of jet momentum spectra in a thermal medium by

evolving the jets with initially a power-law distribution for initial p; spectra of quarks
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and anti-quarks [114],

dN a
—_— =K — 5.35
d’prdy|,_,  (1+pr/b) (533)

where a = 500, b = 1.6 and ¢ = 7.9 for quarks, and a = 130, b = 1.9 and ¢ = 8.9 for
anti-quarks. K is a constant to account for the next-leading-order corrections to the
leading order result as inferred from perturbative QCD calculation.

In Fig. 5.6, we show the 1"étio of the final spectrum to the initial spectrum as a
function of the energy of quark jets after their propagating in such a thermal medium
for 1 fm/c. We may observe that for quark jets with such power-law initial spectra,
adding collisional energy loss to radiative increases the quenching of jet momentum

spectra by approximately 30%.
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Figure 5.7: The probability distribution function P(E,t;) of a single particle with initial energy
E; = 16 GeV after passing through the nuclear medium created in central collisions (b = 2.4 fm) at
RHIC. The jet starts from the center of the medium and propagates in plane.

In the following, we perform a more realistic calculation of jet quenching at RHIC
by modelling the space-time evolution of the quark-gluon plasma using relativistic
fluid dynamics, which has been shown to give a good description of bulk properties
at RHIC. Here we employ a fully (3+1)-dimensional hydrodynamical model for the
description of Au+Au collisions at RHIC [137]. The product of the initial hard

parton densities is determined from the overlap geometry between two nuclei in the
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Figure 5.8: The mean energy loss of a quark jet with initial energy E; passing through the nuclear
medium created in most central collisions (b = 2.4 fm) at RHIC. The jet starts from the center of
the medium and propagates in plane.

transverse plane of the collision zone. The initial momentum distribution of hard jets
is computed from perturbative QCD, using the factorization theorem. The evolution
of jet momentum distribution in the thermalized medium is evaluated by solving
Fokker-Planck equations with both collisional and radiative energy loss. The final
hadron spectrum at high pr is obtained by the fragmentation of jets in the vacuum
after their passing through the (341)-dimensional expanding medium. For further
details see Chapter 4 where the radiative energy loss has been studied in an analogous
manner.

We first study a single light quark jet traversing through a 3D hydrodynamical
medium created at RHIC. In Fig. 5.7, we show the final spectra P(E,ty) of a quark jet
with initial energy F; = 16 GeV after its passing through the nuclear medium created
in most central Au+Au collisions (b = 2.4 fm) at RHIC. In this figure, the jets are
assumed to be created at the center and propagating along the in-plane direction. As
usual, we turn on the energy loss at equilibrium time 7; = 0.6 fm/c and switch off
the energy loss when the medium surrounding the jet goes into the hadronic phase.

The value of oy is now taken to be oy = 0.27, which reproduces the most central
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Figure 5.9: Nuclear suppression factor R44 for neutral pions in central and mid-central collisions.
Here the dashed curves account for only radiative energy loss, the dash-dotted curves for only
collisional energy loss and the solid curves incorporate both radiative and collisional energy loss
mechanisms. The dotted curves are the results from Chapter 4 with radiative energy loss only
(as = 0.33).

data for Rs4 measurements (see Fig. 5.9). In Fig. 5.8, we show the mean energy
loss of such quark jets as a function of their initial energies ;. While in agreement
with [97], the average energy loss is not very affected by the addition of collisional
contributions, large differences are observed for the final jet distribution between case
(3) and case (2). This is especially true for energies close to the initial parton energy
E;. As the initial parton spectrum in relativistic nucleus-nucleus collisions is steeply
falling, stronger differences in R44 can result.

In Fig. 5.9 we present the calculation of Es4 for neutral pions measured at
mid-rapidity for two different impact parameters, 2.4 fm and 7.5 fm, compared with
PHENIX data for the most central (0-5%) and mid-central (20-30%) collisions [84].
We present R44 for purely collisional (1) and purely radiative (2) energy loss, as well
as the combined case (3). One finds that while the shape of Ra4 for case (3) is not
strongly different from case (2) that has only radiative energy loss, the overall mag-
nitude of R4 changes significantly. The stronger influence on R44 stems from the

differences in the evolution of the parton distributions in case (2) and (3), as shown
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in Fig. 5.7. This has already been discussed in the case of a constant temperature
(compare Fig. 5.4). Therefore, the magnitude of R4, is sensitive to the actual form
of the parton distribution functions at fragmentation and not only to the average

energy loss of single partons (compare Fig. 5.8).
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Figure 5.10: Nuclear suppression factor R44 for neutral pions in plane and out of plane in mid-
peripheral Au+Au collisions (b = 7.5 fm) at RHIC.

In Chapter 4, the observational implications on K44 measurements due to only
radiative energy loss is studied. There, we have presented R44 for neutral pions in
central collisions as a function of pr at mid and forward rapidity and have discussed
how the azimuthal asymmetry of the medium in non-central collisions allows to put
stronger constraints on our understanding of jet energy loss by induced gluon radi-
ation. We have recalculated Ra4 versus reaction plane including elastic collisions,
and only small differences are found in the shape of R44 as a function of pr and the
azimuth after adjusting the coupling strength from a; = 0.33 to a; = 0.27. The effect
of the inclusion of collisional energy loss on the shape of R44 is also illustrated in
Fig. 5.10, where we show nuclear suppression factor R44 for neutral pions in plane
and out of plane in mid-peripheral Au+Au collisions (b = 7.5 fm) at RHIC.

We may also perform the calculation of nuclear suppression factor Ra4 for neutral

pions at finite rapidity including elastic collisions. Fig. 5.11 shows R44 for neutral
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Figure 5.11: Nuclear suppression factor R4 4 for neutral pions for different rapidities in most central
Au+Au collisions (b = 2.4 fm) at RHIC.

pions in most central Au+Au collisions (b = 2.4 fm) at RHIC for three different
rapidities. Compared to the results from Chapter 4 with radiative energy loss only
(as = 0.33), we may observe a sizable change in the shape of Ra4 at large rapidity
after the inclusion of collisional energy loss, (i.e., at higher pr regime for y = 2).
However, this difference is obscured by the large theoretical uncertainties of R4 due
to the uncertainties of the determination of the nuclear parton distribution function
(see Chapter 4). Moreover, this regime is close to the kinematical limit and might be

beyond the scope of experimental measurements.

5.5 Collisional jet energy loss at the LHC (in 2D hydro)

In Chapter 4, we have presented a calculation of the nuclear modification factor
Raa for charged hadrons at the LHC. In this section, we will present the possible
effect on our prediction of R44 as a function pr after incorporating the collisional
energy loss. Again, we use a boost-invariant ideal hydrodynamic model with initial
conditions calculated from perturbative QCD + saturation to describe the nuclear
medium created at Pb+Pb collisions at \/syy = 5.5 TeV [138, 167].

As has been illustrated in the last sections, the strong coupling constant o, at
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Figure 5.12: The pr dependence of the nuclear modification factor R44 for charged hadrons in
central Pb+Pb collisions at mid-rapidity at the LHC.

RHIC is adjusted from a, = 0.33 to oy = 0.27 in order to describe the nuclear
suppression factor Ra4 in central Au+Au collisions at RHIC after the collisional
energy loss is incorporated. The value will generate the lower bound of the prediction
of R4 at the LHC. The upper bound is obtained by setting the strongly coupling
constant to be oy = 0.20 while the corresponding value for as from Chapter 4 with
radiative energy loss only is taken to be a; = 0.25.

In Fig. 5.12, we compare the results for charged hadron R4 in central Pb+Pb
collisions at the LHC before and after we incorporate the collisional energy loss in the
calculation. We observe that adding the collisional energy loss tends to increase the
slope of the nuclear modification factor Ra4 as a function of pr. This effect might be

measurable at the LHC.

5.6 Conclusions

We calculated collisional and radiative jet energy loss of hard partons in the hot
and dense medium created at RHIC. We included the LPM effect for induced gluon
emission and treated elastic collisions using a drag plus diffusion term reproducing

the energy loss rate dE//dt and detailed balance. While we find that the additionally
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induced average energy loss due to elastic collisions is small in comparison to the
radiative one, the time evolution of the parton distributions P(E,¢) in both cases
differ significantly. This is especially true for energies close to the initial parton
energy. Since the initial parton spectrum is steeply falling, stronger differences in
R4 can result. We find that the inclusion of collisional energy loss significantly
influences the quenching power quantified as the overall magnitude of neutral pion
Ra4 at RHIC, but that the shape as a function of pr and the azimuth does not show

a strong sensitivity.



6

Jet-tomography by studying the energy loss of photon-tagged jets

In this chapter, we study the photon-hadron correlations in Au+Au collisions at
RHIC by incorporating all sources for the hard photons, including direct photons,
fragmentation photons and jet-plasma photons [109]. The energy loss of photon-
tagged jets traversing the medium is evaluated by consistently taking into account
induced gluon radiation and elastic collisions. The hot and dense strongly interacting
medium created in these collisions is modelled with (3+1)-dimensional relativistic hy-
drodynamics [137]. Our results for per-trigger yield of photon-tagged hadrons in both
p+p and Au+Au collisions are consistent with the first experimental measurements.
It is found that all photon sources are important to a full understanding of high zp
photon-hadron correlation studies at RHIC. Especially, the additional photon sources
from jet-plasma interaction and fragmentation show significant contribution at the
high py regime. We conclude that photon-tagged jets serve as additional probes of the
interaction between high transverse momentum jets and the hot and dense medium

created in relativistic heavy ion collisions.

6.1 Introduction

In Chapter 5, we have developed a consistent model to incorporate both collisional and
radiative jet energy loss in the same formalism, and applied it to calculate the nuclear
modification factor R44 of hadrons in relativistic heavy ion collisions at RHIC. In
this chapter, we continue and extend this effort by studying the correlations of back-
to-back hard photon and jet.

As has been seen from earlier chapters, R44 is a rather averaged quantity. The

106
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final hadron spectrum is a convolution of the jet production cross section and the
jet fragmentation functions. Therefore, the suppression of the produced hardons at a
fixed pr results from jet quenching with a wide range of initial transverse momenta.
Furthermore, single jet measurements are also averaged with the nuclear overlap
function accounting for the distribution of the initial hard vertices. It is therefore not
particularly surprising that a wide variety of energy loss conjectures could agree with
the measured R44 in central Au+Au collisions at \/syy = 200 GeV at RHIC.

In order to improve this situation, one may perform correlation measurements,
i.e., the production of high pr hadrons correlated with other high pr trigger particles.
One such suggested trigger is a hadron [140, 141]. But choosing a specific trigger
pr hadron does not yet confine the momentum of the away-side parton: the trigger
hadron is produced by fragmentation of a parton that has also traversed the medium
and lost energy.

Another promising trigger is a high pr photon, i.e., to study jet-quenching by
measuring the pr distribution of hadrons in the opposite direction of a trigger direct
photon [107, 108]. Since photons suffer no further interaction with the medium once
they are produced, the momentum of the initial away-side parton before energy loss
would be fixed at the direct photon’s momentum. Thus photo-tagged jet may provide
a calibrating probe for the study of the properties of high energy density QCD matter.
There have been several theoretical studies performed along this direction [171, 172,
173).

However, all those calculations only focused on direct photons and neglected other
important sources of photon production, such as fragmentation and jet-plasma inter-
action during or after jets traversing the plasma. As the initial away-side partonic jets
could have bigger energies than the near-side trigger photon, photons produced from
those processes might have significant contribution to the study of photon-hadron cor-
relations. It is the purpose of the present work to incorporate all possible processes
for hard photon production and study their relative contributions to the correlations

between back-to-back hard photons and hadrons.
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6.2 Hard photon production at RHIC

In Ref. [132, 174], the calculation of photon production from nuclear collisions at
RHIC has been presented, by employing (1+1)-dimensional Bjorken evolution model
and (2+1)-dimensional relativistic hydrodynamics to describe the hot and dense
strongly interacting matter in those collisions, respectively. In this section, we present
the calculation of hard photon production in the context of (3+1)-dimensional rela-

tivistic hydrodynamics for the description of the soft QCD matter.

e) ‘LU
;Lﬁ“é\ ; mf .

