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Abstract

While a hard parton (gluon or quark) traverses the medium, it loses its energy
as a result of interactions with the medium. In this thesis, we describe the full
in-medium kinetic and chemical equilibration of hard particles, using a linearized
effective kinetic description of QCD at leading order. Since we include 2 <> 2 elastic
processes, collinear radiation, and the back-reaction of the jet constituents onto the
medium, we are able to follow the energy from the hard scales ~ E all the way to
the medium scales ~ T.

In the first analysis, we consider the energy evolution only in the longitudinal
direction and describe the elastic processes using the small angle approximation.
After a direct energy deposition into the medium scales due to elastic and radiative
interactions at early times, we find that the energy loss is mainly driven by successive
splittings, which lead to an energy cascade from the hard sector to the medium
scale akin to weak wave turbulence. The turbulent cascade is characterized by a
stationary solution known as the Kolmogorov-Zakharov spectrum, which is recovered
at intermediate energy scales. This Kolmogorov-Zakharov spectrum leads to a scale
invariant energy flux that we investigate in detail.

In the second analysis, we consider the evolution of the distribution in the lon-
gitudinal direction as well as in the polar angle with respect to the initial parton,
which allows us to study the angular structure of the cascade. In order to account
for large angle elastic scatterings, we extend the framework by using the full matrix
element in Hard Thermal Loop approximation. Similarly to the first analysis, the
energy loss is dominated by collinear radiation, which transport energy to the soft
scales. However, the radiation does not transport energy to large angles, rather,
the soft energy equilibrates due to elastic scatterings, which starts already at early
times, and leads to the deposition of energy at large angles.

Recent studies, using the dimensionally reduced theory of QCD on a lattice
(EQCD) valid at high temperature, have obtained non-perturbative contributions
to the collisional broadening kernel [1, 2]. The last part of this work is dedicated to
computing the medium splitting rates using these results. First, since EQCD is an
infrared effective theory of QCD, we employ a matching to supply the correct ultra-
violet behavior to the computed kernel. Second, the non-perturbative kernel being
in impact parameter space is Fourier transformed back to momentum space. We
then compute medium-induced radiation rates in infinite and finite medium lengths
and compare with leading order and next-to-leading order kernels that are usually
used in the literature. We also compare several traditional and novel approximations
to the radiation rates that are commonly used and discuss their range of validity.
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1 Introduction

Throughout scientific history, the pursuit of a better understanding of nature meant
breaking down matter into more and more fundamental pieces. Needless to say, this
quest led us to the discovery of the electrons and nucleons (protons and neutrons)
that make up the atom. Soon afterwards, the success of the parton model [6] alluded
to the fact that nucleons are also made up of even more fundamental particles that
we now know as quarks and gluons and can be studied using the theory of Quantum
Chromodynamics (QCD). QCD is a non-abelian gauge theory that describes how
partons, which carry the color charge, interact with each other via the exchange
of gluon gauge bosons [7]. Although there are further theoretical explorations that
try to go beyond the standard model of particles to explain matter with even more
fundamental objects (e.g., strings), it seems that experimentally we have many years
ahead of us before we can reach beyond QCD, due to the fact that QCD exhibits
a phenomenon known as confinement, which traps all color charged particles inside
color neutral bound states. Concretely, the force holding together the quarks inside
the proton grows linearly when one separates them until the energy required is
large enough to create another pair of quarks in between. Hence, quarks at normal
conditions of pressure and temperature can only be found in bound states, making
it hard to study QCD.

QCD at high energies possess a property known as asymptotic freedom, leading
to weaker interactions as the energy scale increases (or distance decreases) [8, 9].
Consequently, when taken to extreme conditions of high density and temperature,
QCD matter experiences a smooth cross-over transition where the bound states start
overlapping and melt into a soup of effectively free quarks and gluons in a new state
of matter known as the quark-gluon plasma (QGP) [10]. In nature, such densities
can potentially be achieved in very massive and compact neutron stars [11] and are
known to exist in the early Universe microseconds after the Big Bang [12].

On Earth, several collisions have been developed in order to probe very short
distances to attain asymptotic freedom. However, to form a QGP not only high
energy is needed but also a sufficiently large system to form a medium. When two
nuclei collide head-on at high velocities in high energy heavy-ion collisions (HIC),
they can produce high multiplicity of particles. Such high multiplicity events at
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the Relativistic Heavy-Ion Collider (RHIC) and Large Hadron Collider (LHC), can
reach very high temperatures and densities that a QGP is formed in the laboratory.
QGP formation is manifested by different signatures from the collective behavior
of low energy hadrons to the modification of quarkonia states, as well as enhanced
production of strange particles [13-16]. Additionally, hard collisions at the early
stages produce jets of back-to-back high energy particles that traverse the medium,
losing some of their energy before being detected. Known as jet quenching, this
phenomenon has been a crucial issue of experimental and theoretical studies [17].

The study of jets is not exclusive to HIC, in fact it was essential in the develop-
ment of QCD; starting with the early experiments of electron-positron annihilation
to hadrons e"et — hadrons. Due to a hard scattering event, the electron-positron
pair produces a pair of quark (¢) and anti-quark (), which travel back-to-back
because of momentum conservation, and as they separate further away from each
other they undergo fragmentation and a parton shower into additional partons end-
ing with a recombination which gives rise to two back-to-back hadronic jets'. For
high energy events, perturbative QCD (pQCD) can be used to study this final state
hadronic jet structure. Aside from representing important evidence of the existence
of three color charges?, the study of this process led to the development of pQCD jet
physics in vacuum and allowed further calculations in more complex processes with
hadronic initial states, such as proton-proton collisions [18-20]. While the physics of
jets in vacuum is well established theoretically, the studies of medium modification
of the parton shower are still ongoing [21-24]. By comparing against the expected
fragmentation in the absence of the medium, one hopes to understand how the jet
loses part of its energy to the medium, and how the presence of the medium modifies
the parton shower.

The full study of jet quenching is an involved task, requiring a theoretical de-
scription of each stage of the evolution from the parton creation to the hadronization
of the parton shower. Nonetheless, we will not attempt to describe such a compre-
hensive picture, instead we focus solely on a highly energetic parton interacting with
the medium. The evolution and equilibration of the hard parton inside the QGP is
characterized by two distinct processes, the elastic collision with the medium giving
rise to many soft scatterings as well as a few hard collisions which lead to para-

!Note that two jets are only the leading order process, additional jets can be obtained with
lower probability.
20ne can infer the number of quark colors by computing the famous R-ratio, the ratio between

—eT adron
the cross-section of the hadronic final state to a leptonic one, given by R = % =

Ne ) ; Qf, where Qy is the electric charge of the different quark flavors f[7, 18, 19].

2
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metrically similar energy deposition [25, 26]. Similar to the classic Bremsstrahlung
process, the multiple soft scatterings with the medium induce radiation from the
highly energetic partons which dominate the in-medium energy loss [27, 28]. This
medium cascade has been shown to display a universal behavior akin to a turbulent
cascade [29, 30]. Based on an effective kinetic theory of QCD [31], we will describe
the evolution of highly energetic partons in a thermal QGP medium. As opposed to
earlier studies where they focus on the hard particles [29, 30, 32, 33], we keep track
of the parton energy from the early collisional and radiative energy loss all the way
to the full thermalization into the soft sector. Since the relevant dynamics of energy
loss are similar to the QGP thermalization itself [34-38], we will also investigate to
what extent the physics of near-equilibrium excitations is relevant to the problem of
jet quenching. The main purpose of this thesis is to extract the universal dynamics
and develop a (semi-)analytical understanding of the equilibration of highly ener-
getic partons inside the QGP. Furthermore, since energy loss is dominated by the
radiative splittings, we devote the last chapter to a novel approach of computing
the in-medium splitting using non-perturbative input for describing the multiple
soft scattering with the medium [1, 2]. We further compare different theoretical
approaches to compute the in-medium splitting rates and discuss their respective
range of validity.

The present thesis is structured as follows: chapter 2 provides a short introduc-
tion to the physics at play during heavy-ion collisions, and section 2.3 is used to con-
textualize the present work within the full evolution of jets in HIC. In chapter 3, we
will go on to introduce the effective kinetic theory of QCD used to describe the evo-
lution. We present the relevant QCD processes, discuss the Landau-Pomeranchuk-
Migdal effect in QCD and include in the last section a brief introduction of weak
wave turbulence and a derivation of the Kolmogorov-Zakharov spectrum. The in-
medium energy loss in the longitudinal direction is studied in chapter 4, where we
consider the elastic processes in the small angle approximation, as well as medium-
induced radiation. In chapter 5, we extend the evolution to include the full elastic
processes and angular structure in the polar angle around the initial leading parton.
We dedicate the last chapter 6 to the determination of medium-induced radiation
rates using a new collisional broadening kernel which includes non-perturbative con-
tribution extracted from lattice EQCD. We obtain the rates in both infinite medium
(sec. 6.2) and finite medium (sec. 6.3) and compare our results with a variety of ap-
proximations, either using broadening kernels from perturbative results or by using
a simplified rate. We conclude in Chapter 7 with a brief summary of the most im-
portant findings and discuss possible directions for future work. Furthermore, at the
end of the thesis, we provide appendices for the following derivations: the derivation
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of the small angle approximation of the elastic collision integral is given in App. A,
while the numerical implementation of the kinetic evolution is in App. B. App. C
describes the derivation of the rate equation in the Bethe-Heitler regime and App. D
provides the numerical implementation of the finite medium splitting.

Conventions Throughout this work we will make use of the following standard
high-energy physics conventions :

o We work in natural unit system by setting the Plank constant A, the speed of
light ¢ and the Boltzmann constant kg to h =c = kg = 1.

« Bold letters are used for vector quantities and Minkowski 4-vectors are capi-
talized, e.g., P = (FE(p),p), K.

« We will use the metric convention (4, —, —, —).



2 Primer on heavy-ion collisions

The main topic of this work is the use of jets as tomographic probes to learn more
about the QGP medium. However, the study of jet quenching in heavy-ion collisions
is a broad subject which requires a vast array of phenomena. The purpose of this
chapter is to provide the broader context of our work and justify the approximations
we take.

Starting from a brief presentation of the characteristics of QCD theory, leading
naturally to a discussion about the deconfinement transition to the quark-gluon
plasma. We end the chapter with a description of the different stages of the collision
and the relevance of jets in HIC.

2.1 Basics of Quantum Chromodynamics

QCD is a non-abelian gauge theory based on the special unitary group SU(N.) with
N, = 3 color charges, governing the interactions of quarks and gluons. The color
symmetry group admits eight generators (N? — 1 = 8) written 7% and obey the
commutation relations [40]

[T, T = if*T* (2.1)

where %€ are the structure constants of the group. In the fundamental representa-
tion, T are represented by 3 x 3 Gell-Mann matrices. The quarks 1 are fermionic
fields (spin—% particles) which are observed in nature in six flavors (f = u,d,s,---)
with different masses (c.f. table 2.1), in addition to their electromagnetic charge
carry the color charge of QCD and live in its fundamental representation. They

Flavor | up (u) | down (d) | strange (s) | charm (c) | bottom (b) | top ()
2.16MeV 2my, 43m,, 588my, 1935m,, 79981m,,
2/3¢ 1/3 1/3 2/3 1/3 2/3

mass ~
charge

Table 2.1: Different quark flavors with their approximate masses relative to the
quark up mass m, and charge relative to the electron charge e [39].
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transform according to '
Q/Jf(I) — QZQT aa(:p)wf , (22)

under the local gauge transformation G(x) = ¢! Tea() generated by ay.

The boson fields (4, = AZTG) of QCD are the gluons which, as opposed to photon
in electromagnetism, also carry color charges a and live in the adjoint representation
transforming as

Al — G(2)A, G (z) — ;G(x)a“GT(x) , (2.3)

where for infinitesimal gauge transformation is written
Al = AL+ gfaeAyae — 0y . (2.4)

The QCD Lagrangian is written [7]

1
— G G (2.5)

Lqocp = Ef: Up () (iy" Dy — m)y () 1 G

where v# are the Dirac gamma matrices. The covariant derivative is defined as
D, =0, +igl"Aj , (2.6)

here g is the dimensionless QCD coupling. The QCD field strength tensor is given
by
G, = 0uA, — 0, A7, + gf“bCAZAi . (2.7)

The quadratic term in the gluon field stems from the non-abelian nature of the
theory and leads to the infamous gluon self-interaction.

The QCD Lagrangian is one of the hardest standard model theory to solve due
to the gluon self-interaction and strong coupling constant. At large energies, one
expects the coupling to be small to be able to employ standard perturbation tech-
niques. Our analysis will rely on weak coupling techniques to describe interactions
of hard partons with the medium at leading order of the QCD coupling constant.

Besides standard perturbative methods, one can use numerical simulation known
as Lattice QCD, where the fields are discretized numerically on a lattice and by
taking the continuum limit one can extract different observables [41-43]. However,
because this discretization requires the evaluation of statistical averages weighted by
the exponential of the QCD action in Euclidean time, when applied to a system with
finite baryon chemical potential or to observables involving real-time calculations
in Minkowski space, it leads to the so-called sign problem where the Euclidean

6
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action acquires an imaginary contribution which does not correspond to a probability
density [44, 45]. Consequently, Lattice QCD can only be applied for a system with
zero baryon densities' or static (Euclidean) quantities.

Another approach to QCD is to enact effective theories that make use of the
separation between different scales of the system. Omne such theory is known as
Electrostatic QCD (EQCD) which describes QCD at high temperature [47, 48].
EQCD is motivated by the infrared (IR) problem of thermal QCD. As first pointed
out by Lindé [49], at high temperatures the perturbative expansion encounters an
IR wall when additional gluon loops are not suppressed with the coupling, because
each loop give rise to the following factor [50]

1 1 T 1

— 1+ = ~ = O() 2.8

Ep(+eEp/T—1) E§+ T (28)
By inserting the soft scale generated by the medium pgo ~ g7, we find g%T which
spoils the coupling expansion even for small values of ¢ < 1, as many diagrams
contribute at the same order and thus have to be resummed. EQCD deals with

this problem by making use of the generated hierarchy of scales for QCD at high
temperatures, between a soft scale pgor; and a hard scale pya.q :

Psott = §1" K Ppara = 71", (2.9)

where at high temperature one expects the coupling g to be small. By integrating
out the hard scale and defining effective parameters which account for its effects
[50], it turns out that the only dynamics left in the system is the boson zero mode
as the nonzero modes and the fermionic frequencies are considered hard. EQCD
is then a purely bosonic three-dimensional theory, where the Ay field becomes an
adjoint scalar field which couples to the three-dimensional gauge field A;. EQCD
can be solved either perturbatively or on a lattice, and it has been successfully
used to determine thermodynamic quantities at higher precision [51, 52]. Recent
studies were able to obtain lattice results for other quantities such as the collisional
broadening kernel and thermal masses [1, 2, 53-55]. We will use the non-perturbative
determined EQCD broadening kernel from [2] to study in-medium splitting rates in
chapter 6.

2.1.1 Quark-Gluon Plasma

Due to the strong confinement of color charges, quarks and gluons at low ener-
gies are only present inside colorless bound states known as hadrons. The only

1Ongoing work studies small baryon density as an expansion around zero [46].

7
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Figure 2.1: Experimental evidence of the QCD running coupling as a function of
the exchange momentum. Figure from [56].

allowed hadrons are singlet under color transformation leading to the combination
of so-called valence quark-antiquark pairs along with sea quark/antiquarks and glu-
ons as mesons or three valence quarks (antiquarks) together with additional sea
quark/antiquarks and gluons known as baryons.

Nevertheless, the QCD coupling exhibits a property known as the running cou-
pling, which describes how at high energies the coupling constant depends on the
four-momentum exchange Q2. Using perturbative QCD at first order, one writes
the effective coupling as [8, 9, 57]

g? 47

(@) = Ar (11— %Nf)ln(QQ/A(QQCD) ’ (2:10

with the characteristic infrared scale Aqcp ~ 0.22GeV. The running coupling was

confirmed through experiments [56] (c.f. Fig. 2.1) and explains the asymptotic

freedom nature of QCD as it decreases logarithmically at large energies (Q? >
1GeV).

As illustrated in figure 2.2, when nuclear matter is compressed to high baryon

densities such that hadrons start overlapping, eventually, quarks cannot distin-

guish between neighboring hadrons. Alternatively, if one increases the temperature

8
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Hadronic Increase temperature
Matter

p /

Increase density

Figure 2.2: Illustration of QGP formation. When the temperature increases, newly
created quark matter leads to screening of QCD interactions and formation of QGP.
Similar conditions are created for QGP formation, due to high baryon densities.
Figure inspired by [58, 59].

of strong interacting matter to extremes, the creation of additional mesons effec-
tively reduces the distances between color charges giving rise to similar overlapping
hadrons. Due to the short distances at play, quarks interactions are weak thanks to
asymptotic freedom, leading to effectively free color charges interacting in a quark-
gluon plasma (QGP). This transition to a system where color charges can move more
freely over a larger volume is known as the deconfinement transition. The decon-
finement transition has been extensively studied using Lattice QCD which allowed
to extract the equation of state at vanishing baryon chemical potential [43].

In an equilibrium system the pressure is proportional to the degrees of freedom
of the system, the results of [43] depicted in Fig. 2.3 show how at low energies the
equation of state is equivalent to a hadron resonance gas where color charges are
confined in hadrons leading to only few degrees of freedom. When the temperature
increases, a transition occurs, color charges are freed, and the system exhibits a large
number of (colored) degrees of freedom. The transition has been identified by lattice
QCD to be a crossover transition at zero baryon chemical potential at around the
critical temperature T, ~ 155MeV for two light flavors and a heavy strange quark
flavor.

We note that color confinement is not actually violated by the QGP, but it is
thanks to color screening that quarks are effectively free [60]. Color screening can be
pictured similarly to screening in electromagnetic plasmas, where the electric charge
is surrounded by a cloud of opposite charges, effectively scaling down the range of
the Coulomb force. Analogously, we anticipate that color charges are screened in
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Figure 2.3: QCD equation of state extracted from lattice calculation by the HotQCD
collaboration [43]. Pressure and energy density as a function of temperature display
a transition from the Hadron Resonance Gas to a quark-gluon plasma.

the QGP. However, partons can still interact between each other as can be seen
in Fig. 2.3, where the non-interacting limit is not reached. Nevertheless, modern
perturbative calculation, based on Hard Thermal Loop perturbation, can achieve
a good description of thermodynamic quantities at temperatures above T 2 2T,
[61-65].

2.2 Heavy-ion collisions

In order to create a QGP on Earth at low baryon densities, one must reach extremely
high temperatures of > 170MeV, which exceeds even what the core of the sun can
reach (1.57 - 107K ~ 1073MeV) [66]. Throughout recent history, advancement in
collider technology and dedication from numerous physicists allowed us to create
such conditions in ultra-relativistic heavy-ion collisions. These heavy-ion collision
(HIC) experiments accelerate two nuclei at such high velocities (~ 99.995%c at
RHIC [67] and ~ 99.99999¢ at the LHC [68]) that they almost pass through each
other and only energy is deposited at the collision, creating a fireball with low baryon
density but very high temperatures. However, the fireball is short-lived ~ 10fm/c,
as soon after its creation it expands and cools down until it eventually turns into a
hadron gas, who’s remnants are detected long after the collision in the experimental
detectors. Consequently, the study of the QGP in HIC is a complex task, and we
can only rely on signatures of QGP formation.

10
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freeze out

hadrons — kinetic theory
gluons & quarks in eq. — ideal hydro

gluons & quarks out of eq. — viscous hydro/kinetic theory

strong fields — classical dynamics

z

incoming nuclei —s CGCs

Figure 2.4: Different phases of heavy-ion collisions. Starting with the two incoming
nuclei, which are close to the speed of light and are represented by 45° lines in the
lab frame. The nuclei deposit energy in the form of strong gluon fields, which is
modeled by classical dynamics towards an out of equilibrium plasma; the plasma
evolution can be studied using kinetic theories and viscous Hydrodynamics. After
the QGP thermalizes, it follows an ideal Hydrodynamic evolution, cooling down
below the critical temperature when partons are confined in hadrons. The hadron
gas itself expands and loses its kinetic energy towards a kinetic freeze out. Slightly
modified version of a figure in [15].
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Following [15], we will give a brief description of the different stages of the
collision as shown in the schematic illustration in Fig. 2.4. Starting with Lorentz
contracted ions with a high boost factor of nearly v ~ 100 at RHIC [67] and v ~ 2675
at the LHC [68]. At such high rapidity, QCD matter consists mostly of gluons, which
are modeled by the effective theory of Color Glass Condensate (CGC) [69, 70].

Right after the collision of the two nuclei t ~ 0, hard processes with large mo-
mentum exchange (@ > 10GeV) occur first, due to the uncertainty principle t ~ 1/Q
and produce high energy particles such as hard partons, photons, heavy quarks or
vector bosons.

Shortly after, the CGC describes how the bulk of the energy is deposited into a
very dense glasma, i.e., a plasma constituted of mostly highly energetic gluons. This
initial far-from equilibrium state undergoes kinetic and chemical thermalization,
leading to the creation of quarks and antiquarks [34]. This thermalization is referred
to as the bottom-up thermalization scenario [36] and can be studied using effective
kinetic approaches [34, 35, 37, 38, 71-73]. The now formed QGP proceeds to expand
and because the collision is not perfectly head-on, the asymmetric pressures give rise
to an asymmetric expansion in the transverse plane.

Although the system size is small, due to the strong interactions, the system
maintains a state sufficiently close to local thermal equilibrium that it can be suc-
cessfully described by relativistic viscous hydrodynamics [74]. After the system
expands and the temperature reaches below the critical temperature, color is con-
fined once again inside hadrons, leading to an interacting hadron gas described by
kinetic theory. Eventually, the hadron gas also expands to a point when interactions
become weaker than the expansion in a stage known as kinetic freeze-out. Lastly,
the hadrons continue in free streaming until they decay or reach the detector.

The QGP state of matter is only part of the complex evolution of HIC, extracting
information about this medium is certainly challenging and would require a solid
grasp on a lot of different physics characterizing each stage. Nevertheless, in the 80’s
Bjorken suggested that due to the short timescales of hard partonic collisions, the
production of hard particles is not affected by the plasma [17] and can be reliably
calculated using perturbative QCD. The highly energetic partons produced by these
collisions traverse the medium before being detected, by doing so they interact
with the medium and lose their energy in a process known as ‘jet quenching’. By
studying how these hard particles lose their energy, one can infer information about
the medium properties and evolution of the fireball. In the next section, we will
briefly introduce the physics of QCD jets and discuss where exactly our analysis lies
in this context.

12
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Figure 2.5: Visualization of jet evolution in heavy-ion collisions. We focus on the
in-medium evolution of the partons once they are resolved by the medium.

2.3 Basics of QCD jets

Jets are defined, via a suitable clustering algorithm, as collimated sprays of hadrons
that are produced from a hard collision process. Starting from a highly virtual par-
ton produced in an initial hard scattering, in the vacuum the jet constituents evolve
toward mass-shell following a collinear parton shower (akin to the time-like DGLAP
equation) [75, 76]. In the presence of a QCD medium, the evolution involves addi-
tional processes and different approaches have been used to study the modification
of the jet shower by the medium (see, [23, 24, 77| for a review). One approach con-
sists of a modification of the DGLAP evolution to include medium modifications,
as done in some MonteCarlo event generators [24, 78-80]; a different approach is
to follow the kinematics of hard partons inside the medium and study how the jet
constituents interact with the medium, as e.g., done in [29, 30, 32, 33]. Even though
this work is not intended to provide a comprehensive description of in-medium jet
evolution, we will generally follow the latter approach by studying the energy loss
of hard partons inside a thermal medium.

Besides the scales relevant for vacuum dynamics, the dynamics of jets inside the
medium are sensitive to additional scales emerging from the medium (as discussed
in [23, 81]), including the typical transverse momentum acquired during scatterings
Qs = /4L where L is the medium size and § is the momentum broadening param-
eter; and the typical inverse size of the jet in the medium r;' = (L)™', where ©
is the opening angle of the jet [23, 81]. Vacuum-like emissions can be factored out
[82, 83] and degrade the virtuality of the partonic constituents as in the vacuum;
however, individual jet constituents embedded in the medium are only resolved by
the medium when the separation length is larger than the medium resolution scale

13
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1/3
Q7! < ry, and it is thus useful to define a decoherence time tesolved ~ (q%) /

[23] where constituents of the jet become resolved by the medium. Subsequently,
the resolved constituents interact with the medium as uncorrelated colored partons,
which undergo elastic and inelastic interactions with the medium leading to energy
loss of the highly energetic partons and energy transfer to the thermal medium.
Throughout the in-medium evolution, vacuum-like emissions at smaller and smaller
angles continue to form, effectively providing a source of partons as they become re-
solved by the medium. Eventually, after a time ~ L the hard constituents of the jet
leave the medium and the vacuum-like evolution continues outside the medium [83],
until it reaches non-perturbative scales where the constituents confine into hadrons.

Based on this discussion, it is clear that a complete picture of jet evolution in
HIC will have to start from the jet creation all the way to hadronization, as is
schematically illustrated in Fig. 2.5. Since such a description necessarily involves a
variety of different processes at different scales, it is essential to develop a robust
theoretical understanding of each stage, in order to devise suitable observables to
probe e.g., the properties of medium-induced emissions or study connections be-
tween jet quenching and equilibration. We will therefore not attempt to develop a
complete description of in-medium jet evolution, but rather focus on the particular
aspect of the energy loss and equilibrium of highly energetic partons due to inter-
actions with the surrounding medium. While our discussion thus ignores effects of
vacuum-like emissions and the (lack of) color coherence of the vacuum shower, which
are known to be important to describe some experimental observables such as e.g.,
fragmentation functions [83, 84|, we anticipate that in a more complete theoretical
description of jet vacuum-like emissions can be absorbed into the initial conditions or
factored out into a source term depending on their decoherence time. By investigat-
ing how uncorrelated colored partons lose their energy and eventually become part
of the medium, our results can therefore be seen as a Green’s function propagating
a single medium-resolved highly energetic parton through the medium. Since the
evolution is linear, more realistic initial conditions including an early vacuum-like
cascade can be implemented by a simple convolution with the corresponding Green’s
function. Vacuum-like splittings could in principle appear at any spacial position
along the path-length of the medium, producing new sources not included in our
approach. However, such vacuum-like emissions inside the medium are sub-leading
in the double log approximation [83]. Even though the complicated interplay of
initial conditions, source terms and in-medium evolution will inevitably modify ob-
servables such as momentum spectra, our qualitative conclusions regarding energy
loss and equilibration mechanism are thus not expected to be modified by such a
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more refined implementation.

