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Abstract

Besides the emblematic studies of the Higgs boson and the search of new physics beyond the
Standard Model, another goal of the LHC experimental program is the study of the quark-
gluon plasma (QGP), a phase of nuclear matter that exists at high temperature or density, and
in which the quarks and gluons are deconfined. This state of matter is now re-created in the
laboratory in high-energy nucleus-nucleus collisions. To probe the properties of the QGP, a very
useful class of observables refers to the propagation of energetic jets. A jet is a collimated spray
of hadrons generated via successive parton branchings, starting with a highly energetic and
highly virtual parton (quark or gluon) produced by the collision. When such a jet is produced
in the dense environment of a nucleus-nucleus collision, its interactions with the surrounding
medium lead to a modification of its physical properties, phenomenon known as jet quenching.

In this thesis, we develop a new theory to describe jet quenching phenomena. Using a
leading, double logarithmic approximation in perturbative QCD, we compute for the first time
the effects of the medium on multiple vacuum-like emissions, that is emissions triggered by the
virtuality of the initial parton. We show that, due to the scatterings off the plasma, the in-
medium parton showers differ from the vacuum ones in two crucial aspects: their phase-space is
reduced and the first emission outside the medium can violate angular ordering. A new physical
picture emerges from these observations, with notably a factorisation in time between vacuum-
like emissions and medium-induced parton branchings, the former constrained by the presence
of the medium. This picture is Markovian, hence well suited for a Monte Carlo implementation.
We develop then a Monte Carlo parton shower called JetMed which combines consistently both
the vacuum-like shower and the medium-induced emissions.

With this numerical tool at our disposal, we investigate the phenomenological consequences
of our new picture on jet observables and especially the jet nuclear modification factor R4,
the Soft Drop z, distribution and the jet fragmentation function. Our Monte Carlo results are
in good agreement with the LHC measurements. We find that the energy loss by the jet is
increasing with the jet transverse momentum, due to a rise in the number of partonic sources
via vacuum-like emissions. This is a key element in our description of both R 4 and the z,
distribution. For the latter, we identify two main nuclear effects: incoherent jet energy loss
and hard medium-induced emissions. Regarding the fragmentation function, the qualitative
behaviour that we find is in agreement with the experimental observations at the LHC: a
pronounced nuclear enhancement at both ends of the spectrum. While the enhancement of hard-
fragmenting jets happens to be strongly correlated with R44, hence controlled by jet energy
loss, the enhancement of soft fragments is driven by the violation of angular ordering mechanism
and the hard medium-induced emissions. We finally propose a new observable, which describes
the jet fragmentation into subjets and is infrared-and-collinear safe by construction (therefore
less sensitive to hadronisation effects) and we present Monte Carlo predictions for the associated
nuclear modification factor.






Résumé

Outre les tests du Modéle Standard des particules, un autre objectif du programme expérimental
du grand collisionneur de hadrons (LHC) est I’étude du plasma de quarks et de gluons, une
phase de la matiére qui existe a haute température ou densité, et dans laquelle les quarks et
les gluons sont déconfinés. Ce plasma est aujourd’hui recréé en laboratoire dans des collisions
d’ions lourds de haute énergie. Pour sonder les propriétés du plasma, on mesure des observables
associées a la propagation de “jets” en son sein. Un jet est une gerbe collimatée de hadrons tres
énergétiques générée par des émissions successives de partons a partir d'un quark ou d’'un gluon
virtuel produit par la collision. Quand de telles gerbes se propagent dans le milieu dense créé
par la collision de noyaux lourds, leurs interactions avec ce milieu entrainent une modification
de leurs propriétés physiques, phénoméne que 'on appelle "réduction des jets".

Dans cette thése, nous développons une nouvelle théorie permettant de décrire la réduction
des jets. En utilisant I'approximation double logarithmique en chromodynamique quantique
perturbative, nous calculons pour la premiére fois les effets du milieu dense sur les émissions
de type vide dans les jets. Ces émissions sont précisément celles déclenchées par la virtualité
initiale du parton source. Nous montrons que les cascades de partons dans le milieu différent
de celles qui se développent dans le vide & cause des diffusions multiples par les constituants
du milieu: I'espace de phase pour les émissions de type vide est réduit et la premiére émission
a l'extérieur du milieu peut violer 'ordonnancement angulaire. Une nouvelle image physique
émerge alors de ces observations, dans laquelle les émissions de type vide sont factorisées en
temps par rapport a celles induites par le milieu. Cette image a ’avantage d’étre markovienne,
et donc adaptée pour une implémentation Monte-Carlo des cascades de partons, que nous
développons dans le programme JetMed. Ce programme combine donc de fagon cohérente les
cascades de type vide et les cascades induites par le milieu.

Grace a cet outil numérique, nous nous intéressons ensuite aux prédictions de notre théorie
sur des observables de jets, et en particulier le facteur de modification nucléaire des jets R4,
la distribution Soft Drop z, et la fonction de fragmentation. Ces prédictions se révelent étre en
bon accord avec les mesures du LHC. Nous trouvons que la perte d’énergie des jets augmente
avec leur impulsion transverse & cause d’une augmentation du nombre de sources partoniques
produites par les émissions de type vide dans le milieu. C’est un élément essentiel dans notre
description de Ra4 et de z,. Pour cette derniére observable, nous identifions deux principaux
effets nucléaires: la perte d’énergie incohérente des jets et les émissions induites par le milieu
relativement dures. Le comportement de la fonction de fragmentation que nous obtenons est en
accord avec les mesures du LHC ; en particulier nous observons une augmentation prononcée
du nombre de fragments durs et mous. Dans la partie dure, cette augmentation est corrélée
avec R4 et donc controllée par la perte d’énergie des jets. Au contraire, 'augmentation de
fragments mous est due a la violation de I'ordonnancement angulaire et aux émissions dures a
petit angle induites par le milieu. Nous proposons finalement une nouvelle observable qui décrit
la fragmentation des jets en termes de sous-jets, donc moins sensible aux effets d’hadronisation,
et nous la calculons en collisions d’ions lourds.
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Chapter 1

(zeneral introduction

1.1 Quantum chromodynamics

1.1.1 Quarks and gluons

Quantum chromodynamics (QCD) is the quantum theory of the strong interaction. The strong
interaction binds together the protons and neutrons in atomic nuclei. However, protons and
neutrons and the other bound states of the strong force called hadrons, such as the pions, kaons,
etc, which are detected in high-energy experiments are not the elementary degrees of freedom
of the theory. These elementary degrees of freedom from which quantum chromodynamics is
formulated are called quarks and gluons: they are the fundamental constituents of the hadronic
matter, the matter sensitive to the strong interaction.

The existence of “point-like” constituents inside hadrons is revealed in high energy scattering
experiments, such as the deeply inelastic electron-proton scattering: at asymptotically high
momentum transferred (squared) @* during the collision process, the scattering cross-section
behaves as if the proton was made of free elementary particles. This phenomenon was one of
the first experimental evidence for quarks and gluons within hadrons [I}, 2] 3].

In high energy experiments like deep inelastic electron-proton scattering or those described
in Section [I.2]of this introduction, special relativity effects cannot be neglected. The theoretical
framework to deal with quarks and gluons is thus quantum field theory. Quarks and gluons
are the elementary degrees of freedom in the sense that they appear as elementary fields in
the Lagrangian Lqcp(¢r, A,) of quantum chromodynamics. ¢f(x) are the quark Dirac fields
labelled by their flavour indices f = wu,d, s, c,b,t for the six quark flavours of the Standard
Model and A, (x) is the gluon vector field.

1.1.2 Non abelian local gauge symmetry and asymptotic freedom

Local SU(3) gauge symmetry. This Lagrangian is strongly constrained by the local gauge
invariance principle. More precisely, on imposes that Lqocp is invariant under SU (N, = 3) local
transformations of the quark fields:

Up(x) = Ue)p(z),  Ulx) = expiea(2)t?) (1.1)

with {t*}1<a< n2—1 a set of generators in the fundamental representation of the su(N,) Lie
algebra and €,(x) arbitrary functions of the space-time coordinates. The index a is called a
colour index. Since the group SU(N,.) is non commutative for N, > 1, the SU(N,) gauge
symmetry is said non-abelian [4]. As part of the fundamental representation of SU(XV,), quarks

13



14 CHAPTER 1. GENERAL INTRODUCTION

carry a colour charge, pretty much like electrons and positrons carry an electric charge in
quantum electrodynamics (QED). The number N, of possible “colours” is 3 in the physical
world.

A system of free quarks with (bare) masses m is simply described by the free Lagrangianﬂ:

L) =Y p(in"u —my)ty (1.2)
f=1

but is not invariant under (|1.1). In order for this Lagrangian to be invariant under the trans-
formation (1.1)), a gluon field A, belonging to the adjoint representation of SU(N,) must be
included, with the following transformation rule:

1
Al () = U(x) AU (z) — g—auU(fC)U_l(w) o Aulz) = Af(a)t, (1.3)
and the quark fields must couple with A, via a covariant derivative 9, — D, = 0, — igsA, in
(1.2). gs is the (bare) strong coupling constant that quantifies the strength of the strong interac-
tion. The fact that gluons carry also a colour charge, as member of a non-trivial representation
of the gauge group, leads to a rich set of phenomena specific to the strong interaction.

One can then check that the following Lagrangian is invariant under the transformations
(1.1)-(1.3) and is unique if renormalizability and parity invariance are also enforced:

1 o
Lqocp (v, A) = —q Ew Y+ ) iy (v Dy — mg) vy (1.4)
=1

The gauge field tensor F),,, depends on the gluon gauge field A, as:
F.,=0,A, —0,A,+gs[A,, A (1.5)

This gluon field is the analogous of the photon field in quantum electrodynamics: gluons are
said to mediate the strong interaction. This mediation is realized by means of the covariant
derivative D, in the second term of the Lagrangian. The QCD Lagrangian is remarkable in
several respects.

Gluon self-interaction. The gauge field A, is self interacting at tree level because of the
non-abelian term g,[A4,, A,]. In comparison, the gauge field of quantum electrodynamics is the
photon field, and photons do not interact between themselves at the lowest non trivial order in
the electromagnetic coupling e. This has important phenomenological consequences, especially
for QCD jets, as we shall see.

Asymptotic freedom. As it is, the Lagrangian has no predictive power beyond tree-
level in perturbation theory because of the UV divergences appearing from the one-loop order.
These divergences are cured thanks to the renormalization procedure: the bare coupling g, is
discarded for the benefit of the renormalized strong coupling constant g. A by-product of this
procedure is that g acquires a scale dependence, g(u), with u a sliding energy scale one chooses
to define the renormalized coupling. Measurable quantities are invariant with respect to the
choice of u. To satisfy this requirement, the variations of the function g(u) are constrained

'We adopt standard particle physics units with A =c = 1.
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by the S-function of QCD which is calculable order by order in perturbation theory (hence
assuming that g(yu) is small)}
8g(u) g3 5 110A - 2nf
Dlog (1) Blg(w)) 5047T +0(9°) . Bo or
Cx = (N?2-1)/(2N,) is the Casimir factor of the adjoint representation of su(N.). At one loop
order in perturbation theory, that is using only the first term in the Taylor expansion of 8(g),
one gets:

0 (1.6)

folog () i
QCD

where Aqep ~ 0.2 Ge\/ﬂ is the confinement or QCD scale discussed in the next point. A striking
feature of the strong running coupling is that a,(x) — 0 as g — oo. This property is known
as asymptotic freedom [5l 6, [T, 8]. For a physical process governed by the strong interaction
and involving a typical momentum transfer of order ), the more @ is large: ) > Aqcp, the
more a(Q) is small and hence the more the process becomes similar to what one would expect
of a non interacting theory of quarks and gluons. In this regime, perturbative techniques,
generically gathered under the term “perturbative QCD” (pQCD) are the standard tools to
predict the behaviour of such physical processes. This is the realm of high energy collision
experiments such as those performed at the Large Hadron Collider (LHC).

(1.7)

s (i)

Confinement. On the other hand, when y — Agcp ~ 0.2 GeV, the strong coupling becomes
very large suggesting that perturbative techniques and perturbative degrees of freedom (quarks
and gluons) become irrelevant. This is closely related to another property of QCD, confinement,
even if it is still not clear how confinement emerges from the QCD Lagrangian. This property
states that in normal conditions of temperature and pressure, free quarks and gluons cannot
exist and are always confined within colour neutral bound states called hadrons. At least,
this is an experimental fact up to now: there are no free quarks and gluons, nor coloured
particles, measured in low temperature/pressure experiments. At low energy scales, below or
around Aqcp, the QCD Lagrangian is “solved” using lattice field theory. The quark and gluon
fields are anchored on a finite lattice and the equations are studied numerically on a computer.
Lattice QCD is very powerful to compute the mass spectrum of hadrons for instance.

1.1.3 Phases of hadronic matter

In our discussion of confinement, we have avoided to precise what we meant by “normal con-
ditions of temperature and pressure”. This paragraph intends to specify these conditions. Let
us enclose some hadronic matter in a finite box of volume V| in thermodynamical equilibrium
with a heat bath of temperature T and a particle reservoir with baryon chemical potential ppg.
The baryon chemical potential is the chemical potential associated with the baryon number B:

1
B= (N, - Ny) (18)
for a system with N, quark and Nz antiquark. How does this matter behave as the temperature
of the heat bath, the volume of the box or the chemical potential g are varied? This section
is a short review of what is known on this subject.

2In this thesis, the natural logarithm of z is noted log(z).
31 GeV ~ 1.6 x 107 Jand 1 fm = 1 x 1071° m.
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Figure 1.1: The conjectured phase diagram of QCD matter (extracted from [9]) projected on the
plane (up,T). The Boltzmann constant is set to one kg = 1 for the units of the horizontal and vertical
axis. The nuclear liquid-gas phase transition is the small line at the bottom of the diagram. The low
temperature but high pp part of the diagram with the “colour superconducting” phase is not discussed
here, but is relevant for neutron star physics.

Basic features. Some features can be guessed with very few physical inputs. For instance,
as the radius of hadrons is of order Rj, ~ 1 fm, there should exist a critical volume for our box,
of order V. = 47 R3/3. Indeed, for a volume smaller than V., hadrons cannot fit in the box
any more. Another interesting regime is the very high temperature regime. We have seen that
pQCD has a self-emergent scale characteristic of the strong interaction, Aqcp: one expects
that quarks and gluons are the relevant degrees of freedom for 7' > Aqcp/kp, because the
strong coupling constant «,(kgT) — naturally evaluated at a scale of the order of the thermal
energy of the system — becomes very small from the asymptotic freedom property of QCD.
Thus, in the high temperature phase T > Aqcp/kp, the system behaves like an ideal gas of
(free) quarks and gluons. This phase is known as quark-gluon plasma. In the present thesis,
there is almost no need to give further details on this phase as all the knowledge required to
understand these lines is encoded in this definition. For completeness, we provide now some

additional materials from hadronic physics and lattice QCD on the conjectured phase diagram
of QCD shown Fig. [1.1

Liquid-gas phase transition of nuclear matter. We start from the ordinary temperature
T ~ 270-290 K and baryon chemical potential 0.9 < u, < 1 GeV/kg. Under these conditions,
the hadronic matter in our box is a mixed phase between vacuum and droplets of Fermi liquid
formed by the nucleons — protons and neutrons — inside nuclei. The interaction between
the nucleons looks very much like the Van der Waals interaction between electrostatic dipoles:
this is confirmed by lattice QCD results on the nucleon-nucleon force and by calculation in the
chiral field theory which is an effective field theory of QCD at low energy (see [10] for a review).
Thus, in the same way as water undergoes a liquid-gas transition, we expect a first order phase
transition towards a Fermi gas of free nucleons when the temperature increases. The critical
point of the transition is located around 7 ~ 10-20 MeV /kp and p/p, ~ 900-920 MeV /kp.
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Figure 1.2: (Left) QCD equation of state at zero chemical potential ugp = 0 obtained from lattice
calculations by the HotQCD collaboration [I3]. The curve labelled “HRG” corresponds to the prediction
from the hadron resonance gas model, whereas the dotted line at the top is the non-interacting (free)
gas limit. (Right) Variation of the chiral susceptibility defined by @D with 6/¢2 (g is the gauge
coupling, and T grows with 1/¢?) for several lattice volumes Ny x N2 x a* with a the lattice spacing.
The figure is taken from [14].

Hadron resonance gas. Now, let us heat even more this system of free nucleons (or pions
at lower chemical potential). This corresponds to the phase diagram of hadronic matter for
pp S 1 GeVand T 2 10 MeV. If we heat this system, we know from experiments that more and
more hadronic resonances are produced: the number density p(m) of hadronic states with mass
between m and m-+dm grows exponentially p ~ exp(e¢m). This hadronic phase is called “hadron
resonance gas’ (the degrees of freedom are still hadrons). The exponential growth cannot go
forever, otherwise, the partition function of the system diverges at a temperature known as the
Hagedorn temperature T, = 1/¢ [I1]. From experimental data, T}, ~ 150 MeV /kp, value close
to Aqep. This suggests that Tj, should be interpreted as an upper limit for the hadronic phase
and should be close to the transition temperature between this phase and a deconfined phase
where quarks and gluons are liberated [12]. The exact nature of this phase transition is still
unknown.

Lattice QCD results for ug = 0. As explained in the first part of this introduction, lattice
QCD is extremely useful to understand QCD in the strong coupling regime. In thermal QCD at
finite temperature, the partition function is evaluated numerically on a finite lattice. Unfortu-
nately, because of the so-called sign problem, lattice simulations cannot access non-zero baryon
chemical potential (at least until now) [I5]. Hence, lattice QCD provides reliable informations
on the QCD phase space restricted to the line ug = 0. Results from the HotQCD collaboration
[13] are shown in Fig. left for the energy density €, the pressure p and the entropy density
s = (e+p)/T as a function of the temperature 7' of the bath. At low temperature, the predic-
tions from the hadron resonance gas description are in good agreement with the lattice QCD
results. At high temperature, the curves converge towards the non-interacting limit of a free
gas of massless quarks and gluons following the Stefan-Boltzmann equation of state:

3p € T
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with n = 2(N? — 1) + TN.n;/2 the total number of internal degrees of freedom. However, even
at T' ~ 400 MeV /kp, the free limit is not reached suggesting that residual interactions have
still an important role, in agreement with perturbative results in QCD at finite temperature.
To sum up, at zero chemical potential, lattice QCD predicts a gradual transition between the
hadron resonance gas and the deconfined phase.

There is another transition related to the deconfinement transition known as the chiral
phase transition: at high temperature 7' > Aqcp/kp, the light quarks (up and down) can
be considered as massless and the QCD Lagrangian is symmetric under global chiral
transformations of the light quark fields. At low temperature 7' < Aqep/kp, chiral symmetry
is spontaneously broken, with the pions being the Nambu-Goldstone bosons associated with this
symmetry breaking. Lattice QCD enables to have a more quantitative insight on the location
of the transition. The order parameter is the chiral susceptibility defined by:

_ Z 8 lOg(ZQCD)

1.1

where Zgcp is the QCD partition function in the grand canonical ensemble at pp = 0 and
m; is the mass of the light quarks. A plot of the chiral susceptibility for several values of the
volume lattice is shown in Fig. [I.2}right from [14]. A clear peak is visible as a function of 6/¢>
(6/g* scales like the temperature T' of the heat bath). However, this peak is independent of
the volume of the lattice, showing that the chiral transition at ug = 0 is not first nor second
order but rather an analytic cross-over. The location of the peak defines the pseudo-critical
temperature T, of the transition, whose value is around 150 MeV /kp.

For non vanishing chemical potential the nature of the chiral transition is still unknown,
even if there is a hint for a first order phase transition as shown Fig.[I.I The determination of
the critical point is an active field of research both on the theoretical and experimental sides.
Regarding the link between the chiral and the deconfinement transition, they should occur at
about the same temperature. Therefore, understanding the chiral transition is crucial to precise
the shape of the phase diagram of hadronic matter.

1.2 Heavy-ion collisions

How do physicists probe the QCD phase diagram experimentally? The very early Universe
was probably a hot soup of free quarks and gluons, so physicists could look for relics of this
epoch to infer some properties of the quark-gluon plasma. Also, the heart of neutron stars
might be an interesting natural laboratory for studying QCD at high density. Besides these
two occurrences of QCD matter at extreme temperature or density in Nature, this matter is
studied on Earth in high energy experiments by colliding together heavy nuclei with a large
number of nucleons. The two main accelerators used for this purpose are the Relativistic Heavy
Ion Collider (RHIC) based at the Brookhaven National Laboratory on Long Island (US) and
the Large Hadron Collider (LHC) based at the border between France and Switzerland, near
Geneva.

1.2.1 Experimental aspects

We start by describing briefly some experimental aspects relating to nucleus-nucleus collisions
relevant for this thesis, and especially the second Part. At RHIC, the heavy nuclei are mainly
atoms of copper (Cu), gold (Au) or uranium (U). At the LHC, most of the data discussed in
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Figure 1.3: (Left) Space-time diagram of a nucleus-nucleus collision (figure from [16]). The horizontal
axis is the beam axis, and the vertical axis is the proper time of an observer in the laboratory frame. As
the nuclei are ultra-relativistic, their worldlines lie on the light cone with apex at the collision event.
By Lorentz contraction, the nuclei appear as thin sheets of matter. The hyperboles are lines with
constant fluid proper time 7 = /T2 — X2: it is the proper time of an observer comoving with a fluid
element in the Bjorken expansion model. The several stages of the collision between two values of 7
are described. The first stage, during which the partons (mostly gluons) are freed by the collision, lasts
~ 0.2 fm. In the second stage, with 0.2 < 7 < 1 fm, the partonic matter rapidly approaches thermal
equilibrium. The longest stage in the yellow region corresponds to a QGP in thermal equilibrium, up
to 7 ~ 10 fm at the LHC. The cooling of the QGP leads to a hot system of hadron resonances which
finally becomes a system of free hadrons at the freeze-out proper time 7 ~ 10 — 20 fm. (Right) The
coordinate system in the laboratory frame adopted in this thesis. The two incoming nuclei are shown
before the collision, together with their trajectories. A dijet event is illustrated as well: two cascades
of energetic partons develop back to back in the transverse plane with respect to the beam axis.

Part [II] come from lead-lead (Pb) collisions analysis. A run of xenon-xenon collisions (Xe) also
took place at the LHC during fall 2017.

In such high-energy collisions, two beams of heavy and entirely ionised nuclei accelerated
at nearly the speed of the light circulate in opposite directions in a large synchrotron. The
Lorentz factor of the nuclei in larger than 2500 at the LHC! These two beams meet in specific
locations of the ring where particle detectors are built. When the two beams meet, two nuclei
belonging to their respective beam collide and create a myriad of particles (~ 35000 on average
in frontal collisions at the LHC) which are measured in the detectors. Understanding what
happens between the collision and the particle detection is the main goal of these experiments.
The current “standard model” of a high energy nucleus-nucleus collision is pictured in Fig. [I.3}
left. Shortly after the collision, a plasma of free quarks and gluons is created that lives during
approximatively 10 fm (~ 1072 seconds). After being formed, it expands essentially along the
beam direction, cools down and hadronises into final-state hadrons.

To understand the experimental data shown in Chapter[7] a bit of vocabulary and kinematic
notations are useful.

Laboratory frame. The laboratory frame is an inertial frame such that the center of mass
frame of the two nuclei is fixed at the origin O of the coordinate system. In this frame, the
total 3-momenta of the colliding nuclei vanishes and O is the location of the collision event. To
each event in Minkowksi space, one associates a four vector X*e,, with {e,} the basis vectors
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of the laboratory coordinate system and X* the coordinates of the event. This basis is chosen
so that e; = ey is parallel to the beam axis. The vector e, = e, is parallel to the impact
vector. The impact vector is a vector in the plane transverse to the collision axis connecting
the centers of the two incoming nuclei. The vector e3 = e, lies in the transverse plane and is
orthogonal to e;. Finally, ey = e, = u where u is the 4-velocity of an observer fixed in the
laboratory frame. This coordinate system is pictured Fig. [I.3}right. For collisions with exactly
zero impact parameter, the choice of the vectors e, and e; is arbitrary as long as the basis {e,}
is orthonormal and direct (in the sense of the metric tensor g, ).

In this frame and coordinate system, one defines the following quantities related to a generic
4-momentum p = pte, of a particle:

Energy: E =p° (1.11)
Transverse momentum: pr =\/p3 + p3 (1.12)
. 1 P’ +pt
Rapidity: y=5 log (po — (1.13)
1 /2 22 ol
Pseudo-rapidity: n == log p; i p; i p; P (1.14)
2 pi+ps+p3—p

For massless particles (p? = p*p, = 0), one has y = 7, and in the mid-rapidity region (y =
0), one has £ ~ pr. In this thesis, the geometrical aspects of high-energy massless particle
production are simplified: they are considered as produced in the transverse plane with p* = 0.
Energy and transverse momentum are therefore synonyms. The pseudo-rapidity is related
to the angle 6 in the spherical coordinate with axis e; by n = —log(tan(¢/2)). Finally the

azimuthal angle in these spherical coordinates is defined as pr cos(¢) = p*.

Collision energy. An important quantity is the center of mass energy of the collision, noted
/s defined by the first Mandelstam variable:

s = (p1 + p2)* (1.15)

where p; and p, are the 4-momenta of the two colliding particles. Experimentalists control this
quantity by tuning the beam energy Epe.m in the laboratory frame, since /s = 2FEpeam. In
nucleus-nucleus collision, this quantity is averaged per nucleons, so that the common quantity
is the /s per nucleon pair:

Vo = 2/ (1.16)

for a generic nucleus 2X. At the LHC, most of the data related to jets in heavy-ion collisions
discussed in this thesis have /syn = 2.76 TeV or /syny = 5.02 TeV.

Centrality. The impact vector is difficult to measure experimentally and especially its length,
the impact parameter. Instead, experimentalists use the concept of centrality. Centrality can
be obtained directly from data. There are several ways of defining a centrality. Starting from
a set of events called minimum-biased (meaning there is no further requirement on how these
data should be, besides the registration trigger), these events are sorted according to the value
of an observable N which is a monotonic function of the impact parameter. For instance, one
can bin the events according to the total particle multiplicity or the total energy deposited in
the detectors. One easily understands that the more the impact parameter is small, the more
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Figure 1.4: (Left) Pseudo-rapidity distribution of charged particles measured by the PHOBOS detector
at RHIC in gold-gold collisions for several centrality classes [18]. The bands correspond to systematic
uncertainties. From the left to the right panels, \/syn increases from 19.6 GeV up to 200 GeV. The
more the centrality is small, the more the rapidity plateau is high. (Right) pr spectra of charged
particles measured by the ATLAS Collaboration [19] in proton-proton and lead-lead collisions for
several centrality classes. Note that the Pb-Pb spectra are rescaled by the thickness function (T'44) to
account for the higher hard scattering rate in Pb-Pb collisions (w.r.t pp) as a single nucleus contains
several nucleons.

the total multiplicity or energy is large. Another possible observable is the energy deposited
in the “zero-degree” calorimeter, located close to the beam direction. This energy is related to
the number of spectator nucleons, and therefore increases as the impact parameter increases.
A centrality class 0 — ¢(n) is then a subset of the data such that a fraction ¢(n) satisfies
N > n. For instance, in Fig. [T.1al 0 — 10% centrality means that the events selected for the
measurement belong to the 10% events with highest particle multiplicity.
To relate quantitatively the centrality to the impact parameter b, one uses the following

geometric relation (see e.g. [17]):
mb?

C > ———
AA
Oin

This formula neglects the fluctuations in the probability distribution of measuring a value n of

N given the impact parameter b, and assumes that the nucleus A behaves like a “black disk”
for b < R, with R the nucleus radius.

(1.17)

Single particle spectra. As emphasized, nucleus-nucleus collisions at high energy produce
a myriad of particles. To organise the data and get an intuition about the event shape, one
first looks at particle spectra. Once a centrality class is selected, experimentalists measure in
this class the multiplicity of particles more differentially with respect to their kinematics or
their species. There are two basics but important features regarding the particle spectra as a
function of the rapidity (or pseudo-rapidity) and transverse momentum:

e At mid-rapidity, for |y| ~ |n| < 2, the particle multiplicity (averaged over all events in a
centrality class) exhibits a flat plateau (see Fig. [L.4Heft), meaning that the distribution
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is approximatively boost-invariant along the beam direction. This boost invariance is
a natural consequence of the initial symmetry of the collision: at very high center of
mass energy, all inertial observers sightly boosted with respect to the beam axis in the
laboratory frame see the same collision of two ultra-relativistic nuclei, and thus the same
final particle distribution. As a boost along the beam is equivalent to a shift in the
rapidity y, this explains the central rapidity plateau. The boost invariance with respect
to the beam axis is often called “Bjorken hypothesis” or “Bjorken model” [20].

e The transverse momentum spectra of detected particles is steeply falling with pr, as
shown Fig. [[.4}right. The majority of particles produced in heavy-ion collisions are “soft”,
with pr < O(1) GeV at the LHC. It has recently been observed that the mean pr of
charged hadrons is proportional to the temperature of the plasma [2I]. The shape of the
spectrum shown in Fig. [I.4}right naturally divides the possible measurements into two
categories: those related to the “bulk” where soft particles dominate, and those related
to the hard tail of the pr spectrum, called “hard probes”. As we shall see, the physical
mechanisms at play are very different, although each kind provides valuable informations

on the nature of the matter produced in heavy-ion collisions.

1.2.2 Flow in heavy-ion collisions

To understand more precisely the pattern of the bulk particles, one can perform a more refined
measurement than the simple rapidity or pr distribution we have just discussed: measuring pair
correlations. More precisely, one can measure the distribution of particle pairs separated by
an azimuthal angle A¢ and (pseudo)-rapidity An in a given centrality class. This distribution
C'(A¢, An) is shown Fig. [L.5}right, as measured by the ATLAS detector at the LHC in PbPb
collisions. On the left figure, the same distribution is shown in pp collisions for comparisons.
They are dramatically different, enlightening that new physics is involved in heavy-ion collisions
with respect to pp. Indeed, if a heavy-ion collision was only an incoherent “sum” of elementary
pp collisions, the distributions should look the same.

For central and no too peripheral collisions, the pair correlation is almost independent of 7,
the large peak at A¢p = An = 0 excepted. As a function of A¢, one observes by eye a cosine
modulation of the correlation, maximal at A¢ = 0 and 7. The picture in pp is very different
even if the peak at A¢p = An = 0 is present. The correlation depends strongly on 1 and there
is no cosine-like modulation. We leave the discussion of the peak at A¢p = An = 0 for the next
section: we will see that QCD predicts strong correlations between almost collinear particles
(thus with A¢ = An = 0) due to the existence of high pr QCD jets.

On the contrary, what explains the specific pattern of the two-particle correlations in heavy-
ion collisions is generically called “flow”. The flow picture for multi-particle correlations relies on
the following hypothesis (see e.g. [24]): particles are emitted independently in a single event so
that all multi-particle correlations in an event can be obtained from the single particle probabil-
ity distribution. This probability distribution Py(¢,y, pr) determines the probability of having
one particle with a given rapidity, azimuth and transverse momentum. This probability density
is itself a random variable, as it fluctuates from one event to another. Non trivial correlations
among pairs (as well as higher numbers of particles) are generated by these fluctuations.

In the Bjorken model, Pi(¢,y,pr) does not depend upon rapidity, but has a non trivial
dependence with the azimuthal angle. It is usually expanded as a Fourier series:

1 &

Pi(¢,y.pr) = or Z Vo (pr) exp(—ing) (1.18)

n=—oo
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Figure 1.5: (Left) Two-particle correlation measured by the ATLAS Collaboration in pp collisions with
/s = 13 TeV and small total multiplicity (less than 20 reconstructed charged particles in the final
state) [22]. The peak at A¢ = An = 0 due to QCD jets has been truncated. The other local maximum
at An = 0 and A¢ = 7 is caused primarily by back-to-back dijet events (i.e. momentum conservation).
(Right) Same quantity measured by the ATLAS Collaboration in lead-lead collisions with \/syn = 2.76
TeV [23]. The panels display three different centrality classes. For peripheral collisions (80-90%
centrality), the 2-particle correlation distribution looks like the one in proton-proton collisions on the
left. In most central collisions (0-10%) or a mid-centrality (30-40%), the boost invariance is manifest,
one observes a A¢ wave, and strong correlations at A¢ = 0 even for large values of An.

and v, = V,,/Vj is called n'® anisotropic flow.