Figure 6.1: Photon production in relativistic heavy ion collisions from various sources: direct pho-
tons, fragmentation photons, bremsstrahlung photons, jet-conversion photons and thermal photons.

As is well known, photons produced in nuclear collisions may come from a variety
of sources, namely direct photons, fragmentation photons, jet-plasma photons and
thermal photons, as shown in Fig. 6.1. Direct photons are predominantly produced
from hard collisions in the early stage of the relativistic heavy ion collisions, via
quark-anti-quark annihilation (¢ + § — ¢ + ) and quark-gluon Compton scattering
(¢(@) + g — q(@) + ). Fragmentation photons are produced from the surviving high
energy jets after their passing through the thermal medium. Jet-plasma photons are
produced from the processés involving the interaction between jets and the surround-
ing medium when they are traversing through the plasma. Those include induced

photon radiation (bremsstrahlung photons) and direct conversion from the high en-
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ergy jets (conversion photons). It has been illustrated that those two processes are
very important for the understanding the experimental data for photon production
in Au+Au collisions at RHIC [132, 174, 114]. The thermal photon emission from
quark-gluon plasma has negligible contribution at high pr, and thus is excluded from
consideration in the present work. |

The inclusive direct photon cross section may be obtained from perturbative QCD

calculations [113],

dogs 1 x 1 2z,xp  dOayboytd
. =K /d a-Ta a G 3 - ! St ’ 61
Pprdy % T /A(CU Q) b/B(SL‘b Q)7r 22y — Tpel di (6.1)

with zr = 2pr/\/snn, where \/syn is the center-of-mass energy. In the above equa-
tion, Go/4(xq, @) is the distribution function of parton a with momentum fraction z,
in the nucleus A at factorization scale @, taken from CTEQ5 [155] including nuclear
shadowing effects from EKS98 [156]. The distribution do/dt is the leading order QCD
differential cross section, and the K-factor accounts for next-to-leading order (NLO)
effects. As for direct photon production, K-factor as a function of the transverse
momentum of direct photon is obtained by employing the NLO calculation of photon
production in p+p collisions {175, 176, 177], where the factorization scale @) is set to
be the photon transverse momentum.

The above equation is applicable for the calculation of jet production resulting
from corresponding QCD partonic processes. The fragmentation photon production
is obtained by introducing the photon fragmentation function D,,;(z, Qr), where
z2=7pr/ pjT is the momentum fraction. The resulting expression is

1o

do ;
A+B——>'y+X D A+B*"]+X 92
dprdy Z/ w32 Qr) drrdy (62)

Here the vacuum fragmentation functions of quarks and gluons into real photons
are taken from Ref. [178]. The inclusive cross section for hadrons produced by
fragmentation from nuclear collisions may calculated in a similar way by employing
the above equation with appropriate hadron fragmentation function. To calculate the

final photons and hadrons produced from fragmentation of hard jets, we need to fix
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Figure 6.2: The inclusive cross section for 7° production versus #° transverse momentum at mid-
rapidity in pp collisions at \/syn = 200 GeV, compared with PHENIX data.

K-factor in the calculation of initial jet cross section (and jet pair cross section used
for fragmentation into photon-hadron pair in Eq. 6.14). If K-factor for the initial
jet production (and jet pair production) is only dependent on the pr of the jet, it
should have the same value for fragmentation into photons and hadrons (as well as
photon-hadron pairs). Here we fix K-factor following Ref. [138] by comparing the
theoretical calculation of inclusive 7° production at high pr with the experimental
measurements since fragmentation is the only mechanism for hadron production. In
this way, K-factor is set to be 2.8 when the factorization scale ¢ is taken to be the
transverse momentum of the initial jets, and the fragmentation scale Qg is taken
to be the transverse momentum of produced photon (or hadrons). By the above

O cross section (see Fig. 6.2) and

conventions, we can reproduce both the inclusive o
the inclusive 7 cross section in p+p collisions (see Fig. 6.3) at /syy = 200 GeV,
where the data points are taken from [179, 180].

As for the production of fragmentation photons in Au+Au collisions at RHIC, we
must include the energy loss of hard jets during their travelling through the thermal

medium before fragmentation in vacuum. This is performed by taking into account

both induced gluon radiation and elastic collisions during jet propagation. We may
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Figure 6.3: The photon production in 200 GeV p+p collisions at RHIC, compare with PHENIX
data.

write the final spectrum of fragmentation photons as

dUA+B_.7+x /dz ~ doa+Bojt+X
— D —_— .
Pprdy /d 71 Pap(7L Z /i (2,1, P) Py (6.3)

where Pap(7.) is the probability distribution of initial hard jets in the transverse
position 7, and Dﬂ,/j(z, 71, ¢) is the medium-modified fragmentation function for a
single jet initially created at transverse position 7, and propagating at azimuthal
angle ¢ in the transverse plane.

As for A+B collisions at impact parameter b, the probability distribution P4g(b, 71 )
of initial hard jets at 7, in the transverse plane is determined by the overlap geometry
of two nuclei in the reaction zone,

Ta(7y + b/2)Ts(F) —b/2)

Tap(b) ’ (6.4)

Pap(b,71)=

where TA(7L) = [dzpa(FL,2) and Tup(b) = [d?r Tu(7L)Ts(FL + b) are nuclear
thickness function and overlap function of two nuclei, respectively. Here we use a
Woods-Saxon form for the nuclear density function p(7L,2) = po/[1 + exp(*=5)].
The values of the parameters R = 6.38 fm and d = 0.535 fm are taken from [63].

The medium-modified fragmentation function Dv/j(z, 71, ¢) for a single jet is re-
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lated to the vacuum fragmentation function D,/;(z) by,
D’Y/J 271, ¢ Z/dp]/—— vi(Z ) P(pirlps, 7L, )- (6.5)

where z = p,/p; and 2’ = p,/p; are two momentum fractions, and the sum overs j’
is the sum over all parton species. In the above equation, the probability function
P(p;y|p;, 7., ¢) contains the information about the energy loss of hard jets during
their propagation in the medium. It represents the probability of obtaining a jet j’
with momentum p; from a given jet j with momentum p; initially created at 7, and
propagating at ¢ direction in the transverse plane.

We have already seen, in Chapter 3, 4 and 5, the evolution of jet momentum
distribution P(E,t) = dN(F,t)/dF in the medium is determined by a set of coupled

Fokker-Planck type rate equations with the following generic form,

dP;(Et) E t) dl'ee;(F 4+ w,w) dlj_p(E,w)

Z/dw[ (B+w, ) ==l - BB, (6.6)

where dIV7%(E,w)/dwdt is the transition rate for the partonic process j — a, with
w the lost energy in the process. The w < 0 part of the integration incorporates
processes which increase a particle’s energy. The radiative and collisional parts of the
transition rates have been discussed in Chapter 3 and Chapter 5, respectively.

Now we present the calculation of photons produced from jet-plasma interaction
when jets are propagating through the hot and dense medium. Those processes may
be incorporated by solving an additional evolution equation for photons,

dPJe'( plasma(E t derem(E+w C«)) drconv(E+w W)
= [ dwP, (E t it =y . (6.7
D faupypse, (T B ) (6.7)

In the above equation, dF;’f{;‘/ dwdt are transition rates for photon bremsstrahlung
processes, which has been discussed in Chapter 3. The transition rates dFC‘"‘;/dwdt
for 2 — 2 jet-photon conversion processes may be inferred from the photon emission
rates in those processes.

If we define the photon emission rate per unit volume R, = dN,,/ d3xdt, the final

result of photon emission rate from 2 — 2 processes is given by [75, 93, 94, 95} (also
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see Chapter 3),
(27.r)3dR2—+2

€r
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qu( ) (; n :TT + Can (k/T)) (6.8)

where mg is the thermal quark mass, m2 = ¢2I"/6. In the limit of k > T,
Coo(k/T) = —0.36149 is a constant, and fo(k) = (27)3/dy - AN4(k)/dPkd’z is
the phase-space distribution of quark plus anti-quark jets, with the spin and color
degeneracy dogs = 2-2-3 = 12. As long as we know the local phase-space distribution
of quark plus anti-quark jets, we may obtain the local phase-space distribution of
photons produced from these jets by conversion. By integrating over the space-time,
we will obtain the spectra of the photons produced from those processes. As 2 — 2
processes are dominated by t-channel diagrams, the produced photon will have almost
the same energy as incoming jet. Thus the differential conversion rate from a quark
(or anti-quark) to a photon is given by

dlg (B, w) er\2 2raa 1% (1. ET
— X (;f) T (2 o= +Caa (E/T)> sw).  (6.9)
q

The ¢ function generates the constraint that the incoming quark (or anti-quarks)
experiences no energy loss in the conversion processes !
Putting all together, we obtain the total yield of photon production in nuclear

collisions,

dNZB(b) — NCOH(b) dO_A»}-B—Vy-}-X (6 10)

d?prdy onn  d?prdy

where N, is the number of binary collisions and the o is the inelastic cross section
of elementary nucleon-nucleon collisions.

In Fig. 6.4, we show the photon production from different channels in most cen-
tral 0-10% Au+Au collisions (b = 2.4 fm) at RHIC, where the number of binary
collisions is taken to be (N.n) = 955 [61, 181, 182]. Data points are taken from
PHENIX [183]. The direct photon from the initial hard collisions of partons from two

In the numerical computation, we discretize the evolution equation such that [dw — A, Y w=naL

and use the approximation é(w) = £ [§(w — Ay) + 6(w + A,)] for small A,,.
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Figure 6.4: The contributions from different channels to the photon production in Au+Au collisions
at RHIC for b = 2.4 fm compared with most 0-10% PHENIX data.

nuclei is the most dominant mechanism for photon production at very high pr regime
(pr > 7 GeV). At intermediate pr regime (pr &~ 3 — 6 GeV), jet-plasma interaction
gives very significant contribution to the photon production. The thermal photon is
expected to be dominant at very low py regime (pr < 2 GeV, not shown) [132, 174].
After summing over all photon production channels, our calculation agrees with the
experimental measurements well. We may observe that the presence of the jet-plasma
interaction is important to understand the total photon yield in Au+Au collisions at
RHIC.

Photon R44 is another quantity to measure the effect of the nuclear medium on
the photon production. In Fig. 6.5, the photon R44 is shown as a function of photon
pr for most central Au+Au collisions (b = 2.4 fm) at RHIC compared with 0-10%
PHENIX data. As pr is increased, the experimental data points seem to decrease,
consistent with the theoretical curve. At lower pr region, the theoretical curve is
increasing due to the presence of plasma effect in Au+Au collisions, but not in p+p
collisions (compare Fig. 6.3 and Fig. 6.4). However, the experimental error bars are

too large to allow a strong judgement on this observation.
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Figure 6.5: The nuclear modification factor Ra4 for photon in Au+Au collisions at RHIC for
b = 2.4 fm compared with most 0-10% PHENIX data.

6.3 Photon-hadron correlations in QGP

In this section, we will present the calculation of the correlations between back-to-
back hard photons and hadrons in Au+Au collisions at RHIC. The hadron production
in Au+Au collisions in the AMY formalism has been elaborated in Chapter 4 and
Chapter 5, and the photon production has been discussed in the last section as well
as in Ref. [132, 174]. The technique presented here is applicable for back-to-back
hadron-hadron correlations by replacing the trigger photon with a trigger hadron.
The near-side hadron-hadron correlations may also be studied similarly if we assume
both the triggered and associated hadrons are produced from the fragmentation of
the same jets.

