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Abstract

The exploration of Quantum Chromodynamics under extreme conditions provides a win-
dow into a wide range of fascinating phenomena: from the fundamental properties of the
strong interaction, a fundamental force governing the subatomic world, to the conditions
present in the primordial Universe, immediately after the Big Bang. This is achieved
through the study of relativistic heavy-ion collisions at RHIC and LHC, where a novel
phase of complex nuclear matter is created. This thesis presents a novel formalism for
describing jet propagation within this complex matter, designed to use jets as differential
probes of its spatio-temporal structure. The three scientific papers comprising this thesis
[1, 2, 3] detail this novel formalism, deriving the two dominant perturbative processes
of jet modifications, transverse momentum broadening and medium-induced gluon radia-
tion, in the presence of an evolving medium with non-trivial structure.

Keywords: Jet quenching, Heavy-ion collisions, High Energy QCD, pQCD.



Resumo

A exploraciéon da Cromodinamica Cuantica en condicions extremas ofrécenos unha fiestra
a fenomenos fascinantes que abarcan dende as propiedades fundamentais da interaccion
forte, unha das forzas fundamentais que gobernan o mundo subatémico, até as condiciéns
presentes no Universo primordial, instantes despois do Big Bang. O seu estudo lévase a
cabo mediante colisions de i6ns pesados relativistas en instalacions como RHIC e LHC,
onde se produce unha nova fase da materia nuclear complexa. Nesta tese preséntase un
novo formalismo para describir a propagacion de jets dentro desta materia complexa, cuxo
obxectivo é utilizar os jets como sondas da sta estrutura espazo-temporal. Os tres artigos
cientificos que a componen [1, 2, 3] detallan este formalismo, e neles derivanse os dous
procesos perturbativos dominantes que modifican os jets, o ensanchamento do momento
transverso e a radiacion de gluéns inducida polo medio, considerando a evolucién do medio
e a sia estrutura non trivial.

Palabras clave: Jet quenching, Colision de ions pesados, QCD a altas enerxias, pQCD.
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Resumen

La exploracion de la Cromodindmica Cuéantica en condiciones extremas nos abre una
ventana a fendémenos fascinantes que abarcan desde las propiedades fundamentales de la
interaccion fuerte, una de las fuerzas fundamentales que gobiernan el mundo subatémico,
hasta las condiciones presentes en el Universo primordial, instantes después del Big Bang.
Su estudio se lleva a cabo mediante colisiones de iones pesados relativistas en instalaciones
como RHIC y LHC, donde se produce una nueva fase de la materia nuclear compleja. En
esta tesis se presenta un nuevo formalismo para describir la propagacion de jets dentro
de esta materia compleja, cuyo objetivo es utilizar los jets como sondas de su estructura
espacio-temporal. Los tres articulos cientificos que la componen [1, 2, 3| detallan este
formalismo y en ellos se derivan los dos procesos perturbativos dominantes que modifican
los jets, el ensanchamiento del momento transverso y la radiacion de gluones inducida por
el medio, considerando la evolucién del medio y su estructura no trivial.

Palabras clave: Jet quenching, Colisiones de iones pesados, QCD a altas energias, pQCD.



Conventions and notations

The conventions used throughout this thesis, which are standard in the field, are detailed
in this section. In all calculations, the reference frame is defined relative to the jets, with
the z-axis aligned along the direction of propagation of the leading parton. The 4-vectors
are in general noted v, = (v, v, v,), where bold quantities v are 2-dimensional vectors
in the transverse plane. The Greek letters p, v, ... are reserved as indices of the 3 + 1-
dimensional space. The Latin letters a, b, ¢, ... are reserved for the N? — 1 adjoint indices
of the SU(N,) group, while the fundamental indices are omitted to alleviate the notation,
since they can be easily restored by following the color flow in each diagram. Whenever
the components of a vector in the transverse plane must be specified, we use the index
a, where a = 1,2 represents the two transverse directions. The Einstein summation
convention is assumed for all index types within this work. The usual signature for the
metric in particle physics is used,

1 0 0 0
0 -1 0 0

[l —

= lo 0o -1 0" (1)
00 0 -1

such that the square of a 4-vector reads v? = v2 — v* — v2. Throughout the thesis, the
large energy limit for the jet partons is assumed, expanding every quantity in a series of
inverse powers of the parton energy. With this, the on-shell condition on the 4-momentum

of a parton is
2 4
p 1
= - - 2
Pu (E,p,E 2E+O <—E3)> , (2)

where L represents the characteristic transverse scale of the momenta. Several short-
hand notations have been introduced regarding the integrals. Integrals over space, the
transverse plane, and the longitudinal direction are denoted, respectively, as

/xz/dzccdz, LE/de, /Zz/dz. (3)
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On the other hand, integrals over the 3-momentum, the transverse momentum, and the
longitudinal momentum are denoted, respectively, as

[-fs (g (o)t

In Sections 2.2.3 and 2.3.3, where we deal with the chromoelectric fields present in the
glasma phase, the ‘absolute’ value of the SU(N.) field in color space is defined as £ =

V>, (E?)?, and the integrals are denoted

L=/ \FN Eﬁ = L=/ ot ®)

for SU(N,) and U(1) fields respectively.
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Introduction and objectives

This chapter provides a brief overview of the key topics relevant for this thesis. We be-
gin by exploring the fundamental principles of Quantum Chromodynamics (QCD), the
theory of strong interactions. Then, we introduce the concept of a jet and its definition
in the context of collider experiments. Subsequently, we examine the behavior of QCD
under extreme conditions, focusing on the formation of extreme states of nuclear matter.
Finally, we review the role of jets as probes of the hot/dense nuclear matter created in
heavy ion collisions, introducing the main topic of this thesis.

1.1 The basic principles of QCD

During the 1950s, great advancements in experimental techniques, such as the invention of
the vacuum chamber, triggered the discovery of a vast number of new subatomic particles.
These subatomic particles, heavier than the pion, were named hadrons after the Ancient
Greek word “hadrés”, meaning strong or bulky, which was chosen to contrast with lepton,
derived from the Greek “leptos”, meaning small or light. The observed proliferation of
hadrons led physicists to conclude that these particles were not fundamental, but rather
composite structures. In the 1960s, Gell-Mann and Ne’eman proposed the eightfold way
[4, 5], an organizational scheme for particles with similar properties and masses, based on
the irreducible representations of the SU(3) flavour symmetry group. The emergence of
this symmetry could be explained by the existence of three flavours of fundamental spin-
1/2 particles —later called quarks— which combine to form the different hadrons [6, 7.
However, the quark model alone was not able to solve the apparent violation of the spin-
statistics theorem for certain particles with spin-3/2; such as the AT and Q~, which are
composed of three identical quarks, suggesting a symmetric wavefunction and, hence, con-
tradicting the expected antisymmetrmy for fermionic states. To resolve this, a new SU(3)

1
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gauge degree of freedom, later known as the color charge, was proposed for the quarks
[8]. In addition, the impossibility of observing free quarks experimentally hinted at the
existence of a strong attracting force that keeps quarks bounded together inside hadrons,
later proposed by Greengberg, Han and Nambu [8, 9]. Notably, Han and Nambu cor-
rectly anticipated that the force carriers mediating this interaction would be eight vector
gauge bosons: the QCD gluons. In 1968, deep inelastic scattering experiments at SLAC
revealed three point-like scattering centers inside the proton, providing the first direct
experimental evidence for the validity of the quark model [10, 11]. Building upon these
ideas, the 1970s witnessed the development of QCD, a quantum field theory (QFT) that
incorporates color charge as the source of the strong interaction. Today, QCD is widely
regarded as one of the most successful physical theories, providing an extremely precise
description of strong interactions across diverse scenarios and explaining a remarkable
range of phenomena [12]|. Despite its success, QCD still presents fundamental challenges,
such as fully understanding confinement or chiral symmetry breaking, which are being
actively investigated through a combination of theoretical approaches, like lattice QCD
calculations, and experimental programs at colliders [13].

1.1.1 The QCD Lagrangian

Within the context of QFT, QCD is a Yang-Mills theory of the SU(3) group, consisting of
massless gauge spin-1 vector particles, gauge bosons called gluons; and massive spin-1/2
particles, fermions called quarks. To this day, there have been six different quarks discov-
ered —u, d, ¢, s, t, b— usually grouped into three different generations of increasing mass,
with electric charges +2/3e or -1/3e. The coupling of a Yang-Mills theory to fermionic
matter, a challenging problem due to the complex structure of SU(N,) gauge fields, was
first derived in Ref. [14]|. The conserved charge associated to the corresponding symmetry,
equivalent to the electric charge for quantum electrodynamics (QED), is known as color.
For generality, we consider a SU(N,) Yang-Mills theory, where N, represents the number
of colors. While QCD corresponds to N. = 3, keeping N, generic allows us to identify
color structures and simplify calculations, particularly in the large-N, limit (N, — 00),
where certain diagrams at each perturbative order can be neglected.

Since SU(NV,) is a Lie group, it has two main representations: the fundamental repre-
sentation and the adjoint one. The former is the smallest non-trivial irreducible represen-
tation of the group, and consist of N? — 1 different generators, noted t* in what follows,
which can be written in terms of N, x N, traceless Hermitian matrices. The fundamental
generators satisfy the following algebra

[t %] = i fapet® (1.1)

with a,b,c € {1,2,..., N.}, and fu. the so-called group structure constants. On the other
hand, the adjoint representation consists of N? — 1 different generators, noted 7% in what

2
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follows, which can be written in terms of (N2 — 1) x (N2 — 1) antisymmetric matrices.
The adjoint generators are fully determined by the structure constants, with their matrix
elements being

(T)be = —i fave - (1.2)
For the case of QCD, it is common to define the N? — 1 = 8 fundamental generators in
terms of the eight Gell-Mann matrices A\* as t{; = %)\?j, with 4,5 € {1,2,3}. In general,

SU(N.) Yang-Mills theories are usually referred to as non-Abelian because the SU(IV,)
groups themselves are non-Abelian, as demonstrated by the non-commutativity of their
fundamental generators (1.1).

Let us deduce the QCD Lagrangian by enforcing the Lagrangian of free fermions to
be symmetric with respect to local rotations of the SU(3) group, see e.g. [15, 16, 17, 18|.
We shall start by writing the Lagrangian density of free quarks as

Lo = U3 [i9"0u — mg] v} (1.3)

where @/Jé (1/_);) is the quark (antiquark) fermionic field, with color j € {1,2,..., No}
in the fundamental representation of SU(NV.), flavor ¢ € {u,d;s,c,b,t}, and mass m,.
In order to make (1.3) invariant under SU(N,) transformations of the fermionic fields
Y — Y = e?" @) where a®(x) are N, local arbitrary functions, one must replace the
normal derivative by the covariant derivative, defined as

D, = 8, +igt®A?, (1.4)

where color indices are omitted, and N, gauge fields A}, have been introduced. One might
initially consider the transformation of these gauge fields to be A — A’ = A7 — éauaa.
With this, the Lagrangian density becomes

Lpirac = Tzq [i'yuDu - mq] ¢q . (1'5)

However, (1.5) is not enough to produce a gauge invariant Lagrangian. This can be solved
by rewriting the actual. gauge ﬁeld trz%nsformation as A — A}/ = A} — éf)ﬂoﬂ — fabcabAﬁ.
Furthermore, a gauge invariant kinetic term for the gauge fields

1 a auv
Lgauge = _ZF/I,VF a ) (16)
with the gauge field tensor being
Fi, = 0,4, —0,A, + gf“bcAZAf,, (1.7)

may be added to the Lagrangian. Thus, the QCD Lagrangian density can be finally
written as

7 . 1 a auy
LQCD = 'C‘Dirac + Lgauge = % [VYMDM - mq] % - ZF,WF . ) (18)
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which is explicitly invariant under SU(XV,) transformations by construction.

Some key aspects of strong interactions can be directly inferred from the Lagrangian of
interacting quarks and gluons shown in (1.8). For instance, local gauge invariance requires
the gauge bosons to be massless, since a mass term for Af, would break its symmetry. This
is analogous to the case of QED, where the photon is massless as a consequence of local
U(1) gauge invariance. On the other hand, the pure gauge term in the Lagrangian (1.6)
shows a crucial distinction between non-Abelian gauge theories like QCD and Abelian
ones like QED. This term includes self-interactions among the gauge bosons, leading to
three- and four-point vertices. These self interactions imply that gluons carry the color
charge conserved by the SU(N,) symmetry, unlike photons in QED. For a thorough dis-
cussion on the QCD Lagrangian and its properties, see e.g. [15, 16, 17, 18].

1.1.2 Asymptotic freedom, factorization and IRC divergencies

One of the most extraordinary features of QCD is that the strength of the strong inter-
action decreases as the energy scale of the studied process, @), increases. This property
is reflected in the theory by the running of the coupling constant: the renormalization of
the ultraviolet (UV) divergences forces the coupling constant a, = % to be a function
of @, following the so-called renormalization group equation (RGE). At first order, i.e.
including correction up to one loop, the coupling evolves as [19, 20|

(1.9)

where § = (11N, — 2ny) /(127) with n; the number of active light flavors at the scale
@, and Aqep is the so-called Landau pole of QCD. The coupling constant (1.9) has two
limiting behaviours depending on the value of the energy scale of the process. First, when
() > Aqep, the effective coupling becomes small, a (@) — 0, and quarks and gluons
(partons) become the physically relevant degrees of freedom of the theory. A perturbative
description of weakly interacting partons is valid in this regime, enabling the use of per-
turbation theory. This phenomenon is known in the literature as asymptotic freedom,
and was predicted theoretically by Gross, Wilczek and Politzer in 1973 [19, 20]. On the
other hand, when @ ~ Aqcp (but larger), the effective coupling diverges, as(Q?) — oo,
and the perturbative picture breaks, with partons being strongly bounded inside hadrons.
In fact, there is extensive experimental evidence supporting the fact that color charged
particles, such as quarks and gluons, cannot be observed directly, but are always confined
within hadrons. This phenomenon, known in the literature as color confinement, has
not been proven analytically yet, but has been extensively observed in numerical simula-
tions [21, 22]. Notice that the running of the coupling given by (1.9) has been computed
at first order, and, therefore, cannot be used to study the limit of small ), which would re-
quire a resummation of higher order corrections. The scale that separates the weakly and

4
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Figure 1.1: Summary of measurements of a; as a function of the energy scale () obtained
for several different physical processes compared to the theoretical prediction using the
RGE evolution. This figure has been extracted from [23] under a Creative Commons
license.

strongly coupled regimes in QCD is not predicted by the theory itself but determined from
experiment to be approximately the inverse typical size of a hadron: Agcp ~ 200 MeV.
The running of the QCD coupling constant has been experimentally verified in several
different physical processes, see Figure 1.1, demonstrating excellent agreement with the
high-precision theory predictions.

The running of the coupling constant with the energy scale is crucial to understand
high energy scattering processes involving hadrons. In these processes, the coupling con-
stant becomes small for the hard scatterings, i.e. the part of the collision involving high
energies () > Aqcp (or short distances ~ 1/Q < 1/Aqep). This allows us to treat the
physical degrees of freedom —weakly coupled partons— using perturbative methods. In
contrast, the distribution of partons within hadrons, governed by low energy @) ~ Aqcp
(or large distance) physics, is inherently non-perturbative. However, one would expect
the internal structure of hadrons to be universal, i.e. independent of the specific collision
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process. Therefore, the hard scattering dynamics and the soft universal features of the in-
ternal structure of hadrons seem to be separable. This property is known in the literature
as factorization, and it is a crucial feature of QCD. As an illustration, let us examine the
cross-section for the collision of two hadrons, A and B, producing a hadronic final state
C' and an additional state X. Assuming factorization, it can be written schematically as

O-A+B_>C+X - fa/A(xm QQ) & fb/B(:L‘ba QQ) ® &a—i_b_m(l‘mxba Q27 as(Q2)) ® DC/C(xC7 Q2) )

(1.10)
where fq/4(2q, Q?) is a parton distribution function (PDF) giving the probability of finding
parton a with energy fraction z, inside the hadron A, D./c(z., @?) is the fragmentation
function (FF) corresponding to the hadronization of the parton ¢ into the hadron C,
and ¢ is the partonic cross-section of the hard scattering. While the PDFs and FFs are
universal non-perturbative objects that must be extracted from experimental data, the
partonic cross-section can be computed to the desired order in perturbation theory. A
rigorous proof of factorization of the cross-section, as formulated in (1.10), has been de-
veloped only for a limited class of processes, see [24, 25|. However, phenomenologically
motivated factorization schemes have been highly successful in describing a wide range of
experimental data for various observables.

QCD calculations are populated by three types of divergences: UV, infrared (IR), and
collinear. UV divergences arise from the short-distance behaviour of the theory and are
handled through renormalization, reabsorbing infinities into redefinitions of the param-
eters of the theory, as in the case of the coupling constant. On the other hand, both
IR and collinear divergences arise from the long-distance behaviour of the theory and
are associated with the (near) massless light quarks and massless gluons. The IR diver-
gences appear when the momentum of a gluon or a light quark approaches zero, while
the collinear divergences occur when two partons become collinear, i.e. with their mo-
menta nearly aligned. Notice that collinear divergences could be understood as a type of
IR divergences, however they are singled out here for convenience. For suitably defined
inclusive observables, the IR and collinear divergences are expected to cancel order by
order in perturbation theory, leaving the computed values finite.

1.2 Jet physics in collider experiments

High energy collisions involving leptons, hadrons, or nuclei can result in the production of
highly energetic partons through short-distance interactions (hard scatterings), which can
be described perturbatively thanks to factorization. As this parton propagates away from
the collision point, it undergoes parton showering, emitting gluons that subsequently split
into more gluons and quark-antiquark pairs. As the system expands to length scales of
order ~ 1/Aqcp, quarks and gluons undergo hadronization, forming color neutral hadrons
that can be measured in the final state of the process. Thus, studying the collimated spray
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of hadrons produced by this fragmentation process, known in the literature as jets, al-
lows us to access the properties of the parton shower of the initial highly energetic parton.
Jets have proven to be a very successful tool in particle physics, and particularly in QCD.
For instance, early jet studies allowed for the discovery of the gluon in electron-positron
annihilation experiments in 1979 [26, 27, 28, 29|. For more recent reviews on jet physics
for hadronic colliders, see e.g. [30, 31].

Jets, which are not fundamental objects in QFT but rather composite objects emerg-
ing from its complex dynamics, need to be phenomenologically defined through jet re-
construction algorithms: a set of rules to cluster particles into individual jets. Ideally,
these algorithms should be applicable to various input types, including partons, hadrons,
and even experimental measurements like calorimeter towers, with minimal impact on
the resulting set of observed jets. A condition usually required for these algorithms is the
infrared and collinear (IRC) safety. IRC safety guarantees that the set of jets produced by
the algorithm for a given event remains unmodified when an additional soft or collinear
splitting of one of the inputs is included. This property is essential for making reliable
prediction for jet cross-section using perturbative QCD. As an illustration, let us briefly
discuss the clustering procedure of the generalised-k; algorithm, one of the most used
jet definitions at the Large Hadron Collider (LHC) [31]. First, one must compute the
inter-particle distance between all possible pairs of particles as

R;j : (1.11)

diy = min (7, 07";)
and the beam distance of each particle as
dip = pr’;, (1.12)

where pr;(pr;) is the transverse momentum (with respect to the beam axis) of the par-
ticle i(j), R is a free parameter of the algorithm known as the jet radius, and AR;; =
V(Y —y;)? + (¢i — ¢;)? is the distance between particles ¢ and j in the plane defined
by the rapidity and the azimuthal angle (y,#). The extra parameter p can be fixed to
p = 1,0,—1 to specifically select the k;, Cambridge/Aachen or anti-k; algorithms re-
spectively [32, 33, 34]. Afterwards, the list of particles should be clustered into jets as
follows:

1. Find the smallest d;; and d;p.

e If the smallest distance is d;;, ¢ and j should be replaced by a new particle of
momentum pr obtained by applying a given recombination scheme to pr; and

Pr-

e [f the smallest is d;g, declare ¢ a jet and remove it from the list of particles.

2. If the list of particles is non-empty, return to step 1 and continue iterating until the
list is fully processed.
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In order to follow the latter algorithm, one must also choose a recombination scheme, i.e.
a prescription on how the momenta of the particles are combined into the jet momen-
tum. There are several different recombination schemes, and the choice depends on which
properties of the initial parton one desires to preserve into the resulting jet for subsequent
analysis.

In recent decades, the combination of experimental and theoretical techniques for
analyzing the internal structure of jets, known as jet substructure, has become a cor-
nerstone of modern particle physics, enabling the extraction of finer details from complex
high-energy collider environments, for example identifying heavy particle decays. While
jets themselves provide valuable insight into fundamental interactions, analyzing their
internal structure provides a unique laboratory to study QCD. The structure of jets is
tightly connected to the radiation cascade suffered by the initial energetic parton, al-
lowing us to access the intricate details of how the latter evolves into the final spray of
hadrons. Substructure techniques have achieved significant success recently, for instance,
enabling the identification and study of boosted objects such as top quarks and Higgs
bosons, which improves significantly the sensitivity of searches for physics beyond the
Standard Model. For recent reviews of both theoretical and experimental advancements
in jet substructure, see e.g. [30, 31, 35].

1.3 QCD under extreme conditions

QCD exhibits a rich and complex phase diagram as a function of temperature and baryon
density, indicating multiple possible exotic states of hadronic matter. The QCD phase dia-
gram — see a commonly conjectured form in Figure 1.2— provides insight into fundamental
aspects of the strong force, the conditions of the early universe, and the composition of
neutron stars, among other related phenomena. However, despite the intense research
activity within the particle physics community for the last few decades, it remains largely
unexplored both experimentally and theoretically. Omne of its most interesting exotic
phases is the quark-gluon plasma (QGP). The QGP is the universal state of matter
at high temperatures, where quarks and gluons are deconfined from the hadrons. This
phase can be inferred from the property of asymptotic freedom: at high energy densities,
corresponding to high temperatures and/or baryon densities, the QCD coupling constant
weakens significantly, as discussed in Section 1.1.2, and partons deconfine from hadrons.
The possibility of such a state of matter was first proposed by Collins and Perry [36],
and Cabibbo and Parisi [37] in the early days of QCD. Notice that, although quarks and
gluons are deconfined from hadrons in this phase, experiments indicate strong parton
interactions, resulting in a (nearly) perfect fluid QGP [38].

Studying the QGP provides crucial insights into fundamental interactions, including
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Figure 1.2: Conjectured phase diagram of QCD as a function of the temperature and
baryon chemical potential. This figure has been extracted from [39] under a Creative
Commons license.

the phase transition between confined and deconfined nuclear matter, the properties of
the early universe, and the overall behaviour of the QCD equation of state. The QGP at
high temperature can be experimentally produced in ultra relativistic heavy ion collision
(HIC) at colliders such as the Relativistic Heavy Ion Collider (RHIC) at the Brookhaven
National Laboratory (BNL) and the LHC at the European Organization for Nuclear Re-
search (CERN), enabling a systematic investigation of this novel phase of nuclear matter.
To understand the dynamics of HICs, let us qualitatively investigate the collision process
as a function of increasing energy. At very low collision energies, nuclei interact as a
whole, exhibiting phenomena such as giant dipole resonances and nucleus excitations. As
the energy increases, individual nucleon-nucleon interactions dominate, and particle pro-
duction is observed. These low-to-medium energy collisions can be well described within
the framework of nuclear reactions. However, as the collision energy further increases,
partonic interactions become more and more significant and the nuclear reaction picture
breaks down. At relativistic energies, HICs undergo different stages that can be roughly
classified as follows — see Figure 1.3 for a schematic representation:

1. Pre-equilibrium stage. Immediately after the collision of two Lorentz-contracted
nuclei, intense non-Abelian QCD color fields, generated by partons within the color-
glass condensate (CGC) framework, interact to produce a state of highly overoccu-
pied gluonic matter. This phase, commonly known as the glasma in the literature, is
short-lived, with a duration of less than 1 fm/c, and exhibits large anisotropies. The
system subsequently undergoes rapid expansion, evolving towards a state of local
thermal equilibrium. This equilibration process is commonly considered within the
QCD effective kinetic theory (EKT), although it might be non-perturbative.
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Figure 1.3: Schematic illustration of the different stages of the evolution of the fireball
created in high energy HICs. This figure has been adapted from [40] under a Creative
Commons license.

2. Thermal stage. Once the system reaches (quasi) local equilibrium, the evolution
of the fireball, comprised of deconfined quarks and gluons, can be accurately de-
scribed by viscous hydrodynamics. This phase marks the formation of the QGP.
The internal pressure of the system exerted against the surrounding vacuum results
in the hydrodynamic expansion of the QGP, leading to a decrease in energy density
and consequent cooling. Below a critical temperature, T' ~ Aqcp, partons become
confined within hadrons in a process known as hadronization. During this transi-
tion, the fireball continues to expand rapidly while maintaining an approximately
constant temperature.

3. Freez-out stage. Following hadronization, hadrons undergo collisions, maintaining
local thermal equilibrium as the system expands and cools. When the expansion
reduces the frequency of inelastic collisions sufficiently, hadrons cannot change their
indentity, and, therefore, their abundance remains constant. This phase is referred
to as chemical freeze-out. Then, as the average distance between hadrons exceeds
the strong interaction range, the remaining elastic interactions become insufficient to
maintain thermal equilibrium, leading to the (near) complete decoupling of hadrons.
This phase is known as kinetic freeze-out.

The complex nuclear matter produced in HICs is a short-lived transient state. Its
initial degrees of freedom, whether the strong fields in the early stages or the quarks
and gluons in the QGP phase, cannot be directly observed experimentally. Therefore,
all information regarding the produced matter must be obtained from low-p; particles,

10
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originated from the hadronizaton of the produced matter, or self-generated probes that
are sensitive to the underlying medium and can be extracted from the hadrons, leptons
or photons measured experimentally. For instance, two key signatures confirming QGP
formation at RHIC were the suppression of high-energy jets relative to a proton-proton
(pp) baseline when normalized by the number of nucleon-nucleon collisions, and the pres-
ence of anisotropic collective flow driven by the elliptical geometry of the collision, see
[41, 42, 43, 44]. In general, the most common probes used to characterize the properties
of the produced matter can be roughly divided into:

Correlations of low-pr particles. In HICs, low-py hadrons, which are a significant
fraction of all the produced particles, exhibit strong correlations in the momentum dis-
tribution, indicating the presence of collective flow. The initial spatial anisotropy of the
colliding nuclei leads to a pressure gradient within the expanding fireball, resulting in a
collective motion of the produced particles. The different patterns of anisotropic flow can
be characterized by a Fourier expansion of the differential distribution of momenta as:

dN 1 dN >
= 142 Uy COS N (¢ — , 1.13
Ppdy ~ Trom dedy< Z [ (¢ wﬂ) (1.13)

where ¢ is the azimuthal angle, pr is the transverse momentum, y is the rapidity, and
¥ is the angle of the reaction plane, defined by the impact parameter of the collision
and the beam direction, with a reference axis in the detector frame. The Fourier coeffi-
cients, v,, are generally functions of pr and y, and provide different insights about the
initial geometry of the collision. Measurements of large values of the second flow coeffi-
cient vo, known in the literature as elliptic flow, have been observed in both RHIC and
LHC experiments, suggesting that the QGP behaves as a nearly perfect fluid with very
low viscosity, see e.g. [42, 45]. For a review on correlations of low-pr particles, see e.g. [46].

Electromagnetic probes. Unlike hadrons, which are emitted primarily from the hadroniza-
tion hypersurface and undergo significant final-state interactions, photons and dileptons
(electromagnetic (EM) probes) are emitted throughout all the stages and from the entire
volume of the system. Since they do not carry color charge and the EM interaction is
much weaker, the mean free path of EM probes within the medium is very large. This
allows them to escape the matter practically undisturbed, providing unique insight into
the evolution of the system from the early stages. Particularly, the ability to constrain
the QGP temperature through measurements of thermal photon and dilepton production

is a significant achievement of EM probes, see e.g. [47, 48|. For a recent review on both
theory and experiment of EM probes, see [49].

Heavy quarks. Quarkonium, the bound state of a heavy quark —such as charm or
bottom— and its antiquark, serves as a valuable probe of the QGP. Due to their large

masses (m) compared to both the QGP temperature (Tgep) and the QCD characteristic

11
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scale (Aqcp), i.e. m > Tqep and m > Aqep, heavy quark production is largely unaf-
fected by the medium and can be described by perturbative QCD. However, the properties
of the quarkonium system, such as its diffusion and the probability of quarkonium for-
mation, are significantly modified by the presence of QCD matter, encoding information
about its properties. For instance, focusing on its formation probability, there are sev-
eral mechanisms that contribute to modify the yield of quarkonia. On the one hand, the
chromoelectric fields get screened at large distances due to the presence of QCD matter,
weakening the binding attractive force between the pair, and leading to higher proba-
bility of dissociation. On the other hand, inelastic scattering of heavy quarks with the
constituents of the medium can induce transitions of quarkonium from a color singlet to
a color octet state, resulting in a finite thermal decay width. Conversely, unbound heavy
quarks can recombine to form a bound state inside the medium. In general, the overall
impact of these processes on quarkonium yields allows probing various properties of the
QGP, such as the temperature and density. Quarkonium suppression, particularly the
suppression of different quarkonium states with increasing binding energy, is considered
a key signature of QGP formation, see [50, 51]. For a recent review on heavy quarks as
probes of the QGP, see [52].

Jet quenching. In the presence of QCD matter, hard partons, highly energetic particles
produced in hard scatterings in the initial collision, propagate through the medium inter-
acting with its constituents and undergoing a parton cascade. Thus, the resulting jet gets
modified by these interactions, encoding information about the properties of the matter.
One of the main modifications to jets (and hard hadrons in general) is the energy loss
due to scatterings with the medium constituents, which results in the suppression of the
jet spectrum in HICs relative to pp collisions, see [53, 54|. The jet spectrum suppression
—along with the correlations of low-pr particles— is considered a key signature of QGP
formation, and can be understood as a part of a larger group of effects collectively known
as jet quenching. Since jet quenching is the main topic of this thesis, we introduce it in
the next section in detail.

1.4 Hard probes in HICs

As it has been discussed in the previous section, the complex nuclear matter produced in
HICs is a short-lived transient state that cannot be studied using external probes. There-
fore, all information regarding the QCD medium must be obtained from self-generated
probes that are sensitive to the underlying matter. Hard probes —strongly interacting
particles produced at very high energy or mass scales—, such as jets and heavy quarks,
are among the most interesting probes of nuclear matter. Due to their large energy (or
mass), hard probes are produced shortly after the initial collision and traverse all stages
of the evolution of the matter, providing sensitivity to the glasma phase, thermalization,

12
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Figure 1.4: Ra4 as a function of jet pr for four different centrality intervals. This figure
has been extracted from [54] under a Creative Commons license.

and the QGP. Hence, the study of their modifications due to the interaction with the
QCD medium provides resolution of the temporal and spatial structure of the medium
evolution. In the following discussion, we will focus on jets as probes of HICs, which, for
convenience, will be referred to as hard probes indiscriminately.

One of the most significant modifications to jets in HICs is the energy loss, where
the high-energy parton produced in the hard scattering loses energy as it transverses the
medium. This effect is typically quantified experimentally by the nuclear modification
factor, R4, which measures the modification in HICs of the yield of hadrons or jets at

a given transverse momenta compared to that in pp collisions. The observable is usually
defined as
dNA4 /dprdy

fas = (Neow) NP2 Jdprdy’

(1.14)

where N44(NPP) is the yield of jets in nucleus-nucleus (pp) collisions, and (N is the
average number of binary collisions of nucleons happening in the corresponding AA colli-
sion. Experimental measurements of R 44 consistently show values below unity (R44 < 1),
indicating a suppression of the jet spectrum relative to the pp baseline [54]. Futhermore,
R4 exhibits a significant centrality dependence, with values approaching 1 for more pe-
ripheral collisions, see Figure 1.4. This observation is interpreted as a clear signature of
energy loss by partons traversing the medium, supported by the fact that more central
collisions, with larger volumes of matter created, show increased suppression.
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Figure 1.5: Left panel shows the minimum bias nuclear modification factor for charged
hadrons in p-Pb collisions (R,p,) at 5.02TeV, compared to the minimum bias R4 in
Pb-Pb collisions at the same energy. This figure has been extracted from [56], under a
Creative Commons license. The right panel shows the elliptic flow coefficient vy of high-pr
hadrons in 0-5% most central collisions at 8.16 Tev, suggesting a remnant anisotropy even
for pr > 50 GeV. This figure has been extracted from [57] under a Creative Commons
license.

Beyond energy loss, in-medium jets show a large variety of distortions, including modi-
fications to the parton branching process and to the fragmentation pattern of partons into
hadrons. These modifications, which are collectively referred to as jet quenching, can
be experimentally accessible using jet substructure observables. As proposed by Bjorken
in 1982 [55|, the main goal of the jet quenching program is to use these modifications to
extract information about the properties of the QCD matter produced in HICs. However,
a key challenge in achieving this goal lies in developing a robust theoretical understanding
of how the matter affects the propagation of jets. This thesis aims to address this challenge
by developing a novel theoretical framework that incorporates a more realistic description
of the medium. This framework, which is thoroughly discussed in the next section, explic-
itly considers previously neglected effects, such as the medium structure and its evolution.

The observation of correlations of low-pr particles, i.e. non-zero v, in small systems
like proton-nucleus (pA) collisions raises a significant puzzle. While similar patterns in
HICs are interpreted as a signature of collective flow and QGP formation, another key
QGP signature —the suppression of high-energy jets and hadrons— is not observed in pA
collisions, see Figure 1.5. Given the expected strong deviations from equilibrium and
large gradients in pA collisions, the theoretical framework developed in this thesis offers
a promissing approach to understanding the jet quenching in small systems, which may
be crucial to resolve this discrepancy.
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1.5 Objectives and methodology

This section presents the main objectives of this thesis and outlines the methodological
approach employed in this research.

1.5.1 Objectives

The primary goal of this thesis is to investigate the properties of the state of matter formed
in the initial moments of HICs using jets as probes. To this end, we have developed novel
analytical tools, expanding the current jet quenching formalism to introduce the effect
of matter evolution and structure during different stages of HICs. The three specific
objectives addressed in this thesis are:

1. Broadening and medium-induced radiation in flowing anisotropic mat-
ter: Computing the leading corrections to the jet broadening and the spectrum of
medium-induced radiated gluons due to the interplay between the flow and hydro-
dynamic gradients in the presence of a dilute QCD medium. This objective is fully
achieved on [1].

2. Medium induced radiation in dense inhomogeneous matter: Computing the
spectrum of gluons sourced by the branching of an energetic quark in the presence
of a dense QCD medium with anisotropies. This objective is fully achieved in |[2].

3. Medium induced radiation in the HICs initial stages: Computing the medium-
induced radiation and energy loss rate of jets in the presence of the glasma formed
in HIC initial stages. This objective is fully achieved in [3].

During the development of the Ph.D. that has led to this thesis, different research
lines have been explored, resulting in three additional scientific papers that have not been
published by the submission of this document, and therefore cannot be included. First, in
[58], we compute the double differential medium-induced gluon spectrum within flowing
matter, keeping the subeikonal corrections and considering real spin-1 emitted gluons. In
[59], we revisit the caluclation of the soft gluon emission probability off a colour singlet
qq system that evolves in the QGP, extending the previous studies by considering the
effect of the interactions with the medium during the formation of the antenna and not
only its propagations. Finally, in [60], we study the collinear limit of the Energy-Energy
Correlator (EEC) in single inclusive jet production in pp and pA collisions, introducing a
non-perturbative model that allows to describe the small angle region of the observable’s
distribution and the modifications from the interaction with the nuclear medium in small
systems.
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1.5.2 Methodology

This thesis focuses on deriving analytic tools to study processes involving strongly inter-
acting particles inside QCD matter. To this end, the presented works employ standard
perturbative QCD techniques within the framework of QFT to compute the relevant
Feynman diagrams for the processes under investigation. In the next section, we will
review in detail the formalism developed for hard probes propagating through evolving
and anisotropic matter, as presented in the published papers comprising this thesis. We
will discuss the color background field employed to model the effects of the QCD medium,
which follows from matter considerations based on hydrodynamics and QCD kinetic the-
ory, and its correlators. Furthermore, we will discuss the extension of the two primary
approaches for in-medium jet calculations, the BDMPS-Z formalism for dense media and
the simplifying limit of the truncated opacity expansion for dilute media, to account for
the novel features of the matter.
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The novel formalism: a discussion of
the results

This chapter revisits the derivation of the novel theoretical framework developed in this
thesis, reviews the fundamentals of jet quenching theory, and discusses the key results
presented in Chapter 4. Here, we will emphasize the novel aspects and the underlying
physics, rather than delving into technical details of well established calculations that can
be easily found in the literature. For a thorough review of the jet quenching theory, see
e.g. [61].

As explained in Chapter 1, jets are formed by the branching and subsequent hadroniza-
tion of a highly energetic parton. In the following, a ‘highly energetic’ parton is defined
as one that satisfies

E> |k|,T,AQCD, (2.1)

where F is the energy of the parton, |k| is its transverse momentum, and 7' represents
the temperature of the thermalized stage of the medium. This condition implies that the
energy of the parton is much larger than its transverse momentum and any characteristic
scale of the medium, e.g. the temperature in the QGP phase. Under these assumptions,
the interaction between the partons and the matter is assumed to be perturbative, and
thus perturbative QCD is applicable. For recent developments on the treatment of probes
in strongly coupled matter, see e.g. [62, 63, 64, 65, 66, 67, 68, 69].