2.3.1 Measurement of jets or high-p; particles in heavy-ion
collisions

A number of observables are used to study medium modification of jets or high-pr
particles in HIC, during this section we will provide a brief overview of the current
status of the field (c.f. [22-24] for more extensive reviews).

The main purpose of probing medium modification of hard partons can be
achieved using a class of observables known as the nuclear modification factor R,
which computes the ratio of the single-particle inclusive spectra in a nucleus-nucleus
collision (AA) to the baseline proton-proton (pp) collisions [85]. For a given particle
species X with inclusive yields N, and N;; in AA and pp collisions, respectively,
the ratio is given by

] d2NX,
dp2.d

Ria(pr,y,¢) = Nis dfﬁ,}g ; (2.11)
Ad dp2.dy

where N4 is the number of elementary nucleon-nucleon collisions expected at a
given centrally which can be computed using a standard probabilistic Glauber model
[86], and ensures the ratio is 1 if no suppression occurs.

In Fig. 2.6, hadron R4 is shown for different experiments with energies \/syy =
17.3GeV, 200GeV, 2.76TeV for SPS (PbPb), RHIC (AuAu) and LHC (PbPb) respec-
tively, compared to a range of theoretical models [87]. One observes a clear suppres-
sion of high-pr hadrons in the high energy collisions of RHIC and LHC compared
to low energies at SPS where it is absent. We also observe less suppression of high
pr particles at LHC, as they lose less energy because they can escape the medium
[21, 88]. The nuclear modification factor is well described by theoretical models and
constitutes a strong signal for QGP formation at HIC.

While the hadron R44 measures the suppression of only the leading hadron
resulting from the parton cascade, one can also measure the modification of the
complete parton showers. Parton fragmentation at small angles leads to collimated
quarks and gluons, which combine into collimated hadrons, which form jets. How-
ever, whether a particle is considered part of the jet is not clear, one must establish a
jet definition. At the core of jet definition is the jet recombination algorithm, which
uses a set of parameters (e.g., distance R in the rapidity-azimuth (y — ¢) plane) to
cluster different hadrons into a jet. Moreover, using a recombination scheme one
obtains the kinematics of the jet from its constituents, for example ‘E-scheme’ sim-
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Figure 2.6: Measurement of the nuclear modification factor R44 by different exper-
iments RHIC, LHC and SPS compared with a range of theoretical models. Figure
from [87].
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Figure 2.7: A comparison of the jet modification factor R’ between different ex-
periments (ALICE, ATLAS, CMS) using anti-kr clustering algorithm with R = 0.4.

Figure from [89].
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ply sums the components of the four-vectors to obtain the jet kinematics. One of
the mostly used jet algorithms at LHC is the anti-kr algorithm, which clusters hard
particles first and successively aggregate soft particles around them until reaching a
distance R away from the jet axis [90-92]. Similarly to the hadron R4, one defines
a jet suppression

] o0y

je dpZ.d
RY\(pr,y,¢) = e (2.12)

(Tan) @opp

dp%dy

where do’®* is the cross-section of single inclusive jet production [24] and (T44) is
the nuclear thickness function, which can also be determined using Glauber model
[86]. We show in Fig. 2.7 the R, for a single inclusive jet clustered using anti-kr
algorithm with radius R = 0.4 for different experiments Pb-Pb collisions at ALICE,
ATLAS and CMS. As for the inclusive hadron, We observe a comparable suppression
of jets, which further corroborates medium modification arguments.

Besides the nuclear modification factor, another set of observables are used to
study the jet substructure, which measures how energy-momentum is distributed
within jets. For example, jet fragmentation function, defined as

1 dNy,

D(z) = —_— 2.13
0= 5 g (2.13)
measures the hadrons number N, distribution as a function of their longitudinal
h ..jet
momentum fraction (z = Il’;fllg ), usually normalized to 1. Interactions with the
T

medium are expected to modify not only the inclusive yields, but also the substruc-
ture of jets. One can measure modification of the fragmentation function as shown
in Fig. 2.8 for ATLAS experiment for Pb+Pb collisions compared to p+p [93]. In-
terestingly, we observe enhancement both at small and large momentum fractions
which, due to energy conservation, is compensated by a depletion in the interme-
diate scale. Medium-induced radiation by hard partons and medium response can
lead to numerous low pr hadron, which explains the enhancement at small z. While
at large z, the enhancement can be explained by an increase in quark fraction as
gluon jets lose more energy [24, 94, 95].

Moreover, one can measure other substructure observables such as jet shape
which measures the momentum distribution transverse to the jet axis, or jet mass
which measures the jet virtuality (c.f. [24] for more details).

Certainly, using suppression factor as a signal for QGP formation in HIC is by
itself essential; nonetheless, one should be able to employ these measurements to
extract information about the medium. Using model fittings, the JET collaboration
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Figure 2.8: Nuclear modification of the jet fragmentation function measured in
ATLAS experiment at different p' ranges using anti-kp clustering algorithm with
R = 0.4. Figure from [93].

19



2 Primer on heavy-ion collisions

was able to extract the transport coefficients gy = 2.0 &+ 0.25GeV? /fm and 2.9 £+
0.6GeV?/fm at 0 — 5% central Au+Au collision at RHIC (/s = 200GeV/n) and
0 — 5% central Pb+Pb collision LHC (y/s = 2.76TeV /n), respectively [96]. Later
on, JETSCAPE collaboration improved on the analysis using a simultaneous fit in a
multi-dimensional parameter space to multiple data set at RHIC and the LHC [24,
97].
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At extremely high temperatures, the interactions between quarks and gluons become
weak due to the asymptotic nature of QCD. Therefore, we expect the molecular
chaos hypothesis to hold, such that the timescale between successive collisions is
well separated from the timescale of the collision itself (c.f. [98]). We ignore two
particle correlations before and after each collision, two particle distributions are
then given by the product of one particle distributions, truncating the BBGKY!
hierarchy at the level of one particle distribution, and leading to an effective kinetic
theory that simulates the QGP and treats QCD dynamics perturbatively [31].

Following the arguments of [31], if the QGP temperature T is high, we can
ignore the rest mass of the quarks as the typical momentum p will be of order
T > m, 4. However, due to the interactions with the medium, thermal corrections
will introduce an effective thermal mass my, for both quarks and gluon of order
O(gT). In perturbative theory the effective masses are given by

3
= (s Vst 4 0 ) 1 0

eq m% — 92T2 <N + ]Vf>
2 2 3 6/’

(3.1)

eq §2T? Cp
2fg +Z fo +fo ))] - 92 T ) (3'2>

d3p 1
2 _ 2
Mooq =9 CF/ (2m)3 p

where Cp = ijvz L is the quadratic Casimir, we provide the result of the masses in
equilibrium computed using the thermal distributions we define in the next section.
Still, for a weak coupling (¢7" < T'), it is reasonable to approximate the dispersion

relation with
Eyq(p) = \JP* + M, 0~ P (3.3)
Hence, we consider partons to be massless and assume that their de Broglie wave-

length is much smaller than their mean free path, we can then define quasi-particles

in the classical sense with a phase-space distribution f(x,p,t) = (27T)3V1 d3i]§3p2

IBBGKY stands for: Bogoliubov-Born-Green-Kirkwood-Yvon.
2We will average over spin degrees of freedom.
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which represent the number of particles at time ¢ in the phase space volume with
origin (z,p) and radius (d*z, d*p). Certainly, for particles to interact, their wave
function will overlap, albeit, as one considers the collisions to be independent, only
the incoming and outgoing states of the scattering matter and this information can
be incorporated in the transition rate. We also take a coarse-grained time direction
in such a way that the collision timescale are instantaneous. Similar coarse-graining
is applied to positions & as well, such that particles with overlapping wavelengths
are considered to be at the same space point and are allowed to interact. The
phase-space distribution obeys a Boltzmann equation[31]

P _
(at N lmvx) Fox.1) = CLUY . (3.4

where we do not take any external forces. The left-hand side represents the ideal
gas evolution with only kinetic energy and no interactions, while the collision terms
C[{f}] on the right-hand side represent the transition rate, we will see later on that
for leading order in high temperature QCD theory, one should consider two type of
transition rates 2 <» 2 and an effective 1 <+ 2 scattering. The Boltzmann equation
is an integro-differential equation describing the out-of-equilibrium evolution of the
system towards equilibrium stationary solutions, which we will define in the following
sections.

3.1 General framework

Based on an effective kinetic description following the AMY approach [31], we de-
scribe the evolution and equilibration of highly energetic partons inside a thermal
QGP. Both the hard particles and the thermal QGP medium are described by a
phase-space distribution f,(p,z,t) of on-shell partons, with a = g, ¢, ¢ denoting the
parton species. Throughout this work, we will consider three quark flavors Ny = 3
without distinguishing between them. The time evolution of the phase space distri-
bution functions f,(p,x,t) is governed by the Boltzmann equation

(at ; h‘;'v) Fuy 1) = C22[{ Y] + R (3.5)

where at leading order of the coupling constant g, one needs to include number
conserving 2 <» 2 processes and effective collinear 1 <+ 2 processes. By integrating

22
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over the position x, we then obtain a closed set of evolution equations for the
momentum distributions f,(p,t) = [ d*x f.(p,x,t)* of hard partons

Ocfa(p,t) = Ca™*[{fi}]] + Ca 2 [{fi}] - (3.6)

The free streaming term ﬁvx fa(p,x,t) will not play a role once we integrate the
space direction. Since the hard partons are dilute compared to the soft thermal
particles, we can describe the phase-space distribution of the hard partons 0 f,(p, t)
as a linearized perturbation on top of the static medium and write

fa(put) - na(p)+5fa(put)’ (37)

where n,(p) is the thermal distribution, i.e., depending on the particle species

ng(p) = 77— is the Bose-Einstein distribution or ng;(p) = is the Fermi-
4

1
eP/T 41
Dirac distribution®. By linearizing Eq. (3.5) around thermal equilibrium, we then
obtain a closed set of evolution equations for the momentum distributions of hard
partons

atfa(p7 t) = 503H2[{fi}7 {5fz}] + 50{192[{.]0@}7 {5fz}] ) (38)

where 6C', is the linearized collision operator to be specified below.

3.2 Elastic collision integral

Highly energetic partons inside the thermal bath undergo number conserving (elas-
tic) 2 > 2 collisions with the thermal bath. In general, the scattering a(P;)+b(Ps) <>
c(P3) + d(Py) is described by the usual collision term [31]

1 2
0262[{fi}] = 1‘1/ Z/dQQHQ ’Mgg(PbPQ;P&m)‘ ]:(P1,P2;P3,P4) ) (3-9)
@ ped

2lp
where v, = 2d4 = 16 and 1,5 = 2dr = 6 denote the spin and color degeneracy
factors of gluons and quarks. The delta function 6*(P, + P» — Py — P,) ensures

energy and momentum conservation, M%(py, po; p3, ps) is the QCD matrix elements
squared given in table 3.1 and F(p1, pa; p3, p4) is the statistical factor given by

F(p1, P2, P3,P1) =fe(P3) fa(ps) (1 fa(p1)) (1£Sfo(p2))
— fa(p1) fo(p2) (1£fe(p3)) (1 fa(pa)) - (3.10)

3Although we use the same notation to represent the momentum distributions and the full
phase-space distribution, there should not be any confusion as they come with different arguments.
4We consider vanishing chemical potentials for all quark flavors.
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2

ab +— cd M
q:iqf < qiqf, Y e s ,
qiqr <— qiqs 84" dip Ci (s* +u
qiqf < qiqs da 12
Qiqr < qiqy
4 < 44 , LAy Cp (s*+u? | 2417 4 ( CA) s?
. e 8 16¢* dp Cp [ Cp——— | —
4% <— i J da t2 * u? 10 dr O { O 2 /) tu

_ _ A C2 (2 +u? 2+ u? Ca\ u?
9iGi < 4G 89" —— r T + 169" dp Cr (CF_A>

da t s 2 ) st
d2 02 t2+u2

G > qrd gt P LF

4iq qrdy 9 da &2

_ u ot 2 4+ u?

q:q; < 9gg 894dFC§ (t+u>_894dFCFCA< 32 )

2 2
49 <49, 4 o (W S 4 s*+u
G0 g —8¢" dp Cj: (S+u>+8g dFCFCA( Iz )
SU st tu
99499 16g* da C3 (3—t2—u2—52>

Table 3.1: Different 2 <> 2 processes in QCD and their matrix elements squared
[31] written in terms of the Mandelstam variables s = (P, + P,)?, t = (P, — P3)? and
u = (P, — Py)% For QCD theory with SU(N,) gauge symmetry, the fundamental
representation has dimension dp = N, and quadratic Casimir Cr = %_Cl, while in
the adjoint representation the dimension is d4 = N? — 1 and the quadratic Casimir
is C A= NC.
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The phase-space integration is given by

d3py 1 d®ps 1 dpy 1
dQME/ / / 218 (P + P — Py — P)) .
/ on) 26, ] @ 38, ] @ ag, P 0 (Pt = B = P
(3.11)

Following the parametrization in [65], one can use the three-dimensional integral
to apply the momentum delta function defining ¢ = p; — ps = ps — p2. While
the energy delta function left is cast into two delta functions, by introducing an
integration over w = p; — p3 = ps — po representing the energy exchange. The
phase-space measure becomes

d3py d3q 1
22 _ _ —
/ ae _(2”)/ (2@3/ (2@3/ W S mmE, P e P —d)

§(pr+w—|p2+q|) . (3.12)

We then write the two delta functions in terms of the angles between (pi,p2) and
g that we denote with (614, 62,)

/ A = (2”)/ (ff)?z / (3;33 / du 8p1;§q2@(q_ w)® (p b q;w>

2 2 2 2
qg—w w  w'—yq w  w'—yq
O <p2 — 2) ) (cos@lq — (q — 1 )) ) (cosegq — (q + S0t >> )

(3.13)

We leave the integration as is because for the numerical discretization we will perform
another three-dimensional integral for p; which will allow us to employ the delta
functions symmetrically between p; and p,. The elastic collision integral introduced
above will be utilized in two different approach during this thesis, in Chapter 5 we
will apply the small angle approximation to simplify it [99, 100] while in Chapter
6 we will use the full collision integral by only replacing the divergent parts of the
bare matrix elements with a thermal treatment [31, 65].

3.3 Landau-Pomeranchuk-Migdal effect in QCD

In the study of energy loss of highly energetic partons inside the QGP medium,
elastic interactions were historically considered first [25, 26]. However, due to the
multiple soft scattering in the medium, radiation is induced and is further enhanced
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3 Effective kinetic theory of QCD

by being nearly collinear. It turns out that this can lead to significantly more energy
loss [27, 101, 102]. The study of radiative energy loss has spurred a lot of interest
in recent years, during this section we will introduce the physics of medium-induced
radiation based on [21, 23, 28, 77, 103-105], and we refer the interested reader to
these reviews for more details.

Multiple soft scattering with the medium will kick the parton slightly off-shell,
which in turn leads to a radiation of a gluon with energy w and momentum k. Be-
cause of the uncertainty principle, the gluon radiation is not instantaneous, instead
the gluon separation from the parton is given by the uncertainty principle with its
transverse energy
. M
2w
where we define the formation time ¢y, the time it takes for the radiated gluon to
form. One finds

thJ_Nl, WithEJ_:w—kz (314)

2w

where k| is the transverse momentum of the gluon. The elastic interactions with the
medium are characterized by the momentum broadening coefficient § ~ m?% /Augp,”
which defines the typical transverse momentum squared acquired inside the medium
per mean free path. During the formation of the gluon, the typical transverse
momentum it acquires is k7 ~ §t, the formation time can then be written

2w

e (3.16)

ty =

Let us define the Bethe-Heitler scale wpy = (j)\fnfp. When the gluon energy is much
smaller than this scale w < wgy, the formation time is shorter than mean free path
tf < Amfp and the medium cannot resolve the radiated quanta until it is formed,
i.e. the parton does not have time to encounter more than one scattering with the
medium during the formation time.

However, when the gluon energy is larger w > wgy, the formation time is longer
than mean free path ¢y > A\.5 and multiple scatterings with the medium act co-
herently leading to interference effects that have to be resummed, giving rise to a
suppression of the radiation of high momentum gluons in the medium. This sup-
pression is known as the Landau-Pomeranchuk-Migdal (LPM) effect, which was first
developed in QED [106, 107] and later on it was extended to QCD [27, 108-111].

°In QCD perturbation theory, the mean free path for small angle scatterings is Amgp ~ ﬁ.
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Contrary to QED, in QCD this effects not only the highly energetic parton but also
the radiated gluon, as the gluon itself can scatter with the medium.

One can obtain a resummation of the multiple soft scatterings diagrams into
an effective 1 <» 2 rate. We proceed now to give a derivation of the rate equation
following [23, 112]. We take the eikonal approximation of the medium-parton inter-
action, where the light-cone coordinates are p™ = % > p, and kT = ki;’%z > k).
In the eikonal approximation, the kinematics of the interactions corresponds to a
two-dimensional system of non-relaticistic quantum mechanics [112]; the light-cone
momentum p*t is conserved and will act as a mass. We study the propagation in
terms of the transverse position x = (x1,$2) conjugate to the transxgers?fa momen-

r +x

tum p, the time direction will be given by the light-cone time ¢ = N For the

medium field, we take the light-cone gauge AT = 0; gluon polarization will prop-
agate in the transverse plane, with no spin flip allowed along the trajectory. We
define the background field A (x,t) obeying the correlation function

(A7 () Ay (1)) = 6°°0(t — t')y(x — y) (3.17)

where the model-dependent correlation function y(x) is given by the Fourier trans-
form of the collisional broadening kernel C'(q) that we will discuss more in Chapter

6

y(x) = / (37232 e™10(q) . (3.18)

We will see that the quantity that will play a role in the calculation is in fact the
difference [112]

Cl@) =+(0) = 1(a) = [ 545 (1= =Ca). (319)

The gluon propagator G(x,t;y,t') between two light-cone times ¢ and ¢’ is given by
the Schrodinger equation

2

[z'at T t)] Gla,tiy.t) = id(t — )o@ —y),  (320)

which can be written using the path integral
ot et .o t
Gz, t;y,t') = /Dr ot ds F T exp [zg/ ds A, (r(s),s)T| , (3.21)
t/

where 7T is time ordering and the Wilson line is integrated along the trajectory
r(t) = « and r(t') = y. In order to obtain the in-medium emission spectrum, one
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Figure 3.1: Graphical representation of an example three-point function for an in-
medium gluon splitting [112].

considers the three-point function G(y,ts;x,t1), as shown in Fig. 3.1 and employs
the medium average Eq. 3.17 to find the spectrum [27, 108-111]

dIf,(P,z)  aszP(2) 00 t2 _ _
z dz _[PZ(l _ Z)]QRe/O dt2 A dtl away [G(ythawatl) _ Gﬂ(y>t27w7tl)] )
(3.22)

where we define P the momentum of the parent, and z = % the momentum fraction
of the radiated quanta. P,(z) are the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) splitting functions

[1—2(1—2)? 1+ (1—2)>
P(s) =204 100 Pyle) = G
P, @):1(£+41—zf). (3.23)
9q 2
The three-point function is given by the Schrodinger equation
: o : :
10 + m + Mg + ZFg(w)] G(CC, t;y, tl) = Z(S(t — t1)5(2)(a: — y) , (3.24)

where we have used the HTL framework to dress the free propagators with thermal
mass by exchanging

02 02 m?  m? m?
z — @ M, ith Meg = — — —= — _—
21— )P 2a(1—zyp e W et = o n T o s T o — )P

(3.25)
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The three-body interaction is given in terms of two-body interactions

Ts(x) = |C1C(m) + C.C(zx) + C1.C((1 - 2)z)| | (3.26)
where C(zx) = %;) is the broadening kernel stripped of its color factor. We

define the factors C, = 3 (C’f +CE, - C’fi), C. = 1 (Cﬁ_z + CE - C’f) and
Ci_. = % (C’lR + Ck — ClR_z), using color factor of the species with momentum frac-
tion 1,z and 1— z respectively. C(«) is the zero-substracted Fourier transform of the
collisional broadening kernel (Eq. 3.19) which accounts for elastic collisions with the
medium. We note also that the spectrum is defined with a subtraction of the free
three-point function Gg(y,ts;@,t;) to account for only medium-induced radiation
without vacuum splittings.

One can obtain the equation in momentum space as well by employing a Fourier
transformation. First, we define the Fourier transform of the propagator

d*y d*x
K(k,ty;pp, t1) :/(2”)2(2”)2

After manipulation of the integral using the definition in Eq. (3.19), the three-body
interactions term becomes the following convolution

Lo u(p) = [ Cla { [i(p) —v(p — g

+C. [w(p) —Y(p+ zq)} +Ci. [lﬁ(p) — Y+ (1- Z)q)] } . (3.28)

RV PTGy ty: 1) (3.27)

Derivatives in position space are replaced by 0, — ip, and the propagator now
satisfies the integro-differential equation

[i0, — 0E(z, P, py) + iTs(x, t)] K (k, ta; py, t1) = i0(t — 11)6P (p, — k), (3.29)

where we define the energy
2

Psy
0E(z, P, ——— — Mg . .
(2, Ppy) =55~ 1-7) f (3.30)
The spectrum is now given by
dI& (P, z) sz B2 d2pb d2k:
A E) R / dt / dt / :
SR T [Pz(1 - 2)] ¢ 2 ! e

[K (K, ta; Py, t1) — Ko(k, ta; s, t1)] - (3.31)
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3 Effective kinetic theory of QCD

By applying a time derivative to the spectrum in Eqns. (3.22-3.31), one obtains
an effective radiation rate which can be incorporated into a Boltzmann evolution.
However, solving the Schrodinger equation is not simple and one must resort to an
approximation that simplify the calculations (see [113] for a review):

e One approximation is to consider the medium length to be infinite taking
ts — oo in the integration as was done by Arnold, Moore and Yaffe (AMY)
[31], taking the HTL computed broadening kernel one can then solve the rate
numerically. We will use this approach for the jet-medium evolution in Chapter
4-5.

e One can also solve the equation perturbatively in the number of scatterings
which is known as the opacity expansion [103] and the first order is known as
the Gyulassy, Levai and Vitev (GLV) approximation [114, 115].

e Another approach is to take the very high energy limit for the collisional
broadening, which corresponds to a diffusion and leads to a Harmonic Oscil-
lator equation [27, 116]. One can also define the HO approximation as the
lowest order of the expansion and compute corrections around it [117-119].

We will compare the different approximations in the study of medium-induced
radiation using the non-perturbative collision kernel in Chapter 6.

3.4 Collinear radiation

We describe now our treatment of collinear radiation when solving the Boltzmann
equation for the jet-medium interactions. Generally, the interplay between vacuum-
like emissions which are tied to the production vertex, and medium-induced emis-
sions which can occur anywhere inside the medium can be rather complicated [116],
and results in an explicit path length L or time ¢ dependence of the medium-induced
radiation rates [82, 116, 120, 121]. Since we are particularly interested in hard par-
tons which lose a large fraction of their energy to the medium, there is, however,
a clear separation of time scales between the initial vacuum-like shower and the
subsequent energy loss of the partons inside the medium. We will therefore not
include the effects of vacuum like emissions, anticipating that they can be absorbed
into initial conditions or source terms for the in-medium evolution. Since we are
particularly interested in the evolution on large time scales, we will also not con-
sider the explicit path length L dependence of the medium-induced radiation rates,
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and instead employ the large L limit of the medium-induced radiation rates, fol-
lowing the approach of AMY [31], where medium-induced radiation is described by
collinear 1 <« 2 splittings/mergings with an effective rate %ip’z). Starting from
the nonvacuum part of Eq. 3.22 and apply a time (t) derivative to the spectrum to
obtain a rate, and by taking the infinite medium length limit (t, — oc), we find the

AMY in-medium rates

dFIO)L (P7 ’Z) Oéstc( / d2pb de
iz RP(—ope / dir s (e W o (k. ooipy. ) (3.32)

With the definition g py(ps) = [y~ dt1 [ (d2k 2k K (k,00; py, t1), we can write the
rate as® [116]

AUy (p,2)  osPl(2) &p,
dz  [2Pz(1 — 2)]? / (2m)? Re [QPb : g(z,P)(pb)} : (3.33)

where g, p) is a solution to the integral equation

2py, =i0E(z, P, py)g(-.p)(Py) + / 2y €@ {1 g (Po) = &er)(Py — @) +

C- [g.p) (D) — 8(e,p) (1 — zq)} +Ciz [gem(Py) — gery (s — (1—2)a)] }
(3.34)

derived from Eq. (3.29). For the elastic broadening kernel C'(q), we use the leading
order expression

2,2
A g Tmp
Clq) = —2—"D__ 3.35
@) ¢*(¢* +mp) (8:35)
We solve Eq. (3.33) self-consistently, obtaining a resummation of multiple scatterings
to all orders encompassing the Bethe-Heitler (BH) regime at low energy z(1—z)p <
wpy ~ T as well as the Landau-Pomeranchuk-Migdal (LPM) regime at high energy
2(1 — 2)p > wpy ~ T. Based on this formalism, the effect of medium-induced

6We follow the notation of P. Arnold [116], and refer to [116] for comparison to other notations.
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Energy injection

Viscous dissipation

Figure 3.2: Illustration of Richardson’s energy cascade (taken from [123]). The
diagram demonstrates how energy is democratically and locally divided into smaller
and smaller vortices all the way to the smallest scales.

radiation is then described by the 1 <+ 2 collision integral

CrN =% { 2 [[a= TP )14 fyep)) (£ i)

—fo(2p) fe(2p)(1 £ fu(P))
o [ D (2) i (141 )

Vg Jo 23 dz
ot () 124(2)

1

. (3.36)

—— —

where %(zp’z) is the effective rate for a particle a to split into b and ¢ with energy

zp and ZzZp respectively, and we will denote z = 1 — 2z in the following. We Fourier
transform Eq. (3.33) to impact parameter space, turning the integral equation into
a differential equation, which we solve numerically following a refined version of the
algorithm in [122].
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3.5 Wave turbulence

Before we go on to discuss the particularity of the medium cascade in the next
chapters, we will use this section to briefly introduce wave turbulence, and we refer
the reader to [123, 124] for more details on the subject.

Usually associated with eddies, turbulence is a complex chaotic motion sensitive
to small changes in initial conditions, which is studied in the context of hydrody-
namics [123, 125, 126]. When interactions occur only between eddies of similar size,
an energy cascade is generated as in the Richardson cascade illustrated in Fig. 3.2.
Out of the microscopic chaos emerges well-defined average quantities that can be
described by the energy flux through scales. In direct energy cascade the energy
is transported from large scales to small ones, e.g., in Richardson cascade, large
vortices are broken up to smaller vortices in a self-similar manner until reaching the
smallest scales which dissipate the energy. A cascade in the opposite direction is
called an inverse cascade.