One of the commonly exploited observables in correlation studies is the (differ-
ential) yield per trigger P(pk|pr, ¢) = 1/N,dNpi(p|p}, ¢)/dpl, which gives the
conditional probability of producing a hadron with momentum p2 in the away side
given a trigger photon with momentum pJ. in the near side at an azimuthal angle ¢

in the transverse plane. From probability theory

P}, p}.9) 6.11)

P Ay —
(pTlpTad)) P(p%’(z)) s
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where the two-particle jointed probability and single-particle probability are related

to the two-particle to single-particle cross sections,

P(p / pT’ ) _ 1 / y do"y(pT7¢)
T7 Nevts ’y dyvdp}d¢ Otot K dy’ydp”_ly“dqs ’
th+ (pT p% ¢) 1 d0'h+7(p}711,p%,d))
Pt 715 i S 1 e ,
(pT Pr.¢ Undy Wdyhdyvdp%dp%dﬁb Ttot Y dyhdy’vdp’}dp}d‘ls

evts

(6.12)

where Neyis 18 the number of events and oy, is the semi-inclusive cross section for

that event sample. Then we obtain

dohi ph 07, @ / da'y pT’
6.13
pT|pTa /dyh ’ydyhdy'ydp d¢ Yy dya,dp ( )

Notice that the yield per trigger has a strong dependence on the associated hadron

rapidity y, range (and a weak dependence on the trigger photon rapidity y., range due
to the cancellation between the numerator and the denominator). Unless otherwise
stated, in the following, all results on photon-hadron correlations are presented at
mid-rapidity, which corresponds to setting —0.5 < yp, ¥y, < 0.5 in the calculation.

As for the fragmentation process, since the back-to-back hard photon and hadron

are produced from a pair of back-to-back jets, we obtain,
1 . . . . .
P(pt ¢)= 5= [ FLPas(FD)S [dph Py (o) PBHPh 72, 0)
J

1 . .
P(p%,p}, ¢) = “/dQT_LPAB(TJ_)

XZ/dZU]TdPT its pTapi) (p}lp%,fl,QS)P(p’qZ«Ip;,FL,W-Hﬁ). (6.14)

In the above equation, P;(p}) = [ dy;do; () Tiordy;dpy is the single-particle cross
section of hard jets, and Pj+j/(p§,p7f/) = fdyjdyj/daj+j/(p%1,p%f)/atotdyjdyj/dp%dp]f/
is the two-particle cross section of hard back-to-back jets. Those cross sections
may be calculated from pQCD as described in the previous section. P(pp|ph, 71, ¢)
(P(p|ph, 71, #)) is photon (hadron) yield per trigger jet, giving the conditional prob-
ability of producing a photon (hadron) with momentum p}. (p%) from a jet with
momentum p]f initially created at 7 and propagating in the ¢ direction in the trans-

verse plane. To derive the above equation, we have assumed no correlation between
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the individual evolutions of two partonic jets once they are produced. As has been
described in previous sections, the evolution of the jet momentum distribution in
the thermalized medium is controlled by a set of coupled Fokker-Planck equations,.

Therefore, the photon yield per trigger jet is given by,
PP 71,6) =3 [ dp PoHph) Por o, 7, ). (6.15)
jl

As for fragmentation process, the photon yield per trigger jet is related to medium-

modified photon fragmentation function by

Dy (2,71, 6) = Dp P(0RP 71, ), Dyyje(2) = 0 P3P0, (6.16)

where z = pJ./p) and 2’ = p}./p’. At this point, Eq. (6.15) is equivalent to Eq. (6.5).
The quantity I 44 is defined as the ratio of yield per trigger in A+A collisions to that
in p+p collisions,

P BIpl.
Laa(prlpt, ¢) = %‘ (6.17)
As is well known, photon-hadron correlations have been proposed as a calibrated
probe of medium-modified fragmentation function since the momenta of away-side
hadron are fixed by the trigger photons if we are capable of triggering direct photons
at leading order. Thus, it is often useful to define the photon-triggered fragmentation

function as [184, 185],

do~(py
5 /d dy doniy (P, T, @ / doy(pr, ¢) 6.18
AA ZTva’ Ynay 'Ydyhdy,depoTdQs h dy’de ( )

where zp = pt/p}.. The yield per trigger is related to the photon-triggered fragmen-
tation function as, Daa(2,p3, @) = prPaa(p|pF, ¢). Thus I44 may be written as the
ratio of inclusive fragmentation function in A+A collisions to that in p+p collisions,

DAA(va p}: ¢)
Laa(Phlp}, ¢) = =220 (6.19)
o DPP(zT7p%)
The above equations were derived by assuming that photons and hadrons are
coming from fragmentation of back-to-back jets. This is true for high pr hadron pro-

duction, and other hadronization mechanisms, such as the recombination of partons,
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will be excluded for consideration here, as they assumes significance only in the lower
pr region [154]. As for high pr photon production, we have to include all relevant

photon production sources.

P(p}lph, 7, ¢) = >~ P(p}, src|ph, 7, 8), (6.20)

src

where the sources include direct photons, fragmentation photons and jet-plasma pho-
tons. As for direct photon contribution, we may simply write the probability function
(photon yield per trigger jet) as P(p., direct|ph, 71, ¢) = 6(p} — p’) since the direct
photon and the away-side jet have the same momentum at the production time. To
include the production of jet-plasma photons, we may obtain the probability function

P(p}, jet—plasmalpé}, 71, ®) by solving the photon evolution equation Eq. (6.7).

6.4 Results

In this section, the numerical results for the correlations between back-to-back pho-
tons and hadrons will be presented at high pr. The product of the initial hard parton
densities is determined from the overlap geometry between two nuclei in the trans-
verse plane of the collision zone. The initial momentum distribution of hard jets is
computed from perturbative QCD. The energy loss of hard jets is computed by taking
into account both induced gluon radiation and elastic collisions in the hot the dense
medium. The production of trigger photons at high pr regime is obtained by taking
into account all possible sources for hard photons, and the production of associated
hadrons is calculated from the fragmentation of jets after their passing through the
thermal plasma. The bulk properties of the medium created in Au+Au collision at
RHIC is described by (3+1)-dimensional relativistic ideal hydrodynamics [137], which
has been shown to give a good description of bulk properties at RHIC.

In Fig. 6.6, we show the integrated per-trigger yield of away-side hadrons as a
function of the trigger photon momenta in p+p collisions at RHIC, compared with the
experimental data from PHENIX [186] for two different hadron momentum regimes:
ph =2—3 GeV and 3—5 GeV. We may observe that our theoretical calculations can

qualitatively describe the experimental measurements of photon-hadron correlations
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Figure 6.6: The integrated per-trigger yield of away-side hadrons as a function of the momenta of
trigger photons in p+p collisions at RHIC.
in p+p collisions. The per-trigger yield is smaller in the lower panel (ph = 3 —
5 GeV) for a given trigger photon momentum. This can be easily understood because
associated hadrons with larger momenta have larger momentum fraction zz. It should
be noted that in these regimes, fragmentation may not be the only mechanism for
the hadron production, especially for pf =2 — 3 GeV.

In Fig. 6.7, the photon-triggered fragmentation function D,,(27) is shown as
a function of hadron momentum fraction 27 in p+p collisions at RHIC. We show
the photon-triggered fragmentation function for three different regimes for away-side
hadrons: p& = 3 —5 GeV, 5 —7 GeV and 7 — 9 GeV. The experimental data are
from PHENIX [187]. Here, we have chosen those data points with hadron pr greater
than 3 GeV as hadrons with small pr might not produced from fragmentation. As
can be clearly seen from the figure, the theoretical curves are in good agreement
with the experimental data. Also, a slight difference is observed for the slope of
photon-triggered fragmentation function Dp,(2r) for different associated hadron mo-
menta. This difference may be traced back to the momentum (fraction) dependence
of different parton distribution functions (PDF). As is well known, gluon PDF has a

deeper slope than quark PDF as a function of momentum fraction. As we increase



6.4 Results 120

PHENIX Prelim., p;, >3 GeV, |y, yYI <0.35
A A B
— Py =35GeV
-= Ppy= 5-7 GeV
< Pry = 7-9 GeV

Ll

T T T

S
e
A

g— e Pp,=56GeV
Q& W pT,y =6-7 GeV ] RSN
2| ® Ppy= 7-8 GeV Y
107E L pp,=89Gev RN
F a4 Pp,=9-12GeV :

v pp,=12-15GeV | ]

o e
02 03 04 05 06 07 08 09 1

Figure 6.7: The photon-triggered hadron fragmentation function as a function of momentum fraction
z7 in p+p collisions at RHIC.

the momenta of initial partons (thus the momentum fraction in PDF), more quarks
appear in the initial state. As a result, more gluons will be obtained in the final state
after partonic scatterings. Since photon-triggered fragmentation function Dp,(2r) is
a weighted average over quark and gluon fragmentation functions weighted with their
fractions, a deeper slope is expected for photon-triggered D,,(zr) since gluon frag-
mentation function is deeper than quark fragmentation function. But it seems that
the current experimental data are not able to resolve this difference.

We now turn to study photon-hadron correlations in Au+Au collisions. In Fig. 6.8,
we show photon-triggered fragmentation function D4a(z7) as a function of hadron
momentum fraction zz when we trigger photons in the near side with momenta p}. =
8 — 16 GeV in central Au+Au collisions (b = 2.4 GeV) at RHIC. The data points are
taken from STAR for both central (0-10%) and peripheral (40-80%) Au+Au collisions
[188]. We may observe that the theoretical curve of photon-triggered fragmentation
function Dga(27) in centrral Au+Au collisions agrees with experimental data quite
well. We also compare the photon-triggered fragmentation Dpp(z7) in p+p collisions

with the data for peripheral Au+4-Au collisions, and they are in good agreement.
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Figure 6.8: The photon-triggered fragmentation functions as a function of momentum fraction zr
in central Au+Au collisions and p+p collisions (peripheral Au+Au collisions) at RHIC.

Note that STAR has tried to remove the contribution from fragmentation photons by
employing isolation cut method.

In the above plots, we have shown our calculation of the photon-hadron correla-
tions a function of hadron transverse momentum fraction 2y for p+p collisions and
most central Au+Au collisions. For Au+Au collisions, it would be interesting to
study the centrality dependence of photon-hadron correlations by integrating out the
transverse momenta for both triggered photons and associated hadrons. In Fig. 6.9,
we show our numerical calculation of the centrality dependence of per-trigger yield of
photon-tagged hadrons in Au+Au collisions at RHIC and compared the experimental
measurements from STAR [188]. We compare the per-trigger yield for four different
impact parameters, b = 2.4 fm, 6 = 4.5 fm, b = 6.3 fm and b = 7.5 fm. In the plot, we
trigger photons in the near side with momenta pJ. = 8 — 16 GeV, and study away-side
hadrons with momenta p2 = 4 — 6 GeV and 6 — 8 GeV. We may observe that the
theoretical calculations of per-trigger yield for photon-triggered hadrons are consis-
tent with the experimental measurements. It is noted that we do not perform the
calculation for very peripheral Au+Au collisions as the assumption of a thermalized

medium essential for a hydrodynamical treatment is no longer fulfilled.
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Figure 6.9: The per-trigger yield for photon-tagged hadrons in Au+A collisions at RHIC as a function
of centrality. The four points in each theoretical curve correspond to four impact parameters,
b=241fm,b=4.5fm,b=6.3fm and b="7.5 fm.

The above numerical results for photon-hadron correlations have been shown by
taking into account all possible sources of high pr photons, including direct photons,
fragmentation photons and jet-plasma photons. It would be highly interesting to
study how different sources of photons contribute the final photon-hadron correla-
tions. In order to address this issue, it is useful to study the momentum correlations
between the initial back-to-back partonic jets and the trigger photon. Given a trigger
photon produced in the near side, the momentum probability distribution of initial

partonic jets at production time is given by,

j Zsrc P(p},p%«,(b, SI“C)
P(phlph, ¢) = , 6.21

where P(p}, p%«, ¢, src) is the two-particle momentum distribution of ,
. 1 . . . .
P(p}vpij ¢a SI'C) = E /dQTJ.PAB(T_L)P(p’})P(p%a Sr(:‘p%“a T1l, ¢) (622)

In the above equation, we have performed the medium average for the initial jet as we
have no knowledge about where the jets are originally created in the traverse plane

of the medium.
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Figure 6.10: The contributions from fragmentation photon and jet-plasma photon parts to the
initial jet momentum distribution at the production time when we trigger a photon with momentum
py = 15 GeV in most central Au+Au collisions (b = 2.4 fm) at RHIC. The contribution from
direct photon part is a delta function with certain normalization constant at 15 GeV. The total
distributions of quarks and gluons will be the sum of the contributions from those three parts (not
shown).