The two leading perturbative processes governing the evolution of a high-energy parton
traversing a QCD medium are the transverse momentum broadening and the medium-
induced radiation. Transverse momentum broadening arises from elastic scatterings of
the parton with the medium, leading to a modification of its transverse momentum.
Medium-induced radiation describes the additional radiation emitted by a parton due to
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these scatterings with the matter. Actually, medium-induced radiation is the main mech-
anism of energy loss for energetic partons |70, 71, 72, 73, 74|, in contrast to the low-energy
regime where collisional energy loss dominates |55, 75, 76]. This thesis develops a new
formalism to describe hard probes in matter, incorporating the effect of medium evolu-
tion and anisotropies. Our focus is on the two leading perturbative processes, momentum
broadening and medium-induced radiation, which are examined within two phases of QCD
matter, the QGP and the glasma. In both stages, the probe-matter interactions can be
modelled as energetic partons interacting with a color background field. The derivation
and specific characteristic of this field will be investigated in detail throughout Section 2.1.

The effective number of interactions between partons and the background field is de-
termined by the characteristics of the matter. In the dense matter limit, partons undergo
multiple interactions with the background field. These interactions can be resummed,
resulting in effective propagators in the transverse plane, i.e. in 2+1 dimensions, that
incorporate the effect of the medium on the partons appearing in a given process. This re-
summation building in-medium parton propagators at the level of the amplitude is known
in the literature as the Baier, Dokshitzer, Mueller, Peigné, Schiff - Zakharov (BDMPS-Z)
formalism [77, 78, 79, 80, 81, 82, 83|, with its phenomenological implementation developed
by Armesto, Salgado, Wiedemann (ASW) (84, 85]. In the dilute matter limit, one expects
the effective number of scatterings with the medium, which is controlled by a combination
of matter properties and the probe-matter effective coupling called opacity y, to be close
to unity. Consequently, an expansion in this parameter —the so-called opacity expansion—
can be performed, simplifying calculations significantly. This approach is known as the
Gyulasy, Levai, Vitev - Wiedemann (GLV-W) formalism [86, 87, 88, 89, 90, 91|. These
two approaches are indeed equivalent, as demonstrated in [89, 90|, where it was shown
that a resummation of the opacity expansion in the limit of soft momentum exchanges
precisely reproduces the BDMPS-Z result. This thesis extends both the BDMPS-Z and
the GLV-W formalisms to incorporate the novel features arising by considering evolving
anisotropic matter.

Similar to pp collisions, in-medium processes are also usually assumed to be factor-
izable (92, 93|. The factorization implies that the production of the hard parton can be
treated independently of its subsequent evolution within the matter. The specific details
of the production can be schematically described by (1.10) after replacing PDFs by nuclear
PDFs (nPDFs), which encapsulate the non-perturbative structure of the colliding nucleus.
Even thought the factorization may break for evolving and anisotropic matter in some
scenarios, in what follows, we will focus solely on the evolution of the hard parton within
the matter, while encapsulating the details of its production within a source function.
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2.1 The background field and the field correlators

The study of how energetic partons behave while traversing dense nuclear matter is highly
inspired in the seminal works of Landau, Pomeranchuk and Migdal (LPM) in QED. In
the mid 20th century, LPM demonstrated that a highly energetic charged particle under-
going multiple soft scatterings with a dense medium will experience interference effects
between adjacent scatterings, resulting in an overall suppression of the bremsstrahlung
radiation (94, 95| known as the LPM effect. In the 90s, particularly driven by the up-
coming RHIC experiment, a considerable effort was devoted to extend these studies to
non-Abelian backgrounds, investigating the influence of dense color media on the propa-
gation of strongly interacting particles |78, 79, 96, 97|. These works use a semiclassical
approach, neglecting the changes in the medium configuration due to the passage of the
particle (backreaction), see [98| for a review on attempts of relaxing this approximation.
In this approach, the matter is treated as a classical background field produced by a
stochastic ensemble of charged particles with correlations determined by the properties
of the matter. This remains the most widely used formalism for treating jet quenching
processes to date, see e.g. [61] for a review.

In line with these historical approaches, the effect of QCD matter on hard probes is
modelled here by the field produced by an ensemble of SU(N,) charged quasiparticles,
given by

gA™(q) = / e @B (g ) ) () ol ) (2m)8(g ), (22)

)

where u, = (1,u,u;) is the non-relativistic velocity (obtained by removing the rela-
tivistic y-factor from the four-velocity) of the in-medium sources, p* is the source color
density, and v(q; x, z) is a single source potential. The dependence on the coordinates
of the latter arises from the local properties of the medium, which can exhibit non-
trivial spatial structure. In the following, the reference frame will be chosen relative to
the jet propagation, with the z-axis aligned with the direction of the leading parton.
The field produced by a discrete collection of sources located at positions (x;, 2;), as it
is usually considered in the GLV formalism, can be directly obtained by substituting
Pz, 2) = 31263 (x — x;) (2 — 2) in (2.2), where t¢ represents the projection of the
color of the i-th source onto the SU(N,) generators.

The field profile given in (2.2) can be simplified under various assumptions. For in-
stance, in the case of homogeneous matter, where the local properties of the medium
are constant in space, the spatial dependence of the velocity, color density and scatter-
ing potential vanishes. In the case of static matter, the non-relativistic velocity sim-
plifies to w, = (1,0,0), and the field has only one non-zero component. To simplify
the derivations, most jet quenching calculations employ the brick approximation,
where the matter is assumed to be static and homogeneous in the transverse direc-
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tions. However, these approximations decouple the jet quenching description from the
evolution and structure of the medium, limiting theoretical control over the impact of
matter on jet properties. Several attempts have been made to incorporate medium evo-
lution effect into jet quenching theory with minimal modifications, such as incorporat-
ing medium dilution [99, 100, 101|, using kinematic arguments [67, 102, 103|, or treat-
ing the flow within phenomenologically motivated models [104, 105]. In recent years,
there has been a growing effort to extend the theory of jet-matter interactions to the
case of anisotropic evolving matter, relaxing the simplifying approximations gradually
[1, 2, 3, 58, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117]. This is essential
for effectively utilizing the new jet substructure techniques, as accurate theoretical pre-
dictions require a more realistic picture of the medium, including anisotropies and flow
effects, as it will be discussed later in this Chapter and in Chapter 3.

The single source scattering potential, v(q; @, z), governs the details of the probe-
matter interactions, and it is therefore expected to be different at different stages of HIC
matter evolution. In the QGP phase, the potential is expected to be screened, with the
screening scale usually referred to as the Debye mass. While a variety of choices exist
in the literature, see e.g. the discussion in [118], the Gyulassy-Wang (GW) model [96]
will be used to illustrate the results explicitly throughout this thesis. The corresponding

potential is given by
2

g
v(ge,2) = 55—, (2.3)
¢ = p*(x, 2)
where g is the effective strong coupling inside the medium, and u(x, z) is the Debye mass,
which can exhibit spatial dependence depending on the matter properties. Notice, how-
ever, that the generalization of the presented results to other choices of the in-medium

potential is conceptually straightforward.

Since the field (2.2) is generated by a stochastic ensemble of in-medium sources, char-
acterizing its statistical properties, which are encoded in its correlators, is essential. In
the context of the QGP phase, a common assumption is that these correlators exhibit
Gaussian white noise statistics. This implies that the colour charge sources fluctuate
randomly around their average values with a Gaussian distribution and are uncorrelated
at different spacetime points. Therefore, the two-point function ~known as the medium
average— is the only non-trivial field correlator and can be expressed in terms of the color
source densities as

5ab

(7@, 20" 2)) = g 00w~ 9)0(e = ) . 2). 24)

where C is defined as C'z = N, for fundamental sourcers and C'z = Cr for adjoint ones,
and the number density of scattering centers p(x, z) has been introduced. For the specific
case of a field generated by a discrete collection of sources, the medium average (2.4) can
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be equivalently expressed as <t§‘t§’- = ﬁéijéab.

Despite its short-lived nature (lasting less than 1fm/c), the glasma phase exhibits
very high energy density, suggesting a significant potential to modify both the energy and
the substructure of jets. While it is interesting to study jet quenching processes within
this phase, the specific details of both the field and its correlator discussed above for the
QGP are not well-suited for describing this stage of matter evolution. During the glasma
phase, the matter can be characterized by strong color fields aligned along the beam
axis, exhibiting a huge anisotropy between the longitudinal and transverse directions, see
[119, 120, 121, 122, 123]. In addition, the matter has an intrinsic energy scale @5, known as
saturation scale, which determines the characteristic correlation length of the color fields
to be 1/Q5. Thus, the glasma stage can be modelled as a collection of independent color
domains with size of approximately 1/Q;. With this picture in mind, one may envision
a jet propagating at mid-rapid along the z-axis, orthogonally to the beam direction, as
traversing a stack of transversely infinite slabs of thickness ¢ ~ 1/Q, which will be referred
to as color domains indistinctly in the following. This idealization allows for writing the
background field during the glasma stage as, see [3| in Chapter 4 for further details on
the model

S B 0<z<
. o . Mz - ES (< z<2
gA “(:B,Z) = x- FE (Z) = SHO o Eg, W< 2<30 (25)

where both the beam axis and x are in the transverse direction to the momentum of
the leading parton. Due to the non-vanishing correlation of the color fields within each
domain, the white noise approximation is not applicable for the glasma. Conversely,
assuming that the fluctuations of the field in each domain follow a Gaussian distribution
with a characteristic width FEj, and choosing a reference frame in the transverse plane
such that the chromoelectric field has only one component, the medium average can be
written as

(f(ES, E$ ES,---)) = / e—E%/E&/ o E3/ES ... f(ES B3, ES .., (2.6)
E1 E2

27 a
where E2 =% (E%)?, and we have introduced the shorthand notation [, = [ %.
VTEgy) €
For further details regarding this model of field correlators in the glasma phase, including
a discussion about alternative statistics omitted here, see [3].

With the background field and its statistical properties determined for both stages

of HIC matter under investigation, we can subsequently proceed with the jet quenching
calculations.
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2.2 The transverse momentum broadening

This section demonstrates how the jet quenching formalism can be extended to account
for the novel features of the matter described in Section 2.1, focusing on the derivation of
transverse momentum broadening —the simplest relevant perturbative process. Hence, we
will examine this process in the QGP phase, explaining the impact of matter anisotropies
and flow, and in the glasma phase, analyzing it under anisotropic, correlated strong
fields. To obtain the final transverse momentum distribution at any stage of the matter
evolution, the amplitude of a parton propagating through the specific background field
must be computed. However, in contrast to the classical picture, in QFT a particle
interacting with a background field experiences a superposition of all possible number
of interactions, not a fixed number of them. Therefore, the complete amplitude of the
process can be written as the following series

M=) My=M+M-+M+..., (2.7)

N=0

where My is the amplitude with N scatterings —see the Feynman diagram correspond-
ing to M, in Figure 2.1- and M, corresponds to vacuum. To obtain the matrix ele-
ment, i.e. the squared amplitude averaged over quantum numbers and medium configu-
rations, needed to compute observable quantities from (2.7), two distinct approaches can
be taken.On the one hand, within the BDMPS-Z formalism, the series (2.7) is resummed,
resulting in an effective parton propagator. Then, the resummed amplitude is squared,
and the medium averages are performed to obtain the corresponding matrix element. On
the other hand, within the GLV formalism, the full amplitude M is squared before re-
summing the series, and the medium averages are performed on each term separately,
ie.

([MJ2) = ([Mof*) + (|Mi]*) + (Mo MG) + (MoM3) + ... . (2.8)
o e ’

This way, the calculation of each order in the opacity expansion, enumerated by N, in

(2.8) and with the opacity (usually) defined as xy = %L with L the length of the
medium, can be performed separately.

To illustrate how each formalism is extended to incorporate the novelties of the medium
model, we review three calculations of transverse momentum broadening. First, we revisit
the calculation in a flowing, anisotropic QGP within the dilute matter limit, using the
GLV formalism at first order in opacity N, = 1, as presented in [1]. Second, we consider
the broadening in a static, anisotropic QGP within the dense matter limit, using the
BDMPS-Z formalism, as originally derived in [111]|. Finally, we revisit the derivation of
broadening in the glasma, using the BDMPS-Z formalism, as presented in [3|. Notice that
both Refs. [1] and [3]| form part of this thesis, see Chapter 4.
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P, p, P; P, Dy
@
q, q, q; q,
V. . . (2
Ji Js Js Js

Figure 2.1: Feynman diagram of the contribution with n = 4 scatterings with the back-
ground filed to the full amplitude. This figure has been extracted from [111]| under a
Creative Commons license.

Figure 2.2: Feynman diagrams of the single-Born M; (left) and the double-Born M,
(right) amplitudes of a parton traversing QCD matter. This figure has been extracted
from [1].

2.2.1 Broadening in anisotropic, flowing matter in the dilute limit!

In this section, we revisit the derivation of the gradient correction to the momentum
broadening distribution within flowing, anisotropic QCD matter to first order in opacity.
We focus particularly on the interplay between velocity corrections and spatial gradients
due to matter anisotropies. The following derivation will be performed at first subleading
order in the expansion of inverse powers of the energy of the parton —the so-called eikonal
expansion—, neglecting anything suppressed by two or more powers of the energy, and first
order in the gradient expansion of the hydrodynamic variables, going beyond the usual
GLV construction. At this level of accuracy, we can ignore the suppressed spin effects
and consider scalar particles in the fundamental representation. At first order in opacity
N, = 1, there are two types of contributions to take into account: the single-Born (SB)
contribution M; and the double-Born (DB) contribution M,, see Figure 2.2. Then, the
amplitude at N, = 1 is given by the first four terms of the series shown in Eq. (2.8). In
the following calculation, the reference frame is chosen relative to the jet, with the z-axis
aligned with the leading parton’s direction of propagation.

!This section presents an adapted summary and partial reproduction of content from [1]|, which forms
part of this thesis and is detailed further in Chapter 4.
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Single-Born contribution

We start by considering the SB contribution to the broadening of an energetic (scalar)
quark. The corresponding N, = 1 amplitude reads

; — ﬂ e — ap - —
= [ S it 2 - 0,4%00) | | - 0

) u-p e 2(1 —u,)E
= - taro' pa(w’ Z) (1 B > c o) U(q> . J(P - Q) s
/z,q e (1—u.)E (p—q)* +ie 29
2.9

we have used the delta function in (2.2), and the dependence of the velocity components
and the potential on the coordinates has been omitted to alleviate the notation. In the
above equation, J(p — ¢) is the source of the initial energetic quark controlling the initial
distribution of partons — assumed to be centered at @y = 0 and 20 = 0 —, and ¢}, is
the leading parton (“projectile”) color generator.

Integrating over g, by residues, we assume that J is slowly varying, hence there are only
four poles in (2.9) to account for in the evaluation of the integral. The two poles, coming
from the scattering potential v(q), have a finite imaginary part. For a sufficiently dilute
and longitudinally-extended medium pz > 1, therefore the corresponding contributions
are exponentially suppressed and can be neglected. The other two poles come from the
quark propagator

2F q-u
+
~ 1— ) 2.10
p=d 1+uz< 2F (2.10)

- 9w  (pP—g’-p’
PO 11—,  2(1—wu,)E "’

(2.10D)

where we have accounted for the first terms in the eikonal expansion. Given that Q;j_q is
O (E) and V(q,Q;_,) ~ 3=, its residue is highly suppressed by the energy, and the only
non-vanishing contribution to the integral comes from the residue corresponding to the
pole at @),_,. Thus, the integration contour has to be closed below the real axis enforcing
z > 0. After performing the ¢.-integration, the SB contribution to the amplitude reduces

to

My = Z-/;’q tgroj ﬁa(w, Z) 9(2) eI o TIQp g% (1 — %) v(cj) J(p - Cj) , (2.11)

where the tilde indicates that gy and ¢, have been fixed, and ¢, = (q ‘u+ Q,_ Uz, q, Qi’;q)u'

We can now square the amplitude, average over initial and sum over final quantum
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numbers, as well as average over the field configurations. Doing so yields

(IMi]?) =€ / 0(2) p(z, z) e"Ha=9)= e_i<Q;*q_Q;fq’)Z
z,q,q’

u-p-q w-P-q)\ . . o e
(1= )Y @) - D - 1), (212

where C = QCTFC Note that we only explicitly show the arguments of p(z, z) for illustrative
purposes, keeping the arguments of the other hydrodynamic variables implicit. As can
be seen in the latter equation, the ¢, integration results in a shift in the argument of the
potential and initial source. Expanding these functions, one readily finds

) q-u (p—q)P-p° v
v(q) ~ v(q?) (1 + 01— u)E o(q?) o) (2.13a)
- qg-u 10J
Jp—q) ~J(E,p—q) <1_WTI8_E> , (2.13b)
where v(g?) = —qz,gTZHQ. Thus, all the velocity corrections appearing in the squared am-

plitude are proportional to the transverse velocity w, and it is convenient to define a new
vector in the transverse plane

, P—q p—d ¢ _(p-qf-p' o
r =— -
(q,9) 1—uw)E (1—w)E + 1-u)E  v(g?) 0O¢°
¢ (-q)-p o ¢ 19/ 4 19/

+ —

(1—wu,)E v*(q) 9g? (1—u.)JOE m;a—E . (2.14)

which enables us to write the averaged squared-amplitude in a compact form

(W) =€ [ 0 e, 2)v(@) v (@) T (Ep - a) ' (E.p - )
x e~ila—d)z e_i(Q;*q_Q;*qJZ l+u-T(q,q) .
(2.15)

All the dependence on the matter’s spatial structure in (2.15) comes from the hydro-
dynamic parameters of the matter model: the source spatial density p(z, z), the Debye
mass p%(x, z), and the three components of the velocity u(x, z) and u.(x, 2). The mat-
ter properties are expected to change sufficiently slowly in the hydrodynamic phase, and
thus these parameters can be expanded in hydrodynamic gradients transverse to the large
parton momentum p,.. At the zeroth order, matter is uniform in the transverse plane, and
thus the z-integral trivially results in a delta function while the longitudinal z-integral
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is yet to be performed. Then the corresponding contribution to the squared amplitude
reads

(1M ]?) ‘/dz/ P I (Ep—a)f 1+u-T(q)]+0(V), (216)

where I'(q) = I'(q,q) and we assume that the matter has a finite longitudinal size L.
Given the weak dependence on the transverse coordinates, any hydrodynamic variable
G(z, z) can be expanded about & = 0, resulting in G(z, 2) ~ G(2) + - VG(2) + 0 (V?).
With this, the transverse integral in (2.15) can be performed explicitly by rewriting the
x dependence as a momentum derivative of the Fourier factor. With this replacement,
we integrate by parts. Assuming that J and v have at most constant imaginary phases
and acting with the derivative on the remaining terms, we can express the linear gradient
correction to (2.16) in a compact form

)= [ [ (5 £55)

XW@WﬂﬂEm—qWPﬂ%vFMﬂ- (2.17)

where o runs over the 2D transverse space, and we have introduced a shorthand notation,
the two-dimensional operator g, = > (VG . %)a, which directly generates all gradient
corrections and should be understood as summed over the hydrodynamic variables, i.e.
the density, the Debye mass and the three components of the flow in this case.

Double Born contribution

Next we turn to the DB diagram, see Figure 2.2, which gives the second contribution to the
transverse momentum broadening and corresponds to the double-scattering amplitude:

d'qy d*q: b 1
My = t 2p — q2), A% —_
(D) /(271’)4 (27T)4 [Zg proy( p q2) ext((h)] |i(p_ QQ>2 —|—Z€:|

(P—q —q)*+ ie} T —a—q). (218)

[m%me<—@ﬂ—muAm@n}[

To first order in opacity, the DB diagram, which contains both field insertions, combines
with the vacuum amplitude iMy = J(p). Averaging over the stochastic fields and summing
the quantum numbers, we find that

u-p » y
M ]\4'>k = 6 1 — 2— 7'((114'(12) T l(le+q2z)Z
ot —e [ (12 ) e e ol vla2)
2E(1 — u,) 2E(1 — u,)
(P — q2)? +ie (p — q2 — q1)* + i€

J(]O — g2 — Ch) J*(p) )
(2.19)
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where the delta function from the background field has been used. We further note that,
as in the SB case, the dominant contribution to the ¢, integral corresponds to the pole
at q1. = —qo. + Qp_y, g, — €. Thus,

(MoM) =i € / 0(z) e i(artaz)® e @p—q;-a? J(E,p—q,—q,) J*(p)

Z,q91,92
(1 v 2P-ai—-q) u-(g+g)!d]
(1—wu,)E l—u, JOFE
2FE v(q1) v(q2)

X A — .
1+ u, (QQz - Q;;qQ - 26) (qQZ - QP*QQ + ZE)

. (2.20)

where the tilde serves to remind one that ¢;. and ¢ are fixed, which introduces a non-
trivial go,-dependence into v(qy).

Turning to the ¢o, integration, one must also note that the Fourier factor is indepen-
dent of go,, and the residues of the scattering potential poles are no longer suppressed.
Therefore, the residues of the six poles may contribute. The two poles of the second scalar
propagator are given by Q= . while the four poles coming from the scattering potentials

p—q2?
read
DE Pt = 1z L' g 2.21
U(q1> : 1 = ¥p—qi—q2 1_—7@(1"’ : Q1> 1_ u§ 15 ( . a)
' I 1 1

where, keeping the expressions compact, we have introduced a shorthand notation R? =
(1 —u?)(g* + p®) — (u- q)* > 0. Then, we can write the full DB contribution as

(MLME) + c.c. = i€ / 0(2) pla, 2) J(E,p — a1 — 43) T ()

x,q1,92
x (11— u-(2p—61-q) u-(9:+9)10]
(1—w)E t-u. JOE
X |:€_i((11-i-(12)'9c e_iQp_fqlfqzz IpB — ellaita)® eiQ;ﬂ”*qQZ JEBi| !
(2.22)
with
dq. 2FE v(@) v(g2)
Ipp = / ' . €) 2
om 1 + u, <q22 — Q;_qz — ZE) (q2z - Qp—q2 + ZE) ( )
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At zeroth order in gradients, the hydrodynamic parameters are constant in the trans-
verse plane, and integrating over x sets g, = —q, = q. Therefore, the DB contribution
then simplifies to

(BE5) .= =€ [z [ o) (g I(E.p)

q
2u-p w-p q*>ov?
1— — — O(V). 2.24
. [ (1—u,)E (1—wu,)E v?0g? +0(V) (224)
It is convenient to introduce a new transverse vector
2 g2
Tpslq) = 27— —m - P 1 (2.25)

(1-w)E (1 —-u)E [v(g?)]? Og*

which allows to re-express (2.24) in a compact form analogous to (2.16)

(Mo M?) + c.c. = — € /O i / o(2) (@2 1B, p)2 [1+ u-Tou(g)] + O (V) .
(2.26)

The leading gradient correction to the latter squared amplitude can be obtained by follow-
ing the same logic as before. Therefore, expanding the hydrodynamic variables in (2.22),
replacing the linear dependence in x by a derivative of a delta function 6% (q, + gq,),
integrating it by parts, and taking the corresponding derivatives, we find

S MaMg) +c.c.= C /OL dZ/q 9o p(2) {Z (1 gauz (1 —pvjz)Eﬂ

x [v(@®))? |J(E,p)? [1 + u- I‘DB(q)] , (2.27)

where we have neglected subeikonal terms that are suppressed by the smallness of gradi-
ents but not length-enhanced, and, thus, are subleading to the ones kept explicitly.

Final parton distribution and jet quenching parameter

The impact of the flow and the anisotropies of the matter in the broadening can be gauged
from the modification of the final state parton distribution, which can be related to the
squared amplitude of the process and is defined by

dN 1
FE =
d’pdE — 2(2m)3 <

M%), (2.28)

where we have chosen the energy of the parton, F, and the two transverse components
of its momenta as the independent variables. Introducing the initial parton distribution
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E dfgiE =5 % s=—3 |J(E, p)|* and taking the combined effects of flow and gradient corrections

together, We ﬁnd

(0)
p AN N
&ZpdE ~ ~ &PpdE

o [l [{[-a T e rw e

uE —p), 2 ©
~[1-0. B2 u-+u-rDBan]E;fiﬂ;} o) @), (229

where the terms appearing at the second subeikonal order should be neglected.

It is instructive to consider how a particular ensemble of partons is modified by a flow-
ing anisotropic distribution of matter. To do so, we focus on a narrow initial distribution
parametrized as

dNO f(E) _»2
PpdE orw?" . (2.30)

Starting with the corresponding family of partons in the initial state, one may understand
how their distribution changes by focusing on the leading moments of the final state
distribution, defined as

(2.31)

<p p > fp (pa1 pan)Ed;]lojle o (2 )2/ (poq"'pan> dN
ar oy, -
p

[, B0 [(B) " @pdE

d?pdE

The process of jet transverse momentum broadening is often quantified with the so-
called jet quenching parameter. This parameter, which incorporates the information
about the medium properties through the number density of scattering centers and the
screening of the potential, is argued to govern the main features of both broadening and
in-medium energy loss. In fact, many phenomenological models use the jet quenching
parameter as the main input of the matter properties, for a review see e.g. [52, 61]. Thus,
we start by computing the quadratic moment given by

w=2ve [ fiosa Lo [@b@r e

0

where the first term corresponds to the vacuum part of (2.29) and is fixed by the width
of the initial distribution. Varying this moment with the medium length L — understood
as the path length travelled by the parton — we find

u
1—u,

i = [1- g - o), (2.33)
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where ¢o(L) = Cp(L) fq q* [v(g*)]? corresponds to the limit of static transversely homo-
geneous matter, and all hydrodynamic variables and their gradients should be understood
as functions of L. Thus, we can see that the interplay between the transverse medium
structure and flow modifies the even moments of the final state distribution, including
the fundamental jet quenching parameter, at the leading eikonal order. Moreover, this
modification is length-enhanced, and consequently, expected to be the dominant effect of
the medium’s evolution.

It is also interesting to consider the first odd moments of the final distribution, which
vanish in the case of static and isotropic matter for an isotropic initial distribution, but
can be generated by flow and gradients effects. Hence, the first moment reads

u

(Pa) Z—%C’/OLdz ll—zg- . } p(2)

S R

while the cubic moment reads

L 2 1 u u
2=e/d/22A—q —l1-2g- o
(pap?) o LV e wE 2 YT mw —w)E

% q2 {8w2+(10w2+q2) qu_’_ (4w2+q2) E.f/( ):| }p(Z) [U(qQ)]2.

0q?

One can see that the same re-scaling factor appearing in the quadratic moment also mod-
ifies (2.34) and (2.35). Furthermore, it is immediate that the moments of the distribution
obtained here agree with the results of [107, 111] in the limit of static matter.

2.2.2 Broadening in anisotropic, static matter in the dense limit?

In this section, we revisit the derivation of the leading effect of spatial gradients due
to matter anisotropies on the jet momentum broadening in the dense limit within the
BDMPS-Z formalism. The calculation is performed at first subleading order in the eikonal
expansion, only keeping length-enhanced terms suppressed by one power of the energy of
the parton while neglecting anything beyond, and at first order in the gradient expansion
of hydrodynamic variables. At this level of accuracy, the energy suppressed spin effects
can be neglected, allowing us to consider scalar quarks, as in the calculation previously
discussed in Section 2.2.1.

2This section follows the derivation and partially reproduces the results from [111].
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The amplitude of an energetic (scalar) quark scattering N times off a background field,
see Figure 2.1, reads

N :
. d4p7' aes a ¢
iMn(py) = H {/ (27)* it" gA" (Drr — pr) (Prs1 + Pr) P ie} J(p1)

r=1

. 2F
= —1 e—i(PT_H—pT)'CEr €_i(pr+12_prz)ZT ter por Ly, 2y ) UV\Pr - Mr J 3
TU1 |:( ) /1)‘7’71‘7’ p% + iE p ( ) (p +1 p ) (pl)

(2.36)

where we have used the delta function from (2.2) in the second line, and we keep the
dependence of the scattering potential on the coordinates omitted. In the latter expres-
sion, J(p;) is the source of the initial energetic quark controlling the initial distribution
of partons, which is assumed to be centered at g = 0 and zy = 0, and t* is the leading
parton color generator. Notice that, for notational convenience, the final momentum of
the parton is denoted as pf = pn41.

To evaluate the integrals over p,. using the residue theorem, we assume that .J is slowly
varying, i.e. does not introduce any poles, and that the characteristic distance between
the color sources Az, controlled by p®, satisfies pAz > 1. The latter condition ensures
that the contribution from the poles of the scattering potential v(q) are exponentially
suppressed due to their finite imaginary part. Hence, the only two poles for each term in
(2.36) come from the quark propagator

p2
Qf:i(E—zé+k>, (2.37)

where we have accounted only for the first terms in the eikonal expansion. Therefore,
rearranging the exponentials using that zy = 0, and closing the integration contours
above the real axis, and thus enclosing the Q7 poles, the amplitude can be written as

N 2
Z'MN (pf) — H |:Z/ e—i(pr+1—Pr)~93,- e—i%(zr—zrfl) 97“,7“—1 1or ﬁar (mr’ Zr) U(prJrl _ pr):|
Py Tr

r=1
2

x 2N J(E, p,) (2.38)

where the shorthand notation 6,.,_; = 6(z,. — 2z,_1) has been introduced, and we have used
2

that the final momentum of the parton is on shell py, ~ (E, Py B — %) The amplitude

(2.38) can be expressed as a convolution of the effective single particle propagator of the
energetic parton and its initial source as follows:

2

iMy(p,) = / ¢ G (py, Lipr, 0) J(E,p) (2.39)

D,
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where Gn(py, L;py,0) is the contribution of IV scatterings to the in-medium effective
propagator of a parton with initial transverse momentum p, and final transverse momen-
tum p; after travelling a distance L through the medium.

The full effective parton propagator can be obtained by resumming Gy over the number
of scattering with the medium as

9(pfaL7p170) = ZSN(pva;phO)) (240)

where Go(py, L; py,0) corresponds to the contribution without any scatterings, i.e. in
vacuum, which would reduce the amplitude to the source function, being

P
So(py, Lip1,0) = (27)* 6@ (p; — py) e~ "25" . (2.41)

An integral equation for the full propagator can be derived by expressing §,, in terms of
the propagator with N — 1 scatterings and then resumming the series, obtaining

9(pf7L7p17 ) 90 pf7Lp17

/ dZ/ —iz-(py—1) ( )itaﬁa(m,z)v(pf _l) 9(l,Z;p1,0>-
(2.42)

Differentiating the latter equation with respect to L yields the following differential evo-
lution equation for the full propagator

8 .p2 —1 —l)x ;a0 ra
a_Lg(pfuvalvo) = _Zﬁg(pfa-[hpho)—i_/l ¢ (pf " l p (m7L>U<pf_l) 9(l7L7p170)7

(2.43)
which takes the form of a two-dimensional Schréodinger equation with a matrix-valued
potential. The initial condition for (2.43) is §(p;,0;py,0) = (27)%6® (p; — p;), ensuring
that at L = 0, i.e. without any propagation of the parton inside a medium, the ampli-
tude matches the initial parton production amplitude encoded in J. The solution to the
evolution equation (2.43) is well known in the literature, and can be expressed as a path
integral in position space as

Ty E L L
G(xy, L;x0,0) = Dr exp (ZE/ dTI"Q) Pexp <z/ th“v“(r(T),T)) . (2.44)
x0 0 0

where P denotes path ordering, s and x, are the final and initial positions of the trajec-
tory respectively, and the shorthand notation v*(x, z) = fy Py, z)v(x — y), with v(x)
defined through the Fourier transform of the potential in momentum space, has been
introduced. The path ordered exponentials of the in-medium potential appearing in the
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propagators are usually referred to as Wilson lines in the literature. With the full propa-
gator in hand, the resummation of the number of scatterings at the level of the amplitude
simply reduces to

o0 2

| | i

iM(p;) = iMy(py) :/ ¢'#=" G(p;, Lipy, 0)J(E,py), (2.45)
N=0 P

which allows the squared and averaged matrix element of the process to be expressed as
the correlator of two in-medium parton propagators as

<\M(pf)|2>=/ (S(py, L; p1,0)S (ps, L; Py, 0)) J(E,py)J*(E,py). (2.46)

p171_)1

Since the in-medium propagators are functionals of the stochastic colour source den-
sities, it is necessary to determine the correlator of v*(x, z) to compute the two-point
function in (2.46). Using the definition of v* in terms of the color densities and the
medium averages given by (2.4), one finds

o, NN r(r) +1(7) .
(tv*(r, )" (T, 7)) ~ (1 + — -g)

X €3(r —7) p(0,7) / ) (q)? (2.47)

q

where € = 7 for quarks interacting with in-medium sources in the fundamental repre-

sentation, and g, = > . (VG . %)a is a two-dimensional operator which generates all
gradient corrections. The sum in g is over the hydrodynamic variables, namely the num-
ber density of scattering centers and the Debye mass of the potential here. To obtain
the zeroth- and the first-order gradient corrections in (2.47), one can follow the proce-
dure described in Section 2.2.1. This involves expanding the hydrodynamic variable to
first order and rewriting the linear & dependence of the correction as a derivative of the
Fourier factor, followed by integration by parts. First-order gradient corrections introduce
a dependence on the dipole’s center of mass, %, in addition to the usual dependence on
the dipole size, r — r, in the two-point correlator of in-medium color potentials. This new
dependence reflects the breakdown of translation invariance, expected from the presence
of anisotropies. Using the two point correlator of v*, the medium average of two Wilson
lines can be written as

<:Pexp (z /OLthava(r(T),r)) P exp (—@'/OL th%Tb(r(T),T)»

~ oxp (— /OL dr [1 + M -g} Y (x(r) — f(T))) | (2.48)
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where the re-exponentiation of the medium averaged potential follows from the fact that
the averaging statistics is still Gaussian, and the dipole potential V (r(7) — r(7)) is the
Fourier transform of the following combination of in-medium color potentials

V(g.2) = —Cp(2) [v<q>2 ~(q) | d%(lf] . (2.49)

The first term in (2.49) comes from the medium average of one potential coming from
each exponential, analogous to the SB contribution in Section 2.2.1, while the second
term, the so-called contact term, comes from the medium average of two potentials from
the same exponential, analogous to the DB contribution in Section 2.2.1. Notice that
the derivation discussed here is valid only to first order in gradients, and, therefore, the
exponential containing g in (2.48) should be understood as a series truncated at that
order. Using the medium average of two Wilson lines, the correlator of two propagators
in position space reduces to

Ty Ty E L ]
<9(:I:f,L;a:O,O)gT(j:f,L;ESO,O)> = @r/ Dr exp <Z5/ dr [1'-2 _ r2}>
x x 0
SRR

X exp (_/0 ir {1 + M -g} V (x(r) - m))) (250

Performing the change of variables u = r — ¥ and w = %, one can see that the

path integral (2.50) can be solved analytically, since the dependence on w appears only
through the small gradient terms. Standard methods show that (2.50) is fixed by the
solution of the classical equation of motion, Fi# = ig V(u(7)), which can be separated
into the contribution at zeroth-order in gradients, reading

0)(p) — %1 — U0
w(r) =
with uy = &y — s and ug = Ty — o, and the contribution containing the linear gradient
corrections reading

= pa | [[ac [Caevatio)-T [ [avade)]. e

which satisfies ul’ (L) = ugl)(O) = 0. After performing the algebra, omitted here for the
sake of brevity but detailed in [111], the squared and averaged matrix element is found
to be

T+ ug, (2.51)

1 —iprur iP1-u
<\M(pf)\2> :ﬁ/ e~ Prus piP1uo
Py ug,uy

5@ (4, (L)) exp (_ IEar V(uc(T)))

. J(E, P, 2.53
L+ 2 g [LdC [CdE€ VY (u(€)) ) (2:53)

X
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where P; = ’%, and J has been assumed to have at most a constant imaginary phase,
as it is for a tree-level 2 — 2 process, neglecting further corrections coming from the
coupling of gradients and the phases of the initial source functions. Notice that the
expression (2.53) is only valid to first order in gradients and must be understood as a
series truncated at the linear order. Also, it should be stressed that the corresponding
path integral has a non-trivial measure, which enters in the denominator of Eq. 2.53.

Final parton distribution and its moments

The effect of the matter anisotropies on the single particle momentum broadening can
be gauged through the gradient corrections to the final state parton distribution. This
distribution can be defined in configuration space as

EddjjiE - 2(217r)3 / (1M @)F) (2.54)

where we have chosen the energy of the parton, E, and its position in the transverse
plane, x, as the independent variables. Thus, substituting (2.53) in the latter defini-
tion, introducing the initial parton distribution £ dN(;)E = m fp e?® | J(E,p)|?, taking
the corresponding integrals and expanding to first order in gradients, the final parton

distribution can be written as

d;”le ~ exp (— /O ’ dTV(a:,T))
X { {1—%/ dr VV(x, 7) (/ dg/ d¢ + (L —T)/OLdﬁ)g\?(w,O]

N
_/ dg/ dé § V(@ }dedE (2.55)

The leading effect of matter gradients is the introduction of anisotropy in the mo-
mentum broadening, leading to a direction-dependent final jet momentum distribution.
Probes traversing inhomogeneous matter acquire an additional contribution to the trans-
verse momenta, which, due to the non-trivial matter structure, possesses a non-zero av-
erage. Formally, this can be illustrated by computing the odd moments of the final state
distribution, which would be zero in the case of homogeneous matter for an isotropic
initial distribution of partons. For instance, defining the moments of the distribution
as (2.31) and focusing on a narrow initial distribution parametrized as (2.30), the cubic
moment, which is the first non-zero momentum of the distribution , reads

a, 2 w?L? Ao 2 L? 2 Ao 2
(p°p’) = — 9" | @V +-—= [ aVig)g a5 V(q,) , (2.56)
E q 6E q2
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where the properties of the matter have been assumed constant along the longitudinal
direction. In contrast, to the case of anisotropic and flowing matter considered in Sec-
tion 2.2.1, the effect of gradient correction to first order in static matter cannot modify
the even moments of the distribution, since the directionality vanishes after the angular
integration on the transverse plane. Consequently, the jet quenching parameter ¢ does
not get modified in this setup. One can easily see that the first term in the latter expres-
sion, which corresponds to the contribution of the first order in opacity, coincides with
the static limit of Eq. 2.35.