Wave turbulence is a case of turbulent behavior where the transport is described
by waves instead of eddies. Specifically, for the case of weak wave turbulence where
higher correlations are suppressed, one can describe the evolution using kinetic equa-
tions truncating the BBKGY hierarchy. In a system where waves interact only lo-
cally, the injection of energy at a source (k;) far away from the sink (k;) (where it is
dissipated), generates a turbulent cascade which transports energy in a self-similar
way from one scale to the next. Due to the large separation of scales in the iner-
tial range far away from the source and sink, the system loses information about
the boundaries and is naturally described by a universal behavior known as the
Kolmogorov-Zakharov spectrum [123, 124]. Although wave turbulence systems are
far-from-equilibrium, the generated Kolmogorov-Zakharov spectrum is a stationary
solution of the kinetic equations in the inertial range, and can be obtained using
analytical analysis.

A wide range of natural phenomenon can be studied using the weak wave tur-
bulence formalism, e.g., capillary waves on water surfaces relevant for weather and
ocean studies (c.f. [127]). Additionally, thermalization in field theory exhibits sim-
ilar behavior [128-131] as well as parton energy loss in QCD medium [29, 30, 32]
which will be relevant to our discussion in chapter 4. In order to illustrate these
properties in the case of parton energy loss, following [32] we model the gluon cas-
cade by considering only radiative emissions using an approximation of the splitting
rates for high energy particles while neglecting elastic interactions and merging with
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Figure 3.3: (left) Evolution of the gluon energy distribution multiplied by /2 to
emphasize the Kolmogorov-Zakharov spectrum %, at different times 7 = 0.1 — 1.
(right) Evolution of the energy flux defined in Eq. (3.40), we observe that after time
7 ~ 0.3 the flux become scale independent in the inertial range r < 1.
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the medium. The evolution equations are given by

- / dz K(= \fD( ) s / dz K(2)—=D(z,t), (3.37)

where D(z,t) = :c— is the gluon energy distribution as a function of the momentum

D

fraction x = ‘p | The kernel K(z) describes the rate of gluon radiation, and the two
terms on the rlght hand side represent merging (g9 — ¢) and splitting (¢ — gg)

processes. The branching time t,, = \/% is the typical time it takes a leading gluon

to undergo a democratic splitting (z = %) The simplicity of Eq. (3.37) allows us to
solve for the distribution analytically if we choose the kernel to be

1

= s

(3.38)
which displays the same divergences as the physical high energy kernel in sec. 4.2.2.
Starting with an initial condition D(x,t = 0) = (1 — z), the rate equation is then
solved by [32]

- 2

N <_7T17_m> , (3.39)

with 7 = achmfﬁ. At early times, the distribution displays a peak at z = 1
associated with the initial gluon energy as seen in Fig. 3.3. Subsequently, the energy
is transported to arbitrary small scales x ~ 0 and a nonvanishing energy flux is
generated at the origin. We can also compute the energy flux through a momentum
shell zy as follows

D(z,7) =

(o) = / 1 dz D(x,7) (3.40)

—e ™ erfc (fr\/;> : (3.41)

where erfc(z) = 1— % J&dt e is the complementary error function. For arbitrary
small scales xg < 1 the scale dependence drops out, and the energy flux becomes

e(xo) 2 e (3.42)

We see in Fig. 3.3 how the energy flux plateaus at small scales as it exponentially
decays with times. Another way to describe the dynamics in the inertial range is
to search for the stationary solution associated with the scale invariant energy flux.
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Without the use of the analytical solution for the evolution, one can plug the ansatz

A
D(z) = (%) in the evolution equations for the energy flux

octa = [[ao (S [ 7 (5) - fae ez ()]

(3.43)
By changing the order of integration and shifting the integration variable in the first
term we find

1 1
1 M= M5
/ dz zK(z / dx (1> 2 / dz zK(z / ( ) ? .
mt br x0/2 x 7T-tbr

(3.44)

atE CITO

Combining the integrals we can write

w0/2 ’\+2 A5

Ope(xg) = / dz zK(z / dx ( > / dz zK(z / dx ( )

mt br JTo 7T-tbr
(3.45)
for arbitrary small scales zqg — 0, we have
0 zo/> 1 ”%
Oye(my) 2 — / dz zK(z / dx ( ) . (3.46)
7Ttb,« T

The only way to recover a scale invariant energy flux will be to take \ + % =1,
meaning A = 1/2 which is exactly the spectrum we see in left panel of Fig. 3.3 as
well as in the analytical solution in Eq. 3.39. Although we found this spectrum using
only a simplistic model for the cascade, this is the Kolmogorov-Zakharov spectrum
for the in-medium cascade, which we will encounter in a more physical system in
Chapter 4. That is because the existence of such spectrum does not depend on the
detailed behavior of the splitting kernel, instead, it stems from the characteristic
(1/4/x) dependence of the rate on the momentum fraction [30].
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Recent studies revealed that hard partons lose their energy in the medium following
an inverse energy cascade driven by successive radiative branchings [29, 30, 32].
These studies feature a description of the evolution which focuses solely on the
hard constituents and do not properly take into account the equilibration of soft
fragments and energy balance with the medium. We improve on these studies, by
using the full medium-induced radiation kernel (computed in the infinite medium),
and include elastic energy loss and medium recoils in the small angle approximation,
allowing us to follow the jet evolution from high energies (~ FE) all the way to the
soft medium sector (~ T).

Based on the effective kinetic description introduced in the previous chapter,
which parallels earlier studies in the context of jet quenching [29, 30, 32, 33] and
thermalization of the QGP [34-38], we follow the in-medium energy loss of highly en-
ergetic partons starting from early collisional and radiative energy loss all the way
to complete equilibration of jets inside the medium. We establish three different
regimes corresponding to initial elastic and radiative energy loss, turbulent energy
loss via multiple successive branchings and equilibration, and provide detailed ana-
lytical discussions of the underlying physics mechanisms in each regime. Since our
evolution includes the full equilibration of the partons, we end our analysis by in-
vestigating to what extent the physics of near-equilibrium excitations is relevant to
the problem of jet quenching.

4.1 Kinetic description

When investigating the in-medium evolution of the parton shower, we find it more
convenient to study the re-distribution of energy, which can be quantified in terms

of
dN, d?
Dy(z,t) = x = ya/ (2753 |g| 6(|§| - a:)éfa(p, t), (4.1)

where FE is the total energy of the energy distribution and z = % is the energy

fraction carried by each parton in the energy distribution. The number of degrees of
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4  Longitudinal energy loss

freedom are v, = 2(Nc¢?—1) and v, = 2N,.. We note that the distribution D,(z,t) to
some extent analogous to a fragmentation function in the vacuum [30]; in particular
the distributions satisfy the following sum rules, related to energy E and charge
(Qy) conservation

za:/dx D=1, [@ (Duy(wt) = Dyy@t)) = Q. (42)

Based on Eq. (3.8), the evolution of the momentum/energy distributions of par-
tons D,(z,t) is entirely driven by interactions with the medium constituents,

0:Dq(,t) = CZ*[{Di}] + Co 7 [{D}] (4.3)
where as in Eq. (4.1) we have defined C,[{D;}] = Vaf% % 5('2' -

o) Call i} (65

4.1.1 Small angle approximation

Contributions to the collision integrals for elastic 2 <+ 2 scattering processes can be
further separated into large-angle scatterings and small-angle scatterings

Ca?[{fil] = Ca[{fil] + ™ {Lfi}] (4.4)

by introducing a cut-off u on the energy-momentum transfer in the ¢ and u channels
[99, 100]. When the infrared cutoff for the large-angle scattering is matched with
the ultraviolet cutoff for the small-angle scattering, it can be shown that the cut-off
dependence cancels, and one recovers the full in-medium matrix elements at leading
and next-to-leading order [100]. Since large-angle elastic scatterings exhibit the same
parametric dependencies as small angle processes [31, 34, 71], we will only consider
small-angle scatterings in this chapter and leave the large angle scatterings for the
next one. We then solve numerically the Boltzmann equation

ODa(,t) = Cy" ™ [{D;}] + C;7*[{Dy}] - (4.5)

By considering the limit of small momentum transfer, the collision integral for
small angle 2 <> 2 scatterings reduces to a Fokker-Planck equation [99, 100] (c.f.
App. A)

Cml it = =V T+ Sa (4.6)
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4 Longitudinal energy loss

which features two distinct contributions, associated with drag and momentum dif-
fusion (—V,J,) and conversion between quark and gluon degrees of freedom (S,).
Drag and momentum diffusion arise from soft u, t-channel gluon exchanges, and can
be characterized by the momentum currents

7 == L [avuhi) + o B @)1+ 0] (4.7)
Ty = ;évpqu (p) + o f (B~ £ (2))] (4.9
Tiy == @t (0) + 0L iy (2)1 = £, 0] (4.9

where ¢ and 7p are the momentum diffusion constant and the drag coefficient
stripped of their respective color factor. One finds that at leading order

3k

>1\‘°

{CAfg )(1 + fg<k))

)
[l

[ G
32 [qu ~ fy () + 3, (R) (1~ quuc))}} S @)

[\D\»—t

4 &k 2 1
w=lef )|k|{ Casy ) + 2;[qu<k>+qu<k>}}, (a.1)

where £ = [/ 9 denotes the logarithmic phase-space for small angle scatterings,
which we will take to be of order unity setting £ = 1 in our analysis.

Similarly, conversion terms in Eq. (4.6) stem from soft u-channel quark exchanges
in the gq <> gq, 9q <> gq and gg <> qq processes, which effectively convert between
particle flavors without significantly affecting their momenta. By following [99, 100],
we find that the corresponding terms in the Fokker-Planck equation can be written
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4  Longitudinal energy loss

1
=51 > ([f )1+ @) — f2)1 - 1, <p>>]zqf
; [qu )1+ £,0) — @)1 f, <p>>]zqf) PR
af :ZZ8|1P| fop)(1 — fo(p))qu - qu(p)(l T fg(p))qu ’ (4.13)
. =8|1p| £2@) (1~ o, ()T, — o, @)1+ fo()) Ty | (4.14)

where Z,, and Z;, are given by the following moments of the phase-space distribution

7, = iFﬁ / (Zﬂﬁgmwm + fo(k)) + fo(R)(1 - qu<k))] ; (4.15)
Ty, =2 iF'C / (gﬂﬁg‘;‘[qu(k)(l + fo(k)) + fo(R)(1 - qu(k:))] . (4.16)

We note that while the conversion terms in Eq. (4.6), affect the chemistry of the
QGP, they do not directly contribute to the redistribution of energy as the relevant
linear combination

vgSy + 14 Y (Sq, + Sg,) =0, (4.17)
!

vanishes identically.

Based on the collision integrals for small angle scattering processes in Eq. (4.6),
we then proceed with the linearization around the static homogenous equilibrium
background.! When linearizing the momentum current (7,) around the equilibrium
distribution, one obtains two distinct types of contributions, which can be associated
with changes of the phase-space density in Eqns. (4.7,4.8,4.9) or respectively with
the changes of the momentum diffusion constant ¢ and the drag coefficient 7p in
Eq. (4.10,4.11). Physically, the first part J,[{D;}] acts primarily on the hard sector,
diffusing the particle momentum and dragging it to the infrared. Conversely, the
second part 0.7,[{D;}], associated with the changes of ¢ and 7p, corresponds to the

!Evidently the collision integral vanishes for the equilibrium background due to detailed balance.
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4 Longitudinal energy loss

recoil response of the medium, and describes how the energy lost from the hard
sector is deposited into the softer medium particles.

Expressing the result in terms of the energy distribution D,(z,t), the hard par-
ticles currents —V,J,[{D;}| are given by

v, 7,{D.} i‘}f‘];x ;za 20, + gﬁxx2(1+2n3(xE)) DZ@ | (4.18)
—V, T4, [{D:}] (“;FTQ; 0, :gaﬁ?am + gam:ﬁu — np(zE)) D‘Zix) . (4.19)
—V,J7, [{D:}] C;FZE’; D, g (0.2%0,) +§8mx2(1—2np(xE)) b 3;5”3) . (4.20)
where §uq is the equilibrium ;nomentum diffusion constant
Geq _g”‘/ djf;;; [CAnB(p)<1 +np(p)) + Nynp(p)(1 — nF(p))] ;
(%),

and we have made use of the Einstein relation np = c?eq /T to eliminate the drag
coefficient from Eqns. (4.18,4.19,4.20). Similarly, the recoil terms §.7,[{D;}] are
written as

C’A(]eq T577D (5(] Vg
477 (jeq 212
C’quq Tonp — 5(} vg T

= V0 T4y /a, D] == : ﬁﬁxax:cZnF(:cE)(l —np(zE)), (4.23)
eq

—V, 0T,[{Di}| = —20,2°np(rE)(1+np(zE)), (4.22)

where the recoil coefficients are given by

5G = i /dx = | Cavr Dy () (1 + 205(2E))
+igv;%qu(xHqu(x))(l—2nF<xE>> (120
> =" Ez/dl" [OA”_lD +3 ZV‘l x) + Dy ())] (4.25)
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4  Longitudinal energy loss

Since 0 and 67p are determined by the non-equilibrium contributions from the
energy distribution, they do not satisfy an Einstein relation, i.e. 67p # 6¢/T, giving
rise to a finite recoil contribution in Eqns. (4.22,4.23).

Similarly, when linearizing the conversion terms around equilibrium, one finds
that the contributions can be separated into conversions of hard particles S,[{D;}]
and (recoil) conversions of thermal constituents 0.5,[{D;}] in an analogous fashion.
Evaluating the action of conversions on the hard particles, one finds

Syl{Di}] =
Iy T = 4
it S {771 Puy @)+ Dy ()] (1 + 2050 ) = 20 Dy@) (1 = 205 EY) }
(4.26)
I T g S
qf Qf[{D = 98T2 +E {Vg Dg(x)(l —2np(zE)) — Vyq qu,cif(x)(l + 2nB(xE))} )
(4.27)
where in accordance with Eqns. (4.15,4.16), we denote
4 2
o g OpﬁT
Iyt =Ig = S (4.28)

for a charge neutral plasma. Due to the identity ng(p)(1 + ng(p)) = np(p)(1 +
np(p)) one finds that the recoil contribution to the source term S, in Eq. (4.12)
vanishes identically,

0S,[{Di}] =0, (4.29)
and only the quark and antiquark channels acquire a recoil contribution given by

1%

65, [{D;}] 279%(51 —~0Z,,) np(2E)(1 - np(zE)) . (4.30)

0S5, [{D:}] = 228E (6Zy, — 0Z,,) np(@E)(1 = np(xE)), (4.31)

where 0Z,, and 0Z;, are the linearization of the integrals in Eqns. (4.15,4.16), whose
difference is given by

(62, - o1,,) = g CF'C

EQ/ dv L (1t 2npE) v (Dyy(x) = Dy () -
(4.32)
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4 Longitudinal energy loss

Since Y-, 05,[{D;}] = 0, the conversions of thermal constituents do not affect the
energy distribution of parton fragments >, D,(x,t). However, for charged partons,
they do affect the distribution of valence charge, as described by the charge distri-
butions (D, (x,t) — Dg,(,t)).

4.1.2 Collinear radiation

We linearize the collision integral defined in Eq. 3.36, and express the contributions
to the evolution equation for the energy distribution. Starting with the contributions
to the evolution of the gluon distribution D,(z,t) given by the sum of g — gg,
q — q9, ¢ — qg and g — qq processes

ersiion= | G o0 (2) (ot con ()

P42 (00 (1) 1 () 2L (10 (F) o)

1 st s dld (vE, z)

Dy(z)(1 +ng(z2E) + np(zzE))

2 Jo dz
. l),;(??’SC)(nB(xE) — np(22E)) + Dgg(jx)(nB(xE) —np(zzE))| , (4.33)

00 (2) 1+ e - (25)
1P (o () o () =225 o (F) ot

z

C;](—)QQ[{DZ}] _ Zf:/ol dzdrgq E;Zf :Z)

?

(4.34)

o 1 dl (@ z)
q(—)qg . — 99 z ?
CIom[{D;}] Zf: /O e

z

Y Dy(2) <nF (xf’) o <2xE)> Dy (%) (nF (xE> —|—nB(mE)>

3 =3
Vg 2 z z
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4  Longitudinal energy loss

CI9N{D}] = — Z/Ol dzw Dy(z)(1 = np(zzE) — np(zZzE))

7 2
—QM(TLB(CL’E) +np(zZzE)) — QM

3 3
Yy z Yy z

(np(xE) +np(zzk))| . (4.36)

where both 1 — 2 and inverse 2 — 1 processes are included along with the appro-
priate final state Bose enhancement and Fermi suppression, such that the above also
include the (linearized) back-reaction of the high energy particles onto the medium
and automatically satisfy energy-momentum conservation. Similarly, the contribu-
tions to the evolution of the energy distribution of quarks and anti-quarks D,(z,t)
and Dg(z,t) are given by the sum of ¢ — gg or respectively ¢ — gg, and g — ¢q
processes, which take the form

qu E,
Ay s

+V4M
vy, 23

Dy, (2)(1 +np(22E) — np(zrk))

qu(z:c)
+/ d I'%q xz 77) [qu (j) (1 +np (EZEZE> - nF(xE))
20205 o (2) < () - 22 (0 (22 4y (25)

(np(zFE) — np(zzFE)) — (np(zE) +ng(zk))

Y

(4.37)

) (f) (1 — np(2E) — np (ZZE»
()52 (o (F) o)

zE
Cao{D}] = /0 gl (2 22) [D
Yg

dz
l/q z z

and similarly for anti-quarks, with ¢, replaced by gy in the above expressions.
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4 Longitudinal energy loss

4.1.3 Conservation laws and scaling

Before we proceed to our analysis of the evolution of the energy distribution, we
briefly note that by explicitly taking into account the back-reaction of the highly
energetic particles on the thermal QGP constituents, the above evolution equations
satisfy the following sum rules

o] o] 1
2y /0 drDy(z,t) =0, &, /0 do— (D, (1) = Dy (a,1)) =0, (4.39)

associated with energy (E) and net charge (()s) conservation. While for typical
excitations with energies w = xFE ~ T of the order of the temperature of the
QGP, all contributions of elastic and inelastic processes to the collision integrals are
parametrically of the same order ~ ¢*T [31, 71], the situation is markedly different
for high-momentum particles with w = xF > T', where the various contributions to
the collision integrals behave parametrically as

- T
Ot~ g'T\| = Da(a,t). (4.40)

T
CPos o ghT <E> 20, Da(z,1) , (4.41)
X
. T
CaConvcrswn ~ g4TﬁDa('x7t>7 (442)
i T \?
opm ~ (T () w0 Ditet), (143

indicating that the evolution of high-momentum particles x > T'/E will be domi-
nated by inelastic processes, with power suppressed contributions from elastic pro-
cesses. Nevertheless, including the effects of all leading order processes is important
to study the evolution of softer fragments of the energy distribution all the way to
the temperature scale x ~ T'/E, where elastic and inelastic contributions eventually
become comparable in magnitude [31].

4.2 Energy loss and equilibration

We study the energy loss and equilibrium of hard partons inside a thermal QGP,
starting from an initial condition, where the initial energy distribution of partons
Dg(z,t) is given by a narrow Gaussian of width ¢/E = 1073/4/2 centered around
the energy E, which is normalized to [dx Y, D,(z,0) = 1. Since the evolution

45



4  Longitudinal energy loss

equations are linear, the evolution of a general solution can be decomposed into a
basis set of excitations. We choose the initial condition as a Gaussian profile, which
is transparent to the physics. With regard to the chemical composition, we will
consider two types of initial conditions, corresponding to highly energetic gluon and
quark where initially all the energy is stored either in the gluon or quark distribution
respectively, Although we will refer to these two initial condition as gluon/quark jet,
we would like to emphasize that they do not correspond to the usual jet definitions
as this requires definitions of cones sizes which are aspects beyond the scope of this
study. For a gluon jet

_ (@E—E)>
2e 22

N V270 /E (erf(%) + 1) ’

—jet —jet _
D477 (x,0) D= (2,0) =0,

DI 7MNz,0) =0, (4.44)
whereas for a quark jet
5 _(mE72E)2
. . (& 20
DI (2,0) = 0 DI (2,0) =
g Y Y q Y E Y
V2no/E (erf(E) + 1)
DI (2,0) =0, (4.45)

where the error function is given by erf(z) = % JEdt e,

If not stated otherwise, we will present results for the evolution of jets with
energy FF = 10007, and express all time scales in terms of the dimensionless time
variable

T=—"=gT1T4—=t. 4.46
2fsplit(E) g E ( )

Since tep(E) = Q%T\/g corresponds to the typical timescale for an initial hard
parton to undergo a quasi-democratic (z ~ 1/2) splitting,?> which will ultimately
dictate the energy loss [29, 34, 36, 71|, we can expect that this normalization takes
into account the leading dependence on the jet energy. We will further address the
jet energy dependence in Sec. 4.2.2, where we compare results for different values of

E/T =10, 30, 100, 1000.

2Note that due to LPM suppression, the timescale tspiit (E) is enhanced by a factor 4/ % relative

to the typical mean free path or relaxation time ~ 94% of near-thermal excitations.
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4 Longitudinal energy loss

With regard to the quark distributions, it is convenient to decompose the energy
distributions Dy, (x) and Dy, (z) into flavor singlet (S) and valence (V) distributions,
which are obtained by the following linear combinations

Ds(x) = ; Dy (x) + Dy (x), Dy, () = Dy, () — Dy, (2), (4.47)

such that the singlet distribution Dg(z) characterizes the energy distribution of
quarks inside the jet, whereas the valence distribution describes the distribution
of valence charge inside the jet. By careful inspection of the evolution equations,
one finds that at the linearized level, the evolution of Dy, (z) decouples from the
evolution of Dg(x) and D,(z), indicating that different mechanisms will ultimately
be responsible for the equilibration of energy and valence charge of the jet.

Since our effective kinetic description explicitly takes into account the medium
response, the total energy F as well as the set of all valence charges () are explicitly
conserved. Nevertheless, over the course of the evolution, jet energy and valence
charge are re-distributed from high-energy (w ~ E) to low energy (w ~ T'), where the
soft constituents of the jet will eventually thermalize with the surrounding medium.
Hence, in order to analyze jet energy loss, we define a cut-off scale p = 277", such
that the hard constituents with w > p are to be considered as part of the jet,
whereas the soft constituents with w < u are considered as part of the equilibrated
medium.? Based on this procedure, the individual contributions of each species to
the jet energy and valence charge is then evaluated as

E= [ dxDix), Q= / “ Dy (o). (4.48)
n/E

We present our results for jet energy loss in Fig. 4.1, where the two upper panels
show the evolution of the different contributions to the energy for quark and gluon
jets. Different curves Eg, E, in each panel, show the individual contributions of
hard quarks and gluons, as well as the total energy of hard constituents Ei,. While
initially quarks(gluons) dominate the energy budget of quark (gluon) jets, strong
changes in the chemical composition of the jet take place over the course of the
evolution. Eventually, by the time 7 = 20 the chemical composition of quark and
gluon jets becomes nearly identical; however, at this point the jet has already lost a
significant fraction of its energy to the thermal medium.

By taking the time derivatives of the total energy of hard constituents Fi.;, we
can further compare the differential energy loss rate dFE/dr for quarks and gluon

3We note that in thermal equilibrium, around ~ 75% of the total energy are contained in the
energy range [0, 277].
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Figure 4.1: (top) Evolution of the energy carried by particles with momentum p >
27T for quark (left) and gluon (right) jets with £ = 10007". Different curves labeled

E

g

S.jet Tepresent the energy fraction of gluons (g), quarks plus anti-quarks (S) and

the sum of all species (jet). (bottom) Differential energy loss rate dEje;/dr divided
by the corresponding Casimir factor (Cr = C'4 = N, for gluons jets and Cr = Cp =

N2-1
2N,

for quark jets).
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jets, which are presented in the lower panel of Fig. 4.1. Starting from a small but
non-zero energy loss rate at very early times 7 ~ 0, the energy loss rate dE/dr
exhibits an approximately linear increase with evolution time 7, which follows the
expected Casimir scaling such that édE/dﬂq_jet R~ C—lAdE/d7'|g_j6t at early times
7 < 3. Subsequently, as the hard constituents of the jet start to be significantly
affected by the presence of the medium, the energy loss rate experiences a broad
maximum and the Casimir scaling of the energy loss breaks down. Eventually, the
energy loss rate dE /dr decays exponentially at very late times, as the few remaining
constituents equilibrate with the thermal medium.

Based on the behavior observed in Fig. 4.1, we find that the in-medium evolution
of the jet can be roughly divided into three distinct stages, characterized by direct
energy loss, inverse turbulent cascade, and the eventual approach to equilibrium,
which we will now discuss in more detail.

4.2.1 Early stages of the evolution

During the early stages of in-medium jet evolution, elastic and inelastic processes
give rise to (longitudinal) momentum broadening of the hard components of the jet,
as can be seen from the widening of the distribution peak around x ~ 1 in Figs. 4.2
and 4.3, where we present the evolution of the energy distributions D,(x), Dg(x) and
Dy (z) at early times. Even though these processes initially have a small effect on
the hard (z ~ 1) components of the jet, they can still lead to a sizeable deposition of
energy into soft (z ~ T'/E) modes due to the emission of soft radiation and recoil of
the thermal medium. In order to further quantify the energy loss at early times, we
can compute the energy deposition below the scale p perturbatively, i.e. assuming
that at early times 7 < 1 the distributions D;(x) of hard fragments are unmodified.
By inserting the initial conditions in Eqns. (4.44, 4.45) into the evolution equations
(4.22-4.25, 4.33-4.38) for the energy distribution and integrating over momentum
fractions x up to the cut-off scale u/F < 1, one finds an approximately constant
energy loss at early times

d£
dr

7K1

_ /ysoft—radiation + ,yrecoil : (449)

soft—radiation recoil

where ~y is the contribution from the emission of soft radiation and ~
describes the contribution from elastic recoils.