What motivates the flow hypothesis? If the medium created after the collision thermalizes,
the flow hypothesis is naturally justified, since thermalization destroys initial correlations so
that particles are finally emitted independently. If thermalization is a sufficient condition for
flow, one should keep in mind that it is not a necessary condition [25]. The great success
of the flow hypothesis combined with hydrodynamical predictions for P; in explaining the
experimental data is in itself the best argument in its favour.

From a given model (usually an hydrodynamic picture for the medium evolution), theorists
can predict the single particle distribution P; and its fluctuations. How is this compared to
data? One cannot measure directly this probability distribution because it is defined event-by-
event: the particle spectrum in one event has intrinsic large statistical fluctuations (essentially
because the number of particles is not that large once kinematic cuts are applied). Instead,
by measuring the pair correlation as in Fig. [1.5, which is averaged of many events, one can
infer the value of the underlying theoretical single particle probability density. Indeed, the flow
hypothesis leads to the following probability distribution for the event-by-event pair correlation
(neglecting for simplicity the py dependence of V,,):

+oo
(26,80 = 5= 3 Vi exp(nig) (1.19)
‘/02

—+00
=5 (1 +9 ; |0, |2 cos(nAgb)) (1.20)
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so that the n'® Fourier harmonics of C'(Ag), traditionally called v,{2} [26] reads

(Val?)

va{2} = ((exp(nlAg))) = <V02>

(1.21)

where the double bracket on the left is an average over pairs in a single event followed by an
average over all events in a centrality class. The average on the right is an event average since
P, and therefore V,, are also random variables.

In the hydrodynamical picture of the plasma evolution, P; is dictated by the anisotropy
of the initial energy density profile. This holds for the values of V,, in a single event, but
also for their fluctuations (meaning that the fluctuations of the initial geometry translate into
fluctuations of Py). In non-central collisions, the medium created after the collision is strongly
deformed in the transverse plane (it has an “almond shape”): pressure gradients push more
particles in the direction parallel to the impact parameter than in its perpendicular direction.
This means that one expects higher pair correlations for A¢ = 0 and A¢ = 7. This explains
the strong cosine modulation, or mathematically the large vy (elliptic flow [27]), observed in
Fig. [I.5}lright at mid-centrality where the initial collision anisotropy is larger. Higher harmonics
in the modulation are driven by vs, vy etc, [28, 29] themselves related to the anisotropy of the
initial energy density profile and its fluctuations.

Measurements of v,{2} are confronted to theoretical predictions of v,. This constrains the
parameters entering into the hydrodynamical calculation of the single particle distribution P;
such as the viscosity of the plasma [30] (see [31] for a review).

1.2.3 Other probes of the quark-gluon plasma

It is not our intention to give an exhaustive discussion of the experimental probes of the
quark-gluon plasma. Beside flow measurements, other informations about the QCD matter
produced in nucleus-nucleus collisions are inferred from electromagnetic probes: for instance
if the medium thermalizes, thermal photons are emitted and their distribution can provide
interesting informations about the thermodynamics of the plasma (see [32] for a review). There
are also a lot of theoretical and experimental efforts to measure the production of bound states
of heavy quark-antiquark, called quarkonia, in heavy-ion collisions (see [33] for a recent review).
The hot surrounding medium can destroy the binding between the quark and the antiquark.
The suppression of quarkonia was therefore proposed as a signature of quark-gluon plasma
formation [34].

1.3 QCD jets and jet quenching

Jets are collimated spray of energetic hadrons. The formation of such structure at high energy
is predicted by perturbative QCD: the enhancement of soft and collinear radiative processes is a
common feature of (unbroken) gauge theories with a massless gauge boson such as QED or QCD.
In QCD, as gluons can easily radiate soft and collinear gluons because of the self interaction
highlighted in the first section, the development of soft/collinear cascades is accentuated with
respect to QED. Thus, the formation of jets is a direct consequence of the non-abelian nature of
the gauge symmetry. Nowadays, jets are used on a daily basis in collider experiments and precise
tests of the Standard Model often rely on precise predictions regarding QCD jet production.
For a theoretical introduction to jets in pp collisions, we refer the reader to the first part of
Chapter [4
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In heavy-ion collisions, jets are also produced. This shows that even if new physical phenom-
ena such as flow are at stake in nucleus-nucleus collisions, the standard features of the strong
interaction like jet production have not disappeared. In Fig. [I.5}Heft, the peak at A¢p = Anp =10
is caused by QCD jets, since a jet is essentially a collection of collinear particles. In flow
physics, QCD jets are considered as “non-flow” correlations which are removed by implement-
ing a rapidity gap An > Ane, when measuring v,{2}. On the contrary, for jet physics in
heavy-ion collisions, the main topic of this thesis, bulk particles and flow are treated as part of
the background which must be removed.

To reduce the effect of this background, it is advantageous to focus on high pr jets, as those
produced at the LHC. Jet observables belong then to the set of “hard probes” of the quark-
gluon plasma. By the Heisenberg uncertainty principle, high-py jets are formed over a very
short time, of order 1/pr, after the collision and thus before the medium formation. For such
short time scales, it is allowed to deal with the perturbative degrees of freedom of QCD: the
quarks and gluons. The general physical picture for the jet evolution in proton-proton collision
is the following: a hard scattering between two partons inside the incoming protons typically
produces a pair of high py partons that propagate back-to-back in the transverse plane. By
hard scattering, we mean that the momentum transfer is large, of order pr. What happens next
to one of these partons? As the parton is not yet on its mass-shell (strictly speaking, on-shell
quarks or gluons do not exist), it can further radiate, predominantly soft and collinear gluons,
which further radiate and so on (as illustrated Fig left). This partonic cascade develops over
a large time scale, of order 1/Aqcp > 1/pr since for times larger than 1/Aqep the partonic
picture breaks down.

In heavy-ion collisions, this cascade interacts with the surrounding medium created after the
collision. We shall discuss extensively these interactions in this thesis (e.g. the Introduction
of Part [I[| for a brief overview of the plasma-parton interactions). These latter have a significant
effect on jet measurements in heavy-ion collisions with respect to pp collisions. The modification
of jet properties in heavy-ion collisions is commonly named jet quenching. We refer the reader
to Chapter [7| for an introduction about jet quenching measurements at the LHC. The most
salient one is the strong suppression of high pr jets in lead-lead collisions at the LHC.

This thesis deals with jet quenching physics. Starting from pQCD and the parton language,
we develop a new picture for the parton shower in the presence of a quark-gluon plasma (Part .
This picture includes so far only the expected dominant effects of the plasma-jet interaction in
the so-called leading logarithmic approximation of pQCD. We tried to circumscribe the validity
of our approximations and acknowledge the limitations of this picture as best as possible. The
good qualitative agreements between our calculations and the measurements done at the LHC
for several observables (Part [lI) are encouraging, and we hope for a better understanding of jet
quenching phenomena from this new foundation in the future.

1.4 Reading guide

To conclude this introduction, we would like to provide a short “reading guide” to precise the
internal logic of this thesis and highlight the new contributions to the field. This thesis is
divided into two parts. The first part is theoretical, while the second part is dedicated to the
phenomenology of jet quenching at the LHC.

The main purpose of Part[l]is to explain in details the new factorised picture of jet evolution
in a dense QCD medium which is the heart of this work: this is done in Chapter |5 and the
description of the Monte Carlo parton shower based on these ideas is the subject of Chapter [6]

In that respect, the interest of the two opening chapters, Chapter [3] and Chapter [ is
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twofold. On one hand, it enables to provide the material necessary to understand the arguments
presented in Chapter [5] and the concepts used in Part [Tl On the other hand, even though no
significant breakthrough is presented in these two introductory chapters, there are some new
developments:

1. We give new (as far as we know) simple analytic formulas for the on-shell and off-shell
gluon emission spectra in a dense medium (Section [3.3.3.3] Eq. (3.140)-(3.141)) with
full dependence on transverse momenta and energy, valid in an expanding medium. We
use these formulas to justify the factorisation between virtuality driven processes and
medium-induced processes detailed in Chapter [

2. Still in an expanding medium, the medium-induced spectrum integrated over transverse

momenta from a colour singlet dipole is derived in Section Eq. (3.198)).

3. In the same spirit, the effect of decoherence on in-medium vacuum-like emissions with
short formation times studied in Section |3.4.3| is very important for the resummation
scheme presented in Chapter [ Section [5.2] This calculation is an important step to
prove that angular ordering holds inside the medium.

4. In Chapter , Section 4.2.3.3| (and Appendix , we present and calculate a new jet
substructure observable relevant in heavy-ion collisions and studied in this context in
Chapter [10} the fragmentation function from subjets [35, 36].

5. In Chapter [, Section we give a criterion for the medium dilution so that medium-
induced jet fragmentation satisfies scaling properties.

Then, Chapter [5| is essentially based on the work published in [37]. We give further argu-
ments to justify the physics exposed in this short Letter, and we clearly delineate the approx-
imations behind the resummation scheme. The extension of [37] to Bjorken expanding media
is also extensively discussed.

In Chapter [6] the Monte Carlo parton shower JetMed [38] is presented in details, and
compared to other existing in-medium Monte Carlo parton showers.

The phenomenological study of Part [[] is entirely based on the theoretical picture for jet
fragmentation and its implementation as a Monte Carlo parton shower described in details in
the first part. All the phenomenological results on the jet nuclear modification factor and jet
substructure observables in PbPb collisions presented in Part [[]| are new. We point out that,
Section [8.3.2 excepted, Chapter [§] Chapter [J]and Chapter [I0] are essentially extracted from the
following papers [35], 39, [40].



Part 1

Theory: jets in a dense QCD medium

27






Chapter 2

Introduction: jet quenching theory

The next chapter develops in detail the formalism for calculating emission processes in a dense
medium. We will make of course several assumptions, both in the modelling of the medium
and in the dominant effects at play. On the contrary, with the present chapter, we would like
to provide a broad overview of the field in order for the reader to get an intuition about the
context of this thesis.

We have divided this introduction into two sections. The first section focuses on the energy
loss of a test particle while propagating in a quark-gluon plasma. This problem is very well
documented in the literature since the first measurement of the suppression of highly energetic
hadrons in gold-gold collisions at RHIC.

The second section deals with the interplay between the medium effects (and in particular
the energy loss covered in the first section) and the virtuality of the leading parton produced in
the hard partonic scattering. This virtuality is the driven mechanism of jet fragmentation in the
vacuum. There are many models for describing this interplay, but a first principle derivation
in QCD is often missing.

2.1 Parton energy loss in media

There are two approaches for the problem of parton energy loss in a quark-gluon plasma de-
pending on the modelling of the medium. For a weakly coupled medium, the medium can be
described as a collection of scattering centers, and one can calculate the interaction between
the test parton and the scattering centers using weak coupling techniques. In this section,
we review the two main mechanisms for energy loss at weak coupling: the collisional and the
radiative energy loss.

I will not discuss AdS/CFT calculations in the strong coupling regime, as this thesis relies
on perturbative methods. We refer to [41] for a review on this topic. Nevertheless, we point
out that weak coupling methods in QCD at finite temperature work very well even when the
strong coupling constant evaluated at the plasma thermal energy o(kgT},) is not that small
(~0.4) [42].

2.1.1 Collisional or elastic energy loss

The collisional energy loss is due to the elastic scattering of an incoming energetic on-shell
parton with a plasma constituent. A typical Feynman diagram for the elastic process is shown
Fig. 2.1}Heft. Bjorken has given a first estimation of the collisional energy loss for a massless
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p." >l a0

Figure 2.1: (Left) Typical Feynman diagram for the leading order calculation of the elastic energy
loss. The red parton is a medium constituent. (Right) Typical Feynman diagram involved in the
calculation of the inelastic energy loss. In the opacity expansion scheme, this diagram appears at the
N = 2 order since there are two scattering centers. The BDMPS-Z result resums all orders in opacity,
in the regime where all momenta transferred are soft.

quark, per unit length x in the plasma [43]:

dE 8 2 2 nf Qmax
& Srarrr(14 My (—) 2.1
dz 37?048 p( + 6) ©8 Gmin (2.1

where T}, is the plasma temperature, ny the number of active quark flavours in the plasma
and ¢uin/max the minimal (maximal) momentum transferred by the collision. The minimal
momentum transferred is of order of the Debye mass j1p ~ g7}, which characterizes the plasma
(see Chapter 3], section , whereas the maximal momentum transferred is of order p°.

This calculation has then been improved, taking into account quark masses [44], plasma
screening effects [45, 46], finite length effects [47] or running coupling corrections [48] and
corrections beyond t-channel scattering [49]. Multiple elastic collisions are often included via
the linear Boltzmann transport equation with a collision kernel incorporating the elastic 2 — 2
process, as in the LBT jet quenching model [50].

Collisional energy loss is the dominant process at low particle momentum and can bring
non-negligible corrections to radiative processes when quark masses are taken into account
[51, 52]. The goal of this thesis is to develop an unified picture for high-pr jet fragmentation.
For this reason, direct elastic contributions to the energy loss are neglected (i.e. processes
like in Fig. 2.1}Heft), but the effects of elastic collisions on radiative emissions and transverse
distributions are taken into account.

2.1.2 Radiative or inelastic energy loss

In the radiative process, the scattering centers trigger a gluon emission by putting the incoming
parton off its mass shell. The process is inelastic as an additional parton populates the final
state. We first present the theoretical calculations where only one additional (soft) gluon is
emitted. Then, we present the current strategies to go beyond the single gluon emission process.

2.1.2.1 Single gluon emission

A typical Feynman diagram is shown in Fig. 2.1}right. Radiative energy loss is the dominant
process at high momentum. That is why the second chapter of this thesis is partly dedicated
to the computation of the medium-induced gluon spectrum. From the single gluon emission
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spectrum per unit energy w, noted d/N/dw, it is straightforward to calculate the energy loss:
dN
AFE = [ dww— 2.2
/ e (2.2)

where the integration boundaries depend on the validity regime of the calculation of dN. To
get the energy loss per unit length, one can differentiate the result with respect to the path
length of the parton through the medium, noted L.

There are several formalisms in the literature related to the calculation of the radiative

gluon emission and energy loss. For a detailed comparison between all these formalisms, see
[53].

e The Baier-Dokshitzer-Mueller-Peigne-Schiff and Zakharov (BDMPS-Z) formalism resums
multiple scatterings on static colour charges via a path integral that can be computed
explicitly in the multiple soft scattering regime [54 55 56, 67, B8, 59, 60, [61]. For a
static medium with quenching parameter ¢ defined as the mean transverse momentum
k) squared acquired via collisions per unit (light cone) time along the eikonal test parton
trajectory, At ~ (k%), the gluon emission spectrum per unit energy w reads:

deBDPMS—Z _ 2a5Cg v o , for w < w,
+ <w°> for w > w,

W - (2.3)

with w. = ¢L?/2. The \/w./(2w) tail is characteristic of the Landau-Pomeranchuk-
Migdal effect in QCD (see Chapter , Section . The angular dependence of the
gluon spectrum has been obtained in [62, 63], the generalization to massive quarks in [64]
and expanding media in [62, [65, [66].

e The opacity expansion scheme organizes the calculation in terms of the number of static
scattering centers. This approach has been pioneered by Gyulassy, Levai, and Vitev
(GLV) in [67, [67, [68] for the first leading terms and Wiedemann in [69] for the all order
resummation. This all order resummation reproduces the BDMPS-Z result when the
scatterings are soft. However, the gluon spectrum with N = 1 scattering center gives
somehow a significantly different result:

2
dNaw  asCr gl (45 forw < b L
w ~ 9 uiL

log
w ~ =9 . (2.4)
T Hp Z( pk for w>> 143 L

for a medium with quenching parameter ¢.

e Whereas the two previous formalisms consider static scattering centers, Arnold, Moore
and Yaffe (AMY) calculate gluon production directly in a thermal QCD background
[0, [71].

As emphasized in [72, [73], the modern view to unify the GLV and BDMPS-Z results is the
following: the GLV formula gives an accurate description of the hard tail w > w. ~ ¢L?/2
of the medium-induced spectrum coming from hard single scattering and the Bethe-Heitler
regime w < wpy ~ ¢¢?/2, with ¢ the medium mean free path, whereas the BDMPS-Z result
encompasses the multiple soft scattering regime wpy < w < we.

On the other hand, the AMY formalism gives a more rigorous description of the interaction
between the test parton and the scattering centers using results from QCD at finite temperature:
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instead of relying on the Gyulassy-Wang model [74] for the elementary scattering cross-section
off plasma constituents as in the BDMPS-Z or GLV calculations, the AMY formalism uses an
hard-thermal-looped resummed version of this cross-section. In the multiple soft scattering
regime, this amounts to a redefinition of the quenching parameter q.

In Chapter [3] we present a detailed calculation of the gluon radiative spectrum within a
“CGC-like” formalism inspired by the close relation between gluon production in proton-nucleus
collisions and parton energy loss in heavy-ion collisions [75].

Even if the first QCD calculations of radiative energy loss in plasma date back to the mid
nineties, this is still an active topic. The systemic analytic expansion around the harmonic
oscillator solution started in [72] has been carried out up to the next-to-next-to-leading order
in [76] for the energy spectrum and next-to-leading order for the broadening distribution [77]. A
novel method for resumming multiple scatterings beyond the standard harmonic approximation
can be found in [7§].

2.1.2.2 Multiple emissions

Going beyond the single gluon emission in inelastic processes is a complicated task in pertur-
bative QCD, even in the vacuum. Formally, this requires to compute Feynman diagrams with
multiple gluons in the final state. For two gluons, such calculations have been performed in the
series of papers [79] 80, 8], [82] with several approximations (static medium and multiple soft
scatterings approximations for instance).

That said, there is a physical regime where multiple medium-induced emissions can be seen
as a classical branching process, in an approach pioneered by Baier, Mueller, Schiff and Son
to describe thermalization in heavy-ion collisions [83]. In this regime, the resummation of
multiple branchings is done via a Boltzmann kinetic equation with a branching rate given by
the BDPMS-Z one and a collision kernel taking into account elastic 2 — 2 processes. This will
be studied at length in Chapter , section (see also references therein). Former attempts to
resum multiple medium-induced gluons consider that these emissions follow a Poisson process
[62, 84]. In a certain sense, the effective theory for medium-induced jets described in Chapter
Section is a generalization of these ideas beyond the Poisson ansatz.

2.2 Interplay between virtuality and medium effects

So far in this introduction, we have implicitly ignored the virtuality of the parton losing part of
its energy in the plasma: the incoming test parton was on its mass shell. However, the driven
mechanism for jet fragmentation in the vacuum(|is the initial virtuality of the parton escaping
the hard scattering. For a jet fragmenting in a dense environment, this should be also true, at
least for high pr jets. Consequently, a picture combining together virtuality-driven radiations
and medium-induced emissions is essential to have a more precise understanding of how jets
evolve in the plasma.

Models. The current treatment of this question is rather incomplete and unsatisfactory. Some
models postulate that the fragmentation occurs as in the vacuum up to some arbitrary virtuality
scale before quenching effects or that the vacuum-like fragmentation occurs completely outside
the medium after the quenching of the virtual leading parton. A more detailed comparison
between Monte Carlo event generators is given in Chapter[d] Section[6.5] There are some notable

'In this thesis, by “vacuum”, we always mean in ete™ or pp collisions.
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counter-examples. For instance, the higher-twist approach [85] 86] in which the vacuum-like
fragmentation in the plasma involves modified DGLAP splitting functions including higher-
twist contributions due to the medium. The parton shower Q-Pythia [87] uses also medium
modified DGLAP splitting functions taking into account medium induced emissions in the
multiple soft scattering regime. Finally, the Monte Carlo event generator Jewel [88] which
uses a selection rule based on formation time arguments in the generation of a vacuum-like
branching or a medium scattering.

Colour coherence. On the theory side, this question has driven recently a lot of activity.
The most important results obtained in this direction are related to the concept of coherence.
A jet is a quantum object, and as such, it has a typical coherence size, or more precisely a
coherence angle in this context. For a jet fragmenting in the vacuum, an emission with a
transverse wavelength larger that the opening angle of the leading dipole at the formation time
of the emission is emitted coherently by the dipole, irrespectively of its internal structure. For a
leading colour singlet dipole, large angle gluon emissions are therefore suppressed. The medium
modifies this coherence property: the multiple interactions with the scattering centers break
the quantum coherence of the jet after a time called the decoherence time. This phenomenon
has been highlighted in [89, 00, O] from pQCD first principles and some phenomenological
applications are considered in [92, 93] 94]. Note that a similar idea appears also in the reference
[95]. Medium-induced decoherence and the coherence property of jets with respect to the plasma
show that the (quantum) interplay between virtuality and medium effects is not trivial.

Towards an unified picture of jet fragmentation. The presence of a finite volume
medium addresses the problem of jet fragmentation (or more generally the decay of virtual
particles) in an inhomogeneous space-time. In that respect, jet quenching in heavy-ion colli-
sions is a unique background for understanding QCD jet properties in an open quantum system.
There are still open questions but we believe that the theoretical first part of this thesis answers
part of them :

e the concept of “off-shellness” and “on-shellness” when a parton is embedded in a dense
weakly coupled medium is clarified in Chapter [5 Section

e In contrast to prior expectations, decoherence has no significant role for the in-medium
vacuum-like fragmentation at leading logarithmic accuracy. However, decoherence plays
a crucial role for the subsequent fragmentation in the vacuum once the medium is diluted.
This is explain in Chapter 5] Section [5.2

e At this accuracy and in the multiple soft scattering regime, the vacuum-like fragmentation
factorises from the “higher-twist” medium effects. The factorisation scale is not an ad-hoc
arbitrary choice: it is given by the virtuality scale that marks the transition between
off-shellness and on-shellness. This virtuality scale is set by the medium itself.






Chapter 3

Emissions and decays in a dense QCD
medium

In this chapter, we calculate cross-sections for the decays of off-shell or on-shell partons in the
presence of a dense QCD medium. These calculations are performed at leading order in the
strong coupling constant a; when this coupling is not enhanced by the large density of medium
scattering centers, and to all orders in «; in the opposite situation. We provide new analytic
formulas for the full dependence of these cross-sections with the emission kinematics.

Such formulas will be the building blocks for the jet calculations made in the next chapters
since these chapters deal with the all order resummation of the simple processes calculated
here. The formalism used to derive them is inspired from the Colour Glass Condensate (CGC)
formalism [96].

The first section provides benchmark results for the decay of off-shell particles in the vacuum.
The second section deals with our modelling of the dense QCD medium. In the third section,
we discuss medium-induced emissions. In the last section, we examine the medium effects on
quantum interferences in emission processes.

3.1 Some benchmark results in the vacuum

In this section, we recall the main results regarding the decay of a time-like slightly off-shell
parton in perturbative QCD. Roughly speaking, a slightly off-shell time-like parton is an internal
leg of a Feynman diagram such that the kinematics of the final state particles enforce the 4-
momentum squared ¢* of the leg to be positive and almost 0 (the propagator “blows up”). A
more precise definition will be given in the context of collinear and soft factorisation.

For simplicity, we consider the eTe™ annihilation process so that we do not have to deal
with incoming space-like partondl] As we will only perform leading order calculations in this
chapter, we focus on the corresponding leading order calculation in the vacuum. However,
many results exist beyond leading order [98] 99] [100].

3.1.1 Collinear factorisation at leading order

In this eTe™ annihilation process, we assume that the final state is made of n QCD partons,
with 4-momenta labelled by p;, i € {1,..n} — there is no additional difficulty if the final states
particles are non-QCD partons. We are interested in the limit of the eTe™ — {n partons}

!Considering together initial and final state almost on-shell partons rises additional difficulties, see [97]
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amplitude squared when two outgoing partons (say 1 and 2) become collinear. In this con-
figuration, one defines p* as this collinear direction, with p?> = 0. The splitting fraction z
and the transverse momentum £/ of the splitting are defined thanks to the standard Sudakov
decomposition of p; and po:

2 H
kL _n

z 2pkn,’

2 H
kX n

=zpt + K —
P b L 1 — 2z 2ptn,

ph = (1 —2)p" — K —

(3.1)

with n# a light-light vector such that k#n, = 0. The collinear limit is defined by k; — 0.
The leading order factorisation theorem for the tree-level amplitude squared of the process
states that [101]:
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in the limit where the partons 1 and 2 become collinear. In this result, the colour sums have
been performed as well as the average over the polarizations of the decaying parton 7. a and b
are the flavour index of partons 1 and 2 whereas 7 is the flavour index of the parent parton. In
the collinear limit —k? = z(1 — 2)(p1 + p2)? =~ p°(2(1 — 2)0)?, with 6 the polar angle between
the 3-vectors p; and ps.

This formula says that in the collinear limit, the amplitude squared of the process factorizes
into two subprocesses: the ete™ — {n — 1 partons} process and the decay of the almost on-
shell parton 7 into a and b. Therefore, a classical picture for multiple collinear decays emerges
from this factorisation theorem. In the additional soft limit z — 0, this factorisation formula
becomes, written now at the level of the full differential cross-section:
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In this thesis, the factor appearing in front of do,,_; will often be denoted as the Bremsstrahlung
spectrum or vacuum-like emission spectrum. In this chapter and especially in Section [3.3] we
aim at calculating this soft-collinear factor in the presence of a dense QCD medium. To calculate
this factor, we use the fact that it can be derived considering the i — {a, b} process alone, where
i is the decaying parton created at a fixed vertex z%'.

3.1.2 Eikonal factor: soft factorisation at leading order

There is another regime where the same kind of factorisation holds: when one of the final state
gluon is soft. The soft limit of, say pi, is defined as p] — 0, meaning that all components of
the four-vector of the gluon go to zero. In this case, the n-parton tree-level amplitude squared
discussed above factorizes as [100]:
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(3.4)

§,j=2

The sum, which formally breaks the exact factorisation (contrary to Eq. (3.2), is a consequence
of gluons carrying colour and thus producing colour correlations between the outgoing partons.
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The amplitude squared |M£ffi|2 depends on the prong (i, j) which emits the soft gluon:

1,7 yeesDiye by an yeesCiyeesCiiyersOn
MU (D2, - pa) 2 = M (pg, p) P T o T o, M7 (pa, py)] (3.5)

with all the colour indices left explicit. The factor S;;(¢) is called the eikonal or soft factor. It
encompasses the soft gluon radiation pattern of an off-shell antenna. We calculate it in details
in the vacuum and estimate it in the presence of a dense medium in Section [3.4.3]

This eikonal factor S has a very interesting property, known as angular ordering. To see
this, let us rewrite it in terms of the opening angle 0;; of the prong and the angles 0,;(;) between
the gluon and the parton i(j):

1 1 — cos(6;;)
Sij(k) = k0% (1 — cos(4;))(1 — cos(b,;)) o
1 56 GJ
= (S+8) o

In the second line, we split the eikonal factor into two symmetric pieces:

S 1 1 — cos(6;5) 1 _ 1
%75 ((1 ~cos(0,)) (1 — cos(yy)) | 1 cos(fy)  1- COS(QQJ)> o

For S~Z]], one switches ¢ <> j. When the kernel ng is averaged over the azimuthal angle in
the plane transverse to the direction of the 3-momentum of ¢, this vanishes if 6, > 6;; (and
similarly if one averages over the azimuthal angle in the plane transverse to j). This means
that the soft gluon radiation is confined inside a cone of opening angle ¢;; around either the ¢
or the j direction. This is the angular ordering property. For a general presentation of colour
coherence, we refer the reader to Ref. [102], Chapter 4. A detailed calculation of the azimuthal
integral is done in [I01], and we will perform a similar calculation in Section [3.4.3]

3.2 Modelling of the dense QCD medium

In this section, we develop the formalism necessary to set up the calculation of radiative gluon
emissions in the presence of a dense QCD medium. To summarize, the medium is a classical
background gauge field generated by static colour charges in the rest frame of the plasma. These
static colour charges have Gaussian fluctuations to account for the thermal fluctuations of the
plasma. A test particle propagating through the plasma undergoes a Coulomb-like interaction
with the scattering centers.

3.2.1 Infinite momentum frame and conventions

Boosted frame. In order to use the technology and computational tools developed in the
context of eA and pA collisions [75], we always consider the scattering of a projectile moving
with the velocity of light in the positive 2° = 2 direction on a dense medium, the target,
boosted very close to the light cone and moving in the negative z direction. The projectiles
considered throughout this chapter will be an on-shell or off-shell parton, or a colour dipole.
In the off-shell case, we have of course in mind the decay of highly virtual parton coming from
the hard scattering process.

The frame where the dense medium is boosted near the light-cone branch z* = 0, named
“boosted frame” therein, is not the same as the laboratory frame defined in the Introduction [1}
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They are related by a boost transformation with parameter § — —1 which leaves the plane
(z,y) = ($1,:U2) = (XI,XQ) invariant:

Y cosh(¢)) sinh(y)\ [ X°
<x3> - (sinh(w) cosh(¢)> <X3> A =tanh(y) (3:9)
In the end, the differential cross-sections obtained in this chapter are boosted back to the
laboratory frame for phenomenological applications. As these cross-sections are boost invariant
along the z direction, this transformation is equivalent to use the laboratory frame values of
all the physical parameters in the formulas derived in the boosted frame. To say it differently,
when plugging numbers into the final cross-section formulas, one can directly use quantities

measured in the laboratory frame, such as the quenching parameter (related to the density of
scattering centers) or the jet path length, to get the cross-section in the laboratory frame.

Light-cone coordinates. It is convenient to introduce the light-cone coordinates defined by
the following transformation:

0, .3 0 3
T +x r—x
= T = — (3.10)
V2 V2
where z# = (2° 2, ,2°%) is the coordinate system in the boosted frame. The transverse co-
ordinate x, = (xl x2) = ' orthogonal to the z direction is unchanged by the light-cone
transformation. We adopt the following convention for the metric signature ,,: (+,—, —, —).

The product of two four vectors u-v is 1, u v = uTv”+u"vT —u, v, and the Lorentz invariant
phase space is:

dptd’p,
dipo(p? — m?) = ——= 3.11
po(p* —m?) o (3.11)
We note 0, = a_u the derivative operator. In the light cone coordinate system, 0, ,_ = ax%.
Due to the particular form of the metric in light cone coordinates, 9t = 0_ and 9~ = J, so

that 9,0" = 2079~ — 93. We point out that the subscript L refers to the transverse coordinate
with respect to the direction of motion of the projectile which is also the z axis. This notation
is adopted in order to make a clear distinction with the transverse coordinate with respect to
the beam axis, noted with a “T” subscript Also, we use contravariant indices for the transverse
vectors, meaning that a;u = dm = W. The minus factor is crucial to get the right result for
the interference spectrum in Section [3.4.2]

When dealing with an off-shell incoming projectile, we will always call z!' the coordinate
vector of the vertex where the off-shell particle is emitted. The particle enters the plasma at

light-cone time 2 = z§. We consider massless QCD partons only.

Cross-sections. In this chapter, we basically compute cross-sections. In order to obtain the
right prefactors in front of our formulas, one should be careful with both the normalization of
single particle states and the cross-section definition.

Let us consider that the scattering occurs in a finite 4-dimensional box of volume Vg =
Sw X T where Sy is the transverse area of the box and Ty is the size of the box in the time
and longitudinal direction. In our final formulas, the volume of the box will be sent to infinity.
The cross-section is then defined as:

1

do = dP 12
o Tudy (3.12)
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where @ is the flux of incoming particles. In the case at hand, the incoming state is a single
particle state moving with the speed of light in the 4z direction. The flux is then given by
|U]/(SsTe) = 1/(SsTx) (in high energy physics units, with ¢ = 1).

The emission probability dP reads

foutlin) P 7 TinSs 5
(out|out) (inin) 1:[ (27)3 P pjL (3.13)

with all the produced particles in the out state labelled by j. The factor TSy is required to

enforce ToSs o
/de dp =1 (3.14)

The single particle states are normalized as follows:
(plp) = 2p°(27)*3(p* = 0)é(p. = 0) (3.15)
=2p° / dz? / d*z, (3.16)
= 2p° ST (3.17)

Combining all these expressions together when the incoming state is a single particle state one

finds:

do =

L [foutln) * pp s

3.18
Tw  2p° (2m)32p? (3.18)

J

_ 1 Loutlin) ? pp dpj e,

= 3.19
Ty 2p° (2m)32p] (3.19)

J
To get the second line, we have recognized the Lorentz invariant phase space for the emitted

particles. Note the unusual remaining size factor Ty. Of course, it will cancel in all our final
results.