2.2.3 Broadening in the glasma phase®

This section revisits the derivation of single-particle momentum broadening within the
highly anisotropic Glasma phase, focusing on the impact of the chromoelectric fields,
aligned with the beam direction, present in the early stages of HICs. Assuming the jet
is at midrapidity, we define a coordinate system such that the jet propagates along the
z-axis, with the direction of the beam lying in the transverse direction. The matter is
modelled by the stochastic background field given in (2.5), assumed to follow a Gaus-
sian distribution with correlators defined by (2.6). The calculation presented below is
performed at leading order in the eikonal expansion, neglecting all energy suppressed con-
tributions. As in Sections 2.2.1 and 2.2.2, we can neglect energy-suppressed spin effects
at the working accuracy, focusing on scalar quarks.

In momentum space, the background field can be written as
Al (x,z)
0 - - —_—
gA™(q) = 5 (2m)8(an) [ 0% T B, (257

T

so that the amplitude of an energetic (scalar) quark scattering N times off this field, see
Figure 2.1, is given by

) d*pr . i
iMy(py) = H [/ (2 it gA"" (pri1 — pr) (Pr1 + i) ]m} J(p1)

a 2F
— _1 _i(pr-+1_pr)'m’r _i(pr+lz_p'rz)zr tar Aar . - J
[ [( )/WTe € e (@7, 2) | J(p1),

(2.58)

where the second line is obtained by using the delta function from (2.57). In the latter
expression, J(p1) is the source of the initial energetic quark controlling the initial distri-
bution of partons, which is assumed to be centered at &g = 0 and 2y = 0, and t* is the

3This section presents an adapted summary and partial reproduction of content from [3], which forms
part of this thesis and is detailed further in Chapter 4.
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color generator of the leading parton. Notice that the final momentum of the parton is
denoted as py = pn41-

As it is done in Section 2.2.1 and 2.2.2, we assume that J is slowly varying, i.e.
does not introduce any new pole, in order to evaluate the integrals over p,. using the
residue theorem. Hence, the only two poles for each term of the amplitude come from
the quark propagator, and are given by (2.37). Therefore, two contributions to each of
these integrals are possible depending on the orderings of z.. However, the longitudinal
momentum of the final parton is positive, and the energy is extremely large (E — oo
formally). Thus, the contribution associated with large negative longitudinal momentum
in the propagators, i.e. the (). contribution, is suppressed by a strongly oscillatory
complex exponential. Consequently, the integration contour should be closed above the
real axis, and the amplitude is given by

N
iMN(pf):H{i / e PriamPE g 0 A (2, 2,) | J(E,py), (2.59)
PryZr

r=1

where we have introduced the shorthand notation 6,,_1 = 6(z, — z,—1). The amplitude
above is analogous to (2.38), differing in the specific form of the field and the absence
of LPM phases, which are approximately zero at the strict eikonal limit. Eq. 2.59 can
be expressed as a convolution of the effective single particle propagator of the energetic
parton and its initial source as

iMy(p,) = / S5%(p,, Lip1.0) J(E. py) (2.60)
P

where G35 (py, L; p;,0) is the contribution of n scatterings to the eikonal propagator of
a parton with initial transverse momentum p; and final transverse momentum p; after

travelling a distance L through the glasma.

The full eikonal propagator can be obtained by resumming G$* as in (2.40), with the
vacuum contribution given by

*(p;, Lypy,0) = (2m) 6P (p; — py) (2.61)

which ensures that the amplitude with N = 0 medium scatterings reduces to the source
function. Following the procedure discussed in Section 2.2.2, the evolution equation for
the resummed eikonal propagator can be derived, and it reads

o - -
579" (P Ly, 0) = / e P4t A (a, L) S (L, L s, 0) . (2.62)

lax

Working at the leading order in the eikonal expansion results in a significant simplification
of the evolution equation of the propagator, (2.62), compared to (2.43). At this order,
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the kinetic term of the Schrédinger-like equation vanishes, and the resulting equation can
be easily solved in configuration space, resulting in

L
9eik($f7L; @, 0) = 5(2)(g;f — xg) Pexp (z/ dr t® Aa(:cf,T)) ) (2.63)
0

where we have used that the initial condition for (2.62) is §°*(py, 0; p;, 0) = (27)? 6@ (p,;—
P, ), ensuring that, at L = 0, the amplitude matches the initial parton production ampli-
tude encoded in J. The solution (2.63) could have been directly obtained by taking the
limit of infinite energy for the path integral of the full propagator (2.44), which would
force the position on the transverse plane to be fixed and only the Wilson line, given by

Wiz L, 0) = Pexp <z /OL o Ea(7)> , (2.64)

would survive. With the full propagator in hand, the resummation of the number of
scatterings with the glasma fields at the level of the amplitude reduces to

iM(py) =) iMy(py) = / e PP T W(w: L,0) J(E, py), (2.65)
N=0 T

»P1

which allows the squared amplitude of the process, to be expressed as two in-medium
eikonal parton propagators—Wilson lines—convoluted with the initial sources,

|M(py)I* = / e P (B, &) Wi(Z; L, 0) W(=; L, 0) J(E, z), (2.66)

, L

where J(FE, ) should be understood as the Fourier transform of the initial source of the
energetic parton.

Final parton distribution and its moments

The single particle momentum broadening during the initial stages of HICs, produced by
the glasma fields, can be studied by focusing on the properties of the final state parton
distribution. This distribution can be related to the squared and averaged matrix element
of the process and is defined by (2.28). Since the averaging procedure for the glasma field
is much more involved than the one in the QGP phase, we are not going to compute the
full distribution, but just one of its moments. In particular, we are going to focus on
the jet quenching parameter, argued to govern the main features of both broadening and
in-medium energy loss, that is obtained from the quadratic moment of the distribution
as ¢ = a% (p?), where (p?) is defined in (2.31). To simplify the calculations, we choose a
reference frame for the transverse plane such that the beam direction, and therefore the
chromoelectric fields, lies along the z-axis.
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It is illustrative to begin by considering the jet quenching before the averaging over the
events is performed, §,,, which corresponds to the broadening in an ensemble of partons
penetrating the same field configuration

! 1 0 2 —ipp(z—&) 7% = /A
=T f
N 2(27)3 6L /pfpf /Mme J(E,2) W' (2)W(x) J(E, x)

I~ —_—
Gna = — 5

_ _%2(2_17)3% /m V2, (J(E.2) W (@) W) J(E,x)___ (2.67)

where the p? is rewritten as a derivative acting on the Fourier factor and integrated
by parts, and we have introduced W(x) = W(x; L,0) to alleviate the notation. The
normalization factor in the definition of the moments of the distribution reads N =
m [, 17(P)]?. The evolution equation of the two point function of Wilson lines can
be easily derived, and it reads

8% W(z)Wi (&) = iE*(L) - [a:t“W(:c)WT(a_:) — i'W(a:)WT(:Z')t“} ) (2.68)
Projecting (2.68) onto the subspaces of the color structures, one can build a closed set
of differential equation for the derivatives of the two point function, which can be solved
analytically —the details, omitted here for brevity, are provided in Ref. [3] in Chapter 4.
Assuming that the initial ensemble of particles has no net color and follows a Gaussian
distribution, being

1 1 1 p’+p
—— J(F (B, p aw? 2.

:27TEe ’

the non-averaged jet quenching parameter can be written as

2 z _
() = g5 [ [ ar WYz ) B Bl Y (2.70)

where we have made explicit that the chromoelectric fields only have x-component. We
have also introduced a Wilson line in the adjoint representation, W*(Y’; 2, 7), which can

be defined as W (x; L, 0) = Pexp (iTC fOL dre - EC(T)>, with (7°),, = —if® the corre-

sponding adjoint generator.

The expression for the jet quenching parameter should be averaged over multiple
events, following (2.6). Path ordering allows the Wilson line W(Y’; z, 7) to be expressed
as a product of Wilson lines for each color tube. This simplifies the averaging procedure,
as the field in each tube is only correlated with itself, allowing for separate averaging. Let
z; = jl and z;_; = (j — 1){ define the boundaries of the jth color slab, and let us assume
that the two field insertions in (2.70) are in different tubes, specifically z,,1 > 2z > 2, > 7.
Consequently, the integral arising from the averaging procedure over the field of the final
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tube is given by fEn e~ En/Es Weaan (Y') B which vanishes for both SU(2) and SU(3), see
the proof provided in [3] in Chapter 4. Thus, the only non-zero contribution comes from
the two field insertion being in the same tube, and the averaged ¢ becomes

2

2 % 9 N P
qA _ w_/ / dT El2 6—211) Y2 e E‘D — —0<Z — Zn> , (271)
Y ,E Jz,

273 72

where we have considered SU(3) fields. For SU(2) case, the first equality still holds, but
the integral over the field has a different measure, see the discussion below (2.6), resulting
in gsye) = %(z — zp). Thus, we see that in our model, the jet quenching parameter
is linearly increasing while the parton propagates along the given tube, and then falls to
zero at the edge of the next tube, restarting the linear growth afterward. However, in any
realistic setup, the initial position within the first flux tube, z;,, cannot be fixed, and one
has to average over it. This is equivalent to averaging over the position within the last
flux tube, z — z,, and we readily find that

E? 3E2
AZ. - _g ; ] Zim 0 ga
q n 27T2 qSU(2)7 mn 1671-2

(2.72)

where the subscript z;, indicates that the object has been additionally averaged over the
initial position.

2.3 The medium-induced radiation

This section summarizes the main results of this thesis on medium-induced jet radiation
in both the QGP and glasma phases, which are detailed in the papers contained in Chap-
ter 4. The study of medium-induced gluon emissions is crucial for understanding jets
inside QCD matter. In particular, jet energy loss, a key signature of the QGP forma-
tion, see Section 1.4, is primarily driven by medium-induced gluon emissions [55, 75, 76].
Furthermore, the single gluon emission spectrum within the medium provides essential in-
sight into medium modifications of parton cascades. Additionally, these emissions modify
the jet substructure compared to vacuum jets, offering a theoretical tool to understand
these modifications and extract information about the properties of the medium in further
analysis.

As discussed for the broadening, particles interacting with a background field in QFT

experience a superposition of all possible number of interactions. Thus, analogously to
(2.7), the amplitude of the branching process can be written as a series

R=D Ry=Ro+Ri+Ro+..., (2.73)

N=0
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Figure 2.3: Feynman diagram of the in-medium parton branching with each particle
interacting multiple times with the background field. This Figure has been extracted
from [2].

where Ry is the amplitude with N scatterings and R, corresponds to vacuum. In general,
the amplitude of a parton branching with N scatterings with the background field, see
Figure 2.1, is given by

Np

RN, NN, = E [/ (6245;4 igt" (Pnt1 + pn) - A" (Ps1 — Pn) ]ﬁ}
x/ PP 3ot (et 11— 27D (s — Iy — k) I (1)
(271)4 gt \Ps 1) pg—f—ie Ds 1 1 Y41
’ ﬁ [ s EOE B ntt () A s — )] 45
i d'l,, . i
X ,1_[1 { / )i gt (g1 + L) - A" (Lpsy — L) m] : (2.74)

where Fg}’;w is the three-gluon vertex, all the integrals should be understood as acting from
the left on the whole expression, and we have introduced additional momentum labels
PN,+1 = Ps, In41 = L and ky, 1 = k. For convenience, we count the number of scattering
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of the quark before the branching N,, after the branching NV;, and the scattering of the
gluon Ny separately, such that N = N, + Nj, + N;. Since all the medium-induced gluons
emission calculations included in this thesis are computed, at most, to first subleading
order in the eikonal expansion, the further energy-suppressed spin effects can be ignored,
and the quark is considered a scalar particle in (2.74). Notice that, in all the considered
cases below, the field is derived in the Lorenz gauge, and thus satisfies the gauge condition
k-A(k) = 0. Furthermore, the z-component of the background field vanishes A, = 0, and
it satisfies the axial gauge condition n - A = 0, where n, = (0,0,1). This is the gauge
used in (2.74), where the numerator of the gluon propagator is given by

kyn, + kyn,

kukv 9 1,1,
k M
(k-n)? — k2n2’

(k-n)? — k2n? (k- n)? — k2n? (2.75)

Nuu(k) = Guv + ’I’L2

~ (k)

and only the two physical gluon polarization must be considered.

Analogously to transverse momentum broadening calculations, there are two distinct
approaches to obtain the matrix element from (2.74). Following the BDMPS-Z approach,
the amplitude is resummed over the number of scatterings with the medium, obtaining
a propagator for each partonic leg of the process. Then, the resummed amplitude is
squared, and the medium averages are performed. This approach is used in [2] and [3],
and their results are discussed in Section 2.3.2 and Section 2.3.3 respectively. On the other
hand, following the GLV approach the full amplitude R is squared before resumming the
series, and the medium averages are performed on each term separately, following the
same structure as (2.8). This approach is used in [1]|, and its results are discussed in
Section 2.3.1.

2.3.1 Medium-induced radiation in anisotropic, flowing matter in
the dilute limit*

In this section, we review the main results obtained in [1], see Chapter 4. We derive the
medium-induced radiation spectrum in an evolving inhomogeneous medium at the first
order in opacity. Specifically, we focus on two particular types of the medium evolution
effects. First, we study how the transverse gradients of the number density of scattering
sources, p, and Debye mass, p, modify the gluon spectrum in full kinematics but in the
absence of any flow. Second, we search for the mixed flow-gradient effects analogous to
the multiplicative modification of the jet quenching parameter in (2.33). For simplicity,
we neglect gradients of u, and choose a frame where u, = 0, ensuring that A, = 0 and
the applicability of the axial gauge discussed in the previous section.

4This section presents an adapted summary and partial reproduction of content from [1], which forms
part of this thesis and is detailed further in Chapter 4.
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Figure 2.4: The three single-Born diagrams contributing to the medium-induced gluon
emission at first order in opacity. This figure has been extracted from [1].

The amplitude of gluon emission at first order in opacity, N, = 1, can be written as
(IRv=11) = (IRol?) + (|R1]*) + (ReR5) + (RoR3) (2.76)

where three different contributions can be identified. The first term, (|Ro|?), corresponds
to the process in vacuum, i.e. without any interaction with the background field. The sec-
ond term, (|R;]?), is the single-Born contribution. This includes the squared amplitudes
of the diagrams with one scattering with the field, and their interference terms. There are
three different SB diagrams —see Figure 2.4 depending on which particle interacts with
the medium, which give rise to six SB contributions. The third and the fourth terms,
(RaR§) + (RoR3), describe the interference between amplitudes involving two interactions
with the background field and the vacuum amplitude. These are the six double-Born
contributions, which correspond to the six diagrams with two scatterings, see Figure 2.5.
The calculation of these amplitudes involves similar techniques to those presented for
transverse momentum broadening in Section 2.2.1. Given that the techniques have been
introduced before, and the high technical complexity of the derivation, we will focus solely
on discussing the results. The interested reader is referred to the paper [1| in Chapter 4
for a detailed derivation and the corresponding discussion.

Given the squared and averaged matrix element of the emission, the final-state parton
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Figure 2.5: The six double-Born diagrams contributing to the medium-induced gluon
emission at the first order in opacity. This figure has been extracted from [1].
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distribution can be defined as

dN 1 1

E =
A’k dx d’pdE [2(27r)3]2 x(1 —x)

(1R =11, (2.77)

where F is the total energy of the quark-gluon pair, p the total transverse momenta, x
the energy fraction of the gluon, and k its final transverse momentum. For simplicity, we
assume that the initial distribution F % is a slowly varying function of the transverse

momentum, setting F % ~ F %. Let us start focusing on the limit of static

inhomogeneous matter. Considering the emission of spin-1 gluons, going beyond the scalar
approximation used in [107], and full kinematics for the gluon, going beyond the soft gluon
approximation used in [2] presented in Section 2.3.2, the final state parton distribution
at first order in opacity reads

dN(l) 1— 2 Y2 dN(O) L
E _1=x)g"CF () / dz /
d?*k dx d*p dE (2m)3x N, d’pdE ) J, a

. . Ne _ - .
X {ng(l+g-DA)+21<;2 (1—cos¢)(1+g-Dg)+2=°Rk* (1 —cos¢) (1+g-Dc)

Cr
+ ;&v.ﬁc {2(1 —cosp) +2g-(Da— Dpgcos¢) —xg - (Qfg—n?n:_on) sinqﬁ}
N, - _ _

— 20‘;140-1% [2 (1—cos¢)+2g-(Das—Dccosg) +(1-x)g- (QR—RZR:?R) sinﬁb]
—ZCFK-F; 2(1+cos(gb—¢)—cos¢—cos¢)

—|—2g'(DA—DBcos¢—DCcos¢3+(DB—i—DC—DA)cos((b—gE))

~ 2(1 _ K;()RQK,Q 9 . R . _

—g- ( ( —x)l@—&—%ﬂ.’%—k XI‘L)(SID¢—SH1¢—SH1(¢—¢))
— k2 cosgy(1+g-Dp)—kZ[(1—cospy)+g-(Dg— Dpcosdy) +xg - Ko sin ¢y
— Cﬂ;mg [(1—=cos¢py)+g-(Dr—Dpcospg) — (1 —x)g - Ko sin ¢y

+ =Ky - kg [ (cos g — cosdg) + g - (D¢ cos pg — Dp cos ¢y)

¥ <x - %) g (2 ki — K mﬂc) (sin é + sin %)} } p(2) [o(@)*,
(2.78)

where the operator producing all the gradient corrections is defined as g, = > (VG . %)a,
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the following shorthand notation for LPM phases have been introduced

¢:(k—X(p—q))2z gg:(k—(l—X)q—xp)?Z
2x(1 —x)E ’ 2x(1 —x)E ’

by = (k —xp)* b= L Gk —xp)+q)

T x(1-x)E"’ @ 2x(1 —x)FE ’

the light-front wave functions are expressed through their normalized arguments

oo k—x(p—q) s k-(-xq—xp
(k—x(p—q))* (k— (1 —x)q —zp)*’

o k —xp I k+q—xp

" (k—xp)*’ “" (ktq-xp?’

and we have associated the particular momentum structures in the gradient corrections
with the diagrams where they appear for the first time, following

P—q p—q p—k—q p—q_  k—q
D, =22, Dy= D, —
ATTE S PB T P a 0T YT 28 T mE
p p—k k p—k—q k+gq
D=2, D.= """  D.— " . D.—
PR PP AT PP T B T e T wE

Taking the limit of homogeneous matter with g = 0, we can readily check that (2.78)
agrees with the result for the N, = 1 in-medium branching, see e.g. [124]. To make the
features of the final-state parton distribution more apparent, it is instructive to consider
the small-x limit of (2.78), where the distribution is known to take a particularly simple
form in the case of homogeneous matter [88]|. In this limit ¢ = ¢g, ¢ = qglq_) q — %o,

K = Kg, and K¢ = K|q—_q. Keeping only the subeikonal terms which scale as =, we set
DA—DB—DD—DE—O then

dN® > Cr / /
E = dz
Pkdxd?pdE  (2m)3x de dFE
2k - q (k —q)? g-(k—q) gkl[z 1 K’
1—cos =4 1 - il
x {k:2(k: q)> ( o8 ( xE - + wE K |xE kK sin xXE

s (k) ()] e
2.79

This expression can be compared with the results of 2], and, after some algebra, one can
show that (2.79) precisely agrees with the N, = 1 part of the small-x resummed parton
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distribution.

Turning to the mixed flow-gradient corrections, we only keep energy suppressed terms
that are enhanced by the length of the medium, i.e. the LPM phases, obtaining

5 AND (1 —-x)g*C% / /
Pkdxd®pdE  (2m)3x N, d2pdE

X {K,g +2k% (1 — cos @) + 2 Ne k? (1 —cos¢) + (1 — Cos ) — l"o (1= cos o)

CF CFN Crp

K (1+cos (gb—qg) —cosgg—cosgb) — K2 cos g — Ko (1 — cos ¢y)

F
N

 Cr

ke (1 —cosag) + ]C,V—;Ro kg (Cos pg — cos ¢y) }/)(2) [v(g®)]*.

(2.80)

One readily observes that this modification of the distribution results in a multiplicative
modification of the radiation rate due to the jet-medium interactions, and, consequently,
in a modification of the induced radiative energy loss, c.f. [88].

In order to estimate the effect of the mixed term in the spectrum, we focus on the
small-x limit. Then, the final state distribution can be factorized into the initial quark
distribution and an emission spectrum dJ™), defined by

AN 47 P AN©)
PkdxdpdE _  dxd®k =~ PpdE -

(2.81)

In order to treat the z-integral analytically, we choose a smooth longitudinal profile for the
2z

source density p(x, z) = 2po(x)e” T [1, 87, 88]. With this, the resulting medium-induced

gluon spectrum reads

dgm 4asXN/ 2k - q L3(k — q)?
k2

* dxd2k 24+ 12)2 L2k — q)* + 16x2 L7
L*(k — q)* 3
1 —— ) L(g- 2.82
8 { * (L?(k—q)4+16x2E2 2 ) Elg-w (282)
where we have introduced opacity y = 5\}”2 2. L, and replaced g by g = VT (3 — ﬁ),

assuming that py ~ 7% and u ~ ¢7T, neglectlng the gradients of the transverse flow u
present in (2.80) for simplicity. In Figure 2.6, we plot the spectrum (2.82) for two ener-
gies £ = 50 GeV (left) and F = 100 GeV (right), while for each energy we also show two
different medium lengths L = 5fm and L = 2.5fm, keeping the mean free path A = %
fixed. We set ay, = 0.3, p = 0.6 GeV, x = 0.1, and assume that y = 3 at L = 5fm. For
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Figure 2.6: The (rescaled) medium-induced soft gluon spectrum plotted for two energies
E =50GeV (left) and E = 100 GeV (right). The colors distinguish the medium length,
while the mean free path is kept fixed (x = 3 at L = 5fm). The solid lines correspond
to the homogeneous (or no transverse flow) limit, while the dashed lines correspond to u
and VT being parallel or antiparallel. This figure has been extracted from [1].

a qualitative estimate of the mixed flow-gradient term, we take |u| = 0.3, |Zzl = 0.1,
and T' = 0.3 GeV. One may readily see that the modification of the spectrum could be

substantial even for moderate flows and anisotropies, especially for longer trajectories.

2.3.2 Medium-induced radiation in anisotropic, static matter in
the dense limit®

In this section, we review the main results obtained in [2], see Chapter 4. We derive the
medium-induced radiation spectrum in an inhomogeneous medium. Particularly, we focus
on the first order gradient corrections to the emission spectrum in the soft gluon approx-
imation, i.e. with the gluon energy being much smaller than the quark energy, and to all
orders in interactions. The calculation is performed at leading subeikonal order, keeping
terms suppressed by one power of the gluon energy and enhanced by the medium length,
while neglecting terms suppressed by powers of the quark energy. For simplicity, and as
discussed previously, we treat the quark as a scalar particle at this accuracy. In addition,
since the matter is static, we can work in the axial gauge, as discussed at the beginning
of Section 2.3. The resummation procedure follows the same general strategy discussed
in Sections 2.2.2 and 2.2.3. Thus, we only provide a brief outline of the derivation before
discussing the results, referring the interested reader to the paper [2] in Chapter 4 for

®This section presents an adapted summary and partial reproduction of content from [2], which forms
part of this thesis and is detailed further in Chapter 4.
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further detail.

The amplitude of parton branching with N = N, + Nj, + N, scatterings with the QCD
matter, see Figure 2.3, is given by (2.74). As explained in Section 2.2.2, the integrals over
the z-component of the intermediate momenta can be evaluated using residues after sub-
stituting the background field from (2.2). After integration, we identify the contributions
of N, scatterings to the in-medium effective quark propagator before branching, IV; scat-
terings to the in-medium effective quark propagator after branching, and N}, scatterings to
the in-medium effective gluon propagator. Since we neglect terms suppressed by the quark
energy —including LPM phases—, the in-medium propagators for the quarks, both before
and after branching, simplify to Wilson lines, as shown in Section 2.2.3. The effective
gluon propagator, however, retains the relevant LPM phases, and therefore can be ex-
pressed as (2.44). Finally, after resumming the multiple scattering interactions using the
obtained propagators for each parton, the resummed amplitude simplifies considerably,
taking the form

iR~ 9 tim dzs/ e~ @l J(B a;,)

w Zf—r00 0

2
X W(xn; 00, 25) 120 W(@in; 25, 0) ¢i55%f [e-VwinSb“ (k:,zf;a:m,zs)] . (2.83)

proj

where I and k are the final transverse momenta of the quark and gluon respectively, £
and w are the energies of the quark and the gluon respectively, and € is the transverse
polarization vector of the final state gluon. Due to the matter anisotropies, the in-medium
scattering potential in the gluon propagator and the Wilson lines for the quarks depends
on the transverse coordinates through the Debye mass,

(@, 2) = / ) iy ) oy, 2) . (2.84)
q,Y

where the tilde reminds the reader about this dependence. As seen in Section 2.2.2 for
the broadening, the resummation of the radiation amplitude does not get modified due
to the anisotropies of the matter, which enter the formalism when the medium averages
are performed.

With the explicit form of the resummed amplitude describing the medium-induced
branching, the final state gluon distribution can be defined as

dN
227 )} wE——— 5
T T 4er Z/ oy (IRE (2.85)

Combining the fundamental Wilson lines for the quarks with the two SU(N,) generators
to form an adjoint Wilson line, defined as

Zf
W (a: 2, 2) = Pexp (z / dr (TC)“bﬁC(m,T)> , (2.86)
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and using that the medium average of the in-medium color potentials at first order in
gradients, given by (2.47), is local in the z-component and trivial in color, the final state
gluon distribution can be written as

dN . 2a CF
3 _ _
2(2m) wE—dwd o 2}1_)00 3?/ dz/ dz /a;”“y (B, z:n))? [V -Vaz

X Sy (k. Kk, zp;y,2,2) K (Y, Tin, 2, T, Tin, z)]

, (2.87)

T=T=T;n

where we have used that the final soft gluon distribution factorizes into two correlators,
with the effect of the matter anisotropies entering each one of them independently. These
two correlators are the emission kernel, X, and a broadening kernel, S5, which can be

defined as

1
N2

C

1
N2 -1

C

S2 (kaszf;yaa_:v’?) = <9bc(k Y,z )9T0b (k: Zf,fB Z)> s

K (Y, Tin, 2 T, Ty, 2) = (§" (y,z; @, 2) W (@i; 2, 2) ) (2.88)

In order to obtain the final state gluon distribution, the latter correlators must be
obtained. The broadening two-point function, Sy, has been previously derived in [111],
computing the first order gradient corrections to the transverse momentum broadening,
as reviewed in Section 2.2.2. On the other hand, the emission kernel can be expressed as
the following path integral

Yy cw P2 z - r(T)erin'A () —
X (Y, Tin, Z; ¢, Tiny, 2) :/ Dre'zldri=ld <1+ 2 g)v( ™ m””’), (2.89)

where V() is given by the Fourier transform of (2.49). The radiative kernel, X, has been
previously computed in the homogenous case, see [61] for a review, and the first order gra-
dient correction can be obtained by expanding the path integral around the homogeneous
solution. Thus, with both correlators in hand —the interested reader is referred to [2] in
Chapter 4 for the detailed calculation—, we take the broad source approximation setting
|J(E,x;,)|? = f(E)§®(x;,), which simplifies X after integrating over x;,, and allows us
to relate the particle distribution to the medium-induced gluon spectrum following

AN p—y I _dN,
dwdEd?k " Yawdk T dE

(27)2wE (2.90)

where B4l = _L_f(E).

To illustrate the results obtained in [2], let us assume that the effective scattering
potential is quadratic, V(y) = %y?, focusing on the so-called harmonic oscillator (HO)
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Figure 2.7: The medium-induced soft gluon spectrum is given for three gluon energies,
w = 0.04w,., w = 0.06w,., and w = 0.08w,.. The solid lines denote the spectrum in the
homogeneous limit. The dashed and dash-dotted lines correspond to the full spectrum
with gradients along (# = 0) and opposite to (6 = 7) the direction of k respectively. The
gradients are quantified with v = 0.05 (left) and 7 = 0.01 (right). This figure has been
extracted from [2].

approximation, where the proportionality coefficient ¢ is the jet quenching parameter,
defined as ¢ = %<p2>, and computed in Section 2.2 for various configurations of QCD
matter. While this approximation simplifies the calculation, the analytic form of the
medium-induced soft gluon spectrum remains quite involved. Consequently, we omit the
analytic details here, referring the reader to [2] in Chapter 4, and we present a numerical
analysis using phenomenologically relevant parameters to illustrate the key features of the
spectrum. First, we define the medium to have L = 5 fm and 7' = 0.3 GeV, and assume
that VT < T? for hydrodynamically evolving matter. The only parameter in the HO
is ¢, and its characteristic value can be chosen to be about § ~ 1GeV? - fm™!, see e.g.
[125, 126, 127|. Assuming a naive scaling of ¢, the gradient vector can be related to the
gradient of temperature as g = 3%, that will be used for all our estimates. The angular
dependence of the medium-induced soft gluon spectrum, controlled by g - k, will be stud-
ied in the two limiting cases, when the angle between the two vectors, #, is either 0 or
7. The gluon frequencies will be measured with respect to the critical medium frequency
w, = GL? ~ 125 GeV, which is the typical frequency for gluons with formation length of
the order L in homogeneous matter. Finally, we will introduce the dimensionless gradient
strength, defined as vz = |VT/T?|.

In Figure 2.7, we show the full spectrum up to first order in gradient corrections for
w = 004w, w = 0.06w,, and w = 0.08w,, differentiating for vy = 0.05 (left) and
~vr = 0.01 (right). For 8 = 0, the gradient effects suppress the gluon radiation at small
values of k, while when 6 = 7, it is enhanced. One can notice that the gradient effects in
Figure 2.7 become stronger for softer gluons, and may be substantial even for sufficiently
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small yr. This behavior is in line with the properties of the gradient effects in broadening
[111], where the anisotropic contributions are suppressed by the energy of the leading
parton. Since the energy of soft emitted gluons is smaller than the energy of the leading
parton, the gradient effects become more important. However, one should notice, that
very soft gluons lose their energy on shorter time scales, and the single gluon spectrum
cannot describe the evolution of the system reliably in this case, since gluons that soft
quickly thermalize inside the matter.

2.3.3 Medium-induced radiation in the glasma®

In this section, we review the main results obtained in [3], see Chapter 4. We derive the
medium-induced radiation rate in the initial stages of HICs. Particularly, we focus on the
effect of the highly anisotropic and correlated chromoelectric fields of the glasma stage
on the radiation rate. This is done within the soft gluon approximation, i.e. with the
gluon energy being much smaller than the quark energy, and with a full resummation
of the number of scatterings with the matter. The calculation is performed at leading
subeikonal order, keeping terms suppressed by one power of the gluon energy and en-
hanced by the medium length, while neglecting terms suppressed by powers of the quark
energy. At this order of the eikonal expansion, the quark is treated as a scalar particle
for simplicity, neglecting the energy-suppressed spin effects as discussed in the previous
sections. Furthermore, since the matter is static, the calculation can be performed in the
axial gauge, as discussed at the beginning of Section 2.3.

Applying the resummation strategy followed in Section 2.2.3 to the parton branching
amplitude (2.74) —see [3] in Chapter 4 for further detail-, the resummed amplitude of
parton branching inside the glasma reads, c.f. (2.83)

iR~ —7 lim dzs/ el J(B )
0 Tin

w Zf-)OO

2
X W(Ein; 00, 25) 100 W(Tin; 25, 0) ei55%s [e Vo, G (k,2f; Zin, zs)] . (2.91)
where I and k are the final transverse momenta of the quark and gluon respectively, FE
and w are the energies of the quark and the gluon respectively, and € is the transverse
polarization vector of the final state gluon. While the resummed amplitude expressed
in terms of effective propagators has a form analogous to (2.83) from Section 2.3.2, the
potential entering the propagators is different in each case. In the latter expression, the

Wilson lines for the quark are given by (2.64), and the gluon propagator reads, c.f. (2.44)

Ty W L L
G(zs, L; x0,0) :/ Dr exp <z§/ dTI"2> Pexp (Z/ drt%r(7) -E“(T)) . (2.92)
x0 0 0

6This section presents an adapted summary and partial reproduction of content from [3], which forms
part of this thesis and is detailed further in Chapter 4.
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With the explicit form of the resummed amplitude of the medium-induced parton
branching process, the final state gluon distribution is given by (2.85). Combining the
Wilson lines in the fundamental representation with the two SU(N,) generators into an
adjoint Wilson line, the final gluon state distribution can be written as

dN
3 R — 2 V. Vi
2(27r) wk 21 Z}lm N, 2§R/ dz/ dz /wmy E CBm | [

x (G (k, L; ®,2)5" (k, Ly, 2) 5 (y, Z; 2, ) WH (25 2 Z)>] ,
T=T=Lin

(2.93)
where the spectrum cannot be split into two separate correlators as in (2.87) due to the
finite correlation length of the medium averages in the glasma. Due to this, the calculation
becomes more challenging than the one presented in Section 2.3.2; and, therefore, we focus
solely on the radiation rate. To obtain the rate, we can integrate out the final transverse
momentum of the gluon, which simplifies the calculation. Using the evolution equation of
the gluon propagator, Which can be obtained following the same strategy used in deriving
(2.43), one can see that 2- a7 Ju Gk, L; x, 2)G%(k, L; y, Z) = 0. Therefore, the contraction
of the propagators integrated over the final transverse momenta reduces to

/ §h*(k, L; 2, 2)3"(k, Ly, 2) = 6 (@ — y) 6°, (2.94)
k

which demonstrate that, after integrating over k, the sensitivity to the gluon’s broadening
is lost. With this, the final state gluon distribution becomes

dN
3 o 2
2(2m) wEdwd Z}l_rgo NwzéR/ dz/ dz/wmy J(E, x| [V Vz

x (G (y, z; @, 2) WH (245 2, z)>] . (2.95)

T=T=T;pn

Taking the broad source approximation setting |J(E, x;,)|? = f(E)0® (x,), and intro-

ducing £ dN(O) = 2(%ﬂ) f(E), Eq. (2.95) can be factorized into the medium-induced radiation
spectrum and the initial energy distribution of the leading quark following
dN dJ _dN®©
= E

dwdE — ‘”@ dE

Thus, defining the radiation rate as I' = with ¢ being the distance travelled by the

partons inside the medium, we get

dr 2 t
<—>: Crg / 15V V, (K tys) - Kol tgs)) |, (2.96)
0

2
dx XW 2=y=0

dt’
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where x = w/F is the energy fraction of the emitted gluon with respect to the parent
parton, and the angle brackets remind the reader that the averaging over different field
configurations is being performed. We have also introduced the in-medium emission
kernel, defined as, c.f. (2.88)

K(x,t;y,s) = (@t y, sYWH(0;¢, s) (2.97)

N2

and we have subtracted the emission kernel in the vacuum, Ky, to get the radiation rate
of the extra emissions induced by the medium. More explicitly, the radiation kernel can
be expressed as a path integral, where the Wilson line accounts for the precession in the

background field

1 T t t
K(x, t;y,s) = 1 / Dr exp (z%/ dr i'2) Tr P exp <z/ dr T°r(T) .EC(T)> :
c y s s

(2.98)

with T being the SU(INV,) generators in the adjoint representation.

The more complex averaging procedure in the glasma phase makes computing the av-
eraged radiation rate considerably more challenging than in the QGP phase. Therefore,
to illustrate the key features of medium-induced emissions during this stage, we begin

with the simpler Abelian U(1) case as a toy model before turning to the non-Abelian
SU(2) case.

Induced radiation for U(1)

Let us focus here on the U(1) case. For Abelian fields, the color structure becomes trivial,
with the radiation kernel being

Koo (@, £y, ) /:Dr exp{ / i (%‘»ME(T)-T(T))} | (2.99)

and the path integral can be straightforwardly evaluated, see e.g. [12§],

w w (z —y)*
U(l)(wa 7y78) 27T’l(t—8) eXp{Z2 s

+ﬁ(‘” /th<T—S>E()+y /sth(t—T)E(T))
w(t — s) /dT/ dr (t —7)(7 = s)B(7) - E(r )}. (2.100)
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This form of the kernel is valid for a general background field E(7), and we further focus
on the piecewise case of our matter model.

The special case where emissions take place inside a single flux tube is particularly
illustrative. For a single tube, the field E is constant, and the kernel is translationally
invariant in the longitudinal direction, simplifying to

Kuay(z,t;y,0) = = exp {Z <£(w —y)?+ E (x+y)— Et?’) } ) (2.101)

2wt 2 2 24w

Thus, one may readily write the medium-induced radiation rate for constant background
field {129, 130, 131, 132] as

dF 2 SC t 1 E2 3 . g2g3
v _ =2 FRe/ ds — <1 —~ (1 S )e‘l%) : (2.102)
dx 0 s

X Sw

This regime, corresponding to the field being constant during the emission process, is
realized when the correlation length [ ~ 1/Q) is longer than the formation time. Before
averaging over the field configuration using Eq. (2.6), let us consider the rate in the given

event for the case of a single flux tube. At earlier times, the rate in Eq. (2.102) grows

dl'y) ., 7asCr E* 15

ot dx —  24x7w w? 5!