In order to study the various contributions from different sources of high pr pho-
tons to the total initial jet momentum distribution, we rewrite Eq. (6.21) as the sum
of different parts, each tagged by a specific source of photons,

P(phlp3, ) = > Pp}, stc|p}, ¢). (6.23)

8rc

In Fig. 6.10, we show the function P(p},, src|p}) for different sources of photons. In
the plot, we trigger a photon with momentum p}. = 15 GeV, thus the probability
distribution of jets tagged by direct photons is a § function with some normalization
weight determined by the fraction of direct photons to total photons at 15 GeV. In the
plot, we show the distribution of jets (quarks plus gluons) tagged by those photons
produced from fragmentation and jet-plasma interaction. It may be clearly seen that
the initial jets may have higher momenta than the trigger photon. Jets tagged by
fragmentation photons dominate at high momentum regime, while jets tagged by jet-
plasma photons is prevalent at relatively lower momentum regime except at 15 GeV,

where the jets are predominantly tagged by direct photons. Note that the initial
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Figure 6.11: Different contributions to per-trigger yield of the away-side hadrons when we trigger a
photon with momentum pJ. = 15 GeV in most central Au+Au collisions (b = 2.4 fm) at RHIC.

jets could have lower momenta than the trigger photon since we also include the
absorption processes during the jet evolution in medium (see Fig. 5.4).

By applying the fragmentation function, we may also study how different parts
of jet initial distribution contribute to the away-side hadron production after their
passing through the medium. Similarly, we break the hadron yield per trigger into
different parts associated with different photon sources,

P(prlpy, ¢) = > P(py,srclpy, ¢)- (6.24)

stC
In Fig. 6.11, we show the function P(p4,src|p}) for different sources of high pr
photons. As we trigger a photon in the near side, the away-side hadrons at relatively
lower pr regime is mostly produced from those jets tagged by direct photons, while at
higher pr regime, a large amount of away-side hadrons come from those jets tagged by
jet-plasma photons and fragmentation photons. Especially, close to the trigger photon
momentum, the away side hadron production is dominated by those jets tagged by
fragmentation photons.

To further study the various contributions from different sources of photons to the

photon-hadron correlations, we may consider comparing the following three scenarios:
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Figure 6.12: Photon-triggered 144 for hadrons as a function of momentum fraction zr in central
Au+A collisions (b = 2.4 fm) at RHIC.

(1) only direct photons in both p+p and A+A collisions; (2) including direct and
fragmentation photons in both p+p and A+A collisions, but no jet-plasma photons
in A+A collisions; (3) including all possible sources of high pr photons. One of the
important reasons for studying jet-photon correlations is that the original away-side
jet has a single transverse momentum fixed by the near-side tagged photon if we
could trigger direct photons at leading order; this corresponds to case (1). As has
been discussed, jet-plasma photons are very important for the understanding of the
experimental measurements of total photon yield in Au+Au collisions at RHIC. It
would be interesting to quantify their effect on jet-photon correlations, which will be
investigated by comparing case (2) and (3).

In Fig. 6.12, we compare 44 for photon-triggered hadron production in these
three different scenarios, where the momenta of the triggered photons are chosen to
be pl. = 15 GeV. As expected, [44 is a falling function of momentum fraction 27
if we only consider direct photon production in both p+p and Au+Au collisions.
As we include fragmentation photons for both p+p and Au+Au collisions, 44 is
significantly enhanced at much higher zr regime. Especially, close to the trigger

photon momentum (z7 = 1), we observe a small rising of /44 as a function of zr. This
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Figure 6.13: The photon-triggered hadron fragmentation functions as a function of momentum
fraction zr in p+p collisions and Au+Au collisions at RHIC.
is because those hadrons close to the trigger photon momenta are mostly produced
from the jets tagged by the fragmentation photons. In this case, the initial jets tend
to have higher momentum than the trigger photon (see Fig. 6.10 and Fig. 6.11).
When we incorporate jet-plasma photons in Au+Au collisions, an overall change of
I44 is observed for hadron in all zr range explored. This is because jets tagged by
jet-plasma photons have sizeable contributions to all pr hadron production in Au+Au
collisions (see Fig. 6.11), while no jet-plasma interaction is present in p+p collisions.
It would be interesting to see whether the current data can tell the difference
among these three different scenarios. In Fig. 6.13, we show the photon-triggered
fragmentation function D4(2r) for these three different scenarios, compared to the
experimental measurements [188] for Au+Au collisions at RHIC. From the figure, we
see sizable difference when we include fragmentation photons and jet-plasma photons.
But it should be mentioned that the direct photons production is obtained from
leading-order pQCD calculation with a pr-dependent K factor. If a full next-to-
leading order (NLO) calculatién is employed for two-particle spectrum, there will be
additional contribution to the photon-hadron correlations due to the 2 — 3 collisions.

The incorporation of a full NLO treatment will be our next step. At this point, the
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Figure 6.14: Photon-triggered [4 4 for hadrons as a function of hadron momentum pr or momentum
fraction zr in central Au+Au collisions (b = 2.4 fm) at RHIC.

current comparison between experimental data and our calculations seems not be able
to distinguish between different scenarios. However, it should be pointed out that
larger differences might be observed if we are able to measure the away-side hadrons
with high 27 (and also high enough pr for fragmentation to be dominant), where
jet-plasma interaction and fragmentation assume more significance to photon-hadron
correlations (see Fig. 6.11). Finally, in Fig. 6.14, we show the photon-triggered 44

for hadrons as a function of hadron momentum p% and momentum fraction zr.

6.5 Conclusions

In this chapter, we have studied the nuclear suppression of high pr photon-tagged
jets in the quark-gluon plasma at RHIC. The energy loss experienced by hard jets
is evaluated by consistently incorporating both collisional and radiative energy loss,
combined with a fully (3+1)-dimensional hydrodynamical evolution model for the
description of the thermalized medium created at RHIC. The production of hard
photons in Au+Au collisions at RHIC is calculated by incorporating all the possible

sources, including direct photons, fragmentation photons and jet-plasma photons.
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Numerical results have been shown for the suppression of away-side hadrons tagged
by hard photons in Au+Au collisions relative to p+p collisions. Our calculations
of yield per trigger of photon-tagged hadron in both p+p and Au+Au collisions
are consistent with the experimental measurements by both PHENIX and STAR
collaborations. Our results illustrate that all sources of hard photons are important
to a full understanding of the correlations between back-to-back photons and hadrons.
At relatively lower zp regime for the associated hadrons, photon-hadron correlations
are found to be dominated by direct photons. At high zr regime, jet-plasma photons
and fragmentation photons become of increasing significance.

In conclusion, our study of photon-hadron correlations will allow together with
earlier studies in Chapter 4 and Chapter 5 to experimentally test our understanding

of the interaction between the jets and the surrounding plasma created at RHIC.
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Summary

In Chapter 1, we briefly review the basic phenomenology in relativistic heavy ion
collisions, which have been designed to create and study the strongly nuclear matter
at extreme temperatures and densities by colliding two heavy nuclei at relativistic
energies. According to quantum chromodynamics (QCD), a new phase of matter
called quark-gluon plasma (QGP) is expected to exist at such extreme conditions. It
is the hope of heavy ion collisions to create such a new phase of matter and study the
critical phenomena related to the phase transition to the hadronic matter. The study
of QGP is important not only for the understanding of the physics of strongly inter-
acting QCD matter, but have an important impact on cosmology and astrophysics.
However, the deconfined degrees of freedom — quarks and gluons, are not directly
observable. It is one of most important tasks for physicists to find clear and unam-
biguous signatures for observing the formation of quark-gluon plasma and studying
its properties. This thesis constitutes one of those ongoing efforts by presenting our
original research work on two promising signatures in relativistic heavy ion collisions:
electromagnetic radiation and high transverse momentum jets.

In Chapter 2, we present a new channel of the direct photon production from a
quark-gluon plasma. This new mechanism vanishes in the vacuum and arises solely
when the charge conjugation invariance is explicitly broken for the medium. Effec-
tively, it may be described as the bremsstrahlung of a real photon from a thermal
gluon in the excited QCD matter. As photon production from such channels is depen-
dent on the gluon density of the medium, it offers a new window to probe the gluon

sector of the highly excited strongly interacting matter. It is found that the photon
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production rate from this process is suppressed compared to the QCD annihilation
and Compton scattering for realistic temperatures and chemical potentials, but could
become important in baryon-rich matter.

In Chapter 3, the photon and gluon emission from the quark-gluon plasma is
presented in the Arnold-Moore-Yaffe (AMY) formalism. Although this chapter does
not constitute my own work, it is important for the work in the following parts of
this thesis. The induced gluon emission by jets during their propagating through
the plasma is the backbones of the calculation of radiative part of jet energy loss in
relativistic heavy ion collisions. The induced photon emission constitutes one of the
important sources of hard photon production in QGP and play an important role in
the study of photon-hadron correlations at RHIC.

In Chapter 4, we study radiative jet energy loss at high transverse momenta
transverse momentum (pr). The relativistic ideal three-dimensional hydrodynamical
model is employed to describe the produced thermalized medium for the calculation
of the neutral pion nuclear modification factor B44 in Au+Au collisions at RHIC.
We have provided a systematic analysis of R44 as a function of pyr and azimuth ¢ in
central and non-central collisions, at mid and forward rapidity. Our study will not
only be able to reveal more information about nuclear medium, but also make for
a stringent test of theoretical understanding of jet energy loss over a variety of in-
medium path lengths, temperatures and initial partonic jet energies once further data
become available. We also present our prediction of the nuclear modification factor
Raa for charged hadron production at the LHC by employing the two-dimensional
ideal hydrodynamical model.

In Chapter 5, we calculate and compared the collisional and radiative energy loss
of hard jets in the hot and dense medium created at RHIC. We include radiative
energy loss and the additional energy loss by elastic collisions. Our treatment of
both processes is complete at leading order in the coupling and accounts for the
probabilistic nature of the jet energy loss. While the average energy loss due to

elastic collisions is small compared to the radiative one, the time evolution of the
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parton momentum distributions are significantly different. We find that the solution
of the Fokker-Planck equations of the probability density distributions of partons
until fragmentation is decisive for a correct calculation of the nuclear modification
factor Raqa for pion production in heavy ion collisions. Especially, the magnitude
of R44 is sensitive to the inclusion of collisional and radiative energy loss while the
shape as a function of pr does not show strong sensitivity. Possible implications of
the collisional energy loss on jet quenching at the LHC have also been presented.

In Chapter 6, we investigate the correlations between the back-to-back triggered
photons and associated hadrons in Au+Au collisions. The energy loss of hard jets
is evaluated by taking into account both radiative and collisional energy loss. The
production of triggered photons is obtained by incorporating all possible sources of
photons, and the production of associated hadrons is calculated from the fragmenta-
tion of jets after their passing through the hot and dense plasma. The bulk properties
of the medium created in Au+Au collision at RHIC is described by (3+1)-dimensional
relativistic ideal hydrodynamics. Our results for hadron yield per trigger photon in
both p+p and Au+Au collisions are consistent with the experimental measurements.
It is found that all photon sources are important for the understanding of high energy
photon-hadron correlations.