3.2.2 The background gauge field A%,

The dense medium generates a classical background gauge field A" . The classical approxima-
tion is natural in the weak coupling limit where the QCD coupling constant g(kgT},), evaluated
at the typical thermal energy of the in-medium partons, is small. At weak coupling, the
tree-level order dominates the projectile-target interactions. As tree-level and classical approx-
imation are equivalent, the weak coupling limit supports the classical nature of the background
gauge field. This gauge field is produced by a classical current of colour charges. In a non-
abelian gauge theory, such a clear separation between sources and gauge field is rather unusual
because the colour current is only covariantly conserved. The choice of the light-cone gauge
leads nevertheless to this simple picture.

We first consider the case of a static medium with a time-independent colour charges density
in the laboratory frame. The extension to the case of a longitudinally expanding medium is
discussed in Section . In the laboratory frame, the 4-current density jﬁ’lab — in the adjoint
representation of SU(/N,.) — reads:

Tt = Pal@ 1, XU, U* = (1,0,0,0) (3.20)
:ﬁa('TLv(XJ’_ _X_)/\/ﬁ)taU/ﬁ’ Ut = (1/\/571/\/5707 O) (321)
Y M

+
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with p, the charge density and U* the four velocity of the fluid in the laboratory frame (which
is also the rest frame of the plasma since the fluid is static).

In the boosted frame defined in , with boost parameter § = tanh(y)) — —1, the
4-current J# becomes:

/—L ——
jn% = Pa (ZEL7 (€—¢x+ - elbx_)/\/E)tauH ) ut = (6¢/\/§7 e_w/\/iv 0, O) (322)
N AR i L (3.23)

In the second line, we neglect the + component of the 4-velocity of the fluid, since for § ~ —1,
1 — —oo and only the minus component remains in this limit. The density p, is now the
density in the boosted frame p, ~ e™¥p,/v/2 which is larger than p, because of the Lorentz
contraction in the z direction. Now, we argue that the x~ dependence of the current is irrel-
evant. We are interested in high energy scatterings where the partons propagating through
the medium conserves the + component of their momenta. This boost invariant statement is
formalized within the eikonal regime presented Section [3.3.1.1] We will see that neglecting the
2~ dependence of the medium gauge field leads to an exact conservation of the + component of
the projectiles. Consequently, one can take p,(z*, 27, x,) as independent of = and evaluated
at x~ = 0 since the right-mover partons propagate near this light cone branch

+ eV eV 4
pa(x a‘rL> N —F—=pPa | TL, —=T (324)

V2 V2

To sum up, the current has only one non-trivial minus component, meaning that all the
colour charges of the medium are left movers with the speed of light, and is taken as independent
of = & 0, simplification valid for eikonal scattering of right-movers. Note however that the
standard approximation in pA collision within the CGC formalism p, o 0(z") is not allowed
here for reasons that will become obvious at the end of our calculation: this would neglect
emissions with formation time smaller than the projectile in-medium path length and those are
precisely the interesting ones in jet quenching physics.

Now, let us choose the light cone gauge A} = 0 and the 4-current form given by —
. In this gauge, the colour current associated with the colour charges of the medium does
not couple with the gauge field A,,, leading to a lot of simplifications. Indeed, the 4-current
— is, in principle, a leading order result which could receive higher order corrections
from the feedback of the gauge field on the current. However, it is not the case in this gauge
(and in the Lorentz gauge 0,A% = 0 as well, see [I03] or [I04]). To see this, let us write the
covariant conservation of the colour current [D,,, J*] = 0, which reads in the light cone gauge:

O T,y — gl T = 0 (3.25)

and is automatically satisfied by the form with our gauge choice provided that 077 = 0.
This means that the colour charge distribution p, in the current is independent of z~ to
all orders in ¢g. In an other gauge, the current 7 would acquire a higher order =~ dependence
via Wilson line conjugation associated with the colour precession of the medium colour charges
in the self-generated gluon field. Thus, the light cone gauge A} = 0 enables to have a simple
picture of the medium in the infinite momentum frame with a clear separation between colour
sources and gauge field.

In the light-cone gauge A = 0, it is furthermore possible to solve the classical Yang-Mills



3.2. MODELLING OF THE DENSE QCD MEDIUM 41

equations [D,, Fi'] = JV for the gauge field [105]:

O*(0,AL) +ig[A;,, 0T AL =0 (3.26)
D" A, — (D', Fir] = T (3.27)
O F 4 D7, 0" At — D7, Fii =0 (3.28)
One easily sees that A¥ (x*,x ) is a solution of (3.26)), (3.27)) and (3.28)) if
Apa =0, OLA, = —gpa(a™,21) (3.29)

The equation (3.29) is very similar to the Poisson equation in electrostatic. It can be solved in
Fourier space:

— + d2k]_ eiiku‘xj‘ +
Am,a(x 7IL) =g (27’(’)2 kﬁ_ Pa(l‘ 7kL) (330)

This equation is our starting point to calculate the statistical correlations of the gauge field in
the next subsection.

3.2.3 Statistical properties of A

The collection of colour charges p,(x ™,z ) is a statistical field, as in the McLerran-Venugopalan
model [106], 107, [108]. In our modelling of the quark-gluon plasma, this accounts for the thermal
fluctuations of the distribution. For gauge symmetry reasons, the 1-point correlation function
vanishes (p,) = 0. For an ideal (non-interacting) quark-gluon plasma in thermal equilibrium,
the colour charges are uncorrelated so that the 2-points correlation functions read:

<Pa($+a xJ.)/Ob(y+7yJ_)> ~ N5ab5(I+ - y+)5(11 - ?/L) (3‘31)

As p,, the average squared charge density n is the one measured in the boosted frame, n =
e ¥n/ V2, with @ the average squared charge density in the plasma rest frame, which scales like
the plasma temperature T S’ for an ideal quark-antiquark gas with vanishing baryon chemical
potential. For a static, infinite, homogeneous plasma, 7 does not depend on ™ nor z,. The
form of the correlator in a longitudinally expanding medium is discussed in the next
section.

We assume Gaussian statistics meaning that the probability distribution is entirely known
from these one-point and two-points correlations. This amounts to neglect the interactions
between the scattering centers and the non-linear self interactions. As we shall see, the latter
approximation is not valid for very long range correlations, larger than the Debye screening
length.

From the linear property of (3.30), the background gauge field A, is also Gaussian dis-
tributed. Combining equations and together, one easily finds its 2-point correlator

in coordinate space:

(Ao )AL (", ys)) = ndwd(a™ =y )T (v —yu) (3.32)

with eI
Y(uy) = g2/ S 3.33
(u1) (2m)2 kY ( )

Note that we ignore the potential transverse dependence of the squared charge density n in this
calculation. The function T is the inverse Fourier transform of the Coulomb elastic scattering
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cross-section T(k,) = g?/k*. Written like this, the Fourier transform is not well defined due
to the infrared singularity as k; — 0. It has to be regulated in some way. Actually, even for an
ideal quark-gluon plasma, one cannot ignore screening effects: in the rest frame of the plasma,
long range interactions are screened above the characteristic Debye length Ap = 1/up where
pp is the Debye mass. This provides a natural infrared cut-off |k, | > pup for the integral .

To be more precise and for the sake of completeness, we briefly review the two mains
regularizations of encountered in the literature:

1. for a thermal plasma in equilibrium, the two-point correlation function of the gauge
field (3.32) is naturally regularized by the retarded propagator with hard thermal loops
resummed. This accounts for Debye screening and Landau damping of the colour fields.
The elastic cross-section reads then [I09]:

1 ppTy

—aY k)= 1P 34

2. Another way to regulate the Coulomb divergence is to consider a Yukawa type cross-
section by analogy between mass screening and Debye screening [110)]:

92

Tyl = L
) = Gy

(3.35)

The emergence of the scale pp in this problem enables to clarify the validity regime of the
assumption of instantaneous and independent interactions during the longitudinal motion of a
test parton through the medium, namely the (2™ — y™) in ([3.31)). First of all, from QCD at
finite temperature (see [42] for a review), one knows that:

np ~ Ty (3.36)

in the plasma rest frame. Then, the elastic mean free path ¢ ~ 1/(fioy) in this frame is
parametrically of order u%/(g*n) ~ (¢*T,) " with ¢g*/u% the order of magnitude of the elastic
cross-section gy. Thus, for a weakly coupled quark-gluon plasma:

The elastic mean free path being much larger than the typical duration of plasma interaction,
it is allowed to treat collisions as independent and instantaneous, at least in the weak coupling
regime.

3.2.4 Bjorken expansion

In order to include the longitudinal expansion of the quark-gluon plasma in our medium mod-
elling, we use a pragmatic approach relying on the results derived in the static case following
[65, TTT1] for example. By longitudinal expansion, we mean here the expansion of the plasma
in the beam direction X = X! = !, which is not the X3 = Z axis of the coordinate sys-
tem in the laboratory frame (see Introduction . In the Bjorken model, the plasma is ho-
mogeneous in the transverse direction with respect to beam axis and boost invariant along
the beam direction. This implies that the fluid state variables depend on the proper time
T = VX0 - X? = /T2 — X2 of fluid elements only. Fluid state variables such as tempera-
ture or density are well defined if the fluid reaches local thermal equilibrium.
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The temperature field is a function of 7: T,(X*) = T,(7). For an ideal hydrodynamical
expansion, T,(7) satisfies [20]:

147,
Sl (3.38)
T, dr T

where ¢; < 1/3 is the sound velocity in the plasma, assumed to be constant. The resolution of

(3-38) gives:

T\ 3 3c2

(;) - (E) (3.39)
T T

meaning that the average squared charge density 7 (defined in the rest frame of a fluid element)
follows also a power law since 7 is proportional to Ts for an ideal quark-gluon plasma,

A(r) = ﬁ()(E)gcg. (3.40)

-
Now we argue that the dominant effect of the longitudinal cooling on the results obtained
in the static case is to introduce a ™ dependence of the squared charge density n(xz*) in
and . Indeed, if we focus on a space-time region close to the plane z' = X = 0 and close
to the light-cone branch £~ = 0, one has the following identities:
T:T:X3:dm+ (3.41)
7 .
This means that in this space-time domain, the longitudinal cooling can be mimicked by a X3
modulation of a static current. We have already justified why the region 2= = 0 is relevant
in high energy scatterings. By focusing on the region ! = 0, we also assume that the highly
energetic partons propagate through the medium in the plane transverse to the beam axis. To
generalize the present results for dijet production at non-zero rapidity, one can use a boost
along the beam direction [111].

Therefore, we can refer to the calculations done in the static case to obtain the current and
the gauge field in the boosted frame (see Egs. — and ) In the end, the only
difference relies in the x* dependence of n(z™) in the 2-point correlators and (3.32).
Using and (3.41), one finds n(zt) =~ e ¥ag(xf /2T)>* with 2y = e ¥ the light cone
time at which the projectile enters the plasma in the boosted frame. With ng = e ¥n, the
initial density in the boosted frame, this is rewritten:

+
Lo

¥
n(z") =ng ( +> : 0<y=32<1 (3.42)
T

We will use explicitly this formula inside the quenching parameter defined in the next section.
The resulting z* dependence of the quenching parameter is important for the discussions in

Chapter [3], sections [5.1.3 and [5.2.4]

3.3 Medium-induced emissions

3.3.1 Transverse momentum distribution in the eikonal approxima-
tion
Before exploring the medium-induced emission spectrum, let us start with the following more

simple exercise as a warm-up. The projectile is a highly energetic on-shell quark with four-
momentum p* = (p*, p~,p, ) and we want to compute the cross-section for producing one quark
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with four momentum p* = (p'*,p'~, p/, ) out of the medium, to all orders in g.A* and order 0 in
g. In the high energy limit, one neglects the quark mass. As usual in quantum field theory, one
must first calculate the scattering amplitude M(p’,p) = (p'|p). This amplitude depends also
on the spins s, s’ and colours j, j' of the incoming and outgoing quarks. Then, the differential
cross-section is given by

d’o 1 1 B
= 4
de_de/J_ T%2p0(2ﬂ)32p/+ <2Nc Z |M(p ’p)| > (3 3)

!5 47
8,8%:0,7

From the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula, the amplitude (p/|p)
is related to the truncated quark propagator in momentum space Dy.(p, p'|A.,) according to:

(#'lp) = lim (1) Dielp | A () (3.44)
p?,p'?—0 Zw

with Z, the quark wave function renormalization constant. We keep the dependence of the

quark propagator on the background field explicit (in the vacuum, this calculation would be

pointless since (p'[p) oc * (p’ — p) for idealized quark asymptotic states). Hence, to calculate

to all orders in g A" | we need to calculate the truncated quark propagator Dy.(p, p'|An).

3.3.1.1 In-medium eikonal quark propagation

Calculating Dy.(p, p'|Am) exactly is complicated. However, in the eikonal regime, there exist
explicit analytic formulas. In this regime, the incoming quark moves along the light cone +
direction with a large p* — oo component, i.e. p* > |p,| (and so p~ < |p.|) which is conserved
during the scattering process p* ~ p'*. This means that the momentum transferred by the
background field, ¢ = p’ — p is small: —¢?> < p™2.

There are several methods to obtain the eikonal truncated quark propagator. The S-matrix
element in the high energy limit has been obtained for instance in [112] in light-cone quan-
tization using the boost invariance of the S-matrix (see also [113] in conventional quantization).
A pedestrian methods consists in calculating and resumming all the Feynman diagrams with
external field insertions to all orders. The calculation is sketched in [I14] and done precisely in
[115, 116]. Ome can show that the coupling of the incoming particle with the external field is
independent of the representation of the Lorentz group to which the particle belongs. In par-
ticular it is the same for scalar particles as for Dirac fermions. We note v4(z™) = v5(0) +u#z*
the classical path of the incoming quark through the medium, parametrized by the 2™ coor-
dinate along the quark trajectory with 74(0) = (0,27, 2z,) and w* = p*/p™ (u* in light cone
coordinates). The result of this calculation in the scalar case is then:

Dy (p,1'|Am) = 2p" / A2z da e TP L PO [ ()]0 (3.45)

where W (~.) is the Wilson line along the path *(z"):

W(zq)=T {exp (zg/ dx*AmM(fy“(x*))u“)} (3.46)
The operator T is the usual time ordering operator: in expanding the exponential, the colour
matrices A,,, are ordered with decreasing time x* from the left to the right. For fermionic
quarks, the truncated propagator reads s (p') Dic(p, p'|Am)us(p) = 0ssDic(p, | Am), reflecting
the fact that quarks conserve their spin in the eikonal limit.
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Formula enables to justify a posteriori why it is allowed to take a x~ independent
4-current and background gauge field (it is even more transparent in the derivation done in
[112]). If we are interested in the regime p'* ~ p*, neglecting the 2~ dependence of A,, , in
the integral gives a 0(p'" — pT) factor as requested. This is independent of the gauge
choice. It turns out that A, , does not depend at all on z~ for a current of the form in
the light cone gauge A} = 0. Hence, for u; = 0:

s (p') Dee(p, p'| Am)us (p) = AmpT 8,06 (p'F — p™) / A2z e LU ()] (3.47)

W(z.) :T[exp (zg/ dzt A, (27 xﬁ)] (3.48)

—00

An other approach is to use the worldline formalism to write an exact formal expression for
the propagator. In the worldline formalism, the full scalar quark propagator in the background

field A% reads:

D(p,p'|An) / dT/D:l: e () =iz {exp <z/ dr’ %:L“Q — gAH,m(:c)j:'“)l (3.49)
0

Then, in the eikonal approximation, the path integral is calculated with the saddle-point
method at the lowest order. The saddle point is the classical trajectory of the particle, and
after truncation of the propagator, one gets formula . This technique explicitly shows that
the eikonal approximation is equivalent to neglect quantum fluctuations around the classical
path. For non-scalar particles, formula can be modified to take into account the non-
trivial Lorentz structure. However, in the eikonal /saddle-point approximation, these terms are
irrelevant so Eq. is very general.

3.3.1.2 Transverse momentum broadening

When taking the square of the amplitude (p'|p), this generates a Dirac delta 6 (p'* —p™) squared,
which should be understood as:

/ / 1 —
St —pt)=0o(p" —p+)% /dfv (3.50)
, 1T
= §(pt — p+)§ \/% (3.51)

The second equality comes from the normalization of the one particle states. Indeed, using the
result (3.48) in the vacuum, that is with W(xz,) = 1, and for p’ = p one gets:

(plp) = 4mp™é(p* = 0) / d*zy (3.52)
= 2t Sy / dz™ = V2pT SuT (3.53)

The last equality is precisely (3.17)). Hence, the volume factor Ty cancels with the 1/Ty in the
cross-section and using 2p° ~ /2p* with eikonal accuracy in (3.43)), the two factors 1/v/2 gives
a factor 1/2. Finally, one gets

d’o 5(p/+ — 2 —i(x1—y1) (| —pL) t
dp+dp, (27r) N dz,dyue LT (W ()W (yo)) (3.54)
1
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The wave function renormalization constant is equal to one at this order (see [116]). The last
step of the calculation is to average over all statistical configurations of A,, using the results of
Section Performing the trivial integration over p’t, the previous equation becomes:

dZO' 1 : / 1 b + Uy bJ_ — U
= 4%, A%, e W) ey (2R wt 3.55
A’ (2m)? / e A 2 2 (3.55)

Thus, we are left with the calculation of the average of two Wilson lines with “impact parameter”
b, and separated by a transverse distance u,. The standard way to make this calculation to all
orders in ¢ is to expand the product of the two Wilson lines up to the first non trivial order in g
(leading order in opacity), using the expression for the correlation between the medium gauge
field . One easily finds, for a medium with constant density in the transverse plane,

Nic <TrW (bL ; m) i (bL - m)> _ - g0, /°° dz*n(z")[T(0) — T(u,)] + O(g")

- (3.56)
Cr depends on the representation of su(N,) in the Wilson line (Cr = Cp here). To all orders
in gA* | the average of two Wilson lines exponentiates (see [117]):

Nic <TrW (luv;m) W (bL ; UL)> — exp (_ngR /_Z da n(a+) (T(0) - T(m)))

(3.57)

Dipole cross-section. In this chapter as well as in Chapter [} we will often encounter the
dipole cross-section appearing inside the exponential in (3.57)) and defined by:

oaluy) = 2 / ?2 7’:;2 (1% ) T (k) (3.58)

with T defined in - - In the case at hand, this dipole is the effective ¢¢ dipole formed
by the quark in the amplitude and the “antiquark” in the complex conjugate amplitude. This
dipole cross-section can be estimated in the regime where the transverse size of the dipole u
is smaller than the Debye length. In this case, the integral is controlled by small values of
k, between pup and 1/u; so that a Taylor expansion of the factor (1 — exp(ik u,)) up to the
second order gives the leading behaviour of og4(u ):

2

1
uy K Ap = oy4(uy) = ull g (—2) + O(u?) (3.60)
piput

With this estimate, one defines the quenching parameter ¢r in colour representation R:

1,
G*Crn(zM)og(uy) = SR r(zt u)ud + O?) (3.61)
Using (3.61) and - one gets:
1
Gr(r",uy) = 2ma2Crn(z™) log <ﬁ> (3.62)
Hpu]

Thus, the quenching parameter depends on the size of the dipole crossing the medium.
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Let us now come back to (3.57). In order to avoid complications due to the transverse
modelling of the medium, let us consider the differential cross-section per impact parameter.
The final result of this subsection is then:

d40' 1 9 ) 92 (%)
b, BRCE /d Uy exp (—zuL(pl —p1)— ECR /_Oo n(x*)ad(ul)dafr) (3.63)

We now discuss the physical meaning of this equation. The outgoing quark acquires a
transverse momentum after propagation through the medium. One can generally define the
probability distribution P(k,,t;,t,) for an incoming quark to end up with a transverse mo-
mentum k| after propagation through the medium between 2+ = ¢; and 1 = t,:

2

1 , &
Pky,ti,ta) = e /dQUL exp (—wﬂﬂ - %C’R/ n(x+)ad(ul)dx+> (3.64)

t1

This probability is properly normalized as 04(0,) = 0. It is also explicitly boost invariant in
the sense that one can use the average density of colour charges n measured in the laboratory
frame provided that t; and ¢, refer to the light cone time along the quark trajectory in this
frame. This is a generic feature of all the cross-sections calculated in this chapter.

The harmonic approximation. The harmonic approximation for the quenching parameter
is very well suited for analytic approximations and captures the mean features of the multiple
soft scattering regime. In this approximation, one neglects the logarithmic dependence of the
quenching parameter in , by fixing u, at the typical transverse size R, encountered in
the calculation at hand,

1
Gr(z%) = 27a2Crn(a™) log (2—}%2) (3.65)
Hplty

In most of the calculation done in this chapter, the typical transverse size R, is given by the
inverse of the maximal transverse momentum acquired via collisions during a propagation time

L, namely Q, = . This enables to define the quenching parameter through the implicit
relation:

IrL
Gr = 2ma*Crn(xz™) log (%) (3.66)
D

From this equation, one sees that ¢ is reduced by two powers of ay, however, this reduction is
compensated by the large value of n in a dense medium. This is characteristic of the calculations
performed in this section, to all orders in a?n. With a constant ¢g, the probability distribution
is Gaussian and accounts for the random diffusive walk in the transverse plane of the
quark due to the “kicks” given by the medium constituents. In this thesis, one should keep in
mind that the parameter ¢ is always the adjoint ¢4. Whenever necessary, we restore the index
to avoid any ambiguity. Finally, for an expanding medium, ¢z depends on z*. Using in
(3-66), this dependence is written ¢(z™) = go(zg /=™)” in the harmonic approximation.

2The antenna pattern in Section is an exception, as R ~ 0430 < 1/Q if the opening angle 6,5 of the
dipole is smaller than ..
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3.3.2 One-gluon emission spectrum
3.3.2.1 Effective generating functional for soft gluon emissions

Now, we turn to the calculation of the one-gluon emission spectrum from an on-shell or off-shell
incoming quark. With respect to the previous section, we are now looking for the cross-section
for producing one gluon with 4-momentum k* after the propagation of the highly energetic
quark through the medium, to leading (first) order in g but all orders in g.A4,,. We consider a
quark, but as the eikonal propagator of a gluon has the same expression, with a Wilson line
in the adjoint representation, all the calculations of this section are valid for a gluon emission
from an eikonal gluon with the substitution C'r — C4.

The basic ingredient of this calculation is the amplitude M(k,p’,p) = (k,p'|p) from which
one gets the cross-section:

d°o 1 1
= ko) .
dp & Akt &Pk, Tw2p0(2m)02p 2k~ <2Nc 2 IMk.rp) ) (3.67)

! s o4l
8,8",0,3,37 ¢

where the sum runs over all initial and final colours j, j’, ¢, spins s and s’ and physical polar-
izations A of the emitted gluon. We use the eikonal approximation for the quark propagation.
This means that the emitted gluon cannot be too “hard”. More explicitly, the constraints on
the 4-momentum of the gluon are k* < p* ~ p'* and k; < p,,p/.

From the LSZ reduction formula, the amplitude M(k,p’, p) is related to the time ordered
three-point Green function of the theory. The generating functional of these Green functions
in QCD in the presence of the background field A,, is

ZIJ* n,m | Al = /DA“D@DD@D d(G[A*]) exp (ng[A“|A%] —I—i/d% YiIp
+i / d'x (JFA, + ) + W)) (3.68)

where S,[A*| A% ] is the part of the Yang-Mills action depending only on the gluon and medium
fields and §(G[A*]) is a gauge-fixing prescription. We work in the (physical) light cone gauge
AT = 0. As we consider an energetic quark which propagates through the medium, we shall
need to compute correlation functions with at least one 7/ and one 7. It is then convenient to
introduce the following effective generating functional:

Z[J*, 1, m|Ap,] (3.69)

n=0

Za " An] = - idni(f;(y)> o "677;(9:))
— [ DADIDG (G Wb exp (5,471

+i / d*z ilpy) + i / d'z J“Au> (3.70)

In the eikonal propagation approximation, it is possible to integrate out exactly the fermionic
degrees of freedom using the propagator D(z,y|A+ A,,) discussed in the previous section. It is
even more convenient to use the truncated propagator sy Dy.(p, p'|A 4+ A,,) in order to reduce
the initial and final quarks according to the LSZ procedure. Our effective generating functional
is then:

Zoti| JH | Am] = /DA”(S(G[A“])(SSS/DtC(p,p’|A + A,,) exp (z’Sg[A“\A“m] +i/d4a:J“AM) (3.71)
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with Dy.(p, p/|A* + AL) given by (13.45)).
From the LSZ reduction formula, the amplitude M(k,p’, p) is now related to the one point
function of this effective generating functional:

2
M(k,p',p) = lim i
k20 zZl/QZ¢

(Al(2)) = 7 ( - ZML(Z)) Zeg[J"|Ap) )J:O (3.73)

Hsc

(Ape(k))ex(k) (3.72)

In the light cone gauge A* = 0, only the transverse components of the polarization vector
eX(k) = (0,e. - ki /kT, e ) and A" matter. Written explicitly, the above formula is

y/

J'J

<Azc<z)> o ZL /DA“ 5(G[A“])eisg[A”A“’”]Ai(z)T[eigffooo dat (A*(mﬂxiu)JrA;L(mﬂn))] (3.74)
0

where the o« symbol abbreviates all the factors and integrals over z; and x~ in . As in the
transverse momentum distribution calculation, we choose a coordinate system where £~ and
x, are constant along the classical path of the incoming quark. We point out that the brackets
in (3.74) refer to the quantum expectation value of the quantum operator A and should be
distinguished from the statistical averages over background field configuration performed later
on in this section.

3.3.2.2 Gluon propagators beyond the eikonal approximation

As we shall see after this short digression, the calculation of (3.74) at a given fixed order in gA*
requires to know the gluon propagator G4 (z,z) in the background field beyond the eikonal
approximation discussed in (3.3.1.1)):

G (2 2| Ay) / DAHS(GLAM]) S A" 45 A1 () AY () (3.75)

We focus here only on the i— component of the gluon necessary to pursue this calculation. The
other components are given in Appendix [A] and will be used mainly in Section [3.4]

Since the external field appearing in S,[A#|A%] does not depend on z~, the propagator
G"/(z,x) depends on z~ and y~ only through the difference 2~ — y~. The linearisation of the
Yang-Mills equations around the background field leads to the following formula for the —i
componentf] (see [103] or [118]):

, dkt . _
Gy (2, 2| Ap) = 2/ ——e (T e” Gap(z, z52% 2 |ET) (3.76)

2T k+2

with the scalar propagator G satisfying the Green equation

\Y
<z§“b3 + 6 21:1 +gA be> Gre (2t 212t 2y [KY) = i0.0(2F — 21)6P (20 — 1) (3.77)

This propagator satisfies also the Chapman-Kolmogorov relation:

Gap(2", 2132" i k) :/dwlgad<z+aZJJw+7wj_‘k+)gdb(w+awl§$+axJ_’k+) (3.78)

3We do not include the kT + ie prescription for retarded propagators to keep our expressions compact.
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if 27 <wt < 2T,

The solution of the equation satisfied by G has an elegant representation in term of a
path integral as in non-relativistic quantum mechanics. Indeed, Eq. is formally a two-
dimensional Schrédinger equation in a non-abelian potential for a particle with effective mass
k*. Tts Green function reads:

ri(zF)=z21 2t

et
6" et k) = [ Prn@eo (’“7 /. d&fi(&)) Wiue)  (379)

In the strict eikonal approximation given by the saddle point evaluation of the path integral,
this propagator reduces to a Wilson line over the classical path in the adjoint representation,
in agreement with our calculation of the gluon eikonal propagator. The propagator (3.79)
includes sub-eikonal corrections by averaging Wilson lines over random quantum motions in
the transverse plane.

One may wonder why the eikonal approximation is not enough for our purposes. The eikonal
approximation is given by the saddle point evaluation of , approximation valid when the
phase in the exponential is large. For a gluon propagating over a distance L through the
medium, this phase is parametrically of order k™(Ar,/L)2L, with Ar, the typical variation
around the classical trajectory. By the uncertainty principle, Ar, is of the same order than
1/k, where k, is the measured transverse momentum of the gluon. Consequently, the eikonal
approximation is valid when:

kTt L 2L ke L
— >16 5> 3.80
(x:2) 2 (3.80)
In more physical terms, this inequality means that the variation of the gluon transverse coor-
dinate LA ~ Lk, /k* while propagating over a distance L is much smaller than the quantum
fluctuation ~ 1/k, in the transverse motion. That said, we recognize in (3.80) the condition
stating that the formation time of the gluon is larger than the gluon in-medium path length.
This is a too strong condition, as we do not want to focus only on this kinematic regime: we
will see later than many interesting physical phenomena happen when k*/k; < L. Therefore,
we shall use the propagator (3.79) for the emitted gluon.

3.3.2.3 Details of the amplitude calculation

Now, we detail the general method for calculating (A’(z)) at a given order in g and all orders
in gA,,. To proceed, we expand the time ordered Wilson line in Dy.(p,p'|A + A,,) thanks to
the following formula, obtained after discretization of the integral:

T|:€f;if da:+A(x+):| — lim eeA(xn) (381)
N0 n=N..1

with € = (zy — ;) /N, x,, = x; + en. Keeping only the first two lowest order terms in gA*, it is
easy to see that

[] et @rtnte — et 4ig S ] [eigeAmm} eA() 1 [eigeA;xm;)}
n=N..1 n n p=N.n+1 q=n—1..1
Now, if we take the limit N — 0o, we obtain

T [eig S dat (A ($+,$7,$L)+A;n,c($+7$L)):| =W (xj_)

+ig / QWS (e ) A (gt o e )W (z)  (3.82)
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where thf (1) is the Wilson line for a path from zt = t; to 27 = t, with x| fixed.

The first term cancels in the path integral over A* in because the 1-point quantum
correlation function is null by convention (no tadpoles). The second term involves the gluon
propagator G*~(z; z|A,,) determined in the previous paragraph beyond the eikonal approxima-
tion, which describes the propagation of the gluon inside the medium between the emission
point x = (y*, 27, x,) and z. Gathering everything together with the colour indices explicit,
one gets

(AL(2)) :ig/ dy™GYy (21, 27, 2yt o 1 |AR) ;ﬁ(mL)tbwg;(xL)] (3.83)

—c0 J'i

In this formula, the Wilson lines are in the fundamental representation of su(N.). To simplify
the colour algebra, it is convenient to express the product of the three matrices inside the
bracket as a colour rotation in the adjoint representation of su(V,):

o2 (2 WYL (1) = WS (e )W (2 )t WY (x.1) (3.84)
= W2 ()WY ()t (3.85)

In the first line, we have used the unitarity of the Wilson lines and in the second line, the
definition of the adjoint representation. Calligraphic letters, as in W, are used for Wilson
lines in the adjoint representation. Inserting this relation and the representation of the
propagator into the Fourier transform with respect to z~ of the amplitude in coordinate space

(3.83)), one finds:

[ e iy = S e e )

x / Ayt 8 Gzt 2y yu EYW ()it (3.86)

[e.9]

The last step consists in taking the Fourier transform with respect to the remaining 2 and
2, components of the final position of the gluon and to multiply by &% in order to follow the
LSZ recipe. The multiplication by k% in Fourier space corresponds to the application of the
operator —2ikT9; — V2 in the remaining space coordinates.

Now let’s assume that the background field A, goes to 0 at sufficiently large light cone
time y* > T. Then we split the integral at y* = T. As T is arbitrary, we can take 7" — oo
at the end of the calculation so that the integral between T" and +oco vanishes. In the y* < T
piece, we insert a Chapman-Kolmogorov relation for the propagator with intermediate time 7T’
and intermediate transverse momentum w | :

gcb(z+azl;y+ayL’k+) :/degce(ZJ’_,ZJ_;T, wJ_’k+)geb<T7wJ_;y+7yL|k+) (387)

The propagator G(zT, z,; T, w, |kT) is free so the operator —2ik™0; —V? gives —2ikT0..0(z" —
T)d(w, — z,) leading to a trivial w, integral. After Fourier transform, one gets:

) 1G9 g .
K ALR)) = 23 W ()t T

T
« / dy* / Pye o g Gu(T 2y, yu [FYWYL (z )t (3.88)
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In order to have a meaningful mathematical expression in the limit 7" — oo, we should have
deformed the light cone 2T integration contour in the Fourier transform with respect to z* to
ensure the adiabatic switching of the interactions. This amounts to add a small imaginary part
isign(z*)fﬁ to the k= component of the 4-momentum £ in the previous expression. Using the
following relation obtained after a trivial integration by part in y™:

T T
lim e~*" / dy* f(y") = lim / dyt eV f(y") (3.89)

e—0 o

one shows that, apart from the pure phase e’* T which cancels anyway in the amplitude squared,

the limit T" — oo is given by:

RH(ALR)) = e W (@)

x/ dy* (3_5y+/d22¢6_ihzL a;L:ngcb(oo7ZJ_;y+7yJ_|k+)Wg£o,bd<IJ—)td
(3.90)

with the implicit limit € — 0 taken after the integration. This concludes the calculation of the
amplitude for the one-gluon emission process at leading order in g. However, this result resums
to all orders g.A4,, by means of Wilson lines. Recall also that the equality here is a small abuse
of notation as one should integrate over x; and x~ according to ((3.45)).