—4 = 3YOT (%) 2Cr E23,-1/3 after a characteristic time tq, = (24w/E?)
X lt—oo 3/ xm ) ! i :

which can be understood as the in-medium formation time.

as a power of the travelled distance: At later times, it saturates,

1/3
Y

We now examine the event-averaged results, considering the case of a single long tube.
Averaging the emission kernel, Eq. (2.101), over multiple events, we get

<Vw : Vy (KU(l)(ma Ly, O) - j<:0(m7 Ly, O)>my0>

w? 1 3
= — e -1+ —2 [z +1f, (2.103)
t 2?1w + ]' N ZEgts

where the Gaussian integration in Eq. (2.6) has been performed explicitly. Then, the
averaged rate of the medium-induced radiation is given by

dr 2 ' 1
< U(1)>: asCFRe/ ds _1+; +1] . (2.104)
0

dx X 52 243 < - 2w >
y 20 211 —1
iS5 1 Egs’

Taking the same limits as before, one can see that at earlier times the averaged rate scales

dr E4 45 . . .
as ( ZUW N ~ TasCr 20 L while at later times it tends to
dx 32xm w? 5!

() _ ql/6 2 5\ asCr o3 _yy3
<dX .. =37 3 r G XWS/ZEOw :
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Figure 2.8: The rate of the medium-induced radiation for the background Abelian field
is plotted for the constant field case (green) and Gaussian averaging over multiple events
(blue), assuming a single long flux tube. Dashed lines indicate the corresponding asymp-
totic values. The characteristic time t., and the characteristic frequency w., are defined
with respect to E (green) and Ejy (blue). This figure has been extracted from [3].

All these characteristic features of the single flux tube case are summarized in Figure 2.8.

The structure of the rate is more involved for the more realistic case when the leading
parton traverses multiple tubes. Redefining the characteristic time ¢, = (24w/ Eg)l/ ? with
respect to Ey of the averaging procedure in Eq. (2.6), one sees that the full multi-tube rate
can be written simply as tg, dr;lfl) =t dr;;” (t/ten, 0/t, E;/Ey). Averaging over the fields
in each flux tube, the rate further simplifies, and its parametric dependence is captured

by a single function g, <%> = F(t/tam,¢/t), which depends solely on the ratios ¢/t
and ¢/t. Finding analytic results for ' quickly becomes unwieldy when ¢/t is small, i.e.
when the radiation occurs over multiple flux tubes, requiring multiple Gaussian integrals
in the averaging procedure. However, with the explicit form of Eq. (2.100) in hand, one
can readily evaluate any finite number of Gaussian integrations over the field in Eq. (2.6)
numerically.

To illustrate the features of the spectrum, we present numerical results for <%>

and <%> in Figure 2.9. We find that, while the leading parton is traversing the first

tube, the ratznfollows the single-tube case. Upon crossing the border between two tubes,
the rate experiences some destructive interference, falling after that point. However, prop-
agating further within each given tube, the rate builds up resembling its behavior in the
first tube. This series of oscillations of the rate continues, staying under the single-tube
curve. The peaks of the rate occur at the edges of the tubes, as depicted in the left panel

of Figure 2.9. If the starting position z;, within the first tube is varied, the rate curve gets
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Figure 2.9: An illustration of the U(1) averaged rate. The left panel gives 2aﬂ:(cf ten <dF;I<1> >

with the leading parton starting from the edge of the first tube z;,, = 0. The middle and
. . . Ty Ty .
right panels depict MZCf tch< - > and =ZFZ_¢ <T> averaged over the starting

Zin 20450]0 2in
position within the first tube. The colors correspond to the rate evaluated for different
tube sizes, including the long tube limit (black), which appears in all three panels and is
given by Eq. (2.104). This figure has been extracted from [3].

modified, yet the overall pattern remains the same with the minima and peaks shifted.
Averaging over the initial position of the leading parton in the first flux tube, we see that
the series of minima and peaks is smeared, and the rate takes a shape similar to the con-
stant field case. The greater the number of tubes traversed by the leading parton by the
given t/tq, the lower the averaged rate at that given point, and the curves for different
¢/ta, appear to be ordered, as depicted in the middle panel of Figure 2.9. Finally, we

find it instructive to plot the rate ¢ <%> as a function of frequency w/we,, as shown
Zin

in the right panel of Figure 2.9, where the curves are ordered in the same way. Notice

that the averaged rate as a function of w/wgy, is independent of the particular position of

measurement ¢ when scaled with it.

The ordering of the rate curves can also be understood at the level of the broadening
pattern. Indeed, in the case of shorter flux tubes, accumulating transverse momentum
is harder, as the fields in different tubes can oppose each other. This results in a longer
in-medium formation time for the emission process, leading to a lower rate. This effect
becomes stronger the shorter the tubes are, reducing the rate further. It is moreover
particularly important at larger measurement times t¢/t.,, when the system has had suf-
ficient time to propagate through multiple flux tubes, and at higher energies, where the
formation time is longer and, thus, more flux tubes are traversed during the radiation
process. One should keep in mind that ¢, is independent of the number of flux tubes, but
the physical in-medium formation time does depend on ¢. In the case of constant field,
corresponding to large ¢, the two times coincide, but in general it is not the case.
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Induced radiation for SU(2)

In our model, characterized by a piecewise field, the path ordered exponential can be
expressed as an ordered product of simple matrix exponentials. Each of these matrix
exponentials can be expanded, and, using the Taylor series of sine and cosine along with
the properties of the SU(2) generators, one finds that the Wilson line within one tube is

Wg%(g) (r; 2, 2i-1) = exp [e“bo Efré}

ESE? 1 EY
= 6"’ cos (Eyrl) +2 ZE‘Z L sin® <§Ei7“€> + e“bCEZ sin (E;rl) , (2.105)

where E; = \/E¢E¢, and r is the position of the Wilson line on the transverse plane. The
structure constants of the SU(2) group are given by the Levi-Civita tensor, ¢, and we
have chosen a frame in the transverse plane such that the field only has one component,
as described in Section 2.2.3. Averaging the rate over the orientation of the fields in the
color space, one may notice that each such term can be treated independently. Indeed,

<Wg%<2)(r; zi,zi_1)> - <%5ab {2 cos (E /_ TI(T)dT> + 1}> (2.106)

while for the first and last flux tubes, the limits should be adjusted accordingly. Con-
sequently, all the color structures in the kernel become trivial, and we can express the
SU(2) kernel as a convolution of U(1) kernels before averaging the full expression over
E;.

To illustrate the procedure, let us first focus on the case of a single flux tube. Then,
we can express the full SU(2) kernel as

<j<SU(2)<w7t7y70>> = <j<+(w7tay70) +j<:_($l}',t,y70) —|—j<:0<32,t7y,0> >SU(2) ) (2107>

W

where K, K_, and K, are the U(1) kernels for a single flux tube with electric field E,
—F, and F = 0 respectively, with £ > 0 since the absolute value has been taken in the
color space. However, one should notice that the averaging in Eq. (2.107) is for the SU(2)
field strength F, and the residual radial integral fooo ‘Zﬁ;ggE incorporates a Jacobian from
the full color averaging. Therefore, we keep the correspong‘ling subscript on the averaging
to indicate that point. Noticing that the expression in Eq. (2.107) is even under £ — —FE,

one may further write

4
<:K+(CC, Ly, 0) + X- (wv Ly, O))SU(2) = ﬁ < E2 :KJr(wa Ly, O)>U(1) ’ (2108>
0

where the F-integration in the r.h.s. runs from —oo to co. In what follows, we will omit
the U(1) subscript in the average of K. Then, the averaged SU(2) radiation rate for the

o8



2 - The novel formalism: a discussion of the results

case of a single flux tube can be explicitly written as

dl !
< SU<2>> _ 4astRe/ dsV, -V, (3<E29<+(w,t;y,s)> —~ Ko(a:,t;y,é’))
0

dx 3xw? E2 =0
4o, C td 1 9
- ‘; FRe/—j |t | 1] (2.109)
TX S 2, 5 24w
0 (2 1) 2(1- i)

I'su(2)

Similarly to the U(1) case, in the early time limit d 2@ ~ t°, while at later times it scales

with the inverse of the characteristic time <dFZU(2)> oo ™~ L/t
X — 00

With this simplification of the color structure of the averaged kernel, the case of
multiple flux tubes can be treated in the same way as in the U(1) case. For instance, for
t < 20 we can readily write

dl'su(2) 20,Cp ! 1) .
< su ) _ 20 Re/o A5V -V, [ (00— 1)+ 0(s — 1)) (K0 (@119, 9))

XwW

)
x=y=0

(2.110)

where all the averagings run over SU(2) fields, and the superscript indicates that the par-
ticular kernels are taken for the single tube case as given by Eq. (2.107). Thus, obtaining
the SU(2) kernel for a few tubes in a closed analytical form is sufficiently straightfor-
ward. However, the Gaussian integrals of the averaging procedure still need to be treated
numerically. Additionally, the need for the integrations over the intermediate transverse
positions at the edges of the tubes complicates the numerical calculations, and we focus
on a smaller number of tubes. Following the logic of the previous subsection, we present

the numerical results for <%> and <%> in Figure 2.10. As previously, the rate
Zin

follows the constant field case within the first tube, experiencing some destructive inter-
ference at the edges and growing within the tubes. However, in contrast with the case
of U(1), the SU(2) rate may grow somewhat faster and seems to approach the constant
field curve from the above, see the left panel of Figure 2.10. This behaviour is featured
by longer tubes, while for the shorter tubes, the rate tends to stay under the constant
field curve (at least within the range of times accessible in our numerics). Varying the
starting position z;, within the first tube at a fixed tube size and averaging the rate, we
find that the suppression still dominates, see the middle and right panels of Figure 2.10,
which show the dependence of the rate on t/tq, and w/we, correspondingly. Thus, we find
the physical picture to be sufficiently similar to the U(1) case: as the size of the flux tubes
[/ta, decreases, there is more destructive interference, the in-medium formation time is
longer, and the rate goes down.
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Figure 2.10: An illustration of the averaged SU(2) rate. The left panel gives

2a71%f ten <d1"(si[;(2) > with the leading parton starting from the edge of the first tube z;, = 0.

The middle and right panels depict 2(1”@ ten <drzg‘2>> and % <%> averaged
S Zin s Zin

over the starting position within the first tube. The colors correspond to the rate eval-
uated for different tube sizes, including the long tube limit (black), which appears in all
three panels and is given by Eq. (2.109). This figure has been extracted from |[3].
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Conclusions

“It 1s not knowledge, but the act of learning,
not possession but the act of getting there,
which grants the greatest enjoyment.”

Carl Friedrich Gauss

This thesis has introduced a novel theoretical framework for understanding jet quench-
ing, addressing the role of the matter evolution and its anisotropies. After reviewing
the foundational concepts and placing it in context in Chapter 1, we revisit the deriva-
tion of the formalism in Chapter 2, examining the fundamentals of jet quenching theory,
and discussing the key results presented in Chapter 4, also published in [1, 2, 3]. These
three papers contribute to the development of this novel analytic tool by addressing three
specific objectives. Paper [1] presents the calculation of the leading corrections to jet
broadening and the spectrum of medium-induced radiated gluons, considering the inter-
play between flow and hydrodynamic gradients within a dilute QCD medium. In [2], we
compute the spectrum of gluons sourced by the branching of an energetic quark in a dense,
anisotropic QCD medium. Finally, paper [3] computes the broadening, medium-induced
radiation and energy loss rate of jets traversing the glasma formed in the initial stages of
HICs. Let us now present the main conclusions of each work.

Paper [1] studies the mutual effect of the transverse flow and matter gradients on jet
momentum broadening and in-medium branching processes. We have derived the momen-
tum broadening distribution up to first order in gradients, including the gradients of the
longitudinal and transverse flow velocities, and keeping the leading subeikonal corrections
for the first time. We have also evaluated the leading gradient corrections to the medium-
induced gluon spectrum in the full kinematics. As we have shown, the interplay of the flow
and gradient effects results in the leading modification of the final parton distributions
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and their moments. For instance, the jet quenching parameter ¢ is rescaled by an overall
factor (2.33), which may substantially modify its value in the homogeneous static limit.
Indeed, let us focus on the contribution proportional to the gradient of the source density
Vp. Assuming that p ~ T%, we set g = 3VT In the hydrodynamic phase, one expects
that LT > 1 with VQ < 1, but the change in the matter properties over the matter size

is not required to be small LVT ~ 1. Thus, for relativistic velocities ‘ I ~ 1, our crude
estimate indicates that the modlﬁcatlon in ¢ can be as large as the leadlng Contrlbutlon
For instance, taking the same moderate estimates for the transverse flow and temperature
gradients as for L = 5fm curve in Figure 2.6, one readily finds that q% ~ (.775. Regard-
ing the medium-induced radiation, we compute the branching distribution at first order
in gradients within static matter, keeping the leading subeikonal corrections, and in the
full gluon kinematics. The obtained distribution, given by (2.78), can be compared with
the results of [2] under the soft gluon approximation, and, after some algebra, one can
show that (2.79) precisely agrees with the N = 1 part of the small-x resummed parton
distribution. We also obtain the leading flow-gradient effects in the eikonal limit for the
full gluon kinematics, which results in a multiplicative modification of the radiation rate
and, consequently, in a modification of the induced radiative energy loss (2.80).

In [2|, we have derived the double differential medium-induced soft gluon spectrum
in a dense static transversely inhomogeneous medium with finite longitudinal extension.
The spectrum is obtained within the hydrodynamic gradient expansion up to the leading
first order. As explained for the broadening in Chapter 2, the gradient effects only enter
the final distribution upon averaging over the stochastic background field configurations.
In addition to deriving the general form of the spectrum, we have considered its behavior
for quadratic V(y), in the so-called harmonic approximation, evaluating the path integrals
explicitly. In this regime, the full spectrum can be written in a form suitable for numer-
ical simulations, and its structure results in no additional computational complications,
comparing to the homogeneous case. The soft gluon spectrum is evaluated and presented
in Figure 2.7. The medium gradients distort the softer part of the jet substructure, while
the harder radiation is less sensitive to the underlying medium structure. The spectrum
is depleted for the transverse gradient vector g parallel with k, and enhanced for the
opposite situation, for most of the phase space. However, there are parametric regions,
where the ordering is modified, and the spectrum is enhanced for k parallel with g. Thus,
we find that the medium-induced soft gluons are preferably emitted along the tempera-
ture gradient, but the particular direction depends on the region of the gluon phase space.

In [3], we develop a formalism to describe jet quenching during the early times of HICs,
when the medium is dominated by strong color fields. Throughout our considerations, we
have relied on a simplified matter model that captures the main features of this glasma
phase. In particular, we have assumed that the matter is made up of color domains with
chromoelectric fields confined in transversely infinite slabs aligned with the beam axis.
The field is homogeneous and constant within any given slab, and varies independently
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in different domains on an event-by-event basis. Thus, we relax several assumptions that
are ubiquitous in most of the jet quenching considerations. First, we go beyond the ap-
proximation of local field correlations widely used in the jet quenching claculations in
the quark-gluon plasma context, and assume a finite correlation length. This is also in
contrast with the constant (slowly-varying) field limit employed in considerations of the
synchrotron-like radiation of energetic partons. Second, we consider the event-by-event
fluctuations of the glasma background and its interplay with the jet physics, providing a
starting point for jet tomography of the early stages of heavy-ion collisions. With this, we
start by calculating the transverse momentum broadening of jet partons for both SU(2)
and SU(3) backgrounds, investigating how the results depend on the size of the color
domains ¢. The jet quenching parameter for a jet parton traversing the given flux tube
increases with time. Conversely, for a jet parton traversing many small flux tubes, the
stochastic kicks it receives average out, leading to a constant rate of broadening. We
further focus on the medium-induced radiation in the glasma background, restricting our
consideration to the emission rate in the soft gluon limit. Most of our results are obtained
for a SU(2) background, where the model can be treated semi-analytically, and compared
with the toy consideration for the U(1) case. The behavior of the rate can be understood
by comparing the relevant timescales of the problem. When a single flux tube is longer
than the formation time for gluon emission, the resulting rate reproduces the well-known
form for synchrotron radiation in a constant field. Considering the characteristic energy
scales for the saturation and jet quenching processes in HICs, one may expect this regime
to be relevant only for very soft emissions. At higher energies, the partons traverse mul-
tiple flux tubes during the emission process. This leads to an intricate interplay between
different flux tubes, due to both momentum kicks in different directions and color deco-
herence between flux tubes. The net result is a reduction in the rate when the flux tubes
are smaller, which is especially pronounced for higher gluon energies or at later times.

The work presented in this thesis makes only the first steps along the discussion of
jet-medium interaction in evolving anisotropic matter, and the results could and should
be extended in multiple ways. For instance, obtaining the leading flow-gradient effects
in the dense matter limit, resumming multiple interactions with the medium, extending
the calculations beyond the first order in the gradient expansion, and improving the
matter models to make them more and more realistic. In addition, the presented work
should be further included into phenomenological considerations of particular observables.
For example, the possible substantial modification in ¢ and the energy loss rate can
considerably affect the existing simulations of jets interacting with evolving backgrounds,
see e.g. [106, 133, 134, 135, 136, 137, 138, 139]. Moreover, the directional effects obtained
in the QGP phase strongly distort the softer jet components, leaving harder radiation
relatively less affected, and making the jet substructure a highly sensitive tomographic
tool. Therefore, studying modifications to jet substructure observables, such as collinear
energy-energy correlators or the v,, within jets, due to matter evolution and anisotropies is
essential to unravel the properties of the jet-matter interactions. See Refs. [116, 140, 141|
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for recent attempts on studying these effects on jet substructure observables. Another
promising direction would be to combine our approach for jet quenching in the early
stages of HICs with realistic numerical simulations of the glasma. This would allow us to
compute the medium-induced soft gluon rate, similarly to the previous studies on single
particle momentum broadening [108, 142, 143]. In particular, such an exercise would help
determine if the early time evolution of jets is indeed described by a multiple scattering
picture, in the style of the BDMPS-Z formalism.
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We study the interplay between the flow and hydrodynamic gradients in jet quenching at first order in
opacity. We find that the mixed flow-gradient contributions in jet quenching are enhanced by the medium
length and survive in the eikonal limit, dominating over other medium evolution effects. The resulting
modification to the jet quenching parameter and energy loss rate can be substantial, leading to ample
phenomenological implications. We also compute the leading corrections to the jet broadening due to the
flow velocity gradients and consider the leading gradient effects in the medium-induced branching for
general kinematics, extending the recent considerations of jets in inhomogeneous media. These results can
be straightforwardly coupled to matter simulations, providing new opportunities for jet tomography in

heavy-ion collisions.

DOI: 10.1103/PhysRevD.109.014036

I. INTRODUCTION

In-medium energy loss and the related suppression of
energetic partons provide primary evidence for the for-
mation of collective matter in heavy-ion collisions (HICs);
for a review see, e.g., [1-3]. Jets formed through the
branching of such energetic partons interact with the
resulting matter across multiple length scales and are
sensitive to the details of the medium evolution. Thus,
the medium-induced modification of jets can be used for
imaging of the quark-gluon plasma (QGP) created in
HICs, laying the foundation of so-called jet tomography;
see, e.g., [4—12] and references therein.

Describing the interaction of energetic partons with the
medium within the framework of perturbative QCD, one
typically characterizes the matter with a collective back-
ground color field; see, e.g., [13-20]. Partons are then
deflected by the matter field and lose energy in the process,
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mainly through gluon bremsstrahlung. The matter field is
inherently stochastic, and hence all observables should be
averaged over its possible configurations. The resulting
formalisms are usually treated under multiple simplifying
assumptions, such as the eikonal approximation (the limit
of infinitely energetic leading parton) or the limit of static,
transversely1 homogeneous matter. Consequently, the
description of jet quenching decouples from the evolution
and structure of the matter (especially in the transverse
directions); see the discussion in [21].

There have been multiple attempts to extend the theo-
retical approaches to jet quenching by including medium
evolution effects with minimal modifications: from taking
matter dilution into account [22-24] or using basic kin-
ematic arguments [25-27], to treating the transverse flow
within phenomenologically motivated models [28,29].
More recently, the theory of jet-matter interactions has
been extended to the case of an evolving medium, includ-
ing the effects of flow [21,30-32] and anisotropies
[21,30,33-44]. In these works, flow- and anisotropy-
induced effects are considered separately. However, such
considerations already allow one to probe the coupling of
jets with a variety of features of the medium evolution.

'"The longitudinal/transverse directions are defined with re-
spect to the momentum of the leading parton.

Published by the American Physical Society
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In this work, we focus on the interplay between the
effects of flow and anisotropy in jet quenching calculations.
Following [21], we work within the opacity expansion and
consider jet momentum broadening and medium-induced
gluon radiation in an anisotropic flowing matter. First, we
extend the formalism developed in [21], where the structure
of matter is treated within a gradient expansion.2 In [21],
the gradient effects are considered only for momentum
broadening and in the absence of flow or flow velocity
gradients. Here, we start by including the effects of all
hydrodynamic gradients at first order in the gradient
expansion into the jet momentum broadening considera-
tion, going beyond the discussion in [21,37]. Next, we
derive the leading gradient corrections to medium-induced
gluon radiation for general kinematics, extending the
results available in the literature, cf. [21,43]. Finally, we
show that the mixed flow-gradient contributions modify
the final-state parton distributions already in the eikonal
limit, and, moreover, these terms are additionally enhanced
by the medium length. Thus, they dominate over other
medium evolution effects. As a simple illustration of the
effect of these mixed terms, we show that the jet quenching
parameter in flowing anisotropic matter reads

2(2) = [1 s ]e]o@,

1 —u,

where z is the path length of the energetic parton,
the transverse gradients are compactly introduced with

g.= (VaTéiT + Vit 5 + Vot %)’ where T is the tem-

perature, # and u, are the transverse and longitudinal
velocity components, g is the jet quenching parameter of a
static homogeneous matter with the same local properties,
and all these objects should be understood as functions of z.
We argue that such modifications in jet quenching calcu-
lations can be substantial for characteristic evolution of the
QGP in HICs.

II. MOMENTUM BROADENING

In this work, we study the broadening and medium-
induced radiation pattern of a highly energetic parton inter-
acting with nuclear matter within opacity expansion, closely
following the formalism developed in [21,32,37,39,43].
Before turning to particular processes, let us first specify
the details of the setup used in this work. Here, we will
ignore the energy-suppressed spin effects and work with
scalar particles in the fundamental representation. In con-
trast to [21], where the medium-induced emission in flowing
matter is studied in the case of a scalar “gluon,” we focus on
the emission of actual spin-1 gluons of the underlying gauge
theory—see, e.g., [43] for a discussion.

*See also [45-49] for other applications of the gradient
expansion to probe-matter interactions.

The matter is modeled by a classical stochastic color
field generated by moving massive quasiparticle sources,
neglecting their recoil. This background field can be
written as

gAZ(q) =D _uleTTaxta iy, (q) (2x)

x8(qo—q-u;—q.uy), (1)

where u, = (1,u,u,) is the nonrelativistic velocity (i.e., it
is the four-velocity with the relativistic y factor removed),
v;(q) is the single-source potential, ¢ controls the color of
the given source, (x;, z;) are the spatial coordinates of the
ith source, and the sum runs over all the sources in the
medium, while the matter properties can change from point
to point. We will use compact notation—suppressing the i
subscript—where doing so leads to no confusion.

The particular scattering potential »(g) is model depen-
dent and there exist multiple choices in the literature; see,
e.g., the discussion in [21,31] Throughout this paper, we
will use the Gyulassy-Wang (GW) model to make results
more explicit, although generalization is straightforward.
The corresponding potential reads

7
v,(q) = 5— 2
i(q) g (2)
where g is the effective strong coupling inside the medium,
and ; is the Debye mass at the position of the given source.
Finally, one must specify how the final distributions are
averaged over configurations of the background field,
fixing the structure of multipoint stochastic correlators.
Following [21], we assume the color fields to have
Gaussian statistics, taking only pairwise averages into
account and enforcing color neutrality, as it is often used
in perturbative QCD calculations. The averaging over color
sources then results in

1
ab\ ..sab
<titj>_2CR5u§ ’ (3)

where Cy is the quadratic Casimir in the representation
opposite to the representation of the color sources. Here, we
will assume that all the sources are in the same fundamental
representation, setting Cr = N...

In this section, we further derive the gradient correction
to the momentum broadening distribution within flowing,
anisotropic QCD matter to first order in opacity, going
beyond the discussion in [21]. We focus particularly on the
interplay between velocity corrections and spatial gradients
in the matter variables at first subleading order, neglecting
anything suppressed by two or more powers of the initial
energy. At first order in opacity N = 1, up to two inter-
actions in the amplitude squared, there are two types of
contributions to take into account: the single Born (SB)
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FIG. 1. The single Born amplitude M (left) and the double Born amplitude M, (right) for transverse-momentum broadening.

contribution M, and the double Born (DB) contribution M,, see Fig. 1. Using this decomposition of the amplitude and
omitting the terms whose average vanishes, we can write its square as

(Myi?) = (1M, ) + (MaMG) + (M3My). 4)

where M|, corresponds to vacuum propagation.

A. Single Born contribution

We start by considering the SB contribution to the broadening of an energetic (scalar) quark. The corresponding N = 1
amplitude reads

. d4q . an i
iM, = /W[ltgroj(zp —Q)ﬂAexl(Q)] m J(p—q)
u-p L 2(1 —u,)E
== il \ 1 7% / emllaxitazy(q) ——==—J(p - q), (5)
it (=) | o
|
where we have used the 6 function in (1). In the above T 2E 1 q-u 6
equation, J(p — g) is the source of the initial energetic quark Qp—q = 1+u, T oE ) (6a)
controlling the initial distribution of energetic partons— '
assumed to be centered atxy = Oand zp = O—and 7, ; is the
leading parton (“projectile’) color generator. We have also _ qgu (p-q°*-p° 6b
introduced shorthand notation for integrals running over the Qp—q = 1—u,  2(1-u)E’ (6b)
full three-dimensional space as [ =d°x (and [, = %) and
over the transverse space as fx = f d*x (and fk = f (%‘2). where we have accounted for the first terms in the

Integrating over ¢, by residues, we assume that J is slowly eikonal expansion. The pole Q;_, is O(E), so its residue
varying, hence there are only four poles in (5) to account for ~ Will be highly suppressed by the leading parton energy and
in the evaluation of the integral. The two poles, coming from  can be neglected. Therefore, the only nonvanishing con-
the scattering potential v(g), have a finite imaginary part.  tribution comes from the residue corresponding to the
For a sufficiently dilute and longitudinally extended  pole at Q)_,. The integration contour has to be closed
medium y;z; > 1, and so the corresponding contributions  below the real axis enforcing z; > 0. After performing the
are exponentially suppressed and can be neglected. The ¢, integration, the SB contribution to the amplitude
other two poles come from the quark propagator reduces to

7 H a a u p —igx;, —iO= ~ 2E 1 -
lM] = —lztprojti (1 _m) [Ie(zi)e [EIP Ql)—qzlv(q) 1+ u, Q;_q — Q;;r_q ](p - CI)

=i gt [ Ola)e e (1= G @) a), )

i

where the tilde indicates that ¢, and ¢, have been fixed, and g, = (¢ -u + Q;,_,u..q. Q;_q)ﬂ.

014036-3



KUZMIN, MAYO LOPEZ, REITEN, and SADOFYEV

PHYS. REV. D 109, 014036 (2024)

We can now square the amplitude and average over
initial and sum over final quantum numbers, as well as
average over the field configurations. We will also assume
that the sources are smoothly distributed, replacing any
sum over the scattering centers by a continuous integral

Sri= [ pteares) ®)

i X,z

where p(x, z) is the source number density. Doing so yields

IMiP)=C [ B(px.2)eotrxe @Oy s
x.q.q
(v p-9) up-4q)
(I1—u,)E (1—u,)E
xv(q)v"(g)I(p—a) " (P = 7). ©)
where C =& Note that we only explicitly show the

arguments of p(x,z) for illustrative purposes, keeping
|

the arguments of the other hydrodynamic variables
implicit.

Contrary to the case with vanishing medium velocity, the
q, integration results in a shift in the argument of the
potential and initial source. Expanding these functions, one
readily finds

N ola? qg-u_ (p-qQ-p*ov .
o=@ (1L ) 009
sp-p=iEp-o(1- 455 oy
where v(g?) = —qz-‘iﬂz.

Upon inspection of (9) and (10), one sees that all the
velocity corrections appearing in the squared amplitude are
proportional to the transverse velocity u. Hence, it is useful
to define a new vector in the transverse plane,

g (P-q7°-p*ov

—p? ov* q 1oJ qg 1dJ

v(g®)  og*

7\ — p_q p_q/
F(‘L‘I):_(l_uZ)E_(l—uz)E (1-u.)E
. q/ (p_q/)Z
(I-u)E  v'(q%) 0g” (1-u)JoE (I

—u)JOE (11)

which enables us to write the averaged squared amplitude in a compact form,

iy =c [ o

All the dependence on the matter’s spatial structure in
(12) comes from the hydrodynamic parameters of the
matter model. In our case of the GW potential, these
parameters are the source spatial density p(x, z), the Debye
mass u*(x,z), and the three components of the velocity
u(x,z) and u,(x, z). For arbitrary x dependence in (12), the
final distribution cannot be simplified further. We proceed
by noting that the matter properties are expected to change
sufficiently slowly in the hydrodynamic phase and thus
expand in hydrodynamic gradients transverse to the large
parton momentum p,, see [21]. At the zeroth order, matter
is uniform in the transverse plane, and thus the x integral
trivially results in a § function, while the longitudinal z
integral is yet to be performed. Then the corresponding
contribution to the squared amplitude reads

Gy =c [* dz/ PPE D -9

x[14+u-T(q)] +O(V), (13)

2)v(g?)v*(q?)J(E.p — q)J*(E.p — ¢)e7"a0)*

O L u T ). (12)

I
where I'(q) =T(q, q) and we assume that the matter has a
finite longitudinal size L.

Given weak dependence on the transverse coordinates,
any hydrodynamic variable G(x, z) can be expanded about
x = 0, resulting in

G(x,z2) ~G(z) +x - VG(z) + O(V?).

Then the transverse integral in (12) can be performed
explicitly by noting that

4 0
x, e a-a)x — 27— 5@ (g —¢q'), 14
[ = CrP s =M= (19)

where a runs over the 2D transverse space. With these
replacements, we can express the linear gradient correction
to (13) in a compact form,
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(M, |*) = —iC d »
5(M, 2 ’/ Z/quz (q12)8a0(2)

JE 7 E ! LV 1?2
aqlz’a{ ( P Q_—‘I12> < ,P—Q+5412>0<<Q+§(112> )U <<Q—5412> )

< exp [-i(‘l‘ — ‘qﬁ'_(pu;?H [1 e r(g om0 —;q)} } (15)

where Q = % (g+¢'), g1 =q — q', and we have integrated the derivative acting on the § function by parts. All gradient
corrections can be derived from the same expression upon variation over the corresponding hydrodynamic variable. We use

a shorthand notation, the two-dimensional operator g, = > (VG . %) , which should be understood as summed over the
a

hydrodynamic variables. Note that if a u-dependent cutoff is introduced for the momentum integration, g should, in
principle, act on such a cutoff as well.

In order to simplify our considerations, we follow [21] and assume that the initial source J and v have, at most, constant
imaginary phases.3 Therefore, all the terms in the integrand of (15)—except for the Landau-Pomeranchuk-Migdal (LPM)
phases [50,51]—are even and regular functions of g, with zero derivative with respect to g, at zero. This reduces the
gradient correction to the amplitude to

sanif) = [ e [ )| (-5 + LAY W@ Er 0P [+ T@)]. (6)

B. Double Born contribution

Next we turn to the DB diagram, see Fig. 1, which gives the second contribution to the transverse-momentum broadening
and corresponds to the double-scattering amplitude,

; d'q, d'q, ; 3 b i
M, = /(271.) (2 ) [gth‘OJ(zp qZ)yAext(QZ)] |:(P_6]2)2+i€:|

x [igte i (2(p = 42) — 1), Ack(q1))] { :

(P—aq1—q)*+ ie}

J(p—aq1—q). (17)

Unlike the case of the SB diagram, both field insertions in M, come at the amplitude level, and to the first order in opacity
the DB diagram combines with the vacuum amplitude iM, = J(p). Averaging over the stochastic fields and summing the
quantum numbers, we find that

* —i + X =i +42:)Zi
M2M CZ( 1 — )) /qqu2 e (ql q2>x <q1‘ q2. )Z v(ql)v(q2)

y 2E(1 —u,) 2E(1 —u,)
(p—@2)* +ie(p—qr—q1)* + ie

J(p = a2 —q1)J*(p). (18)

where we have used the constraints coming from the external field fixing the temporal components of the two momenta. We
further note that, as in the SB case, the dominant contribution to the ¢, integral corresponds to the pole at

qi; = —q2; + Qp_g,—g, — €. Thus,

- <>

*Indeed, for arbitrary complex functions J and » one would expect additional contributions proportional to, e.g., J5(p)V,J(p).
While nontrivial phases, controlling such structures, are not expected in the commonly used models for the source potential, the
initial source is generally less constrained. Here, we will imply this assumption, leaving the case of more general initial distributions
aside.
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u-2p—q,—q)

. i X —iO- . (g1 +q2) 10/
M,M:) = iC 0(z.) =@ +0)% 0= Crsi-%i J(E.p — g1 — ) T* () [ 1 = _u-(g 1aJ
i) =iC3 [ et g p — g =g () (1 - T AR
2E g
X - ”(q.l)v(QZ) — . , (19)
1+ u; (CIZZ - Qp—q2 - le)(qZZ - Qp—qz + l€)
where the tilde serves to remind one that g, and g, are
fixed, which introduces a nontrivial ¢,, dependence into u i
(d). * v(gp): Py = I _zuz (u-qy) £ 2R (20b)
Z Z

Turning to the g,, integration, one must also note that the
Fourier factor is independent of ¢,,, and the residues of the
scattering potential poles are no longer suppressed.
Therefore, the residues of the all six poles may contribute.
The two poles of the second scalar propagator are given by
Q[f_qz, while the four poles coming from the scattering
potentials read

u i
(1) P =0 g,—q, 1_—;%(""11)i1_—u%131’ (20a)

<M2M8> + C.C. = lC
Xq1.92

0(z)p(x,2)J(E,p — q1 — 42)J*(P) (1 -

where, keeping the expressions compact, we have intro-
duced the shorthand notation

R2=(1-)(@* +4) — (u-q? 20.  (21)

Then, introducing the source number density, we can write
the full DB contribution as

u-2p-qi—q)) u
(1 —u,)E

(g +qp) 1 0]
1-u, JoE

% [e—i(ql+qz)-xe—iQ7)—ql—quIDB - ei(ql+q2)-xeiQ;,q],¢,zzIsbB]’ (22)

with

T :/quZ 2F
bE= | on 14 u. (g2, —

v(g1)v(q2)
Q;—qz - 16) (QZZ - Q;—qz + 16) .
(23)

At zeroth order in gradients, the hydrodynamic param-
eters are considered to be constant in the transverse plane,
and integrating over x sets ¢; = —¢, = ¢. Therefore, only
the imaginary part of the integral ImZ pz(q, —¢) contrib-
utes to (22). The DB contribution then simplifies to

(MoM3) + cc. ——c/ d: JPIJ(E.p)P
x{l— 2u-p __up qdv}
(1-u,)E (1 —u,)Ev*0oq>
+OV). (24)

(27)25@(20Q) . o
5<M2M0>+CC —C/ dz/g;qlzf (laQa

x [e_iQ'L”""ZZIDB + eiQ;"’""ZZTi)B} }

{ (2)J(E.p —20)J"(p) (1 )

|
Introducing a new transverse vector

_ | A 4 g o
2 (1-u)E (1-u)E[v(@)) g’ (25)

Tps(q) =

we can reexpress (24) in a compact form analogous to (13),

(MoM3) + cc. = _c/ dz/ JPI(E.p)P

1 +u-Tpp(g)] + O(V). (26)

Following the same logic as before, we replace the linear
dependence in x by a derivative of a § function
52 (q, + q,). Integrating by parts and using shorthand
notation, we find the leading gradient corrections to (22),
which read

u-p-0)
(1_uz)E

2u-Q 1oJ
1 —u,JoE

(27)
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where Q = % (g, + ¢») and g1, = q, — ¢q,. The structure of
this expression is more involved, and so it is instructive to
consider each contribution separately. First, when the
derivative acts on the terms in the first line of (27), the
only ¢, dependence enters through ReZpz(q,,0). Its
angular average scales as + and can be explicitly derived.
When the derivative hits the LPM phases, the integrand is
proportional to ImZpz(q,,0), and, after averaging over
the angles, the corresponding contribution looks like a
naive combination of gradient and flow corrections in [21].
|

o) +ee. = ¢ [ e / gap<z>[v<q2>]2|J<E,p>|2{

re(te - e e Do)

Finally, one may notice that working with scalar quarks
we have to treat the seagull vertex present in the theory and
required by consistency. This contribution is commonly
omitted in the jet quenching calculations based on scalar
QCD, since it is expected to be subeikonal; see, e.g., the
discussion in [21]. However, it may contribute to the leading
subeikonal corrections and cannot be ignored here. It can be
easily checked that the corresponding contribution appears
only in the presence of transverse anisotropy and has the
same structure as the term in the first line of (28). This
subeikonal term is additionally suppressed by the smallness
of the gradients with no length enhancement and thus
appears to be subleading to the rest of the terms. In what
follows, we will neglect such terms, keeping only the length-
enhanced subeikonal gradient corrections and consequently
neglecting all the diagrams involving the seagull vertex.
|

dN dN'©) L
E —E cl a 1—2
LpdE " &pdE | A Z/,,H Ea

A (uE _p)az

-8 P ToaaE b,

where the terms appearing at the second subeikonal order
should be neglected. Integrating the final-state distribution
over the transverse momentum, one can show that the number
of energetic partons is unchanged as long as the initial distribu-
tion falls fast enough at infinity, as required by unitarity.