In conclusion, this thesis constitutes a contribution to our theoretical understand-
ing of the properties of the strongly interacting matter created in relativistic heavy
ion collisions. Especially, our study of hard photon production and high momentum
hadron suppression as well as their correlations will allow us to experimentally test
our understanding of the interaction between the travelling jets and the surrounding
plasma. A natural extension of this work will be to study the energy and system
size dependence of hard photon and hadron production and their correlations, such
as Au+Au collisions at lower energies, Cu+Cu collisions and especially Pb+Pb colli-
sions at the LHC. Lepton pair production and hadron-hadron correlations would be
another set of interesting topics for future investigation. Also in our present work,

we focus on hadrons in high pr regime, where fragmentation is expected to be the
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dominant mechanism for hadron production. It would be nice if we could have a uni-
fied hadronization scheme which combines fragmentation and recombination naturally
and describes the experimental data from lower pr to high pr regime consistently.

Such an approach, however, does not yet exist.



A

Path integral representation of partition function

In quantum statistical mechanics, the fundamental quantity is the probability density
operator p, from which all the macroscopic quantities of the system can be computed.
For example, let A be an observable of the system, then the expectation value of
the measurement (ensemble average) of this observable can be calculated from the

following equation,
(4) = TrlpA). (A1)
For the canonical ensemble, the density operator p(f5) is give by

e PH
exp(—0H) = 755, (A.2)

p(B) = Z(lm

where H is the Hamiltonian of the system, Z(3) = Tre ?# is the partition function,
and [ is the inverse of the temperature, 5 = 1/T. In the above equation, we have set
the Boltzmann constant to be a natural unit, kg = 1. It can be easily seen that the
trace of the density operator is unity, Trp(5) = 1. For a thermal equilibrium system

of bosons, the partition function reads,
2(5) =3 [ dbalgele™160) (A3)
where the sum runs over all states. The partition function may be rewritten as
Z(6) =3 [ dbuiale 0 tg,) = > [ dbaldutrlont),  (A4)

with ¢, = 0 and {; = —i8. We are now in the position to evaluate the general

transition amplitude in the quantum field theory,
(b5, b5l ts) = (by,t = 0le U™ |g, ¢ = 0) = (g™ ]gy),  (A5)
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where the Hamiltonian is a functional of the field operator and its conjugate momen-

tum,
H= / BzH(r, b). (A.6)

The path integral of this transition amplitude is obtained by discretizing the time
interval t; < t < ty, into N equal small pieces At = (t; — t;)/N. At each time

interval, we may insert a complete sets of states,

e 1) i [ (TTE42 ) (oo onle > ton) ontnn-1)
- () e 1) (1160 (A7)
As we know, (6116:) = 8(1 — 90, and
(uilme) = exp (i [ damnss ). (A8)

As At — 0 or N — oo, we can expand the transition amplitude as follows. Keeping

terms up to the first order, we obtain

(mi]e T HAY ) & (1 — i HyAt) (mg| ) = (1 — iHpAt) exp ( /d xwk¢>k) (A.9)

By putting all ingredients together, the transition amplitude now reads,

N
(e m00i0) = Jim_ [ (T1 22527 ) st01 - )

« exp {Z;Iz [ @ [M - Hm,qﬁk)] } . (A10)

where ¢, = ¢; and ¢ny1 = ¢p. Taking the continuum limit, we obtain the formal

expression for the transition amplitude,
¢(tf7f):¢f

(@l 1099 = [lan] [ 7" " [ag)

&(ti,7)=o;

X eXp [z /: dt/d% (#Z% - H(w,qb))} . (A1)

In the above equation, the symbols [dr] and [d¢] denote functional integration. By
switching the real time variable ¢ to the imaginary time variable 7, where ¢ = —ir

with 7 real, we obtain the final expression for the partition function {129],

2(6) = (fan] [ldg)exo { / * 4 [ <m% — H(r, ¢)>] C (A12)
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where the integration over the field ¢ is constrained by a periodic boundary condition

¢(8,%) = ¢(0, 7).
If the system has a conserved charge, it is straightforward to generalize the result

by performing the following replacement,
H—H—uN, (A.13)

where N is the density operator of the conserved charge. The result may also readily
be generalized to an arbitrary number of fields and conserved charges.

For a neutral scalar field, the general renormalizable Lagrangian is
1 1 5.5
£ = 30,806 — 56 — V(@), (A1)

where ¢(z) is a real field, m is the mass of scalar particles and the interaction is

contained in the potential V' (¢),
V(g) = g¢° + Ad", (A.15)

with A > 0 for the stability of the vacuum. The momentum conjugate to this field is

_ oL 99
"= o) o (410

and the Hamiltonian is obtained through the usual Legendre transformation

Hzﬂ'@—ﬁ:

1 1 1
5 579 + 5(vqs)2 + §m2¢2 + V(). (A.17)

By performing the similar procedure as described above, we are able to obtain the

partition function

Z = / [dg)eS?) = / [de) exp ( /0 * ar / d%/:), (A.18)

where the functional integration of ¢ is constrained by a periodic boundary condition
&(8,%) = ¢(0, £). For the case of free field, V(¢) = 0, we may perform the integration
by parts [129],

Z = /[d¢] exp [—% /Oﬁdv-/d%qs <—§;- ~ V24 mQ) 4 . (A.19)
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It is similar to generalize the above result for fermions, which are described by a
four-component Dirac spinor 9. For example, the Lagrangian for the free Dirac field

reads,
L = Y(iv"0, — m)y. (A.20)

The Dirac matrices v* are defined by the anticommutators {y#,7*} = 2¢g*. In the

standard convention, they are given by

01 0 &
T , = . (A.21)
10 —-c 0

We may write the Lagrangian out explicitly using the identity 1) = ¥'+°,

)
L=yt (WOE +iy -V — m) . (A.22)

The momentum conjugate to the field ¥ is

oL

M= =iyl A.23
sowen W (4.23)
The Hamiltonian is found using the Legendre transformation
oY .
H= HE — L =Y(—i7 -V +m)y. (A.24)

The final expression for partition function is found to be [129]
s - 0
Z = /[idwT][dw} exp [/ dT/d3:mp (—708— 7V - m> w] . (A25)
0 T

where the functional integration of ¢ is constrained by a periodic boundary condition

(B, L) = —(0, ).
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Thermal Green's function — Imaginary-time propagator

The thermal average of time-ordered two-point function is given by
ATy, 15 T2, To) = (T(@p(11, Z1)p(72, T2)). (B.1)
The T-product in imaginary time 7 operates as follows,
T(p(r1, F1)d(71, T2) = ¢(11, T1) (72, T2)0(71 — T2) £ G(72, L2)p(71, 71)0(r2 — 11 )(B.2)

where 8 is the step-function, and + and — are for bosons and fermions, respectively.

Now we define a function A(r, ),
A7, %) = Ay — 71, 12 — 1) = A(71, T1; T2, Ta).- (B.3)

From the periodical property ¢(3, %) = £4(0, Z), we know A(r, Z) is a periodic (anti-

periodic) function of imaginary time 7,
A(T’j‘) = iA(T —67 f)) (B4)

for any vale of 7 in the interval [0, 3]. The Fourier transform of the imaginary-time

propagator is defined as
8 X L,
A(wn, P) :/ dT/d3xel(‘“"T+p":)A(T, z), (B.5)
0
with the inverse formula being

— d3 —i(wnT+P-E
M) =T [ e 00w ), (B.6)
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where n is an integer and w, are discrete Matsubara frequencies. Since 7, A(Z) is

periodic (anti-periodic) in the interval [0, 8], the frequencies take discrete values
1
wp =207, w, =2n(n+ §)T, (B.7)

for bosons and fermions, respectively. Therefore, in the imaginary time formalism,
the energy variable pg is switched to the Matsubara frequencies w,,, where py = iw,,
with w, real.

For a neutral scalar field, the Lagrangian density in Minkowski space reads

L= 20,60, — g’ — V(o). (B.3)

As usual in quantum field theory, we define a generating functional Z[3, J], with

ZBl = Z2[B,J =0,
78, J] = / [dd)] exp( |+ / dr / d3a:J¢> (B.9)

The propagator in the imaginary time formalism is obtained by functional differenti-

ation

1 5%Z(5,J]
Z[8] 6J(m1,21)6J (72, T2)

A(Th 'fl; T2, 3_-":2) -

B Z%B]/[dd)](bﬁh Z1)P(72, a_t'g)esld)],
J=0
(B.10)

For the case of free field, V(¢) = 0, we may perform the integration by parts. The

generating function reads,

2

0
Zp(B,J) = /[d¢>] exp [——/ dr/d3x¢ (——— —-Vi+m ) b+ J¢>] . (B.11)
After performing the integration over the field ¢(z), we obtain

1 /B 3 3 — - — —
Zp[ﬂ, J] = ZF[ﬁ] exp :2-/()dT1d’TQ /d :cld .TQJ(Tl,SCl)AF(Tl,Il;TQ,iEg)J(TQ,CL'Q) ,
(B.12)

where the two-point Green function Ag(7, ) = Ap(re—11, To—%1) = Ap(r1, T1; T2, T2)

is the solution of the following partial differential equation

62
<_ﬁ SV ) Ar(r,7) = §(1)6%(@) (B.13)
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In the momentum space, the above equation reads,

7” + mQ)AF(Wmm = 1) (B14)

where w, = 2nw /3, with n an integer. It is straightforward that the above equation
has the following solution,

1 ~s_ 1
P _y st B.1
Ar(wn, ) (iwn)? — (P? + m?) s:zﬂ::l 2E, iwn — sk, (B4

where E, = /p%? + m?2. It is often useful work in the mixed representation. Then the

propagator Ap(7,p) in the mixed representation is defined as
AF(T,ﬁ) = TZe_i“’"TAF(wn,ﬁ). (B16)
n
The inverse transformation reads,

B )
A g (wn, P) :/0 dre™n" Ap (7, p). (B.17)

The propagator in mixed representation may be obtained by converting the frequency

sum into the contour integral [129] (see Appendix D),
1
Ap(r, 7= (L + F(Ee™ + J(E,)e™)
P
s
foe As (T’m e _
321 F 321 2E,

where f(E,) = 1/[exp(8E,) — 1] is the Bose-Einstein distribution function. The last

(L + f(sE,)] e 57, (B.18)

step in the above equation is obtained by using the identity, 1 + f(E) + f(—=F) = 0.
The propagator in coordinate space Ap(7,Z) may be obtained by

— d3p —i(wnT+P-T d3p —ipT
AF(T,.’L‘) :TZ/(Z’/T)36 (wn7+p )AF<wn7m :/(27‘_>36 P AF<T7m<B19)

For a free Dirac field, the general Lagrangian reads,

L =iy, — m)y. (B.20)

The free propagator for fermions in the imaginary time can be obtained following the

same procedure,

’YO(iwn) - '7 : ﬁ+ m
) (P ) (B.21)

SF(Wmﬁ) =
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where w, = (2n+ 1)7/3, with n an integer. Now we define the quantity Ap(iwn, E,)

1 —8 1

Ap(iwn, By) = — -y 2 B.22
wliwn Bp) = ~ o G v ) 5; 28, iwn, — 5E, (B-22)
Similarly, its mixed representation Ap(7, ) may also be defined,
AF(T,]?) :Tze_iwnTAF(wn,m. (B23)
The inverse transformation reads,
~ Ié] ) ~
Ap{wn, p) = / dre*"Ap(T, p). (B.24)
0

By computing the similar contour integral [129], we obtain the propagator in mixed
representation (see Appendix D),

Br(r i) =5 (1L~ FBe™ = J(B)e)

p

=3 8= 3 gp (L= FlsE)] e (B.25)

s==1 s==%1

where f(E,) = 1/ lexp(BE,) + 1] is Fermi-Dirac distribution function. Note now
1— f(E)— f(—E) = 0. The propagator in coordinate space A (7, Z) is then obtained

by
A = d® —wnT+P-T) A & —ip-T
Be(r @) =TY [ Glse PRt ) = [ 55 Be(r ) (B.29)

The above result can be generalized to the case of non-zero chemical potential y # 0
by replacing iw,, in the the propagator with iw,+p, and E, in the thermal distribution

function with E, — u, respectively.
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Spectral functions

The two basic two-point correlation functions in the real time are D>(¢,Z) and

D> (t,Z), defined as,
iD>(t, %) = ($(t, 7)$(0,0)), iD<(t,F) = (¢(0,0)4(t, )) (C.1)

Their Fourier transformations and the inverse transformations read

i(pot—p-@ — = d* ~i(pot—p-&
D> (po, ) z/d4:ve wot=79) D> (4 ), D>(t, ) :/(275’4@ (pot=73) D> (0. ),

) L a4 ) o
D<(po,P) = / d*ze Pt PO D<(¢ ), D<(t,T) = / ﬁe—“mt—wm(po, 7). (C.2)

By using the cylindrical properties of the trace, we obtain

>0 = 1 —BH = 3 1 o = —BH =
D (t,x)zg[l—ﬁ—]Tr e (t, )(0,0)] = mﬂ [6(t + 18, £)e =" 9(0,0)]
=7 Tr [eP7(0,0)6(t +i8, &)] = D<(t + i3, 7). (C.3)

Going to the momentum space, the above relation reads,

D>(p07m = eﬁp0D<(p07ﬁ>' (04)

The physical interpretation of this result is related to the microscopic detailed balance.