3.3.2.4 The cross-section averaged over A,,

The amplitude involves three Wilson lines. This means that we should compute the
average of six Wilson lines over background field configurations in order to get the cross-section,
which is a very complicated task. However, in the full cross-section , we are not really
interested any more on the distribution over the 4-momentum p’ of the outgoing quark. If we
integrate the cross-section over p'* and p/,, the integral yields a §(x; —z, ) with z,, T,
the transverse coordinate of the quark in the direct amplitude and in the complex conjugate
amplitude respectively. This considerably simplifies the calculation of the inclusive one-gluon
emission cross-section per impact parameter x| :

d’c d¥o
2 f2 E/dp/Jr/deiz T2 At
oy ket %k, o dp+ By dk+dk,

(3.91)

since the transverse coordinate x| of the incoming quark is now frozen in the direct and complex
conjugate amplitude. Summing over the polarization states A and spin s, s’ one gets:

d°a, 11

+ — _
Az, dk+d%k, 1673 N,

> IRALR)) P (3.92)

.
-7’.] 7C7Z

The wave function renormalization constants in (3.72) are equal to 1 at this order and one
checks that all the factors in formula (3.72)) (and in particular the 1/Ty) give a factor 1/(1673)
using the same tricks as for the calculation of the transverse momentum distribution.

4¢ should not be confused with e defining retarded propagators.
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Before writing explicitly the value of the modulus square, we need to perform the colour
algebra:

1 00 *,00 *.d 1 1) 1 0
F[W‘“(“)td]j’j x (W2 (@)t = F[W—oo(h)td]j'j x [tHWIR ()] (3.93)
1 _
- FTr(WSom(xl)tdtdWiﬁj(a:L)) (3.94)
C _

It is convenient to make appear the 1/(N? — 1) factor for the future average of Wilson lines in
the adjoint representation. Now, the cross-section (3.92)) averaged over A,, reads:

A asCr P e [V g ) 5 e—tki(z—51)
S e e o el B dy*e dzpdz e
1 1 -0 —00

1 ) .
X <Tr81 Gl(00, 2135, yu [KH)0E g(oo,zl;yﬂgjl]k*)wgi(xlw (3.96)

N2 _ 1 Yyir=xL Y=L
&

with o, = ¢?/(4m). We used the property G(y*;4+) = GI(yT;y") (following the equivalent
property for Wilson lines) to write the integral over §© > y* as the complex conjugate of
the one over y* > y*. Note that the remaining colour precession associated with the Wilson
line W;_’I occurs between the creation time ' in the complex conjugate amplitude and the
absorption time y* in the direct amplitude.

The latter expression can be further simplified if we manage to use the locality in light cone
time y* of the background field correlations. To do so, we use the Chapman-Kolmogorov rela-
tion to write the scalar propagator G'(oo; %) as the product of two propagators, one between

yT and y*, followed by one between y™ up to +o0o with intermediate transverse momentum u .
Then,

(TG0, 205 7 T k)G (00, 215y, L )WL (21) ) =

1
N1

[ (TG s K)G 0. 25y )G 0, 1 WL (2))
1

RO /d2uL<TrgT(y+>U¢;§+7§L|k+)Wﬁ($l)>

X <TrgT(oo,2l;y+,ul|k:+)(](oo,zL;y+,yL|k‘+)> (3.97)
Thanks to the locality in time of the background field correlations, the average of the four

Wilson lines factorizes into the product of averages of only two Wilson lines. Now, let us define
the following general quantities:

_ 1 . . i
Sgg(k1,a1,b1) = N2 1 /dZJ_dZJ_ e hrlor )ik (z =)
X <Tr Gl(co, 1 yT, a|kT)G (oo, 215y, bl|k+)> (3.98)
_ _ +
,ng(y+7 aj; y+7 bJ_|cJ_) = N2 1 <TI' gT(y+7 aj; y+7 ble—i_)W:y'i&- (CL>> (399)

where S'gg is the equivalent of the Fourier transform of the dipole S-matrix (3.54]) with sub-
eikonal corrections and Ky is the effective gg dipole propagator inside the medium between g+
and y™.
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One can show (see Appendix that for Gaussian statistics, ggg is a function of a; —b, only,
that is Sgg(k1,a1,b1) = Sgg(ar — by ). On top of that, the Fourier transform of the “dipole
S-matrix” Sy, is not modified by sub-eikonal corrections included in the scalar propagator,
namely:

S,o(u1) = exp (—%ZCA /y h n(ﬁ)ad(ugdf) (3.100)

+

From our calculation of the average of two Wilson lines for Gaussian correlations in (3.57)), the
function Kyy(ayr; b |ci) can be written:

qu(y+, aj; ?]+, bL|CL) == lC(y+, a; —Cy, g+, bL — CL) (3101)

with the general function K defined as a path integral:

r1(yH)=aL + + 2
Ky*,a;5%,b1) =/ ( ’ Dr (&) exp (— /y d¢ ﬂrL(g)Jrg CAn({)a(rQ) (3.102)

ri(gt)=by + 2

With these notations, and after a shift of the integration variable u;, — u | 4+, the inclusive
one-gluon medium-induced cross-section reads:

dc a,C N
k+d2xldkfd2kl = (2n 2;;229%/ dy* / dgte—<(v*I+15*D)

X /d%ue”“”Sgg(ul)ﬁzLazl/C(er,yL tuy —x;§, L — 1) (3.103)

with the derivative taken at y, = ¢, = x,. This is the main result of this section. It has been
obtained in this form by Armesto, Salgado and Wiedemnann in [62, [64], 69], Zakharov 59, [60]
and BDMPS [56, [61].

Even if this cross-section has been obtained from a “CGC-like” formalism, it is actually very
general and its applicability range goes beyond the traditional underlying assumption of this
formalism. For example, it shown in [69] [72] that using with the effective propagator
ICyy calculated at the leading order in opacity (i.e truncating the calculation to the first order
in noy), one gets the GLV spectrum [67, 67, 68].

In the next section, we shall give some analytical results for the cross-section in
the multiple soft scattering regime and in the harmonic approximation, which are the main
underlying assumptions leading to the BDMPS-Z spectrum. From now on, we shall forget
about the dependence of the spectrum on z , the transverse coordinate of the incoming quark.
Integrating over it gives the transverse surface of the target, but if we decide to normalize the
cross-section o4 by this surface, the factor cancels. We thus define the gluon spectrum as

. &N . do,

b=k 3.104
dk+d*k d*z, dktd?ky |, o, (3.104)

and deal with this quantity for the rest of this section.

3.3.3 The multiple soft scattering regime

In this subsection, we focus on the harmonic approximation which captures the main features
of the multiple soft scattering regime. The harmonic approximation enables to perform almost
entirely analytically the calculation of the complicated formula (3.103]).
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3.3.3.1 Some useful analytic formulas

Within the harmonic approximation, Sy, becomes a simple two-dimensional Gaussian function:

Sye(uy) = exp (-}L /y h da™* Q(gﬁ)ui) (3.105)

+

The in-medium effective propagator K is delicate to handle written in the form (3.102]). Fortu-
nately, exact analytical forms are known in the harmonic approximation. In this case, it reads
(see [65] and Appendix [A)):

_k;Jr et
+ .ot - kT
IC(y yUl13Y ,$J_) = e250wtyh)

2miS(yt, i) (0Tt ] (3.106)
miS(y*t,y

with C(t,§) = 0:5(€,t) and S(t, &) is the solution of the second-order linear differential equa-
tion:

PS(t.) | ia)

5 S S(H€) =0 (3.107)
93
S(£,6) =0, %H =1 (3.108)

The function S satisfies S(¢,&) = —S(&,t). The function C is also a solution of this differential
equation, with different initial conditions though: C(&,€&) = 1 and 0,—C(¢,£) = 0. Since the
Wronskian Wr(t, §) of the differential equation is constant:

Wr(t, €) = 0,5(t, €)C(t,€) — S(t,€)8,C(t,€) = 1 (3.109)

one has [119],

L (Ot 1
i’ (S(t,£)> o S2(t,¢) (3.110)

When ¢(t) is only piece-wise continuous, the solutions S and C' must be chosen in such a way
that they are continuous and derivable in their first argument at any points (however the second
derivative may not exist everywhere).

In the limit § — 0 or y™ — ¢, the effective propagator converges toward the adjoint of the
free scalar propagator:

hi%’c(er?uJ_;ng?xJ-) = gg(er?uJ_;nger-) (3111>
g
]C(y+7uJ_;g+7xJ_) +N_ g$<y+7ul_;g+axl_) (3112)
yt—gt
with the free scalar propagator given by
k+ ik*(ul — xl)2
+ gt = 3.113
gO(y Yy U1y ,l‘l) 27_[_Z<y+_g+) €Xp ( 2(y+_g+> ( )
P 4, —i(y" —v")

_ iqy (uL—z1) g T2 3.114
/ (2m)2° PN 2kt i) (3:.114)

Using this property, one easily shows that the spectrum (3.103|) vanishes in the limit ¢ — 0.
As expected, an on-shell incoming quark cannot radiate in the vacuum.
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3.3.3.2 Importance of the adiabatic prescription

Before giving the analytic results for using the expression of Sy, and K, let us make few
comments on the adiabatic regulator €. In most calculations of the BDMPS-Z spectrum in the
case of a finite path length L, the calculation of is performed by cutting the integral over
yT in pieces: (—00,0), [0, L] and (L, o0) in order to use the vacuum propagator Gy wherever it
is necessary. For the in/in term, corresponding to y™ € [0, L] and g+ € [0,y™], the adiabatic
regulator is not necessary since the integral is convergent on the compact domain. However,
if there is no sharp boundary such as in an expanding infinite mediumﬂ, this procedure is not
allowed. As the limit ¢ — 0 must be taken after the integration, this complicates the analytic
calculation of the full cross-section in the expanding infinite medium case.

In order to highlight how the adiabatic switching works, we calculate the cross-section
(3.103)) in the vacuum for an off-shell quark created by a hard process occurring at y* = 0. We
first take the limit ¢ — 0 in the integral. There are two ways to proceed but in any cases, one
has to keep track of the € dependence. The first way is to calculate

dN asCr o0 vt -
kbt _ WUF om / Ayt / dgte—sv e
Akt d®k,  Ame2 ) ) e

></d2uLe““““6Vl 0,95 - OLQO(y YL +usytyl)  (3.115)

integrating first over u . This gives k% exp(ik~(y™ — §T)) so

d’N k2
b= U S BT
1
T (6% CF]C
=00 apkt? <52+k— k-2 +52> (3.117)
OésCF
—— (3.118)

which is the standard Bremsstrahlung spectrum in the vacuum. Changing the time ordering in
the double integral, one can also choose to integrate first over y*, and even if the calculation
is more difficult, it gives the same result:

dN k2 [ ) . 2 N\ 1/2
e :29%{0‘80# / dgte2ev" / A2, e 2eK, [2(2 QUL) 51/2]} (3.119)
0

dk+d%k, A2 f+2
Y OésCFki 2. ikiuy “erUQL 1/2 1/2
_g%me{m/d use K0[2< 5 ) e }} (3.120)
ozSCF 1
=2 2 (3.121)

where K, is the zeroth Bessel function of second kind.

Both ways of doing the calculation give the right answer. However, if we decide to forget
about the £ dependence in the integral over ' in or in , we would have obtained
the Bremsstrahlung spectrum with an incorrect factor 2! [63] We expect this kind of feature to
appear also in the medium calculation with ¢ # 0, enlightening the importance of the adiabatic
prescription.

5This academic situation is nonetheless considered in Chapter [5| Section or Chapter |4} Section m
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With a non zero ¢, the best we can hope is this spurious factor 2 to be general. Fortunately
it is, and we shall use the following lemma in the next section:

0 yt 0
lim i}ie/ dy™ / dyt e =@ 0 £yt ) = lim 9%/ dytev"
0 0 e—0 0

e—0
+

U 1
<[ - g Ga2)
for f(y*,y") ~ exp(igp(y* —yt)) as y*, y+ — oo, with ¢ a real phase. This lemma is important
as it enables to forget about the € dependence in the first integral over . In the medium,
one can always find a primitive of the integral over 3T without the exponential adiabatic
switching, thanks to the Wronskian relation . The remaining integral over y* is even
often convergent so the limit ¢ — 0 is trivial.

The proof of goes this way: first, we re-order the integrals, integrating first over 7.
This is allowed as both integrals are convergent as long as ¢ > 0. Then, we cut the integral
at g© = T with T large enough so that the the difference |f(y™,5") — exp(i¢(yt — §1))| is as
small as desired. This is possible since by assumption, f(y*, ") ~ exp(i¢p(y™ — 1)) for large
values of y* and y. Then, one can remove the ¢ prescription in the piece with y+ < T, since
the integration domain is compact. On the other piece, one notices:

d—+/ d +ez¢(y+*y+)*5(y++y+) — L + + O(e 3.123

[ [T T 0 (312)
o0 o0 , ~ 7 1—1T¢

dg*/ dy+€z¢(y+—zﬁ)—Ey+ =— 4+ — " 1+ O(e 3.124

/T g+ ¢e ¢* © ( |

Taking the real part and then the limit € — 0 concludes the proof. We emphasize the importance
of fRe in the lemma, as well as the condition ¢ € R.

3.3.3.3 Transverse momentum dependence of the BDMPS-Z spectrum

Without loss of generality, let us assume that the density of scattering centers n(x™) has support

only for z+ >z, so that the parton enters into the medium at this time. Then G(z ™) decreases

smoothly with 2+. We split the integral over y+ and ¢t in three pieces 1%°, I*% and I'/* with

y*t, gt € (—oo, ], yT € [xf,00), T € (—oo,zf] and yT,y" € [x], 00) respectively in order
to use the expression :

+ d°N _ a,Cp b/b | b/i | Tifi

k FTE T (1% + 1%+ 1'7) (3.125)

If the jet has a finite path length through the medium, meaning that ¢(¢) suddenly vanishes

for t > L, one can obtain even more transparent formulas in terms of L. The results for the

brick problem or for an eikonal parton with finite path length through an expanding plasma are

given in Appendix . Equivalently, if the hard vertex location is distinct from g, one can use

the junction method described in Appendix [B|to properly adapt the general formulas presented

in this section.

In/in term. The in/in term is also the spectrum of an off-shell quark created at y* = z§. If
we introduce the following quantity:

o0

Q)= [t (3.126)

+
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Rate functions for infinite jet path length Rate functions for finite jet path length

10tk Gt) G 10t b G(t) G(t) 4
y=0, o= 1.5 GeV?/fm _— Y=0, go = 1.5 GeV?/fm
y=1, go=21GeV¥fm —m — y=1, o =21 GeV?/fm —

100} 100}

Re(G(t)) and Re(G(t)) [GeV]
Re(G(t)) and Re(G(t)) [GeV!]

107t ¢ 10-1}
7/ /
102 { '/'/ 102k
/'/ w=1GeV, ty=0.1fm .. 7/ w=1GeV,ty=0.1fm,L=4fm
107 10'*/l 100 101 1072 10'*/l 100 101

t—to [fm] t—to [fm]

Figure 3.1: The functions G (plain curves) and G (dashed curves) for a static medium (y = 0, red
curves) and an ideal expanding plasma (v = 1, blue curves). Only the real parts are represented. On
the left hand side, the medium is infinite and G, G are solutions of (3.130]) and (3.135) respectively. On
the right hand side, §(¢) suddenly vanishes for ¢t > L. The functions G and G are the only continuous
solutions of the equations and (see Appendix . The black dotted curve is the § — 0
limit of G, i.e. 1/(t — to), which is also the solution of when ¢ = 0.

which corresponds to the transverse momentum squared acquired by the gluon during its prop-
agation after y*, the I*/? reads:

_ 7k2
(yr+th) Q4 + 2ik™ Cloyr) (k?z + Q ) N i)

Il/l—Q%e/ dy™ / dyt — TP Swy7) e B 5w (3.127)

S y ) (Q2+22k+c g+, y+)>

YT

Now, one can use our lemma to integrate over g*. Indeed, if G(t) goes to 0 at large
time, one sees that the integrand becomes a pure vacuum phase of the form exp(ik~(y™ — 7))
and thus satisfies the condition of . Moreover, one can find a primitive with respect to
g when there is no exp(—egy™) factor using the change of variable g* — C(y*,y™)/S(y*,y).
Naming the function

Clag,y") 0y S(y™, ag)
Syt,zg)  Syt.xy)

Gy') = (3.128)

the final remarkably simple formula for the in/in term, taking into account the correction due
o (3.129) is

Gy") k2 )
Q%(y*) + 2ik+G(y™) exp (Qg(er) + 2Z'Lk+G(y+)) - E (3.129)

I = 29%/ dytesv"
zg
To check this result, and in particular the presence of the corrective term in (3.129)), one verifies
easily that in the limit ¢ — 0 where Q?(y™) — 0 and G(y™) — 1/(y™ — z7), one recovers the
standard Bremsstrahlung spectrum 1/k?. The function G™' satisfies the following non linear
differential equation (of Riccati kind):
dG—! iG(y™")

O =1+ == (G™H?, G Hzd) =0 (3.130)
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and is represented Fig. left. For a static medium, with constant ¢(t) = go, the function G
is:

i
Goriec(y") = Qcotan(Q(y+ - xf{)) : 0 = 2]% (3.131)

Before/in term. The calculation of the before/in term is more tedious because of the mul-
tiple transverse integrals. However, there is no subtlety due to the limit € — 0 as the integrals
over y and y* decouple. To do the calculation, the trick consists in inserting a Chapman-
Kolmogorov relation at intermediate time y* = z7. The effective propagator between 7 and
zd then reduces to a standard (adjoint) vacuum propagator. Introducing the function:

Clzd,yN)C(yT,zd) — 1 8y+C(y L)

Gy™) = = 3.132
") S(y*,z5)Cy™, zp) Cly*,zy) ( )
one gets:
b > eyt G(y") < —k7 )
! _me/xg dyre™ Q2y) T2k Gly)  \QR(y) T 2k GlyT) (3.133)
OO —eyt G<y+) _kL
e [Caye e e (g rerans) O

0
Note the nice cancellation between the in/in term and the second term of the before/in term in
the full on-shell spectrum. This term has also the right ¢ — 0 limit ~ —2/k? since the function
G(y™) goes to zero in this limit.
Also, the function G satisfies again a Riccati differential equation:

G o 40

dy* 2k*
The behaviour of G is very similar to the one of G since both G and G satisfy the same
differential equation. The main difference lies in the initial condition and the behaviour at
yt = g since G(y*) ~ 1/(y*t — xf) whereas G(y*) — 0. This is clear from Fig. 3.1, For a
static medium, this function reads:

=0, Gxd)=0 (3.135)

_ Z'A
Goria(y™) = —Q tan (Q(y+ - m) L 02= %ii (3.136)

Before /before term. Last but not least, the before/before term requires also some care. In
this term, the effective propagator K(y™;§") is a free propagator and the Fourier transform of
the dipole cross-section Sy, is independent of y* and §* since it is associated with the total
transverse momentum acquired during the full propagation. Using the representation (3.114))
of the free scalar propagator, this term reads:

d qL ]' 7 — u
1% = Re / ot /d%ue (kL=aiurg () (3.137)
dQQJ_ 1 ) _ 92 00 N N
= Re d*u, exp | duy (kL —q1) — 50,4 . n(x)og(u, )de (3.138)
Zo

In the harmonic approximation used so far in this section, the integral over u, is the Fourier
transform of a Gaussian function giving:

Ib/b 2;7; / (d2q>L2 é exp <_(kLQ_g QL)2> (3139)

with Q% = Q*(zy).
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Full results and discussion. It turns out that the inclusive one gluon emission spectrum
for an incoming on-shell quark has a very simple analytical form in the multiple soft scattering
limit and harmonic approximation. We first give the result for an on-shell incoming quark.
This situation is rather academic since the hard probes of the quark-gluon plasma produced
in heavy-ion collisions are off-shell time-like quarks. However, this spectrum will help us to
understand the physics contained in the off-shell one (cf. Chapter . This on-shell spectrum
reads:

k+d3N0n-She“ a,Cp {47r / d*q1 e (M)

ek, w2 @2 ) @nrg O Q2

°° Gy —k% 1
v [ o e b (g sen) k_] (40

where we have removed the adiabatic prescription for compactness. As expected, this spectrum
vanishes in the limit ¢ — 0, since in this limit G(y*) — 0, so that the last term cancels exactly
the before/before term.

On the other hand, the spectrum of an off-shell quark from a hard-vertex located at light

cone time ;" is:
k+ d3Noff—shell B QQSCFQ{ Ood . G(y+) _ki
+d2 - 2 ¢ Y 0200 + 2ik+ (o) TP\ 0200 & 2ik+ G+
dktd*ky ™ o Q3 (y*) + 2ik*G(yt) Q3 (y") + 2ik*G(yT)
asCF 1
— — 3.141

With respect to ([3.129)), note that the lower boundary is now z;. If the medium “starts” at
xrg > xf, the function G is the only continuous function satisfying for all y* > zf
with G~!(z;") = 0. This off-shell spectrum is more generally considered in the literature, albeit
never written under the simple form (3.141]).

Whereas the “off-shell” spectrum is mathematically well defined, the first term of the on-
shell spectrum corresponding to the before/before integral is ill-defined since the integral is
divergent. An infrared cut-off |q,| > p is required for the integral over ¢, to make sense and
then the question of how choosing this cut-off arises. Note that this feature is not related to the
harmonic approximation. Indeed, the 1/¢? behavior when ¢, — 0, of is independent
of the value of oy.

As a matter of fact, as on-shell quarks do not exist in QCD because of confinement, it
is natural for the on-shell spectrum to be ill-defined. The divergence of the before/before
term corresponds to huge wave-length gluons with very long formation time formed before the
interaction with the medium and that subsequently undergo transverse momentum broadening.
In a confining theory, there is an upper limit on the formation time, or equivalently an upper
limit on the wave-length of any emission that translates into a lower bound of order p ~ Agcp
for the ¢, integral. Note that in the equivalent QED calculation, there is no such singularity
as the emitted photon does not further interact with the medium: this divergence is specific
to QCD [69]. In Section [3.4] where we deal with an initial colour singlet dipole instead of an
on-shell incoming quark, we will see more precisely how the divergence of the before/before
term is cured in pQCD.
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Figure 3.2: On-shell (left) and off-shell (right) medium induced spectra as a function of k, for several
values of w = k™. The spectra are normalized by the leading order Bremsstrahlung spectrum. For the
off-shell spectrum, the location of the hard vertex is t; = 0 fm and the parton enters the medium at
to = 0.1 fm. For the on-shell spectrum, the bands correspond to the variation of the regularization
scale p by a factor 2. The red curves correspond to the “brick” medium with constant ¢y density
(v = 0), whereas the blue curves correspond to the Bjorken expansion of an ideal relativistic plasma
(v = 1). For the ideal plasma, the value of Gy is chosen to scale with the brick calculation in the
soft limit of the k| -integrated BDMPS-Z spectrum (see Fig. and discussion on this subject in

Chapter Section .

A curiosity. The p regularization of the before/before term is of course not unique. It is
interesting to notice that the adiabatic switching prescription provides another natural way
to regularize the integral. A calculation of the before/before term leaving unintegrated the
integral over t = y* — y+ gives:

-1 o Y+ 2ikT (K2 2 —k%t
/b _ —E)fie/ g Dt + 2 (k1 +3Qs) exp (z—i —5t> (3.142)
2 0 (Q2t + 2ik+) Q3t + 2k

The integral is well defined as long as € > 0 but of course, does not have a finite limit as ¢ — 0.
For any non-zero ¢, the integral is cut for ¢ = |y* — | > 1/e. Since |yT — §T| is also the
formation time of the emission, it is clear that the p regularization and the e regularization are
related by:

p? ~ 2kte (3.143)

3.3.3.4 Integrated medium-induced spectrum: LPM effect

Now, we investigate the medium-induced spectrum integrated over k. We first naively attempt
to integrate the on-shell spectrum. Indeed, since in this section we are only interested in the
purely medium-induced component and not the virtuality driven part, the on-shellness of the
quark should prevent the existence of a k -divergent Bremsstrahlung component. However, this
is not the case because the medium inevitably puts the quark out of its mass-shell, leading to a
Bremsstrahlung tail at small k£, (long formation time). We then consider the standard method
encountered in the literature, where the &, integrated spectrum is defined as the integral of the
off-shell spectrum minus its ¢ — 0 limit. In this case, the collinear singularity of the off-shell
spectrum is regularized by the vacuum limit.
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Integral of the on-shell spectrum. Doing a brute force integration of , one notices
that the two divergent pieces cancel each other exactly in the limit where the infrared cut-off
defining the before/before term goes to 0. Indeed, the broadening probability (or the Fourier
transform of the dipole cross-section in the more general case) is normalized to 1 once integrated
over k. Thus, we are left with a purely medium induced component, that would vanish in the
absence of the external field, given by:

d Non-shell 200 CF 00 _
+ _ S + +
T = X / ) (3.144)

Using the Wronskian relation Cd,+S — S9,+C = 1, one can perform the integral over y*:

on-shell
k+d]\(fik+ - 2“;CF Jim log (|C(T.2)]) (3.145)
As it is, this limit is not defined. We will prove this in Chapter [d Section [4.3.4] but this
can be understood from Fig. as well. For a power law decrease of ¢(y*) = Go(zg /"), G
behaves like 1/y* at large y* if v > 2, and is therefore non-integrable. The physical reason for
this divergence lies in the collinear singularity at small k£, . The interactions with the medium
put the parton off-shell and thus, the incoming quark can radiate gluons according to the
Bremsstrahlung spectrum. We shall also come back to this point in Chapter f| If v < 2,

) ~ /4(yT)/(2iw) for y© — oo. In this case, G(y*) is non integrable for a different
reason: the amount of radiations induced by the medium is infinite for an infinite jet path
length because the medium dilutes too slowly. This suggests that one should integrate the
function G up to y* = zf + L (another argument based on the shape of the k, spectrum is
given in Appendix . This integral reads:

dN 2OéSCF

+
k dk+

——— log <‘C’ i + L,xg)

) (3.146)

This spectrum is perfectly well defined, whatever the value of v is. If v > 2 it includes a
substantial amount of vacuum-like collinear emissions with k2 > 2k*/L.

Integral of the (regularized) off-shell spectrum. As mentioned above, an alternative
way to proceed consists in subtracting the genuine vacuum Bremsstrahlung contribution to the

off-shell spectrum of a quark created at y* = x{ (i.e we fix zj7 = z in (3.141))):
dN d3Noff—shell o CF 1
kt——= [ dk? (kT - 3.147
dk+ + ( dk+d%k, 2 ki> ( )

Both terms in the integral lead to a divergence but the full integral is convergent. The genuine
vacuum spectrum can be written as an integral over y using (3.129)) in the limit ¢ — 0. The
integral over k, is easy and gives:

AN 20,Cp [ 1 .
Kt = O‘WOF /+ dy* (G(gﬁ) - —) e~ (3.148)

dkt 4 yt —ad

The vacuum regulator corresponds to the limit of G when ¢ — 0, and can be directly derived
from the defining differential equation (3.130f) with ¢ = 0.
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As the integral is convergent, one can now remove the adiabatic switching. In order to
control the divergences for y© — x{, 00, let us introduce two cut-offs v and T

dN  2a,Cp 4 1
+ _ s . n .
k dk}"‘ T V—)%)l,g“n—wo 9{2 /33‘8—-1-1/ dy <G(y ) y+ _ xg) (3149)
~ 20,Cp . 4 L0+ Syt ag) N
- — Vﬁ%{gn%oo Re /%++V dy TSt log (T — z7)/v) (3.150)
o 206501:‘ . |S(T, I'a_)| . 20[SCF . T
= fmlos (T—— = = Jim log (|0(a, 7)) (8.151)

where we used S(x{ + v,{) ~ v when v goes to zero. This result has been obtained in [119]

starting directly from the integral over k; of with its vacuum limit subtracted.

As for the limit is not defined if the medium expands too slowly, with a
power v < 2. In this case, one must also take into account the finite path length L of the
parton through the medium. We refer the reader to the calculations presented in Appendix
in this case. We show that formula [3.151] is still valid if the argument of the function C' is
changed:

dN 2@80}7

Note the nice symmetry between and . On the contrary, if v > 2, the inte-
grand in behaves like ¢(y*)y*/(2iw) at large y*, and is therefore integrable (see again
Section [4.3.4)). The collinear divergence highlighted in the on-shell spectrum is cured by the
vacuum subtraction of the same collinear divergence.

The brick case - LPM effect. To understand the specificity of the BDMPS-Z spectrum,
let us consider the brick model where ¢(t) = ¢ for t < L and vanishes for ¢ > L. As shown in
Appendix [B| where we find the solution C' of (3.107]) continuous and derivable for all t > 0, one
gets:

Concc(0, L) = Crue(L,0) = cos(QL), 0 = ;k—ﬂ (3.153)

so that the BDMPS-Z spectrum reads:

; . ~ [ We +
Et Bk = 2a;Cr log ‘ cos (1 t iL) ‘ ~ 20 Cr ARG for i < e (3.154)
di+ 7 2 Vi o w(E) ke

with w. = GL?/2. Note that for the brick model, the spectra and give the same
result because the cosine function is even.

The \/w./k* behaviour is a consequence of the so-called Landau-Pomerantchuk-Migdal
(LPM) effect in QCD [120, 121]. The formation of the gluon is a quantum process which is not
instantaneous. The formation time ¢; as given by the uncertainty principle is t; ~ 2k*/k?.
During this time, if it is larger than the medium mean free path ¢, the quark-gluon pair
interacts coherently with many scattering centers so that the gluon acquires a typical transverse
momentum of order k% ~ §t; in the multiple soft scattering regime. Inserting the quantum
relation for ¢y, one gets the following relation for the formation time #f,eq and transverse
momentum k¢ peq of medium-induced radiations in the multiple soft scattering regime:
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k| integrated medium-induced spectrum
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Figure 3.3: Integrated BDMPS-Z spectrum (formula (3.152))) as a function of w = k¥, for a static
medium (v = 0) and an expanding ideal plasma (v = 1). The value of ¢y in the latter case is chosen so
that both spectra scale exactly in the soft limit. The relation is given by . In this soft limit, the
asymptote is o< y/w./w (dotted black line). The dashed blue line is the integrated on-shell spectrum,

i.e. formula (3.146)) for comparison.

2k*
tf,med = (j ) k)%,med =V 2Cjk+ (3155)

Hence, for medium induced emissions, the formation time is fixed once the energy k* of the
emission is fixed. The condition ¢; > ¢ translates into a lower limit in k%: kT > wpy ~ Gl* for
the validity of our calculation.

The scale w,. should be understood as the maximal energy of a medium induced emission that
can develop over a time L from multiple scatterings. Indeed, ¢fmeqa < L implies k* < w,. Then
w. is also the upper limit of validity of our calculation relying on the multiple soft scattering
and harmonic approximation. This upper limit enables also to better constrain the validity of
the eikonal approximation for the incoming quark: one should impose p™ > w.. One can find
an equivalent calculation of the gluon emission spectrum relaxing the eikonal approximation
for the incoming parton in [122, [123].

This concludes the study of the BDMPS-Z spectrum in QCD which encompasses the regime
wpn < kT < w.. In the Bethe-Heitler regime, k* < wpy, the spectrum kTdN/dk™ scales as
asL/l, i.e. an incoherent sum of radiation spectra. In the regime k* > w,, it becomes dominated
by the contribution coming from a single hard scattering (GLV spectrum, order 1 in opacity).
This regime is captured by the present formalism [72] but requires to go beyond the harmonic
approximation for the dipole cross-section oy.