Evaluating the inelastic contributions in the limit x < 1, one finds that Bose-
enhancement and Fermi-suppresion factors cancel between gain and loss terms, such
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Figure 4.2: Early time behavior of the energy distribution for a quark jet (left) and
a gluon jet (right). Gray dashed lines represent single splitting as written in Eqns.
(4.50-4.51) and (4.52-4.53), while the green dashed lines represent the same splitting
plus the elastic recoil terms from Eqns. (4.61-4.62).
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Figure 4.3: Early time behavior of the valence distribution for a quark jet. Gray
dashed lines represent single splitting as written in Eqns. (4.50-4.51) and (4.52-4.53),
while the green dashed lines represent the same splitting plus the elastic recoil terms
from Eqns. (4.61-4.62).

that for x < 1 the radiative contributions to the energy distributions are approxi-
mately given by

- ari (E, z
gthIl jet: D;oftfradlatlon(x’ t) =t ggcgz> , (450)
- ari (E
D;Oft_radlatlon(l’, t) :C(]th qch ) Z) : (451)
< =z
- dre (E,
quark jet: D;oft—rad1at10n<l,’ t) =t 92522) , (452)
» . dre (E,
D;Oft_mdlatlon<x, t) :D$ft—rad1at10n ($’ t) = rt gq( Z) ,
dZ z=1l—=x
(4.53)

which is indicated in Figs. 4.2 and 4.3 by a gray dashed line for the earliest three
times. Based on the above expressions, the resulting contributions to energy loss
evaluate to

. 1 p dré (E, z) dl¥-(E, z)
soft—radiation g9 ) qq )
. = — g9 " 7 Ny 4~~~ 4.54
Vg—jet tsplit(E> /0 T x l dz . + Ny dz - ) ( )
=(0.0072+1.16 10°° Ny) ,
9—99 9—4qq
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. 1 p i (E, z) dari (E, z)
soft—radiation 99 ’ 99 ’
/ = d — g — 4.55
Ta—jet tspm(E)/o v x[ 7 R R (4.55)
=0.0038 ,
~—_—
q<9q

where the quoted values correspond to numerical evaluations for £ = 10007 and
i = 27T as usual.

Similarly, from Eq.(4.22) and (4.23) we can estimate the effect of the elastic
recoil at early times as

A

1 14 N 1 QdA (j . )
tpe () Z/o dr 3D =~ s T (g 90— 700 (4:36)

recoil __

v

where in the last step we have approximated [;" dz 2°n,(zE)(1 4+ ny(zE)) =~
J2 d 2*ng(2E)(1 4+ n,(zF)). Evaluating the contributions to 6 and 67p based on
the initial conditions for gluon and quark jets in Eq. (4.44) and (4.45), one finds
that

4 4
. ~ g _ _ g _
gluon jet: 0q = P 'CLE? . onp = ?21/51 1CLE? (4.57)
R 4 V71E3 4 2V71E2
quark jet: 5q = 9 Za , np = 9 % , (4.58)
T 2 s 2
(4.59)
such that
. 1 GqCr[l 2] _ GqC
,yrecoﬂ — Qeq“UR [ . ] ~ Qeq“R 7 (460)
tout(E) 4E T E ATE

where Cg corresponds to the particle carrying all the energy in the initial condition.
We also provide the behavior of the recoil contribution to the energy distribution at
the early times

recoil N(?GQCA 2
recoil ~ QeqCF 2 o
D (x,t) ~2 TE " t np(zE)(1 —np(zE)) . (4.62)

which is indicated in Fig. 4.2 by a green dashed line for the earliest three times.
While the sum of soft radiation and recoil contributions provides an excellent de-
scription of the evolution of the energy distributions in Figs. 4.2-4.3 and the initial
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energy loss rate in Fig. 4.1 at very early times, clear deviations of the spectrum
at small x < T/E and intermediate scales T/E < = < 1 start to develop rather
quickly, especially in the flavor singlet quark channel (Dg). Similarly, the early-time
estimate in Eq. (4.49), also fails to explain the linear rise of the energy loss rate seen
in Figs. 4.2-4.3, which as we will discuss now can be attributed to multiple successive
splittings, which ultimately provide a more efficient energy loss mechanism [29, 34,
36, 132].

4.2.2 Successive splittings & evolution at intermediate
scales

Besides contributing to the energy loss, radiative emissions from the original hard
partons in Eqns. (4.50,4.51,4.52,4.53) also establish a spectrum of intermediate en-
ergy particles, as is clearly seen from Figs. 4.2-4.3, where all intermediate scales
are populated starting at early times. Such radiated quanta at intermediate energy
scales T/E <« x < 1 typically have a higher interaction rate, and they can therefore
undergo subsequent interactions with the thermal medium to lose their energy.

Based on the parametric estimates in Eqns. (4.40-4.43), one expects the evolution
at scales T/E < x < 1, to be dominated by inelastic scatterings and one can
therefore approximate the collision integrals as follows

Cyl{Di}] :/1 dz WDQ (5U> 1WD9(ZE)

b [ T ) Z( )2 vy [ THEEE) ) )
cuoy= o <> <><><>

[0 80 ). aon
evlipa) = [ dz (EE’Z)DV (5) - T2 gy (4.65)

where we neglected the contributions from Bose enhancement and Fermi suppression,
which are exponentially suppressed for energies xF > T'. Since at sufficiently high
jet energies the relevant splitting rates I'y, are in the deep LPM regime [116, 133],
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4  Longitudinal energy loss

they can further be approximated by the leading-log solutions [30, 116]*

ngg(de,z) _\}_ Kyo(2) =

2

ari (zE,z) 1

T e =

dl(zE,z) 1
dz _\/E a9

Ky(z) =

2

2

Qg
2

2 Pulz )\/ qu ) |4= fo;ZQCF . (46T)
qu(z)\/gfg) Cr —2(21(1_—2)2)0,4 ; (4.68)

where in the above expressions ¢(zE) should be fixed to match the full splitting
kernel at the relevant energy scale (see Appendix B for a comparison). Based on the
above expressions for the splitting rates, and the initial conditions in Eqns. (4.44)
and (4.45) the single emission spectrum then takes the approximate form

Dy(x,t) ~ Cf/(g , (4.69)
Ds(z,t) ~ S()Wz (4.70)

featuring the characteristic 1/1/z and /& power laws in the gluon and singlet quark
channels with linearly rising amplitudes G(t) and S(¢) given by

_— 3/2 Qs as QQ(E) . 1/2 [ fj(E)

gluon jet: G(t) = Cy N t, S(t)=2C¥¢ NfTR—QW = t, (4.71)
- 1/2 Cs as &(E) 320 é(E)

quark jet: G(t) = CpC}y N t, S(t)=C¥ N5 t. (4.72)

Beyond early times, the perturbative description in Eq. (4.71) breaks down, as
the radiated quanta undergo successive splittings; the spectrum at intermediate
scales T'/FE < x < 1 no longer follows the single emission spectra from hard (z ~ 1)
primaries, but is instead determined by the dynamics of multiple successive branch-
ings of semi-hard (T'/E <« x < 1) fragments with a continuous influx of energy and
valence charge due to continued emissions from the hard (z ~ 1) primaries.

In this context, it is important to point out that the set of evolution equa-
tions for multiple successive branchings of semi-hard (T/E < = < 1) fragments in

4Note that this approximation is also commonly referred to as harmonic oscillator approxima-
tion, and that the functions K;; agree with the definitions in [30].
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4 Longitudinal energy loss

Eqns. (4.63-4.65) features a stationary solution of the form

& o5
\/57 S_\/E’

which following earlier works [29, 30] corresponds to the Kolmogorov-Zhakarov (KZ)
spectrum of weak-wave turbulence, and is associated with the stationary transport
of energy and valence charge towards lower energies, i.e. an inverse energy and
respectively particle cascade. Despite the fact that the spectral shape oc 1/y/z of
the stationary gluon spectrum in Eq. (4.73) agrees with that of single gluon emission
spectra in Eq. (4.71), this agreement is to some extent accidental, as the spectral
shape of the KZ spectrum is determined by the characteristic energy z-dependence

of the splitting rates I'(zFE, z) ~ \/g in Eq. (4.66) rather than the specific z-
dependence of the splitting functions [30, 32, 123, 124]. Similarly, the stationary
Kolmogorov-Zakharov spectrum for the singlet quark distribution, also features the
same o 1/4/x behavior as the gluon distribution, with the ratio quark and gluon

gj((z)) = % determined by the (local) balance of ¢ — ¢q and ¢ — qq

D,(z) = Dy =Vz, (4.73)

distributions

processes|30]

S 2Ny [dz 2 Kyy(2)
G [dz z Kyy(2) 0.07> 2y (4.74)

which is in sharp contrast to the single emission spectra in Eq.(4.71), where quark
emission is power suppressed compared to gluon emission at small x.

Numerical results for the evolution of the in-medium energy distributions at
intermediate times 7 are presented in Fig. 4.4, where the different panels show the
distributions D,(z), Ds(z) and Dy (x) for quarks jets (left column) and gluon jets
(right column). Despite the fact that the numerical results include both elastic
and radiative processes with full in-medium splitting rates, the turbulent spectra
in Eq. (4.73) are clearly visible at intermediate energy scales and persist over the
entire range of evolution times shown in Fig. 4.4. Especially in the subdominant
channels, i.e., for the singlet quark distribution inside a gluon jet, or the gluon
distribution inside a quark jet, the turbulent spectrum persists over a large range
of energy fractions 0.02 < z < 0.5 while for the dominant channels, it is not as
prominent due to the additional contributions from the jet peak around z ~ 1.
Strong deviations from the turbulent spectrum also emerge at small x ~ T/FE,
where the effective description in Eqns. (4.73) breaks down, as other contributions
from elastic and inelastic processes become equally important and ultimately lead
to the thermalization of the soft fragments.
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Figure 4.4: Evolution of the energy distribution at intermediate times for a quark jet
(left) and a gluon jet (right). One clearly observes the Kolmogorov-Zakhrov spectra
in Eq. (4.73) at intermediate energies T/F < = < 1.
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4 Longitudinal energy loss

Clearly, the onset of turbulence has important consequences for the jet energy
loss [29, 30, 34, 36, 132]. Since semi-hard fragments with T/F < =z < 1 can
efficiently lose energy to the thermal bath via multiple successive quasi-democratic
(z ~ 1/2) splittings, the energy that is injected into the cascade due to semi-hard
(T/E < x < 1) primary emissions is efficiently transferred all the way to the
scale of the thermal medium x ~ T'/E, thus providing a highly efficient energy loss
mechanism. One characteristic feature of this turbulent transport is the fact that it
can be described by an energy flux

Cf(A) = ;E dz 9, Dy(x) . (4.75)

from high-momenta (z ~ 1) to low momenta (z ~ T'/FE), which is independent of
the momentum scale A where the energy flux is evaluated. Numerical results for
the energy flux %(A) are presented in Fig. 4.5, where we show the dependence of
4E(A) on the momentum scale A for three different jet energies E = 10,100, 10007

z;itT various stages of the evolution. When the separation of scales between the jet
energy F and the medium temperature 7' is large, we clearly see a plateau in the
energy flux, which is virtually constant within an inertial range of momenta between
the jet energy and the medium temperature. Such scale invariance of the energy
flux ensures the energy injected into the cascade is transported from high-energy
(x ~ 1) to low-energy (x ~ T/E) fragments, without an accumulation of energy at
any intermediate scale. Conversely, the variations of the energy flux with the scale
A indicate the regions where energy is dissipated from the hard components of the
jet (x ~ 1) and accumulated at the scale of the medium temperature = ~ T'/E. By
comparing the behavior for different jet energies in Fig. 4.5, we find that even for jets
with moderately high energies, 2 = 1007, there is still a sizeable momentum range
where an approximately scale invariant energy flux is formed at intermediate times,
during which the jet loses most of its energy to the thermal medium. However, for
very low energy jets, £ = 10T, the energy flux strongly varies with the momentum
scale A, indicating that without a significant separation of scales the energy of the
jet is directly transferred to the medium without resorting to a turbulent energy
cascade.

Based on the approximate form of the kinetic equations for T/F < x < E, we

can estimate the energy loss % in the turbulent regime as the scale invariant energy
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Figure 4.5: Evolution of the energy flux in
(right) jets with different initial energies £ = 1000, 100, 107" from top to bottom.
Different curves in each panel show the energy flux at different times with gray lines
corresponding to intermediate times.
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4 Longitudinal energy loss

flux, which can be computed as

Cff: :/;de /1dz (ICqg(2) + 2Ny (2)] \/?Dg <ZZB>

— H/de / dZ gg( )+2Nf’ng( )] \/_Dg(l'),

+ M/de / dz [Kgq(2) + Kyqe(1 \/>DS( >

- d/ﬂik Ds(x) . 476
[ [ Ko =Ds(o) (4.70
By changing the order of integration and performing a change of variable x — z/z
to combine the gain and loss terms, the energy flux can be re-expressed as [30]

dE WE | Dy(a)

dr ,u/Edz 2[Kgq(2 )+2NfIng(Z)]/u/E Ve

w/E 1 D (.CU)
_/0 dz 2[Kgg(2) + 2Ny Kgq(2)] /u/E dx \Q/E
1 w/zE DS(ZL‘)
— dz 2z |IC, + Kyy(1 — 2 / dx
[ 2 2 K l) 4 Ky = 2)] [ e 2
/B 1 Dg(x
- /0 dz 22[Kyq(2) + Kyg(1 — 2)] e dx NG
Such that upon making use of the explicit form of the Kolmogorov-Zhakarov spec-
trum in Eq. (4.73), one obtains the scale invariant energy flux in the limit u/E < 1
as

~—

(4.77)

dE
o = %G+ %S, (4.78)

with the flux constants

5y = [ 21Ky () + 2V 2] tog(z) = 2y LT B o5 75 o 0.077).

2w E
(4.79)
= Lz 22K y(2) + Kog(2)]log(z) = 2 @(11.595), (4.80)

where we chose to evaluate ¢(v/T E) at an intermediate scale between the jet energy
E and the medium temperature 7. While the splitting functions in Eq. (4.66)
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Figure 4.6: Quark to gluon ratio Dg(z)/2N¢D,(z) at different times as a function
of the momentum fraction z. Different curves in each panel correspond to a quark
jet (solid lines) and a gluon jet (dashed lines), at evolution times indicated by
the amount of energy that the jet has lost. Horizontal lines correspond to the
equilibrium ratio Dg(x)/2N¢D,(x) = v,/v, which is approached at small z, and the
universal Kolmogorov ratio in Eq. (4.74) which is approached at intermediate values
of T/E < z < 1 for a transient period of time.

exhibit a singular behavior for soft emissions (z,1 —z — 0), it is important to point
out that the energy flux in Eqns. (4.78) is in fact dominated by quasi-democratic
(z ~ 1/2) splittings, and we refer the interested reader to [30] for further discussion
and additional details of the above calculation.

By making the amplitude G(7) time dependent, in order to account for the
injection of energy into the cascade due to radiation from the hard (z ~ 1) primaries
as in Eq. (4.69), and adding the contributions from soft-radiation and recoil, the
energy loss in the turbulent regime can then be estimated as

S

dE soft—radiation recoi ~ ~
—— = yoftTradintion 1 1+<79+G7q) G(r), (4.81)

dr

which is shown in Fig. 4.1 as a gray dashed line and provides an excellent description
of the numerical results up to times 7 < 5 where jets have deposited about 30% of
their energy to the thermal medium.

One striking prediction of the turbulent energy loss mechanism, is the universal
ratio of quark and gluon energy distributions Dg(x)/Dy(x) in Eq. (4.74) within an
inertial range of energy T/E < x < 1. Now, in order to verify to what extent this

60



4 Longitudinal energy loss

behavior can be realized over the course of the jet medium evolution, we present our
numerical results for the quark to gluon ratio in Fig. 4.6, which includes all effects
due to elastic and in-elastic interactions as described in Sec. 4.1. Different curves in
Fig. 4.6, show the results for Dg(x)/2N;Dy(x) for quark (solid lines) and gluon jets
(dashed lines), at various stages of the evolution. Indeed, one finds that starting
around the time when the jet has lost about 20% of its total energy, the quark
to gluon ratio at intermediate values of 0.02 < x < 0.1 is rather well described
by the universal Kolmogorov ratio in Eq. (4.74) indicated by a solid orange line
in Fig.4.6. Vice versa, for small momentum fractions z ~ T/E on the order of
the medium temperature, the quark to gluon ratio approaches its equilibrium value
of Dg(x)/2N;Dy(x) = Z—Z indicating that the soft fragments of the jet have had
sufficient time to undergo chemical equilibration. While at early times the large x
components of the jet are dominated by the primary jet peak, and the jet chemistry
is dominated by the primary species, i.e., by gluons for gluon jets and by quarks for
quark jets, the situation is different at late times when the jet has lost a significant
amount of its energy. Due to the fact that hard gluons lose their energy more
efficiently compared to hard quarks, one finds that the medium effectively acts as
a chemical filter, such that even for gluon jets, the hardest constituents of strongly
quenched jets are more likely to be quarks, as can be inferred from the steep rise of
the quark to gluon ratio in the right panel of Fig. 4.6.

4.2.3 Evolution towards equilibrium

Eventually, the hard fragments of the jet have had sufficient time to undergo multiple
successive quasi-democratic branchings to deposit a significant amount of their initial
energy into the thermal medium. During this last stage of the evolution depicted
in Fig. 4.7, the few remaining hard fragments continue to lose energy and valence
charge thereby heating up the thermal bath and doping it with the valence charge.
We find that in this regime, the in-medium jet evolution follows the characteristic
pattern of “bottom-up” thermalization [34-36, 72|, where the low energy part of the
distribution (z ~ T'/ E') is well described by the (linearized) equilibrium distributions

Dy (z) = vy6T Ornp(zE) , (4.82)
D& (x) = 2N, 0T Ornp(zE) , (4.83)
Dy (z) = vyopy Ounr(vE)|u=o - (4.84)

with increasing temperature 67" and chemical potential dyuy as a function of time,
which eventually approach their final equilibrium values, indicated by the dashed
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Figure 4.7: Evolution of the energy distributions at late times for quark (left) and
gluon (right) jets. Dashed lines in each panel represent the asymptotic equilibrium

distributions in Eq. (4.82-4.84).
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4 Longitudinal energy loss

lines in Fig. 4.7. While the soft sector is already thermalized, the evolution of
the hard components of the distribution continues to be well described by the
Kolmogorov-Zhakarov spectra in Eq. (4.73) up to the highest available momen-
tum fractions at each instant of time; as the hard components continue to lose their
energy to the thermal bath, this cascade proceeds towards lower and lower energies,
in a fashion that is characteristic of decaying turbulence [29, 30, 123, 124].

Clearly, the final stages of kinetic and chemical equilibration of jets closely resem-
ble the thermalization patterns previously observed in the context of thermalization
of the QGP at early times in heavy-ion collisions [34, 37, 72]. We will now further
investigate to what extent the kinetic and chemical equilibration of jets is similar
to the typical excitations of the medium, encoded e.g., in the transport properties
of the QGP [134]. Based on our effective kinetic description of in-medium jet evo-
lution, the evolution of small perturbations around equilibrium can be compactly
expressed as

8Dy, 1) = / dz §Cy(z, 2) Dy(, 1) (4.85)

indicating that the long time behavior of the distributions D, (x,t) is determined by
the low-lying spectrum of the linearized collision operator 0Cy(z, 2), as quantified
by the following eigenvalue equation

/ dz 6Cup(x, 2)Dy(2,t) = )\(k)Dl()k)(x,t) (4.86)

We provide a compact summary of our findings in Figs. 4.8 where we show the
spectrum of the low-lying eigenvalues A(;) along with the corresponding eigenfunc-
tions D (z, ), determined by numerical diagonalization of the discretized collision
operator®.

Since the effective kinetic description in Sec.4.1, exactly conserves the energy
E and valence charges (), there is a total of Ny + 1 zero modes Ay = 0 of the
collision operator, whose eigenfunctions correspond to the equilibrium solutions in
Eq. (4.82), and are correctly reproduced by our numerical analysis in Figs. 4.8. Due
to the fact that energy and valence charge evolution decouple from each other in
the linearized kinetic description, the linearized collision operator is block diagonal
and one can further distinguish between the spectrum of modes )\(kE) in the energy
sector, spanned by the distributions (D, Dg), and the Ny-fold degenerate spectrum

of modes )\%) in the valence charge sector (Dy,). Based on our analysis, we find

5We have checked explicitly that varying the discretization does not significantly alter the
results.
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Figure 4.8: Spectrum of the linearized collision operator. Different panels show
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that both energy and charge sector feature a discrete low-lying spectrum with low-
lying eigenvalues )\%) and /\@ of similar magnitude, which in accordance with our
discussion determine the relaxation rates for energy and charge equilibration close
to equilibrium. We also find that the corresponding eigenfunctions are localized at
low energies p/T', in the sense that they decay exponentially [135] at large energies
as can be inferred from Fig. 4.8.

Now that we have determined the near-equilibrium relaxation rates for energy
and charge equilibrium, it is insightful to revisit the evolution of the jet energy (FE)
and valence charge (Q)r) loss rates. Numerical results for the time evolution of the
energy and valence charge loss rates are presented in Fig. 4.9, which compactly sum-
marize our results for quark (dashed lines) and gluon jets (solid lines), with initial
energies £ = 30, 100, 300, 10007". By comparing the results for different energies in
the top panels, which shows the rates CiRdE /dr and dQs/dr as a function of the nat-
ural timescale 7 =/t (E) for jet evolution, one finds that the leading jet energy
dependence is indeed determined by the timescale for hard splittings ¢ (E£) and
correctly captured by the scaling variable. Nevertheless, with decreasing jet energy
one observes a gradual change in the energy loss pattern, where the constant energy
and valence charge loss due to soft radiation and recoil starts to become increasingly
important compared to the turbulent jet energy loss mechanism. Bottom panels of
Fig. 4.9 show the same data for energy and valence charge loss, but now in units of
the natural medium timescale 1/¢g*T of the thermal medium. Based on our above
discussion, one ultimately expects that at asymptotically late times, the in-medium
evolution of the jet will be governed by the near-equilibrium relaxation rates, corre-
sponding to the lowest eigenvalues AgE) and ASV) of the linearized collision operator.
While for low energy jets, £ = 307, such an exponential decay is clearly visible
at late times, as indicated by the gray dashed lines in Fig. 4.9 which represent fits

(E) )
of the form %2  eM 't and 99 e

o 0 t it is important to note that the jets have
already lost nearly all of their energy by the time that this near-equilibrium linear
response treatment becomes applicable. We therefore conclude that the in-medium
evolution of high-energy jets should be considered as a genuine far-from-equilibrium
probe of the QGP, whose space-time dynamics can not be directly related to that of
near-equilibrium excitations and generally requires a detailed microscopic descrip-

tion.
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Figure 4.9: Comparison of energy and valence charge loss rates for quark (full
lines) and a gluon (dashed lines) jets, with different initial jet energies E =
30,100, 300, 1000. Dashed lines in the lower panel represent fits to an exponen-
tial decay using the first nonzero eigenvalues as the decay constant.
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4.3 Discussion

Based on an effective kinetic description of hard partons in a thermal medium, we
established a comprehensive picture of in-medium hard parton evolution, from the
earliest stages of elastic and radiative energy loss all the way towards kinetic and
chemical equilibration of hard partons inside the medium. By including the lead-
ing order small angle elastic and inelastic processes, that ensure energy and charge
conservation and allow us to follow the evolution of the parton shower all the way to-
wards equilibrium, we confirm earlier findings [29, 30] that the energy loss of highly
energetic partons is dominated by a turbulent cascade due to successive radiative
branchings. By investigating the energy flux along the cascade, we explicitly demon-
strated that the turbulent cascade transports energy all the way from the energy
scale of the jet = ~ 1 to the temperature of the thermal medium x ~ T'/E, where all
leading order kinetic processes become of comparable importance. Due to multiple
successive branchings, the in-medium energy distributions become insensitive to the
hard structure of the jet and display universal turbulent features in an inertial range
of energy fractions T/F < x < 1, while the soft fragments of the distribution with
x < T/FE rapidly thermalize inside the medium.

Even though the in-medium evolution of hard particles closely resembles the
thermalization patterns observed in previous studies of the thermalization of the
QGP at early times [34, 37, 72], it turns out that the dominant mechanism under-
lying jet quenching is quite different from the typical relaxation of near-equilibrium
modes, indicating that highly energetic partons or jets 2 307 should really be con-
sidered as genuine non-equilibrium probes of the QGP. Conversely, the in-medium
evolution of less energetic partons or jets < 307", is more sensitive to the physics at
the scale of the QGP medium.
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5 QOut-of-cone energy loss

While the study of longitudinal energy loss in the medium allowed us to extract
important dynamics and discuss the universal behavior of the cascade, our study
lacked the angular structure of the evolution, which is important for the study of the
out-of-cone energy loss. In this section, we proceed to extend our study to include
the polar angular structure of the cascade. We keep the same treatment for the
collinear cascade, but we consider the full QCD matrix element at leading order
for the elastic interactions in order to follow the fragmentation all the way to large
angles.

5.1 Kinetic description

Following the same approach as the last chapter, we study the re-distribution of
energy, but we now take it as a function of the polar angle as well, which can be
quantified in terms of

_ __dN, ’p |p| (Il p-e.
Daacosyt) =z gais = [ 55 3(p = w)o(P7 —eost)onim),
(5.1)

where 6 is the angle between the parton’s momentum and the axis €, which defines
the direction of the initial parton’s momentum. We note that the sum rules related
to energy E, longitudinal momentum p, and charge (Q)f) conservation, are now
given by

1 1
Z/ dcos@/dx D,(z,cos0,t) =1, Z/ dcos@/dx cos 0D, (z,cos0,t) =1,
a -1 a -1

(5.2)

/ 11 deost) | Cif" (qu(:v,t) - qu(x,t)) _ Q. (5.3)

Based on Eq. (3.8), the evolution of the momentum/energy distributions of partons
D,(z,cos6,t) is entirely driven by interactions with the medium constituents,

OiDy(z,c080,t) = C27?[{D;}] + CL2[{Dy}] (5.4)
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5 Out-of-cone energy loss

where as in Eq. (5.1) we have defined

oy = v [ 42 252l )s(PL% ool 0] 69

b1

Since we consider the radiation processes to be collinear, they are described by
exactly the same equations from section 3.4 by only including the angular depen-
dence of the distribution. However, for the treatment of elastic processes, we will
consider the full matrix element as we describe in the following section.