It is often useful to to define the normal correlation function D™(¢, &) in the real time,
iD™(t, 7) = (|¢(t, Z), ¢(0,0)]) = 1D (t, %) — iD<(t, T). (C.5)

By doing Fourier transformations, we obtain its expression in momentum space,
D™(po, ) = / Az ®tFD pr(y 7). (C.6)
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The spectral function is now defined as

p(po, P) = iD"(po, p) = 1D (po, p) — iD= (po, H)- (C.7)

Therefore, we may rewrite the correlation functions D~ (pg, p) and D<(pg, p) in terms

of the spectral function as follows,

iD(po, ) = [L + f(po)lp(po, ), iD<(po,P) = f(po)p(po, D), (C.8)

where f(po) = 1/[exp(Bpo) — 1] is the Bose-Einstein thermal distribution function.
In linear response theory, the most relevant correlations are the retarded and

advanced correlation functions DE(¢, ¥) and DA(t, Z), defined as follows,

iDR(t, 7)=(8(1) ¢ (t, ©), 6(0,0)] = 6()iD"(t, 7))
iDA(t, ) = —(0(=1)[p(t, T), $(0,0)]) = —6(—)iD"(t, 7). (C.9)

It is easily to see

[iD%(¢, 7)) = - [iD*(t,0)] = [D"(t,3)]' = [DA(t,9)]. (C.10)

The Fourier transforms in the momentum space read
DR (po, p) = /d4a:ei(p°t_ﬁ'i)DR(t,:E), D%(po, D) = /d4xei(p°t'ﬁf)DR(t,x“). (C.11)
From the definitions of D®(¢, #) and D4(t, %), we obtain
iDR(t, &) — iDA(t, &) = iD™(t, @) = iD” (¢, %) — iD<(t, 7). (C.12)
Therefore, we may also write the following expression for the spectral function

p(po, ) = iD®(po, ) — iD*(po, P). (C.13)

From the usual representation of the #-function,

© dw e"W!
o(t :'/ e , C.14
(t) =1 —00 2T W + 1€ ( )

we find that the retarded and advanced correlation functions may be expressed as the

integrals of the spectral function,

< L [® dw  p(w,p)
R _ haed) >
tD%(po,p) = Z/ —00 2w — pg + i€

iD(pg, p) = —i
—o0 2T W — pg — i€’ (po, P)
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From the identity

1
T =+ e

- P H F ind(z), (C.16)

where P represent the Couchy principle value, the above equations imply that the

spectral function is related to the imaginary part of two-point functions,

p(po, P) = —2ImD*(po, ), p(po, P) = 2ImD*(po, p). (C.17)

The real parts of retarded and advanced correlation functions are equal,
ReD®(po, §) = ReD*(po, ). (C.18)

The imaginary-time propagator in the finite temperature field theory may also be

connected to the spectral function. Performing the Fourier transformation, we obtain

B . L oo d,
Alwp, D) :/0 dT/d3a:e’(“’”T+p"”)A(T, T) = 2—:5—(_&% (C.19)

This implies that the retarded and advanced propagators may be obtained from the

imaginary-time propagator by analytical continuation as follows,

DR(p()’ﬁ) = - A(wn’m|iwn:p0+ie7 DA(p()?ﬁ‘) = = A(wn’mliwn:po-—ie . <C20)

From the imaginary-time propagator of a free field for bosons,

1

) — @ m)’ (c21)

AF(wnam = -

we obtain
p(po, D) = 27rsign(p0)5(p3 —p? —m?). (C.22)

Thus the spectral function has the weight concentrated on the mass shell of the
particle. Generally, for interacting particle in the medium, this weight will get spread
out over a range of energies.

It is also of great interest to take a look at the real-time propagator D(¢, Z) in the

finite temperature, defined as

iD(t, T) = (To(t, )$(0,0)) = 6(1)iD>(t, 7) + (~1)iD<(t,%).  (C.23)



144

In terms of spectral function, it reads [126],

©dw p(w,p)
0o 2T W — Po — 1€

iD(po,p) = —i + f(po)p(po, P)- (C.24)

It is easy to find the free propagator in the real time by substituting the free spectral
function [126],

1
—p? —m? +ice

iDp(po, P) = e + 2””(?0)5(10(2) - 152 - mz), (C.25)
0

where n(po) = 1/[exp(B|po]) — 1]. The first term is the zero temperature part, and

the second term is the thermal part which vanishes in the zero temperature.



D

Matsubara frequency sum

In the imaginary-time formalism, the zeroth components of four momenta are discrete
Matsubara frequencies. In this appendix, we will present some techniques to perform
the sum of Matsubara frequencies encountered in the computation of Feynman dia-
grams.

The first frequency sum we are going to compute is the mixed representation of free
propagators of fermions with zero chemical potential (the generalization to Eq. (2.13)

with g # 0 is straightforward),

Ap(1,p) = TZe_i‘”"TAF(iwn,ﬁ), (D.1)

where the propagator in the momentum space is given by

1

oy — B (02

Ap(z'wn,ﬁ) - -

with E, = v/p? + m?, and p° = iw, = i(2n + 1)7T. As has been stated in [129], the
sum over the Matsubara frequencies can be converted into contour integrals in the

complex plane. Here for p° = iw, = i(2n + 1)7T, we have

TZf 2m/ I ){1 eﬁp—ol—i-ﬂ' (D-3)

where the contour C' is shown as in the left figure, which is equivalent to Cy + C5 in

the middle figure.
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G G ¢

B
= =
|
Therefore, we obtain

~ 1 0 1 1 1
St m k[ apew L1 g
r(7.7) 2mi Jer+0, e (p°)2—E212 e +1 (D-4)

Note that 1/(e=° +1) = 1 — 1/(e?”° + 1), we have

. 1 o _or 1 1 1
o -+ i+t
Arn D)= =50 o, ¢ oy 5 1
1 0 1 1
S dO‘WT—————~[—— -———~—} D.
2mi /(12 pe (P°)2-E2L 2 + e=fP° 11 (D-5)

To further evaluate the contour integral, we need to close the integral contour, C; —
C7 and Cy — Cj.

~ 1 0 1 1

S Sy S GRS SN SO

F(7.7) omi Jormcr P E T (02— E? ek +1

1 0 1 1
- dpe?T .
2mi /cz_.% pe (p0)2 — E2e= P 41

(D.6)

Note that we have put the constant —1/2 in the second term to the first term in order
to make the integral in the second term zero as p° — —oo. Evaluating the residues
at p® = E, in contour Cj and p° = —FE, in contour Cj, we obtain the final result for
the mixed representation of Fermion propagator,

Ap(r,p)= 2—11@— (1= A(E,)e™ ™™ —A(Ep)e™") . (D.7)

Second, we compute the following product of two imaginary-time fermion propaga-
tors (corresponding to setting p = 0 in Eq. (2.18), and the generalization to non-zero

chemical potential is straightforward),

Sliwn) =TS Ay, (wn, E2)As, (iwn + iwy, Er), (D.8)
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where w, = (2n + )77, wy = 2ngnT, and

8

e (1~ fsE)). (D.9)

Ayliwn, E) = 5E

From the Fourier transformation of mixed propagator, we obtain
B g . . . ~ ~
S(Zu}n) = TZ/ dTg/ dTlelw"T2€(lw"+zwk)TlA52 (TQ,EQ)ASI (7'1, El) (D10>
— Jo 0
As 1,72 € (0,3), we have the identity
TZei“’"(T“LT?) = 0(m + 12 — B). (D.11)

Substituting the above identity and the following equation,

A _ _f_ 7 ~sET
As(r, E) = 7% (1= f(sB)] e=®r, (D.12)
we obtain
. A iwg—8 s n S18 ry —82E5 g
S(iwy) = /0 drye(ts=s1Brtsabn) 4751%2 (1= F(s2En)| e7P8 [1 = f(s1By)] .(D.13)

Performing the integral over 7, gives us,

$189 e~ s1E1B8 _ o—52E28 -

S(iwn) = 5 TSN T (1= f(s:B)] 1= f(s:E0)] . (D.14)

From the identity
e PE — M)— (D.15)
1 - f(sE)

we obtain the final result for the product of two imaginary-time propagator,

. 8182 f(lel) _f(SQEQ)
S(iw,) = , D.16
(wn) 4F, Fy iwn — 51, + 555 (D-16)

Finally, we compute the following expression, which appears in Chapter 2 when we

evaluate the photon production rate by cutting self-energy diagrams (see Eq. (2.39)),
DiscT Y f(k%)g(° — k°), (D.17)
kO

In the above equation, p° and k¥ are imaginary discrete Matsubara frequencies, p° =

nyi27T, k° = nyi2xT, with integers n,, ny ranging from —oo to co. The discontinuity
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of a complex function f(z) across real axis is defined as Discf(z) = f(z+ie)— f(z—te),
where ¢ = 0% is any tiny number. In order to evaluate the above expression, we first

recall the Cauchy theorem for the contour integral,

fla) = @, dz, (D.18)

27rz czZ—a

where the contour C' is taken counter-clockwise. We may take the integral contour C

across the real axis, such that

_ 1 oco—ie ~oo+tie f( f z+ Zé f( — ZE)
fla) = 2mi [/-oo—is + cotie | z— a N 27rz zZ—a dz. (D.19)
Therefore,
1 e Disf(), e al)
fla) = o /oo z—a T /—oo z - adz’ (D-20)

where we the spectral function p(z) of f(z) has been defined as p(z) = Discf(z)/(271).
Now we may also rewrite Eq. (D.17) in terms of the spectral functions of f(k®) and

g(p°® — k) as follows,

DlscTZf K9 g(p° — k) = DISCTZ/ dw )/m o — L2 o)

w—ko W' —pY + kO

Now our task becomes to evaluate the following expression,

DiscT Z ! L

. D.22
W — kOw —p0 4 kO (D-22)

As has been stated in [129], the sum over the Matsubara frequencies can be converted

into contour integrals over a complex k°, i.e., for any function f(k°),

1
% Of(k° e D.23
P20 = 5 o 00 [5+ o] (D-23)
where the contour C is shown as the left figure, which is equivalent to Cy + Cs in the

middle figure. Cy 4+ Cs.
b b b

I ¥ €

C Ca Cy Cy G
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Therefore, we obtain

1 1 1 1 1 1
T = [ W [— ——] .
Zw—kow —pO+ k0 273 cl+cgdkw~k0w’—p°+k0 2+eﬁ’f°—1 (D-24)

To further evaluate the contour integral, we need to close the integral contour, C; —

Cj and Cy — C4. Taking the residues of the function inside the integral at k® = w

and k° = p® — o/,

1 1 1 1 1
T = Z
%w—kow’—po—kko w’—p°+w<2+eﬁw—1)

1 1 1
(i D.
w—po+w’(2+e—5w'—1>’ (D-25)

where the identity exp(8p°) = 1 has been implicitly employed. The above expression

may be simplified to be,

T;w_lk L )+ fW)],  (D26)

Ow —pP+ k0 WwHw—p
by using the fact that 1+ f(w) + f(~w) = 0, where f(w) = 1/(e*/T —1). Now taking

the discontinuity across the real axis,

1
DiscT’ = Di -
8¢ z(;w—kow’—po—kko lsc[w’—f—w—po

a0+ 5. @20
It is straightforward to show that when p® — E + i,

Disc [ 0} =2mid(w +uw — E). (D.28)

w+w-—-p

Putting all together, we obtain the desired formula,
DiscT > f(K°)g(p° — £°) 27rz/dw/dwp1 w)pr (W)
0
: X6(w+w — E)Y1 + f(w) + f(W). (D.29)
By employing the following identity,
L+ (@) + (W) = [“T — 1] fw) F (W), (D.30)
we obtain
DiscT' > f(K9)g(p° — k%) =2mi(e E/T _ /dw/dw o (w)pr(w)
%0

x6(w+w — E)f(w)f(w'). (D.31)



BIBLIOGRAPHY

[1] PHENIX, K. Adcox et al., Nucl. Phys. A757, 184 (2005), [nucl-ex/0410003].
[2) BRAHMS, 1. Arsene et al., Nucl. Phys. A757, 1 (2005), [nucl-ex/0410020].