3.4 Interferences in the multiple soft scattering regime

The last section was devoted to medium-induced emissions by an incoming eikonal quark or
gluon either on its mass shell or infinitely off-shell since created at a vertex with some fixed



3.4. INTERFERENCES IN THE MULTIPLE SOFT SCATTERING REGIME 65

light cone time z; . In this section we shall discuss the scattering of a dipole, i.e. a ¢q pair,
off the medium, assuming that the dipole is initially in a colour singlet state. Considering an
initial colour singlet state enables to study the effects of interferences on the emission spectrum.

This section is organized as follows: the first part sets up the formalism for the calculation
of the emission spectrum from a colour dipole in the medium. The limit § — 0 of the result
gives the eikonal factor presented in In the second part, the effect of interferences is stud-
ied in details for medium-induced emissions, removing by hand the standard Bremsstrahlung
emissions. Finally, in the third part, interferences are discussed for the vacuum-like emissions
as well.

3.4.1 Effective generating functional for soft emissions from a colour-
singlet dipole

3.4.1.1 General formalism

We have already developed the major part of the formalism necessary to set-up the calculation
of a gluon emission from a ¢q pair. Hence, we shall give less details in this section and refer
the reader to Section [3.3.2] Our starting point will be again an effective generating functional
for soft gluon emissions where the fermionic degrees of freedom have already been integrated
out using the eikonal propagators for the quark and antiquark in the presence of an external
(quantized and/or classical) gauge field.

The main difference with respect to the previous section is the initial colour state of the ¢g
pair. This state is the colour singlet state:

16) = %ﬁz o) ® Ta) (3.156)

with {|a)} a basis of the fundamental representation of SU(N.). It is the only normed state of
a qq pair invariant under all colour rotations. The effective generating functional for processes
involving a ¢q pair in the initial and in the final state is:

1 _
Zeff[J“|Am] - \/—F Z / DA#é(G[Au])Dtc,Ba(p7p/|A + Am>Dtc,f‘ya<]57 ﬁ/’A + Am)

X exp (@SQ[AHA%] + i / d%J“AM) (3.157)

where we have omitted the spin dependence d,y, d55 and written explicitly the colour indices
of the truncated propagators in order to highlight the fact that the initial state is fixed. This
generating functional fully incorporates the quark degrees of freedom in the eikonal limit, via a
colour rotation of the dipole from the state |¢) to a generic state |3) ®]7). Note that the Wilson
line for the anti-quark truncated propagator is in the conjugate fundamental representation.

We are interested in the gluon emission cross-section with the ¢g pair in the final state,
but we do not care about the dependence of this cross-section with respect to the final state
momenta p’ and p’. If we integrate over the kinematic variables of the final ¢g pair, the classical
paths in of both partons will be frozen in the amplitude and in the complex conjugate
amplitude, as noticed in Section For the inclusive gluon emission cross-section, one
can directly replace the truncated propagator Dy, in by Wilson lines along the frozen
classical paths.

Let us then call v#(x%) and 7 (2") the respective classical path of the quark and the
antiquark in Minkowski space. It is convenient the choose T as the parameter along the path
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of both particles because x* plays the role of time in light-cone coordinates for a right mover
at the speed of light. In light cone coordinates, these paths are parametrised according to:

7q(27) = (27,75 (@), 71 (™)) (3.158)
g (@") = (27,97 (@), 71(zT)) (3.159)

so that the quark and antiquark Wilson lines read:

WOl Aw) =T [exp (ig [ dot (A0) + A)to,)]  (3.160)
W% rald o Aw) = [exp (g [ do® (A2 + Ahaa)n] ] (3.16)

with w/ = dy¥ /da™, @ = dyy /dae™ constant “4-velocity” vectors. These 4-vectors are related
to the 4-momentum of the quark and the antiquark by p* ~ p’* = pTu# and p* ~ p'* = pTat.

The inclusive one gluon emission probability is related to the one-point vacuum expectation
value given by our effective generating functional through the LSZ reduction formula. In the
light-cone gauge, only the transverse components A, i = 1,2 contribute to the matrix elements
for the gluon emission. Consequently, we consider

. 1 5
@) =7 Zeat " A, 162
(AL (2)) Zo( ZéJi,a(z)) il \Am]‘J:O (3.162)
in order to obtain ,
d°N 1 ' 9
- — 2 i
G, 16W3<;; ‘k <Aa(k)>’ > (3.163)

where the big brackets refer to a statistical average. All the spin sums have already been
performed and there is no average over initial colours since the initial state is fixed. As in

(3.104]), the surface of the target has been integrated out.

3.4.1.2 Summary of the cross-section calculation

Amplitude. Then, we proceed in the same way as in the last section: we develop the gener-
ating functional up to the first order in gA* thanks to the following expansion of the Wilson
line:

WO (A + A) =W

—o00,Ba —00,Ba
wig [y (WIEAL L )PV O A A )
(3.164)
where all the Wilson lines in the right hand side are Wilson lines over the external field only.
The generalization for the antiquark Wilson line (3.161]) is straightforward.

Consequently, to the first order in g but all orders in gA,,, the vacuum expectation value
of A’ reads (we have again omitted the tadpole terms):

i ig oo [ i vt e 7,00
(A (2)) N [Wfoo / dy* Gl (2,74 (y ")) u VL Lt ]ﬁa [Wgoo 1 o
_ [Wzgﬁ] / At G (e B W [tEWE’ij] (3.165)

/Nc Ba a —o0,be

— 00 ary
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In this expression, we have introduced the gluon propagator G**(z,z) defined in (3.75)). The
sum over « associated with the colour singlet state is implicit. The y* coordinate corresponds
to the emission time of the gluon from the quark, whereas z* is the emission time from the
antiquark. We have also written the conjugation of the matrices t* and t* as colour rotations

with Wilson lines in the adjoint representation Wﬁ’é’:bc and WE’SST, as in the calculation (3.84)).

Using the representation of G*”(z,x) in terms of the scalar propagator in the background
field and the generalization of formula (3.76)) for the other Lorentz indices given in Appendix ,

we perform the Fourier transform with respect to z7:

[ e it -

tg = iktyg (y* i@il i + o0 ¢ 7,001
dy e 00 (S ) G (st WL, x (e ]
2k+m . Y L+ g b( 1Y yJ_| ) —00,bc " | ga 0o

g - +ik+7‘(m+)<—ia;L —i) (ot oot F\Wiet [ ‘1"’0]
2k+/N, 7oodx e o T Gap (27, 2y, o [RT)WED 5 I WES

ay
|:tEW‘j:OOTi|
—00 o
(3.166)

Ba

In this formula, it is implicit that the transverse coordinates y, and x, are evaluated at
the corresponding transverse position of the quark and the antiquark, i.e. y; = ~{(y") and
r, = yi(ﬁ). With respect to Eq. , the main difference is in the pure phase e* 7 (")
(and similarly for the antiquark) that appears inside the integral over the emission time and
not outside. Indeed, in the present calculation, one cannot generally find a coordinate system
where both the quark and the antiquark have a classical path (2 ") with constant transverse and
minus components. These phases have important consequences as we shall see when discussing
the result of this calculation.

Colour algebra. Before completing the Fourier transform of the vacuum expectation value of
Al (2), it is convenient to perform the colour algebra when summing over all final colour indices
B and ¥ of the ¢qq pair in the amplitude squared. This amplitude squared contains four terms
corresponding to a direct emission by the quark, by the antiquark and the two interferences
terms. The choice of the initial state of the dipole (the summation over a) enables to simplify
the colour algebra in the product between the amplitude and its complex conjugate. For
instance, the algebra for the interference terms reads:

1

D IR, W a5 (W2 e, s WIS s, (3.167)
¢ a1,a2,6/9
1 ~ 1 _
=+ >t tia, = v Te(t°t) (3.168)
OF cC
=10 (3.169)

In fact, all the four terms give the same 6°°Cr/(N? — 1) factor, so we will not write explicitely
the fundamental Wilson lines appearing in Eq. in the following formulas.

Finally, the application of the k% operator in coordinate space —2ik™9, —V?% and the Fourier
transform to momentum space work exactly as in the calculation of a soft gluon emission by
a quark. It is again important not to forget the adiabatic switching of interactions, and the
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analogous of formula (3.90)) is:

I , i0!
dy+e—e|y+l+zkz+vq ") /dzzle_lkLZL( sz +u )gab(2+, 2L§y+,yL’k+)Wq£bc

B =g [

—0o0

o0 - ‘ i0' .
— g/ dgte ezt I+ikTag (=) /d2ZJ_€ZkJ'ZJ‘ (ﬁ + ,az) ga6(2+’ ziat, xL\k’*)Wq SE+ (3 170)

—00

The indices ¢ and ¢ are free but they will be contracted with §°¢ once the amplitude is squared.

Amplitude squared. The last step consists in squaring this amplitude. We expect that the
direct terms by the quark or the antiquark to be very close to (3.96)), apart from the phase
¢*™ "W The full gluon cross-section is decomposed as:

L+ d*N _ 4’ Nad e d°Nad
dk+d’k,  dktd%k, dk+d%k,

+ (g Q) (3.171)

The two terms (¢ <+ q) are calculated switching the quark and the antiquark in the formulas.
The direct emission spectrum from the quark is:

d3qu OéSCF

+ _ e(ly1+1gt D) 27€+(’Y ()= 7)) ik (21—Z1)
k G Ch, - @n? 29%/ dy™ / dyte” a a /dzLdzLe

0 =i N1 o .
(k—lfﬂLU)( e +U>N3_1<TYQT(OO,21;zﬁ,ylllﬁ)g(oo,zgyﬁyﬂk*)ij >

(3.172)

and the derivatives are taken at vy, =~ (y"), . =1 ().
The ¢q term is a sum of two terms from the amplitude (3.170)) squared:

LN /d / dz* /d / da —29%2/ d / di* .. (3.173)
Ak, S Y Y

with, as usual, the integration variable ™ coming from the complex conjugate amplitude noted
T+, Moreover, in the interference term, the product WZ’}Q WL T cannot be simplified as easily
as in the direct terms. This product is responsible for the effect that we will discuss in details

in this section: decoherence.

o
o N —OésCFm dy dx == HE )ik (7 WH =17 @) [ 4, 4z, e—krle—50)
dk+td®k,  (2m)?

10! N —i0L A 1 P
YL i Zy —i i S + et + a0y qT "t
<k‘+ +u>< e +u)N3_1<TrQ (00,21, 27,21 |kT)G (00, 215 yT, yo |ET)WEL WET >
(3.174)

and the derivatives are taken at y; =% (y"), T, = 71 (#"). These results have been obtained
independently in [124] and in [91].
3.4.1.3 Medium average

In order to go beyond the previous equations, we need to average over the background field
describing the medium. The two basic ingredients are the medium average of two Wilson lines
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calculated in (3.57) with equal initial and final times, and the fact that the background field
correlations are local in time.

In Eq. (3.57)) the two classical paths have a very simple dependence with z*, namely v~ =0
and u; = 0,. The generalization for generic paths is straightforward:

Yy

1 Y st g’ + o (ot + (gt
NZ T <Tnyli (W)Wyii ('y )> = exp —EOA/ do™ n(z )0d<7L(9U ) =71 (x ))
c Y

+
1

v

~ exp (—i / e e () - v;<x+>>2> (3.175)
1

We used the harmonic approximation for the dipole cross section o, in the second line.

The Chapman-Kolmogorov relation for G is inserted in and in order to use
the locality property. In the direct term, this is done as in (3.97)). In the interference term,
one does the same trick without forgetting to decompose the adjoint Wilson line for the quark
colour rotation: WZ’ZO’; = Wy +W€’fo+. The final result involves then the Fourier transform of
the dipole cross-section S,, related to the broadening of the final state gluon defined in ,
the effective propagators K4y and Kz, which depends on the path of the ¢g pair and a colour
dipole in the adjoint representation Sy

1 o
Sult,24) = = (TWeE Wi (3.176)

It is interesting to notice that an adjoint dipole appears in relation with a qgq dipole. This
function describes the colour precession of the colour currents of the quark and antiquark and
not that of their colour states. They are objects belonging to the adjoint representation contrary
to the states, which are in the fundamental one. See [91] for more details.

This average can be calculated from the formula . With all these pieces, the direct

and interference terms for the gluon emission cross-section read®}

3 ee -
pi 4 N;q = ?O)Z 29Re / dy* / " gt e sl T D ikt G )= @)
dktdk,  (2n A

i0; N\ (05 : :
<i + ul> (k—JFM A zﬂ) /dZULe’k”ngg(vl)/ng(er, YL+ 7,91 )

X Tt
(3.177)
d* N —a,Cp > a —t —e(ly gt ikt (vo () —vs (gt _
K e = (oo 29%/_00 dy* /_OO At ST D07 =17 T g, _(57+, —oo)

o N /—i0k : :
X (k—ff + u‘) ( = ﬂz) /dQvle”“” See(V1)Kag (YT, yr + 1577, 1lvg)
(3.178)

with the derivative taken as explained above. Because of the non-trivial paths followed by the
quark or the antiquark, the effective propagators ICy, (or Kgy) are a bit more complicated than

6We have renamed the bound variables 4+ = z* and ¢, = Z, in the interference term to highlight the
symmetry with the direct term.
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in (3.99) as they depend on the classical path v,/ followed by the quark or the antiquark.

(TG (s kW) (3.179)
_ efz'iﬁ(u(nyﬂL)fU‘(er*z‘/*));C(y+7 vy =Yyt o —21@mh)  (3.180)

with IC defined in . The phase appearing in front of the effective propagator used in the
calculation of the BDMPS-Z cross-section is a consequence of the geometry of the dipole. Of
course, this phase can be one in an adapted coordinate system, but as emphasized before, one
cannot, generally find a coordinate system where this phase is one for both the quark and the
antiquark effective propagators.

L 1
’ng(y+7yl;y+aylh/4> = N2 —

3.4.1.4 Onium scattering with the medium

So far, we have deliberately not specified the forms of 7/ (x™) and v (z™) to keep the discussion
as general as possible. In this subsection, as a warm up for the antenna calculation, we consider
the scattering of an onium with a medium. The onium enters into the medium at light cone
time x{. This simple model for heavy mesons will provide a solution to the divergence of the
on-shell spectrum encountered in Section [3.3.3.3]

The onium is defined as an highly energetic (i.e. eikonal) ¢¢ pair in colour singlet state with
fixed transverse separation X ;. One can then choose a coordinate system such that:

Y (2) = (27,0,0L) (3.181)
YE(@t) = (27,0, X)) (3.182)
Hence, for an onium, v~ = u~ = 0 and u; = u; = 0 and all the new phases enlighten in

the previous discussion disappear. Consequently, if the transverse size of the medium is much
larger than | X | and if one assumes that the density of scattering centers is slowly varying
on typical scales of order | X |, it means that the calculation we have made in the previous
section is correct also for the direct terms. We only need to calculate the interference term
which simply reads:

d3 N —a,Cr
+ s e(ly* |+t
k dk—i_koL 27T 2k+229%e/ dy / dy e Y v S (y 9 )
/ dPup @™ Sgg(u1), o, 05, x Kyt ys +uisy*,g0) (3.183)

The before/before interference term. Now, we calculate the before/before component of
the interference term, defined by y*, 4" € (—oo, z{]. In this domaln the effective propagator
is free and the ¢ dipole factor S,; is equal to 1. Using (3.114)) to represent the free propagator,
one ends up with the following result:

d3 Naab/b —OésCF d2f]¢ e“ILXi iy (ky—
+dk+d2kl = Re / /dQuLe thima) g (u,) (3.184)
_aSOF dQQJ_ COS(QJ_XJ_) —(k1 —q1)?
: e — — o1
= [Q? / e @ CP\T @ (3.185)

where we use again the harmonic approximation to get the second line. Combined with the
before/before direct terms calculated in ([3.139)), the divergence in 1/¢? due to the before /before
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term of the on-shell spectrum is cured by the cos(q; X, ) factor:
. BN 2a,Cp [4r / d*q1 1 —cos(q1 X 1) —(kL —qu)?
= — exp | —————
aP e @) e g U@

which is a perfectly well defined integral. The factor 1—cos(q, X ) now cuts the long wavelength
emissions with |¢, | < 1/|X | before scattering. Physically, the very soft gluons do not resolve
the onium and are thus suppressed.

(3.186)

3.4.2 Medium-induced emissions from a colour singlet antenna

In this section, we consider a colour singlet gq antenna. We are interested only in the medium-
induced spectrum from this antenna. We leave the study of the vacuum-like pattern to Section
.43 As we are only interested in the medium-induced component, we shall subtract the
vacuum limit § — 0 of our result as in the discussion of the LPM effect in the previous section.

Let us first define an antenna as an eikonal ¢q pair created at a fixed vertex with light cone
time z7 = xaﬂ with fixed opening angle 6,;. The corresponding classical trajectories are:

(@) = (@ um (@ =), u (@t - ag)) (3.187)

(@) = (@ a (@7 —ag),a (e’ —xq)) (3.188)

Let us choose our z axis aligned with the direction of motion of the center of mass of the ¢g
pair. The opening angle 6,; of the pair is related to the transverse velocities v, and @, from
the relation p? = 2EFE(1 — cos(0,5)) with p = (p+p) =~ (p/ + ') and E, E the respective energy
of the quark and the antiquark. Thus, 2p#p,, = pTp* (1 — cos(fy;)). Finally, using the relation
P =prut,

62
2utt, =1 — cos(fyg) ~ % (3.189)
in the small angle approximation. The product 2u*u, = 2u™ + 24~ — 2u, u, is also equal to
(uy — 1wy )? since u? = u? = 0 or equivalently 2u~ = u% and 2u~ = 4, (massless partons).

For an antenna, the ¢g dipole factor S,; has a simple expression, in the small angle limit
and harmonic approximation. From (3.175)), one gets

Sea(y") = exp (—%93(1 /y d€ ga(6)(& - a:g)2> (3.190)

3.4.2.1 The energy spectrum

In a first place, we are not interested in the transverse momentum dependence of the gluon
spectrum. In the previous section, we have seen that the off-shell spectrum associated with the
emission from a quark created at x{ is divergent once integrated over k. To get a meaningful
result, a subtraction of the vacuum radiation pattern is necessary. So, we aim at calculating:

ey LT (P S [ 3.191
dk+ + ( A+, im0 dk+d2kl) (3.191)

"The generalization to any value of xj is straightforward.
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where the i/i label refers to the in/in term where y*, §* > 2§, since the antenna is created at
this time.

We work within the multiple soft scatterings and harmonic approximations. For symmetry
reasons, the k| -integrated spectrum for direct emissions by the quark or the antiquark is exactly
the same as the one calculated in Section . It is given by the expression (3.151)).

The interference term is more complicated as one cannot avoid the difficulties due to the
phases. As the only dependence on k; is inside the Fourier transform factor exp(ik v, ),
the integration over k; gives a Dirac delta function (27)26® (v, ). The final result, for the
interference term, is:

dNaa d3 Naa-i/i d3 N9a-i/i
Et = [, (kFF——— — limkt —— 3.192
dk+ / + ( Akt %k, iso dk+d2kl) (3.192)

+
—a,Cr > Y (taat —S.a(yh) + g+ _
— 2R dut dite sl 9" [ =299 ) o(y™57) (1 + gt

™ e/m; ’ / v Sy L ewnT)
1

—f-meqﬁo(zﬁ,yﬂ(l +¢o(y+,y+))) (3'193)

with the functions ¢ and ¢ defined as (in the small angle approximation):

+ =) — _ik+9§§(g+ - x(—)i—) 1 Cly",9%) =+ _ .+ 194
and
by, 7)) = lim oy",7") (3.195)
L2 (gt —a) [ gt ot
qq 0 ) 0
_ ; <1 I ?J*) (3.196)

From ([3.193)), one clearly sees that the unregularised interference term is divergent because of
the 1/S5? with S(y*,9) ~y* —y* as y©™ — yT.

Note that this expression is completely symmetric in the exchange ¢ <> ¢ so the other gq
interference term is also equal to . The expression can be further simplified using
the Wronskian relation . The € prescription can be removed as the integral is convergent,
and one can switch the order of integration, integrating first over y*. If we define the quantity:

(3.197)

then, the full interference term can be expressed as a single integral over §™:

ikteZ gt

dN1  —2a,C < dyt _kT04q 7+t g
Et i F‘ﬁe/o g%(sqq(g++x3)e i (1+Gw(y*>y+)(1+Goo(gj+)gj+)>

&+ -
20,Cr,, [ dgt _sotgt
+ =2 F%e/ D" (3.198)
m o Y

In the limit 6,; — 0, the interference term is exactly equal to minus the direct term. As
expected, colour singlet antenna with vanishing opening angle do not radiate.
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3.4.2.2 Time-scales in the interference term

Formula is general and valid for any continuous function ¢(¢). Combined with , it
allows for a straightforward numerical calculation of the medium-induced spectrum generated
by a colour singlet antenna. However, the different time scales involved in the integral are
difficult to extract without assuming a particular time dependence of §. In order to have an
insight on the physical content of the interference term, let us consider an infinite medium with
constant ¢(t) = ¢ created at x4 = 0. In this simple model, the function G, (7 ") is independent
of y*, since the medium is invariant by light-cone + translation:

Goo(y") = 1;”\/]: (3.199)

Note that an infinite medium with constant ¢ does not satisfy the assumptions made for the
calculation of the direct terms in the previous section, as the function §(¢) does not vanish
at large times. Consequently, the direct terms are ill-defined in this model. Nevertheless,
as we shall see, thanks to the suppression mechanism of interference due to decoherence, the
following formula with the upper boundary set to the characteristic length of the medium is
a good approximation for the interference term in a finite medium. That said, the present
discussion for the interference term is meant to illustrate the time scales characteristic of the
interference pattern. The complete formula becomes:

AN®  20,Cp [ di Lo .
k* e /0 n [e p( 514 A \/qkﬂf 0.0 )

(e

gt . (kb POV GET qt Kt | 105V akT
( g (e >_<1+\/k+2)cos( T )
ktto?,
qq
+Cos< y )} (3.200)

The last term is the vacuum subtraction required to have a well-defined integral because of the
singularity at t = 0. One can now identify four time scales in the expression ([3.200) (see also
the detailed discussion at the level of the k; unintegrated spectrum in [91]).

1. The vacuum interference time ?;,. is the characteristic time scale for interferences of
vacuum-like emissions: interference occurs when the transverse size of the dipole 0,4t; vac is
shorter than the transverse wavelength ~ 1/k, of the emission. For vacuum-like emissions,
ki ~ kT6. Using 0 = 0,5 in the relation 1/k; = 0yt; vac, this gives the following expression
for t; vac:

2

Uhvae = ——o 3.201
) k_+6)gq ( O )

This scale is the only one remaining in the limit ¢ — 0 (that is why it is really a vacuum-
like time scale), and corresponds to a purely imaginary phase in formula (3.198]) or ([3.200]).

2. The medium induced interference time t; neq is the characteristic time scale for inter-
ferences of medium induced emissions. Instead of using k; ~ k', in the relation
1/k; = O44ti med, o€ uses the typical transverse momentum at formatlon K f.med ~ (GkT)/4
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of medium-induced emissions, cf. (3.155)):

2 23/4 (3.202)
ti med = = 3.202
¢ kfgqq (qk+)1/40qq

This time scale appears in the exponential suppression factor in (3.200]) as well as in the
imaginary phase seen in the sine and cosine functions.

3. The medium induced formation time ¢4 ,.q discussed in the previous section:

| 2K+
tfmed = 7 ] (3.203)

This time scale is the only one involved in the direct terms (besides the length L of the
medium, see below).

4. The decoherence time coming from the dipole ¢g factor Sy;. For a constant ¢, S, can be
calculated exactly:

1 1
S,q(t) = exp (—ﬂq%qtg) = exp (—é(t/tcoh)g) : (3.204)

4\ 13
tcoh:( > (3.205)

~N2
05

It is independent of the energy k™ of the emission.

The numerical prefactors for these time scales have been chosen so that they are equal at a
special energy scale wy(6,5) defined by:

wo(0yq) = ( 24 ) v (3.206)

Oz
The ordering of the four time scales is the following:

tf,med < teon < ti,med < ti,vac if & < WO(qu)

tfymEd Z ZfCOh Z Zfi,med 2 ti’vac lf k+ Z C,L)O(eqq) <3207)

with equality for k™ = wy(fy;). In terms of these time scales, the interference term for constant
¢ in an infinite medium reads:

k+qu‘7 20,Cp 1 /°° dt{ < 1( t >3 1 ( t >2> "
= — q €exX - = i
dk+ m \/Etf,med 0 t P 6 \tcon 16\/§ ti,med
t 1 t 2 t 1 t 2
tsin (g + v () )~ (Yot +0)eos (51— + o5 (7))
|: 2ti,vac 16\/§ ti,med fomed 2ti,vac 16\/§ ti,med

)} (3.208)

+\/§t f,med COS (

1,vac
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3.4.2.3 Discussion

Now that we have identified the main time scales in the interference term, we would like to
discuss the effect of this term on the full medium-induced spectrum as a function of the opening
angle 6,; of the dipole and the energy k* of the medium-induced emission. Thus, we need to
re-introduce a characteristic path length L of the antenna through the medium so that §(¢)
vanishes when ¢ > L. We shall consider only emissions with k¥ < w,, i.e tfmea < L, so that
all the approximations made to derive the BDMPS-Z spectrum (direct terms) are valid.

As a first step, we need to understand how the four time scales involved in the uninte-
grated medium-induced spectrum are related with the length L. We now call this unintegrated
medium-induced spectrum the “medium induced rate” for the following reason. In the regime
k* < w,, the BDMPS-Z spectrum is proportional to L/t ¢ meq. Hence one can interpret ¢ ¢ meq as a
(constant) rate for medium-induced emissions that can occur everywhere over the characteristic
length L:

LN 20,CF [ G 20,Cp 1
dktdt — 7« Ak T /2 mea

AN L 2N 20,Cr [w
Et = dt k™t == ¢ 21
dk+ /0 dk+dt P 2%+ (3.210)

as shown in (3.154]). Thus, the direct emission rate depends on the medium induced formation
time only, whereas the interference emission rate depends on the medium induced formation
time and the three other time-scales t; vac, tcon and t; meq appearing in the exponential, either
as real or imaginary phases. These three phases depends on 0,.

Now, from the formula , the interference rate exactly cancels the direct rate for all
t < L if the exponential is equal to one for ¢t < L, i.e if the three following conditions are
satisfied: t; vac > L, teon > L and t; mea > L. Fortunately, the conditions t.., > L implies the
other two. Indeed, the condition t.,, > L is equivalent to wy(6,4) > w. since:

wob(dg:q) B (tCLoh>2 (3.211)

As we consider only emissions such that k™ < w,, we see from that the three time scales
teohs tivac and t;meq are ordered as follows teon < timed < tivac. Hence, if teon > L, one has
also t;vac > L and t; meq > L. The condition t.,, > L can be expressed more naturally as a
condition on the dipole opening angle ,;. Defining the critical angle 6, such that t..n(0.) = L,
the decoherence time is much larger than the characteristic length of the medium if 6,; < 0.,
with

(3.209)

so that

2
qL?

ﬁ

0, (3.212)

To sum up, when 0,; < 6., there is no exponential suppression of interferences and the inter-
ference term cancels the direct terms: the medium-induced spectrum is strongly suppressed for
a colour singlet dipole. The case t.on > L < 0,3 < 0. is simple then: for a colour singlet initial
state, the medium-induced spectrum vanishes. For a colour octet initial state, one can show
that the medium-induced spectrum is equal to the medium-induced spectrum of a gluon. This
leads to the following general statement: when the opening angle of the dipole is smaller than
0., the dipole emits medium-induced gluons as a single colour charge depending on the initial
colour state of the dipole [91], 124] [125].
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Medium-induced emission rate Medium-induced antenna spectrum
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(a) Medium induced emission rate from a ¢g an- (b) BDMPS-Z spectrum from a ¢¢ antenna.

tenna.

Figure 3.4: Interference effects in the medium-induced spectrum from a colour singlet antenna for a
static medium, in the regime w < w,.. On the left plot, the medium-induced rate is represented
as a function of the dimensionless time t/t.o}, for several values of w = k™. The large time limit of the
rates is twice the constant BDMPS-Z rate for a single quark. On the right plot, the integrated rate
(between 0 and L) is represented as a function of w/wy(645). The dotted lines correspond to the soft
limit of the BDMPS-Z spectrum for a static medium multiplied by a 2.

Let us now focus on the other regime L > t.n < 04 > 0.. These inequalities are also
equivalent to wy(fy7) < w.. Consequently, the characteristic energy scale wy(6,5) belongs well to
the multiple soft scattering regime. One can trust formula ((3.200) even when the medium has
a finite length since the rate vanishes when t > L > t.,, due to the exponential decoherence
suppression. Combining all the terms together, the full medium-induced rate from a colour
singlet antenna in the regime 0,5 > 0, and k™ < w, reads:

d*N  4a,Cp | g 1 1
+ _ s A 2_ 3 _ - Alat42 2_
Vara T Ve {1 +exp (= gt = VAR ) X

kTto? 2602 \/qk+ 4k+ 1 kTto? 202 \/qk+
[Sin( Dt qng )_<\/ P ¥+1>COS< TR qqsq )

[1hr1 k62,
oo <T> (3.213)

In the regime L > t.on, since wo(fy;) < we, one has to distinguish two cases: either
kT < wo(fyg) or we > kT > wo(b,5). In the case kT < wp(f,5), the interference rate vanishes
for ¢t > t.on and the other time ¢; peq and ¢; yvac are irrelevant because of the ordering .
In the limit L > t.,,, after integrating the full rate between 0 and L, the net result is an
incoherent sum of the emission spectrum by the quark and the antiquark. If L 2 t.., one
observes numerically a small suppression due to the interference rate integrated for ¢t < t ..

The case w, > kT > wy(f,4) is more delicate, because the interpretation of as
a formation rate is ambiguous. Indeed, from the ordering , the interference rate is
controlled by t;,. and thus becomes oscillatory. This is shown Fig. [3.4a] The exponential
suppression of the interference is controlled by ¢; ,ea. The interference spectrum obtained after
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integrating the interference rate between 0 and L gives the average of the oscillatory integral
which is typically zero. Consequently, the full spectrum is again twice the spectrum of a single
colour charge. Thus, even if the rate interpretation of when w, > kt > wy(f,g) is
not allowed, the integrated spectrum is still the incoherent sum of two BDMPS-Z spectra, as
shown Fig[3.4b| because the interference is a quantity proportional to ;meqa < L suppressed
with respect to the direct terms.

3.4.3 Decoherence effects in the vacuum-like radiation pattern

In the previous subsection, we have discussed the effect of the interferences on the medium-
induced radiations only, as the standard vacuum radiation pattern was subtracted off in order
to have a convergent k, integral. The effect of the medium on the vacuum-like radiation
pattern from a colour singlet antenna is the subject of this last subsection. We will comment
the potential overlap between these two calculations in due course.

In the vacuum, we have seen in Section that the radiation pattern of a colour singlet
dipole presents the property of angular ordering: no radiations are allowed outside the opening
angle of the dipole. This is a consequence of quantum interferences associated with the colour
coherence of the dipole. In the medium, the ¢g dipole factor S,; washes out the colour coherence
of the dipole so we expect non trivial effects on the vacuum-like radiation pattern.

Calculating the full differential emission spectrum d®N/dk*d?k, from a colour singlet an-
tenna is complicated and the final result is not as simple as the differential emission spectrum
from a single quark. However, one can easily understand the effect of the factor S,; on the
vacuum radiation pattern with a simple calculation. This is the subject of the first subsection,
where we explain the effect of decoherence with a simple toy model. In the second subsection,
we consider the same antenna as in Section [3.4.2] but we constrain the gluon to be vacuum-like
by choosing a kinematic regime in which the formation time is either very short or very long.

3.4.3.1 Shockwave limit of the emission cross-section from onium scattering

Let us first consider again the scattering of the onium briefly discussed in Section [3.4.1.4 How-
ever, the onium is now highly virtual, that is both the quark and the antiquark are created
at light cone time xj = 0. This toy model enables to understand the main features of deco-
herence in the medium. Since the transverse size of the dipole is fixed to |X |, contrary to
the antenna where the transverse size increases with time as 0,4t, the interference criterium is
simply | X, | < |1/k,| and does not depend on time.

In the vacuum, the full double differential cross-section, after integration over the azimuthal
angle is:

d®N¥e 4a,Cr 1

L Fﬂ(l ~ Jo(X1k1)) (3.214)

When k; > 1/X, the spectrum behaves as an incoherent sum of two Bremsstrahlung spectra.