It is instructive to consider how a particular ensemble of
partons is modified by a flowing anisotropic distribution of
matter. To do so, we focus on a narrow initial distribution
parametrized as

Finally, when the derivative acts on the integral 7 pp, only

its real part contributes. Its eikonal term Re 7 (g}g is aregular,
even function of @, and its derivative at Q = 0 is zero. In

turn, the subeikonal part satisfies f‘?(xReIgg(qu,O) =

—@%Refgl)g(—qlz,O). Since the rest of the integrand in

(27) is q,, independent, the corresponding contribution to
the integral vanishes after angular averaging. Combining
these contributions, we find

1 AJ(E.p)P rg*\/1 —u? —u? 59 (g)
[P dp, du(l—u)E  [v(g*)]

(28)

C. Final parton distribution and its moments

The final-state parton distribution can be related
to the squared amplitude of the process and is defined by

dN 1

E
d*pdE ~ 2(2x)?

(IMP2),

(29)

where we have chosen E and the two transverse compo-
nents of the momenta as the independent variables.

daN'©)
d*pdE

ﬁ“ (E,p)|> and taking the combined effects of flow

Introducing the initial parton distribution FE

and gradient corrections together, we find

(E—-p+q),2 dN'©
e
0
dN (30)
[
N f(E) &
EdzpdE - 2aw? ¢ (31)

Starting with the corresponding family of partons in the
initial state, one may understand how their distribution
changes by focusing on the leading moments of the final-
state distribution, defined as
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)y Pa, - Pa,)

<Pa] ---Pa,,> = - d2pdE
hEd
Py Pa,) . AN
— 2 1 n
= (27) /,, ) Ep i (32)

The process of jet-transverse-momentum broadening is
often quantified with the so-called jet quenching parameter,
which is argued to control many of the related processes.
Thus, we start by computing the quadratic moment
given by

L
<p2>:2w2—|—C/ dz[l—zg- “
0 l_uz

]p(Z) / 7*[v(¢*)),
q

(33)

where the first term corresponds to the vacuum part of (30)

and is fixed by the width of the initial distribution. Varying

this moment with the medium length L—understood as the
path length traveled by the parton—we find

*aw e

Z

a(L) = [1—Lg-1

where go(L f Vdl 2 corresponds to the

limit of statlc transversely homogeneous matter, and all
hydrodynamic variables and their gradients should be

srecf o

understood as functions of L. Thus, we can see that the
interplay between the transverse medium structure and flow
modifies the even moments of the final-state distribution,
including the fundamental jet quenching parameter, at the
leading eikonal order. Moreover, this modification is length
enhanced and, consequently, expected to be the dominant
effect of the medium’s evolution. This is one of the main
results of this work.

Following [21,32,37], we also consider the leading odd
moments of the final distribution, which vanish in the case
of static and isotropic matter (for isotropic initial distribu-
tion), but generated by flow and gradient effects. One
readily finds that

a>——1C/Ldz[

l—u E/qqz[ 5 ‘Izazz}[v(qz)]z,

(35)

]p(Z)

where we recognize the same rescaling factor as in the case
of even moments combined with the averaged transverse
momentum obtained in [21,32].

As shown in [21,37], the directional gradient effects
appear only in higher odd moments of the final parton
distribution. Focusing on the cubic moment, we find

E‘z 1—u] (1 -u)E
[+ 1002 ¢ qz)qza—; e o), (36)

which agrees with the results of [21,37] in the limit of static
matter at first order in opacity and can be compared to the
results of [21] in the homogeneous limit at w = 0.

I11. MEDIUM-INDUCED GLUON SPECTRUM

In this section, we will derive the medium-induced
radiation spectrum in an evolving inhomogeneous nuclear
matter at the first order in opacity and discuss the resulting
modifications of the energy loss. This consideration is
technically more involved, and here we will focus on two
particular types of the medium evolution effects. First, we
will study how the transverse gradients of i and p modify
the full gluon spectrum in the absence of any flow, at the
first order in opacity, but in full kinematics, thereby
extending the results of [21,43]. Second, we will search
for the mixed flow-gradient effects analogous to the
multiplicative modification in (34), keeping only the
leading terms in the eikonal expansion. For notational

|

compactness, we will put the two types of gradient
corrections together in intermediate equations, although
one should note that the subeikonal terms sourced by the
transverse flow (and their combinations with the leading
gradient corrections) are omitted.* In the absence of u,
gradients, the longitudinal flow effects can be obtained
with the corresponding boost, and for simplicity, we will
set u, = 0.

Before turning to details, we should note that the external
field (1) has been obtained from the classical field equation
in the Lorenz gauge. However, it is convenient to impose a
stronger gauge condition, additionally requiring n - A = 0.

“It should be mentioned here that in this limit the class of
diagrams involving the seagull or four-gluon vertices can be
freely neglected. Indeed, they contribute as gradient corrections
and appear only at the first subeikonal order, lacking any length
enhancement in the absence of the transverse flow.
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In this gauge, only the two physical gluon polarizations
appear, and the consideration simplifies. This constraint is
compatible with the form of (1), and one may choose rn* to
be any vector transverse to the velocity u#. Here, we will
use n, = (0,0, 1), since Ag,, = 0 for u, = 0. In this gauge,
the propagator of a gluon is given by

—iN,, (k)
G, (k) = 51—, 37
wlk) = (37)
where the numerator is transverse to the gauge vector n and
gluon momentum k,

k,k n,n
N (k) = 2 HY k2 nv
w(k) =g +n (k-n)z—k2n2+ (k-n)? — k2n?
k,n, + k,n
—(k-n)—H*r_¥vH_ 38
( n)(k'n)z_k2n2 ( )

The polarization vector now satisfies k - (k) = n - e(k) =
0 and can be parametrized as

e (k) = (67166 0>, (39)

where € is the transverse polan'zation,S k= (w,k, k), and
we keep the polarization index implicit.

Following the notation of [21,43], we consider the
leading perturbative contribution to the medium-induced
branching of the initial energetic quark to an on-shell quark
of momentum (p — k), and an on-shell gluon of momen-
tum k,, working at the leading eikonal order but to all
orders in LPM phases. We also rely on the broad source
approximation, assuming that the dependence of the initial
source on the transverse momenta is sufficiently weak.
Under the aforementioned assumptions, the vacuum emis-
sion amplitude (see Fig. 2) corresponding to the zeroth
order in opacity, reads

: d'q . . »
iRy = / G 1905y (2 = )70

2(1 —x)e - (k—xp) / »
= trro‘taro't? e’
(k —xp)? Zl: projproi’i.

where we have explicitly used the constraint on ¢,. Turning
to the ¢, integration, we again assume that the residues of
the scattering potential poles are exponentially suppressed.

>The transverse polarization vectors are functions of k, since
the sum over polarizations should be properly normalized.
However, up to the higher subeikonal corrections, we find that
2 €€l = 8oy + O(4), with @ and f§ running in the 2D trans-
verse space.

i
i [it6.0; (2P — @), 9A" (q)]

(gixitq:2) _QgE)v(a)

@ 4

p—k

FIG. 2. The elementary vacuum splitting, corresponding to the
zeroth order in opacity expansion.

iRO = [lgt;)ro](zp - k)ﬂ(:'*”(k)] P2 n lej(p)
2(1 =x)e - (k—xp)
~ —qgt" . J(p), 40
g proj (k _ Xp)2 (p) ( )
where #"__. comes from the emission vertex, r is the color of

proj
the final gluon, x = % is its energy fraction, and one may

recognize the (light-front) wave function of the splitting

2(1-x)e-(xp—k
wx k= xp) = G

probability; see, e.g., the discussion in [52]. In turn, at the
first order in opacity N =1, there are nine diagrams
contributing to the amplitude of the medium-induced
branching shown in Figs. 3 and 4, and we will consider
them one by one in what follows.

, which controls the branching

A. Single Born contributions

1. The amplitude level

Let us start by computing the simplest contribution to the
medium-induced branching, ‘R4, which corresponds to the
initial-state scattering. This amplitude reads

mJ(P—Q)

=), (41)

|
In turn, the poles coming from the quark propagator are
given by

+ o _qu
p_q_2E<1 2E>,
- (1 =Xk +x(p —k)> =x(1 = x)(p — ¢)*

XA 2x(1 —=x)E '
(42b)

(42a)
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(a) (b)

k
k—q
pP—q
0,
S Pk
éq

FIG. 3. The three single Born diagrams contributing to the medium-induced radiation at the first order in opacity.
while the initial source is assumed to result in no new poles. Thus, collecting all the relevant contributions, we can write the
initial-state scattering amplitude as

2(1 -
iRy = —ig (X

ZtPTOJ projli / zi)e 1%ie™Ortiv(q?)J(E.p - q). (43)
The next diagram corresponds to the final-state scattering process in the quark line, and its amplitude reads

Ry = [ L9 (10 2 S —
T = / (2)* 150y (2(P = 8) = ), 9Acxd (p—k—q)+ie

S T (44)

x[igt}o;(2(p — q) = k) €™ (k)] —afiic

which, after both g, and ¢, integrals are evaluated, can be rewritten as

Rp = lgztprojt?t[erJ / l>e_iq,xi & _(X)— XEP = XSI; )) [e_iQ;_qu B e_iQ;—k—qu} v(qz)J(E,p a q)’ (45)

where we have used the explicit form of the poles of the second quark propagator

k=g = 2(1 = X)E(l _ﬁ) (46a)
E—k—q:q’”+(p_k2_(;1)_ ;)(g—k) ’ (46b)
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(d)

@ P—4-4, r-4q, P

FIG. 4. The six double Born diagrams contributing to the medium-induced radiation at the first order in opacity.

Turning to the last SB contribution in the amplitude, corresponding to the final-state scattering in the emitted gluon line, we
write

i

mJ(P —q). (47)

. d4q : a _iN’w(k — q) abc ba *
iRe = /(27)41(217 — k= q),t5; mruap(k —q,q,—k)gA"(q)e™ (k)
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where I'é2¢(k — g, g, —k) is the three-gluon vertex defined as

rabe(k, p.q) = g9k = p), + 9,p(P = @) + Gpu(q — k), . (48)

with all the momenta going toward the vertex. Since N**, ¢;,, and Ag¥ are all transverse to n, = (0,0, 1) by construction, the
product of these three objects and the three-gluon vertex is independent of the z components of momenta, resulting in no
new poles. Performing both the g, and ¢, integrals, we can write R as

(1-x)g —xp)

_ ngabctpm] ; / ( ) —igx; 2(1 —(Z)e (k

(1-x)g —xp)*

where the poles of the gluon propagator have been used,

u
oL, szE(l —ng> (50a)
B k—q 2 _ |2
Qk_q:q-u—l—%. (SOb)

2. SB contributions to the squared amplitude

Now we are in position to obtain the full SB contribution
to the amplitude squared. As done in the case of jet
broadening, we have to average over initial and sum over
final quantum numbers, as well as perform the medium
averages.

Let us start by squaring R4, which after averaging but
before integrating over the transverse coordinates results in

Ral = 2?; 2%/“@ 0(z)p(x, z)e 470

< OG0 ) o)

where the color factors combine into an overall multiple
C2
sn-- In the case of a transversely homogeneous matter,

cofresponding to the zeroth order in the gradient expansion,
we can readily evaluate the x integral. It results in a
|

Ct igyx A= Xk —x(p—q)) - (k—x(p - 7))

(IRs?) =59 0(z)p(x.z)e

v(g?) [e‘l’@ﬁ% - e"'Qi—qz"] J(E.p—q). (49)

[
constraint (27)26()(q —g), and integrating over one of
the momenta, the standard form of the leading contribution
is obtained. In turn, treating the gradient corrections as in
the broadening case, one may note that only the LPM
phases contribute to the momentum derivative atg — g = 0.
Thus, up to the first order in gradients and in the eikonal
limit for the flow-induced terms, the corresponding con-
tribution to the amplitude squared reads

- [ A5 e ()]

Xp(Z)[v(q )PI(E ,p—qﬂ : (52)

It should be stressed that if the subeikonal flow corrections,
scaling as (’)(%), were added here, they would mix with the
eikonal gradient terms, scaling as O(|u|z), giving contri-
butions of order O(|u|* % z), which are formally of the same
smallness as the subeikonal (but length-enhanced) gradient
corrections, scaling as (9(% z). These are the terms that we
omit in our consideration, focusing on the two limits
described above: (i) keeping the terms scaling as O(%z),
but with no transverse flow, and (ii) keeping only the
eikonal gradient corrections in the presence of a trans-
verse flow.

Squaring Ry and averaging the result over the back-
ground field configurations, we find

2N:™ Jraa (k=x(p—q)*(k—x(p-7q))°

(e N L ei(Q;_q—Q;,H)z} ' (53)

% { (eI ER [ e

v(q)v(@)J(E.p —q)J*(E.p — q)

Accounting for the fact that this SB contribution involves two LPM phases, we find that up to the first order in gradients the
corresponding contribution to the amplitude squared reads
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Rof) e [ e [ G2 1 (w2t - 2T )

x [1 —cos (C 2L ot P Ep - )P, (54)

The last SB contribution R ¢, corresponding to the final-state scattering process in the emitted gluon line, also involves
two LPM phases, and, after squaring and averaging, it reads

CrC o
<|RC|2> = QQQ/ e(z)p(x7 Z)e“(‘l—q)'x
2N, 4.4
X4(1—X)2(k—(1—x)q—xp)(k (1_X>q xp)
(k= (1-x)g—xp)*(k— (1 -x)g —xp)?
X {e—i(Q;,q_Q;ﬁ?)z + e"‘(QL,,—Q;,;,)Z _ e—i(Q,,_,,—QH)z _ e'(Q; 9 ,,)Z] (55>

v(q)v(q)J(E.p —q)J*(E.p — q)

As in the cases of R, and R 3, the only nonvanishing contribution to the linear gradient correction comes from the derivative
acting on the phases, and we find

(IRc?) = Crg? AL dz/q (k - (‘;(1_;));)2_ xp)? {1 -&- <u _pz;q_kZ;Eq> z]

1= oos (EE 0 TY2PE ) Lout P B - 0P (56)

The three SB interference terms can be computed following the very same procedure—the x dependence of the matter
parameters is expressed through the corresponding momentum derivatives. However, the light-front wave functions are
structurally different in the direct and conjugated amplitudes, and that results in a new class of gradient corrections. For
instance, the interference term (R,Rj) can be written as

i e [ [0 ) U0 (g1 -con (B0
k

%V?ﬁ%&@@W%%%”

o [ Fxp—a) k—xp i (=x(p =) - o
o ((k—x(p—q))2 2(k_xp).(k_x(p_q))> ( 2x(1=x)E Z>}p[ (@) (Ep=-q)°. (57)

where the sine phase structure has no explicit length enhancement since it involves no momentum derivatives of the LPM
phases. In turn, the two other combinations read

N N = (= (i B Gt

. [pP-a_ (p—q k q k—(1-x)q—xp*
t8 [ E© <2E CTEC >C°S< x(1-x)E ©

+(1_X)£,.((k—(l—X)q—xp k—xp

k—(1-x)g—xp)* 2(k—xp)'<k—(1—X)q—xp)>

wcsin (LN ot P Ep - )P, (58)
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and

. P 2(1-x)*(k=x(p —q)) - (k= (1 —x)g — xp)
(RyRe) +e.c. = CFQ/O "Z/q (k—x(p— )2k — (1 —)g — xp)’?

x {[1 — g -uz] [1 + cos (" - (2K _2)5(11__2:)); ') z)

~ cos <(k —(1-x)g - xp)22> ~cos ((k— x(p —q))zzﬂ

2x(1 —X)E 2x(1 - X)E
Y [p—qz_ (p—qz+p—k—qz> cos ((k—X(P—q))ZZ)

E 2E “T2(1-X)E 2x(1 = X)E
(g et kz;g"’) cos <(k _2<>1<(: i)Z);xp)z Z)
(st e = (S )]
5 () o e M=) G =)
sip) [ ()
() ey )
% p(2)[0@) PV (E.p - a). (59)

where the color factors can also be verified in the limit of homogeneous matter.

B. Double Born diagrams

Here, we consider the six DB contributions in the amplitude of the gluon radiation, see Fig. 4. Following [21], we note
that, after averaging over medium configurations, the propagator poles, governing the g, integral, cancel g,, in the
exponential factors (except for a part of R;), and the contour can be closed in both directions. The scattering potentials are
needed for convergence and should be taken into account explicitly.

Starting with R, corresponding to the case of two initial-state scatterings, we find its contribution to the squared
amplitude,

CZ
(RpRy) + c.c. = i—ng/ 0(2)p(x,2)
X.q1.92

c

HJ*(E,P 4~ ) (EP)

X {3_"(‘11+¢Iz>'xe_iQ;—ql—qzzID - €i<q'+q2)'x€ig;_q‘_qzzI*D} ) (60)

where the integral Zp, is defined as

quz EU(Qz)U(‘Tl)
ITrH = , 61
b= |5 (@5 = Oy —i€)(d0~ Oy, 7 16) (61

with gy, = (- q,.91. =2, + Q,_,4,—4,)- This integral can be explicitly evaluated, and since it involves no length-enhanced
terms, we keep only its eikonal part. Then,

1

ImZp (g, —q) =7 [v(¢*)%,

2u-q)° =3(u-q)(1* + 4%
8R}

[v(@*)), (62)

ReID (qv _q) =
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where Ry is given by (21) at u, = 0. One should also note that 5——ReZ ,

@+a)) = 0, and it results in no eikonal gradient

91=—9
corrections. Thus, keeping only the terms with nonzero angular average, we find

(RoRi) +ec. = —SEg [*ac / o[- (w2 o] cos (2 Y@@ P BP0

Similarly, for the contribution to the amplitude squared with two final-state scatterings in the quark line Rpg,
we find®

C}
(RERS) + c.c. = _IFng/ 0(z)p(x,2)
X419

c

4(1-x)*(k—xp)- (k—x(p —q, — q»))
(k—xp)*(k—x(p —q1 — q2))°

J(E’P)J(EJ’ —q1 - q2)

X |:e_i(41+42)'x (e_ig;—ql—qzz — e_iQ;—k—ql—lQZ)IE — ei(ql+42)'x <eiQ;—ql—qzz — eig;—k—ql—tIzZ)IE} s (64)
where
dq,, 1-x)E g
Ty = / 2‘12~ . ( X)' ”(Q2)U(QI2 . (65)
T (‘hz - Qp—k—qz - l€)(q2z - Qp—k—q2 =+ l€)

with g, = (u-q,.4,,—q2, + Q;_k_ g- qz). Evaluating this integral, one may note that at the leading order in the eikonal
expansion 7y ~ 7, and we can again utilize (62). Thus, expanding in gradients, we find that

<RER;;>+c.c.:—;—‘2:92AL01Z/I%{[1 -
(k —xp)*

. k—-xp . ) - 2
BT (2X(1 - X)Ez) }p(z)[mq )P (E.p)P. (66)

g ug

Turning to the contribution with two final-state scatterings in the gluon line, we have to deal with a product of two gluon
propagators and two three-gluon vertices. As in the case of R above, this product does not depend on the z component of
momenta since N, u,, and €, are transverse to n,, resulting in no new poles. Averaging the corresponding contribution to
the amplitude squared, we write it as

8(1 =x)*(k—xp) - (k= (1-x)(q, +¢2) —xp)
(k—xp)*(k — (1 = x)(q1 + ¢2) — xp)?

Ne .
(RrRG) + c.c. = —t{gz/ 0(z)p(x,2) J(E.p)J*(E.p — q1 — q2)
X.q1.92

X |:e—i(41+‘l2)'x (e—iQ,_,,,“fqu — e_iQ;*qrqu>IF — ellaita)x (e’Q;fqrflzZ - eiQ‘;fquzz)I}‘,} , (67)
where
d E q
IF:/ 92; . X ”.(612)”(91) _ . (68)
2r (QZZ - Qk—qz - l€) (qZZ - Qk—qz + l€)

with g, §= (w-q1,91,—q>. + O - qz). At the leading order in the eikonal expansion, one finds that 7y ~ 7, and we can
again utilize (62). Expanding in gradients and treating x integral in the same fashion, one finds

6Taking the first g,, integral, we pick up two residues, corresponding to the poles Q,_, _,. and Q;_k_ 41—q,- At eikonal order, the
| o < . . 2 1-92
scattering potentials look the same for both residues and the Fourier phases can be pulled out as a common factor for Zg.
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e [ [t o 2 o ()
~ (1R s (25("(1‘1";))}) bole) ol PIE D) (69)

Now we can turn to a more involved diagram, having two final-state scatterings in different lines. The corresponding
contribution to the amplitude squared can be written as

Cr 4(1-x)(k—xp) - (k—qs = x(p — 41 — @
(RGR3>+C.C.:inglﬂqquZH(Z)p(x,Z)( ) X”)(IE_XZ)Z °-9~4)

x J(E,p)J*(E.p — 4, — q2) [e_i("‘+‘12)"‘ (e_i(gk- 2Tt e_iQ;‘ql“lzz)IG

— ettt (O Gt %) T, (70)

o - o 1=
where 7, = (e Qg+ Lty )2 _ e_’Qﬂ-ql-qzz) Zs, and

jG = /dq2Z Ev(g,)
2 (q2z - Ql-:_qz - ie)(qZZ - Ql:—qz + l€> (qZZ - Q;_ql_qz + Q]_)—k—q] - ZG)
|: (qll) Qg F2e)2 (1- x)v(ql)e_’g;—ql—qzz o
9oz T Ql’ k=g — Q;—‘h—‘b —ie —qy; t+ QIJ';—ql—q2 - ;_k_ql —ie]’

with ¢}, = (- 41,9, Q;r_k_ql) and gy, = (u-q1.91. =42, + Q}_;,—4,)- Evaluating this integral, we close the contour
below the real axis so the explicit exponential factor can be utilized. In the eikonal limit, we further find that

T 01.02) = =5 Gy e ) a).

ReZ(q1.92) ~0. (72)

Thus, the corresponding contribution to the amplitude squared reads

(RGR§) +c.c. —CFg/ a’z/ l—x (qu(k—;;) xp)

{n-gwafon <Q'<2i’z;:‘:§;q>z>—cos (20|

ot (e ) o (MR ) - e ()

(Dt ey
2 (k+q-xp)* (k—xp)-(k+q—xp)
- (q-(2(k—xp) +q) (k= xp)? 272 2
TR J(E.p)|”,
X {sm( (1= X)E Z | +sin 2x(1—x)EZ p(z)[v(g”)*|J(E.p)
where the gradient corrections have been treated in the same way as before.
The two remaining DB diagrams are not expected to contribute in the eikonal limit, since they have the gluon emission

vertex in between the two interactions, attached to the same source. Starting with the case of initial- and final-state
scatterings in the quark lines, we can write the corresponding contribution as

(73)

014036-16



JET QUENCHING IN ANISOTROPIC FLOWING MATTER PHYS. REV. D 109, 014036 (2024)

A1 —x)*(k —xp) - (k= x(p — g2))

Cr
(RyR§) +c.c. = z—g / 0(z)p(x,z)
N X.q1.9>2

c X(k - Xp)2
X |:e—i(‘ll+‘12) —iQpq qzz_'[ 1+112)x Qg "Z“I* (E’p)j*(E’p —q; — qz), (74)
where
2m (92 = Qp—g, — 1€)(q2. — Qpg, + )( = Qy iy, —i€)(q2: = Qp sy, +i€)

and 7y, = (u-q1.91.—q2, + Qp_,,—,,)- Evaluating this integral, we indeed find that it is energy suppressed Z, = O(%),
and Ry does not contribute in the considered limit.

Similarly, turning to the last contribution with initial-state scattering in the quark line and final-state scattering in the
gluon line, we write it as

4(1 =x)(k—xp) - (k = (1 —x)q, — xp)

C
(R/R§) +cc.= —iTng/ 0(z)p(x,z)
Xq1.92

(k —xp)*
x [e_i(’l'+q2)‘xe_i95*“1*42111 - ei(‘ll+‘12)'xeig;*"1*"2zf7]J(E,P)J*(E,P 41— ), (76)
where
7 - /dqzz Ev(g1)v(92) (77)
27 (QZZ - Q;—qz - 16) (q2z - Q;—qz + 16) (qZZ - QkJr—qz - i€)<q2z - Q;—qz + l€) ,

and g, = (u-q1.q1.—q2, + Qp_y,—,)- One may readily show that this integral is also energy suppressed and cannot
contribute to the squared amplitude in the considered limit.

C. Final distribution and its properties

The final-state parton distribution can now be expressed through the emission amplitude squared as

aN'® 1 1
dzkdxdzpdE [2(27)3? x(1 —x)

(IRy=1), (78)

where the superscript indicates that only N = 1 terms are included. It depends on the source of energetic quarks and allows

for the study of how an ensemble of quarks radiates while propagating through the matter. In this Work we assume that the

dN'(© ~FE daN'©)
d*pdE d2(1) ) d*>pdE*

In what follows, we use a set of shorthand notation in order to make the final expressions more compact. First, we
introduce the characteristic LPM phases, entering the final-state distribution,

initial distribution E is a slowly varying function of the transverse momentum, setting £

(k—x(p—4q))° - (k= (1-x)g—xp)’
T na-nE 0 T x(-xE ©
_ (k—xp)? _ g (2(k—xp) +4q)
Po = 2x(1 — X)EZ’ 6 = 2x(1 —x)E

It is also convenient to reexpress the light-front wave functions through their normalized arguments,

oo k=x-q) L k-(1-X)g-xp
(k—x(p—q))* (k= (1—x)g —xp)*’

Ky— K= kra-w
k—xp)*”  ° (k+q-xp)*
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Finally, we associate the particular momentum structures in the gradient corrections with the diagrams where they appear
for the first time,

P—q p—q p—-k—¢q P—q  k—gq
p, =1 Dy = p.-P-4, %4
ATTE © 5= 08 ST —nE” C=E fTE®

p p—k k p—-k—q  k+q
p,=%. p,=P2"% . Dp.=%; D=
p=E* EZ (1 —x)E" FoXES ¢ =M —nE T xE

Let us now focus on the limit of static inhomogeneous matter, setting # = 0 and keeping the leading subeikonal (but
length-enhanced) terms. The resulting distribution extends the consideration in [21], where the gradient corrections to the
jet broadening were studied within the opacity expansion, to the case of in-medium branching. It is obtained in the full
kinematics, although only up to the first order in opacity, extending the recent results for the all-order soft gluon spectrum in
inhomogeneous matter in [43]. Combining the contributions to the amplitude squared derived in Sec. III at u = 0, we find

dNW - (1-x)g* Ck < )
dzkdxdzpdE (2z)3x N.\ d*pdE / /

N _ .
x {K%(l +8&-Dy)+2*(1 —cos @) (1 + ¢ - D) +2C—Frc2(1 —cos)(1 +g-D¢)

+ ZKC(')F']:ICC {2(1 —cos¢h) +28 - (Dy—Dgcosgh) —xg - (21c—1c2 K:?K> sin¢}
_NTFKO {2(1 —cos) +28 - (Dy —Decos) + (1 —x)g - <2K sz(l)c(_)’_c) sing;ﬁ]
2CF {2(1 + cos (¢ — ) — cos ¢p — cos ¢p)
+2¢-(Dy—Dycos¢—Dccosd + (D +Dc —Dy) cos (¢ — ¢))
-8 (2(1 - x)k—%ng 2x1<>(sin¢ — sin¢ — sin (¢ —(Z))}
0

—Kk3cospo(1+&-Dp) —x3[(1 — cos ) + & - (D — Dy cos ) + x& - kg sin ¢y

—]C\,,—F k3[(1 —cos¢pg) + & - (Dp —Dpcos py) — (1 —x)g - Ko sin ¢hy)

N,
+ . Ko Kg [(cos ¢ —cosg) + 8- (Dgcospg —Dpcos gy)
F

1 N Ko
+ (x—§>g- (ZKG—K%;KO .

Taking the limit of homogeneous matter with ¢ = 0, we can readily check that this expression agrees with the result for the
N =1 in-medium branching; see, e.g., [52].

To make the features of the final-state parton distribution more apparent, it is instructive to consider the small-x limit
of (79), where the distribution is known to take a particularly simple form in the case of homogeneous matter [18]. In this
limit, ¢ = ¢y, ¢ = ¢|q_) —q — %o, K =Ko, and kg = fc|q_>_q. Keeping only the subeikonal terms that scale as é, we set
D, =Dy =Dp =Dy =0, then

Ekoji\;(;;dE_ (gzﬂ()rg)(( dzpdE> / dz /
g7\ oo Lo BE0)) k[ fin (e
Aewoar (o (50 )) (552 7) - % e )|

et e o) o (5| e, o

) singo +sing)| o)) (19)

+

A\l
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az
X ixd?k

(2m)2Kk?

K2/

L=5.0fm
L=25fm

for6=rr

-=-— for6=0

aT
* Ixd?k

(27)%K?

FIG. 5. The (rescaled) medium-induced soft gluon spectrum is plotted for two energies E = 50 GeV (left) and E = 100 GeV (right).
The colors distinguish the medium length, while the mean free path is kept fixed (y = 3 at L = 5 fm). The solid lines correspond to the
homogeneous (or no transverse flow) limit, while the dashed lines correspond to u and VT being parallel or antiparallel.

This expression can be compared with the results of [43] and, after some algebra, one can show that (80) precisely agrees
with the N = 1 part of the small-x resummed parton distribution.

Turning to the flow-gradient effects, we take the eikonal limit and note that only the same multiplicative factor in the
integrand of the amplitude squared survives. Then, the final-state distribution reads

AN e —x)g* C2
dkdxd*pdE ~ (27)°x N,

F
N

F F

One readily observes that this modification of the distri-
bution results in a multiplicative modification of the
radiation rate due to the jet-medium interactions and,
consequently, in a modification of the induced radiative
energy loss, cf. [18].

Estimating the effect of the mixed term in the spectrum,
we focus on the small-x limit. Then, the final-state
distribution can be factorized into the initial quark distri-
bution and an emission spectrum dZ"), defined by

dN

P dzV  dN©)
* d*kdxd*pdE

E .
Y ixdk " P pdE

(82)

Following [18,53], we choose a smooth longitudinal profile

for the source density p(x,z) = 2p, (x)e%, treating the z
integral analytically. The resulting medium-induced gluon
spectrum reads

— C—Cx(z)(l —cos¢hy) + %Ko -k (cos g — cos ¢hy) }P(Z)[”(‘Iz)]2-

dN©) L
E d 1—9-
dzpdE> /o Z/q (1-2-u2)

N. _
X {K% +2K%(1 —cos @) + 2C—‘f<2(1 —cos¢) +
F

. N. _
Z(;]\;i (1 —cos¢) —C—;KO k(1 —cos¢)

_%x.fc(l + cos (¢ — ¢) — cos ¢ — cos @) — k3 cos ¢y — k3(1 — cos ¢by)

(81)

[
dz"  4ayN, / 2k - q L3(k —q)?
X =
dxd*k r )y K (¢ + 12 L (k — q)* + 16x°E?
L*(k—q)* 3
1 -2 )L(g-u)|.
X[ +<L2(k—q)4+16x2E2 >)Le-w)

(83)

. . 4
where we have introduced opacity ;(zzvaZ]Zl“zL and

@ +”2)), assuming that
po~ T3 and u ~ gT, neglecting gradients of the transverse
flow u.

In Fig. 5, we plot the spectrum (83) for two energies
E =50 GeV (left) and E = 100 GeV (right), while for
each energy we also show two different medium lengths
L =5 and L = 2.5 fm, keeping the mean free path 1 = )L(
fixed. We set a, = 0.3, u = 0.6 GeV, and x = 0.1 and
assume that y = 3 at L = 5 fm. For a qualitative estimate

replaced g by g :V—TT (3
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of the mixed flow-gradient term, we take |u|= 0.3,

";—f‘ =0.1, and T = 0.3 GeV. One may readily see that
the modification of the spectrum could be substantial even
for moderate flows and anisotropies, especially for larger

systems.

IV. DISCUSSION AND CONCLUSIONS

In this work, we have studied the mutual effect of the
transverse flow and matter gradients on jet momentum
broadening and in-medium branching processes. We have
derived the momentum broadening distribution up to first
order in gradients, including the gradients of the longi-
tudinal and transverse flow velocities and keeping the
leading subeikonal corrections. We have also evaluated the
leading gradient corrections to the medium-induced
gluon spectrum in the full kinematics. These results are
obtained within the opacity expansion framework, follow-
ing the logic of the formalism developed in [21] and
extending it.

As we have shown, the interplay of the flow and gradient
effects results in the leading modification of the final
parton distributions and their even moments. For instance,
the jet quenching parameter ¢ is rescaled by an overall
factor (34), which may substantially modify its value in the
homogeneous static limit. Indeed, let us focus on the
contribution proportional to the gradient of the source
density Vp. Assuming that p ~ T3, we set § = 3¥L. In the
hydrodynamic phase, one expects that L7 > 1 with
;ZT < 1, but the change in the matter properties over the

LVT

matter size is not required to be small =~ ~ 1. Thus, for
]

relativistic velocities 1o~ 1, our crude estimate indicates

that the modification in ¢ can be as large as the leading
contribution. For instance, taking the same moderate
estimates for the transverse flow and temperature gradients
as for the L =5 fm curve in Fig. 5, one readily finds
that £ ~0.775.

The physical picture behind these larger modifications
can be made more transparent if we attempt keeping the full
x dependence in p(x, z), e.g., in (12). Assuming that only
the Fourier factors are varying fast enough in ¢ — ¢, we
find that the corresponding contribution to the amplitude

w2z ). This

squared is proportional to p(—l_m
change in the local density along the leading parton
trajectory agrees with (16) up to first order in gradients
and can be identified with the shift of the matter in the
transverse direction over the traveling time z; see the
illustration in Fig. 6. One should note that the source
number density is positive, and higher order gradient
corrections ensure that (34) is positive. While the other

hydrodynamic parameters enter the amplitude squared in a

FIG. 6. The rectangles represent a medium element traveling
along the transverse direction and pictured at three different
moments. The leading parton traveling along the z direction at
x =0 penetrates the matter element at different transverse
positions at different times due to the medium transverse motion.
Since the medium has transverse structure (introduced by the
temperature gradient), the jet sees different local properties, while
the matter is assumed to be longitudinally uniform in this
illustration.

more involved way, the related gradient corrections as well
as the full momentum dependence in the integrand are
already taken into account in (30) [and in (81) for the
medium-induced branching].

The presented results should be further included in
phenomenological considerations of particular observables.
The possible substantial modification in ¢ and the energy
loss rate can considerably affect the existing simulations of
jets interacting with evolving backgrounds; see, e.g.,
[31,33,54-60]. It would also be interesting to see if the
mixed flow-gradient effects leave clear signatures in more
differential observables, discussed in the context of the
evolving anisotropic matter; see, e.g., [44,61-64]. We leave
all these considerations for future work.
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We calculate the spectrum of gluons sourced by the branching of an energetic quark in the presence of an
inhomogeneous QCD medium, focusing on the soft radiation limit. We take into account multiple soft
interactions between the partons and matter, treating the transverse variations of its parameters within a
gradient expansion. Thus, we derive the general form of the medium induced spectrum up to the first order
in gradients, and consider its simplifying limits. In particular, we show that to the leading order in matter
gradients and using the harmonic approximation for the scattering potential, the full gluon spectrum
can be written in a compact closed form suitable for numerical evaluation. The final gluon transverse
momentum tends to align along the anisotropy direction, resulting in a nontrivial azimuthal pattern in the jet

substructure.

DOI: 10.1103/PhysRevD.108.034018

I. INTRODUCTION

Over the past decades, the experiments on high-energy
heavy-ion collisions (HIC) at RHIC and the LHC allowed
to explore QCD at high energies and densities; for a review
see, e.2., [1,2]. In these experiments, the nuclear matter
is produced far from equilibrium, and undergoes a multi-
phase evolution. After the initial nonequilibrium dynamics,
the matter thermalizes into a nearly ideal liquid, the quark-
gluon plasma (QGP), which continues expanding and
cooling. When the energy density is low enough, the
matter turns into a hadron gas, which is eventually observed
by the detectors. Following the initial observation of the
QGP formation, the main community efforts have been
concentrated on extracting the details of the matter evolu-
tion in HIC.

One of the evidences of the collective matter formation
in HIC is the suppression of energetic partons due to the in-
medium energy loss [3-5], known as jet quenching [6];
for recent reviews see [7-9]. Moreover, the cascades of
secondary particles produced by the branching of such
energetic partons, forming jets, are also modified by the
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matter, providing a differential tool to probe the medium at
different length and energy scales. Using jets for such
imaging of the nuclear matter and its evolution in HIC and
other experiments is often referred to as jet tomography, see
e.g. [10-27] and references therein.

Considering the jet-medium interactions in perturbative
QCD, one usually has to describe the underlying hot
matter in terms of a background stochastic color field, see
e.g. [28-35]. Moreover, to make the calculations tractable,
most works further rely on multiple simplifying assump-
tions. For instance, the medium is commonly considered to
be transversely homogeneous with a finite longitudinal
extension,' while the calculations are preformed in the large
energy limit, known as the eikonal approximation. Under
these assumptions, the problem allows for a semianalytic
treatment, but the results cannot be applied to resolve the
details of the medium evolution, and jets appear to be
decoupled from the anisotropic matter expansion [18] and,
moreover, from the large anisotropies of the initial out-of-
equilibrium phase of the matter produced in HIC, see
e.g. [18,20,36,37]. Only recently, the theory of jet-matter
interactions has been extended to the case of inhomo-
geneous nuclear matter [18,24,38,39] with the transverse
matter anisotropies treated within a gradient expansion.”

So far, the approach developed in [18,38] has been
used to describe single parton evolution, the so-called jet

"The longitudinal and transverse directions are defined
with respect to the initial momentum of the leading parton
momentum.

See also [40-45] for applications of the same gradient expansion
approach in holographic models of probe-matter interactions.