5.1.1 Elastic scatterings

In order to account for both small and large angle scatterings, in this chapter we
will use the full collision integral in Eq. 3.9 which we linearize as follows

C2<_)2[{fl Z/dQQH2 Mcd p17p2ap37p4)‘ 6-F<p17p2;p37p4) ) (56)

2’p1’]/a bed

where the statistical factor d.F (p1, pa, P3, P4) is now

0F (P1,P2,P3,P1) = 0 fa(P1) [Eane(P3)na(ps) —
+ 0 fo(P2) [Fonc(p3)na(ps) —
— 6 fe(p3) [Eena(pr)nn(p2) — )
— 0 fa(Pa) [E£ana(pr)ns(p2) — mu(ps)(1 £ na(pr) £ 1u(p2))]

where +; is plus if particle 7 is a boson and minus for a fermion. Since we consider
the phase-space distribution to be isotropic in the azimuth angle of momentum, we
write

D,(x,cos0)

3up) = [ G otul) = (PP

o (5.8)
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5 Out-of-cone energy loss

The statistical factor in terms of the energy distribution is given by

D(1,2;3,4) =6F (p1, P2, P3, Ps) (5.9)

= M [:l:anc<p3)nd(p4> - nb(p2)<1 + Tlc(p3> = nd<p4))]

Vor3 E?
W [ (P3)na(pa) = 1y(p1) (1 £ ne(ps) £ na(pa))]
- P e (pn(pe) = () (1 ) £ )|

— Dl MO 1 o) — () (L £ () £ ()]

(5.10)

vgriE

where x; = %t and cos 0; = p;’—fgz. The collision integral for the energy distribution is

then given by
02<—>2[{D}] :Z/ d3p @ 5(@ N I)5<p . gz _ COSQ)
“ —~J (2n)3 E E p
1
2p

/dﬂ%2 M2(1,2:3,4)[ D(1,2;3,4). (5.11)

‘2
The discretization of this collision integral is described in Appendix B, in the follow-
ing sections we will outline our treatment of the matrix element using Hard thermal
loop (HTL) propagators.

Hard thermal loop matrix element

The matrix elements in Tab. 3.1 are for particles in vacuum, which leads to an
infrared divergence in the momentum exchange in the t- and u-channels’. For a
proper treatment using thermal propagators, the divergences are cut off by the self-
energies. However, as the authors of [31] argue, medium-dependent effects are only
important for small angle scatterings corresponding to the regions where —t or —u
are of the order of the thermal mass squared and the modification of the other terms
can be neglected. In this section, we will follow the AMY approach [31, 65, 136] in
order to re-write the divergent terms using the retarded self-energy, which cuts off
the divergence.

!The mixed channels s?/(tu) and u?/(st) also generate divergences, but these cancel between
the gain and loss term [31].
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5 Out-of-cone energy loss

Gluon exchange: We apply the rewriting for the following t- and u-channel gluon
exchange processes: gg <+ g9, ‘¢’ < ¢'¢, ¢'¢ < ¢'¢, ¢¢ + ¢¢ and ¢'g < ¢'g.
The matrix elements in terms of Mandelstam variables can be rewritten as

52+U2:1+}M’ &ZE_EM’ (5.12)
t2 2 2 {2 t2 4 4 2
24201 1(s—1t)? t 1 1(s—¢t)?
cul L S Cl ) U S i (5.13)
u? 2 2 w? w4 4 wu?
Using thermal propagators amounts to the replacement [65]
(S u)2 o V|2
o) — ’Guy(Pl_P?,)(Pl—i_PB) (P2+P4) ‘ R (514)
(8 — t)2 o V|2
2 — ’GHV(Pl—P4)(P1+P4) (P2+P3) ‘ R (515)

where G, (P — P3) is the retarded thermal gluon propagator, computed in the HTL
approximation. In the Coulomb gauge, it is given by

—1 0ij — L3
Gu(w,q) =%——=—F—~, Gij(w,q) = ! ; 5.16
wle: @) q* + Tlgo(w, q) i q) ¢* — w? + 7 (w,q) (516)
GiO(w7 q) :GOi(wa q) =0. (517)

The transverse and longitudinal gluon self-energies are given by

Too(w, q) =m3, [1 - 23 <ln (‘WU) - mﬂ , (5.18)

q qg—w

7 (w, q) =m3 [chj + ‘*‘J(qzq_ng) <ln <W> - m)} ) (5.19)

q—w

here for the t- and u-channels, the propagator with 4-momentum @ = (w,q) is
space-like (i.e., |w| < ¢) and the logarithm is well-behaved.

Quark exchange: The other t- and u-channel processes that require a rewriting
are the quark exchange processes: ¢'q' <+ gg and gg <+ ¢g. The matrix elements are
computed using the following replacement for the four-momentum exchange,

Q' — Q=" - 3HQ), (5.20)
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5 Out-of-cone energy loss

where the quark self-energy in the Coulomb gauge is given by

0(Q) M [m <W> - m} , (5.21)

2q q—w
m2 w q—+w
» — g E 1= — . .22
(@) q e l 2 n (q — i (5.22)
The relevant matrix elements become

u__ ARe[(P- Q)P 92)] —5Q-9Q : (5.23)
¢ Q- Q| Qu=Pl'— Pl (Py— P3)
t 4Re|(P; - P Q)] — - QF
t o ARe[(P- Q)(P, Qz)] 5Q-Q , (5.24)
U |Q : Q| QH=Pl'—P}'—SH(P1—Py)
s —ARe[(P- Q)(Py- % )] —tQ-Q (5.25)
U |Q : Q| QH=P}' — P} -1 (P —Py)

All allowed processes in Tab. 3.1 are summed numerically to obtain the full
elastic collision integral (C?<?[{D;}]) which together with the collinear radiation
(Cr=2[{D;}]) will describe the evolution of the energy distribution.

5.2 Energy loss and equilibration

Similarly to Chapter 4, we follow the energy loss and equilibrium of hard partons
inside a thermal QGP, starting from an initial condition, where the initial energy
distribution of partons D,(z,t) is given by a narrow Gaussian of width o/F =
1073/4/2 centered around the momentum along the z-axis (taking p = p. = E),
which is normalized to [dx [dcos@, D,(x,co860,0) = 1. We will also consider
two types of initial conditions, corresponding to a highly energetic gluon or quark,
respectively. For a gluon jet

DIz, cos ), 0) = Jbexp {_ (rE — E)? +2x;E2(1 — cos 02)} ’ (5.26)

DIz, c0s6,0) =0, DIz, co86,0) =0, (5.27)
whereas for a quark jet

DIz, cos6,0) = ]bexp {— (o — B) +;;E2(1 = coa0) } ; (5.28)

DI (z,c080,0) =0, DIz, cos6,0) =0, (5.29)
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Figure 5.1: Evolution of the distributions of all species D(x,cosf) = Y-, D,(x, cos )
for a gluon jet at different times ¢t = 0.54,2, 3fm/c and the equilibrium distribution
as a function of momentum fraction x = £ and angle §. (The white lines represent
constant angles from small to large § = 0.11,0.16,0.32,0.62.)
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5 Out-of-cone energy loss

. . . X 1 _ (zE—E)2+12E2(1—cos 92)
where the normalization factor is given by N = [, dcos @ [ dx e 202

If not stated otherwise, throughout this chapter, we will present results for the
evolution of jets with energy £ = 1007 and take the coupling ¢ = 2 which cor-
responds to a, ~ 0.31. The time scale will be expressed in terms of both the
dimensionless time variable as in the previous chapter

T
T = g4T\/;t : (5.30)

and the physical time units fm/c, where we use a thermal medium with temperature
T = 200MeV to set the physical scale. However, the physical time should be regarded
as only an indication, since our evolution does not include relevant effects for a
phenomenological study (e.g. the splitting rates are considered in an infinite medium
size).

We present the evolution of the total energy distribution of all species
D(z,co80) = >, Dy(x,cos0) in figure 5.1 for a gluon jet at different times t =
0.54,2,6.8fm/c and the equilibrium distribution as a function of momentum frac-
tion z = £ and polar angle §. At early times one identifies the leading parton peak
at momentum fraction x ~ 1 and angle 8 ~ 0, which is only marginally broadened.
The collinear radiation spectrum, already starts to populate the intermediate scales
between the jet energy (x ~ 1) and the medium (z ~ T'/FE) but mainly in the
collinear region (# ~ 0). In this region of small angles, the conclusions are very
similar to the previous chapter where we studied the longitudinal energy loss, we
observe that the energy loss follows an inverse energy cascade with a scale indepen-
dent energy flux. At intermediate times, the energy starts to be transferred to large
angles, but only in the low momentum sector, while in the large momentum region
most of the energy is collinear (0 < 0.3). We observe that the elastic interactions
play a marginal role for the broadening of the hard partons, instead, the energy is
first transferred collinearlly from the jet peak to the soft scale, before it broadens to
large angles due to equilibration via elastic interactions. As the soft sector equilibra-
tion is rather quick, this process starts from early times and continues throughout
the evolution until the energy is depleted. At late times, the peak hast lost most
of its energy and the near-equilibrium sector deposits the remainder of its energy in
the medium. One notes that the equilibrium distribution features a negative contri-
bution which accounts for the medium particles that are kicked in the jet direction
ensuring momentum conservation (c.f. sec. 5.2.3).

We can explore further the structure of the energy distribution by looking at the

75



5 Out-of-cone energy loss

T/E 2T/E T/E 2T /E
W T Oning O ‘ S A ETIy Oming O
5 . —_— ) . —_—
~ 10° b 4 = 0.54fm /e 0.11, 0.16 —e— o~ 10° F 4 — ofm /e 0.11, 0.16 —e—
5 10l 0.16, 0.32 —e— 5 1) 0.16, 0.32 —e—
0.32, 0.62 —e— 0.32, 0.62 —e—
SHET! 062, 7 —e— | £
g Full —e— g
20| Do fl =2
@ 1m1;;;§;g%££ 1 A
& - &
g0 "o | |2
= =
=0 | =

D(@.0pin)
D(z,m)

—

cooco <9

o CONH=D00— =

.01 0.1 1 0.1 1
Momentum fraction x = n/F Momentum fraction @ = n/FE
T/E 21T/ E T/E 2rT/E
10* : 10*
E = 100T i E = 100T emind %mizuf
: 11 —e—o
= 10° ¢ t =6.8m/c 10° ¢ Equilibrium 0411; 0.16 —e—vo
= ) pag 2 0.16, 0.32 —e—
Q100 S 100 0.32, 0,62 —o—
S 1 g 1 62, T —e—
g 10ty 2 100 Full —e—
2 2 -D(x) ©
E 100 /_\ E 10° /\\
5‘ 10-1 A 10! /\\
% %
el I N N
=] =]
£a -3 M =3 [
10*‘1* 10*i
s 08 0.8
sl 06 0.6
SR 04 0.4
0.2 0.2
0 0
0.01 0.1 1 0.01 0.1 1
Momentum fraction @ = n/F Momentum fraction @ = n/FE

Figure 5.2: Evolution of the energy distribution as a function of the momentum
fractions z = & with a decomposition into different angular regions as described in
Eq. (5.31). The height of each shaded region in the lower panel represents the ratio
to the full distribution, displaying how the energy is distributed in different angular
regions.
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angular integrated energy distribution

oS Omax
D(x)grax = dcos® D(zx,cosf) . (5.31)

oS Omin
We show in Fig. 5.2 the full distribution D(z)[™ = D(x)|f together
with distributions at different angular bins D(z)[j™> with (O, Omax) =

(0,0.11,0.16,0.32,0.62, 7). The lower panel represents how the full distribution is
decomposed into the different angular regions, where the height of each shaded area

Omax

corresponds to the ratio DD(zcx)ngﬁ . Overall, the full energy distribution follows a sim-
ilar behavior as in the previous chapter, albeit here the elastic scatterings are better
represented using the full matrix element. The turbulent spectrum is recovered in
the intermediate scales, not only in the full distribution but also in the small angle
region where most of the collinear radiation happens. At early times, the jet peak
sits at x ~ 1 and already energy is directly deposited in the medium at small angles,
which broadens rather quickly to large angles later on. This can be seen in the lower
panels, where the dark green region accounts for ~ 25% of the distribution in the
soft scales (x ~ T'/E) at t = 0.25fm/c and dies away (< 10%) already in the follow-
ing time step. The large angle region in bright green displays a negative behavior, as
the direct collinear energy loss boosts the medium constituents. Afterwards, equi-
libration mechanisms re-distribute the momentum of the soft partons leading to a
positive distribution, we will describe how energy is distributed in equilibrium in
Eq. (5.40).

5.2.1 Comparison with the small angle approximation

In order to investigate the angular structure of the energy distribution, we show
in Fig. 5.3 the angular distribution by integrating over the momentum fraction as
follows

Tmax

D(cos0)[7m> = dx D(x,cosf) . (5.32)

We compare with an evolution using the small angle approximation denoted by
‘Diffusion” where we used the same procedure as the previous chapter except we
also include angular diffusion mechanisms described in Appendix A. We show three
different scales: large momentum sector (z£ < 907) in the left panel, intermediate
scales (107 < zE < 90T) in the middle and soft scales (x££ < 107') in the right. The
momentum broadening coefficient ¢ used in the diffusion evolution is the equilibrium
one where we take the logarithmic scale dependence to be 1 as done in the previous
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Figure 5.3: Evolution of the angular distribution in different momentum regions as
described by Eq. (5.32). The dashed lines represent an evolution using only the small
angle approximation by taking the logarithmic dependence to be 1 as in Chapter 4.

chapter, we recall the definition from Eq. (4.21)

‘T3CR (N, N
9R<+f>.

1= \3 "%

(5.33)
We observe a small broadening of the hard particles which is much slower than
their depletion due to the collinear cascade, while the soft particles broaden much
more quickly and are distributed over the full range of angles even at early times.
We note here once more the negative contribution at the away side (6 > 1) due to
momentum conservation. Evidently, using a scale independent ¢, the broadening
cannot simultaneously account for both the broadening of the hard scale and the
soft scale. We find that the equilibrium ¢ in Fig. 5.3 can account fairly well for the
hard particle broadening but breaks down at medium scales.

Furthermore, rare hard scattering can take the particle out to large angles —
as discussed by Moliere theory for QED [137], it was also shown that such events
dominate the large transverse momentum region in QCD [132]. The rare hard
scatterings are described by a power-law tail known as the Moliere tail, to find the
exponent of the power-law we can investigate the behavior of the elastic scattering
rate for highly energetic partons which has been worked out for HTL propagators
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Figure 5.4: Evolution of the angular distribution for hard particles with momentum
fraction x > 207'/E. The dashed lines represent the same ‘Diffusion’ evolution as
in Fig. 5.3.
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Figure 5.5: Evolution of the energy inside the cone (# < R) as given by Eq. (5.35),
for gluon (left) and quark (right) initial jets with £ = 1007". We compare with the
‘Difqusion’ approximation, taking the momentum broadening coefficient to be either
gor .

as function of the transverse momentum ¢, acquired, and is given by [138]
are  ¢*Tmj,

= . 5.34
P " EE ) (534

i
and since ¢, = |g1|sinf in our evolution the distribution should go as 1/sin* @ ~
1/6* for § < 1. Because the small angle scatterings lead to momentum broadening
which exponentially decays at large angles, we expect the power law to dominate
the large angle region. We note this behavior in the middle panel of Fig. 5.3, and
it is even more apparent at the early stages of the collision in Fig. 5.4 where the
absence of the power law in the ‘Diffusion’ approximation is more clear since the
broadening is still small.

We now further explore how well ‘Diffusion’ can approximate the full matrix
element, by comparing the energy loss as a function of cone size R. The fraction of
energy remaining inside the cone (§ < R) is given by

B(R7) = [ dr /IR D(z,cos6,7) (5.35)

Taking transverse momentum to be large (¢, > 1) leads to ~ 1/q¢} behavior,
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For the ‘Diffusion” approximation, the logarithmic dependence of the momentum
broadening coefficient will affect the momentum broadening and consequently out-
of-cone energy loss. In the full matrix element evolution this effect is scale depen-
dent, however, in our ‘Diffusion’ simulation we do not set up a scale dependent ¢,
therefore, we will compare our results with two different values for g, either taking
the equilibrium value in Eq. (5.34) or taking a quarter of it (§ — 4). We find that
these two values provide a large enough separation to describe the range of cone de-
pendence of the energy loss we focus on in Fig. 5.5. First, we see that, as expected,
the evolution using % loses energy slower than for §. Likewise, how quickly energy is
lost is also dependent on the cone size, where narrower cone sizes lose energy more
quickly. Comparing with the full matrix element evolution, we observe how the hard
particles with narrow cones R ~ 0.11 are better described by ¢ while for larger cone
sizes when softer particles are more relevant the evolution is closer to %, confirming
our earlier conclusion that a scale independent ¢ cannot describe the broadening at
all scales. We note also that the late time limits of the different curves display the
energy inside each cone size in the equilibrium distribution.

5.2.2 Energy loss

We study the effect of the soft sector on how the energy is lost out of cone, comparing
the full energy inside the cone in Eq. (5.35) with the energy in the high momentum
fraction region (zF > 27T as follows

o] 1
Eon(R,7) = /M/E dz /R D(z, cos6,7) . (5.36)

Our results are shown in Fig. 5.6, we note that for narrow cones (R < 0.2) the
soft sector does not play a major role and the energy loss is very similar in both
momentum regions. While for larger cone sizes, a transition occurs where the soft
sector not only carries a substantial fraction of the equilibrated energy at late times
but also the early time energy loss diverges.

We can also study the dependence on the initial parton’s energy as shown in
Fig. 5.7 for two cone sizes R = 0.32,0.62. We find that by taking the evolution time
in terms of the splitting time ¢, the energy loss from inside narrow cones follows
scaling behavior, which is less prominent at larger cones as medium effects start to
play a role.
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Figure 5.6: Evolution of the energy inside the cone (0 < R) for gluon (left) and quark
(right) initial jets with £ = 1007". Full line-points represent the full momentum
region as in Eq. (5.35), while the dashed lines describe only the high momentum
fraction region zF > 27T as in Eq. (5.36).
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5 Out-of-cone energy loss

5.2.3 Equilibration

Eventually, the hard particles lose all their energy to the medium and become part
of the thermal bath. Since our description relies on a linearization over a static
equilibrium background, the thermal bath does not change, rather the linear per-
turbation will reach an equilibrium state as a perturbation over the thermal bath.
This equilibrium distribution can be obtained as a small deviation of the equilibrium
distribution n,(p) written

oP,
D*(xz,cos ) = 2*°6TOrng(zE) + m3?85na(xE(1 — Bcos)) . (5.37)
£—0
Since we start with a narrow Gaussian around p'= FE¢,, the energy and momentum
are both normalized to one (E = P, = 1), using this normalization condition we

find
4

DYz, cos ) = % (1 + 3cos 6) ne(xE)(1 £ n,(zF)) , (5.38)

where N = 2 [ dx x'n,(zE)(14+n,(xF)) is a normalization integral. When integrat-
ing the distribution over angle we recover the same longitudinal distribution from
chapter 4 in Eq. (4.82-4.84).

The equilibrium distribution is recovered at late times as shown in Figs. 5.1-5.2.
Specifically in Fig. 5.2, we see that most of the energy sits at large angles. In fact,
thermalization of the soft sector is fast enough that as soon as energy is deposited, it
starts to thermalize, as can be seen in the right panel of Fig. 5.3, where the angular
structure is very close to the equilibrium (14 3cos ) behavior; the same happens in
the momentum distribution in Fig. 5.2. We can also compute the energy inside the
cone for the equilibrium distribution

1
Eu(R,) = / dz / D(z, cos ) , (5.39)
cos R
1 R
:5(5 + 3 cos R) sin? 3 (5.40)

For small cone sizes R < 1, we have E.(R) ~ R? which describes fairly well the
late time behavior in Fig. 5.5.

We note that due to momentum conservation, the equilibrium distribution is
negative at the away side (0 = 1.91). Because the background equilibrium is static,
this negative side reduces particles from the medium static distribution, which are
then supplied back into the parton’s direction. We end up with a slightly boosted
medium distribution along the z direction with momentum ¢ P, given by

fo(p) = na(p) + D4, cosb) . (5.41)
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Figure 5.8: (left) Hadron quenching factor as a function of initial parton energy.
(right) Jet quenching factor for a gluon jet with momentum fraction x > 0 (dashed)
or x > 27T /E (solid) and different cone sizes R = 0.62,0.32,0.11 at ¢t = 1fm/c. We
take the medium temperature 7" = 200MeV.

5.3 Quenching factors

We stress that our evolution lacks the effects of vacuum like emissions and path
length dependence of the in-medium radiation rates. While these aspects are im-
portant for phenomenological studies, we still think it is interesting to explore jet
quenching using our model.

Firstly, we consider the yield of the inclusive hadron spectrum after passing
through the medium which can be obtained as a convolution of the energy distribu-
tion for a given starting energy p4# with the initial parton spectrum? [33, 84, 139,
140]

dZO'AA o0 in Ldx 1 in
Tt r) = )5 [ deont =i
4 in dQUO in
D (ZL‘, 6)7 T=9 T T/pT t) d2? in (pT) ’ (542)
br

2We assume parton-hadron duality, i.e., the fragmentation does not alter the leading parton so
much that each leading parton leads to a high-pr hadron in the final state.
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5 Out-of-cone energy loss

where we make use of the rescaled the time 7 [33] in order to account for the initial
parton energy, which we showed to work fairly well for the hard partons in Fig. 5.7.
D1V1ding by the vacuum spectrum, which can be approximated by a power-law
d 2 (pT) o pri ", we define the inclusive hadron quenching factor

d?c a4
1 2—n
Q" A(pr) = ;f; —/ dx/ dcos® D (:v 9, \/:vq/th) <$) : (5.43)
d 2

Secondly, we define a cone-size dependent inclusive spectrum, which can be re-
garded as a rough approximation to the jet spectrum. Starting with the following
definition of the energy remaining inside a cone of radius R as a function of the
initial parton energy pi

1

Preem(Ropif) =9 [ deos(6) [ du D(w,0,p7) . (5.44)

os(R)
We define the cone-size dependent jet spectrum as a convolution between a Dirac
delta function peak at energy pr = prrem(R, Pi}'), representing the remaining energy
inside the cone with radius R, and the vacuum spectrum evaluated at the initial
parton energy as given by

2

; d (o)
d*pin — Prrem( Ry DT) ) —— . 5.45
d2pT / pr PTrem (R, pT )) i ( )
Dividing by the vacuum spectrum, we obtain
346151 pT7 /dzp 62 E— pTrem(R p )) <];)§> > (546)

_ ‘de,rem<R7p17r“l) - (547)

(pT> B
dpy P (pr,R) Prrem (1, PF)

which we will call the jet quenching factor. One can easily see that in the case
of no quenching where prem(R, pi) = pi, we have no suppression (QXW(E,R) =
1), and a fully quenched jet with priem(R,p5) = 0 will lead to full suppression
(Q4(E, R) = 0 since n > 0).
Followmg [94], we take n, = 5.66 and n, = 4.19 for gluon and quark jets,
respectively. The resulting quenching factors are shown in Fig. 5.8, where on the
left we show the hadron quenching factor at different times ¢t = 1,2, 3, 5fm/c and for

i (pr,R)
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5 Out-of-cone energy loss

both gluon and quark jets, while on the right we show the jet quenching factor for
a gluon jet at t = 1fm/c, for different cone sizes R = 0.62,0.32,0.11 and by either
taking the full range of momentum fraction (x > 0) in dashed lines or only the hard
sector (z > 27T/F) in full lines. We will not directly compare with experimental
data, still we observe a similar qualitative behavior to the suppression R4 discussed
in chapter 2. Both quenching factors display a suppression (@ < 1) in the full range
of energy pr = 100 — 10007", where higher energies are less suppressed as expected.
However, since we treat medium-induced splitting in the infinite medium limit which
tends to overestimate the rates, the quenching factor we obtain at comparable times
of heavy-ion collisions (¢ ~ 5fm/c) is much more suppressed than experimental
results. Hence, other effects such as medium length and vacuum-like emissions
are important to reproduce experimental observables. Nevertheless, we observe
interesting features, e.g., we find that quark jets are far more suppressed than gluon
jets in the hadron quenching factor, which is explained by the fact that gluons lose
their energy much faster than quarks. Additionally, since 2 —n < 1, the hadron
quenching factor measures particles with a given energy, and heavily depends on
the hard sector constituents which mostly sit at small angle and large momentum
fraction. On the other hand, the jet quenching factor measures energy inside a cone
(R), and displays a large soft sector dependence when taking wider cone sizes, while
for a narrow cone size the soft sector does not significantly alter the quenching.
We conclude that jet suppression depends on the soft sector which renders it much
harder to compute, while hadron quenching is more sensitive to the leading parton
which stays collinear and its energy loss is mainly due to the in-medium cascade.

5.4 Discussion

During this chapter, we have successfully implemented a full angular medium cas-
cade within an effective kinetic theory of QCD following the AMY approach [31]. By
extending our formalism in chapter 4 to include the full matrix elements containing
both small and large angle scatterings, allowing us to study the angular structure
of the energy loss in the polar angle with respect to the initial parton. Given that
medium-induced radiation, which is collinear, dominates the energy loss and leads
to a much faster depletion than elastic interactions with the medium, we find that
the main mechanism driving the energy to large angles is the equilibration of the
radiated energy in the soft sector. Therefore, while for large cone sizes the energy
inside the cone is sensitive to the soft sector, hard fragments make up almost all
energy inside the cone at small angles 6 < 0.2. Additionally, we compared the full
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5 Out-of-cone energy loss

evolution against using the small angle approximation for the elastic interactions,
as was done in the previous chapter. We find, as expected, that a scale indepen-
dent broadening coefficient cannot simultaneously describe both the broadening at
large momentum fraction and the equilibration in the soft scale. We also computed
quenching factors for leading hadron and jets, where we concluded that while the
hadron quenching factor depends mostly on the hard constituents, the jet quenching
factor recovers energy from the soft sector when taking larger cone sizes. Conse-
quently, hadron quenching can be used as observable to study in-medium splittings,
however, to study jet quenching one must also establish a good grasp on medium
response physics.
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6 Non-perturbative in-medium
splitting rates

Throughout the other studies, we concluded that medium energy loss of a highly en-
ergetic parton is dominated by radiative branchings. Therefore, in order to develop a
better estimation for the energy loss, certainly one needs to improve the in-medium
radiation rate calculation. There exist several formalisms in the literature that are
used to compute the rate of medium-induced radiation [103, 114, 115, 121, 136,
140-142], each method differs in their assumptions and simplifications as well as in
the treatment of the interactions with the medium (c.f. [113] for a comparison). In
all the different formalisms the medium interactions are described by the collisional
broadening kernel

(27)2d°T

C =

(6.1)

which defines the rate per unit path length and g, range to exchange transverse
momentum q, with the medium. One can also define the zero-subtracted Fourier
transform?

C(by) = /(d;:)é (1 — eiql'bL) C(qL) - (6.2)

The three main treatments of the medium used in the literature are:
« Many random, static, screened color centers [114, 143]: C'(q.) m.
1 D
e Dynamical moving charges at lowest order in perturbation theory [138]:
1
Clan) > vy

o Many individually small scatterings, leading to transverse momentum diffusion
[116]: C'(by) = Gb% /4.

'During this chapter, we will refer to the space dimension (x) from chapter 3 as impact param-
eter space and use b, to denote it.