On the contrary, when k;, < 1/X, the spectrum is suppressed and vanishes in the limit
k 1L — 0.

In the presence of the medium, the radiation pattern is modified. We are not interested
in the medium-induced emission generated by the scattering. Consequently, we can take the
shockwave limit of the full spectrum, that is L — 0 with Q* = ¢L fixed. The medium is a
brick with fixed length L and constant ¢, starting at & = 0. In this limit, only the out/out
term with y™, 4" > L — 0 contributes to the spectrum for a g pair created at g = 0. The
out/out direct terms are trivial and give one 1/k? term for the quark and the antiquark. Let
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us calculate the out/out interference term:

d3 N4a.o/o —a,Cr oo yt -
t = ST R / d +/ dyte s g (y+ — 3.215
dk+d2kl (27T)2k+2 ¢ I Y I y e QQ(y OO) ( )

x/dQULeikL“lﬁéLoL%LXlgo(er,yL—i-uL;yJ“,yL) (3.216)

—a,Cp exp ( 1, 2> cos (Xlkl>

- X
L—0 72 QX1 k2

1 (3.217)

The exponential is entirely due to the factor Sy; associated with the decoherence of the ¢g pair.
The full off-shell onium spectrum in the shockwave limit reads, again after integration over the
azimuthal angle:

k*d;jévh = 40‘:?%((1 —Jo(Xiki)) + (1- e 19 )gp(X0k1))  (3.218)

This expression is very simple. For small dipole, with X | < 1/@Q;, the decoherence factor
has no effect as long as k; > @), and the spectrum becomes identical to the vacuum spectrum
(3.214)). However, if the dipole is large enough, namely X, 2 1/Q;, the long wavelength
radiations, with k; < 1/X, are not forbidden anymore by the interferences. Indeed, the
spectrum behaves as (1 — exp(—Q?X? /4))/k,. The factor exp(—Q?X? /4) can be interpreted
as the survival probability of the dipole in a colour singlet state, configuration which forbids

long wavelength emissions. A numerical evaluation of (3.218)) is shown Fig. .

3.4.3.2 Decoherence in the antenna radiation pattern

Let us now turn to a more physically relevant scenario: the emission of a vacuum-like gluon by
a qq antenna inside a dense medium. On may wonder why the medium would play any role in
the emission of a vacuum-like gluon. The situation is pretty much like for our off-shell onium:
the decoherence of the pair may lead to a modification of the vacuum-like radiation pattern,
destroying interferences and hence allowing extra radiations.

Vacuum-like emissions with very short formation time. To understand more precisely
the effect of Sy5, we try the following exercise: we replace the effective propagators Ky, and
Kgq by the free vacuum propagator gg and we neglect the subsequent transverse momentum
broadening. As we are interested in vacuum-like emissions (VLEs), these simplifications do
not drastically change the physical picture of the vacuum-like antenna radiation pattern for
emissions such that:

we < kT <<pT T, Qi< kL < pL,DL (3.219)

Note that that this limit is different from the soft limit considered in [89, 90]. We focus here on
vacuum-like emissions with a very short formation time, hence occurring inside the medium.
The formation time is so short that the formation process cannot be triggered by the multiple
soft collisions, as it would take at least a time tf 04 for producing it in this way. We will
see in Chapter [5| that the kinematic constraints are actually too strong: in-medium
VLEs satisfy k; > (2¢k*)"/* instead of (3-219). We leave for further studies the question of
whether the calculation below gives a good estimate of the in-medium VLE pattern also in this
regime. As a last comment, we emphasize that this kinematic regime was not considered in our
discussion of the medium-induced spectrum by an antenna since we assumed k' < w..
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Decoherence effect on the onium spectrum
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(a) Gluon spectrum from an off-shell onium in the
shockwave limit. The red curve is the spectrum
in the absence of decoherence effect: one observes
a strong suppression for k; < 1/X . The blue
curves show the numerical evaluation of
for several values of ;. For large values of Qs
the interference pattern is destroyed, and small
k., radiations are copiously emitted.

Numerical evaluation of Eq. (3.227)
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(b) Numerical evaluation of the formula (3.235)).
The green curve corresponds to the approxima-
tion . The medium parameters are fixed
whereas the kinematic of the emission is varied,
showing that decoherence induces out-of cone ra-
diations with respect to the vacuum (red curve).
We have deliberately chosen k™ not in the regime
to highlight the effect. Actually, as shown
in Chapter [5 out-of-cone radiations are always

suppressed if (3.219) is enforced (dotted curve).

Figure 3.5: Decoherence effects on colour-singlet dipoles with two different geometries: the “onium”

geometry (left) and the antenna (right).

In this limit, the sum of the direct terms is an incoherent sum of two Bremsstrahlung

spectra:

k+ d3Ndirect _ asCF
dk+d%k, w2

1 1
(kl — k"‘UL)Z + (kJL — k’+uL)2)

(3.220)

o asCF +
Com2kt Kty

1
ki,

where the transverse momentum k; has been shifted to take into account the change of coor-
dinate system due to the geometry of the antenna. The ¢ interference term has the following

structure:
d3 qu — Qg CF

+ _
dkt+d?k,  4m2kt2

(kJ_ — kJrUJ_)(k'J_ — ]{3+17,J_)

><29%ej€ dg*h/l dyte W I G () e uyT R I (3 997)
Yy

with 2kTk*u, = (k. — k*uy)? In the vacuum, i.e without the factor S, the ¢g and the gq
terms combine to give the famous antenna radiation pattern discussed in Section |3.1

L AP _ aCp 1 N 1 _»2(kL——k+uLﬂkL——k+aL)
dk+d2k1 2 (]CJ_ - k?""lLJ_)z (/{?J_ - k+ﬂl)2 (k]_ — k+UJ_)2(/€J_ — k’+'aj_)2
_&Cr by (3.222)

2m2 (p”k#)(ﬁ“k:#)
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If the medium has a size L and constant ¢, the integral is cut at g = L. The piece
with & > L gives the same contribution as with an additional factor S,;(L) [89, Q0]
corresponding to the survival probability of the dipole in a colour singlet state after a time L
and a phase cos(k*(u, — u,)L). The piece with y* < L cannot be calculated analytically:

LAPNw —20,Cp ( 1
dk+d®k,  4m2kt2 (kruy,) (k)
1 1 L 1
+ < ) / dy* sin (k‘“(ﬂu — uu)@Jr) exp ( — éu”uMquJ“S)} (3.223)
0

Kty kP,

ki —ktuy )k —kTay) [ cos(k"(u,, — u,)L)S,4(L)

with Sgs(L) = exp(—§utu,GL*) ~ exp(—(044/0.)*/6).

With this expression, the discussion is pretty much the same as in the onium case. When
the opening angle of the dipole 6,; is small, i.e. 6,; < 0., the survival probability S,;(L) ~ 1
as well as the exponential inside the integral. Consequently, the two terms in (3.223)) gives the
standard vacuum interference spectrum so that the full spectrum is the vacuum one (3.222]).
Large angle soft emissions are suppressed (angular ordering) because of the interferences.

However, if 6,; > 6. or equivalently L > t.., the factor S ;(L) vanishes. One can safely
take the limit L — oo for the integral in the second term of (3.223). After the change of
variable k(u — u)y" — t, one gets:

L+ d*Nartar  —20,Cp (ky — kTuy)(ky — kTay)

~ Loo(k* 3.224
dk+d?k, — 4m2kt2 (kruw,) (K a,) oK) ( )
and the integral Z,; defined by:
e 1 utu
S / dt sin(t) exp (—— m—_ (jt3> 3.225
qq( ) 0 ( ) 6(]{;”<uu_uu))3 ( )

With this form where the standard vacuum interference spectrum factorizes, it is clear that the
T, factor plays the same role as the factor exp(—Q?X? /4) for the decoherence of the onium in
the shockwave limit. It induces a mismatch between the direct terms and the interference term
which allows for large angle radiations outside the opening angle 6,5 To see that, we write the
full antenna radiation pattern in the limit L > t.,, as:

AN asCr P k*u, + kMG, — kT uta
+ ~ 5 = 1—7 (k" i i i 3.226
Tt~ - iy + (U Tuth) P B ) a2

Now, we want to show that the second term is precisely the large angle contribution due
to the rapid decoherence of the gg pair while propagating through the medium. There is one
difference with respect to the onium case: the factor 1 — Z ;(k*) is dynamical since it depends
on the kinematic k* of the emission. To understand more precisely how, we estimate this factor
neglecting the exponential inside the integral for ¢ > t.,, and replacing it by one for ¢ < t.op.
One finds:

k-(2—w)tcon
1 =T (k") ~1— / dt sin(t) (3.227)
0

= cos (k- (@ — w)teon) (3.228)

With this approximation, the antenna spectrum reads:

+

3N N a,Cr [( (VT ktu, + Eru, — utuy, (3.229)

~ = = +cos (k- (u— u)te ~ =
dktd®ky 2wkt | (k) (ked,) (k- Jtcon) (kkuw,) (kra,)
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with & = k /kT. This spectrum can be decomposed symmetrically into two components, each
component having a collinear singularity when k* is aligned with the quark or antiquark direc-
tion:

d*N d? N*lla d?N*lla
+ (k:+ + ) (3.230)

el S
dk+d%k, dk+d%k, + dk+d%k,
with

+ cos (k;“(ﬂu — uu)tcoh)

L ENHle 0 Op 1 (u“ﬂu—i—ff“ﬁu—iﬁ“uu

1 /;“uu + l%“ﬂ# — ufuy,
dk+d®k,  2m2k+?2 (kruy,) (kma,,)

(];;uu#)(]}u@#)
(3.231)

and similarly for the antiquark term, with u <> @ exchanged. Now, we average d* N*/l over the

azimuthal angle ¢ around the quark direction. The following geometrical relations are useful:

2utu, =1 — cos(f,3) (3.232)
2kHu, =1 — cos(6,) (3.233)
2k 1, = 1 — cos(fy) = (1 — cos(B,5) cos(8,)) — sin(f,4) sin(6,) cos() (3.234)

where 0,/ is the emission angle with respect to the quark/antiquark direction. After averaging
over ¢, the first piece gives the standard angular ordered spectrum, whereas the second is more
complicated:

d*N*le  o,Cr  sin(6,)
kKt = g 6,) — cos(f,q
dk*dé, w1 —cos(6,) <®(COS( o) = c05(0s))

+Jo(|za]) cos(z1) + (cos(yq) — cos(by)) / %Coi\(fl_;fé;o(ig;b))) (3.235)

with 1 = 2k teon c08(0y) (1 — cos(0yq)), w2 = kT teon sin(fyq) sin(b,), A1 = 1 — cos(byq) cos(6,)
and Ay = sin(f,;) sin(6,). The remaining ¢ integral can be estimated neglecting the phase inside

the numerator:
/@cos(ml —xgco8(d))  Jo(|za]) cos(w1)
2 A — Aycos(¢) | cos(6,) — cos(B,9)]

This approximation enables to put the antenna pattern in the following compact form:

(3.236)

+d2N’“H‘1 _ asCp  sin(6,)
dk+de, w1 —cos(6,)

(@(cos(é’q) — c08(04g)) + Jo(|2]) cos(21)O (cos(0yq) — COS(QQ))>
(3.237)

With respect to , the latter formula is even more transparent because the geometry of the
emission is explicit: the term proportional to ©(cos(f,5) —cos(f,)) corresponds to the radiation
outside the cone, which would be forbidden in the vacuum. The amount of radiation with 6, >
6,7 is controlled by the factor Jo(|xa|) cos(z1). In analogy with the factor 1 — exp(—k? /Q?) for
the onium toy model, we call it the decoherence factor Ay .. In the small angle approximation:

1 1
Asg,, = Jo (§k+tcoh9q9qq> cos (Zk+tCOh6§q) (3.238)

teon Oug 1 teo
=Jo ( hﬂ) oS <— b ) (3.239)
ty O, 2t vac
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Out-of-cone radiations scale with t.on0,4/(t78,) in the short formation time limit, for 6,; >
f.. Note the somehow unexpected 6,;/0, geometric factor. In Chapter Section we will
generalize this calculation to multiple emissions. We will show that the kinematic constraints
(3.219) — and also the less strong condition k; > (23k*)'/* — actually impose that the factor
Ay, vanishes, so that in-medium VLEs with short formation times remain angular ordered!

Vacuum-like emissions in the long formation time limit ¢; > L. This is the limit
considered in [89,[90]. For these emissions as well, one can approximate the effective propagators
K4 and Kz, by the free vacuum propagator G} and remove the broadening factor S, because
these emissions come from a time integration domain where there is no medium any more.
More precisely, the out/out interference term where y* > L and §* > L dominates in the
infrared limit, and is precisely given by the first term of formula . Taking the limit
k*(u* — u*)L — 0 in this out/out term, corresponding to the regime k*02L, kT62L < 1 i.c.
ty > L, one gets the full spectrum in this limit:

kfu,, + k*a, — ktura,

K+ (k) (k) ) (3.240)

3N asC pHp
~ —F (< E___ 4 (1—S,(L))

kt ~
dk+d®k, — 272 \(prk,)(prk,)

leading to the following spectrum, once averaged over the azimuthal angle around the quark
direction for instance:

INHle o, Cr  sin q
Lt (Cilk]JYqu — 7TC — C(();)eq) <@(cos(9q) = cos(Qqq)) + (1 — Sqq(L))@(cos(qu) — Cos(Hq))>

(3.241)

This time, the decoherence factor Asg . = 1 — Sy4(L) is not dynamical (as in the onium toy
model), in the sense that it does not depend on the kinematic of the emission in the soft limit.
For large antenna 6,; > 0., 1 — S;3(L) ~ 1 whereas for small dipole 1 — S ;(L) ~ 0. The
physical interpretation is the following: after propagation through the medium over a distance
L, the antenna does not remain in a colour singlet state with a probability 1 — S,3(L). Thus, a
gluon with formation time ¢; > L can be emitted at any angle, with a probability 1 — S ;(L)
(“anti angular-ordering” effect [89, 90]). To conclude, we emphasize that these emissions are
included in the calculation of Section since the subtraction of the limit § — 0 removes only
the angular-ordered vacuum-like pattern. The resummation of such emissions is considered in

Chapter [5}Section [5.2]



Chapter 4

Jets in vacuum and jets from
medium-induced emissions

With respect to the previous chapter, where we have computed cross-sections for one emission,
this chapter deals with multiple emission cross-sections. At first sight, one may wonder why
such cross sections are important at all, since multi-particle production comes with sub-leading
powers of ag, which is supposed to be small. This reasoning is true to some extent. In certain
regions of the phase space for emissions, that we shall specify in this chapter, the smallness of
as may be compensated by a large dimensionless parameter so that the standard perturbation
theory breaks down. Consequently, being able to estimate such cross-sections is crucial to
improve the precision of our calculations.

How is this related to jets? The concept of jets has originally been developed to give a
precise meaning to non fully inclusive cross-sections in perturbative chromodynamics, without
relying on the concept of hadrons which are not under control in this regime. Once a well-suited
jet definition is provided, a theorist can calculate in pQCD any jet cross-section at a given order
in as. Jets are object with a rich “internal structure”, which can be defined either in terms of
the hadronic content of the jets, or even better, in terms of subjets. There is now an increasing
interest in such observables related to the internal structure of jets. As we shall see, once one
knows how to calculate multiple emission cross-sections, it is straightforward to calculate jet
substructure observables.

The first section of this chapter is a textbook recap on jets in the “vacuum”, that is in
electron-positron annihilation and proton-proton collisions. The second section makes the link
between multi-particle cross-sections from an off-shell parton in the soft and collinear region of
the phase space and jet substructure calculations in the vacuum. The third section is dedicated
to the multiple branching regime for medium-induced radiations from an incoming on-shell
parton. The emphasis is put on the mathematical similarities between these two distinct
regimes.

4.1 Jets in e"e” annihilation and pp collisions: generalities

Perturbative quantum chromodynamics has quarks and gluons as elementary degrees of free-
dom. However, due to confinement, these degrees of freedom are never directly measured in
experiments as they do not constitute the asymptotic states of the theory. Instead of deal-
ing with quarks and gluons to calculate physical observables such as cross-sections, a way to
circumvent this problem is to deal with jets.

83
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4.1.1 IRC safety and jet definitions

A standard calculation and experimental test of pQCD is the inclusive ee~ annihilation into
hadrons cross-section and its ratio with respect to u™pu~ production. For this fully inclusive
observable, there is a well defined and reliable a; expansion of the cross-section written in terms
of Feynman diagrams with partonic final states, even if the experimental final states are hadrons.
This is a consequence of the Kinoshita-Lee-Nauenberg theorem [126, [127] which guarantees the
cancellation of infrared divergences for inclusive observables over QCD degenerate states and
thus, a reduced sensitivity to hadronisation corrections.

If one wants to go one step further and calculate more exclusive processes in pQCD, it is
necessary to build observables which are protected by the Kinoshita-Lee-Nauenberg theorem.
Such observables are generically called infrared and collinear (IRC) safe. The precise definition
is the following: let us call V,,(k, .., k,,) the functional constraints on the n-particle phase space
(k; is the 4-momentum of a particle) that define the value of this observable at a given order
(related to n) in a,. For the cross-section oy associated with this observable to be well defined,
i.e. without infrared singularity, to all orders in perturbation theory, V must satisfy:

1. V(Z,]), Vn+1(k1, ..,]{Ii, ..,kj, ..,kn+1) — Vn(kl, ,kl + ]{fj, ..,/{?n+1> as ]{Zz and k’j become
collinear, in the sense of (3.1)).

2. \V/Z, Vn+1<l{71, . k?i, . kn—l—l) — Vn(k17 . ki—lu ki+1, )kn) as ]{/';u — 0.

Sterman-Weinberg jets. Historically, the first IRC safe exclusive observable calculated in
pQCD is the Sterman-Weinberg dijet cross-section in ete™ annihilation [I128]. This dijet cross-
section is defined as the cross-section for events such that all but a fraction £/s, £ < 1 of
the initial energy /s is deposited within two cones of opening angles R. This cross-section is
fully inclusive with respect to soft and collinear gluon emissions. The famous result for the
differential cross-section per solid angle d*Q = sin(#)d¢d# in the laboratory frame, obtained by
Sterman and Weinberg, is

dO'Q,jet dO'O OCSCF 7T2 5 2
- 1— (41 R)1 3log(R) + — — 240 ,R) O 41
Tt 20 (1= 2 (4log(R) log(€) + 3log(R) + & — = + O(6, R)) + 0(?) ) (41)
to first order in a, with a; evaluated at /s. (doy is the Born level cross-section.) Higher order
corrections O(a?) have been calculated [129]. This observable is also the first jet definition. A
jet definition is a systematic way of organizing the final state so that any exclusive jet cross-
section is always IRC safe.

Modern jet algorithms. Nowadays, more practical jet definitions are used in the high
energy community (see [I30] for a modern review on jets). They have the advantage of being
easily implemented in experiments and more convenient for higher order theoretical predictions.
The most used are jet definitions from a sequential recombination algorithm, such as the £,
Cambridge/Aachen and anti-k; algorithms. The basic idea of these recombination algorithms
is to cluster final state particles together iteratively, according to a given rule, until no particle
remains. The final clusters are called jets.

A sequential recombination algorithm makes use of a distance measure between final state
particles and a recombination rule when merging particle together. The distance measures are
a little bit different in eTe~ collisions and in pp or AA collisions, essentially because one does
not know a priori the total energy of the collision of the two partons inside the protons. We
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focus here on the more relevant pp or AA case, and we provide the definition of the “generalized
k¢ algorithm”, based on the distance d;; between two particles and a beam distance d;p:

dij = min(pg“{)iapggij)AR?j ; AR?;‘ = Anizj + Aﬁb?j (4.2)

dip = pg’],?iR (4.3)

where AR;; is the distance between i and j in the rapidity-azimuth plane and (p, R) are free
parameters. Starting from a list of final state particles — called pseudo-jets in this context —
the algorithm then goes as follows,

1. Iteratively find the smallest distance among all the d;; and d;p:

o If the smallest distance is of d;; kind then pseudo-jets ¢ and j are removed from the
list and recombined using the recombination scheme into a new pseudo-jet k, which
becomes part of the final state pseudo-jets.

e [f the smallest distance is a beam distance , pseudo-jet i is called a jet and removed
from the list.

2. Go back to the previous step until all the pseudo-jets in the list have been exhausted.

The standard recombination scheme (“E-scheme”) consists in simply adding the 4-momenta of
particles ¢ and j to get the 4-momentum of k.

For p = 0, this algorithm is called Cambridge/Aachen [131], 132]. The declustering sequence
is ordered in angles. For p = 1, it is called the k; algorithm [I33] and the declustering sequence
is ordered in k;. For p = —1, this algorithm is known as the anti-k; algorithm [134]. One can
check that any n-jet cross-section in the sense of this jet definition is an IRC safe observable
(provided that a lower cut-off is imposed on the transverse momenta of jets).

4.1.2 Resummation of large logarithms and matching

Even for IRC safe cross-sections with a well defined expansion in powers of oy, each order of the
perturbation may go with a large dimensionless parameter of the form log(Q/Qy) where @ is a
hard scale and @ a soft scale (often introduced to make the observable IRC safe). Such large
logarithms, remnants of the infrared singularity of the theory, may spoil the convergence of the
perturbation series in the region of the phase space where ) > )y. Formula exhibits this
kind of behaviour: for very small jet radii R, |a,log(R)| > 1 so that a fixed order calculation
is not enough to get an accurate answer.

Under these circumstances, an all-order resummation is required to take into account all
the terms in the full perturbation series which are enhanced by large logarithms (for jet cross-
sections with small radii, this program has been carried out in [I135]). In the next section, we
will obtain resummed results for several jet substructure observables.

It is enlightening to understand more precisely the general structure of a resummed result.
Let us first define the cumulative cross-section X, for the observable defined by the Ve
constraints on the n-body phase space:

v 1 dO'V
b = dv' — 4.4
V(U) /0 v ovo dv’ ( )

where v is the value of the observable (without dimension for this discussion) and oy, is the
Born level total cross-section for V. For a certain subclass of IRC safe observables (see [136], 137]
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for more details), and in the region of the phase space where L = |log(v)| > 1, the resummation
exponentiates with the following form:

Ev(fﬂ) = exp (Lgl (asL) + gQ(QSL) + asQS(asL) + O(a2+2Ln)) (45)

where «; is evaluated at the hard scale @) of the problem. The functions g; are analytic
functions that resum to all orders powers of a,L ~ 1. From this general structure, one defines
the logarithmic accuracy as follows: at leading logarithmic (LL) accuracy, one keeps only the
Lg; term, at next-to-leading logarithmic (NLL) accuracy, one keeps the Lg; + go terms and
so on. In this thesis, we define the double logarithmic accuracy as the leading logarithmic
approximation where the strong coupling is fixed. This corresponds to the first order expansion
of g1(z) ~ ¢1(0)x, so that:

@)t
Yy (z) = ZO T(%L ) (4.6)
where the double-logarithmic all order resummation is explicit. The double logarithmic ap-
proximation is physically insightful because the resulting formulas are often very simple.

Matching with fixed order calculations. We emphasize that such a resummation is re-
quired only in a region of the phase space where logarithms are large. To obtain an accurate
answer all over the phase space, resummed and fixed order results must be combined according
to a matching scheme. Such a matching scheme must avoid double counting between terms
included in the all order result and terms in the fixed order.

4.2 Jet substructure calculation

The previous discussion was rather abstract in order to keep things as general as possible. In
this section, we would like first to make concrete this resummation for the special case of jet
substructure observables. The “coherent branching algorithm” defined in the first subsection
provides an intuitive way to resum multiple emissions thanks to an effective classical branching
process. The second goal of this section is to give some vacuum benchmark results for the
second part of this thesis where we analyse these observables in heavy-ion collisions.

4.2.1 The coherent branching algorithm

The coherent branching algorithm enables to calculate multi-partons QCD amplitude squared
in the phase space where such emissions are enhanced by large collinear /soft logarithms, taking
into account the coherence property of soft gluon emissions [138], 139, 140}, 141]. Its precision
depends on the process and the observable under consideration. For example, in e*e™ annihi-
lation, it is accurate at NLL in the relevant phase space region where the thrust or the jet mass
distributions are enhanced by large logs [142]. Yet, it is generally accurate at LL, and some
NLL corrections are included as well, but not all of them: single logarithms and non-global
logarithms from multiple soft emissions at commensurate angles are missing for instance.
The algorithm relies on the following results, valid at least to LL accuracy:

1. The probability distribution for multi-particle production from a highly virtual parton in
the soft and collinear regime can be generated by a classical Markovian branching process.
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2. The evolution variable for this process is the angle of emission with respect to the parent
particle, in order to account for the strict angular ordering of soft gluon emissions.

3. The rate of the branching process is given by the leading order O(ay) cross-section (dif-
ferential in the transverse angle) for producing one other parton from a virtual parton,
in the collinear regime. This cross-section is averaged over the azimuthal angle of the
produced particle:

(/ﬁ) do

0

with ®%(z) the DGLAP splitting functions given in Appendix , z the splitting fraction
of parton b, and k; = z(1 — z)pTQH

A*Pb(2,0) = —=2d%(2)dz (4.7)

To be useful in realistic applications, this algorithm has to be combined with fixed order cal-
culations for producing the initial partons with transverse momentum pr. Hence it is assumed
implicitly the factorization between the exclusive hard cross-section and the decay of the pro-
duced partons into soft and /or collinear emissions. Note that because of the azimuthal average,
informations about the direction of the produced particles in the transverse plane with respect
to the initial parton 3-momentum are lost.

Let us define the generating functional for a jet initiated by a parton ¢ = ¢, q, g, with
transverse momentum pr and time-like virtuality squared t* = zo(1 — 29)p%0%. 2 and 0 are the
energy fraction and opening angle of the first splitting. Yet, the generating functional depends
only upon 6,

Zi(pr, 0 | u(k Z/d?’k;l Al (k) u(ken) P (ky, s ki) (4.8)

where PZ-(”)(k’l, .., k) is the probability density for exclusive production of particles with 3-
momenta ki,....k, and u(k) is an auxiliary profile function. Probability conservation ensures
that Z;(pr,60,| u(k) = 1) = 1. The complete knowledge of the generating functional enables
to calculate any multi-parton inclusive cross-section. For example, the probability distribution
D;(k) for measuring at least one parton with 3-momentum £ in the final state is given by:

0Zi(pr, 0 | u(k))

Dik) = ou(k) u=1

(4.9)

The Markovian property of the branching process leads to the following master equation
in backward form, known as Modified Leading Logarithm Approximation (MLLA) equation
[102, 143]:

(‘3Za(§)0Tg;9 |u) - Z/ dz ®%(> a, (k1 )(Za(zp:r,9 | w)Zy((1=2)pr, 0 | w)—Zi(pr, 6 | u))

(4.10)

where the sum runs over all distinct pairs of partons (a,b). This master equation has a simple
probabilistic interpretation [144]. The first term is a gain term associated with the splitting
of a i-jet into two subjets with splitting fraction z and 1 — 2. The second term is a loss term
associated with all possible splittings of the initial jet 7. The factor 1/2! is a symmetry factor

'We assume a purely transverse initial parton and work in the small angle approximation.
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to avoid a double counting of decays. The logarithmic derivative with respect to 6 enforces
the angular ordering. In order to regulate the collinear divergence as 6 goes to 0, and to avoid
the Landau pole in the running coupling, one puts by hand a transverse momentum cut-off
kr > k) min in this equation. Then, the initial condition for this differential equation is

Zi(pr,0 — 0| u) = u(pr) (4.11)

in agreement with the fact that on-shell partons with ¢ = 0 cannot radiate.

4.2.2 Jet fragmentation function

The jet fragmentation function D(x) is defined by the number dN of jets having one constituent
with transverse momentum fraction = pr/prje, between z and x + da:

1 dN

D(x) = —
(x) ]Vjets d(L’

(4.12)

normalized by the total number Njes of selected jets. This observable is not IRC safe but it
remains nonetheless a relatively simple observable. The price to pay is a strong sensitivity of
any calculation in pQCD with respect to the infrared cut-offs involved in the calculation. Also,
even if D(x) is itself IRC unsafe, its evolution with the hard scale (i.e. the pr of the jet) can
be obtained from pQCD.

In this section, we investigate the predictions of the coherent branching algorithm for this
observable. We will ignore subtleties related to the fixed order calculation and matching with
the resummed result. Hence, we focus on the following problem: starting with an off-shell
parton with transverse momentum p; decaying inside a cone of opening angle 6, what is the
inclusive probability D;(z|pr, ) of measuring a parton with transverse momentum fraction z
in the final state?

This quantity is easily obtained from the generating functional:

0Zi(pr, Olu(k))

Sl (4.13)

D;(x|pr,0) = /dgk 5(/<:0 — xpr)

u(k)=1

From (4.10)), it is straightforward to write the corresponding evolution equation for D;(z, Q =
prB) (the sum over pairs (a,b) is implicit):

D;(x, ! (k2 1 1
oD [ M) [10,(2.20) + 1Dt 1-21Q) - D)
(4.14)
with initial condition D;(x,Q = 0) = §(1 — x) — recall that the condition k; > k| i is
enforced. Once the solution of this equation is found, it should be evaluated for Q) ~ prR
where R is the opening angle of the jet.

4.2.2.1 Solution for z ~ 1 with NLL corrections

In this subsection, we look for the asymptotic form of D;(z,Q = prR) when z is close to 1. In
this regime, it is more convenient to consider the cumulative fragmentation distribution, defined
as

1
Ei(x,pTR)E/ da'D;(z', prR) (4.15)



4.2. JET SUBSTRUCTURE CALCULATION 89

When x ~ 1, the perturbative expansion of the cumulative fragmentation distribution receives
contributions enhanced by two types of logarithms: the collinear logarithm Ly = log(proR/k 1 min)
generated by integrating over emission angles within the range ki min/pro < 0 < R and the soft
logarithm L = log ﬁ generated by integrating over soft gluon emissions with energy fractions
z within the range 1 —2 < z < 1. One has Ly > L, since all emissions must obey z0pro > k| min
for any z > 1 — z and any 6§ < R. Taking the value of the running coupling at the largest scale
as the small parameter, ag = a,(prR) < 1, the perturbative series can be organised as follows:

log(Xi(x | pr)) = Lg1i(aoL, agLo) + g2.:(co L, cgLo) + O(agH log™) (4.16)

where Lg;; and go,; resum respectively all the leading-log (LL) terms af log"™ and the next-
to-leading-log (NLL) terms af log" with n > 1, where log means either L, or L.

Now, let us sketch the strategy to find the functions ¢; and g,. To the accuracy of in-
terest, one can neglect the quark/gluon mixing terms. The MLLA equation for the quark
fragmentation function reduces to

QaDgg, Q) /01 12 2B )0 0, — ) ED@ZQ) - Di@,@)} (4.17)

The standard way to deal with Eq. is to go to Mellin space D;(x, Q) — l~)q (7, Q) where the
integro-differential equation is linear-differential. From the properties of the Mellin transform,
x close to 1 corresponds to j — oo. More precisely, log(j) ~ —log(1 — x), so we keep all terms
of the form af log(j)™ ~ 1 in the exact solution. The details of the calculation are given in
Appendix

The results for the resumming functions g; and gy are

‘ G B 1 —26pu log(1 — 26yu)

g1,i(u,v) = B [1 log (1 — 2500) = (4.18)
o augl,i . . 8ug1,i Cle _

g2,i(u,v) = Vg 5 log {F(l ™ >] + Y log(1 — 25yv) (4.19)

where I' is the Euler function, fy = (11C4 — 2ny)/(127), B, = —3/4 and B, = —11/12 +
nsTr/(3N.), with n; the number of active quark flavours.