Published by the American Physical Society
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broadening, in dilute or dense media at the leading order in
transverse gradients, but the case of in-medium branching
in inhomogeneous matter has not been considered. In this
paper, we continue developing the formalism by deriving
the medium induced soft gluon spectrum up to the first
order in transverse gradients but to all orders in opacity. Our
main result is the double differential spectrum, which can
be written as

dl dl,
w =w
dod*k dwod*k

dI,
10}
dod*k

+(&-k) o). (1)
where dI, denotes the gluon spectrum in homogeneous
matter, dI; gives the functional dependence of the leading
order gradient contribution on k2, resulting in a nontrivial
azimuthal dependence of the overall spectrum, and @ and k
are the energy and momentum of the emitted gluon. Notice
that in this work we have derived (1) in the approximation
of static matter (no flow), although the generalization for
flowing medium is straightforward to obtain. As in [38], we
use the Gyulassy-Wang (GW) model to make some of the
expressions explicit, and the primary matter parameters are
the number density of the scattering centers p and Debye
mass u. However, our results are general and can be directly
extended to other models for the source potential. The
corresponding transverse gradients are encapsulated in a
two-dimensional vector operator &= (Vp% + Vu? 5%’)
Below, we will show that the gradient terms in the spectrum
result in a deflection of the emitted gluons along g.

This paper is organized as follows: In Sec. II we derive
the generic form of the medium induced gluon spectrum
up to first order in transverse gradients for media with
finite longitudinal extension. In Sec. III, we further simplify
the generic form of the spectrum, utilizing the harmonic
approximation limit for the in-medium scattering potential.
In Sec. IV, we obtain the gradient corrections to the medium
induced gluon spectrum in the considered limit. We discuss
the properties of the spectrum in Sec. V, as well as provide
some numerical results, illustrating its behavior. Finally,
our findings are summarized in Sec. VI, where we also
discuss potential extensions of the presented results.

II. MEDIUM INDUCED SPECTRUM
IN THE SOFT GLUON LIMIT

A. Resummation at the amplitude level

It is instructive to briefly repeat the derivation of the
amplitude describing the propagation of a quark with initial
energy E and transverse momentum p; in a medium,
followed by an emission of a gluon, which is measured
to have energy w and transverse momentum k in the
final state. Following [18], we will focus on the transverse
gradients of the source density and Debye mass, assuming
the matter to be static. We also assume the in-matter
sources to be static by themselves, ignoring such effects

as the medium response and collisional energy loss, which
would significantly complicate our consideration, and
require further generalization of the formalism developed
in [18,38]. Thus, the medium induced color field can be
chosen as

9A“(q) = (27)g"°v*(9)8(q"). (2)

and the jet-medium interactions are controlled by

v(g) = / ey Ju(ges).  (3)

where p“ is the source color density, and v(g,x,z) is a
single source potential, which depends on coordinates
through the local medium properties. We have also intro-
duced shorthand notations for integrals running over the

full three-dimensional space as [ =d°x and [, = (2‘137];3 and

over the transverse space as [, = [d*x and [, = [ %

The single source potential is expected to be exponen-
tially screened in coordinate space, and we will generally
refer to the screening scale as the Debye mass. While the
medium induced soft gluon spectrum can be derived for the
general potential, and we will do so here, it is instructive
to consider an explicit form of v(q.x,z) as well. For
this purpose, we will follow [38], and refer to the GW
model [28], corresponding to

v(q,x,2) = g —. 4

( ) q* — it (x,z) + ie “)
Here, we assume that y(x, z) varies slowly in the transverse
direction over distances of order ﬁ. Focusing on the
limit, when the characteristic distance between the sources

Np

FIG. 1. Feynman diagram of the in-medium gluon emission
from a quark with each particle interacting multiple times with the
background field.
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is larger than ﬁ, we ignore the local modifications in

general v(q,x, z) for the given source, taking into account
only the changes in the Debye mass between different
sources.

. (/l
IRN,,N,Nk "(Pps1 —

~1I|-v |

/d4pY (=1)g (ML
(27)* el pi e

dy, d,
pr0] " (lm+l

13

where Fg/‘}; is the three-gluon vertex, the zeroth components
of the four-momenta have already been fixed with the
delta functions coming from the background field inser-
tions, and we have introduced additional momentum labels
PN,+1 = Ps> Iy =1, and ky, ., = k. Notice that the
integrations in (5) should be understood as acting from
the left on the whole expression, and are distributed now for
structural simplicity.

This expression can be simplified if we use the particular
kinematics of the process. Indeed, let us take a closer look
at the first product in (5). Switching to the Fourier trans-
formed in-medium potentials, and reordering the Fourier
exponentials within the product, we can write it as

N

P
[I {H)/ (2 7 (s 20) 0 (Pt = Prsns )
n=1 PnXn
2F ) ) )
sz +iee_lxrz'(pn+l_pn)elpn,z(zn_zn—l) e J(py), (6)

where we have introduced z, = 0. One can further perform
D, integrations by residues, collecting the corresponding
poles. We also assume that yAz > 1, where Az is the
characteristic distance between the color sources (described

|

Pn)

2
NHVr k bob,.yc, . )
K ) L K2 +(Z€)F 0’ (k“_kr+1)”’(kr+1—kr)}G”Nw‘(k)

Using this model for the medium, we can write the
amplitude, iR N NN, depicted in Fig. 1, with N, insertions
in the incoming quark line, N, insertions in the outgoing
quark line, and N insertions in the gluon line, as

2E
pa + ie

(27 )45( )( =1y = k)J(p1)

(5)

)20 —x)E]

L, + ie

|

by p?), and that the single source potential has no other
poles apart from the screening ones. Thus, we neglect the
poles of the in-medium potentials, which are exponentially
suppressed in the considered limit. Assuming that the
matter is extended in the positive z direction, we find that
only the poles of the scalar propagators with p, . >0
contribute. Finally, we take the limit of small gluon energy
fraction x = < 1, and neglect all the subeikonal terms
unless they are enhanced by the medium length and )—1C
simultaneously. Under these approximations, we find

0 1(py). 9

where 7) = fq.y eiq-(x—y)[)a(y, 2)v(q.y, Z)|qo:qz:0'
Fourier transforming the momentum conservation in the
emission vertex and substituting (7), we can integrate over
Ds.. in (5). Thus, we set p, . ~ E and impose an upper limit

on variations of z ~,- Now one may sum (7) over all possible
diagrams, treating the case of N, = 0 explicitly,

(xw Zn)gn,n—le_i-’c".(pw]_p"):| HS‘NPJ(pl)

:/ e—ixl'(Px—Pl)’Pexp {l/ thprOj (xlvf)}‘,(pl)’ (8)
P1.X 0

where the Wilson line of the scattering potential in the fundamental representation can be identified

W(x1:2,.0) =73exp{i /O dete (xl,f)}. )

034018-3
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Similarly, looking at the other quark leg in the fourth line of (5), we readily find

2 20 =x)E] 0 __
(ps+ D)y +ZH{ / o <zm+1—zm>m}e 02985 (py + 1),
I m

N=1 m=

:/ e—ixl-(l—ll)’Pexp{i/ a"n‘pmJ 4(xy, )}(px—i—ll)ﬂ], (10)
I .x, s

X

where® 29 = 2, the exponential e~"/1=% is coming from the
emission vertex, and the final momentum of the quark
Iy,+1 = L is on shell.

Now, we have to consider the third type of insertions,
attached to the emitted gluon line. Its structure is more
involved, and it is instructive to make several simplifying
observations upfront. First, one has to specify the gauge
choice, fixing the form of ¢* and N*”. The background
field (2) induced by the matter sources is derived in the
Lorenz gauge. However, working in this gauge would
considerably complicate the consideration, since the polari-
zation vector would involve auxiliary components. To
remove the residual gauge freedom, one should notice that
the particular form of (2) is compatible with an additional
gauge condition A = 0. In this gauge, combining the two
constraints together, we can write the polarization vector in
terms of physical components,

q(@::{fzf,ao}, (11)

2 o N
e’ﬁzxab/\’ﬁlble*ﬂl _|_ E H |:l/
Ne=17=1 ky.x,

: L by, +1b1 . *
= lim et G (b, gk, zg) e (ky ),

=0 Jk,

I
while the numerator of the gluon propagator reads

k*n¥ + k'n# k* k¥

Nﬂy(k):gﬂb_ (kn) _(k.n)2’ (12)

where we have introduced the four-vector n, = {0,0,0, 1}
entering through the gauge condition n - A = 0. Notice that
we give the on-shell form of N*¥, since kn . will be set on

shell by the corresponding integrations. * Thus, one readily
finds

N (R T (e =y )€1 ()

yrﬂﬁ»lo

~ 2a)gfbrbr+lcr€*ﬂr(kr)’ (13)

where we have neglected the subeikonal terms.

Noticing that (T¢),, = —if** and using (13), we can
reexpress the second line in (5), adding the contribution
N = 0 explicitly, as

~c. —ix.-(k..,—k i Zr—Zp —ik,zy, Hiwzg x
r+]brv »(_x'r7 Zr)gr,r—le r( r+1 r)e Qr( r<r l) e 24N Paad! (kl)

(14)

. . . . 2 . .
where we keep the leading subeikonal contributions to the poles of the scalar propagators Q, = @ — L3 resulting in the so-

called Landau-Pomeranchuk-Migdal phases, which are enhanced in the soft gluon limit by

2w’
%. Here, we have introduced a

single-particle propagator, which has the following coordinate space representation:

G(x s, 273 %0, Zin) = /xf Drexp {l;)/zf dri‘z}Pexp {i/zf drT“ﬁC(r(r),r)}, (15)
Xin Zin Zin

where z; has been introduced in (14) to simplify the definition of G.
Combining these three contributions and introducing x;, = x;, we find that in the soft gluon limit, the resummed

amplitude can be written as

iR~—-Y lim

W 2y

where the color indices have been renamed for simplicity.

o . 22
dz, / el J (3 YW (x5 00, 2 1oV (Xins 24 0)eisre - V.. G (k. 253 %0, 24)]. (16)
0 '

*It should not be confused with 7o in the initial quark line at n = 0.

“The propagator numerators lead to no new poles, leaving the k, integrations unaffected.
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B. Medium average

With the explicit form of the resummed amplitude, we can now turn to the medium averaging, required to describe the
medium induced branching. The final state gluon distribution A\ is defined as

2(27)w N

da)dEdzk 47r N

dQI

RI?) (17)

where we have averaged over the stochastic background field. Thus, upon squaring (16), summing over final state quantum

numbers, and averaging over the initial ones, we find that

dN a o ©
2(2m)*wE = tim -2 [T a [Taz [ e
(27)’w TodELk Zflfionz/ ZA z[cm| (*in)

|2<Tr[W(xin; 0, Z)tgrojw(xin; <, 0) [Va,xingba (kf’ Zf;xinv Z)}

X (W(xln’ 0, Z)tpro_]w(xin; zZ, 0) [va,x;"gha (k7 Zf;xin’ Z)])TDv (18)

where the subscript « in the derivatives runs over the two components of the transverse vector x;,.
This expression can further be simplified if one notices that the fundamental Wilson lines can be combined to form the
Wilson line in the adjoint representation, see e.g. [46—48]. Indeed, if 7 > z, then

TrWV(xiy; 00, 2) 15 W (¥ins 7. OW' (X33 Z, 0) 15, WV (3in; 00, 2)] = Tr[W(¥in3 Z, 2) 15y W' (¥ins 2, 2) 15,
1. .
= Wi 2.2, (19)
which in terms of the adjoint generators reads
Wj;u&( Xins 2, ) Pexp{ /Z dT(TC)aaic(xin,T)} (20)
Z
and we can rewrite (18) as
dN % z i
202nPwE——— = dz [ dz [ 1I0) (Ve G (k. 253 X0, 2) )W (i3 20
(nf ok g = Im o Re [Tz [Fae |10 AVan, 0 2, IV 52,2
X [va.xingmb(k’ Zf3%in» Z)D? (21>

where the contributions from the two regions with 7 > z
and z > Z combine into the real part of the expression
above.

We further assume that the color source densities have
Gaussian statistics, enforcing the color neutrality condition,
see e.g. [23]. Then, the only nontrivial average is given by

1

5ab5( )
2Cx (

(P9 (x,2)p"(%.2)) = —¥)5(z - Z)p(x. 2),
(22)

or, equivalently,

6(1}7

(1,57 (£.2)) = 5

where p(x, z) denotes the number density of the scattering
centers in the medium, the sources are assumed to be in the
same representation R, and Cj is the quadratic Casimir
in the representation opposite to R. In coordinate space,
p%(x,z) is real, and its Fourier transform satisfies

p"(q.z) = p*(—q.z). Thus,

¢*5(z — 2) / (o) n %)

X 0 1 1
X {1+§- (x;x+@>}v<q+§Q,O,z>vT(q—EQ,O,Z>

, (24)
q0=4:=0o=0.=0
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where the leading gradient corrections are accounted by g,
see e.g. [38]. Taking the GW model as an illustrative
example, this average reads

(09(x, 2)0™ (%.2)) =

6“” x+x
g5(z—z)(1+ > g)

L : (25)

Even in the presence of transverse gradients, the average
(25) is still local in z. Consequently, an average of a product
of single-particle propagators with no common support
reduces to a product of averages. That allows us to
write (21) as
|

dN
3
2(2n) a)Ed dEko

5Re d d
i e [ [ [ 176k

= lim
x [(Vx : Vg)<g”c(k, 213y.2)G' (k, Zf;ivz)>

X <Q"“(y,2;x,Z)Wlaa(xin;Z,Z)ﬂ

, (26)

X=X=X;,

where we have used a mixed coordinate representation.

Because of the color triviality of the medium averages,
one can simplify the color structure in (26), writing the full
process in terms of an emission kernel, /C, with support in
the interval (z,Z), and a broadening kernel, S,, which
describes the evolution of the radiated gluon after being
produced. These kernels are defined to be

Sy(k.k,zp:y.%,2) = N 1(Q"C(k, 2439.2)G" (k. 243 %.2)),
1 a -
K, %in, 256,300, 2) = 17— (9700 56, YW (xin3 2. 2), (27)
such that the full distribution can be compactly written as
dN 2a,C
2ok = 2R [Tz [ [ )PV RSk sy £ DK D, (28)

Thus, the final soft gluon distribution factorizes into the
two correlators even in the presence of transverse gradients,
while the effects of the matter anisotropy enter each one of
them independently.

Now, we can utilize the explicit form of the two-point
correlator (25), taking into account the gradient corrections.
Here, we will focus on the case of longitudinally uniform
matter, keeping the algebra more compact, while the results
can be straightforwardly generalized. The corresponding
broadening two-point function has already been derived in
[38] up to the first order in transverse gradients, and its in-
medium part reads

Sz(k5 k’ L;y,i, Z)

~ p—iku p=V()(L=2) {1 + ’(Z;w# VW(u)-gV(u)
i ) - gy -9
(L-z2)?

g, 9

where u =y —x, w =2 ;x, and L is the matter extension.

The effective in-medium scattering potential V' is often
referred to as a dipole potential, and is given by

[

via) =G (lota)P

) [ 1tr). o)

where v(q) = v(q,0, z), and in the case of the GW model
v(q) = —7 +2 = With u(z) being constant. Here we have

also introduced an overall color coefficient C =

outside the medium (zp >z > L), the broadenlng two-
point function is trivial, and can be obtained from (29) in
the limit V — 0, reducing to S, (k,k, 003y, %, L) = e~k

The emission kernel is similar to the broadening two-
point function in its structure, but is harder to evaluate for
the general potential V. Following [38], one can write the
medium average of two Wilson lines up to the leading order
in gradient corrections as

<7>exp {i /Z ZdrTaiﬂ(r,r)}7>exp{—i /Z ZdTTbT)b(xin,r)}>
:exp{—/;dr<1+r+2xin.g>V(r—xm)}, (31)

and the kernel can be expressed as the corresponding path
integral, cf. with the homogeneous case [29,46-48]. Thus,
it takes the form

034018-6



MEDIUM INDUCED GLUON SPECTRUM IN DENSE ...

PHYS. REV. D 108, 034018 (2023)

Ky, %in, 2%, Xin,2) = / pret ),
X

(32)

where the leading gradient corrections are also included.

Here we notice that, when both of the longitudinal argu-

ments in the kernel are outside the medium, it also becomes
vacuum-like,

K:(y“x;in7 Z;x,xin’ Z)|z>L = / eik‘(y—X)e—i%(f—Z), (33)
k

while for 7 > L > z it can be expressed as a convolution,

= _ iky —i2 (L
Ky, Xin. 2%, X0, 2) |55 15 —/e’ Yo~ irg(Z-L)
k

x K(k,xy, L;x,xi,,2).  (34)

Thus, it is convenient to split the full distribution into three
portions, coming from the three integration regions: 7 < L,
z<L <7 and L <z. We will refer to these regions as
“in-in,” “in-out,” and “out-out,” respectively, see e.g. [46].
One readily finds that the in-medium contribution is given by

dNin—in 2a.C L z .
22n) 0E S [Maz [T [ emiw)PPw)
0 0 Xin.y

dodEd*k o

2w

XH‘ OB

V. Ky + Xin, Xin,» 23X, Xipn» 2)

where we have substituted (29), and integrated by parts. We
have also introduced a broadening probability

Prat) =0 1= Dov) ). o

which controls the broadening process for a narrow initial
distribution [38]. One may notice that the structure in the
second line of (35) resembles the shift operator introduced
in [38]. Indeed, the emission kernel C convoluted with
the source of the parent parton J serves as a source for the
consequent broadening of the emitted gluon. However,
the broadening structure is more involved now, since the
effective initial distribution is sensitive to the center of mass
position of the color dipole w in (29), and new terms, absent
in the results of [38], appear. In turn, the in-out contribution
reads

AN 2 Cp (L .
2(2 3 E = $ FR / d / ik-xi,
Cry ol ek~ w R, = ¢

J(xin) |2

k
X ZP Ve Kk, xin, Ly X, Xi0,2) |
X=Xin

(37)

where we have explicitly evaluated the Z integral, noticing
that the vacuum kernel is regulated to decay at the infinity.
Finally, one may notice that the out-out contribution
corresponds to the physical situation when the emission
happens outside the matter, both in direct and conjugated
amplitudes. Here, we will omit it, focusing solely on the
medium induced part of the spectrum.

S )L -2)|%, - )L -3

, (35)

X=X=Xj,

II1. MEDIUM INDUCED SPECTRUM
IN THE HARMONIC APPROXIMATION

In this section, we will focus on the medium induced
gluon distribution at the leading order in gradients.
However, even in the homogeneous limit, the resummed
medium induced gluon distribution has highly nontrivial
structure, and cannot be treated analytically. Here, we will
rely on additional approximations, which considerably
simplify the results and are commonly used in the homo-
geneous case, see e.g. [46-50].

First, we ignore the initial state effects, taking a broad
source approximation and setting |J(x;,)|> = f(E)8® (x;,).
This allows us to simplify /C, and relate the particle
distribution dN with the medium induced gluon spectrum
dI in the regular way. Thus, we write

dN dl

AN
E— (g2 0
dwdElk ~ PO G0k

dE’

(27)2w E (38)

2(;71) f(E). The only dependence of the full

final state distribution on the initial condition comes from
the quark spectrum and can be trivially factorized. This
effective form for the particle distribution can be argued to
follow from the QCD factorization for soft radiation.

We further notice that the path integral in (32) cannot be
performed analytically in the general case, see e.g. [46-50]
for discussions, and even for the specified GW potential
we are using here as an example. However, to illustrate the
leading gradient effects more explicitly, we find it instructive
to consider a tractable model. To do so, let us assume that

the effective scattering potential is quadratic, V(y) = % y2,
focusing on the so-called harmonic approximation. This

dNy __
where E B =

034018-7



BARATA, MAYO LOPEZ, SADOFYEYV, and SALGADO

PHYS. REV. D 108, 034018 (2023)

effective potential can be understood as a separate medium
model, but often it is considered as an approximation to other
models, such as the GW one, see e.g. [50] for a recent
discussion. The proportionality coefficient ¢ is commonly
referred to as the jet quenching parameter. It is closely related
with the broadening process, and, in the general case, it is
defined as § = "L (p?). For instance, for the GW model, one

finds that § = 4% % log— with y = CJ £ [ being the medium

opacity. The Coulomb logarithm is dlvergent and regulated
by a momentum scale A, which can be understood as a free
parameter of the medium model. Taking g, as in the GW
model, one may consider the harmonic approximation
potential for V(y) as the leading contribution at small u|y|
with a regulated logarithm. Here, we will not discuss
this relation or its phenomenological relevance further,
utilizing the harmonic potential and explicit form of g in
the GW model only as illustrations of our general results (35)
and (37).

Now, we can further simplify the emission spectrum,
expanding the broadening two-point function and emission
kernel as K ~K© + 8K and P~ P + 5P, where the
perturbations are linear in gradients. In the absence of
gradients, the path integral in (32) becomes Gaussian in
the harmonic approximation. Thus, it can be readily
evaluated [46—48,50], resulting in

Oy, z;x,2) = K9 (y,0,7;x,0,2)
A; . .
Zﬁexp{’AZZBZZ()’Z +x?) = 2iAzy - x},
(39)
where we have introduced A;, :W%_m and B;, =

cos(Q(z — z)) with Q =13 \/g, and set x;, = 0. Treating
the leading gradient correction to the potential in (32)
perturbatively, we further find that

oK(y,z;%,2) = IC(y 7%, 2) O)(y,z;x.z2)
:——g //dswlC ) (y,z;w,5)V(w, s)
O (w, s1x, 2), (40)

where g, acting solely on ¢, has been replaced with
g= %g g. Similarly, in the harmonic approximation, the
broadening probability is also Gaussian, and reads

4 2
=25, (41)
qz

PEO)(I])E/e—ipxe—V(x)z
x

while the leading gradient correction is given by

) = [ e {——vw) gV(x)]
_4n g (p —2qz)
G\ 18P
qz 6w qz

Expanding the medium induced soft gluon spectrum to
the leading order in g we can write it with these notations as

(42)

dl dly | dlp | dle o dlg
w = w w w
dod’k " dod’k ' dodk ' dodk ' dedk’
(43)

where the gradient corrections are grouped by their origin
for convenience. While the notations for dIp and dIy are
clear, they correspond to the gradient terms coming from

0P and 6/C, the last contribution in (43) has a subscript S,
This object corresponds to the terms in the second line of
(35), and it can be thought of as a generalization of the shift
operator, adjusting the argument of the initial distribution
by a gradient contribution in the case of simple momentum
broadening in [38]. Here, the effective initial distribution of
the emitted gluon is given by a convolution of I with J,
while some additional terms appear due to the dependence
of the answer on the center of mass position of the color
dipole. Finally, we notice that, since the presence of the
gradients is naturally attached to the presence of the
medium, only dIx may be nontrivial in the in-out region.

IV. THE GRADIENT CORRECTIONS

Now, we are in the position to evaluate the novel
contributions. As a warm-up exercise, we start by consid-
ering the standard spectrum dI, appearing in the case of
homogeneous medium. Some of the intermediate calcu-
lations, which are not shown explicitly here, can be found
in great detail in the literature, see e.g. [50].

As has already been mentioned, the two different
integration regions result in two contributions to the gluon
spectrum. From (35) one readily finds that in the absence of
the gradients the in-in part is given by

dr=n  2,C
@Yo =" R /dz/ dz/ TP,
VKO (y,Z;x,z)‘
K2T;
L i—Q?Tf
_4aCr / Ao (44)
w 0 Q:T-—i

where we have introduced shorthand notations Q2 =
gIL-2)and 7T, = la;w?f) This is the simplest analytical
form, which can be obtained without switching to the

numerical tools, which we will do later.
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In turn, the in-out part follows from (37), and in the absence of the gradients we readily find the standard answer

dIg™" _2a,Cr

d —lkyz— V.KO(y, L;
T / ¢ / O, Lix,2)|
80 CF

=- 122 Re(1 — e=F'7T1), (45)

(2n) e

The dIp term accounts for the gradient effects on the late time evolution of the gluon. As a consequence, it only has
support in the in-in region. Explicitly, it can be written as

I 2 Crp iy
da)dzk o /dz/dz/ SPL_:(y)V, - V.K© (yzxz)x

8a szr y -20? i 2
_ s d (5 z . —i(k—q)°T: , 46
e [ [ (TG e “

where the remaining integral over ¢ is Gaussian, and we find

(27) e

=0

K2T;

drisn - 2q.C L o 2i+ (K> =207
212w —P =5 F -kR/d'Qsz 072 . 47
Qa0 ok~ 3gar & HIRe | dzemtR02 (i-QT.)* )

The Iy part of the spectrum is the only gradient correction, having support in both the in-in and in-out regions, and it
results in two contributions. The in-in term is given by

dinin 2g CF

2 2
(7)o da)dzk )

/ dz/ dz/ "kyPL -0V, - V6K (y, 2%, 2) o (48)

and, after some algebra, it can be written as

dIin—in a.C q e—zT ¢ o
etk _ _%CF / e / d / 0 1 _
) ok =~ ™ 4z <y Proz(k—q)

< (g w><q.w>e;q){-i<‘1'w—f‘z =Dyl (49)

where we have changed the order of integration, and renamed the intermediate position s by z, while the initial z integration
has been performed. The transverse integrals can be evaluated analytically, resulting in

drg™™ _ 32a,C Loofro ETe
(27)%w %Cr (o oRe / dz / *dze T2
w 0

d dzk
% 3Q;T2 B? Cz (l - Q%TZ—Z)Z B ZiBZZCZsz(kZ + Q% + iQéTZ—z)

T 2% y , (50)
16ng(l - Q%TZ)4BZZ
where C;; = zg; Eg?) Finally, one may notice that in this form the z integration is sufficiently simple, resulting in
KT
dlln in 8(1 C ei—Q%Tg sin (Qz)
21)? " (g- k)R / dz
(@r) @ dwdzk 3qw? (g k)Re o (i — QT :)* cos?(Qz)
o , 2(k> + Q%)+ 3iQ*T-] . ,[Qz
X {—wQ sin (Qz) + i {k2 +iQT. + cosz @) =< 1sin? > ) (51)
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In turn, the in-out term can be written in the form similar to (37), reading

A= 2q.Cp
dod*k

(2r)’w

x=

L . k
Re/ dz/e"k'yZ—z'Vx&C(y,L;X,Z) , (52)
0 y k 0

and, after the transverse integrals are performed, it reduces to

in—out
dre

4a,gC L T2 _or .
(27)2w T = T F(g~k)Re/0 dzc—;e KTL(iB,.Cy. + 2K*T ). (53)

Lz

Finally, we notice that the last z integral can be treated explicitly, leading to

drge 4 N

_sin? (%) sin(QL) k2

sin* (%)

27)? - 5 "
i e L s I°%

k —ik*>T
Re ¢ [l

+ 20 (2 4+ cos(QL)) (54)

cos2(QL) m} '

Now, we can turn to the dlg contribution. This term has support only inside the medium, and reads

2 dlién_m 2asCF L[z —iky(0) (L _2)2 ~ Yy 4 _ A _
npog S = 2R [V [ac [ ennl {152 v0)- v, -5 pvoie - 0] v, v e - o)
. Vx,C(O)(y’Z;x’ Z)‘ 0 (55)
x=|
Evaluating the z integral, we bring it to a particularly simple form:
dIi™  o.Cry L N y? L-%
2 2 S _ s> F R / d—/ —lk-y T:«v (0)_ L — 7 j — 1 . . 56
The remaining Fourier transformation can be performed analytically, and one finds

iz g L o i1+ 47) W T: - 2037 +20) - (i - TP
27)20— = ———L(g-k)Re / dzQ2T2e ™" - , 57
oS (¢ kRe | dz0PT: =T (57)

Here, one should also notice that all the final expressions
[(47), (51), (54), and (57)] are proportional to (g -k),
leading to the term (g -k)dI, in (1). Thus, on average,
the emitted gluons have their momenta aligned with the
direction of g.

Turning to the further analysis of the analytic results
above, we notice that the gradient corrections to the gluon
spectrum have some similarity with (44) and (45). Indeed,
the same exponential factors and similar polynomials of Q?
and 7 appear in the results of this section, leaving the
possibility that the gradient corrections can be obtained
with an operator acting on the leading contributions.
Another immediate observation is that the leading correc-
tions depend on the same dimensionful scales, while the
new scale introduced by the gradients is factorized.
We leave these opportunities to deeper understand the
qualitative properties of the results for future work, and
focus on the overall behavior of the full spectrum in the
next section.

V. THE SPECTRUM AND ITS PROPERTIES

In this section, we will focus on the properties of the
medium induced soft gluon spectrum and its gradient
corrections in the harmonic approximation. Despite all
the simplifications, the last Z integration in the in-in
contributions, (44) and (45), is pretty involved even in
the homogeneous limit, and usually treated numerically,
see e.g. [46-53]. Here, we choose a set of phenomeno-
logically relevant parameters [38], although the considered
limit of the medium induced gluon spectrum is over-
simplified and used for illustrative purposes. First, we
define the medium to have L =5 fm and 7 = 0.3 GeV,
and assume that V7' < T2 for hydrodynamically evolving
matter. If we treat the harmonic oscillator approximation
as our model, then the only other parameter is g, and its
characteristic value can be chosen to be about § =
1 GeV2fm™!, see e.g. [47,48,50]. On the other hand, to
illustrate the logarithmic dependence in g, which affects the
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FIG. 2. The medium induced soft gluon spectrum is given for three gluon energies, ® = 0.04w,., ® = 0.06w,, and @ = 0.08w,.. The
solid lines denote the spectrum in the homogeneous limit. The dashed and dash-dotted lines correspond to the full spectrum with
gradients along (@ = 0) and opposite to (§ = x) the direction of k, respectively. The gradients are quantified with y7 = 0.05 (left) and

yr = 0.01 (right).

definition of the gradient vector g, one may attempt at
treating the harmonic effective potential as a crude approxi-
mation of the GW model. For this purpose, we set
x =275, 1= 0.6 GeV, and choose A> = Eu with char-
acteristic jet energy of 100 GeV, cf. with [18,38]. Then, one

readily finds that § = ’%2 logL—f ~ 1 GeV?fm™!, and the two

values coincide. Finally, turning to the gradient vector, we
notice that the form of g is controlled by the powers of
temperature, entering into the scaling § ~ T3 logfl—z2 [38].
For instance, for the naive scaling of the jet quenching
parameter g = 3 Y%, while if one takes into account the
logarithmic dependence as in the GW model with the given
form of the cutoff it reads g = YL (3 —log™! E) However,
the characteristic value of A corresponding to our choice of
g 1is such that the logarithmic factor in the GW model is
sufficiently large, resulting in g ~ 2.8 YL, and, for simplic-
ity, we will use g =3 % for all our estimates.

The medium induced soft gluon spectrum has an angular
dependence controlled by g - k, and we will focus on the
two limiting cases, when the angle between the two vectors,
0, is either 0 or 7. We will measure the gluon frequencies
with respect to the critical medium frequency w, =
gL* ~ 125 GeV, which in the case of no gradients can
be identified with the typical frequency for gluons with
formation length of the order of L. We will also introduce
a dimensionless gradient parameter y; = |VT/T?|, which
controls the strength of the hydrodynamic gradients and
distribution anisotropy.

In Fig. 2, we show the full spectrum up to first order
in gradient corrections for @ = 0.04w,., ® = 0.06w., and
o = 0.08w,., further differentiating for y7 = 0.05 (left) and
yr = 0.01 (right). For 8 = 0, the gradient effects suppress
the gluon radiation at small values of k, while when 0 = ,
it is enhanced. One can notice that the gradient effects in

Fig. 2 become stronger for softer gluons, and may be
substantial even for sufficiently small y;. This behavior is
in line with the properties of the gradient effects in
broadening [38], where the anisotropic contributions are
suppressed by the energy of the leading parton. Since the
energy of soft emitted gluons is smaller than the energy of
the leading parton, the gradient effects become more
important. However, one should notice that very soft gluons
lose their energy on shorter timescales, and the single gluon
spectrum cannot describe the evolution of the system
reliably in this case.

In quantifying the effect of the resulting anisotropy in the
medium induced radiation, one may also consider integral
characteristics of the spectrum, such as its moments, see
e.g. [21-23,38]. Indeed, the gradient corrections to the
spectrum are proportional to g -k, being otherwise func-
tions of k2, and, thus, its directional odd moments are
nonzero, quantifying the average transverse momentum
transmitted with the gluons. To illustrate this point, we
focus on the differential average transverse momentum,
defined as

dk a1 dl
V= | dhkk—— == /cﬂkkz L (58
<da)> /F dodk 28 ) G BY)

where I is a particular phase space region, which should be
specified to interpret the physical meaning of (%). Here,
we set the lower limit of |k| integration to zero, pushing the
applicability of the harmonic approximation to the limit.
However, one may readily check that the numerical results
are only weakly affected if we would require |k| > u. We
further focus on the three particular upper cutoffs:
kimax = 10V/GL, ko =3 o, and ky,, = So, plotting the

numerical results for 37 % - (%) in Fig. 3. Notice that 3T %; -
g dw g
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FIG. 3. The differential average transverse momentum is given

by its dimensionless projection 37 g‘%- (%) for three choices of
the upper cutoff k., in (58). The curve corresponding to the
w-independent choice of k. is shown with a solid line for
sufficiently large energies w > 1/20gL, and continued with a
lighter dashed line beyond that point. The particular limiting
value (indicated with a vertical gray dashed line) corresponds to
the point along the spectrum plot, where it is visually close to
zero, k> = 204L. The remaining parameters are taken to be the
same as in Fig. 2.

(4k) is independent of the value of |VT|, and normalized to

give |(45)], when its absolute value is multiplied by y7.

The first choice of k. is independent of ®, and
accounts for all the emitted gluons with |k| < 10\/gL.
The soft gluon spectrum quickly goes to zero for large
momenta, see Fig. 2, and a sufficiently large upper cutoff,
such as k. = 104/gL can be freely replaced with infinity.
However, for smaller gluon energies, the gluons contrib-
uting to <%> are not necessarily on shell (and not eikonal),
and (58) cannot be used as a measure of the averaged
emitted transverse momentum. The two other choices
account only for the on-shell emitted gluons, although
slightly pushing the results obtained under the eikonal
approximation to the limit. These cutoffs applied in (58)
account only for the gluons emitted within smaller conical
segments around the leading parton momentum, simulating
jet cones. Moving from harder to softer gluons, we notice
that the averaged transverse momentum first grows in
absolute value, since the leading gradient effects are sup-
pressed by the gluon energy. Thus, as expected, the softer
gluons are more sensitive to the matter anisotropies.
However, later the spectrum is slightly depleted, while
the maximal transverse momentum of contributing gluons
is smaller, and the averaged emitted transverse momentum
decreases. This results in the peaks on the curves with
w-dependent cutoffs in Fig. 3.

Thus, combining insights from this work and the
previous studies for single parton broadening [18,38],

one may summarize the picture of jet evolution in inho-
mogeneous matter in the following way. The partons inside
a jet propagating through the matter broaden and radiate
in an anisotropic way. The harder partons in the core of the
jet are less affected by these directional effects caused
by variations in the medium parameters, while the softer
radiation can be affected substantially and possesses an
imprint of the medium structure. The distribution of the
emitted gluons is highly nontrivial, and, for instance, the
differential averaged transverse momentum may be parallel
or antiparallel to the temperature gradient, depending on the
particular integration limits in (58). However, for wide
enough conical segments (%} is negative as is illustrated
in Fig. 3.

VI. CONCLUSION AND OUTLOOK

In this paper, we have derived the double differential
medium induced soft gluon spectrum in a dense static
transversely inhomogeneous medium with finite longi-
tudinal extension. The spectrum is obtained within a
gradient expansion up to the leading first order. As in
the case of the jet momentum broadening [38], the gradient
effects only enter the final distributions upon averaging
over the stochastic background field configurations.
In addition to the general form of the spectrum in (35)
and (37), we have considered its behavior for quadratic
V(y), the so-called harmonic approximation, evaluating the
path integrals explicitly. In this regime, the full spectrum
can be written in a form suitable for numerical simulations,
and its structure results in no additional computational
complications, comparing to the homogeneous case. This
indicates that the full soft gluon spectrum can be imple-
mented in the jet quenching phenomenology and simu-
lations for more realistic model potentials, see e.g. [50-52]
for related discussions in the homogeneous limit.

In the harmonic approximation limit, we numerically
evaluate the soft gluon spectrum and its leading odd
moment (4%). and present our results in Figs. 2 and 3.
The medium gradients distort the softer part of the jet
substructure, while the harder radiation is less sensitive to
the underlying medium structure. The spectrum is depleted
for the transverse gradient vector g parallel with k, and
enhanced for the opposite situation, for most of the phase
space. However, there are parametric regions, where the
ordering is modified, and the spectrum is enhanced for k
parallel with g. Thus, we find that the medium induced soft
gluons are preferably emitted along the temperature gra-
dient but the particular direction depends on the region of
the gluon phase space. We further study how the average
transverse momentum of the medium induced gluons is
distributed with energy and what fraction stays within a
conical segment aligned with the initial leading parton
momentum, see Fig. 3.
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The present theoretical results should be further supple-
mented with a well-thought set of jet observables sensitive
to the medium structure. However, searching for such
observables is a nontrivial task, since they are sensitive
to the medium anisotropy and are expected to be con-
taminated by the soft part of the particle spectrum. To
overcome this issue, one may focus on substructure
observables with less sensitivity to the correlated soft
particles. Presently, the jet substructure techniques applied
in the jet quenching phenomenology are still under devel-
opment, but it is already possible to gauge the sensitivity
of particular observables using simplified models for the
jet in-medium evolution. Another potential option is to
compute some global jet observable (e.g. jet shape) as a
function of rapidity. Since in a real event the gradient
effects substantially change with rapidity, the difference
between such measurements could provide a better access
to the medium structure. We leave the study of these
questions for future work.