89



6 Non-perturbative in-medium splitting rates

Although these kernels are simple compact formulas that have successfully been used
in phenomenological studies to predict high pr and jet observables (see [23] for a
review), they either stem from low-order perturbative calculations or from approxi-
mations. However, due to the infamous infrared problem of finite temperature QCD,
perturbative calculations can receive large non-perturbative contributions even at
small coupling [49]. One can use effective theories coupled with lattice calculations
to evade the IR problem [144]. For that sake, it was shown that the Fourier transform
of the momentum broadening kernel in Eq. (6.2) can be defined in terms of certain
light-like Wilson loops [145], and for temperatures well above the critical temper-
ature T, these light-like Wilson loops can be recast in the dimensionally reduced
long-distance effective theory for QCD, 3D Electrostatic QCD [146]. Using earlier
studies [1, 53, 54], G. D. Moore and N. Schlusser were able to obtain continuum-
extrapolated results for the broadening kernel in EQCD from lattice calculations
[2]. However, because EQCD is long-distance effective theory of QCD the kernel
obtained in EQCD theory is not directly the expected result for QCD at all scales,
and a matching still needs to be done to obtain the right short-distance kernel.
During this chapter, we will use the lattice EQCD results [2] to construct a
full broadening kernel in QCD, and we will then use it to compute the medium-
induced radiation in infinite medium. Subsequently, we will Fourier transform the
kernel back to momentum space, which will allow us to extend the calculation of
medium-induced radiation to finite medium length, and we discuss our results.

6.1 Collisional broadening kernel

Cb,)|Ni=3 Cby) [Ni=3

92 1250 Mev 9% 1500 Mev
g2 3.725027 2.763516
Go/g%T3 | 0.1465(78) 0.185(10)

Table 6.1: Coupling constant and the constant momentum broadening coefficient
for the non-perturbative kernels.

In order to obtain the full QCD broadening kernel from the EQCD lattice results
in [2], following [147] we need to subtract the wrong EQCD short-distance’behavior
and supply the right QCD behavior as follows

Cacn(br) = (C8EH(b1) — Chatn (b1)) + Ciden(bL) - (6.3)
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6 Non-perturbative in-medium splitting rates

The leading order perturbative QCD contribution for ¢, > mp is known in
momentum space as [148]

43 3
er gsT C d P P—P:
Chaban) = £ [ L PP 50y g (p) (14n(p) + 4 NieTe () (1-mp ().
g J @2m)? p

(6.4)

For the EQCD subtraction, we only need the large momentum part

m Crg*T CrCAgiT?
Clinlar) 2272 Crt(q,) = T COMTE -

qi 16 ¢%

where the first term subtracts the IR behavior of the QCD kernel, while the second
one will cancel the UV limit of the lattice extracted result. We obtain a fully matched
kernel, however, since the lattice numerical computation is expensive, the numerical
data and its errors are sparse and only exist in a finite range. Additional information
about the behavior of the kernel in the range of impact parameter space not covered
by the data is needed in order to compute the in-medium splitting. In the following
subsections, we proceed to provide such limiting behaviors of the kernel.

Long-distance limit of the kernel

At long-distances the Wilson loop follows an area-law behavior [149] with asymptotic
corrections which are important for smoothening the transition to the numerical data
values

Cqcp by 1/g2 TEQCD GCr [y (1 1 Ca
Q2 (by) — £ A+ g(?l gaab1 + |1 (6 — 7r2) + STQQQ log(g3ab1)

S 3d
(6.6)

where opqep is known as the string tension of EQCD and A is a constant fitted to
the data.

Short-distance limit of the kernel

At short-distances which translate to the UV limit in momentum space, the rate
follow a similar behavior to the leading order QCD rate

Cqcp bi<1/mp Cr((3) 1 3Y\, o, \2 2
952 (bi) ’ S C(Q) 292 + 2 (g3dbl) log(gf}dbi) +

A

LG, 2
—— b )”.
(6.7)

2We will refer to the small ¢, limit as ultraviolet and large ¢, as infrared IR, while in impact
parameter space we will use short/long distance for small/large b, .
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Figure 6.1: Non-perturbative elastic broadening kernel interpolation spline in the
short-distance (left) and large-distance (right) regimes. We compare to both the
short-distance limit from Eq. (6.7) and the long-distance limit from Eq. (6.6).

We find that to obtain ¢y it is better to perform a fit to the data-points at short-
distances for the non-matched lattice-EQCD-data (CE&ep(bL)) and the correction

((ngf) - ;jf,;;) (b)) separately. We quote the QCD result in Tab. 6.1, while for
the non-matched lattice-EQCD-data it is given in [2].

6.1.1 Interpolation of lattice data

Next, in order to compute radiative rates, we construct a spline interpolation for
the momentum broadening kernel. Guided by the limiting behaviors of Cqep(by),
we compute several splines by varying where we switch to the asymptotic short and
long distance behavior and requiring each spline to be within a standard deviation
of the data points. By taking the average of the different splines we obtain the
smooth spline in Fig. 6.1 for the two different temperatures 7" = 250, 500MeV, while
the gray band represents the spread of the different splines obtained. We note that
the data sets for the two different temperatures show a very similar behavior when
the broadening kernel Cqcp (b)) and impact parameter b, are measured in units of
[¢2T] and [g;T]~!, respectively, which ultimately leads to similar radiative emission
rates discussed in the next section.

6.1.2 Perturbative kernel in EQCD

In addition to the non-perturbative broadening kernel, we will compare our results
with the ones using broadening kernels obtained from perturbative calculations in
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EQCD theory. At leading order (LO) O(g?), the QCD collisional broadening kernel
can be expressed in momentum space (q, ) [148] as

[QCATLB (p) (1 +ngp (p,))

+4N:Tenp (p)(1 — ne(p))] . (6.8)

4 3
9:C d’p p—p.
CQCD(QJ.) = = ) /(

¢i(gt +md) /) (2m)?

2 ‘
with p/ =p+ q§(;32)p . The kernel displays the following asymptotic behaviors:

mD g5 2720, 1L

T
LO 9 ai(q L+mD1)6 ’ q < g1,
Coenlar) = g;TCr 69)
2
o (1) >l

Next-to-leading order (NLO) corrections are of g2 order, they arise from infrared
corrections that are suppressed by an additional factor of mp ~ g5 and can be
calculated within EQCD [146]. Similarly to the treatment of the non-perturbative
kernel, the NLO broadening kernel is computed using perturbative results for the
soft contributions from EQCD and supplying the hard contribution by the matching
(6.4) [146]. Specifically,

Coonlar) = Chaep(ar) + Chgap(ar) + CBen(aL) — Chalar) ,  (6.10)

where the leading and next-to-leading order contributions from soft modes are given

by

2
m
Cenla) = Cug?T— 32—
mqonld dl( +m)

g2 —m2 1 q2 +4m?2 1
Ol _ 7 o2t (1) e ()
giT?CrCa 3247 Ar (gt +mi)? 8mqt

tan~! (q—l) tan~? (q—L>

mp 2mp

, (6.11)

2mq, (qF +md) 27mq?
mp [ 3 2 1 ]

+ -~ - 6.12
An(gi+mp) |t +4mg  (¢F+md) ¢ (6.12)

CP (q1) from (6.5) cancels the IR divergence of the hard contribution and the UV
behavior of the soft NLO contribution.
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We display the different broadening kernels Cqcp(by) in Fig. 6.1. For the per-
turbative kernels we use the same coupling as the one for T" = 500MeV in Tab 6.1.
One notes that the leading order in Eq. (6.8) is recovered by the extrapolated spline
at very short-distances g;7b,. The NLO Eq. (6.10) result features a significantly
larger value of ¢ but has the same qualitative behavior at long-distances as the non-
perturbatively determined Cocp (b)) except the difference in the string tension, i.e.
the slope of the curve at large distances g7b; > 1.

6.2 Infinite medium splitting rates

Before we present our results for the in-medium splitting rates, we will briefly intro-
duce two approximations which can be used to obtain the rate at the two extremes
of energy.

6.2.1 Bethe-Heitler regime

When the typical momentum of the splitting is small (Pz(1—z) < wpy ~ T), the
formation time of the radiation is small and interference between scatterings can
be neglected. In this so-called Bethe-Heitler regime, one can then solve the rate
Eq. (3.33) in an opacity expansion, corresponding to an expansion in the number of
elastic scatterings with the medium. By considering the limit of a single scattering,
we obtain the following semi-analytic expressions for the rates (c.f. Appendix C)

dcjigf”ua ) =0T Py (2) [ 50 (-00(2) o1
H2Q (4 (2)/2) + S (5]
T (p,2) TP (2) [2Q (2 (2)
H(Cp - C;A)Q (Basga(2)/2) + C;A@ (Famsoa(2)/ 22)] !
df“( P,2) =¢\TP,,() [(GF = (’;A)Q (5 a(2)
HQ (/) + 2 (212
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: 2 2
where, denoting a = m;_ ,/mp, one has

. 1—2(1—2) z . 2a — z(1—2)
:U’z—>gg(z) - f ) lu’g—>gq(z) - 5 + a(1_2)2 ) ugﬁqé(z) - 2 )
(6.14)
and
2 2 2 2
~2y _ _Mp dpi/d a ~ P (pr—aqi)
Q(ﬂ ) 27?952T (27r)2 (27?)2 (mej_) pﬁ_ + /12 (pJ_ _ CIJ_>2 + [LZ

(6.15)

While the above relation is formulated in momentum space, the integral defining
Q(f?) in Eq. (6.15) can also be evaluated using the kernel in position space as show
in Appendix C.

6.2.2 Deep LPM regime

Conversely, in the limit of a very high-energy parton (P > T) traversing a
thick medium, the typical number of rescatterings within the formation time of
bremsstrahlung can be large, indicating that interferences between many soft scat-
terings which contribute to the total transverse momentum transfer during the for-
mation of the radiation need to be considered. Simplifications occur in the limit
Pz(1—z) > wpny ~ T, where the splitting probes the small b, behavior of the
momentum broadening kernel, which can be expressed as

Cby) = gST —NB log(§mi? /4) (6.16)

where N = (1 + Nf) In accordance with the discussion in Sec. 6.1, the coeffi-

gs

cient N b gives the leading logarithmic behavior b, log(h? ) and the coefficient

£ captures the b2 behavior. Specifically for the LO kernel &0 = €772 ~ 0.429313

can be determined analytically, while for the NLO and non-perturbative kernels, we
—4r—90

obtain énro =~ 1.355 - 107% and &yp = 494T2 TETN ~ 0.1702 from a fit of the

small b; behavior. Following [133], the rate equation can be solved iteratively in an
inverse logarithmic expansion to obtain

dra%bc
dz

_ gs2 2 2
(P7 Z) _167T2\/§PZ(1 _ Z) Pab(z) mD”L(Pv Z) ) (617)
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Figure 6.2: Splitting rate for process g — gg at T' = 250MeV (dashed blue lines) and
T = 500MeV (full purple lines). Different columns correspond to parent energies
p = 10T (left) and p = 1007 (right). We compare with rates computed using
the perturbative leading order (orange) and next-to-leading order (green) elastic
broadening kernels. The Bethe-Heitler rates and LPM rates are shown with dashed
lines and circles, respectively, using the color of the corresponding kernel.

where 2 (P, z) is self-consistently determined from

2T2 sT 2 P 1/2 2
(P S L T (2 P (cnog(ag“)

mp  mp \T T

1/2
+C, 2% log (Z’Z;) + O1_.(1 - 2)*log (éﬁ%?)) ,  (6.18)

with o = e¥etm/4,

6.2.3 Results

We solve the full in-medium rate equation in the infinite medium length approxima-
tion as described in Chapter 3 in Eq. (3.33), where we replace the Debye screened
potential with different broadening kernels in the last section. We present our re-
sults in Figs. 6.2-6.4, where we show the rates for the non-perturbative broadening
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Figure 6.3: Splitting rate for process ¢ — gq using the same color scheme as Fig. 6.2.
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Figure 6.4: Splitting rate for the process ¢ — ¢q using the same color scheme as
Fig. 6.2.
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Figure 6.5: Momentum dependence of the splitting rate at 7' = 500MeV (dashed
blue lines) for the processes g — gg (top left), ¢ — gq (top right), g — ¢q (bottom).
Dashed lines and open circles correspond to the approximate rates in Bethe-Heitler
regime (6.13) and the deep LPM regime (6.17).
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kernel Cqep(by) at T = 250,500MeV (left /right columns), along with the corre-
sponding results obtained for the leading order (C§2p (b1 )) and next-to-leading or-
der (CQER (L)) determinations of the collisional broadening kernel. Fig. 6.2, 6.3
and 6.4 show the rates for the g — gg,¢ — qg and g — qq processes respectively,
for different parton energies p = 107" (left) and p = 1007 (right). The momen-
tum dependence of the rate is shown in Fig. 6.5, for the non-perturbative kernel at
T = 500MeV, using the color palette in a logarithmic scale to distinguish between
different momentum of the parent particle p = 10 — 10007". In both figures, we also
show the Bethe-Heitler rates in Eq. (6.13) (dashed lines) and the deep LPM rates
(circles) Eq. (6.17).

Starting with the rates in Figs. 6.2-6.4, one observes that the non-perturbatively
determined splitting rates for the two different temperatures do not display any
remarkable difference, leading to essentially the same emission rates in units of
[g*T]. As expected, the momentum dependence of the rate clearly displays LPM
suppression at large typical momentum Pz(1—z) > T as well as an unsuppressed
Bethe-Heitler rate in the other limit Pz(1—z) < T seen in Fig. 6.5. We also observe
that at low energy z(1—2)E < T where the large impact parameter (small momen-
tum transfer) is more important, the non-perturbative result is closer to the NLO
rate as they both have a similar behavior at large impact parameter, but there exists
a quantitative difference due to their different string tensions. Conversely, in the
LPM suppressed regime at high energy z(1—2z)E > T, where small impact parame-
ter (large momentum transfer) is relevant, the non-perturbative rate is closer to the
LO rate which again agrees with the behavior of the elastic kernel (cf. Fig. 6.1).

6.3 Finite medium splitting rates

Beyond the infinite medium length limit, one can compute medium-induced radia-
tion rates in more physical finite medium length. It turns out that, as opposed to the
infinite medium limit where the calculation simplifies in impact parameter space,
for finite medium, it is easier to work in momentum space where one integrates
an integro-differential equation to obtain the rate [120, 121]. During this section,
we will transform the broadening kernel spline to momentum space and use it to
compute medium-induced radiation rate in a medium with finite length.
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Figure 6.6: (left) Space derivative of the broadening kernel spline for 7" = 500MeV
and its asymptotic behavior. (right) Elastic broadening kernel in momentum space
for both T" = 250, 500MeV, where the blue and red bands represent the error for
250MeV and 500MeV respectively. We compare to both the UV limit from Eq. (6.23)
and the IR limit from Eq. (6.22).

6.3.1 Broadening kernel in momentum space

In this section we will proceed to Fourier transform the resulting spline from section
6.1.1 back to momentum space. We found that it is best to transform do(bl), the

b
coordinate space derivative of C'(b, ), using Eq. (6.2) one finds i
dC(b.) d*qr i, [1qL- by
= ! ———C . 6.19
o = e 5 Cla) (619

Exploiting the fact that C(q,) does not depend on angle leads to the following
Hankel transform

dC(b J_) / o0 dq L
= —— q1J1(b C 6.20
0. ) am) 1(b1q1) lg1C(qu)] (6.20)
where Ji(x) is the Bessel function of the first kind of order 1. Using an inverse
Hankel transform, one obtains the broadening kernel in momentum space
dC'(by)
db,
We proceed now to transform the limiting behaviors of the kernel in order to con-
struct a picture of the momentum broadening kernel at all scales.

2 00
Clqr) = qj/o dby by Ji(biqy) (6.21)
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6 Non-perturbative in-medium splitting rates

IR limit of C(g.): We transform each term of the IR limit from Eq. (6.6): the
constant term does not contribute, the linear term leads to 1/¢% behavior® and
the sub-leading logarithmic term leads to a 1/¢? behavior?. Collecting the terms
together, one obtains the following expression in momentum space

2 1 11 2
O™ (g,) = 2T 7Eaen | 97O [y ( = ) L O ] il (6.22)

¢ g T [4\6 w2/ 82| ¢t

UV limit of C(g,): The UV limit of the non-perturbative rate in Eq. (6.7) follows
the same behavior as the perturbative case, one obtains the same 1/¢} in g-space

oy _ Cr((3) 1 3y\ 8w
C VY (q) = s <_2g§ + 2) i (6.23)

Transforming the spline: In order to ensure numerical convergence, we subtract
the IR limit from the derivative of the rate depicted in the left panel of Fig. 6.6 as
follows

d dCNP(b)  dC™(b))

—ACNP (b)) = — . .24
db, (b db, db, (6.24)

We then compute the following Hankel transform numerically

2 o0 d
ACY (q1) :qj/o dby by Ji(by QL)EACNP(M), (6.25)

and the result is supplied with the analytical transform of the IR limit
C™"(qr) = ACT (q1) + C™(qu) - (6.26)

We obtain the rate in momentum space, shown in right panel of Fig. 6.6, where the
bands represent the transformation of the different splines in the band from Fig. 6.1.
We also show the limiting behaviors computed above, as well as the LO and NLO
kernels. Both the data points T' = 250, 500MeV display very similar behavior. As
expected, in the IR the rate follows a (1/¢3) behavior similar to the NLO kernel,
however they differ by a prefactor due to the difference in the string tension. In the
UV limit, all the different kernels display the same (1/q}) behavior, associated with
the hard scattering contributions.

30ne can obtain the integration using simple contour integral.
4To obtain this behavior we make use of the definition in Eq. (6.21).
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6 Non-perturbative in-medium splitting rates

6.3.2 Full rate calculation

With the broadening kernel in momentum space at hand, we proceed to compute
the rate of medium-induced radiation. Starting point of the rate calculation is the
formal expression obtained by employing a time derivative to Eq. (3.31) [121]

dr¢ *PiL(z
E(Pat) = 47rpg2z2b(c1(_)z Re/ dty / q-p[K(t,g;t1,p) — (vac)], (6.27)

where K (t,q;t1,p) is the propagator satisfying the evolution Eq. (3.29). Following
[121], we use an integration by part to perform the rearrangement

,/t dt2 K(t27q7t17p)

B oodt d e—z&E(Q)tz €*i5E(Q)t2K(t ” ) (6 28)
= " 2 7dt2 7—7,5E(q) 2,4;1,P) , .
1
= |K it — K(t1,q;t
—ZéE(Q)[ (OO,q, 1717) (17qa 17p>]
% 1
_ -~ _[—iSE K : ) 2
|t s 0B (@) + 8] K 01,) (6.29)

Using the evolution equation for the propagator, we simplify to obtain

dt2 K(t27q;tlap)

t1

1
:TEW [K(Ooaqathp)_K(thqatl)p)]
oo (3
—7T K : . .
+ . dty SE(q) 3(t2) o K(t2,q;t1,p) (6.30)

As argued by [121], the first term is rapidly oscillating and cancels due to a converg-
ing factor e~; the second term is related to vacuum radiation, and can be canceled
it against the vacuum expression. The rate is now expressed as

dl'g, g*P(2) iq.p

R /dt ——T30 K(t,q;t 6.31
dz mP2(1—22 L ™ e 5E(@) *° (t,q;t1,p) . (6.31)

(P, z,t) =

Expressing the rate using wave function

To simplify our analysis, we now re-express the rate as follows

drgc 2Pbc(
(P = R / dAt / p-U(p, Al) (6.32)
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where we introduce the wave function

dp.at = —t) = [ o K(raitp) (6:33)

which follows the evolution equation

[0 + 6E(p) + o] ¥ (p, At) =0, (6.34)
with the initial condition
e iq 22
At=0)= [ ——T 2 — .
B ip
=I'50 5E(p) . (6.36)

We proceed to factor out the physical scales by defining the dimensionless variables

2

- m ~ q - p
2Pz(1—2z) 1 mp p mp (6.37)
The energy becomes
- 2Pz(1 -~z
IE(P) :¥5E(p) . (6.38)
mp

The wave function can be written as

2Pz(1 — 2)
mp

0(p, At) =g*T O(p, AT) (6.39)

If we factor out the collision integral by writing the broadening kernel as C' (q) =
2 —

%2.C(q), we find

g

- (b-a)

ryoup) (120 é(q){q ) -

= peg

+C[@) - 6+ 20)] + O [iw) - 95+ (1 - z)d)]} - (640)

Ts(t) o v(p) - (6.41)
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The evolution equation for the dimensionless wave function is written

pog

[0 + 0E(p) + ATs(t)o] v(p, AT) =0 , (6.42)

where A = gQT%;_Z), with the initial condition

= - ~ 7,15
(p, At =0) =['3(t) 0 —=—— . (6.43)
0E(p)
The splitting rate becomes
e _ 4 pa t N = -
Wie (p . ) =9 L EeZ) g, / NIN; / B0, A) . (6.44)
dz 7r 0 D

Although the solution of the rate should work at all scales for a highly energetic
parton, one can get away with using approximations in certain ranges which sim-
plifies the calculation drastically and can speed up simulation where these rates are
used. Numerous approximation have been developed in the literature [108] [109]
[117-119] [120], during the following sections we will review the latest developments
together with some traditional approximations, which we will compare to the full
rate in figure. 6.9.

6.3.3 Opacity expansion

In the region where the medium length is thin, the hard particles do not encounter
many medium particles. The rate can be computed in the same way as we discussed
in sec. 6.2.1. In finite medium, this expansion is also known as the Gyulassy, Levai
and Vitev (GLV) approximation® [114, 115]. It is easier to compute the expansion
in the interaction picture introduced in Appendix D, the wave function for the first
order (N = 1) is directly the initial condition defined in Eq. (D.4) as we already
take one scattering in the definition of the wave function

(1) = ip

p)=p-T'30—=—. 6.45
dr'(p) =p-Ts SE D) (6.45)
Inserting the wave function in the definition in Eq. D.5, we write
are - AT pe o . D
—bel (P2, 1) :gbc(Z)Re/ dAt/ e PE@ALG o P (6.46)
dz |N_y ™ 0 p JE(p)

®As opposed to the GLV approximation we will not neglect thermal masses, and we will not
take the soft gluon approximation.
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The time integration can be done analytically and one finds

dreg,
dz

~_¢nw@/rwwbm@®~~ ip

(P, z,t) = SE D) p-T30 SE@) (6.47)

™

N=1

When we take the limit t — oo which corresponds to neglecting the oscillatory factor
cos (—5E(]5)f), we recover the Bethe-Heitler rate as in Eqns. (6.13) for the infinite
medium case.

6.3.4 Resummed opacity expansion

Besides the straight opacity expansion, the authors of [150] developed a resummation
that tries to capture additional re-scatterings with the medium. During this section
we will present this procedure, starting with the second order (N = 2) wave function
which obeys the following evolution equation
2 W6EP)sx T _isEG)s P T (1)~

Os0f" (5. ) = ~A P FP B Ty o e 90 Bl ). (6.43)
with initial condition 1%2) (p, At = 0) = zﬁgl)(ﬁ). Integrating the time direction, we
find

At

2 7 E(p s 15 7(1 ~
0P AT) = 9P (p) = A ds € proeﬂmﬁwp@. (6.49)
Explicitly, the correction is given by
T2~ AT (1) )~ At W6E(P)sx T —i8E(p)s Py,
O (. A1) — 0 (5) = —A [ ds 50p - Ty 0 e 0H0 Bl p) (6.50)

At .
=—A ; ds "F P p.

~N( ~ —iSE ~sﬁ 7 ~ et s p q ~ ~
~C(Q){C1 [e OE(P) ?%(rl)(p) — ¢ HEP-D) |pq|2¢( )(p— Q)]

sB()s P~ ~ —i6E(p+z +Z
+Cz 6715E(p).s£w(1)(p) —e SE(p+zq)s q w] ( _|_Zq):|

i 1P + 2q)?

—i~~51§~1 ~ —iSE(p+(1—2)d)s p+(1—2)q~ 1
+Cu [ PO B0 ) — e Fr0- 2 SR G (1)) ¢

(6.51)
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Let us focus on the first term which can be written as

_A/Atds /C’ e {% (p) — OED) - EG-D)s Zl)p _p |g¢1 p—q)|. (6.52)

For small ¢ the different terms cancel each other, while for large ¢ the phase factor

oscillate rapidly and does not contribute to the integral. If we introduce a cutoff
scale M? for the momentum integral and define

s = [ @), (6.53)
62>M2
one can then write

AF
—A/ ds/C’ { )_6(5}3() SE(p— q))p p- |2¢1 ( —§)

— A [Tds SO @R (6.54)
Using the same procedure for the other terms, the full correction will be written
02 (5, AT) — 0 () = —A / s 3 ()T () (6.55)
with
Y3(M?) = [Cr2(M?) + CLN(M?/22) + CL.B(M?/(1 - 2)%)] (6.56)
The expansion of the splitting rate is now given by

arg,

~ AT pe o e
(P, Z,t) :g bc(z) Re/ dAt/ €7l§E(p)At¢§l) (ﬁ)
dz 0 iz

™

N=X
AT pa i . AL o
+ g bc(z) Re/ dAt/ ds /6—15E(p)Atw§1) (ﬁ) (_AES(MQ))
T 0 0 b
4 (6.57)
After performing the time integral (ds), we find

dra - 4TP(1 E _ L »
dz |y_x
4TP
+ 750}{
m

/ dAT / OE@ATLD (5) (AT, (M?)AF)
(6.58)
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One notices that subsequent terms with additional time integration will exponentiate
to obtain
drgc n _g4TPl?c(Z)

Pz t)=
| (e

t .
Re / NIN; / o~ BEGHATs DAL 5y (6.59)
N=X 0 p

™

where we defined the cutoff scale M? = p? following [150].

6.3.5 Improved harmonic oscillator approximation

Analogously to the deep LPM regime we introduced in sec. 6.2.2, one can find an
equivalent expression for finite medium [109]. Rather than using this approximation
only, we will make use of recent calculations which try to go beyond this simple
harmonic oscillator limit by including corrections perturbatively [117-119] (we will
only compute the first correction).