The LL piece is rather easy to understand: this is the would-be standard double-logarithmic
(DL) approximation in which successive emissions are strongly ordered both in energy fraction
z and in emission angle 6, however amended by the running of the coupling (as — as(k1)).
To this LL accuracy, one can assume that a single emission — the first one in the DL series,
which is soft relative to the leading parton, but much harder than all the other emissions —
dominates the jet fragmentation function near x = 1. Indeed, the even softer emissions do not
count for the energy balance of the leading parton, hence they are not probed by D;(x | pTR)
Accordingly, the probability (|1 of finding the leading parton with an energy fraction 2’ > x
and z close to 1 is equal to the probability of having no emissions with an energy fraction larger
than 1 — z, which is exactly the Sudakov factor at this accuracy:

2
Yi(x,prR) = exp ( Ci / dz/ —ozs (k1 )O(kL — kl,min)) (4.20)
11—z

with &, ~ 20pr. Formula (4.20) gives precisely the function g; given in (4.18)).
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Vacuum cumulative fragmentation function

anti-k¢(R = 1), pro =200 GeV, Kk} min = 0.25 GeV

Figure 4.1: The cumulative fragmentation function ¥;(z|pro) for quark (i = ¢) and gluon (i = g)
initiated monochromatic jets in the vacuum. The MC calculations from JetMed (see Chapter @ are
shown with solid lines, and the two analytic approximations, LL and NLL, by dotted and dashed lines,
respectively. Actually, the gluon NLL curve includes corrections due to quark/gluon mixing which are
formally beyond NLL accuracy, as explained in Appendix E

4.2.2.2 Solution at small z at DL

We now turn to the solution of at small x to DL accuracy. This solution will be partic-
ularly useful when we will discuss the medium modifications of the jet fragmentation pattern.
At DLA, one only resums logarithms of the form aglog® where this time, log means either
log(1/x) or log(prR/k i mn)-

For later convenience, let us introduce the following function T;(w, 0y | pr, R):

dDi,GQ (W | pr, R)
dé,

where D, g,(w | pr, R) = D, g,(w/pr, prR) and D, is the solution of with initial con-
dition D;(z,prfy) = 6(1 — x). The function T; has a simple probabilistic interpretation: it is
the number density of emissions with energy w and angle 6, with respect to the parent parton
in the branching process. Such a branching process is pictured on Fig. [{.2}eft for a quark
initiated jet. At DLA, energies and angles with respect to the emitter are strongly decreasing.
It is also convenient to represent a given realization of the branching process on the (w, #) phase
space for emissions, shown Fig. [4.2}right. In the vacuum, this phase space is only limited by
the constraint k£ > k| min.

To simplify the discussion, we focus on gluon initiated jets. The corresponding calculation
for quark jets is similar. The integrand I(z) in the right-hand side of equation has the
property I(z) = I(1 — z) so we can use the relation

E(wa 00 ‘ pPr, R) = _we[)

(4.21)

/01 I(2)dz = 2/01(1  I(2)dz

to put the singular behaviour of the splitting function ®9? at z = 0 only. At DLA, one neglects
the energy recoil of the leading parton by setting (1 — 2)pr =~ pr: the real term with argument
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(pr, R)

0 0
S | vacuum e ?)
/ w1 w3 £ PHASE SPACE
/ 3
! = | (wa, B)
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01> 6y > 03 |
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Figure 4.2: (Left) A given realization of the branching process that matters at DLA for the intrajet
multiplicity. The parton sourcing the jet is a quark. (Right) The logarithmic (w,#) phase space for
intrajet gluon emissions in the vacuum. Each emission in the cascade shown on the left is represented
by a red circle with coordinates (wj,6;). The green line is the lower cut-off in the evolution, given by
kJ_ ~wl = kj_’min.

(1 — 2)prf in (4.14) associated with the fragmentation of the hard-branch cancels against the
virtual term. We approximate also k; ~ z() so that the evolution equation becomes simply:

dDgg,(w | pr,0) _ /1 & as(zprb)
0log(0) " -

®99(2)(1 — 2) Dy g, (w | zpr. 0) (4.22)

/pr

The lower bound comes from the fact that D,(w | pr, 0) obviously vanishes when w > pr. Equa-
tion is convenient to include corrections beyond DLA (see Chapter [5}Section [5.3.1.2)).
At DLA, it can be further simplified using a,(k1) = ap and ®99(2)(1 — z) =~ 2C4/z. By
definition, T; satisfies the same evolution equation, with a different initial condition though:
Ti(w, 00 | pr,6o) = 2090Ca /T = 2a5. Integrating over § between 0y and R, this equation can be
written:

91 1

The series expansion in power of a, of the solution to (4.23|) can be obtained iteratively using
(4.23). One then recognizes the series expansion of the following function:

R del ! le
Tg(w, 90 | pPr, R) = 26[5 + 20[5/ —_ / — Tg(w, 0 | 21pr, 81) (423)
6o w/pr *

T,(w, 00 | pr, R) = 26,1 (2\/2@5 log(pr/w) 10g(R/90)> (4.24)

with I,, the modified Bessel function of rank n. Equation (4.24]) is the building block for the
calculation of the gluon distribution with a medium at DLA.
From , one can easily obtain the solution of with the condition &k, = xprby >
k| min by inverting equation (4.21)), [102} 145, 146
n dd,
xDy(z,prR) = / — Ty(zpr, 6y | pr, R) (4.25)

k1 min/(zpT) 90

2, log 222l og 1 1 R
— J/a. b 27 7, (9, /24, log  log T2 (4.26)
g IOg o x 1 ,min
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Fragmentation function at small x

I quarkI gluon
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pro =200 GeV,R=0.4 ’,’ MC
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Figure 4.3: Fragmentation function at small . The curves referred as “DLA” correspond to the
double-logarithmic result whereas the curves referred as “MLLA” include running coupling and
hard-collinear contributions. The MLLA curve are obtained from a numerical resolution of the partial
differential equation (5.94)) equivalent to the MLLA evolution equation following the method developed
in Section The solid curves are JetMed calculations for comparison (see Chapter @

We have written the final result in a way that makes the double-logarithmic resummation clear.
The most striking feature of Dy(x, prR) is the maximum at Thump = /KL min/(pPrR) and the
collapse at small energies. One would naively expect that the multiplicity rises at small x
due to the 1/z behaviour of the Bremsstrahlung spectrum but colour coherence forbids the
multiplication of soft gluon emissions.

It is possible to include some NLL corrections to formula such as those coming from
the running coupling or from the hard collinear emissions. As in the z ~ 1 case, one possible
method consists in going to Mellin space and solve the linear-differential equation. However,
there is no known analytical solution in z space in terms of usual functions. In Chapter [3]
Section [5.3.1.2] we use the partial differential equation method to obtain some NLL corrections
shown in Fig. 4.3]

4.2.3 Subjet observables

As emphasised in the last section, the fragmentation function defined by Eq. is not an
IRC safe observable when computed in perturbative QCD. In the experiments, this observable
is defined from final state hadrons whose theoretical description transcends pQCD. In our
simplified treatment, which ignores hadronisation, the partonic cascades have been forced to
terminate at a lowest transverse momentum £ i, which mimics the QCD confinement scale
Aqcp. The precise value of this scale is not well defined and results turn out to be rather
strongly sensitive to its variations (see e.g. Eq. (4.27))).

In this section, we investigate a set of observables relying on the concept of subjets [147]
(or [148] for a detailed review). Subjets, as jets, are IRC safe objects so there is a possibility
to design an observable both IRC safe and sensitive to the intrajet structure. The analytical
results obtained to LL accuracy will serve as benchmark formulas when we will discuss the
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corresponding observables in heavy ion collisions.

4.2.3.1 The Soft Drop z, distribution

For completeness, we first recall the definition of the Soft Drop (SD) procedure [149]. For a
given jet of radius R, SD first reclusters the constituents of the jet using the Cambridge/Aachen
(C/A) algorithm [I3T]. The ensuing jet is then iteratively declustered, i.e. the last step of the
pairwise clustering is undone, yielding two subjets of transverse momenta pr; and pry separated

by a distance ARy = /Ay?, + Ag?, in rapidity-azimuth. This procedure stops when the SD
condition is met, that is when

S mnmopr) () (4.27)

219 =
pr1+ Pro R

where z.; and 3 are the SD parameters. If the condition is not satisfied, the subjet with the
smaller pr is discarded and the declustering procedure continues with the harder. With the
above procedure, ¢, and z, are defined respectively as AR5 and 25 for the declustering which
satisfied the SD condition. When the procedure exhausts all declusterings without meeting the
SD condition, we set 6, and z, to zero. Furthermore, one can impose a lower cut-off 6, > 0.
This is commonly used for Pb-Pb collisions at the LHC.

The distribution is IRC safe when § < 0. The limiting case = 0, for which the SD
procedure coincides with the modified MassDrop Tagger [147] is peculiar: the distribution is
not IRC safe but “Sudakov safe” [150].

We then study the differential z, distribution for a jet initiated by a parton of flavour ¢
(quark or gluon). We can consider two possible normalisation for the z, distribution: the “self-
normalised” distribution, p;(z,), and the “ Njes-normalised” distribution, f;(z,). The former is
defined such that

1/2
/ dz, pi(zy) = 1. (4.28)
which is equivalent to normalising the z, distribution to the number of jets which pass the SD
condition and the optional cut on 6,. The latter is instead normalised to the total number of
jets, i.e. the normalisation includes jets which fail either the SD condition or cut on the §,.
The coherent branching algorithm enables to calculate the z, distribution in a intuitive
way. Let us calculate this distribution to LL accuracy. At this order, the splitting functions
(summed over final states) can be approximated by 2C;/z where C; is the Casimir factor of
the representation of the leading parton. With this simplification, the branching rates
become
2C;a5(2zprd) dz do

T z 0

d*Py(z,0) = (4.29)

Then we introduce “Sudakov factor” A;(R, §,), which is the probability to have no emission at
any angle between ¢, and R satisfying the Soft Drop constraint:

Ai(R,6,) = exp (- /0 0 /0 4 P00 (s zcut(Q/R)5)> | (4.30)

The z,-distribution is obtained by considering the probability for both z, and 0,, marginalised
over 0. The former is simply expressed as the probability to have no branching between 0,
and R times the probability of a branching with 6 = 0, and z = z,, so that
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1 R
Divac(2g) = 1= AR 6) /cht d0, Ps(z,,0,) Ai(R, 0,)0(2, — zeuwt(0y/R)P), (4.31)

where we have included an optional cut 6, > 6.,. The overall factor (1 — A;)™" enforces the
normalisation condition (4.28) and would be absent for f;(z,).

To discuss the underlying physics of the z, distribution, it is helpful to consider the fixed-
coupling approximation. One can then easily perform the angular integration in . We
give the results for 5 < 0 and 6., = 0 in such a way that the DL resummation is clear [I50]:

2ypi(29) = Vo FL (ag logz(Zzg), oo 10g2(2zwt))@(zy — Zeut)s (4.32)

Frfi(uw)z\/geiﬂ [Erf( iﬁ“) —Erf( iﬂ“)

with Erf(z) the Gauss error function. The limiting case § = 0 is singular since there is no
apparent o dependence. A direct calculation of (4.31) when 6., = 0 or the limit 5 — 0 of

.32) give,

(4.33)

1/24
log(1/(22cut))

This results makes clear that the z,-distribution provides a direct measurement of the splitting
function.

pi(zg) = O(2g — Zeut)- (4.34)

4.2.3.2 The ngp distribution

The ngp distribution p;(ngp) relies on a generalization of the SD procedure called Iterated
Soft Drop [I51]. Iterated SD proceeds by iterating the Soft Drop procedure, still following the
hardest branch in the jet, until all declusterings have been exhausted. ngp is then defined as
the number of declusterings passing the SD condition. It is a particular case of recursive SD
(rSD) which is essentially the same technique: instead of following the hardest branch, rSD
proceeds recursively through the full branching tree (see also [152]).

From the coherent branching algorithm, if we neglect the energy recoil of the leading parton
— assumption which is valid to LL accuracy — the emission of primary partons is a Poisson
process where the angle plays the role of time. Thus, the random variable ngp follows a Poisson
distribution whose parameter p; 11, is simply given by the integrated rate over the phase
space available for emissions passing the SD cut [151].

pnsn
pi(nsp) = e~ PuL 2k (4.35)
nSD
2C; dH
pz L, = ZPT9 cut (436)

Wwith Ocy = O(2 — zent(0/R)?). This simple estimate of the ngp distribution will be useful when
we will discuss its nuclear modification in Section [@.3.1]
4.2.3.3 A new fragmentation function: the ISD fragmentation function

From the ISD procedure, one can build an IRC safe generalisation of the fragmentation function
based on subjets and not on final state hadrons: the ISD jet fragmentation function, Digp(z).
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This new observable fixes IRC issues of the fragmentation function while keeping the same
fundamental phenomenology. It is defined as the number d Nigp of subjets passing the SD cut
through the ISD procedure, with a momentum fraction z between z and z + dz and normalized
by the total number of jets integrated over a suitable range in pr je:

1 dNisp

Disp(@) = =,
jets

(4.37)

Note that this definition is directly similar to the primary Lund-plane density [153], [154],
p(6, k1), integrated over all angles 6 satisfying the k| . condition at fixed = =k /(0pr jet)-

The way the ISD algorithm proceeds requires a slightly different master equation for the
generating functional Z;(pr,0 | u) of primary emissions than the one presented in (4.10).
Indeed, ISD always follows the hardest branch in the declustering, so the subsequent branchings
in the softer branch can be ignored. This leads to a simplification of the master equation, which
now reads:

aZ pTae ‘ U
8log Z/

(a,b)

) 0 ®(2) (u(=)Z26((1=2)pr. 0 | W)~ Zi(pr. 0| w)) (4.38)

With respect to (4.10)), note the integration range between 0 and 1/2 to account for the fact
that ISD follows the hardest branch with splitting fraction 1 — z. Moreover, as we will be only
interested in the splitting fraction z of the emissions, the probing functions u depend only on
the splitting fraction z.

As for the fragmentation function analysed in details in Section [£.2.2] let us first consider
the ISD fragmentation function D;sp(z | pr, ) of a leading virtual parton of type i € {q,q, g}
with initial transverse momentum pr and decaying within an opening angle 6, together with
its cumulative version ¥, 1sp(2 | pr, 0):

0Z;(pr,0 | u)

Di,ISD(Z | pr, 9) = 5u(z) )

1/2
Ei,ISD(z | pr, 0) = / dZ, Di,ISD(Z/ | Pr, 0) (439)
At small z, we expect large logarithms of the form L = log(1/z) or Ley, = log(1/zey) that must
be resummed to all orders. This resummation is organised as usual:

Yisp(z | pr, R) = Loy (aOL ozoLCut) + gNiL (aoL achut) + O(af ™ 1og™) (4.40)

but, interestingly, it does not exponentiate as in (4.5]).

Leading-logarithmic analysis. At leading logarithmic accuracy, one neglects the energy
recoil of the hard branch Z,((1 — z)pr, 0 | u) ~ Z,(pr,0 | u). However, contrary to the case of
the fragmentation function at large x, the quark-gluon mixing terms matter to LL accuracy. At
this level of precision, k£, ~ zprf when appearing in front of the singular part of the splitting
functions and k, ~ prf when appearing in front of the finite part of quark-gluon mixing terms.

From the master equation , one easily gets a set of three coupled differential equations
for D; which can be reduced to two coupled differential equations defining D= (D, D) with
Dp = (D,+ D;)/2 and D4 = D,. Using the standard variable @ = pr6,

81;11502((26,2?) _ 2?}% Ozs(ZQ)@ QSETQ) (_fﬁF _f}’A) BISD(Z7Q) (4.41)
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with fr the finite part of the splitting functions:

1/2 1/2
o= /0 =00(z)  fa=2 /0 dz 909(2) (4.42)

The initial condition of [{@.41)) is D(z,Q = 0) = 0.
One can find a solution of this first order linear differential equation. The complete calcu-
lation is given in Appendix [El The full LL result is:

2Dpisp(z | pr, R) = Wﬁ)(%ﬂ aoLeut) + Wﬁ(%fa aoLeut) (4.43)
fo(u,v) = ;—510 log <1 + 2760(”0 + (B — 1)u)> (4.44)
frtfa 280
~ (28ou) *Po 1+ 22 (v —u) fr+ fa 1 fr+ fa
fl(u,v) B 7o [B ( 280u 1+ 27 By 0) =5 <250U’ b 27 By ’O>

with B(z,a,b) the incomplete beta function and R = A, F if R = F, A respectively. With
the full LL result , one can notice that the second term in Eq. associated with
quark-gluon mixing is not really numerically important. Consequently, when we will study the
nuclear modifications of D, 1sp(z | pr, R), we will approximate the LL formula by:

20, [fdo
ZDR,ISD = CRfo(OéoL, OéoLcut) = TR 7 Oés(ZPTQ)@cut (4-45)
0

This result has an interesting property: it coincides with a naive calculation in which one
assumes that the jet is made of one soft collinear emission. This is a specificity of the LL
approximation that we will extensively use in the rest of this thesis.

NLL corrections. For completeness, we have also analysed some NLL corrections to the LL
result (4.43). At NLL, one cannot ignore the energy recoil of the hard branch but one can
truncate to the first order the (logarithmic) Taylor expansion of Dgisp(z, (1 — 2)@Q):

Dpisp(z,1og((1 — 2)Q)) ~ Dprisp(z,log(Q)) + log(1 — Z>8DRJ§I;()(;S$<Q))

The other NLL corrections included in the master equation (4.38|) that can be easily added to

the LL piece are the finite part of the splitting functions singular in z = 0 and the running

coupling corrections when k, is small using k; = zpp0 in the pieces where we ignored the z

dependence at LL. With these corrections, formula (4.41]) has the following solvable form:
8BISD(27 Q) as(Q)

- C as(Q) (—fr fa\ R B
dlog(Q) = Chi(z, Q) + - ( fr _fA) Disp(z, Q) (4.47)

There are also other NLL corrections which are not taken into account in the master equation
(4.38]). First of all, one should use the two loop running coupling and include the singular part
at z = 0 of the two-loops splitting functions wherever it is necessary. This amounts to a simple
modification of the function Cyp(z, Q) in formula . The full function Cxir(z, @) and the
solution of from the variation of parameters method are given in Appendix |E, Moreover,
there are also NLL corrections related to clustering effects which occur when a non-primary
emission is clustered with the hard branch. These corrections are beyond the scope of this
simple analysis. Nevertheless, a complete NLL result would be very interesting for precision jet
physics in pp collisions.

(4.46)
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Figure 4.4: The ISD fragmentation function to LL accuracy (dotted curves) and with NLL corrections
(dashed curves) compared to JetMed Monte Carlo calculations of this observable. The LL results are

given by (4.43|) whereas the NLL formula used for this plot is given by the solution (E.18)) of (4.47]).

4.3 Jets from medium-induced emissions

The first section of this chapter was dedicated to jets evolving in the vacuum via iteration
of Bremsstrahlung emissions triggered by the virtuality of the initial parton coming from the
hard event. From a mathematical point of view, iterating vacuum-like soft/collinear emissions
is equivalent to an all-orders resummation of the large soft and collinear logarithms. We have
seen a couple of examples of such resummations through jet observables that we will study also
in heavy-ion collisions.

In this section, we present another kind of “jet” that happen specifically in a dense QCD
medium and we call it “jet from medium-induced emissions” because the emission process
which is iterated is not the Bremsstrahlung process associated with an off-shell parton but the
medium-induced spectrum studied in Chapter [3] associated with an on-shell parton travelling
through a dense medium (see [155] for a review).

4.3.1 The multiple branching regime: probabilistic picture

Before discussing the properties of jets from medium-induced emissions, we first review the main
constructing stages of the effective field theory for multiple soft medium-induced emissions in
a dense QCD medium [I56].

4.3.1.1 The branching energy scale wy,

In Section |3.3] we have calculated the medium-induced gluon spectrum from an on-shell quark
or gluon travelling through the medium. Focusing on the behaviour at small energy w = k™
(in light cone coordinates) in the case of a medium with fixed length L and constant density,
this spectrum behaves like:

dNpie @.Ca 2w,
w ~

4.48
dw T w ( )
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for an initial gluon. We recall that w. = GL?/2 is typically the largest medium-induced radiation
that can be formed over a time L. Without loss of generalities, we focus on gluon splittings in
this subsection.

Comparing with the standard Bremsstrahlung spectrum, one notes first that the transverse
momentum integral has been carried out: there is no collinear singularity associated with the
medium-induced gluon spectrum. However, this spectrum remains singular at small w. Of
course, there are several assumptions that lead to formula . Among them, one must
have w > wppy, with wpy ~ ¢ the Bethe-Heitler frequency below which the formation time
tr(w) = y/w/q of the medium-induced parton is smaller than the mean-free path ¢ in the
medium.

Is there nothing more behind this soft singularity? Actually, the physics related to this
singularity happens to be very rich. In the same way that the soft logarithmic singularity of
the Bremsstrahlung spectrum must be taken into account beyond the leading order, to all orders
in ay, there is a regime in which medium-induced emissions have to be resummed beyond the
leading order BDMPS-Z result. This regime occurs when the integrated BDMPS-Z spectrum
becomes of order 1. This trivial integration defines a new energy scale, the branching energy

Whr-
We dNpie 2w, _
N(w) = /w du’ W \/ —&f =0(1) = w~wy = agwc (4.49)

Even if wy, is smaller than w. by two powers of &, = a,N,./7, this “branching” scale is still
hard enough to be larger than wgy provided that the medium is large enough: ¢ < a,L.
When the latter condition is satisfied, there is a potentially large energy phase space such
that wpy < w < wy, in which the emission probability N(w) is larger than 1. In this regime,
one should not interpret the integrated BDMPS-Z spectrum as a probability, but rather as an
average number of emissions. Since this number is larger than 1 below wy,, this means that one
must also take into account the single BDMPS-Z process beyond the leading order: this is the
so-called multiple branching regime.

To get more intuition on the parameter that will be resummed to all orders through this
new branching process, we rewrite the condition as a ratio of time-scales:

L
N(w) ~ as—— (4.50)
ty(w)
Consequently, in the multiple branching regime, the parameter of order 1 which has to be
resummed to all orders is a,L/t;.

4.3.1.2 TIteration of medium-induced emissions

Now that we have recognized the necessity of taking into account multiple medium-induced
emissions, the next step is to understand how to calculate cross-sections in the multiple emission
regime. The pedestrian method of computing Feynman diagrams with multiple external legs
in the presence of the background field as in Chapter [3] would be a gigantic task. Actually, this
task is greatly facilitated by doing a couple of parametrically well-controlled approximations
that enable to calculate the multiple medium-induced emission probability from a classical
Markovian branching process. In this context, there are mainly three approximations necessary
to come up with this classical picture.

Colour coherence. The first one is related to the colour coherence of a medium-induced
“antenna” that could significantly modify the interference term involved in the calculation of
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the emission of one gluon by this antenna. By medium-induced antenna, we refers to a two-
gluon system associated with a medium-induced branching. In the vacuum, we have seen
that these interferences are responsible for the angular ordering constraint of the subsequent
emission, but to LL accuracy at least, this was not an obstacle to see multiple vacuum-like
emissions as a classical branching process (ordered in angle though).

For a medium-induced branching, we now show that the two offspring gluons lose their
colour coherence during a time comparable to the duration of the branching t¢(w). From
the antenna calculation done in Section [3.4 we know that the (de)coherence time is given
by teon(d) ~ (G6?)71/% where 6 is the opening angle of the antenna. For a medium-induced
branching, this angle is set by the transverse momentum £y acquired during the branching
process:

~

k2 w262~ Gty (w) = 0 ~ (%)1/4 (4.51)
where we have assumed — without loss of generality — that one of the offspring gluon with
energy w is softer than the other. Thus, one has t.on(67) ~ ts, equality which precisely means
that the medium-induced antenna loses its colour coherence during its formation. Now, a
subsequent gluon emission can occur with probability of order (a@;L/tf)* = O(1) in the direct
terms associated with independent emissions. However the interference term will be reduced
by a factor ty/L since the quantum colour coherence survives only during a time of order ;.
Hence, interferences are sub-leading in an calculation aiming at resumming all O((a,L/t;)")
contributions [122, 123]. This is the solution to the first obstacle associated with quantum
colour coherence.

Overlapping formation times. The second obstacle concerns the so-called problem of over-
lapping formation times [79]. If we now only focus on the direct term in the amplitude squared
for producing two medium-induced gluons with energy w, the two emissions may overlap in time,
changing the naive estimate obtained by squaring the probability for producing one gluon. We
would like to bring to light a physical regime enabling to neglect this possibility.

To do so, we would like to estimate the typical time ¢, between two branchings in a regime
where we can assume that they occur independently. Let us rewrite the leading soft behaviour
of the BDMPS-Z spectrum in a such a way that its interpretation as an emission rate is
transparent:

deie ds
w ~
dwdt  tp(w)
One recovers formula integrating this constant rate over a time L. If the emissions are
independent with each other, the no-emission probability Ape(At,w’) during At of gluons with
energies larger than some energy scale w’ follows the exponential law with parameter given by
the rate integrated over energies larger than w':

(4.52)

Amie(At, W) = exp ( _ At/ d_w Qg )

re (4.53)

The upper limit in the integration range, of order min(w, w,), is left intentionally blank since the
integral is controlled by the lower bound. w’ is a scale which will define the regime of validity
of the independent emissions picture. The probability A.(At,w’) vanishes for At > t,,(w')
with

tor(W') ~ tp(W') /s (4.54)

As suggested by our notations, ¢y, (w’) is the survival time of our parton with energy w without
emitting any gluons with energies larger than «’ (but smaller than w).
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With this estimate at our disposal, one can neglect overlapping emissions if the formation
time of the parton with energy w is much smaller than ¢, (w'):

ti(w) € (W) = W' > alw (4.55)

This inequality can be summarized as follows: given an emission with energy w, the overlapping
formation time problem is harmless if all other subsequent emissions have an energy much larger
than a?w. In terms of the splitting fraction z = w'/w, one must impose z > @2. This seems to
be a strong restriction since @, is not that small even in a weakly coupled medium. However,
we will see that the evolution equation governing jets from medium-induced emissions favours
“democratic” branchings instead of softer and softer branchings. Consequently, introducing a
lower cut off for splitting fractions does not change this picture.

Collinear splitting approximation. The last main approximation that greatly simplifies
the mathematical formulation of the multiple branching regime is the assumption of purely
collinear splittings. To be more precise, after the splitting, the two offspring partons share equal
fraction, respectively z and 1 — z, of both the initial energy and initial transverse momentum
carried by the parent parton. This means that the transverse momentum acquired during the
branching process is neglected and that all the transverse momentum of the emitted gluon is
acquired during the propagation through the medium — between the emission and the decay
— via collisions off the medium constituents.

We now find the regime of validity of this approximation. In the multiple soft scattering
regime, the transverse momentum acquired during the formation is k:J% = gty whereas the
transverse momentum acquired during propagation is k% = gty,,. Hence, the condition k; > k;
is equivalent to the condition that we have already discussed. In order to obtain a
typical value for the interval between two branchings which depends on w only, we shall use
thr = the(w) = tr/a,. Hence, the transverse momentum acquired during formation is suppressed
by one power of ag with respect to the transverse momentum acquired after propagation. We
point out that this argument rely on the fact that ¢, < L & w < wy, in agreement with
the multiple branching regime that we are discussing now. However, even for relatively hard
medium-induced emissions in the regime wy, < w < w,, this approximation remains valid since
in this case, the transverse momentum acquired after emission is typically Qs = v/¢L and the
condition gty < Q2 is equivalent to w < w.

Thus, in the collinear splitting approximation, the transverse momentum broadening comes
from multiple elastic collisions during propagation. It is worth mentioning that there is another
indirect contribution to this transverse momentum coming from the recoil of the parton while
radiating gluons [I57, 158, 159]. This recoil effect is dominated by hard medium-induced
emissions triggered by a single scattering with short formation time. For a parton propagating
over a distance L, it amounts to an additive correction to the typical momentum transferred (),
of the form a,N,Q,log?(LkgT,)/m where T}, is the plasma temperature and kT, the thermal
energy which is also the maximal energy that a medium constituent can transfer in a single
scattering. It is possible to include these corrections to the probabilistic picture that we shall
now expose in more details by a renormalization of the quenching parameter: these radiative
corrections are local and universal, at least to leading logarithmic accuracy [I11, 118, 160, [161].

4.3.1.3 Generating functional and master equation

We turn now to the construction of the master equation for the generating functional of the
multiple medium-induced emissions. We choose first to focus on purely collinear processes, so
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that transverse diffusions due to multiple rescatterings or elastic collisions are integrated out.
For observables averaged over transverse coordinates, it generates the right distributions. We
will discuss the angular (transverse) structure of jets from medium-induced emissions in the fol-
lowing section. Within the approximations listed in the previous section, one can calculate the
cross-section for multiple medium-induced emissions using a classical and Markovian branching
process with the following rules [I56]:

1. Successive emissions are independent and ordered in time. By time, one refers to the
light-cone “+” coordinates with the longitudinal axis defined by the direction of motion
of the parton triggering the jet. We note E the (large) + component of the 4-vector of
the leading parton.

2. The rate of the branching process is given by the BDMPS-Z spectrum rate (4.52)) amended
to take into account ¢ — qg and g — gg splittings and finite z fractions,

d*pre Kbe(2) 1w
amie _ a Owe — 2(1—2)E),  typ(w) = —,/% 4.56
dzdt 27t (2(1 — 2) E) (we = 2(1 = 2)E) br() as\ ¢ (4.56)
One can include running coupling corrections using oy (k,, = (§zE)Y*). The rate is

given for a medium with constant density (i.e. constant ¢). The case of a longitudi-
nally expanding medium will be discussed in Section [£.3.4] All the “in-medium” splitting
functions K%(z) are given in Appendix . Finally, the step function ensures that all
medium-induced emissions have an energy smaller than w,. as it should be.

We call Z™¢(ty, E' | u(k™)) the generating functional associated with this branching process,
to being the initial time. The definition is the same as the one given in Eq. , but the test
functions u(k™) depends only on the + component of the 4-momentum of the emitted partons,
since transverse informations have been integrated out. The generating functional Z™ follows
the master equation [156] 162]:

Zm1e q aslcab ) )
4 Zm (10, 2 B) 755 (1, (1 — E—Z?met,E]
oto 2|Z/ 1_Z[a(02) (to, (1 —2)E) — Z;"(to, E)

(4.57)

The initial condition for it is Z™¢(ty = L, F) = u(E). As for Eq. (4.8)), the endpoint singularities
are regularized with a cut-off 2 > €. From the discussion in , ¢ should be of order o?.
Nevertheless, the observable that we will discuss thereafter are finite when ¢ — 0, and hence
not sensitive to this cut-off.

In order to highlight the similarities and the differences between and (| . we have
written the former in backward form: ¢, < log(1/6). Besides the evolutlon parameter t, which
accounts for the ordering in time of the process, an other important difference with respect
to the MLLA evolution equation is hidden in the endpoint singularities: contrary to the
DGLAP splitting functions behaving like 1/z at small z, the singularity is stronger for the
medium-induced evolution ~ 1/2%2. As we shall now see, this will drastically modify the
picture of medium-induced cascades with respect to DGLAP cascades.
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4.3.2 Democratic fragmentation and turbulent energy loss

In this section, we simplify the full process described by in order to derive analytical
results for medium-induced jet fragmentation and get some physical insights on the behaviour
of the cascade. We first ignore quarks and assume that only gluons participate to the branching
process. We also simplify the branching kernel X99(z) using:

1 K9(2) N B 1
2C'4 2(1—2) = Ko(2) (z(1— z))3/2

(4.58)

Finally, we assume that £ < w, so that one can ignore the step function in (4.56)). The forward
evolution equation for the fragmentation function has a more simple form so we first rewrite
(4.57)) in forward form using the approximations specific to this section [156]:

—Méni;it’E) - /01 dz/dlﬁ%\/%i%(z) (u(zk*)U((l —2)k") —u(kﬂ)% (4.59)

with initial condition Z™¢(t = 0, E) = u(FE).
We want to find the evolution equation for the fragmentation function of medium-induced
jets Dy mie(z,t, E) defined by

0Z0e(t, E)

) (4.60)

Dymiel,t, E) = / dk* Skt — 2 B)

u=1

with the initial condition Dy mie(z,0, E) = 26(1 — z). From Eq. (4.57)), it is straightforward to
derive it, in terms of the dimensionless variable 7 = a,t\/q/FE, [156], 163]

ODgmic(,7) ! z T z
T = /O dz /Co(z) ;Dg,mie(;u7—> - ﬁDy,mie (xﬂ') (4‘61)

This is the rate equation for the fragmentation function of medium-induced jets. The corre-
sponding rate equation obtained from is of course equivalent. This equation is well-
defined without introducing any cut-off € in z because there is no true endpoint singularity. For
z — 0, the first term is harmless because D mie(x/2,7) = 0 for z < z and the second (“virtual”)
term is regularized by the z factor. For z — 1, the two terms are singular when separately
taken but the singularities cancel in the difference.