One should notice that this work makes only the first
steps along the discussion of jet-medium interactions in
evolving matter, and our results could be extended in
multiple ways. For instance, it would be natural to consider
higher order gradient corrections within the framework of
the present paper. As have been shown in [25,39], in the
case of momentum broadening, such terms may arise at
the leading eikonal accuracy, while the directional gra-
dient corrections to the final distribution are suppressed
at larger energies. Thus, we expect that such higher order
terms may significantly alter the medium induced soft
gluon spectrum. Therefore, it would be interesting to
derive the medium induced spectrum up to the second
order in gradients, although such a calculation will be
challenging.

In exploring the particle spectrum, it is necessary to
account for more realistic spacetime profiles of the

medium. For example, there is an ongoing effort to
implement the flow effects in the pQCD description of
jet-matter interactions [18,21,23]. However, in the case of
the medium induced branching, such studies have so far
only been applied to the dilute limit. Including higher
opacity corrections and gradient effects in a single jet
quenching framework is critical to describe jets in realis-
tically evolving matter, and this is an essential step to
further develop the tomographic toolkit in HIC. Such a
framework can be implemented along with realistic hydro-
dynamic and/or kinetic theory simulations of the nuclear
matter in HIC, providing further insight into the details
of jet-matter interactions; for recent efforts in this direction
see [21,54,55].
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Inspired by the recent considerations of parton momentum broadening in the glasma phase, we study the
medium-induced soft gluon radiation of jet partons at early times in heavy-ion collisions. The glasma state
is assumed to be comprised of independent color domains with homogenous longitudinal fields that vary
event by event, and we further complete this model with an event-averaging procedure accounting for the
finite correlation length. Using this description, we evaluate the rate of medium-induced radiation from an
energetic parton at midrapidity in the glasma phase. We mainly focus on SU(2) color fields for simplicity,
also referring to the U(1) case and comparing with the Baier, Dokshitzer, Mueller, Peigné, Schiff, and
Zakharov rate to gain further insight. Our results show that there is an intricate interplay of the synchrotron-
like radiation in a single color domain with the destructive interference between different color domains,
after the medium averaging is performed. Thus, we find that the emission rate is sensitive to the matter
structure, decreasing for a glasma state populated by smaller color domains—i.e., for a glasma with a larger
characteristic saturation scale. Our approach can be applied to more realistic backgrounds, and it sets the
stage for the modeling of jet evolution in the early stages of heavy-ion collisions.

DOI: 10.1103/PhysRevD.110.094055

I. INTRODUCTION

Jets are essential probes of the nuclear medium formed in
relativistic heavy-ion collisions and governed by quantum
chromodynamics (QCD); for recent reviews, see [I,2].
As a jet traverses the medium, it loses energy and has its
substructure modified, carrying information about the
matter properties along its path. Thus, jet observables
can provide access to the details of the medium evolution,
and jets may serve as a tomographic tool; see, e.g., [3—13]
and references therein.

To accurately model jet modification in heavy-ion
collisions, one needs a detailed understanding of the
evolution of the QCD medium. This work focuses on
the earliest stage just after the collision of the heavy ions,
which has been argued to be characterized by strong
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(classical) color fields, initially aligned along the beam
axis. This state of matter is usually referred to as the
glasma. The glasma is formed when the color fields in each
nucleus, sourced by partons in the color-glass conden-
sate framework, start interacting just after the initial
collision [14—18]. In this regime, the matter has an intrinsic
energy scale Q,, known as the saturation scale, which
controls the energy density of the glasma. The saturation
scale furthermore sets the correlation length of the color
fields to be 1/Q,. As a result, in the early stages of heavy-
ion collisions, the QCD matter can be modeled as a
collection of independent color domains with transverse
size 1/Q, within the glasma picture.

Due to the high occupation density of the gluons, the
glasma obeys classical equations of motion which are
commonly solved on a discrete lattice; see, e.g., [19-22].
The glasma framework has been successfully used to
describe final-state correlations of soft hadrons in heavy-
ion collisions [23-25]. More recently, it has been extended
to full (3 + 1)D calculations, which do not assume boost
invariance and have the potential to correctly predict
correlations of final-state hadrons in rapidity [25-30].

The glasma stage of heavy-ion collisions is short-lived,
lasting less than 1 fm/c. As the medium expands, the
occupation density of gluons rapidly goes down, and the

Published by the American Physical Society
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medium can no longer be described classically. At this
stage, the matter is still far from equilibrium, and its
thermalization process can be described by the QCD kinetic
theory; see, e.g., [31-33]. Once the system approaches the
thermalization, the bulk of the evolution of the medium
sets in: the quark-gluon plasma (QGP) described by the
relativistic hydrodynamics has been formed. Until very
recently,' nearly all considerations of jets in medium have
only included the QGP stage, and not the glasma and
kinetic theory stages that precede it. The evolution of jets in
the later stages of the medium evolution, when quarks and
gluons have been confined to hadrons, has also been given
little theoretical attention; see, e.g., [35].

Even though the glasma phase is short-lived, the energy
density of the medium is very high, meaning that the
glasma has the potential to substantially modify jet sub-
structure. One way to estimate the relative importance of
the glasma stage is to measure its jet-quenching parameter
g, the rate of the transverse momentum broadening of jet
partons traversing it. This quantity has been measured in
simulations of the glasma [36-38], as well as calculated
analytically at very early times [39-41]. Despite consid-
erable theoretical uncertainty, these studies clearly indicate
that ¢ in the glasma phase is very high. For instance, the
results of [38] suggest that § > 5 GeV?/fm during the first
0.3 fm/c of the evolution, while the value extracted for
the QGP phase at T =200 MeV is §~0.12 GeV?/fm;
see [42]. In turn, the recent efforts to evaluate ¢ during
intermediate stages described by the kinetic theory also
suggest rather large values of the jet-quenching para-
meter [43-46], thus connecting the earlier- and later-time
evolution. Interestingly, the momentum broadening in both
the glasma and kinetic theory stages is anisotropic, poten-
tially leading to more observable phenomena, such as the
polarization of partons [47-49] and photons [50].

However, it should be emphasized that more detailed
studies are needed to quantify the importance of the early
stages of the matter produced in heavy-ion collisions for
in-medium evolution of jets. In particular, the high value
of g could be compensated by the short lifetime of the
glasma phase, while its imprints may be washed out by the
hydrodynamic evolution in the later stages. Nevertheless, it
has been argued [40] that at the level of simple estimates,
the contributions of the glasma and hydrodynamic stages to
the total momentum broadening are similar.

Transverse momentum broadening of jet partons leads to
medium-induced radiation, since on-shell jet partons can
radiate gluons due to the interactions with the matter.
The high rate of momentum broadening in the glasma
suggests that such radiation should occur during the
glasma stage too. However, only a few works have consi-
dered the medium-induced radiation at such early times,

'For a very early consideration of the jet quenching in glasma,
see also [34].

including [51,52] which assumed a medium with a constant
classical field and [34] that focused on a particular time-
varying field without event-by-event averaging and spatial
correlations. On the contrary, the medium-induced radia-
tion has been studied in great detail in the QGP phase, and
shown to modify the substructure of the jets compared with
the vacuum case, leading to jet energy loss as soft gluons
transport the jet energy down to the medium scale; see,
e.g., [53,54] and discussion therein. Moreover, there is an
ongoing effort to improve the jet-quenching theory in the
QGP phase—e.g., by including the details of the medium
evolution in the description [10-12,55-62] and by con-
structing tomographic observables sensitive to these
effects [12,63]. Thus, further improvements of the jet-
quenching theory in the neighboring phases are much
needed, since only the overall effect of the matter on the
jet observables is accessible experimentally.

Calculating the full spectrum of medium-induced emis-
sion in the glasma is a highly nontrivial task. An important
feature of this stage of the matter evolution is the confine-
ment of the gluon fields in domains of size 1/Q, in the
transverse plane. Thus, the fields cannot be assumed to
have only local correlations in time—i.e., the classical
fields generated during this stage should not satisfy
(A(1)A(t,)) ~8(t; — t,), where ¢, and t, are some posi-
tions along the jet path. Notice that this assumption
drastically simplifies the jet-quenching calculations in
the QGP phase, where local correlations are typically
assumed. A complete calculation of gluon radiation in
the glasma thus demands a detailed event-by-event profile
for the gluon fields and requires doing a quantum evolution
of partons in that profile; see, e.g., [64—66]. Another way to
see the importance of the correlation length 1/Q; is to note
that when the formation time for an emission is shorter than
the correlation length in the glasma, the emission happens
in a nearly constant field, in contrast with the stochastic
field picture underlying the jet-quenching theory in the
QGP phase.

In this work, we simplify the problem of medium-
induced gluon emission at early times by using a model
that captures the essential features of the glasma. Our
model assumes the medium to be composed of color
domains with sizes £ ~ 1/Q,, where each color domain
has a constant chromoelectric field that varies event by
event and is aligned along the beam axis. The fields in two
color domains are independent of each other. This intro-
duces a correlation length #, which relaxes the assumption
of instantaneous/local correlations used in nearly all jet-
quenching calculations. Using this model, we obtain the
rate of the momentum broadening and soft medium-
induced radiation, both before and after averaging over
events. For simplicity, we mainly consider a medium with
SU(2) gauge fields, also relying on the U(1l) case for
illustrations, but our methods are generalizable to the
physical SU(3) case. This approach could be directly
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applied to calculations with more realistic profiles: by
dividing the full glasma profile in a single event into slices
with nearly constant fields, and averaging over different
events, our model can approximate the full glasma.

This paper is structured as follows: We start by discus-
sing the single-parton momentum broadening in Sec. II,
followed by a computation of the medium-induced soft
gluon rate in Sec. III. We first consider the case where the
field fluctuations inside each color tube follow a Gaussian
distribution, and we verify our main conclusions within
the same model completed with an alternative averaging
procedure presented in Sec. IV. In Sec. V, we summarize
our results and discuss possible future directions.

II. MOMENTUM BROADENING

Focusing on jet quenching at early times of heavy-ion
collisions, we use a simple physical picture for the glasma,
taking into account the nonlocal correlations of color fields
with correlation length £ ~ 1/Q; controlled by the satu-
ration scale. We refer to the regions where color fields are
highly correlated as color domains, or alternatively as flux
tubes, and view the medium as composed of multiple such
flux tubes of a fixed size. In our model, the chromoelectric
field is constant within the given flux tube and aligned with
the beam axis, as expected at very early times in heavy-ion
collisions.

We define the coordinate system with respect to the jet
axis, so that x is transverse to the momentum of the leading
parton, and we assume that the jet is at midrapidity,
so the beam axis is in the transverse direction, and the
jet propagates along the z axis. We write the field of our
model as

Fx-Ei 0<z<?
S EY, £<z<2f
Acoh(x Z)—éox Ed(): 5”Ox-E§, 20 <z <3¢

(1)

where the first tube is assumed to start at z = 0. This field is
compatible with the Lorenz gauge with an additional axial
condition A, = 0, which allows working with the physical
polarizations of the gluon field. In what follows, without
loss of generality, we will choose the beam direction as the
x axis, thus keeping only the x component of the electric
field.”

As is usual in jet-quenching considerations, all the
results should be necessarily averaged over multiple events.

2Notice, however, that the change of the field between
two domains is assumed to be sufficiently slow, compared to
the size of the domains, that the z component of the field can be
neglected.

We treat the electric fields in each flux tube as independent
variables with a Gaussian distribution’ of width E,. Thus,
for any function f(EY{.ES,. E5....), the average over
multiple events is

1x°

B B B o)) = [ 08 [ e
E; E,
Xf( lx’ng’ng"”) (2)

where E2, = 3" (E%,)? in the case of SU(N,.) fields, while
E,. is just the x component of the field in the given tube
in the case of a U(1) background. Here, n refers to the
particular tube, N, is the number of colors, and we have
X X aV -1fa
introduced a shorthand notation: [, = [ i —— f =
f oo
Thus, our model only depends on two parameters, [ and EO,
after event averaging.

It is instructive to start with evaluating the transverse
momentum broadening in our model. While the form of the
medium-induced field differs from that in most of the
considerations within Baier, Dokshitzer, Mueller, Peigné,
Schiff, and Zakharov (BDMPS-Z) formalism (see [68] for a
pedagogical review), the amplitudes for transverse momen-
tum broadening or gluon radiation can still be resummed.
For instance, the jet-quenching parameter for a parton of
energy o in our model may be written as

19 |

() = —— V2 ~ JT = = i

4 2(27[)3/\/‘0L/x x—x( (x)W (x)W(x)J(x))x:x,
(3)

where N = 2,, f |7(p)|? is a normalization factor, and

we keep track of how the sources J(x) = J/(w,x) are
distributed in the color space, as controlled by the super-
script i. Notice that we have not yet averaged over multiple
events, and this definition of g corresponds to the broad-
ening in an ensemble of partons penetrating the same field
conﬁguration.4

For the color field in our model, the Wilson lines are
given by W(x) = W(x;L,0) = Pexp{i [l det"E* - x},
with ¢ being the generators of the particular representation
of SU(N,.), and assuming that the parton initial position z;,
coincides with the edge of the first tube—i.e., z;, = 0. For
convenience, we will assume that the energetic partons are
in the fundamental representation. The Wilson lines are
governed by a simple evolution equation

*Notice that a similar averaging procedure was used in [67] to
describe the contribution of turbulent color fields to transverse
momentum broadening.

*One may readily derive Eq. (3) by following, e.g., [68],
keeping the form of the source function undefined, and avoiding
imposing any specific averaging procedure.
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0
iW(x) = it"E“(L) - xW(x), 4)
which also controls their two-point functions:

aiLW(x)WT()E) — IEY(L) - [ W)W (%)
—IW(xX)W' (x)19]. (5)

Projecting the latter equation on the subspaces of the color
structures, we find

., .
TR0 = iE4(L) - (x — %)h*
aLh iE4(L) - (x —X)h°,

9 = /E"(L) 1(x ¥) 5—abh° + dche
oL ! 2 N,
+36+ fc)f“’”hﬂ , (6)

where 70 = TrW(x)W' (%) and h® = Trr*W(x)W' (x).

Since we are interested in ¢ here, we have to compute
only the particular path-length derivatives and transverse
position gradients of the /’s, and the problem can be further
simplified. Indeed,

0
ivyho |y:0 = 0’
d

V3RO, = 2iE“ - Vyh|

oL =

a . Ea . aoc c

ivyh ’y:O - l(7+ l(Eb Y)f b Vyh ) y:07

0 ./ rabe ¢4 abeyg?2 e

0 o] = B By (B DT
(7)

where ¥ = ’%’? and y = x — X are the relative coordinates.
Here, we have also used h|,_, = 0 and h°|,_; = N, since
the Wilson lines cancel for y = 0. Furthermore, using
V>Oh|,_ = 0, since W(x)|,_, = I, one readily finds that

O e
Vil = [ VLB, (8)

where W4 (x;L,0) = Pexp (iT¢ [l diE¢(z) -x) is the
Wilson line in the adjoint representation, and (7°¢),, =
—if?c¢ is the corresponding generator. The solutions for the
second-order transverse gradients of the color projections
can be explicitly obtained, and they read

L 7 -
Vool _y =~ / dz / Ao (Y;z,7)E%(7) - E* (1),
0 0

1 L — 4 Aae . =
Vgh“{y:O = _EdebCA dTA dow* (Y, L,7)
x We(Y; 7, 7)EP (7) - B4 (7). 9)

The first relation of Eq. (9) measures total momentum
broadening. The force exerted by the color field on the
particle is integrated in time, both in the amplitude and in
the conjugate amplitude. The Wilson line inserted between
the two fields ensures gauge invariance and is in the adjoint
representation, like the gauge fields themselves. In the
second relation, we keep track of the final color of the
particle. Thus, an additional Wilson line between the second
field insertion and the measurement at time L is needed.

One should notice here that g may in principle contain a
contribution due to the octet component of the initial
distribution. It may also have a nontrivial dependence on
the spatial distribution of the initial ensemble of partons.
However, to illustrate the physical picture, let us consider a
simpler model for the initial distribution (see, e.g., [69]),
such that

1
2027’ N

P24

(1+nt")e” w7,

> J(w.p)J (@.p) =

2
sources 27w

(10)

where we sum over possible initial sources, n® parameter-
izes the octet component,5 and w is the width of the initial
distribution modeled by a Gaussian. Then, the jet-quench-
ing parameter can be written as

w? 0

2(1,0 apa —2w?y?
~5 350 YVy(h +nh*),_ge . (11)

q:

In what follows, we will assume that the initial ensemble of
jet partons has no net color for simplicity, setting n* = 0.
Then, we can focus solely on the singlet part of the jet-
quenching process, and find

2 g ~ 2
10 =1 [ [z D@ @, (12

where z is the current position of the parton, and it is made
explicit that only the x component6 of the chromoelectric
field is nonzero in the considered model. This form of g,
along with Eq. (9), is in close relation with the earlier

°In the QGP phase, the octet contribution to any jet observable
is expected to vanish; see, e.g., [69—72]. However, in the presence
of a coherent field, the octet contribution can survive, at least
before averaging.

In what follows, the x subscript is dropped to alleviate the
notation.
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results for the transverse momentum broadening in a
background field; cf. [73,74].

The expression for ¢ should be further averaged over
multiple events, and we rely on the model in Eq. (1). While
the piecewise form of the field is sufficiently simple, the
averaging is still involved, and it is instructive to start with
the simpler case of SU(2). Due to the path ordering, the
Wilson line W(Y;z,7) can be written as a product of
Wilson lines for each flux tube:

W(Y;z2,7) = W(Y;2, 2,)W(Y; 2,0 201)
X W(Y;Zn—l’ Zn—Z) '”VNV(Y;Z]H»I’%)’ (13)

where z; = il and z;_; = (i — 1)l are the boundaries of the
ith flux slab, and we have suppressed the color indices. In
the first and the last Wilson lines, only a part of the flux
tube is traversed, with z,,; >z >z, and z,, > 7 > z4.
The single-tube Wilson lines are easily evaluated in SU(2),
giving

W‘S‘[bj(z)(Y; ZisZio1) = €xp [ ESY Y]

E¢E?

E2

=6 cos (E;YE) +2

1
in ( ~E;YZ
X sin <2 ;

E¢
+€“””E‘sin (E;Y?), (14)

1

where ¢9%¢ is the structure constant of SU(2). Thus, unless
both chromoelectric fields in Eq. (12) belong to the same
flux tube, the average is zero, either since the contributions
are canceled by the antisymmetric structure constants, or
due to the absence of a preferred color-space direction in
the averaging procedure. Consequently, we find that

2

o W2 2 2 ,—2w?Y? _2_2
<Q(Z)>su<2>:F s diE’e e
Zn

3E?
:8—71_3(Z_Zn)7 (15)

where z,, is the last edge between two tubes penetrated by
the parton when it is at z.

Turning to the physical case of SU(3), we immediately
see that the same cancellation of the intermediate flux
tubes is well expected. Indeed, the adjoint Wilson line
W(Y;z,z,) corresponding to the final tube can be expan-
ded into a series, and all the terms except the zeroth-order
term are transverse to £°(L). In turn, the zeroth-order term
will average to zero due to the absence of any preferred
direction in the color space, unless the other field is within
the same tube. The resulting jet-quenching parameter can
be readily written as

N w? z 0 o2 Y2 _%
<q(2)>su(3>=2—,[3/// dTE"e™™ e "o
Y JE Jz,
E2
=Bz, (16)

Thus, we see that in our model, the jet-quenching
parameter is linearly increasing while the parton propagates
along the given tube, and then it falls to zero at the edge
of the next tube, restarting the linear growth afterward.
However, in any realistic setup, the initial position within
the first flux tube, z;,, cannot be fixed, and one has to
average over it. This is equivalent to averaging over the
position within the last flux tube, z — z,,, and we readily
find that

2

3E2 .
= (@Dsui)z, = 2725, (17)

N _ ‘,
(q >SU(2),zin 16722

where the subscript z;, indicates that the object has been
additionally averaged over the initial position.

For illustrative purposes, it is instructive to estimate the
characteristic value of the jet-quenching parameter in
our model. To do so, we follow [38], setting Q ~
2 GeV and g~?2, and assuming a simple scaling of the
other parameters of the model—e.g., |Ey| ~ Q2, £ ~ 1/Q,.
Then, we readily find that (3)sy()., ~ 2> ~2 GeV?/fm,
and the resulting value is comparable with the results of the
simulation in [38] at early times. Notice, however, that our
rather simplified matter model disregards such features
of the glasma phase as the longitudinal chromomagnetic
fields, the transverse field components, and the variation of
the correlation length # (both in space and time), and it also
assumes the tubes to be compactly packed. Consequently,
the obtained values should be considered only as an order-
of-magnitude estimate. We mention in passing that the
longitudinal chromomagnetic and chromoelectric fields
result in comparable contributions to the energy density,
and one may expect that a more realistic field configuration
would lead to at least doubled (g).

III. MEDIUM-INDUCED RADIATION

We now turn to medium-induced radiation in our color-
domain model of the glasma. The underlying formalism is
the same as in BDMPS-Z calculations, but since correla-
tions of color fields are not localized in the glasma, the
calculation is more involved qualitatively. In particular, the
averaging of the final distribution is not fully factorized into
the broadening and emission kernels as in BDMPS-Z,
making it more challenging to evaluate. Therefore, we
choose to focus on the radiation rate in the soft-gluon limit,
which is insensitive to the broadening of the emitted gluon.
This quantity can still be reduced to an emission kernel, and
it contains the relevant phenomenological information
regarding the in-medium gluon production.
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The rate of the medium-induced radiation for an ensem-
ble of partons propagating through the given field con-
figuration is defined as (see, e.g., [75]),

dr 2(1‘ CF 4
g = X;)Z RCA dSVx . Vy(IC(xv t;yvs)

— Ko(x, f;ng))x:y:O’

(18)

where w is the energy of the emitted gluon, X is its energy
fraction with respect to the emitter, /C is the in-medium
emission kernel, and /Cy is the emission kernel in vacuum.
We have also assumed that the initial distribution is broad
in momentum space |J(x)|> ~ 8?) (x — x,), and that it can
be factorized. Notice that a change of the center of the
initial distribution x, corresponds to a shift of the color field
in Eq. (1) by x - E¢ in each flux tube, which amounts to a
gauge transformation. Gauge invariance, therefore, allows
us to set x, = 0 without loss of generality. Thus, the in-
medium emission kernel is given by

K(x,t;y,s) = G"b(x, y, s )W™(0; 1, 5),

N2 = (19)

o (x —y)?

where G is the single-particle (BDMPS-Z) propagator
of the emitted gluon. More explicitly, the kernel can be
expressed as a path integral, where the Wilson line accounts
for the precession in the background color field:

r(r)=x t
/ Drexp {z—/ dn"z}
r(s)=y 2Js

x TrP exp {m / " deEe (7) -r(f)} (20)

Kx.t:y.5) =

N2 -1

A. Induced radiation in QED

The averaging procedure of our model is more involved,
making it instructive to start with a toy consideration. For
that purpose, let us focus on the U(1) case, which can be
treated analytically. Then, the color structure becomes trivial:

Ky, £:3.5) /Drexp{ / dt(%i‘z—l-E(r)-r(f))],

(21)

and the path integral can be straightforwardly evaluated
(see, e.g., [34]):

@ .
ICU(I)(x, 5y.s) = mexp{lz

t—s

This form of the kernel is valid for general background field
E(7), and we further focus on the piecewise case of our
matter model.

The special case where emissions take place inside a
single flux tube is particularly illustrative. For a single tube,
the field E is constant, and the kernel is translationally
invariant in the longitudinal direction, simplifying to

® a)(
2rir P\ 2
B
24w

Thus, one may readily write the medium-induced radiation
rate for a constant background field [51,52,76,77] as

2a,C b B2\ o
Sl FRe/ ds—z(l—(l—i s)e—t‘%iﬁ).
XTT 0 s 8w

(24)

Ky (x, t;,0) = + 5

y)2

(X +y) (23)

dly(n
dx

This regime, corresponding to the field being constant
during the emission process, is realized when the correla-
tion length / ~ 1/Q; is longer than the formation time.

_w(%s)fdf[df(t-r)(f-sm(f)-E(r)}-

(22)

|

Before averaging over the field configuration using
Eq. (2), let us consider the rate in the given event for
the case of a single flux tube. At earlier times, the rate in

Eq. (24) grows as a power of the traveled distance:

AUy | Ta,Cr E* 1
dx T 24xm o? 5!

31/6T(2) “Ce 230713, after a characteristic time 7y, =
(24w/E?)'/3, which can be understood as the in-medium
formation time. Indeed, the same parametric form follows
from the scaling 7y ~+/®/§(ts), appearing in the
BDMPS-Z considerations [68], if the form of the jet-
quenching parameter in Eq. (16) is used for a single long
tube—i.e., §(ten) ~ E>ty,. Thus, the in-medium formation
time set by ¢, for the single-tube case is (parametrically)
shorter than the correlation length 1/Q, only for very soft
gluons, such that @ < Q,/24 when E ~ Q2.

One may further notice that the rate in Eq. (24) takes a
particularly simple form if we scale it with the characteristic
time, and its parametric dependence is captured by a single

. . dr,
At later times, it saturates, — |, =

function, 7, dx‘ = f(t/ts). Alternatively, the parametric

dependence of the rate can be reexpressed as a function
= f(w/oy,), with oy, = E*f/24.

of gluon energy r——2 U“ =
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The rate of the medium-induced radiation for the background U(1) field is plotted for the constant-field case (green) and

Gaussian averaging over multiple events (blue), assuming a single long flux tube. Dashed lines indicate the corresponding asymptotic
values. The characteristic time ¢4, and the characteristic frequency @, are defined with respect to E (green) and E{ (blue).

The two functions are directly related, since w/wy, =
(t/tsy)~3, and we show their behavior in Fig. 1. Notice
that energetic gluons @ > @, have barely had time to form
by the measurement moment ¢ < ¢, and the spectrum
rapidly decays with w/wg,.

We now turn to the event-averaged results, still in the
case of a single long tube. Averaging the emission kernel,
Eq. (23), over multiple events, we get

<V -V (ICU (x Ly, 0) K:O(xv Z‘;yﬁo))xzy=0>

“ ! )>+1 . (25)

3
2 [ 27 < 2(1 — j 24w
" §4LJ+1 ( lE(Z)ts

where the Gaussian integration in Eq. (2) has been
performed explicitly. Then, the averaged rate of the
medium-induced radiation is given by

dar t
< U(1)> _ 2astRe/ d_;v 1
dx X 0 S E2 3 By

3
14— 1
X < +2(1 _ 24a))) +

Taking the same limits as before, one can see that at earlier

(26)

. dl'y() Ta,Cr E 0 Pl

times, the averaged rate scales as (— ) ~ 545,
. . . dTy(

while at later times it tends to (—iY)|_, =

3T RIE) 6 £y 0!,
tures of the single-flux-tube case are summarized in Fig. 1.

The structure of the rate is more involved for the
more realistic case when the leading parton traverses
multiple tubes. Redefining the characteristic time ¢y, =
(24w/E})'/? with respect to E; of the averaging procedure
in Eq. (2), one sees that the full multi-tube rate can be

All these characteristic fea-

dry
written simply as tch T =t = (t/ten. €/t B/ Ep).

Averaging over the fields in each flux tube, the rate further
simplifies, and its parametric dependence is captured by a

single function tch<drU“ ) = F(t/t4,£/t), which depends
solely on the ratios /ty, and £/t. Finding analytic results
for F quickly becomes unwieldy when #/¢ is small—i.e.,
when the radiation occurs over multiple flux tubes—
requiring multiple Gaussian integrals in the averaging
procedure. However, with the explicit form of Eq. (22)
in hand, one can readily evaluate any finite number of
Gaussian integrations over the field in Eq. (2) numerically.

To illustrate the features of the spectrum, we present
d (") in Fig. 2. We find
that, while the leading parton is traversing the first tube, the
rate follows the single-tube case. Upon crossing the border
between two tubes, the rate experiences some destructive
interference, falling after that point. However, propagating
further within each given tube, the rate builds up, resem-
bling its behavior in the first tube. This series of oscillations
of the rate continues, staying under the single-tube curve.
The peaks of the rate occur at the edges of the tubes, as
depicted in the left panel of Fig. 2. If the starting position z;,
within the first tube is varied, the rate curve gets modified,
yet the overall pattern remains the same with the minima
and peaks shifted. Averaging over the initial position of the
leading parton in the first flux tube, we see that the series of
minima and peaks is smeared, and the rate takes a shape
similar to the constant-field case. The greater the number of
tubes traversed by the leading parton by the given ¢/, the
lower the averaged rate at that given point, and the curves
for different £/, values appear to be ordered, as depicted
in the middle panel of Fig. 2. Finally, we find it instructive

to plot the rate #(* UX“ ).

Zm
as shown in the right panel of Fig. 2, and the curves are
ordered in the same way. Notice that the averaged rate as a

function of w/w, is independent of the particular position
of measurement ¢ when scaled with it.

. dr,
numerical results for (—:*) an

as a function of frequency @/ @,
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FIG. 2. Anillustration of the U(1) averaged rate. The left panel gives ﬁ fen( de‘”>, with the leading parton starting from the edge of
. . . dr’ ! dr . .. o

the first tube z;, = 0. The middle and right panels depict ﬁ ten( d‘jf”)z_ and 2:xc, t{ df:”>7 , averaged over the starting position within

the first tube. The colors correspond to the rate evaluated for different tube sizes, including the long-tube limit (black), which appears in
all three panels and is given by Eq. (26).

—
0.06 101

10 102 100 102 107 102 107 102
w/ gt w/ gt

FIG. 3. Anillustration of the U(1) rate at constant §¢>. The left panel depicts 57 (drU“)>Z as a function of w/§1?, and the right panel

2a,Cp \ dx
303 ,dTy o ’ . . .
”’Ef; /;C’:ﬁ (—2)_ . The color of the solid lines corresponds to different values of #/1, as indicated in the legend,

while the black dashed lines denote the asymptotics, emphasizing the local scaling of the rate with powers of w.

depicts its rescaled value,

The ordering of the rate curves can also be understood at ~ considered in the so-called harmonic approximation (see,
the level of the broadening pattern. Indeed, in the case of  e.g., [68]), which is fully controlled by g, and one may
shorter flux tubes, accumulating transverse momentum is wonder if it is the case in our model. Furthermore, the late-
harder, as the fields in different tubes can oppose each  time behavior of the rate at fixed jet-quenching parameter
other. This results in a longer in-medium formation time’ (81>U(1) = 817E(2)f and varying correlation length provides
for the emission process, leading to a lower rate. This effect  an opportunity to study the dependence of the in-medium
is stronger for shorter tubes, reducing the rate. It iS  formation time on #. In the regime of interest, the para-
furthermore particularly important at larger measurement  metric dependence of the rate can be summarized as
times ¢/ty, when the system has had sufficient time to I<M>Z, ~ (t)6)3 (412 0) PF (/) (42). /1), and we

propagate through multiple flux tubes, and at higher ' ¢ o . o
energies, where the formation time is longer, and thus illustrate this in the left panel of Fig. 3. Strikingly, we

. ¥ find that the dependence of the rate on £/ is dominated by
more flux tubes are traversed during the radiation process. 13 .

Finally, one may find it instructive to consider the th,e prefactor (t/ ?) b > alsl can be Ze.ten f;om th? rlght panellof
parametric dependence of the rate in the regime where ¢ Fig. 3, suggestlnl%%t atthe in-me 1umA (;rmatlol? time scales
is kept constant. Indeed, the BDMPS-Z formalism is often 35 m/1~ (£/1)"7 at constant o/ (¢°). Notice that the

weaker dependence of the function F on the correlation

— o length is merely an observation, and further understanding
Notice that 7., is independent of the number of flux tubes,

. b ! o of that behavior is required.
while the physical in-medium formation time does depend on £. Turni h d d fth in Fio. 3
In the case of a constant field, corresponding to large ¢, the two urning to the energy dependence of the rate mn kig. 3,

times coincide, but for shorter flux tubes, the in-medium  We readily notice that there are three distinct scaling
formation time is longer than the characteristic time. regimes. At low energies, the formation time is small,
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the partons only traverse a few flux tubes while radiating,
and the prefactor (§#>/w)'/3 dominates. This regime has
the same energy scaling as in the case of a single flux tube,
and the formation time parametrically follows the charac-
teristic time t,,/t~ (£/t)'3(w/(§1*))'/? ~ ty/t. In the
transition region of Fig. 3, at larger energies, the scaling
of the rate can be well approximated with (§/w)'/?,
resembling the well-known behavior of the BDMPS-Z
rate under the harmonic approximation, and the formation
time scales as t,,/t ~ (£/t)"3(w/(§1*))"/?. This is well
expected, since for sufficiently high gluon energies, the
formation time is larger than #, and the partons traverse
multiple flux tubes, receiving stochastic transverse momen-
tum kicks with nearly local correlations. This picture
closely follows the assumption used in the BDMPS-Z
formalism, recovering it in this parametric region. At even
higher energies, the formation time for the emission is
larger than the measurement time ¢, the partons barely have
time to radiate, and consequently, the rate steeply falls,
scaling as 1/w?. This scaling, also appearing in the
BDMPS-Z considerations, can be attributed to the limi-
tations of the harmonic approximation, which cannot
capture the Coulomb-type interactions, resulting in a less
steep decline; see, e.g., [78,79]. However, our model
includes no such hard transverse momentum exchanges
in its current form, and in general, their presence and
importance in the glasma phase should be further inves-
tigated. We leave this question of such potential corrections
to the medium model at larger energies for future work.

B. Induced radiation for SU(2)

Although the general case of SU(N.) is considerably
more involved, some intuition regarding the nontrivial
color dynamics can be gained by considering a SU(2)
background, thanks to the relatively simple form of its
general group element. This is particularly relevant, as
many glasma simulations are based on SU(2) field theory;
for a review, see, e.g., [80].

In our model, characterized by a piecewise field, the
path-ordered exponential can be expressed as an ordered
product of simple matrix exponentials; see Eq. (13). Each
of these can then be expanded within the same matrix basis
using Eq. (14). Averaging the rate over the orientation of
the fields in the color space, one may notice that each such
matrix exponential can be treated independently. Indeed,

<W§{7j(2) (r; Zis Zi_1)>

— <;6"b{2cos <E,- /ZZ] rx(f)df> + 1}> (27)

while for the first and last flux tubes, the limits should be
adjusted accordingly. Consequently, all the color structures
in the kernel become trivial, and we can express the SU(2)

kernel as a convolution of U(1) kernels before averaging
the full expression over E;.

To illustrate that, let us first focus on the case of a single
flux tube. Then, we can express the full SU(2) kernel as

1
(Ksup)(x, 1.3, 0)) = 3 (K (x. 1,3, 0) + K_(x.1,5.0)

+ Ko(x,£:3,0))su(2)» (28)

where IC,, K_, and Iy are the U(1) kernels for a single flux
tube with electric fields E, —F, and E = 0, respectively,
with E > 0, since the absolute value has been taken in the
color space. However, one should notice that the averaging
in Eq. (28) is for the SU(2) field strength E, and the residual

. . 2
radial integral [° %25 L8
0

full color averaging. Therefore, we keep the corresponding
subscript on the averaging to indicate that point.

Noticing that the expression in Eq. (28) is even under
E — —E, one may further write

incorporates a Jacobian from the

(Ky(x,1:3.0) + K_(x,55,0)) sp2)
4

= E<E2’C+(x7t§y’0)>U(1)’ (29)
0

where the E-integration on the rhs runs from —oo to co. In
what follows, we will omit the U(1) subscript in the average
of IC.. Then, the averaged SU(2) radiation rate for the case
of a single flux tube can be explicitly written as

dlsy(2) 4a,Cp t
=——R dsV,-V
< dx 3xw? e/o Shetty

2
X <—2 (E*K, (x,t;y,5)) — Ko(x, t;y,s))
EO x=y=0

4a,Cr tds |
= 3 Re 2 253 3
X ) (l 0" +1)2

24w

9

x[-1+———~

+1]. (30)

Similarly to the U(l) case, in the early-time limit,
dr . . . . )
—28 ~ £, while at later times it scales with the inverse

o Ty
of the characteristic time, (—22)|, ., ~ 1/fcp.

With this simplification of the color structure of the
averaged kernel, the case of multiple flux tubes can be
treated in the same way as in the U(1) case. For instance, for
t < 2¢, we can readily write
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FIG.4. Andillustration of the SU(2) averaged rate. The left panel gives 57,

X
2a,Cy

the first tube, z;, = 0. The middle and right panels depict

tch< dx

2 3 0.2 0.4 0.6 0.8 1.0
t/tch W/Wch

<drsu(z>
2a,Cy ch\™ gy
drsu(:)>

), with the leading parton starting from the edge of

dTgy . .
X SU@2)
. and 2,C, (=5 )Zm, averaged over the starting position

within the first tube. The colors correspond to the rate evaluated for different tube sizes, including the long-tube limit (black), which

appears in all three panels and is given by Eq. (30).

dl'sup)\ _ 2a,Cp '
= R V. V. ((O(f -t
<dx iR [ asv, w00 -

+0(s = ) (Kiy o) (8. 13 5)
0= 21016 =) [ (el 1w,

X <’C(sll}<z)(w’ £y,5)) = Ko(x, 53, 5) )y
(31)

where all the averagings run over SU(2) fields, and the
superscript indicates that the particular kernels are taken for
the single-tube (or, equivalently, constant-field) case as
given by Eq. (28). One may also notice that the parameter
dependence of the SU(2) rate can be treated in the same
way as in the U(1) case, rescaling it with 7y, or 7, and
focusing on its dependence on t/ty, or w/wy, with the
characteristic scales being the same.

Thus, obtaining the SU(2) kernel for a few tubes in a
closed analytical form is sufficiently straightforward.
However, the Gaussian integrals of the averaging procedure
still need to be treated numerically. Additionally, the need
for the integrations over the intermediate transverse posi-
tions at the edges of the tubes complicates the numerics,
and we focus on a smaller number of tubes.