Using the short-distance behavior defined in Eq. (6.16), one can define a scale
Q? to evaluate the logarithm and separate it as follows

4T3 2 4Q2 4T3 2 1 HO er
Cby) = Nb <£m2D Nb In Q%i =C7"Y(b )+ CP t(bL) ,
(6.60)
where the Harmonic oscillator kernel is defined
a3 40?2
CHO(b,) = gs — N In @) (6.61)
Emp,

Instead of using only the short-distance limit CP*(b,) = gsT —NV In ( o ), we

find that it is better if we define the correction to the kernel as the difference
CPri(b ) =C(by) — CTOb,) (6.62)
where we use the full definition of C'(b,), i.e. the numerical spline. The radiation
spectrum will also be separate to the sum of the HO and the first correction
dINLO dJHo dIM

P zt) = Pz t)+ —(P,z,t 6.63
dZ (727) dz(727>+ dz(azv)u ( )

where the correction is computed using a first order opacity expansion with the
kernel CP"*(b, ). Following [117-119], the scale Q? is the typical momentum of the
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radiated quanta defined self-consistently by using

QY(P,2) =/ P2(1 - 2)35(Q?) , (6.64)
4T3 4 2
@ﬁ@y):%LrA/kh+ch+41Al_zypn<€g%>, (6.65)

where Go(Q?) is the coefficient of the three-body interaction term I's, obtained by
plugging C°(b,) in Eq. (3.26).

Leading Order

Using CH9(b,) the rate equations can be solved analytically [27, 109, 110], histori-
cally the result was computed in terms of the spectrum

dIHO 2
—Eg—(fiz,t)::i%EIH\COSfR], (6.66)

where we define the frequency

1—u Qe (QQ)
Q= Q'Pikwf (6.67)

After applying a time derivative [121], we obtain the rate

dFHO 2
7 (P, z,t) = —4g—7T2Re Qtan Qt . (6.68)

Next to Leading order

While the leading order HO term can be seen as a resummation of multiple soft
scatterings with the medium, the next-to-leading order correction introduces the
effect of one ‘hard’ scattering with the medium in an opacity expansion approach.
One obtain the correction by making use of the separation in Eq. (6.63), which
translates to a separation of the propagators

G(t7 bL, tlv p) = GHO(ta va t17 y) + G(l) (t7 va tlu y) . (669)

By inserting the full propagator into Eq. (3.24), and using the fact that the propa-
gator GHO(t, q;t,, p) is solution to the equation

82
10 + m + Mg + iF?O(bL) GHO(bJ_a t;y, tl) = i5(t - t1)5(2)(bJ_ - y) .
(6.70)
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One finds the evolution equation of the next-to-leading order propagator
G(l) (ta bJ_u tlv y)

2

1 alu - HO
—+ M, r b b, .ty t
Zat + 2PZ(1 o Z) + Megr +12 3 ( l) G( 1L, 0Y, 1)

= —il5" (b)GO(by 1y ) (6.71)

where we neglect the terms with T5(b,)G(b_,t;y,t1). Strikingly, the evolution
equation can be solved analytically to obtain the spectrum [117-119]

I
P ozt
dz (P 1)
Qdu ert ert ert k2(s)u?
HRe/ ds / C’C’p (u) + C.CP"* (zu) + C1_,CP"*((1 z)u)}e :
(6.72)
2d 2(s k2(5) u?
492Re/ ds / uC’pert [Ce u? +C’Zekz(2)“2+C’1 Le=%" ] : (6.73)
s
where we define
Pz(1 — 2)Q
k2 (s) = ”(2” [cot Qs — tan Q(t — )] . (6.74)

We integrate the spectrum and perform a numerical derivative to obtain the rate
shown in Fig. 6.9.

6.3.6 Results

We obtain numerically the full in-medium radiation rate as described in App. D
using different broadening kernels. We present our results for the medium-induced
radiation of a gluon by a parent quark of energy P = 3007 in an equilibrium
medium with temperature 7" = 500MeV and present the comparison in two figures
(6.7-6.8). Firstly, we present the full rates as a function of the evolution time ¢
with three gluon momentum fractions z = 0.05,0.25,0.5 in Fig. 6.7, as well as at a
fixed time for a range of momentum fractions in Fig. 6.8. The lower panel of each
graphic displays the ratio to the LO results. We present results for both temperature
T = 250,500MeV, while for the perturbative kernels, we use the same parameters
as the T'= 500MeV data point given in Tab. 6.1. Similarly to the previous section,
there is only a small difference between the two temperatures, the rate for 250MeV is
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1 dI'(Pz)

AT dz

Splitting rate:

1 dl'(Pz)

AT dz

Splitting rate:

1 1
Evolution time: t[fm/c] Evolution time: t[fm/c]

Figure 6.7: Medium-induced radiation of a gluon from a parent quark with energy
P = 3007 in an equilibrium medium with temperature 7" = 250,500MeV as a
function of the evolution time ¢, each panel represent a different gluon momentum
fraction z = 0.05,0.25,0.5. We compare calculation done using the different colli-
sional broadening kernel as shown in Fig. 6.6 (the temperature and coupling constant
for the perturbative results are matched to the 7' = 500MeV data in Tab. 6.1). The
lower panel of each plot displays the ratio to the LO results.

110



6 Non-perturbative in-medium splitting rates

2 100 x , : x : :
% 3 _q [, T = 500MeV NLO — T = 500MeV NLO ——
s 10 T LO ——AMY o LO ——AMY

—4}*!‘% 102 l;;;;;‘i-,. s H;;‘“;“‘hr::------------:::::::==i=.i
E‘ 1073 """"""""""""""

£ 104 q—9q =99

e t=015fm/c t=04fm/c ‘ ‘

£ 2 [Ratio to LO T
E W

n 1

0
0.1 0.5 0.9 0.1 0.5 0.9

D Momentum fraction: z Momentum fraction: z
S0 x : : x : :
S _p [, T = 500MeV NLO —— st T = 500MeV NLO ——
H}?@ 10 S LO ——AMY LO ——AMY

__°‘ 10_2 ..;;;;.;;;i;--:------------:---"'=':E':E HEH
w03 T

o 104 7 9q ¢ 9q

= tzl‘fm/c A ‘ t=4‘fm/c

= 2 — T ——

& — e

1 S
Ratio to LO

0.1 0.5 0.9 0.1 0.5 0.9
Momentum fraction: z Momentum fraction: z

Figure 6.8: The splitting rate of a parent quark with energy P = 3007 in an
equilibrium medium with temperature T = 500MeV as a function of momentum
fraction of the radiated gluon z at fixed times ¢ = 0.15,0.4,1,4fm/c. The lower
panel of each plot shows the ratio to the finite medium splitting rate computed
using the LO broadening kernel.
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Medium-induced radiation of a gluon from a parent quark with energy
P = 3007 in an equilibrium medium with temperature 7" = 500MeV as a function
of the evolution time ¢, each panel represent a different gluon momentum fraction
2z =0.05,0.25,0.5. We compare calculation done using the different approximation of
the in-medium splitting rate: Opacity expansion at N = 1 Eq.(6.47), the resummed
opacity rate of Eq. (6.59) and the NLO expansion around the Harmonic Oscillator
Eq. (6.63) to the full result. The lower panel of each plot displays the ratio to the
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only slightly shifted to the right in the time axis due to the temperature difference.
Firstly, we note that all the different rates recover their respective AMY results
at late times, which for the non-perturbative kernel is a nice confirmation for our
Fourier transformation to momentum space. Comparing to the perturbative results,
we observe that the non-perturbative result starts lower than the LO rates before
it settles above the LO and below the NLO. Notably, the non-perturbative kernel
does not depart from a band of +50% around LO, while the NLO result becomes
over 2x larger than the LO.

In figure 6.9 we compare the different approximations to the in-medium splitting
rates, here we only use the non-perturbative broadening kernel at 7" = 500MeV,
and show again the same three gluon momentum fractions z = 0.05,0.25,0.5; the
lower panel represent the ratio to the full medium splitting rate. We see that the
opacity expansion works well at early times when the parton does not have time
to re-scatter with the medium, but soon after it over-estimates the rate at late
times. On the other hand, the NLO expansion around the NLO-HO can work fairly
well at all times if one considers hard splittings (z ~ 1/2), while the resummed
opacity expansion works better for soft splittings (z < 0.5). We conclude that for
a sophisticated numerical simulation, one can reconstruct the full rate to obtain
precise results; while for (semi-)analytical calculations where one is interested in
different regimes to approximate parton splittings, a combination of the resummed
opacity and NLO-HO rates is sufficient.

6.4 Discussion

Using recent results of the broadening kernel calculated using EQCD on a lattice,
we obtained the QCD broadening kernel by matching the right short-distance be-
havior. Providing the right limiting behaviors we constructed a continuous spline
for the full range of impact parameter space which allowed us to compute medium-
induced radiation rates in the infinite medium size limit. Comparing our results to
ones computed using perturbative results which are used in the literature, we see a
substantial difference with the non-perturbative rates. Beyond the infinite medium
calculation, we were able to successfully Fourier transform our resulting kernel to
momentum space in order to compute the rate in a physical medium with finite size.
We find that the Leading order perturbative rates do not depart from a band of
+50% from the non-perturbative rates. We also compared against different approx-
imation in the literature. The NLO Harmonic Oscillator approximation manages
better for hard splitting (z ~ %), while the resummed opacity expansion works for
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soft splittings (z < %) Although the full radiation rate is more accurate at all
scales, computing it at a large range of scales could become taxing numerically, we
conclude that it would be sufficient to employ a combination of these approximations
for the limiting cases to obtain reasonable (semi-)analytical estimates.

In the literature, jet quenching is commonly studied using weak coupling tech-
niques, while due to the IR problem we believe that perturbative calculations will
break down in thermal field theories. The genuine non-perturbative results we pre-
sented will be of utmost importance to test how well the weak coupling techniques
hold and pin down the physics of jet quenching. Naturally, the obtained rates can
then be incorporated into a jet study either using a kinetic approach as in the previ-
ous chapters [3, 30, 33] or with a MonteCarlo simulations [151-154]. Moreover, one
can also utilize the same broadening kernel to include non-perturbative contribu-
tions to the elastic scatterings. What is more, a recent study using the same EQCD
setting obtained non-perturbative contributions to the thermal masses [55], and it
would be interesting to investigate their impact on the rate calculation specifically
and jet quenching in general.
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7 Conclusion

In this chapter, we provide an overall summary of the main results and an outlook
on the direction of future investigations.

In recent years, heavy-ion collisions have proven to be a crucial laboratory to
study QCD matter. The formation of the QGP during the collision provides an
unparalleled opportunity to study the microscopic and macroscopic aspects of QCD
matter in collider experiments. Hard partons that are produced at the early stages
of the collision, follow an in-medium evolution, leading to modifications of their
properties as well as of the medium. Certainly, by studying the modification of hard
partons, they can be used as tomographic probes to extract information about the
evolution of the plasma and its properties.

The main concern of this study was the evolution and equilibration of highly
energetic partons in a static thermal QGP, we were able to investigate the dynamics
using a linearized effective theory of QCD at leading order following the AMY
approach [31]. Contrary to usual studies in the literature, we were careful in our
formulation to keep both Bose enhancement and Fermi suppression in order to follow
the energy from high momentum scales all the way to the medium sector, and
understand the back-reaction of the hard particles onto the medium. The two main
interactions that have to be considered at leading order are the number conserving
elastic (2 > 2) scatterings and multiple soft scatterings with the medium induce
collinear radiation, which was resummed in an effective (1 <> 2) scattering rate.

First, in chapter 4, we focused on the longitudinal energy loss where we used
the small angle approximation for the elastic interactions and extracted important
dynamics of the evolution. Most notably, we confirm earlier findings that the energy
loss is governed by an inverse energy cascade from high energies towards the medium
scale [29, 30] akin to weak wave turbulence [124]. Driven by successive splittings,
this energy cascade is associated with a scale invariant energy flux, transporting en-
ergy from the hard sector all the way to the medium scale without any deposition in
intermediate scales. Due to the turbulent nature of the cascade, the inertial range is
insensitive to the hard and soft scales and displays a universal Kolmogorov-Zakharov
spectrum that was discussed. Although the mechanisms underlying hard particle
energy loss are equivalent to the ones that thermalizes the QGP [34, 37, 72], we find
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that the late time energy loss is negligible when considering the evolution of a highly
energetic parton E 2 307, which probe far from equilibrium dynamics. While low
energetic partons £ < 307" are more sensitive to the QGP medium scale, and may be
used to understand QGP thermalization using jet quenching studies in present and
future experiments. Measurements of the correlation between jets and their recoil
partner can be used to extract information about such strongly quenched jets. For
example, by measuring a recoil high-pr hadron, a recent experimental study [155]
has developed a method to subtract the background and reconstruct the highly
quenched jet on the away side of the hadron. These studies are of the utmost im-
portance to explain the physics of the sSPHENIX collaboration [156], which focuses
on jet studies at RHIC where, unlike the LHC, the hard scattering pr spectrum
does not reach very high energies and are more sensitive to medium modifications of
the parton shower. Moreover, the interactions of jets with the medium constituents
lead to interesting changes of the chemical composition of medium modified jets
(see also [30]), which should have experimentally observable consequences, e.g., in
ratios of identified particles (K/m, A/m, Dy/m, A./7, ...) inside/around heavy-ion
jets. Of course, to provide detailed predictions for any such observables, one also
has to include the effects of vacuum like emissions and hadronization, and it will be
interesting to further explore these aspects within suitable Monte-Carlo implemen-
tations of jet evolution in heavy-ion collisions [151-154], which can also account for
vacuum like emissions and potentially important effects due to fluctuations of the
jet shower and the medium.

Second, in chapter 5, we upgraded our formalism to account for the angular
structure of the polar angle around the initial parton. We used the same formal-
ism as the previous chapter for the inelastic interactions, however, for the elastic
interactions, we used the full matrix element computed in the HTL approximation
to describe energy depletion at small and large angles. At early times the jet peak,
which sits at high energy and small angle (p ~ E¢,) slowly broadens due to multiple
soft scatterings with the medium, while collinear radiation leads to much faster en-
ergy depletion. Additionally, rare hard scatterings with the medium lead to a power
law tail in the angular distribution at large momentum fraction, which drops as =%
[132]. Consequently, most of the energy is lost due to an inverse energy cascade,
which deposits energy at narrow angles and soft momentum scales. This energy is
quickly equilibrated and transported to large angles, while the away side is negative
as the equilibrium distribution is slightly boosted in the parton direction to account
for momentum conservation. We concluded that while at high energies the distri-
bution is mostly collinear, the energy at large angles (6 > 0.2) is mainly sensitive to
the soft scales. Eventually, all the initial equilibrates and the resulting equilibrium
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distribution is then boosted in the parton’s direction due to momentum conserva-
tion. Using our evolution results, we computed an analogue to hadron quenching
and jet quenching. While for hadrons, we found that the quenching is more sensitive
to the longitudinal energy cascade, which is mainly due to the multiple successive
splittings and can be used to study these medium-induced splittings. However, en-
ergy loss out of the jet cone is more sensitive to soft physics, making it difficult to
extract; nonetheless, it will be important to explore this angular structure using jet
observables, e.g., jet shapes, which measure the momentum distribution transverse
to the jet axis. For that sake, it will be crucial to study the evolution in a more
dynamical background medium by including expansion [33], or using a viscous Hy-
drodynamic evolution [95], in order to understand how the energy deposited in the
medium modifies these soft scales, and by going to large cone sizes the fragmentation
functions can recover the energy of highly quenched jets experimentally [155].

Since the in-medium energy loss is dominated by radiative processes driving the
energy cascade, it is only natural to strive to improve the calculation of in-medium
splitting rates. Using a novel broadening kernel, which incorporate non-perturbative
contributions computed using a dimensionally reduced theory of QCD on a lattice
[1, 2], in chapter 6 we computed medium-induced radiation in both infinite and
finite size medium lengths. We have found a sizable difference with the results
using perturbative rates that are usually employed in the literature, which hints at
interesting physics to investigate. Lattice EQCD methods have proven to be crucial
tools for studying high temperature QCD [49, 50, 54, 144]; new computations are
on going to extract non-perturbative contributions to the thermal masses [55]. It
will be important to incorporate these studies as well, to investigate their effect.

Although our study was able to extract the important dynamics of energy loss
and equilibration with the medium, there are several aspects that can be improved.
Firstly, since we established a framework that can easily employ the small/large
angle separation of the elastic scatterings, which is very handy when one needs to
extend the formalism to Next-to-Leading order (NLO) introduced in [100, 157]. Al-
ternatively, one can instead directly employ the non-perturbative elastic collisional
broadening kernel for the elastic interactions with the medium as well as for comput-
ing medium-induced radiation rates. It would be important to investigate these two
approaches together with the LO method we employed here, in order to compare to
what extent the physics at LO is relevant for more realistic models.

Another aspect we can further improve is the treatment of radiative interac-
tions. Since we mainly focused on the energy loss of partons on large timescales,
where they lose a significant amount of their energy, we were able to approximate
the radiative emission rates by considering an infinite medium length. However, one
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must explicitly include the path length dependence of the medium-induced radiation
rates to study parton energy loss on shorter timescales. Besides, because the evo-
lution is linear, we argued that our results can be interpreted as a Green’s function
propagating a single medium-resolved highly energetic parton. Building on this, it
would be important to include vacuum-like emissions as source terms to account for
additional fragmentation that will be relevant to explore in-medium evolution of jet
shapes. Using this effective kinetic theory framework, both soft and hard fragment
evolution can be studied [30, 33, 34, 37, 72]. That being so, the long term goals
of these studies would be to construct a unified description of the full energy loss
picture and the back-reaction of the QGP.
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A Derivation of the small-angle
approximation

In this appendix, we shall explain how one finds the diffusion approximation to the
elastic 2 +» 2 QCD scatterings. We start from the following collision integral [100]

1

2|pl|Va bed

Culf] = i

/dQ%2 M1, P2 ps, pa)| Flpr,poipspa) . (A)

where M%(py, pa; p3, pa) is the QCD matrix element and JF(py, p2; p3, ps) is the sta-
tistical factor given by

F(p1, P2, D3, P1) =[co(P3) fa(pa) (1£fa(p1)) (1 fo(p2))
— fa(p1) fo(p2) (1 fe(p3)) (1£fa(pa)) - (A.2)

A.1 Phase-space parametrization

Using the phase-space measure for 2 <> 2 scatterings we obtained in Eq. (3.13) which
we recall

d3py q+w
232 _ -
Jar=cm [ o1 / e la =1 (m - )
9 9
qg—w w?—q w  w?—gq
®< —)(5(0039 —( - >> (0089 —(—I— )) )
b2 2 e 2p1q - \q " 2pag

(A.3)

Within this parametrization, the Mandelstam variables are given by
t=w?—¢*, s=-2pipo(l —cosby), u=—t—s, (A.4)

where ;5 is the angle between p; and ps. Note that here a t-channel parametriza-
tion has been used, while the u-channel can be obtained by exchanging ps <+ py4
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A Derivation of the small-angle approximation

momentum and s-channel diagrams are neglected because of the divergent nature of
the t- and u-channels for small momentum exchange.

To perform the three-dimensional ¢ integration, we write the different compo-
nents in the following orthonormal basis,

__&1+é a(cos f1q+cos f29)
€+ \/24;2 C(is 012 q+ ( 2;—2 C0S9192 )
e = | &= — — q{COS Y14 —COS Y2q9)
6_'_ | v2—2cosf2 o 4= 149-| = V2—2cos 012 5 (A5)
€3

51 ><52 qL
== /A2 2 2
|€1 ><62‘ j: q - Q1 - Q2

where 0y,/60, are the angles between p;/p, and q. We perform a change of integra-
tion variables from (¢4, g—,q1) to (cos by, cos By, q), and combine the range of ¢,
integration as follows

[ dar plan) = [ das (gl + £l (A.6)

—Qmax

We then use the two delta functions to perform two integrations, obtaining

Joe-1t).

(A7)

q+

q

R Ly Ry —
™ w _
(2m)3 J (2m)3 8p103¢% |q1 |v/1 — cos? 015

for ¢, w < p1, p2 we can neglect earlier © functions restraining p; and p, integrations.
We also symmetrize the integrand giving rise to a factor 2 and canceling all odd
integrand of ¢ .
The components of the vector g in the new parametrization are written as follows
_w=¢? (1 _ 1 w=¢® (1 4 1
q :2w 2 (m pz) g = — 2 <P1+P2).
* V2 4+ 2cos by T V2 — 2cos O
Since the QCD matrix element favors small angle exchange, we expand the different
contributions to the integrand in powers of ¢ and w in the following sections, and
we use the leading order of ¢ to perform the integral.

(A.8)

A.2 Expansion of statistical terms

Before expanding the statistical term, we note that the t-channel diagrams can be
written either with interaction due to a gluon exchange giving rise to the current
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A Derivation of the small-angle approximation

term in the Fokker-Planck equation these require a and ¢ to be the same species

and likewise for b and d, which cancels the 0-th order in g of the statistical term.
2

The matrix elements for these diagrams are proportional to %z o< q~* necessitating

expansion of the statistical term up to second order
FOme (py pa,q) = q; {—fa(P2)(1 + fo(p2))0;, fa(p1) + fa(p1)(1 £ fa(Pl))aész(Pz)}

+ 5 {22) (L fu(p2))0,0), fulpr) + fulpr) (1 FulD2))0},00, f(2)

— &, fo(p2)0, fa(P1) (L £ fa(p1)) — & fa(01)8), fo(p2) (1 £ fb(pz))} : (A.9)

Whereas the diagrams where a quark exchange takes place, give rise to the conversion

processes and require a and d to be the same species instead, likewise for b and c.

The matrix elements for these diagrams are proportional to 7 o ¢~2, which only

require to take the 0-th order expansion of the statistical term

Feomesion(p) py, q) =fo(p1) falp2) (1£ falpr)) (1£fo(p2))
— fa(p1) fo(p2) (A fo(p1)) (1Efa(p2)) - (A.10)

A.3 Evaluation of small angle matrix elements

By combining the statistical terms with the matrix element one finds for the current
contributions

cement —2(2r) | éffg
B~ fo(p2)(1 £ fu(p2)3), fulpr) + fulp1) (1 % ful(p1))0), Ful(p2)}

+ Bz {Fo(p2) (1 £ f(p2))3}, 5, fulp1) + fulp1) (1 £ fu(p1))5},35, o (D2)

—00, fu(p2)0}, fulp1) (1 fu(p1)) — 0, fu(P1)D, fi(2) (1 % fi(p2)) } } :
(A.11)

and the conversion contributions can be expressed as

cgomn —a(am) [ L0 B (1) ulps) (121p1) (1)
—fu(p2) fip2) (£ (p1) (£ Lu(p2)} - (A12)
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A Derivation of the small-angle approximation

The above equations give rise to the three following integrals

B / / 1 7 s
277 Jog, " 8pipR@? gL VT — cos Oy £

. d 1 3 2
Bz q2 / d y S
2m 8p1p3q> lg1|v/1 — cos 012
pii = [ 4 / Y ¢’ q qj s
) 2m? g 8pip3q? |qi |1 —cos? By, 2 2

Taking the integration, we find at lowest order of g

B/ z‘_/dqpl<51_52>
q 87rp2 q 8t \p2 p1)

.. d .. i J i
BY :/ﬁ P (5ZJ<1 —008012)—1—1’11)2—1—1)”)2) )

q 167 p1 p2 p1 p2

(A.13)
(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

A.4 Collision integrals in small angle approxima-

tion

After combining the integrals with the statistical term, we obtain the different col-

lision integrals. We define the current term in the gluon channel as

Cgurrent[f] _ ng@gg[f] + Z <Cg(1f<i>glIf [f] + C§Qf<i>9‘jf [f]) ,

f
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A Derivation of the small-angle approximation

where we only take the gluon exchange contribution of the (anti-)quark/gluon scat-
terings denoted by <Z+. The different collision integrals are written,

g 4 ; 2 i
cprmi) <L, [ AR B+ 520 1)

A7 (2m)3
cfﬁf”Q@@ML+Mm», (A.20)
ey L gy [P g (b1~ 1y 02) O o)
+ 2 BIP (1 ), (A2
oaretsgqrr g 9 Cal o [ dpa . i
Cgur [ =52 0, [ s 2= o 2)05, (1)
2ﬁfm“@<>u+mm»7 (4.22)

where we define the logarithmic enhancement £ = [/ dq

Conversely, the quark exchange contribution to the scattering lead to the con-
version terms

Cgconversion = <ngf<—>gqf [f] + Cgtif@géf [f] + Oggg<L>Qf‘7f [ f]) 7 (A.23)
!

=57 2 [ () (1 + £y2)) = £op) (1= fi)] T
f
+ [f2, )L+ fo(p1) = folp)( = £3,))| oy . (A24)

where Z, . and 73, are given by the following moments of the phase-space distribution

7, =5 [ G [0+ R + 00— fi ()] (a25)
7, =T [ i [ 0+ (k) A= (D] (A20)

Similarly, for the quark channel using only the gluon exchange part of the scatterings
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A Derivation of the small-angle approximation

we write the current term

ch;urrent[f] :Cg;g@qlfg[f]_i_Z(C;I;CIﬁ—quz'[f]+Cg;qi<—>qfqi[f]) ’ (A.27)
g ACRL . 3 .
Capremel ) <2 0, [ EECA )1+ )0 o (1)
0PI 1k pp) L (129
4
carnlg) <L 0, [ O (b1~ o (9200} )
¢ PPy o0 ). (A29)
b2 N

_ _ 4 ) d3 )
cymennff) =S o [P )1 f (020, f )

8m (2m)?
N 2fq;(2p2)1}f fu @)1= fo,(p1) . (A.30)

and using the quark exchange part of the scatterings we write the conversion term

C«(;onversmn[f] :Cq.fg<L>q‘fg [f] + C’Qfljfégg[f] , (A31)
402 d Do
3 [ el 00+ L@y = £y} (1 = oy Ty
(A.32)

The same quark collision integrals apply to the antiquark channel after exchange
of gy with ¢y and vice-versa. After summing the different contributions for each
channel, one recovers the Fokker-Planck equation in section 4.1.

A.5 Angular dependent case

We will compare the medium cascade of the full matrix elements with one where we
take only the diffusion approximation. Since we are considering an angle differential
cascade, during this section, we will upgrade the evolution equation of the energy
distribution from Chapter 3 to account for angle. Only the current term and its
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recoil counter-part have to be modified. For the direct diffusion, we have

V,J,[{D Ol | T° (5 29 4o 62)0)
- P*yg[{ l}] - AT2 ﬁ( 0, + 0059( — COS ) cose)
T D 0
+ 0:2°(1 4 2np(2E)) w , (A.33)
T
C'F‘Qeq 2
~V, Ty (DY) == 5 00 (a 20 + Oeoso(1 — €080%)Decno)
T D, 0
+ 20.2%(1 = 2np (v ) (“;;OS) , (A.34)
C’F‘Qeq 2 2
=V T {Di}] == 75 20s (a 20 + Oeoso(1 — €080%)Decno)
D 0
+ gamﬁu — np(zE)) qf(“”;;m) . (A.35)

In addition to the recoil contribution that we had before in Eqns. (4.18-4.20), an
angle dependent contribution is obtained

CAqeq T577D vy T
472 Qqeq 2m2

CFQeq T(SnD Vq T
AT? 24, 27 B

—V, 0TV {D:}] =

—2%cos00,np(zE)(1 +ng(zE)), (A.36)

V070 (D] = 23080 Oynp(zE)(1 — np(zE)), (A.37)

where the recoil coefficient is given by

T 20050
sihy = L E? / dcos 0 / dr 2%
T -1

+= Zl/ (z,cos0) + Dg,(x,cos0))| . (A.38)

Cav, ' Dy(x, cos 0)

125



A Derivation of the small-angle approximation

126



B Numerical implementation of
the Boltzmann equation

Below, we provide details on the numerical implementation of the effective kinetic
theory.