[3] B. B. Back et al., Nucl. Phys. A757, 28 (2005), [nucl-ex/0410022].

[4] STAR, J. Adams et al., Nucl. Phys. A757, 102 (2005), [nucl-ex/0501009].

[5] M. Gyulassy and L. McLerran, Nucl. Phys. A750, 30 (2005), [nucl-th/0405013].

[6] B. Muller and J. L. Nagle, Ann. Rev. Nucl. Part. Sci. 56, 93 (2006), [nucl-
th/0602029].

(7] B. Muller, Acta Phys. Polon. B38, 3705 (2007), [0710.3366)].
[8] Particle Data Group, W. M. Yao et al., J. Phys. G33, 1 (2006).
[9] M. Gell-Mann, Austral. J. Phys. 29, 473 (1976).
[10] W. J. Marciano and H. Pagels, Phys. Rept. 36, 137 (1978).
[11] J. Kuti, J. Polonyi and K. Szlachanyi, Phys. Lett. B98, 199 (1981).
[12] L. D. McLerran and B. Svetitsky, Phys. Rev. D24, 450 (1981).
[13] F. Karsch and E. Laermann, hep-lat/0305025.
[14] T. D. Lee, Nucl. Phys. A538, 3c (1992).

[15] J. W. Harris and B. Muller, Ann. Rev. Nucl. Part. Sci. 46, 71 (1996), [hep-
ph/9602235).

150



BIBLIOGRAPHY ‘ 151

[16] M. E. Peskin and D. V. Schroeder, An Introduction To Quantum Field Theory
(Frontiers in Physics), Westview Press (1995).

[17) W. Greiner and J. Reinhardt, Field Quantuization, Springer-Verlag Berlin Hei-
delberg (1996).

[18] W. Greiner and B. Muller, Quantum Mechanics, Springer-Verlag Berlin Hei-
delberg (1994).

[19] W. Greiner and A. Schafer, Quantum Chromodynamics, Springer-Verlag Berlin
Heidelberg (1994).

[20] H. D. Politzer, Phys. Rept. 14, 129 (1974).
[21] K. G. Wilson, Phys. Rev. D10, 2445 (1974).

[22] E. Eichten, K. Gottfried, T. Kinoshita, K. D. Lane and T'.-M. Yan, Phys. Rev.
D21, 203 (1980).

(23] H. Pagels, Phys. Rev. D19, 3080 (1979).
[24] J. Goldstone, A. Salam and S. Weinberg, Phys. Rev. 127, 965 (1962).

[25] M. G. Alford, K. Rajagopal and F. Wilczek, Phys. Lett. B422, 247 (1998),
[hep-ph/9711395].

[26] J. Berges and K. Rajagopal, Nucl. Phys. B538, 215 (1999), [hep-ph/9804233].
[27] S. Weinberg, Muenchen 1977, 269p.
(28] B. Muller and D. K. Srivastava, nucl-th/0407010.

[29] http://www.gsi.de/fair/experiments/CBM/lintro_e.html,
http://nab0.web.cern.ch/NA50/physics.html .

[30] A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn and V. F. Weisskopf, Phys.
Rev. D9, 3471 (1974).


http://www.gsi.de/fair/experiments/CBM/lintro_e.html
http://na50.web.cern.ch/NA50/physics.html

BIBLIOGRAPHY 152

(31] S. Weinberg, Physica A96, 327 (1979).

[32] J. Gasser and H. Leutwyler, Ann. Phys. 158, 142 (1984).
[33] J. Gasser and H. Leutwyler, Nucl. Phys. B250, 465 (1985).
(34] J. Gasser and H. Leutwyler, Phys. Lett. B184, 83 (1987).
[35] J. Gasser and H. Leutwyler, Phys. Lett. B188, 477 (1987).
36] G. 't Hooft, Nucl. Phys. B61, 455 (1973).

[37] K. G. Wilson and J. B. Kogut, Phys. Rept. 12, 75 (1974).

(38] http://www.lip.pt/divulgacao/quark-gluon/space_time2.html,
http://nab0.web.cern.ch/NA50/figures/evol.gif .

[39] M. Gyulassy and X.-N. Wang, Comput. Phys. Commun. 83, 307 (1994), [nucl-
th/9502021].

[40] X.-N. Wang, Phys. Rept. 280, 287 (1997), [hep-ph/9605214].

[41] K. Geiger, Phys. Rept. 258, 237 (1995).

(42] B. Muller, Int. J. Mod. Phys. E12, 165 (2003).

[43] E. Iancu and R. Venugopalan, hep-ph/0303204.

[44] J. D. Bjorken, Phys. Rev. D27, 140 (1983).

[45] R. B. Clare and D. Strottman, Phys. Rept. 141, 177 (1986).

[46] A. Dumitru and D. H. Rischke, Phys. Rev. C59, 354 (1999), [nucl-th/9806003].
[47] P. F. Kolb and U. W. Heinz, nucl-th/0305084.

[48] P. Huovinen, nucl-th/0305064.

[49] T. Hirano and K. Tsuda, Phys. Rev. C66, 054905 (2002), [nucl-th/0205043].


http://www.lip.pt/divulgacao/quark-gluon/space_time2.htrnl
http://na50.web.cern.ch/NA50/figures/evol.gif

BIBLIOGRAPHY 1563

(50] P. F. Kolb, J. Sollfrank and U. W. Heinz, Phys. Rev. C62, 054909 (2000),
[hep-ph/0006129).

[51] U. W. Heinz and P. F. Kolb, Nucl. Phys. A702, 269 (2002), [hep-ph/0111075].
[52] U. W. Heinz and P. F. Kolb, hep-ph/0204061.

[53] F. Cooper and G. Frye, Phys. Rev. D10, 186 (1974).

[54] Y. Yariv and Z. Fraenkel, Phys. Rev. C20, 2227 (1979).

[55] J. Cugnon, Phys. Rev. C22, 1885 (1980).

[56] Y. Pang, T. J. Schlagel and S. H. Kahana, Phys. Rev. Lett. 68, 2743 (1992).
[57] S. A. Bass et al., Prog. Part. Nucl. Phys. 41, 255 (1998), [nucl-th/9803035].
58] M. Bleicher et al., J. Phys. G25, 1859 (1999), [hep-ph/9909407].

[59] R. J. Glauber, Lectures in Theoretical Physics, vol.1. New York: Interscience
(1959).

[60] R. J. Glauber and G. Matthiae, Nucl. Phys. B21, 135 (1970).

[61) PHENIX, S. S. Adler et al, Phys. Rev. Lett. 91, 072301 (2003), [nucl-
ex,/0304022].

[62] M. L. Miller, K. Reygers, S. J. Sanders and P. Steinberg, Ann. Rev. Nucl. Part.
Sci. 57, 205 (2007), [nucl-ex/0701025].

[63] C. W. De Jager, H. De Vries and C. De Vries, Atom. Data Nucl. Data Tabl.
14, 479 (1974).

[64] UA5, K. Alpgard et al., Phys. Lett. B107, 315 (1981).

[65] PHOBOS, B. B. Back et al, Phys. Rev. Lett. 87, 102303 (2001), [nucl-
ex,/0106006).



BIBLIOGRAPHY 154

[66] BRAHMS, 1. G. Bearden et al., Phys. Rev. Lett. 88, 202301 (2002), [nucl-
ex/0112001].

[67) R. C. Hwa and K. Kajantie, Phys. Rev. D32, 1109 (1985).

(68] J. I. Kapusta, L. D. McLerran and D. Kumar Srivastava, Phys. Lett. B283,
145 (1992).

[69] PHOBOS, B. B. Back et al., Phys. Rev. C65, 061901 (2002), [nucl-ex/0201005].
[70] J. Rafelski and B. Muller, Phys. Rev. Lett. 48, 1066 (1982).

[71] P. Koch, B. Muller and J. Rafelski, Phys. Rept. 142, 167 (1986).

[72] T. Matsui and H. Satz, Phys. Lett. B178, 416 (1986).

[73] L. D. McLerran and T. Toimela, Phys. Rev. D31, 545 (1985).

[74] K. Kajantie, J. I. Kapusta, L. D. McLerran and A. Mekjian, Phys. Rev. D34,
2746 (1986).

[75] J. I. Kapusta, P. Lichard and D. Seibert, Phys. Rev. D44, 2774 (1991).

[76] M. Asakawa, U. W. Heinz and B. Muller, Phys. Rev. Lett. 85, 2072 (2000),
[hep-ph/0003169].

[77] S. Jeon and V. Koch, Phys. Rev. Lett. 85, 2076 (2000), [hep-ph/0003168].

[78] V. Koch, A. Majumder and J. Randrup, Phys. Rev. Lett. 95, 182301 (2005),
[nucl-th/0505052].

[79] M. Gyulassy and M. Plumer, Phys. Lett. B243, 432 (1990).
[80] M. Gyulassy, L. Vitev, X.-N. Wang and B.-W. Zhang, nucl-th/0302077.

[81] G.-Y. Qin, A. Majumder and C. Gale, Phys. Rev. C75, 064909 (2007), [hep-
ph/0703312].



BIBLIOGRAPHY 155

[82] G.-Y. Qin, C. Gale and A. Majumder, International Journal of Modern Physics
E16, 2350 (2007), [hep-ph/0703026).

[83] PHENIX, K. Adcox et al, Phys. Rev. Lett. 88, 022301 (2002), [nucl-
ex,/0109003].

[84] STAR, C. Adler et al., Phys. Rev. Lett. 89, 202301 (2002), [nucl-ex/0206011].
[85] STAR, C. Adler et al., Phys. Rev. Lett. 90, 082302 (2003), [nucl-ex/0210033].
[86] M. Gyulassy and X.-n. Wang, Nucl. Phys. B420, 583 (1994), [nucl-th/9306003].
[87] A. B. Migdal, Phys. Rev. 103, 1811 (1956).

[88] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne and D. Schiff, Nucl. Phys.
B483, 291 (1997), {hep-ph/9607355].

[89] M. Gyulassy, P. Levai and I. Vitev, Nucl. Phys. B594, 371 (2001), [nucl-
£h,/0006010].

[90] A. Kovner and U. A. Wiedemann, hep-ph/0304151.
(91] B. G. Zakharov, JETP Lett. 63, 952 (1996), [hep-ph/9607440).
[02] W.-F. Wang, Chin. Phys. Lett. 18, 997 (2001).

[93] P. Arnold, G. D. Moore and L. G. Yaffe, JHEP 12, 009 (2001), [hep-
ph/0111107).

[94] P. Arnold, G. D. Moore and L. G. Yaffe, JHEP 11, 057 (2001), [hep-
ph/0109064].

[95] P. Arnold, G. D. Moore and L. G. Yaffe, JHEP 06, 030 (2002), [hep-
ph/0204343).