Following the logic of the previous subsection, we

AT dT .
—2) and (—;ﬁ%zi" in

Fig. 4. As previously, the rate follows the constant-field
case within the first tube, experiencing some destructive
interference at the edges and growing within the tubes.
However, in contrast with the case of U(1), the SU(2) rate
may grow somewhat faster and mean that the curve is being
approached from above (i.e., higher values)—see the left
panel of Fig. 4. This behavior is featured by longer tubes,
while for the shorter tubes, the rate tends to stay under the
constant-field curve (at least within the range of times
accessible in our numerics). Varying the starting position
Z;, Within the first tube at a fixed tube size and averaging the

present the numerical results for (

rate, we find that the suppression still dominates—see the
middle and right panels of Fig. 4, which show the
dependence of the rate on t/ty, and @/wy,, correspond-
ingly. Thus, we find the physical picture to be sufficiently
similar to the U(1) case: as the size of the flux tubes //7,
decreases, there is more destructive interference, the in-
medium formation time is longer, and the rate goes down.

For illustrative purposes, one may further estimate the
characteristic jet energy loss in the glasma phase by con-
sidering the single-flux-tube case for SU(2). Following

A

the considerations for (§), we choose the characteristic
field value to be |Ey| = v/2.502, naively matching with®
(@)su(3).o, =5 GeV?/fm. The radiative energy loss
acquired by a jet of energy E traveling a distance L inside
the glasma can then be obtained straightforwardly by
integrating the radiation rate:

L[ dr
AE:E/ dt/ dxx< SU‘2>> .
0 0 dx Zin

Starting with an E =50 GeV parton, we find that
AE =0.26, 1.97, 557 GeV for distances of L = 0.2,
0.4, 0.6 fm, correspondingly. Thus, we find that, despite
the energy loss during the first moments of the glasma
phase being rather small, in agreement with earlier esti-
mates [52], its quick growth with the path may make it
larger. Therefore, the milder decay of (§) during the kinetic
theory phase [44] and the larger values of the gluonic fields
at the first moments [38] can indeed lead to a substantial
quenching within the preequilibrium phases. Notice, how-
ever, that the interference effects due to the presence of
multiple flux tubes should result in some suppression of the
energy loss.

(32)

¥Notice that we rely on the SU(2) rate but use (@)su).z, to

+Zin

match the numerical prefactor in the characteristic color field.
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IV. AN ALTERNATIVE MATTER MODEL

In this work, we rely on a simple model for the initial
stages of heavy-ion collisions, which has several limita-
tions. One such limitation is that the averaging in Eq. (2)
is centered at E; = 0, while the strong glasma fields are
expected to be predominantly nonzero in each event. To
gain further insight into the physical picture, we explore an

|

N2
E{ E5 E5.,...)) = —I
<f( 1x> =2x° =3x> )> /E] 2 < 2

alternative averaging procedure in this section, addressing
this specific aspect of the glasma field dynamics.

To do so, we enforce the chromoelectric field of any
given tube’s fluctuation in its direction along the beam axis
and in its color, but keeping its absolute value fixed. Thus,
the alternative averaging procedure can be summarized for
the SU(N.) case with

N2 -1
ot - o) [ Er(V ol - o) (B BB ). (3

where the integration runs over SU(N.) phase space, and we have restored the x subscript. In turn, in the U(1) case, this

procedure simplifies to

dE,,
<f(E1x’E2x»E3x’ )> =

1,

where E,, is just the x component of the field in the nth
tube.

Focusing first on the jet-quenching parameter, we
average Eq. (12) using the new procedure, and readily
find that

((@sue) = A@Dsue =1 5= a) (9)

since the angular averaging over the color space of the field
in the last flux tube still gives zero, unless the two fields in
Eq. (12) are from the same flux tube. Similarly, when
averaging the jet-quenching parameter over the starting
position z;, in the first tube, we find

E x = EO) + 5(Enx + EO)):|f(E1x’ EZX’ E3x’ )7

(34)

Turning to the U(1) medium-induced radiation, we start
with the single-flux-tube emission rate. After averaging, the

rate reads
] E2 3 g5’
Re/ ds—2< <1—l >e"2(1w>.
0o S 8w

dTU<1) 72aSCF
dx Xz
(37)

Thus, one may see that ( U) coincides with the constant-
field rate [Eq. (24)] before averaging over multiple events,
up to an identification £ = E,,. The multiple oscillations of
the rate do not average out now, and as we will see further,
they reappear for finite tube sizes.

As before, the rate exhibits a more complex structure

N . E2 .
(q(2)) SUR)z, = (q( Z)>SU(3),z,., o7 0 ¢. (36) th?n the leading pfirton propagates through more thqn
a single tube. Relying on the same overall parametric
25 10
5
520 ]
f\N —~I
S|y 15 e
8 =] 1
~ ~
g™ o] 08f —— #ta =00
2l e glF —— {lften=15
< 05 « — U/t =075
— fta =05
0.0 0.1
0 1 2 3 0.05 0.10 0.50 1
t/ten t/ten w/wen
FIG.5. Anillustration of the U(1) rate averaged under the alternative procedure; see Eq. (34). The left panel displays a family of curves
for 22— T C e Sl (dF” WY at £/ty, = 0.75, with the leading parton starting its path from different positions z;, within the first tube. These rate
curves are distinguished by the color, as indicated in the legend of the left panel. The middle and right panels depict 2(1”0 1y (dru 0 )Z
= (dr”“)> ~, averaged over the starting position within the first tube. The colors listed in the legend of the right panel correspond to
2a,Cy dx !z

the rate evaluated for different tube sizes, including the long-tube limit (black), which appears in all three panels and is given by Eq. (37).
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2a,Cy
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S
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2a,C; tf«h< dx >" nd 2a,C;

right panel correspond to the rate evaluated for different tube sizes, including the long-tube limit (black), which appears in all three

oy averaged over the starting positions within the first tube. The colors listed in the legend of the

panels and is given by Eq. (38).

dependence of the averaged rate for both averaging

procedures, we evaluate the multiple -tube case numerically

and present our results for ( LUy and (drU 1)

., inFig. 5. In
the left panel, we illustrate the long-flux-tube limit of the
U(1) rate averaged under Eq. (34), identical to the constant-
field rate Eq. (24) in this case. Here, we also depict a family
of rates at £/ty, = 0.75, plotted for different initial posi-
tions z;, of the leading parton within the first tube. The
corresponding curves are distinguished by a color scheme
and form a colored band. The shape of this band indicates
that even after averaging over the initial positions, some
oscillatory patterns of the constant-field rate persist. In
turn, in the middle and right panels of Fig. 5, we present

dl'y
fen{ 1), and 1T

starting position z;, in the first tube as functions of 7/, and
o/ wy,, respectively. We see that the rates averaged under
the second procedure of Eq. (34) are again ordered with
¢ /tq, falling for shorter tube sizes.

Averaging the SU(2) rate with Eq. (33), we can still rely
on the Wilson line decomposition in Eq. (13). Moreover,
the angular averaging in the color space ensures the validity
of Eq. (27). Thus, the averaged single-flux-tube emission
rate in the SU(2) case reads

additionally averaged over the

dr’ 2a,C t
< SU(2)> =% ZFRe/ ds(V, -V, (K, (x, 1y, 5)
dx  [sup) 3xew 0

=+ ’C—(x’ Ly, S) - 2’C0(x7 Ly, S))x:y:0>
- 4asCF

40, Crpe " as
3xm eA S_Z

E23 bzz
x<1—<1—z 8a)>e 29@), (38)

differing from the U(1) case only by a numerical factor.

Similarly to the U(1) case, we focus on the numerical
estimates of the SU(2) rate at finite tube length, presenting
the results in Fig. 6. The left panel again exhibits the
long-tube limit of the SU(2) rate averaged under Eq. (33),
along with a family of the SU(2) rates at £/ty, = 0.75
with different starting positions z;, of the leading parton
within the first tube (distinguished by a color scheme). In

turn, the middle and right panels depict 7., ( 52(2)>Z and

t<%>2in’
tube, and one may see the same ordering of the rates with .

Thus, we conclude that, while certain nuances of the rate
may vary depending on the specific matter model and
gauge group, features such as the anticipated asymptotic
behavior and qualitative dependence of the rate on £/t
stay untouched, indicating sufficient robustness of the
physical picture obtained in this work.

averaged over the initial position within the first

V. CONCLUSIONS

In this work, we have developed a formalism to describe
jet quenching during the early times of heavy-ion colli-
sions, when the medium is dominated by strong color
fields. Throughout our considerations, we have relied on a
simplified matter model that captures the main features
of this glasma phase. In particular, we have assumed
that the matter is made up of color domains with chromo-
electric fields confined in flux tubes aligned with the
beam axis. The field is homogeneous and constant within
any given tube, and independently varies in different
domains on an event-by-event basis. Thus, we relax
several assumptions that are ubiquitous in most of the
jet-quenching considerations. First, we go beyond the
approximation of local field correlations widely used in
the jet-quenching calculations in the quark-gluon plasma
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context’ and assume a finite correlation length. This is also
in contrast with the constant (slowly varying) field limit
employed in considerations of the synchrotron-like radia-
tion of energetic partons. Second, we consider the event-
by-event fluctuations of the glasma background and its
interplay with the jet physics, providing a starting point for
jet tomography of the early stages of heavy-ion collisions.

Using our model, we start by calculating the transverse
momentum broadening of jet partons for both SU(2) and
SU(3) backgrounds, investigating how the results depend
on the size of the color domains #. The jet-quenching
parameter for a jet parton traversing the given flux tube
increases with time. Conversely, for a jet parton traversing
many small flux tubes, the stochastic kicks it receives
average out, leading to a constant rate of broaldening.10

We further focus on the medium-induced radiation in the
glasma background, restricting our consideration to the
emission rate in the soft gluon limit. Most of our results are
obtained for a SU(2) background, where the model can be
treated semianalytically, and compared with the toy con-
sideration for the U(l) case. However, it should be
emphasized that the presented formalism can be straight-
forwardly extended to the physical SU(3) case. We have
also explored two different averaging procedures—a
Gaussian averaging centered at zero field and a delta
functional averaging with fluctuating direction—to probe
the sensitivity of our results to the features of the medium
model.

The behavior of the rate can be understood by comparing
the relevant timescales of the problem. When a single flux
tube is longer than the formation time for gluon emission,
the resulting rate reproduces the well-known form for
synchrotron radiation in a constant field. Considering the
characteristic energy scales for the saturation and jet-
quenching processes in heavy-ion collisions, one may
expect this regime to be relevant only for very soft
emissions. At higher energies, the partons traverse multiple
flux tubes during the emission process. This leads to an
intricate interplay between different flux tubes, due to both
momentum kicks in different directions and color de-
coherence between flux tubes. The net result is a reduction
in the rate when the flux tubes are smaller, which is
especially pronounced for higher gluon energies or at later
times. This result holds for both U(1) and SU(2) rates,
and for both averaging procedures, as illustrated in Figs. 2,
4,5, and 6.

The recent developments of the jet-quenching theory in
anisotropic media may provide another example of going beyond
the limit of local correlations in the transverse directions;
see, e.g., [59].

The interference suppression at the edges of the tubes also
appears for the spectrum, although some oscillatory behavior can
be inherited from the constant-field rate and may survive
averaging over the initial position.

Finally, we study the details of the in-medium formation
time behavior for jet quenching in our medium model. To
do this, we consider the rate as a function of energy and
tube size at fixed ¢ and ¢. The similarity of the SU(2) and
U(1) rates (under two averaging procedures) suggests that
such features are sufficiently universal, and we focus on
the U(1) case with Gaussian averaging for simplicity (see
Fig. 3), leaving more general investigation for the future.
The U(1) rate exhibits three distinct scaling regimes: (i) At
lower energies, the partons traverse only a few tubes, and
the rate scales as @~!/3, resembling the behavior in the case
of a single long tube. (ii) For the transition region of
intermediate energies, the partons traverse multiple tubes
during the emission process, but the formation time is
smaller than t. The rate scales as @~ '/?, recovering the
behavior of the BDMPS-Z rate under the harmonic
approximation. This is well expected, since in this limit
the finite correlation length # is small, and averages are
near local. (iii) For larger energies, the formation time is
larger than ¢, and the rate scales as w2, further recovering
the large-energy behavior of the BDMPS-Z rate under the
harmonic approximation. The latter region goes beyond
the applicability of the harmonic approximation in the
BDMPS-Z case, and it is taken over by the small number of
hard interactions of the opacity expansion regime; see, e.g.,
[81] for a review. It would be interesting to further study
whether similar larger transverse momentum exchanges
may take place in the glasma phase and investigate their
relevance in the case of SU(N.). We leave such a study for
future work.

We also find that simple numerical estimates for the
characteristic value of (§) obtained within our model
are consistent with the results of the recent simulations
[36-38]. The characteristic energy loss stays sufficiently
small for the very early times but quickly grows with the
distance traveled by the parton. Thus, one may argue that
the slower decay of (§) during the preequilibrium stages,
recently observed in simulations [44], can lead to a
substantial energy loss, depending on the details of the
time evolution of the matter.

The presented results can be extended in several ways to
achieve a more realistic description of jets during the early
stages of heavy-ion collisions. A natural and promising
future step would be to combine our approach with realistic
numerical simulations of the glasma. This would allow us
to compute the medium-induced soft gluon rate, similarly
to the previous studies on single-particle momentum
broadening [36-38]. In particular, such an exercise would
help determine if the early-time evolution of jets is indeed
described by a multiple scattering picture, in the style of the
BDMPS-Z formalism. Beyond this application, in order to
compute realistic jet observables, our model needs to be
complemented with the virtuality cascade of the jet
evolution and account for the subsequent stages of matter
evolution.
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Resumo estendido

O obxectivo principal desta tese é investigar as propiedades do estado da materia formado
nos momentos iniciais das colisiéns de i6ns pesados empregando jets. Para iso, desenvolve-
mos un conxunto de novas ferramentas analiticas que amplian o formalismo actual do jet
quenching para incorporar o efecto da evolucion e estrutura da materia durante as difer-
entes etapas das HIC. A presente tese estruturase da seguinte forma: primeiro revisamos
o marco conceptual do traballo, logo introducimos brevemente o formalismo empregado,
e rematamos resumindo os resultados obtidos e as conclusions acadadas.

Marco conceptual

QCD e as stias propiedades

O auxe dos descubrimentos de particulas subatémicas durante a década de 1950 facilitado
por novas técnicas experimentais, revelou unha gran cantidade de particulas mais pesadas
que os pions, denominadas hadrons. Esta abundancia suxeria que os hadréns non eran
particulas fundamentais, senén compostas. O eightfold way, proposto na década de 1960,
proporcionou un esquema organizativo para os hadréns, suxerindo a existencia de quarks,
que serian os seus constituintes fundamentais. Porén, o modelo de quarks non abondaba
para explicar as propiedades de todas as particulas descubertas, polo que se propuxo in-
troducir unha simetria do grupo SU(3) asociada a unha nova carga conservada: a cor.
Pouco despois, os experimentos de deep inelastic scatterings levados a cabo en SLAC
en 1968 proporcionaron a primeira evidencia directa dos quarks. Estes descubrimentos
culminaron no desenvolvemento da Cromodinamica Cuéntica (QCD) na década de 1970,
unha teorfa cuantica de campos que describe a forza forte mediada por gluéns, coa carga
de cor como a sia fonte.

En termos de teoria cuantica de campos, a QCD é unha teoria de Yang-Mills do grupo
SU(3) composta por particulas vectoriais sen masa de espin-1, bosons de gauge chamados
gludns; e particulas masivas de espin-1/2, fermions denominados quarks. Na actualidade,
conécense seis quarks diferentes —u,d,c,s,t,b— que se soen agrupar en tres xeracions, de
dous quarks cada unha, con masas crecentes. Cada xeracion incltie un quark con cargas
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eléctricas +2/3 e ou outro cunha carga de —1/3e. A carga asociada & simetria correspon-
dente, equivalente & carga eléctrica para a electrodinamica cuantica, conécese como cor.
Cando se realizan calculos empregando a QCD, é habitual considerar unha teoria xeral
de Yang-Mills SU(N,.), onde N, representa o nimero de cores. Deste xeito, ainda que
a QCD corresponderia a N, = 3, manter o numero de cores xenérico permitenos identi-
ficar estruturas de cor e simplificar os calculos, particularmente no limite de N, grande
(N, — 00), no cal certos diagramas en cada orde perturbativa poden ser desprezados.

Unha das propiedades mais extraordinarias da QCD é que a intensidade da interaccion
forte, cuantificada pola constante de acomplamente a;, dimintie ao aumentar a escala de
enerxia do proceso estudado (). Este comportamento estd gobernado pola ecuacion do
grupo de renormalizacion, que se obtén ao renormalizar as diverxencias ultravioletas da
teoria. A altas enerxias (Q) > Aqcp), 0 acoplamento efectivo volvese pequeno, as — 0, co
que quarks e gluéons pasan a comportarse como os graos de liberdade relevantes da teoria,
permitindo asi a aplicaciéon de técnicas perturbativas. Este fendmeno conécese como liber-
dade asintotica. Pola contra, a baixas enerxias, () ~ Aqcp), 0 acoplamento fortalécese,
o que leva a que quarks e gluéns permanezan ligados dentro dos hadrons. De feito, hai
unha gran cantidade de evidencia experimental apoiando o feito de que as particulas con
carga de cor non poden ser observadas directamente, senén que sempre se combinan para
formar estados neutros de cor, os hadrons. Este fendémeno conécese como confinamento
de cor. Tanto a escala Aqcp que delimita estes dous réximes, o polo de Landau de QCD,
como a variaciéon do acoplamento coa enerxia do proceso a estudar foron medidos de xeito
experimental con gran precision.

Outra propiedade fundamental da teoria da interaccion forte é a factorizacion. Esta
propiedade permite separar os hard scatterings, calculables perturbativamente a altas
enerxias, dos aspectos non perturbativos da estrutura dos hadrons aos estudar colisions
hadrénicas. Grazas a factorizacion, a secciéon transversal da colision pode expresarse como
a convoluciéon de funciéns de distribuciéon de partéons, que describen a probabilidade de
atopar un partéon cunha fraccion de momento dada dentro dun hadrén, funcions de frag-
mentacion, que describen como os partons se convirten en hadrons, e a seccién transversal
parténica do proceso, que pode ser calculada & orde requirido en teoria de perturbaciéns.
Ainda que s6 foi probada rigorosamente para un conxunto limitado de procesos, os esque-
mas de factorizacion motivados por argumentos fenomenoloxicos acadaron éxitos notables
na descricion de diferentes observables en multiples procesos fiscos.

Jets en experimentos de colisiéns de particulas

Nas colisions de particulas a alta enerxia, prodicense parténs moi enerxético a través de
hard scatterings. Estes experimentan unha cascada de partons, emitindo gluéns que se
dividen en outros gluéns e en pares de quarks e antiquarks. A medida que o sistema
se expande ata lonxitudes do orde ~ 1/Aqcp, os quarks e gluons sofren hadronizacion,
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formando hadrons que poden ser detectados no estado final. O estudo destes chorros
colimados de hadroéns, conecidos como jets, revela propiedades esenciais da cascada de
partons inicial e é crucial na fisica de particulas moderna. Por exemplo, un dos seus
grandes logros historicos é o descubrimento da existencia do gluén. Porén, os jets non son
obxectos fundamentais en QFT, senén que deben ser definidos fenomenoloxicamente por
algoritmos de reconstrucion de jets. Estes algoritmos, cuxa funcién é agrupar as particu-
las nos correspondentes jets, deben ser aplicables a varios tipos de obxectos, incluindo
partons, hadrons, e torres de medicion de calorimetro; e ser seguros nos limites infraver-
mello e colineal, o que permite facer prediciéns empregando QCD perturbativa.

Nas ultimas décadas, a combinacion de técnicas experimentais e tedricas para analizar
a estrutura interna dos jets, conecida como a sta subestructura, converteuse nunha peza
fundamental da fisica de particulas moderna. Examinar a estrutura interna dos jets ofrece
unha fiestra tnica 4 QCD e & cascada de radiacion sufrida polo partén inicial. As técnicas
de subestrutura acadaron un éxito notable nos tltimos anos, por exemplo, ao permitir
identificar e estudar obxectos relativistas como quarks top e bosons de Higgs, o que mellora
moito a sensibilidade das procuras de fisica mais ald do Modelo Estandar.

A QCD en condiciéns extremas

O diagrama de fases da QCD como funciéon da temperatura e da densidade bariénica predi
varios estados exdticos da materia hadronica, proporcionando informacion sobre aspectos
fundamentais da forza forte, das condiciéns nos primeiros intres do universo, e da composi-
cioén das estrelas de neutréns, entre outros fenémenos. A pesar da extensa investigacion
existente, o diagrama de fases da QCD segue estando inexplorado na stia meirande parte,
tanto tedrica como experimentalmente. Un dos seus estados ex6ticos mais interesantes é
o QGP, un fluido case perfecto onde quarks e gluéns estan deconfinados dos hadrons.

O QGP, xunto con outros estados complexos da materia hadrénica, pode ser pro-
ducido en colisions ultra-relativistas de i6ns pesados no RHIC e no LHC, o que permite
sistematizar o seu estudo. A evolucion da materia creada nas HICs transcorre a través de
diferentes fases que, de xeito simplificado, son: 1) unha etapa de pre-equilibrio conecida
como glasma, onde a materia esta caracterizada por unha alta ocupacion de gluéns que
se pode describir en termos de campos non abelianos moi intensos; 2) unha etapa térmica
descrita pola hidrodinamica viscosa, na que o QGP se forma e expande; e 3) unha etapa
de conxelacion, na que as particulas do medio hadronizan e pasan a formar estados ligados
neutros en cor.

Observar directamente os constituintes do glasma ou QGP é imposible debido & sta
curta vida. Polo tanto, as stuas propiedades deben ser inferidas empregando diferentes
tipos de sonda, que se poden agrupar segundo: 1) Correlacions de particulas de baixo-
pr, que revelan fluxo colectivo e fluxo anisotrépico, e poden ser parametrizados polos
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coeficientes da expansion en serie de Fourier da distribucién de momentos; 2) Sondas
electromagnéticas (foténs e dileptons), emitidas ao longo de toda a evolucion do QGP,
escapan do medio de xeito sinxelo xa que tefien un camino libre medio moito superior ao
dos hadréns por seren neutras de cor; 3) Quarks pesados, como o charm ou o bottom,
cuxos estados ligados (quarkonia) son modificados polo QGP, ofrecendo informacion sobre
as sutas propiedades, como a temperatura e densidade, a través da taxa de supresion e
recombinacion; e 4) Jet quenching, onde os partons hard perden enerxia ao atravesar o
QGP, modificando os jets e suprimindo o seu espectro.

Sondas de alta enerxia en HICs

Os jets e os quarks pesados, particulas con interaccion forte xeradas a escalas de moi alta
enerxfa ou masa nos primeiros intres das HICs, son ferramentas esenciais para compren-
der a natureza da materia nuclear complexa xerada nestas colisions. A sia interaccion
co medio durante a sta evolucion revela informacion crucial sobre as diferentes fases da
mesma. Unha das modificacions mais relevantes dos jets en HICs é a perda de enerxia,
unha sinatura clave da formacién do medio de cor, que pode ser cuantificada en termos
do factor de modificacion nuclear (R44) definido en (1.14). Os experimentos amosan que
Rix < 1, o que indica a supresion do espectro de jets nas HICs en comparacién coas
colisiéns protén-protén, cunha maior supresiéon nas colisiéns mais centrais, nas que se
espera mais volume do medio xerado.

Mais al6 da perda de enerxia, os jets sofren outras modificacions, incluindo cambios no
cascada de partons e nos patrons de fragmentacion, que poden ser detectados empregando
observables de subestrutura de jets. O conxunto de modificaciéns mais xerais que sofren
os jets ao atravesar medios de cor recibe o nome de jet quenching na literatura. O prin-
cipal obxectivo dos estudos de jet quenching é empregar estas modificacions para obter
informacion das propiedades da materia de QCD creada e da stia evolucion, feito conecido
como tomografia de jets. Para lograr este obxectivo é esencial unha comprension tedrica
robusta das interaccions entre jets e medio. Esta tese desenvolve un novo marco tebrico
que incorpora efectos ata agora desprezados, como a estrutura e a evolucién dindmica do
medio, ao formalismo de jet quenching existente.

Ademais, a presenza de correlacions de particulas de baixo-pr en sistemas de colision
pequenos, como as colisions protén-ntcleo, sen a correspondente supresion de jets obser-
vada nas HICs presenta un enigma. O marco teérico desta tese ofrece un enfoque prom-
etedor para comprender o jet quenching nos sistemas pequenos, nos que se esperan maior
desviacion do equilibrio e gradentes méis intensos facendo que os efectos da anisotropia e
evolucion do medio sexan mais relevantes, e potencialmente resolver esta discrepancia.
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Fundamentos do formalismo teoérico

Procedamos a revisar os fundamentos do formalismo teérico desenvolto nesta tese. No
seguinte, entenderemos un partén ‘moi enerxético’ como aquel cunha enerxia moito supe-
rior ao seu momento transverso, a calquera escala caracteristica do medio, como a tem-
peratura na fase termalizada, e ao polo de Landau da teorfa Aqcp. Deste xeito adoitase
asumir que a interaccién entre partons e materia é perturbativa, e polo tanto poderemos
empregar técnicas da QCD perturbativa para realizar os calculos pertinentes. En partic-
ular, os dous procesos perturbativos dominantes que calcularemos son o ensanchamento
do momento transversal e a radiaciéon inducida polo medio. Este tiltimo é o mecanismo
de perda de enerxia dominante para os parténs moi enerxéticos, a diferenza do réxime
de mais baixas enerxias no que prevalece a perda de enerxia por colisions elasticas co
medio. Nesta tese desenvolvemos un novo formalismo para sondas de alta enerxia cen-
trandonos nestes dous procesos clave, tanto na fase de glasma como no QGP. En ambalas
fases se modelan as interacciéns sonda-materia como partons enerxéticos interactuando
cun campo de fondo de cor, que faré as veces do medio.

O numero efectivo de interaccions entre os parténs e o campo de fondo vén deter-
minada polas caracteristicas da materia. No limite de materia densa, os partons sofren
multiples interaccions co campo de fondo, que poden ser resumadas en propagadores efec-
tivos (2+1D) para os parténs que incorporan os efectos do medio. Este enfoque e coniecido
como o formalismo de Baier, Dokshitzer, Mueller, Peigné, Schiff - Zakharov (BDMPS-Z).
No limite de materia diluida, espérase que o nimero efectivo de interacciéns co campo
de fondo sexa proximo & unidade, permitindo unha expansion en opacidade e simplifi-
cando os calculos. Este enfoque e conecido como o formalismo de Gyulasy, Levai, Vitev -
Wiedemann (GLV-W). E importante destacar que estes dous enfoques son equivalentes,
coa resumacion da expansion en opacidade devolvendo o obtido co formalismo BDMPS-Z.

Campo de fondo

O estudo de como se comportan os partons enerxéticos ao atravesar materia nuclear densa
estd moi inspirado nos traballos seminais de Landau, Pomeranchuk e Migdal (LPM) en
QED. A mediados do século XX, LPM demostrou que unha particula cargada de alta
enerxia que sofre multiples interaccions cun medio denso experimentara efectos de inter-
ferencia entre interaccions adxacentes, o que resulta nunha supresion xeral da radiacion
de bremsstrahlung, coniecida como o efecto LPM. Nos anos 90, impulsado particularmente
polo proximo experimento RHIC, dedicouse un esforzo considerable a estender estes es-
tudos a fondos non abelianos, investigando a influencia dos medios de cor densos na
propagacion de particulas que interacttian fortemente. Estes traballos utilizan un en-
foque semiclésico, no que a materia é tratada como un campo de fondo clasico producido
por un conxunto estocéstico de particulas cargadas con correlacions determinadas polas
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propiedades da materia. Este segue sendo o formalismo méis empregado para tratar os
procesos de jet quenching ata a data.

De acordo con este enfoque historico, no estudo da interaccion de partons de alta en-
erxia co medio de QCD, o efecto da materia pode ser modelado por un campo xerado por
un conxunto de partons cargados baixo o grupo SU(N,), que pode expresarse en xeral
segundo a ecuacion (2.2). Este campo de fondo esté determinado principalmente por duas
cantidades que caracterizan as propiedades da materia: a densidade de fontes de cor, p?,
e o potencial de interaccion de cada fonte, v(q), onde g é o 4-momento transferido. O
potencial v contén informacion sobre a interaccion parton-materia e, polo tanto, espérase
que varfe nas distintas fases da evolucion da materia creada nas HICs. Ademais, dado
que o campo é xerado por un conxunto estocéstico de fontes no medio, é crucial caracteri-
zar as stuas propiedades estatisticas, codificadas nos seus correladores. A estatistica maéis
apropiada para modelar a materia depende da fase da evolucion, e estes correladores, que
adoitan expresarse en termos de correladores da densidade de fontes de cor, adoptaran
formas distintas para reflectir as propiedades do medio en cada unha das fases estudadas.

Ensanchamento do momento transverso

Comezamos polo estudo do proceso perturbativo dominante méis sinxelo na modificacion
de jets nun medio de cor, o ensanchamento do momento transverso, examinédndoo na fase
do QGP, investigando o impacto das anisotropias e do fluxo da materia, e na fase do
glasma, analizandoo baixo os campos fortes caracteristicos dos intres iniciais das HICs.
Para obter a distribucion final do momento transverso en calquera etapa da evoluciéon
da materia, debe calcularse a amplitude dun partén que se propaga a través do campo
de fondo. En contraste coa imaxe clasica, en QFT unha particula que interacttia cun
campo de fondo experimenta unha superposicion de todos os posibles niimeros de inter-
accions, non un nimero fixo delas. Polo tanto, a amplitude completa do proceso pode
escribirse como a seguinte serie M = Z?:o My = My + My + My + ..., onde My é
a amplitude con N interaccions e M, corresponde ao baleiro. Como xa se introduciu,
existen dous enfoques para calcular o elemento de matriz, é dicir, a amplitude ao cadrado
promediada sobre os nimeros cuanticos e as configuraciéons do medio. Por unha banda, o
formalismo BDMPS-Z resuma a serie antes de elevar ao cadrado e promediar, construindo
propagadores efectivos para as linas partonicas; e por outra banda o GLV-W, elevando ao
cadrado e promediando cada termo da serie por separado, permitindo un calculo de cada
orde da expansion en opacidade por separado.

Para ilustrar como cada un destes formalismos se estende para incorporar as novidades
do modelo do medio, revisamos tres calculos de ensanchamento do momento transverso.
Primeiro, revisitamos o céalculo en QGP con fluxo e anisotropias no limite de materia
diluida, usando o formalismo GLV a primeira orde en opacidade (N, = 1), como se pre-
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senta en [1]. Neste estudo, centramonos nas correccions derivadas da interaccion fluxo-
gradentes de anisotropia, que resultan nun reescalamento da distribucion do momento
transverso, dos momentos da distribucions e do parametro de jet quenching. Logo, con-
sideramos o ensanchamento nun QGP estatico e anisotrépico dentro do limite de materia
densa, usando o formalismo BDMPS-Z, como se derivou orixinalmente en [111]. Pre-
sentamos as correccions de primeira orde por gradentes de anisotropia & distribucion de
momentos transversos e os primeiros momentos da distribucién. Finalmente, revisita-
mos a derivaciéon do ensanchamento no glasma, usando o formalismo BDMPS-Z como en
[3], obtendo o parametro de jet quenching derivado da interaccion do parton cos campos
fortes dos momentos inicias da HIC. Notese que [1] e [3] forman parte desta tese, véxase
o Capitulo 4.

Radiacién inducida polo medio

O estudo das emisions de gluéns inducidas polo medio é crucial para comprender os jets
dentro da materia QCD. En particular, a perda de enerxia dos jets, unha sinatura clave
da formacion do QGP, esta impulsada principalmente por este mecanismo. Ademais, o
espectro de emision de gluéns dentro do medio proporciona informacién esencial sobre
as modificacions da materia nas cascadas de parténs. As emisions inducidas alteran a
subestrutura do jet en comparacion cos jets no baleiro, ofrecendo unha ferramenta teérica
para comprender o efecto da presenza do medio e extraer informacién sobre as propiedades
deste en analises posteriores. De xeito andlogo ao discutido para o ensanchamento do mo-
mento transverso, a amplitude do proceso de radiaciéon pddese escribir como unha serie
R = Z}’VO:O Ry = Ro+ Ry + Ry + ..., na que Ry é a amplitude con N interaccions e
Ry corresponde ao baleiro. Todos os calculos de radiacion inducida elaborados nesta tese
obténense, como moito, ata a primeira orde subdominante na expansion eikonal. Polo
tanto, os efectos de espin con supresion de enerxia adicional poden ignorarse, e o quark é
considerado unha particula escalar. Ademais, o campo de fondo empregado en todos os
casos, derivado no gauge de Lorenz, cumpre A, = 0, co que podemos empregar o gauge ax-
ial, simplificando os célculos ao ter que considerar s6 as diias polarizacions fisicas do gluon.

A amplitude xeral da emision dun gluén con N interaccions co campo de fondo podese
escribir en xeral segundo (2.74). Ao igual que no caso do ensanchamento do momento
transverso, hai dous métodos posibles para obter o elemento de matriz promediado a
partires da amplitude xeral. Seguindo o enfoque BDMPS-Z, resimanse o ntimero de in-
teraccions co medio ao nivel da amplitude, obtendo un propagador efectivo para cada
unha das patas partonicas do proceso. Logo, a amplitude é elevada ao cadrado e re-
alizanse os promedios sobre os niimeros cuénticos e as configuraciéns do medio. Este é o
enfoque empregado en [2]| e [3], ambolos dous parte desta tese, véxase o Capitulo 4. No
primeiro, derivase o espectro de radiaciéon inducida de gluéns nun medio estatico con cor-
reccions de gradentes producidos pola anisotropia a primeiro orde. No segundo, obtense
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a taxa de radiaciéon inducida polo medio nos instantes iniciais das HICs, estudando cémo
as caracteristicas dos campos fortes presentes no glasma afectan a radiacion de gludns.
Por outra banda, seguindo o enfoque GLV, a amplitude completa R é elevada ao cadrado
antes de resumar a serie, e os promedios sobre as configuracions do medio realizanse en
cada termo por separado. Este enfoque é utilizado en [1], tamén parte desta tese, no que
se calcula o espectro de radiacién inducida por un medio anisotréopico e con fluxo. En
particular, obténense as correcciéns de gradentes a primeira orde no limite de materia
estatica, asi como o efecto da interaccion do fluxo e os gradente no orde dominante da
expansion eikonal.

Conclusions

Esta tese introduciu un novo marco tebrico para comprender o jet quenching, abordando
o papel da evolucion da materia e as stas anisotropias. Despois de revisar os conceptos
fundamentais e situala en contexto, revisitamos a derivaciéon do formalismo, examinando
os fundamentos da teorfa do jet quenching, e discutimos os resultados clave, que foron
publicados en [1, 2, 3|. Estes tres artigos contribiien ao desenvolvemento desta nova ferra-
menta analitica abordando tres obxectivos especificos. O artigo [1] presenta o célculo das
correccions principais ao ensanchamento do jet e o espectro de gluéns radiados inducidos
polo medio, considerando a interacciéon entre o fluxo e os gradentes hidrodindmicos dentro
dun medio QCD diluido. En [2|, calculamos o espectro de gluons xerados pola emision
dun quark enerxético nun medio QCD denso e anisotropico. Finalmente, o artigo [3] cal-
cula o ensanchamento, a radiaciéon inducida polo medio e a taxa de perda de enerxia dos
jets que atravesan o glasma formado nas etapas iniciais das HICs.

O traballo presentado nesta tese s6 dé os primeiros pasos na discusion da interaccion
jet-medio en materia anisotropica en evolucion, e os resultados poderian e deberian es-
tenderse de miltiples maneiras, por exemplo, obtendo os principais efectos de gradente e
fluxo no limite de materia densa resumando multiples interaccions co medio, estendendo
os calculos méis ala da primeira orde na expansion de gradentes ou mellorando os modelos
de materia para facelos cada vez mais realistas. Ademais, o traballo presentado deberia
incluirse en consideracions fenomenoldxicas de observables particulares. Por exemplo, a
posible modificacion substancial en ¢ e a taxa de perda de enerxia debido & interaccion
de fluxo e gradentes poden afectar considerablemente as simulacions existentes de jets
que interactian con fondos en evolucién. Ademais, os efectos direccionais obtidos na fase
do QGP distorsionan fortemente os compotientes menos enerxéticos do jet, deixando a
radiaciéon de mais enerxia relativamente menos afectada, facendo da subestrutura do jet
unha ferramenta tomogréfica altamente sensible. Polo tanto, estudar as modificaciéns nos
observables da subestrutura do jet, como o limite colineal dos energy-energy corrrelators
ou o v, dentro dos jets, debido & evolucién e as anisotropias da materia é esencial para
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desentranar as propiedades das interaccions jet-materia. Outra direcciéon prometedora
seria combinar o noso formalismo para o jet quenching nas primeiras etapas das HICs con
simulacions numéricas realistas do glasma, o que permitiria calcular a taxa de emisién de
gluéns inducidos polo medio.
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Studying Quantum Chromodynamics under extreme conditions provides a
window into fascinating phenomena: from the fundamental properties of
the strong interaction, a fundamental force governing the subatomic world,
to the conditions present in the primordial Universe. This is achieved
through the study of relativistic heavy-ion collisions, where a novel phase
of complex nuclear matter is created. This thesis presents a novel formalism
for describing jet propagation within this complex matter, designed to use
jets as differential probes of its spatio-temporal structure. This thesis details
this novel formalism, deriving the two dominant perturbative processes of
jet modifications, transverse momentum broadening and medium-induced
gluon radiation, in the presence of an evolving medium with non-trivial
structure.
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