B.1 Basic formalism

Following the discrete-momentum method introduced in [158], we discretize the
distribution using “wedge” functions basis
Dq(z,
Ne(r) = [ wi(z) 228 T) (B.1)

T

where N{ is the wedge coefficient for the number of particle moment for the species
a=1{g,qs,qr} and w;(x) is the wedge function defined as

T—Ti—1 ) )
e Tl < T <
4 — ) i , '
wl(x) - x;+1—xi ) ZT; S xr < x7,+1 (B2>
0, T > Tipg O T < Tiq

with {z;} the discrete node points spanning the region of interest (~ [0,2]). We
note that the wedge functions display the following summation properties

sz(:p) = O(Tmax — 7)O(T — Tpin) (B.3)

szwz(m) = 20 (Tmax — 2)O(T — Tmin) - (B.4)

By use of these properties, one finds simple relations for the number of particles and
energy,

na(r) = S N(r)  Eulr) = Y aNg(r), (B.5)
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allowing us to keep track of these quantities up to machine precision.
The collision integral is expanded in the same basis

- / dr wi(x)ca(i’ﬂ . (B.6)

Because the collision integral C,(z, ) is linear in terms of the distribution of each
species one can write C’-“(T) as a matrix vector product

Z SCPNY (1) =6C**N(r) , (B.7)

by constructing the vector N and matrix C' from the coefficients and matrices of the
different species

. j_\?g(T) ~ 5C(7) 699(7') @ggf (1) ? T (7)
Fm= (80| 00 =50 = | Canl®) Cua(r) Col)] - (B9
qu(T) I Qfg(T) qqu< ) Cf f(T)

The matrices C,(7) characterize the contribution of the distribution of species b to
the collision integral of species a. Although C(7) will not depend on N?(7) because
Cq(7) is linear in NP(7), we will still keep track of N?(7) when we write the matrices
in the following sections.

In order to recover the full distribution from the discrete values N?(7), we ap-
proximate the coefficient integral by taking % to be constant between node
points

L (JZ 7—) e zE/T
N /dx w;( ):L‘ Sy )exE/TDaq(x)e / 7 (B.9)
D(z,T)
— a B.1
D (@)t (B.10)

where A{ is the area defined as
d
Af = /—I w;(z) D (z)e" BT (B.11)
x

We now can write the value of the distribution at the node points, and using a linear
interpolation, one can write the full distribution as

eq mE/T
=S (o Ne(r) P (B.12)

:ZxKZ» ;]; i 7' , (Blg)
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DZQ(m)emE/T

AT in the last line.

we introduced the “cardinal” function K(x) = w;(z)

Lastly, as the basis function is constant in time, the evolution of the coefficients
N(7) are obtained directly from the discrete collision integral as follows,

8,N(r) =CN(r) , (B.14)

which admits the solution

N(r) =¢°N(r =0), (B.15)

where €7¢ is a matrix exponentiation.

The integration in Eq. (B.6) is done numerically using a Monte Carlo integration
scheme, where at each step we update all elements of the matrix C;;, which ensures
charge and energy conservation thanks to Eq. (B.3) and (B.4). Writing the collision
integral as a matrix also allows us to compute the eigenvalues and eigenfunctions
discussed in Section 4.2. In the following sections, we will provide the different
matrices corresponding to each process from Section 4.1.

B.2 Discretization of small angle elastic collision
integrals

It is straight forward to write the hard part of the current term in Eqns. (4.18-4.20)
using this discretization formalism. One only needs to introduce the wedge function
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integration and replace the distribution by its discrete form, we obtain

- vpjz? =
e K; T K.
7)Ca qug / dx wi(x 8 ,2°0;) ;(f)E(axe) ;(2"”)(1 + 2n,(zE))
(B.16)
— VPZZf _
e K T K.
Ny (r CF4qTq2 / dz wiz 3 2*,) ;(f) + E(axaﬂ) ;(f) (1+ 2n,(zE))
(B.17)
v/ j.‘?.f —
e K T K.
7)Cr quz / dz wi(x 5 ,2%0,) ;(f) + =(0:2%) ;(f) (14 2n,(zE))

(B.18)

for the quark/antiquark to ensure stability at the boundaries, we employ an inte-
gration by parts, inspired by the “weak” form of differential equations [159], and set
the term fully integrated to zero according to the boundary conditions.

Using the same approach, the recoil contribution in Eqns. (4.22-4.23) are given
by

CaGeq TOT — 647 vy T [ da

—VpdJ = 1T - 52 | 9.2 w;(2)0,7°n, (v E) (1 £ ny(zE))
(B.19)
2 T _j . ﬁj
v, st ZCrla L0y =04 vy T [ 4T g 2 (e E)(1 £ no(2E))

iT* G,  2rEJ 22"
(B.20)
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where the recoil coefficients are now represented by vectors written as

4
2 g -
oq’ :?E?’/dx Cav, 'NY(7)K;(z)(1 + 2np(zE))

+ ;; (N (1) () + N (1)K () (1 205 (2B))| (B.21)
o = B [ da 2 [Car, NI (@) + 30 (N (1) ) + NI (1)K ()]
(B.22)

Similarly for the conversion term from Eqns. (4.26,4.27) we obtain

= g8T2 / dz — {yql NI () (@) + N () )] (L 2w )
—2y—1N;(T)Kj(x)(1 —2np(zE))} (B.23)

550 =, 0 [ de @) (v MUK, ()1 = 20 (2 E)
—VC;lN;lf’qf(T)Kj(x)(:c)(l+2nB(xE))} , (B.24)

and the corresponding recoil contributions are given by
553 :ﬁ/dx w; x)S% (51‘” — 6I§f> ng(zE)(1 —np(zE)) , (B.25)
65Y =% / do wi(@)< (0T} = 0Z)") np(eB)(1 = np(@E)) (B.26)
where the difference of 5I;-1f and 515’[ is given by
(67 — oz}’ ) =

J CF£E2 / dz 1—|—2nB(mE)) (NP (1K) = NP (1) K@) . (B27)

B.3 Discretization of inelastic collision integrals

Before discretizing the radiative collision integrals, we will combine both merging
and splitting processes in Eqns. (4.33-4.38) by introducing a delta function. Apply-
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ing this to a general 1 <+ 2 processes, one finds
1 1 dl'g(eF
- / dzbcg”z’z) Da(2)(1 + ny(22E) + no(32E))
0
Dy(zx _ D.(zx
big )(na(a:E) T, ne(22E)) + 2(3 ) (na(zE) Fe np(22E))
vy (1 1dI? (22 ) x z
+ 2 [ e ZdZ[Db(Z)a & n,(F) & ne(S2E))
D.(x), ,zFE Z D.(z), zFE zE
£ 20 (") FanCoB) £ 25 () Foma( )] (B29)

= [ay [ a i) WD D ()1 + () & mo(02)

12
.7 =

+

= D0 ) 5 (2yB)) £ P 0 () Ty )

(B.29)

Va

x [V”zé(x — 2yt~ o - y)éZ’,Z] ,

where we used F, to represent either a minus if particle a is a Boson or a plus if
particle a is a fermion. After employing the discretization scheme, one finds for the

gluon collision integrals

1 dlY (zE, z)
C’g?gy /d:v /0 dziggdz

| MK ()

J
2

N (1) Kj(x)(1 4+ np(z2aE) + np(z2eE))

. (np(zE) —np(zzE))
N NY(T)K;(Zx)

J
22

[w;(zx) + w;(zz) — wi(z)]

(B.30)

(np(zE) —np(zxE))

z

G =% [z

dre (ﬂ z)[

’TZ 22 (np(zE) — np(z2E))
_ W(np(xl?) +np(zek)) | wi(zz) , (B.31)
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] ! ng (xZE ’Z> qar >
CR? =3 ] a1 | N (K 0) (14 () — (o)
N vy NJ (1) K; (2)
Vg z2

_ W(nF(xE) +np(2zk))

(np(zE) —np(zzE))

w;(2z) (B.32)

0999 _ Z/ dz dl'g xE Z)

9,1

NY(T)K;(z)(1 = np(z2E) — np(zzE))

J

ZW(TLB(IE) +np(zzE)) — ZW(HB(Z‘E) +np(zzkE))
x w;i(z) , (B.33)

where for the symmetric g <> gg and g <> ¢¢ processes, we symmetrized the inte-
grand by change of variable z — Z.
Similarly, the quark collision integrals are given by

Clas = / dz gq I ) [N]qf(T)Kj(x) (14+np(zzFE) —np(zzE))

qar,t]
Vg z2
N (r)K;(zx)

22

(np(zE) — np(zzE))

(np(zE) + np(zzk))| [wi(zz) — w;(z)] , (B.34)

N/(1)Kj(z)(1 = np(20E) — np(ZzE))

Qf j

990 _ Z/ d dl'gg IE Z)

Vg M(nB(xE) +np(zzk))

ZW%@E) +np(z2B)) | wizz) (B:35)
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B Numerical implementation of the Boltzmann equation

For the antiquark channel the ¢ <+ qg process is the same as the quark by exchange
of gy with gy, while the g <+ gg process is given by

99T _ Z/ i drg xE Z)

N Nj (1)K;(z)(1 —np(2zE) — np(zzE))

ﬁM(nB(ng) +np(Zzk))

N()K()mB(E) +np(z2E)) | wi(Zw) - (B.36)

Using the properties of the wedge function, one can easily find that charge is con-
served because

> Ct = oyt “sz 2x) — wi(zx) =0, (B.37)
> Clarsonis ™ “sz zr) —wi(x) =0, (B.38)

i

and analogously for energy conservation, we have

> wilwi(zx) + wi(Zx) — wi(x)] =0, (B.39)

i

for all allowed configurations of the splitting.

B.3.1 Comparison of the in-medium splitting rate to
leading-log approximation

For highly energetic parent particles the radiation rate in Eq. (3.33) is in the deep
LPM regime, which can be approximated by the Harmonic Oscillator (HO) rate
[116]. In order to match the HO rate, one has to choose a sensible value of ¢. For
the early time behavior in Eqns. (4.71-4.72) we consider the parent particle to be
of energy E and fit ¢(E) to match, as shown in the left panel of Fig. B.1. In the
same figure we show the rate in the Bethe-Heitler regime [34] which describes the
splitting to soft fragments, one can see clearly how the full splitting rate interpolate
between the leading-log rate for highly energetic fragments and the BH regime for
soft fragments. Conversely, for the successive branchings in Eqns. (4.79-4.80) we
approximate the parent particle energy by the geometric mean between the jet
energy F and the temperature T and fit the value of 5(\/@) as shown in right
panel of Fig. B.1.
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e 2nT/E " 21T /VE
. Fitted leading-log rate E Fitted leading-log rate
& Full splitting rate e : Full splitting rate e
&) &
= Bethe—HeitleT‘ rate 2= Bethe-Heitler rate
sl 10t ‘ g 10tk ‘

£ k&

+ 8

£ 100 L ‘f 00 TR

& S

& 107! 2 10t

= w0

k= g

&) =

1072 L - ‘ © 102l ‘
1073 1072 107! 10° 1072 107!

Splitting fraction: z Splitting fraction: z

Figure B.1: Comparison of the matching of the leading-log splitting rate (blue line)
to the full effective rate (red dot) for g <> gg process. We also show the Bethe-
Heitler rate (green) relevant for soft radiation. On the left panel we show for a

parent particle with energy £ = 10007, and on the right panel for a parent particle
with energy £ = 1/10007".

B.4 Discretization of the angular cascade

The wedge function discretization can also be employed for two-dimensional func-
tions using double wedges, the discretization is written

Dq(z, cos b,
Ng(r /da: /dcos@ w;(x )w](cose)M : (B.40)
x
here and throughout this section we will use k = j + i Neosg
number of particles, energy and momentum is now given by

=Y NH7), Eur)=>_a;N}1), Pu(r)=> wmicos;Ng(t). (B.41)

. Conservation of the

Similarly, the collision integral is expanded

Cr(r /d:c /dcosQ w;(x)w;(cos H)M : (B.42)

T

The vector C{(7) can again be written as a matrix vector product

Z SCLNY (1) =6C**N*(r) , (B.43)
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using the same construction as in Eq. (B.8).

Now, to reconstruct the distribution function, we use the analogous procedure
as before

N (T /dx /dcos@ w;(z)w;(cos b) Dg;’((;sei%;; D (z)e BT (B.44)
except the area Aj becomes the double integral
As = / dz / deos § w;(x)w;(cos ) DA (z)e E/T . (B.46)

We now can write the value of the distribution at the node points, and using a linear
interpolation, one can write the full distribution as

DEA ()BT
A ’
:Zka x,cos )N (T) , (B.48)
k

D, (z,cos6,T) sz x)NZ (1) (B.47)

: o €4 ()t /T
where the “cardinal” function is now K (z,cosf) = w;(z)w;(cos 9)%
k

B.4.1 Elastic scatterings

Using the discretization introduced above, we can write the 2 <+ 2 elastic integral,
we will focus on the process gg <+ gg given by

o 832

/dQ%” M(1,2:3,4)[ D(1,2:3,4) | (B.49)

2291
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Reconstruction of the statistical factor using Eq. (B.48) is straight forward, yielding

D(1,2:3,4) :Z{

k
1 K (21, cos 6q)
372

veri
2o K3 (2, cos 05)
3772
Ve I
IgK]g(ZEg,COSQg)
372
Vg3
x4 K (24, c086y)
372
veri

Ni() [n5(ps)ns(ps) — np(p2)(1+ np(ps) + n5(pa))]

+ Ni(7)

(np(ps)ns(ps) — np(p1)(1+np(ps) + np(ps))]

— NVi(7) [nB(p1)ns(p2) = np(ps)(1+np(pr) + n5(ps))]

— Ni(7)

[np(p1)ns(p2) — n(ps)(1 + np(p1) + ns(p2))] } ;

(B.50)

here and throughout this section, we will use x; and cos 6; interchangeably with £
and p;‘—_gz. The discrete collision integral is defined as

Cy(x,cosb,7)

Ci(r) = /dx /dcosG w;(x)w;(cos ) - (B.51)
We can employ the delta functions in Eq. (B.49) to obtain
C3r) = [P Yy cos ) [ a02°2 | Mas(1,2;3, ) D(1, 2: 3,4
k(T) - W wz(xl)wj(cos 1)27]91 ’ gg( ) “y Dy )‘ ( ) £y 9y )
(B.52)

Using the symmetry of the system, we can rename the different momentum integra-
tions as follows

Cl(r) = [ aexe?

w;i(x1)w;(cos 0y) + w;(2)w;(cos Oz)
— w;(x3)w;(cos O3) — w;(z4)w;(cosby)

MU9(1,2:3,4)

‘ 2

D(1,2;3,4) (B.53)
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where the integral measure is now
~ d3q d3p1 d3p2 1 q Iy
10292 _ (9 / / / /d S <Y < _)
/ B0 ) Gy ] Gy ] ] Tee T IO

2 2 2 2
qg—w w o w—gq W w—gq
C] (p2 — 2) 0 (cosqu — (q — 1 )) 1) (cosQQq — (q + i >> .

(B.54)

Before we proceed, we note that particle number, energy and momentum are con-
served up to machine precision thanks to the sum rules in Eqns. (B.3-B.4), which
leads to

Z {wi(xl)wj(cos 01) + w;(z2)w;(cos by) — w;(z3)w;(cos bs) — w;(z4)w;(cos 94)}

=0, (B.55)

Ek: T {wi(xl)wj (cos ) + w;(wa)w;(cos Oz) — w;(z3)w;(cos O3) — w;(z4)w;(cos 04)]
=21+ 2y —x3—24=0, (B.56)

Z x;c08s 0;

k

w;(z1)w;(cos 0y) + w;(z2)w;(cos Oz) — w;(z3)w;(cos b3)
— w;(x4)w;(cos 94)} = x1c08 0, + T9c0s 0y — w308 05 — x4c080,4 = 0 . (B.57)

We can measure the vectors p; and p, using q as the z-axis of spherical coordinates
and employ their polar angle integrations to set

w w2—q2> (w w2—q2>
cost, = | — — , cosby, = | — + . B.58
1 (q 2p1q g " 2pag (B:38)

We are left with the following integration

52652 d*q e dpydey dpadgs 1
J e = [ 55 /qd”/q;w (21)? / e 6@ O

In the following, we provide the definitions employed to perform the integral numer-
ically. Starting with the outgoing particles energies and momenta given by

P3=pP1—q, Ps=p2+gq, (B.60)
pP3=p1—w, pa=p2tw. (B.61)
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The Mandelstam variables are
t=w?—¢% s=2pipa(l —cosb), u=—t—s.

In order to obtain the different angles, we define the basis (€1, €3, €3)

5=, = q g % — cos(eq)tiq _ - (?os(Gq)gq 7
q €, — cos(6,)eq] sin g,
L €q X €, B €q X €,
P e el [sm(@)]

where cos 0, = &, - €,. In this basis, the momenta are given by

D1 = p1 [cos 01,€1 + sin by,(cos p1€5 + sin ¢1€3)]

P2 = Do [€O8 O24€71 + sin O, (cos Po€s + sin ¢aes)] |

The angles with the initial momentum axis (i.e., 6, 2) are given by

costh = Pz [cos 6y, cos 6, + sin By, cos ¢y sinb,| |
b1

cos Oy = P _ [cO8 B2, cOs 8, + sin by, cos po sin b,] .
D2

We also need the following angles

Pr P2 _ 08 015 = cos 01, cos Oay + cos(P1 — ¢p2) sin Oy, sin Oy, |
P1p2

D3z p1cos b — gcosb,

—= =cosf3 = ,

b3 b —w

D4z P2 cos bty + g cos b,

— =cosf, = :

D4 P2 +w

(B.62)

(B.63)

(B.64)

(B.67)

(B.68)

(B.69)
(B.70)

(B.71)

We follow the same procedure for all the different processes in Tab. 3.1 to obtain

the different collision terms which are used for the evolution in Chapter 5.
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C Bethe-Heitler regime at infinite
medium

We solve Eq. (3.34) perturbatively following an opacity expansion in the number of
elastic scatterings, such that at leading order

—2i —4ip, Pz(1—=2)
(0) PL _ PL 1
S = SEG ) T pLeaE o
w(z)? = (1=z)m2, oy +2m2, .y — 2(1=2)md, 4y , (C.2)

which is entirely imaginary and thus does not contribute to the splitting rate. Hence,
the first non-trivial contribution comes from

2ip1. d2q, - .
:5E(Z>II)D, pJ_)/(27(T1)2 Cla ){Cl[ zP)(pL) _g(z,P)(pL_qL)}

(C.3)

1
2p.g(p (pL)

+C, [g P (PL) — g?z,p)(Pl_ZqL)]
+Ci |g.p)(PL) — 8l p)(PL—2a1)] |-

By plugging in the leading order one finds

2
(1) 2.2 o [d7aL ~ 1

2 =16P%2%(1— / C —_

P18..p)(PL) 27 (1-2) 2n)? (a1) o7 2

R 2@)2 e rarey
Lo l Pt pi(pL — qu)@) ]

TPt )2 (pL—zqu)? 4+
2

O e sl R D
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C Bethe-Heitler regime at infinite medium

such that the rate is given by

dreH &p, rd2q, 1 - 1
(P =a TR [0 [ O gy

pi. pilpi—aqi)
. {Cl lpi +u(2)?  (pL—qu)?+ u(Z)Ql
Pi pJ_(I)J_ - Z(h)
e [pL uE? (L —cal)+ u(z)?]

P pilpL—Zzai)
O [pi AP (L)t u(z)?] } - (G3)

We perform the re-arrangement

d*p, 1 p1 B p.(pL—au)
e lpi P S Rl gy u<z>2] (C6)

dzPL (PL - QL) ?
2 / (pL +u(z)? (pL—aqu)?+ u(2)2> ' (©7)

To re-write the terms in a manifestly positive definite form, we can re-express the
rate as

dFBH

S (P2) = 9T Py (2) Q% (2, mb, mi) (C3)

2 2

where QP (2, m?%,m?2 ) is a dimensionless integral given by

. s oy m? d*p, [d%q. ~
Q7" (z,mi), m>,) = 27g2T | (212 /(27T>2 C(mpq.)
pL B (PL—qu) i
" {Cl lpi +i(2)?  (pr—ai)?+ ﬁ<z>21
. [ P, (pL—2q) r
TPt (z)? (pL—zqu)? + fi2)?
PL (PL— Zq.1) 2
- [Pi +(2)? (pL—2qu)*+ ﬂ(z)Ql } |
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C Bethe-Heitler regime at infinite medium

with fi(2)? = u(2)?/m}. By re-scaling p, in the second and third term, the three
terms can be expressed in terms of a single integral

QP! (2, m?, m2) — ClQ([f(z)> + czcg(’ﬂz)) + CZQ( () ) (.10

22 (1—2)2
where
2 2 2 2
9y Mp d'pr [ daL pP. (PL—qu)
Q) = 27T | (on)2 / @) C(mpq.) [Pi T ) (C.11)

Now evaluating fi(z)? for the different channels, we get

~ g My 1 e(-2)
“z—mg(z) = (1-2) mé(g) + z mé(g) —2(1-2) mé(g) = 5 , (C.12)
D D D
~2 mgo,(g) mzo,(q) mgo,(q) 1 —= 2
[y gq(2) = (1-2) R A z2(1—=2) 5 = 5 ta, (C.13)
D D D
2 2 2
-2 Moola) Moo.(a) Moo () _ 20— 2(1=2)
= (1-— —2z(1— = 14
e (2) = (1=2) g2 4 20 (1) T U e
where a = mgqq /m?, such that the rates can be compactly expressed as
drfggg(P 2) = giTP,_4,(2) % (C.15)
P 1 %) = Gsd g—gg :
Cy  (1—2(1-2) Ca  (1—2(1-2) Ca  (1—2(1-2)
[2@ o )T\ e ) T @ e )|
dFBH
C(;_)gq (P7 Z) = gsTangq(Z) X
z
Ca 1 — 2+ 2az? Ca 1 — 2+ 2az2? Ca 1 — 24 2az?
Oug(1m2) (g, Ca)g(lmit?) Cuag (1=t st)]
lQQ 2 >+< P )@ 222 T 9 ey
dFBH
Cgl%qq (P, z) = ngPg—mq(z)X
z

(a3 e o) |



C Bethe-Heitler regime at infinite medium

C.1 Evaluating the integral in impact-parameter
space

In this section, we show how to compute the Q(f?) integral in b, -space. We start
by rewriting the integral in Eq. (C.11) as follows:

o7 /dQPL o) [S% Ca,) (Fps) — dpr—a0) . (€16

(2m)?
where we introduce the function 1; (pL) = pQPiﬂQ. Its Fourier transform is given by,
1
- dPqr oy - i ... .b
Bb) = [ S = — LG, (O
(27?) 2w bJ_

where K (z) is the modified Bessel function of the second kind. Inserting the Fourier
transform to the Q(ji?) integral and using the definition of the broadening kernel in
Eq. (6.2) we obtain

~2) _ gle/deL/?;}:; @E(pL)/ ?;:)L C_'( e ipLby (1 _ eibe ou) @E( b.)
- ng feo. | ?271:; P(ps) C(bo)e™4i(by)

by )u(—by) (b))

1 oodb
= 7 ) Q—;C(bl)mu Ky (b, )? . (C.18)

This last integral is equivalent to Eq. (C.11). However, being in position space, we
can use it to obtain the rate in the Bethe-Heitler regime for the non-perturbative
kernel without a Fourier transformation.

144



D Finite medium splitting rate
calculation

Following the approach of [121], we show in this appendix how we obtain the finite
medium rate numerically.

D.1 Interaction picture

We take the wave function defined in Eq. (6.43) to be isotropic and define the
interaction picture wave function and the inverse, as follows

r(p, AT) =e"POAG (|5, Al) (D.1)
O(1pl, AF) =e PPN E 0 (p, AF) (D2)
which follows the evolution equation
aA{+ AeiéE(ﬁ)Afﬁ . fg oe —is E(p) Atp 1/11(]9, At) (DS)
p?
with the initial condition
G (p, AT =0) =p- T30 P (D.4)
0E(p)
The splitting rate is now given by
dre,  g'TPa( BN AT~ .
RO / AAT [ e BEOAT (5, AT) (D.5)
dz s P

Using a standard Euler solver, we evolve the wave function from Af = 0 to Af = ¢
with the differential equation (D.3) and use our results to perform the integral in
Eq. (D.5).
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D Finite medium splitting rate calculation

D.2 Separating the soft scale

When solving the evolution equation using the NLLO and non-perturbative broaden-
ing kernels, we find that the 1/¢® behavior at small momentum leads to numerical
instabilities. In order to stabilize this evolution, we will consider the soft interac-
tions in the collision integral separately. By introducing an intermediate cut in the
momentum exchange g, the collision integral is separated to hard and soft interac-
tions

0[1/71] = Chard [1;1] + Cooft [1;1] . (D.6)

The soft interaction can be treated in a diffusion approximation using an expansion
in momentum exchange q. We specifically expand the following term from Eq. (D.3)
of the collision integral

—PD-q -~ o o~ cost r~ - 5
5 ap Vi AN = 00) + T [0) — 5 (9)
+2qﬁ2 [(4cos® 0 = 2)9(p) + (5 — 3pcos® )¢/ () + i cos” 04" (p)| . (D.7)

where 6 is the angle between p and q. Plugging the expansion to the collision
integral and performing the angular integral, we find

Ceon[tr] = 0 (p) (L7 (9) = 1P () + L(p) + 213(p))

+200) (1P0) ~ 280) — 350)) + LA WLG) . (D
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D Finite medium splitting rate calculation

where I; are the following integral moments

10 =[] dqq”[010< + O(Z)+ e ()
ll g Z%( = B ﬂ , (D.9)
1P0p) = /0 " dq [..]ggei“wwyo (Atpz(fl’q_z)> , (D.10)
Lip) = /0 " dq [..]Zie_mtﬂ%ﬁ—z)jl (At(’iq_z)> , (D.11)

These integrals are then performed numerically and together with the hard compo-
nent will make up the full collision integral in Eq. D.3, which can be used to evolve
the wave function.
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