[96] J. D. Bjorken, FERMILAB-PUB-82-059-THY.

[97] B. G. Zakharov, JETP Lett. 86, 444 (2007), [0708.0816].



BIBLIOGRAPHY 156

(98] T. Renk, Phys. Rev. C76, 064905 (2007), [0708.4319).

[99] M. G. Mustafa and M. H. Thoma, Acta Phys. Hung. A22, 93 (2005), |[hep-
ph/0311168].

[100] M. G. Mustafa, Phys. Rev. C72, 014905 (2005), [hep-ph/0412402].

[101] A. K. Dutt-Mazumder, J.-e. Alam, P. Roy and B. Sinha, Phys. Rev. D71,
094016 (2005), [hep-ph/0411015].

[102] A. Adil, M. Gyulassy, W. A. Horowitz and S. Wicks, Phys. Rev. C75, 044906
(2007), [nucl-th/0606010].

[103] S. Wicks and M. Gyulassy, J. Phys. G34, S989 (2007), [nucl-th/0701088].

[104] G.-Y. Qin, J. Ruppert, C. Gale, S. Jeon, G. D. Moore and M. G. Mustafa,
Phys. Rev. Lett. 100, 072301 (2008), [0710.0605).

[105] G.-Y. Qin, J. Ruppert, C. Gale, S. Jeon, G. D. Moore and M. G. Mustafa,
0805.4594.

[106] G.-Y. Qin, J. Ruppert, S. Turbide, C. Gale, C. Nonaka and S. A. Bass, Phys.
Rev. C76, 064907 (2007), [0705.2575].

[107] X.-N. Wang, Z. Huang and I. Sarcevic, Phys. Rev. Lett. 77, 231 (1996), [hep-
ph/9605213).

[108] X.-N. Wang and Z. Huang, Phys. Rev. C55, 3047 (1997), [hep-ph/9701227].
(109] G.-Y. Qin, J. Ruppert, C. Gale, S. Jeon and G. D. Moore, (in preparation).
[110] E. V. Shuryak, Phys. Rept. 61, 71 (1980).

[111] A. Majumder and C. Gale, Phys. Rev. D63, 114008 (2001), [hep-ph/0011397].

[112] A. Majumder, A. Bourque and C. Gale, Phys. Rev. C69, 064901 (2004), [hep-
ph/0311178].



BIBLIOGRAPHY 157

[113] J. F. Owens, Rev. Mod. Phys. 59, 465 (1987).

[114] R. J. Fries, B. Muller and D. K. Srivastava, Phys. Rev. Lett. 90, 132301 (2003),
[nucl-th/0208001].

[115] A. von Keitz et al., Phys. Lett. B263, 353 (1991).
[116] PHOBOS, A. Olszewski et al., J. Phys. G28, 1801 (2002).

[117] N. Hammon, H. Stoecker and W. Greiner, Phys. Rev. C61, 014901 (2000),
[hep-ph/9903527).

[118] A. Dumitru, D. H. Rischke, H. Stoecker and W. Greiner, Mod. Phys. Lett. A8,
1291 (1993).

[119] A. Dumitru et al., Phys. Rev. Lett. 70, 2860 (1993).
[120] H. Vija and M. H. Thoma, Phys. Lett. B342, 212 (1995), [hep-ph/9409246].

[121] C. T. Traxler, H. Vija and M. H. Thoma, Phys. Lett. B346, 329 (1995), (hep-
ph/9410309].

[122] W. H. Furry, Phys. Rev. 56, 1184 (1939).

[123] C. Itzykson and J. B. Zuber, Quantum Field Theory, McGraw Hill, New York
(1980).

[124] C.-N. Yang, Phys. Rev. 77, 242 (1950).

[125] E. Braaten and R. D. Pisarski, Nucl. Phys. B337, 569 (1990).

[126] M. Le Bellac, Thermal Field Theory, Cambridge University Press (1996).
[127] R. D. Pisarski, Nucl. Phys. B309, 476 (1988).

[128] C. Gale and J. I. Kapusta, Nucl. Phys. B357, 65 (1991).

[129] J. I. Kapusta and C. Gale, Finite-Temperature Field Theory: Principles and
Applications, Cambridge University Press (1996).



BIBLIOGRAPHY 158

[130] E. Braaten, R. D. Pisarski and T.-C. Yuan, Phys. Rev. Lett. 64, 2242 (1990).
[131] S. Jeon and G. D. Moore, Phys. Rev. C71, 034901 (2005), [hep-ph/0309332].

[132] S. Turbide, C. Gale, S. Jeon and G. D. Moore, Phys. Rev. C72, 014906 (2005),
[hep-ph/0502248].

[133] P. Aurenche, F. Gelis, R. Kobes and H. Zaraket, Phys. Rev. D58, 085003
(1998), [hep-ph/9804224].

[134] P. Aurenche, F. Gelis and H. Zaraket, JHEP 05, 043 (2002), [hep-ph/0204146].

[135] R. Baier, D. Schiff and B. G. Zakharov, Ann. Rev. Nucl. Part. Sci. 50, 37
(2000), [hep-ph/0002198)].

[136] G.-Y. Qin, J. Ruppert, S. Turbide, C. Gale and S. Jeon, 0705.4468.
[137] C. Nonaka and S. A. Bass, Phys. Rev. C75, 014902 (2007), [nucl-th/0607018].

[138] K. J. Eskola, H. Honkanen, H. Niemi, P. V. Ruuskanen and S. S. Rasanen,
Phys. Rev. C72, 044904 (2005), [hep-ph/0506049].

[139] PHENIX, S. S. Adler et al., Phys. Rev. C76, 034904 (2007), [nucl-ex/0611007].

(140] H. Zhang, J. F. Owens, E. Wang and X.-N. Wang, Phys. Rev. Lett. 98, 212301
(2007), [nucl-th/0701045).

[141] T. Renk and K. Eskola, Phys. Rev. C75, 054910 (2007), [hep-ph/0610059).
[142] J. Ruppert and T. Renk, 0710.4124.
[143] T. Renk and J. Ruppert, Phys. Rev. C76, 014908 (2007), [hep-ph/0702102].

[144] A. Dainese, C. Loizides and G. Paic, Eur. Phys. J. C38, 461 (2005), [hep-
ph/0406201].

[145] A. Majumder, Phys. Rev. C75, 021901 (2007), [nucl-th/0608043].



BIBLIOGRAPHY 159

[146] T. Hirano and Y. Nara, Prog. Theor. Phys. Suppl. 151, 133 (2003).

[147) T. Renk, J. Ruppert, C. Nonaka and S. A. Bass, Phys. Rev. C75, 031902
(2007), [nucl-th/0611027).

[148] S. A. Bass, T. Renk, J. Ruppert and C. Nonaka, J. Phys. G34, S979 (2007),
nucl-th/0702079].

[149] A. Majumder, C. Nonaka and S. A. Bass, Phys. Rev. C76, 041902 (2007),
[nucl-th/0703019).

[150] J. Sollfrank et al., Phys. Rev. C55, 392 (1997), [nucl-th/9607029].
[151] C. M. Hung and E. V. Shuryak, Phys. Rev. C57, 1891 (1998), [hep-ph/9709264].

[152] D. H. Rischke, M. I. Gorenstein, H. Stoecker and W. Greiner, Z. Phys. C51,
485 (1991).

[153] P. F. Kolb, U. W. Heinz, P. Huovinen, K. J. Eskola and K. Tuominen, Nucl.
Phys. A696, 197 (2001), [hep-ph/0103234].

[154] R. J. Fries, B. Muller, C. Nonaka and S. A. Bass, Phys. Rev. C68, 044902
(2003), [nucl-th/0306027].

(155] CTEQ, H. L. Lai et al., Eur. Phys. J. C12, 375 (2000), [hep-ph/9903282].

[156] K. J. Eskola, V. J. Kolhinen and C. A. Salgado, Eur. Phys. J. C9, 61 (1999),
[hep-ph/9807297].

[157] B. Jager, A. Schafer, M. Stratmann and W. Vogelsang, Phys. Rev. D67, 054005
(2003), [hep-ph/0211007).

[158] G. G. Barnafoldi, G. I. Fai, P. Levai, G. Papp and Y. Zhang, J. Phys. G27,
1767 (2001), [nucl-th/0004066].

[159] PHENIX, S. S. Adler et al, Phys. Rev. Lett. 98, 172302 (2007), [nucl-
ex/0610036].



BIBLIOGRAPHY 160

[160] B. A. Kniehl, G. Kramer and B. Potter, Nucl. Phys. B582, 514 (2000), [hep-
ph/0010289).

[161] http://www.phenix.bnl.gov/WWW/plots/show_plot.php?editkey=p0439 .
[162] STAR, J. Adams et al., Phys. Rev. Lett. 97, 152302 (2006), [nucl-ex/0602011].

(163] A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Phys. Lett.
B531, 216 (2002), [hep-ph/0201127).

[164] T. Renk, hep-ph/0608333.
[165] T. Renk and J. Ruppert, Phys. Rev. C72, 044901 (2005), [hep-ph/0507075].

[166] M. Hirai, S. Kumano and T. H. Nagai, Phys. Rev. C70, 044905 (2004), [hep-
ph/0404093).

[167) K. J. Eskola, K. Kajantie, P. V. Ruuskanen and K. Tuominen, Nucl. Phys.
B570, 379 (2000), [hep-ph/9909456].

[168] R. Cutler and D. W. Sivers, Phys. Rev. D17, 196 (1978).

[169] B. L. Combridge, J. Kripfganz and J. Ranft, Phys. Lett. B70, 234 (1977).
[170] M. H. Thoma, Phys. Lett. B273, 128 (1991).

[171] T. Renk, Phys. Rev. C74, 034906 (2006), [hep-ph/0607166].

[172] K. Filimonov, Acta Phys. Hung. A25, 363 (2006), [nucl-ex/0505008].
[173] F. Arleo, J. Phys. G34, S1037 (2007), [hep-ph/0701207].

[174] S. Turbide, C. Gale, E. Frodermann and U. Heinz, Phys. Rev. C77, 024909
(2008), [0712.0732].

[175] P. Aurenche, R. Baier, M. Fontannaz and D. Schiff, Nucl. Phys. B297, 661
(1988).


http://www.phenix.bnl

BIBLIOGRAPHY 161

[(176] F. Aversa, P. Chiappetta, M. Greco and J. P. Guillet, Nucl. Phys. B327, 105
(1989).

[177] P. Aurenche et al., Eur. Phys. J. C9, 107 (1999), [hep-ph/9811382].

(178] L. Bourhis, M. Fontannaz and J. P. Guillet, Eur. Phys. J. C2, 529 (1998),
[hep-ph/9704447].

(179] PHENIX, S. S. Adler et al, Phys. Rev. Lett. 98, 012002 (2007), [hep-
ex/0609031].

[180] PHENIX, A. Adare et al., 0804.4168.

[181] PHENIX, S. S. Adler et al., Phys. Rev. C69, 034909 (2004), [nucl-ex/0307022].
(182] PHENIX, S. S. Adler et al., Phys. Rev. C69, 034910 (2004), [nucl-ex/0308006].
[183] PHENIX, T. Isobe, J. Phys. G34, S1015 (2007), [nucl-ex/0701040].

(184] X.-N. Wang, Phys. Lett. B595, 165 (2004), [nucl-th/0305010].

[185] X.-N. Wang, Phys. Lett. B579, 299 (2004), [nucl-th/0307036].

[186] M. Nguyen, talk in Quark Matter 2008 Conference for PHENIX, High pr direct
photon-hadron correlations using the PHENIX detector (2008), [0805.1225].

[187] J. Frantz, talk in Hard Probes 2008 Conference for PHENIX, Two-particle
direct photon-jet correlation measurement in PHENIX (2008).

[188] A. M. Hamed, talk in Quark Matter 2008 Conference for STAR, Probing the
medium with y-jet correlation measurements; talk in Hard Probes 2008 Con-

ference for STAR, Direct vy-charged hadron azimuthal correlation measurements

(2008), [0806.2190].