Physical discussion. This equation is particularly remarkable for several reasons [163].

e It admits a set of fixed point solutions D(x,7) = ¢/+/z for any constant c. In particular,
the single-emission BDMPS-Z spectrum belongs to the set of fixed point solutions. They
are called Kolmogorov—Zakharov fixed points and they naturally appear in phenomena
associated with turbulence.

e [t is exactly solvable given our initial condition. The solution is

: T -2
Dg,mle(w7 7—) - ﬁ(l - %)3/26 [ )] (462)

Using the final value Tyax = @sL/tf(E), one recognises the all order resummation of the
parameter @,L/t; which defines the multiple branching regime.
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e This solution has the following behaviour: at small times ¢ < t,,(F) it is strongly peaked
around z = 1. As time goes by, after t,,, the leading gluon is progressively degraded
into soft gluons that populate the soft modes of the spectrum. This soft part behaves
like T exp(—772)/y/z. The time dependence apart, the shape of the small x part of the
spectrum is close to a fixed point solution. The story is not over though: because of the
exponential factor, the amount of energy contained in every x > 0 bin of the spectrum
vanishes in the limit 7 — oo. This is paradoxical: recall that energy is conserved along
the branching process, even with the simplified kernel Ky. Then, where does the initial
energy go? It accumulates in a “condensate” located formally in the = 0 bin.

e One can calculate the energy accumulated in this condensate at the end of the cascade,
called €, fiow(Tmax), Dy energy conservation: it is the initial energy £ minus the energy
contained in the spectrum:

1
6g,ﬂovv(TmaLx) = /5 — /0 dx Dg,mie(xa Tmax) - E<1 - 6_27m)br/E) (463)

This relation enlightens the physical role of wy,. If F < wy,, almost all the initial energy of
the leading gluon will disappear in this condensate after propagation through the medium.
On the contrary, for £ > wy, (but smaller than w, by hypothesis), the initial energy is
shared between the remnant of the leading gluon and the small x part of the spectrum: in
this regime, the typical (event by event) energy loss by the leading gluon is wy,. This is to
be contrasted with the average energy loss as given by the BDMPS-Z spectrum which is
of order a,w.. Note that eqo, has also been obtained in the regime E > w,. not discussed
in this section [I64]. In this case, € aow = vwy, With v a constant.

e The endpoint x = 0 is beyond the regime of validity of Eq. . Recall that we must
impose at least * > wpy/F for instance, since this analysis relies on the BDMPS-Z rate.
One can also calculate the amount of energy that goes below the scale wpy/FE. As wpy is
of the order of the temperature in a weakly coupled plasma, this is the amount of energy
coming from the initial gluon that eventually “thermalizes” [165]. It happens that the
result is very close to Eqgw SO is actually a good estimate of the thermalized energy
loss.

e Equation (4.61]) has an other interesting property, related to turbulence. Besides the en-
ergy accumulated in the condensate, one can calculate the energy flux F(z¢, 7) transferred
from modes with = > xy to modes with = < xy (counted positively in this direction):

-0 !
F(xg,7) = —/ dz Dy mie(x, 7) = 277 ™ +“non-flow” (4.64)

or
o Fi flow

For all xg, there is always a non-zero component Fg.,, of this flux which is independent
of zy and that corresponds to the flow of energy transferred to the condensate. This
is characteristic of turbulent flows in ideal cascades in which the energy flux at some
energy is independent of the energy. This flow does not exist in DGLAP-like cascade
such as the cascade describing vacuum-like branchings. A crucial physical ingredient
for it is democratic branching: whereas DGLAP branchings strongly favour asymmetric
splittings, in medium-induced jets, the two daughters partons have comparable energies.
Turbulent flow constitutes a very efficient way to transport energy from high modes into
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arbitrarily soft modes. This scenario is obviously particularly interesting for jet quenching
physics.

4.3.3 Angular structure of medium-induced jets

So far, we have only discussed the longitudinal structure of medium-induced jets, ignoring its
transverse structure. However, understanding this transverse structure is crucial to answer the
following questions: what is the typical angle where the energy flow described in the previous
section end up? For instance, if the energy accumulated in the condensate is also transferred to
large angles with respect to the leading parton, then we have really an efficient mechanism for
large angle energy loss by jets that could eventually explain the behaviour of the experimental
data.

4.3.3.1 The general picture

In the collinear emission approximation (see Section , the transverse structure is dic-
tated by the transverse momentum acquired during the propagation. Including this transverse
momentum in the generating functional formalism as in (4.57)) is straightforward. First of all,
the generating functional Z™¢(ty, E,p,) and the test functions v depend now on the trans-
verse component p; of the 4-momentum of an emission. Then, the master equation for Z™¢ is
amended by a term that can change the transverse momentum p, of the initial parton [I56]:

~ a

0 Zmie g o, K2 (2
_ ? 1 Zmle t E Zmle t 1— E.(1-—
TPy / e EL [, 201) 20, 1= B, 1))

= szie(to,E,m)} +/d261¢ Ci(qL,to) 2™ (to, B, pL — qu)
(4.65)

\.

The collision kernel C;(q.,to) is related to the Fourier transform of the in-medium dipole cross-
section oy, cf. Sections |3.2.343.3.1.2;

2

Ci(qu,to) = —%Cm(%)(’d(%) (4.66)

In the multiple soft scattering regime and in the harmonic approximation, this collision kernel
simplifies, C;(q.,to) ~ —icji(tg)qi and leads to the diffusion of emissions in the transverse plane.
In this section, we will work within this simplified regime.

From , one can infer the evolution equation for the double-differential fragmentation
function D; yie(z, k1 ). Using the same kind of approximations as those used in the previous
section, it is even possible to get analytical results [166]. As we will study this equation
numerically via Monte Carlo methods in Chapter [0}, we follow here a different path and give only
the physical arguments enabling to get the angular picture of medium-induced jet evolution.

Actually, all the necessary ingredients for this discussion have already been given in Section
. Let us pick a final parton in the distribution D; pie(x, k) ) with energy w = xE. We
want to find its corresponding angle 6 ~ k, /w with respect to the direction of the parton
that has triggered the cascade. This angle is set by the time ¢,,,, of propagation through the
medium: A

0(torop) = Eollpep) _ v/l (4.67)

w w
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The different regimes will depend on the typical time ¢, of propagation. We assume a highly
energetic initial parton with £ 2 w..

1. If w ~ E corresponding to the leading parton case, the latter will most likely survive
after the medium-induced evolution. Hence, its propagation time through the medium is
toop = L and its final angle is typically 0 = Q,/E.

2. For w,, < w < we, the emission is not in the multiple branching regime. Hence, it
corresponds to a single BDMPS-Z like emission emitted directly by the leading parton.
We call it a primary medium-induced emission. This emission can occur everywhere
inside the medium, but the typical propagation time remains the same as for the leading
particle tpop ~ L, so that § = Qs/w. One sees that if w is hard-enough, such emissions can
remain inside the jet which is defined through a typical opening angle R. The criterion
isw > Q,/R.

3. In the multiple branching regime w < wy,,, the propagation time is precisely the branching
time ty, defined in [4.3.1.2, Hence, the typical angle of these emissions is

g \1/4
0(tr(@) = (55 (4.68)
Thus, these soft emissions are most likely deviated at large angles, outside the jet cone.
The corresponding criterion is w < (§/(@2R*))Y? = w,(R). This answers the question
which started this section: the energy €; o accumulated in the condensate (formally at
w = 0) is an energy deviated at very large angles and is consequently always a component
of the total energy loss by a medium-induced jet whatever its opening angle is.

From this general picture, one can find a better estimate of the energy loss ¢;(R) by a leading
parton with energy F 2 w,. outside a given angle R, taking into account both the semi-hard
primary large angle emissions and the soft emissions with x5(R) > ws(R)/FE [164]. Actually, one
can perfectly neglect the latter contribution as the energy contained in the spectrum between
0 and wy,/FE is much smaller than the energy accumulated in the condensate. Hence, to the
“turbulent” component of the jet energy loss given by , one must add the (average)
energy taken away by semi-hard gluons whose energies are larger than wy,, yet small enough
for the associated propagation angles 6 ~ Q)s/w to be larger than R. The (average) semi-hard
contribution to the energy loss is therefore obtained by integrating the emission spectrum over
w up to w = ¢.Qs/R, with ¢, a number smaller than one. We will see later that an average
value for it is ¢, = \/7/3.

SCZ' “ 2 c o br 2 sCi 2 *80 — o Lhr
€ispec(E, R) =~ - / dw\/%e v 2% We CR e VOB , (4.69)
0

™ ™

where we have also used ), = f.w.. Note that the above expression uses the BDMPS-Z
spectrum dressed by multiple branchings computed under the same assumptions as
yielding an extra exponential factor [163]. The R-dependence here is easy to understand: with
increasing R, more and more semi-hard emissions are captured inside the jet so the energy loss
is decreasing. Note that when R becomes as small as 6., all the MIEs are leaving the jet and
the average energy loss by the jet coincides with that of the leading parton.

The total energy lost by the jet under the present assumptions is

€;,MIE = € flow + €i,spec (47())
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where the subscript “MIE” indicates that for the time being only MIEs are included. Formula
will be very important to understand the energy loss by a jet including both vacuum-like
emissions and medium-induced emissions.

To conclude this discussion on the energy loss by a parton at large angles, let us comment on
the Casimir ¢ dependence of €; gow. The main observation of the previous section obtained for
gluon-initiated jets can be generalized to quark-jets as well [I67]: the small-z gluon distribution
within a jet initiated by a parton of colour representation R develops a scaling behaviour with
1/+y/z, the Kolmogorov-Zakharov (or “turbulent”) fixed point. For large-enough initial jet energy
E this scaling spectrum is identical to the BDMPS-Z spectrum created by a single emission,
hence proportional to the colour representation of the initial parton and to ¢ = ¢4 which is the
gluonic jet quenching parameter, proportional to C'4. Consequently, the scale wy, that appears
in Eq. depends on ¢ through the following relation:

W) = —CC AGL? (4.71)

One actually gets a factor a;,C; /7 associated with the emission from the leading parton, whereas
the other coupling asC'4 /7 refers to the turbulent energy flux of the emitted gluons and carried
away at large angles.

4.3.3.2 C/A declustering of medium-induced jets

As an exercise relying on the ideas exposed in the last paragraph, we want to show the following
property for medium-induced jets dominated by primary medium-induced emissions, that is in
the regime ws(R) > wy,: the generating functional of a jet constituted by primary medium-
induced emissions ordered in time is equal to the generating functional of a fictitious jet with
primary emissions ordered in angle and emission rate properly found in order to satisfy this
equivalence.

This fictitious ordering is exactly what a C/A declustering would reconstruct from final
states particles. As many substructure observables in the vacuum rely on C/A declusterings,
such as z, or ISD, this statement provides an insight on the values of such observables for
medium-induced jets, despite the lack of physical angular ordering.

To prove this statement, the first step is to rewrite using the z <> 1 — 2z symmetry
to integrate over z values between 0 and 1/2. As only primary emissions are considered,
one replaces the generating functional of the soft subjet by another independent generating
functional Z, prim(to, 2E, zp1 ) describing primary emissions:

aZimie Cj O'/Slcgb(z) mie
- 8t0 Z/ = \/m [Za,prim<t07 ZE7 ZpL>Zb (t07 (1 - Z)E7 (1 - Z)pL>

- szie(to,E,pL)] + /d2qj_ Ci(qi, to)Z™(to, E,p1 —qu1)  (4.72)

To simplify the discussion, we ignore quark/gluon mixing. We then neglect both the longitudinal
and the transverse recoils of its 4-momentum, thatis (1—2)F ~ E, (1—2)p, ~p, and ¢, < p,.
This is valid as long as E > w, since in this case, the splitting fraction z carried away by
a primary medium-induced emission is at most w./E < 1. In the multiple soft scattering
approximation, neglecting ¢, ~ (s amounts to neglect (), in front of p,. As the integral of
Ci(quL,to) over g, is 0 by symmetry, the collision term for the hard branch vanishes. Note that
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it is relatively easy to take into account the transverse multiple collisions for the hard branch
as well, but it is beyond the goal of this calculation.

With these approximations, the master equations for Z™e is exactly solvable given
the initial condition Z™¢(L, E,p,) = u(E,p.):

. q alegl
ZM =u(E,py)exp dto 1 Zg7prim(t0, 2B, zp)) — 1) (4.73)
- z

where we have set t) = 0. We must find the generating functional Zj pim(to, £,p1). By
definition of primary emissions, we can ignore subsequent splittings. Consequently, Z, vim
follows (4.65)) without the first term associated with branchings:

N 8Zg,prim (t(J? E7 pJ_)
Oty

= /d2ql Cg(QL7 tO)Zg,prim(t07 E,pL - QL) (474)

The solution of this equation with the initial condition Z, im(L, E,p1) = w(E,py) is

Zg,prim(t07 Eapl_) = /d2klu(Ea kL)P(kJ_ —Pu, tO? L) (475)

where P(q.,t, L) is the probability density for a gluon to acquire a transverse momentum ¢,
during its propagation between ¢, and L. An explicit calculation of P(q,,t, L) is given in

Section Eq. (3.64). As P is normalized to 1, one can write (4.73)) as
2 r-mie

. 1/2 d 1,C/A
ZMe(E,0 | u) = u(E,0) exp / do / dz——== (u(zE, k1) — 1) (4.76)
0 dfdz

This form is precisely the generating functional for a Poisson process ordered in angles, provided
that the corresponding rate K, A “ verifies the relation:

dQKmée ngZ( ) |k‘ |
- TC/A Qg 1

dto | A%k, Pk, to, ,/ o I GRS ) 477
dédz / 0/ + Loto, L) Eon\/2(1 - 2) ( z(1— z)E) ( )

This relation shows the correspondence between the time-average of the probability density
for a parton to get a given angle and the angular rate associated with the fictitious angular-
ordered branching process. In the multiple soft scattering regime, and within the harmonic
approximation, one can calculate exactly the rate K lcr/n;le for a medium with constant §:

CKIEs o [ILPKF ()21 = 2)°E? 20 (o (L= 2) B2 (4.78)
d6dz 27V E A1—2) Q2 Q2 '
aC; 2w, 1 222E?0 22E%0?
~ w0 ) el am

The function I'(0, z) is the incomplete gamma function. In Chapter [0 we will use this expression
in the soft z < 1 approximation to understand the phenomenological consequences of relatively
hard intrajet medium-induced emissions on substructure observables, as in [168]. Finally, one
can easily find the average angle 6 of a primary medium-induced emission with respect to the
leading parton by calculating the first angular moment of . The result is 0 = ¢,Q,/w

with ¢, = /7/3.
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4.3.4 Longitudinally expanding medium

To conclude this chapter, we discuss how to include the longitudinal expansion of the medium
to the medium induced cascade picture. The naive way of adding the expansion is to modify
the emission rate (4.56)) using ¢(t) instead of a fixed ¢:

I Ple o K¥(2) qt) a1 [4(t)
dzdt 27 (2(1—2))12V E =<1 71 232V E

(4.80)

4.3.4.1 The medium-induced formation rate in expanding media

We would like to show first that this procedure is legitimate under some circumstances. First
of all, we recall that the medium-induced rate comes from the following procedure. Once one
knows the medium induced spectrum of an incoming parton propagating over a path length L
through the medium, the rate is obtained by differentiating this spectrum with respect to L
(see (4.52)). As we work within the regime w < w,. ~ GL?/2, the rate relevant for the master
equation is obtained in the limit L. — oo. This large path length limit corresponds to the
physical situation L > t¢(w) ~ 1/2w/§. We have calculated in Chapter |3| the medium induced
gluon spectrum in longitudinally expanding media for a finite jet path length, see and
Appendix [B}
deie . 20&50 R
dw 7w

where g is the light cone time at which the medium is created.

As mentioned when we did this calculation, the limit L — oo of is generally not
defined. However, the rate can always be defined after differentiation with respect to L:

d2Nmie . 20,CR —Z(j(t)G_l<t)

w dwdt 7w e 2w

w

Re log <|C(t0, to + L\) (4.81)

(4.82)

From the definition of the function G, one shows that it satisfies the following first order (non
linear) differential equation, of Riccati kind:
1q(t
&4y 40 g (4.83)
2w
The initial condition for G is G(t) ~ 1/(t — to) for t — to. We just have to extract from this
defining differential equation the asymptotic behaviour of G(t).
As a comment before finding an equivalent of G as t — oo, we recall that one could also
perfectly define the medium induced spectrum from the on-shell spectrum as in Section [3.3.3.4],
leading to (see also Appendix [B]):

w

deie . 2C¥SCR
dw 7

from which one easily deduces the corresponding rate:

Re log <|C(t0 VL t0|> (4.84)

dszie . QOésCR

= g 4.
T e G(t) (4.85)

The function G satisfies the same non-linear differential equation as G, with a different initial
condition G(tg) = 0. For large values of ¢, the asymptotic behaviour of G is the same as the
one of G. We will comment on the differences between (4.85)) and (4.82)) after having found the

common asymptotic behaviour of these two functions.
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Asymptotic behaviour of G and G. We do not claim full mathematical rigour in the
demonstration of the following results. Instead, we shall give hand-waving arguments to con-
vince of their validity. In order to make the discussion also more concrete, we use the following
form for the time dependence of ¢, inspired by the Bjorken expansion model:

q(t) = do (t—o)7 (4.86)

t

In the Bjorken model, 0 < ~ < 1. In this discussion, v can take any non-negative values:
v > 0. We also invite the reader to look at Fig. to guide the eye through the following
mathematical discussion: on the left figure, the asymptotes of the rates are clear. We first
define the following functions:

g(z) = \/%G( f;‘;x) L u(e) = g(1/x) (4.87)

The function g enables to nondimensionalize the differential equation (4.83]), and the function
u is useful to study the large x asymptote of g(z) by looking at the x — 07 behaviour of u(x).
They satisfy the following differential equations:

- A t2
g (x)+ ¢*(x) + K27’ =0 K=/ Zg(;o (4.88)

u'(z) = (@) 2 + K72 (4.89)

X

Considering Eq. (4.89), it is natural to distinguish two cases, either v < 2 or v > 2f]

1. If v > 2, the second term in (4.89)) proportional to 2772 goes gently to 0 as x — 07. We
then expect to find the behaviour of u(z) in this limit by solving the vacuum differential
equation u' = (u/x)?. The general solution is u(x) = x/(1—bx) with b a constant, so that
u(x) ~ x at small . Thus, for v > 2, g(z) ~ 1/x at large  and G(t) ~ 1/t at large times.
This is the typical vacuum-like behaviour since G(t) = 1/(t — ty) when ¢ = 0, meaning
that the rate in the presence of a medium with v > 2 decreases as in the vacuum at large
times. We point out that neglecting the (u/x)? term in (4.89) instead of the 772 term
would reduce to an absurdity. Indeed, one would get u/(z) ~ xk7z7~2. However, in the
limit x — 0, this gives v/(0) = 0 (u is continuous as a function of x) in contradiction with
the exact solutions found for k = 0 which predict «/(0) = 1. Thus, the vacuum solution
of strongly constrains the small x asymptote of v when ~ > 2.

2. If v < 2, the second term on the right hand side of explodes as © — 0. Let us
assume that there exists some power a > 0 such that u(z) ~ ¢(k) 2 at small z, with c¢(k)
a number without dimension. To say it differently, we assume that the rate functions G
and G decrease like a power law at large times. Plugging this power law behaviour inside
the differential equation satisfied by w, one finds:

c(k)z®t — A(r) 22OV ~ 72 r <1 (4.90)

One cannot have o > 1, otherwise the left hand side is convergent in the limit z — 0*
whereas the left hand side diverges. Moreover, for a@ < 1, 27! is negligible in front of
221 in the same limit. Consequently, the small z behaviour of u satisfies

— ¢(r)?2? D ~ W27 = u(z) ~ (k)2 (4.91)

2For v = 2, it is possible to solve exactly (4.88) and one finds that g(z) ~ (1 + v/1 — 4x2)/(2x) for  — co.
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This gives the following large time asymptote for G:

iGo (to\ /2
G(t) ~ -2 (2) 4.92
(1) ~ o (4 (192
Conclusion. To sum up, if v > 2, the medium dilutes too fast so G(t) ~ 1/t has a vacuum-
like decay law, whereas if v < 2, G(t) ~ \/—ido/(2w)(to/t)"/?. The function G(t) follows the
same property since it satisfies the same differential equation and the arguments presented

above do not rely on the initial condition for G. Therefore, if ¢(¢) decreases at large times
slower than 1/t2) the large time behaviour of the medium-induced rate using (4.92)) in (4.82)

or (4.89) is of the form:

dZNmie ~ CVsC’R d(t)

~ 4.93
dwdt t—oeo 7 w ( )

which is precisely the form conjectured from our naive modification of the rate in .

We point out that if v > 2, the integral of the rate defined from the on-shell spectrum
is divergent due to the vacuum-like 1/t tail at large times whereas the rate is convergent
because of the additional §(t) factor. If v < 2, both rates agree at large times but they give
a divergent time integral. In any case, for finite jet path length L, such considerations are
meaningless since the time integral is naturally cut at t = L.

The exponential case. In an exponentially decaying medium with §(t) = goe™/* (a rather
academic situation), the functions G(t) and G(t) behave like 1/t at large times since the expo-
nential vanishes faster than any power law. The integral of over all times is convergent
because the additional factor ¢(¢) cuts the integral for ¢ > . However, the finite jet path
length L is a priori different from the time scale A and the medium induced spectrum should be
obtained by integrating the rate up to t = L and not over all times. This can give substantial
differences for the medium-induced spectrum if A\ > L, a situation where the jet path length is
much smaller than the typical decaying time A of the medium. In this case, one can of course
use (t) ~ Go in (4.83)) as long as t < A. The emission rate for y/2w/Gy < t < A behaves like
the rate of a static medium with ¢ given by ¢o.

4.3.4.2 Scaling properties of medium-induced jet fragmentation

Now, we assume that ¢(¢) vanishes slower than 1/t (y < 2) as this is the most phenomenolog-
ically relevant scenario. Using the dimensionless time 7., defined such that:

dTeXp

dt

in the master equation (4.57) or @D with the modified rate , these equations reduce
to those of a static medium written in terms of the dlmensnonless tlme T = asty/Go/E. This
means, for instance, that the solution of ( given by (4.62] - is still valid, provided that 7 is
replaced by Texp.

The equation enables to answer easily the following question: for a given longitudinal
expansion (that is a given ¢(t) dependence), what is the equivalent static medium with con-
stant geg such that the fragmentation of medium-induced jet is the same in both cases? This
equivalent g.g is obtained in order to satisfy the following scaling identity:

Texp(to + L) = 7(L) (4.95)

. t,
—a, q( — T /dt A (4.94)
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so that ¢y reads:

1 [to+Ll 2
Gott = (z / dtﬁ(t’)“) (4.96)
to

Mathematically, geg is equal to the 1/2-norm of the function ¢(¢). This allows for a straightfor-
ward generalization of all our analytical results obtained in the static case, provided that one
uses (o defined by in these results. Written explicitly, the relation between ¢og and ¢y
for a given path length L is:

A 4@0?58 < 2—y 2-7\ 2
off = ————= | (T L)y —t,? ) 4.97
qeft L2(2—’Y)2 (0+ ) 0 ( )
4qo (%)7 .
~_—— | — fL t 4.98
(2—7)2\L = (4.98)

We emphasize that these results are valid as long as one focuses on soft emissions in the medium-
induced cascades with w < we e = Get L? /2. Beyond this approximation, there exists anoter
effective ¢ found numerically in [66] defined as

/ 2 fot e /
Go=1s [ -t (4.99)

to

that provides a better scaling of the BDMPS-Z spectrum in the hard regime w 2 w.. Conse-
quently, if the full BDMPS-Z rate or is used in the master equation , instead
of its soft singular limit, the scaling properties of medium-induced cascades are better when
considering this effective quenching parameter ¢.q [169].






Chapter 5

A new factorised picture for jet evolution
in a dense medium

In Chapter [l we have treated separately the vacuum-like emissions triggered by the virtuality,
or “off-shellness”; of the incoming parton and the medium-induced emissions. The leading order
calculations as those done in Chapter [3| combine them on equal footing, but their associated
resummation schemes described in Chapter 4| are intrinsically different for the following reasons:

1. the large parameter which needs to be resummed to all orders is not the same. It is
typically o log?(Qnara/@min) for a vacuum-like shower between the hard virtuality scale
@nara and a soft virtuality scale @i, — depending on the observable — whereas it is
typically as(L/tfmed) for a medium-induced cascade, with ¢ ,eq the formation time of a
medium-induced emission.

2. the variable playing the role of time in the classical branching process which effectively
resums to all orders the large parameter is the angle for vacuum-like emissions and the
light-cone time for medium-induced radiations.

In this chapter, we develop a resummation scheme combining both vacuum-like and medium-
induced emissions. This scheme relies on physical arguments which are based on the double
logarithmic approximation for the vacuum-like series. Beyond the double logarithmic approx-
imation (DLA), one argues that vacuum-like and medium induced emissions factorise in time
from each other.

Throughout this chapter, we assume that the dominant medium induced processes are
multiple soft collisions so we work within the multiple soft scattering regime and harmonic
approximation. This amounts to neglect hard collisions with medium constituents and assume
that the mean free path of the medium is small enough compared to the typical formation time
of medium-induced emissions.

5.1 The veto constraint

At double-logarithmic accuracy, one aims at resumming to all-orders contributions to a given
observable enhanced by both large collinear and soft logarithms. These logarithms are generated
by multiple Bremsstrahlung processes with characteristic spectrum:

asCr dw d%k |

2 2
™ w k]

d?NPrem = (5.1)

113
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for an emission with transverse momentum k; with respect to the emitter, and energy «f]

Consequently, in the presence of a dense QCD medium, the first task to do before any
resummed calculation is to understand where the contributions to the N-particle production
cross-section enhanced by large soft and collinear logarithms come from. This is the topic of
this section.

The main result of this analysis is the existence of a so-called veto constraint in the phase
space for gluon emissions inside the medium. This veto constraint marks the transition between
the virtuality driven initial shower and the regime where the partons in the shower can be
considered as on their mass shell. We first give a qualitative but physically insightful argument
for the existence of this veto constraint before providing a more mathematically grounded
formulation of the proof.

5.1.1 Qualitative discussion

To simplify the discussion, we shall consider that the cross-section for multi-particle produc-
tion is controlled by only two medium parameters: the distance L travelled by the jet inside
the medium and the jet quenching parameter ¢ related to the average transverse momentum
acquired by multiple collisions during time At by (k?) = GAt. The BDMPS-Z spectrum d N™®
can be approximated by the formula ((3.154]),

QM ~ asCr 2w,

dw (5.2)

T w3

with w, = GL?/2. With respect to the Bremsstrahlung spectrum, the obvious property of the
BDMPS-Z spectrum is that collinear and soft radiations are not logarithmically enhanced (the
angular dependence of the spectrum is roughly a Gaussian distribution with width of order
()s). This will have important consequences since working at the double-log accuracy enables
to simply ignore such emissions in the multi-particle cross-section.

Vacuum-like emissions inside the medium: the veto constraint. Medium induced
radiations provide a natural constraint on the phase space available for one emission inside the
medium.

To see that, we first consider that the medium is very large L > 1/Aqcp so that one first
neglects all effects related to the finite path length of the jet. We recall that ¢; is determined
by the uncertainty principle, namely the condition that the transverse separation Ar ~ 6ts
between the gluon and its parent parton at the time of emission to be as large as the gluon
transverse wavelength 2/k, , with k; ~ wf its transverse momentum with respect to its parent.
This argument applies to both vacuum-like and medium-induced emissions and implies ¢y ~
2w/k? ~ 2/(wh?). Then, gluons emitted inside the medium have a minimum &, set by the
momentum acquired via multiple collisions during its formation, k:%med = gty. Gluons produced
inside the medium with a transverse momentum smaller than ¢t; cannot exist. This translates
into an upper limit ¢; < (/2w/q¢ on the formation time of any gluon inside the medium.
That said, medium induced gluons for which k, ~ kfneq are excluded because the emission
probability is not enhanced by double logarithms. Consequently, at DL A, the only contribution
to the intrajet activity inside the medium comes from vacuum-like (Bremsstrahlung) emissions
with k| > Kjfmed, inequality which becomes strong to our level of accuracy: ki > Kjfmeq Or

'Tn this chapter, we shall generically call w the light cone k* component of a 4-momentum k* and identify
it with its energy.
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wr (R) wo(R) we PTO

", outside
% N medium

Figure 5.1: Phase space for vacuum-like emissions at DLA considered in this thesis, represented in
terms of the energy w and the angle 6 (with respect to the parent) of emission. The red line is the
lower boundary of the “in-medium” region defined by the veto constraint k| > kfeq. The blue line
is the line of vacuum formation time equal to the jet path length L through the medium: ¢; = L.
The green line is the hadronisation line k| = Agcp providing the lower boundary of the perturbative
phase space. Between the red and the blue line, the phase space gap appearing is the vetoed region
discussed in the main text.

equivalently ¢t; < /2w/q. This means that VLEs occur much faster than medium-induced
radiations with the same energy. This is the condition for an emission inside the medium to be
vacuum-like. Thereafter, we shall refer to this condition as the “in-medium veto constraint”.

Finite path length effects. Strictly speaking, the veto constraint k; >> kjfmeq applies for
very large path length L > 1/Aqcp. For a realistic path length L in the medium, one should
also take into account emissions triggered by the initial virtuality but occurring directly outside
with a formation time measured from the hard process larger than L: t; > L. Note also that
emissions with energies larger than w,, w > w, = ¢L?/2, behave exactly as in the vacuum: their
emission angle can be arbitrarily small in the perturbative domain and their formation time
can be larger than L.

These two conditions for VLEs, either inside with ¢; < y/2w/{ or outside with ¢; > L can
be written in terms of their energies w and angles with respect to the emitter 6:

In-medium veto constraint:  t; € v/2w/§ <= w > wo(8) = (24/6H)® (5.3)
Medium size constraint: ¢y > L — w<wr(d) =2/(0L) (5.4)

It is enlightening to represent these conditions on a (w, #) phase space as in Fig. m The red
curve is the line k| = kfmeq and the blue curve is the line t; = L. Compared to the vacuum
case for which the phase space is only restricted by the hadronisation line k; ~ wf = Aqcp, the
effect of the medium on the phase space available for VLEs is the presence of a gap or “vetoed
region”.
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5.1.2 Derivation of the veto constraint from leading order calculations

Now, we would like to give a more formal proof of the existence of a Veto constraint in the
phase space for VLEs. The ultimate goal of this subsection are formulas (5.15)) and -
We have seen in Chapter [3] that the spectrum of an off-shell quark can be written:
d3N0ff-shell asOF 1 d3Nmie

_ R 5.5
dedk, | w2 B Y dedk, (5:5)

where the second piece is perfectly integrable over all k; and gives precisely the BDMPS-Z
spectrum. Even if such a decomposition is not unique, the integral of d®* N°% gives always the
logarithmic area of the full perturbative phase space plus a piece without collinear logarithms
corresponding to the integrated medium-induced spectrum.

We will argue that the 1/k% term in the expression comes from different physical
mechanisms, not necessarily related to the initial virtuality of the process. Through detailed
analytical calculations which have been put in Appendix [F]for the sake of brevity, we disentangle
these different contributions. We show that (i) in an infinite static medium, the transverse
momenta of emissions at formation is bounded by kfmeq, (i1) it is physically more insightful
to decompose the off-shell spectrum in another way. In this new decomposition, the first
term corresponds to the VLEs with short formation time constrained by the veto ki > kfmed
whereas the second term is “medium-induced”. We finally argue that Bremsstrahlung emissions
with ¢y > L contained in the latter component are the only one that must be resummed to all
orders in a leading twist approximation.

In all this subsection, we assume a static medium and w < w, since all the interesting
features of the medium appear in this regime.

5.1.2.1 The off-shell spectrum at formation in the infinite path length limit

We first emphasize that the above discussion of the phase space for vacuum-like emissions refers
only to their kinematic at formation. Final state broadening and energy loss subsequently move
the emissions on this phase space. This leads to the concept of off-shell spectrum at formation:
in this spectrum, one removes by hand the final state broadening of the emitted gluon by
setting:

P(k‘L—qL,tl,tg) zé(kl—ql) (56)

In the next subsection, we will relax this approximation and take also into account the final
state broadening.

Let us then rewrite the off-shell spectrum obtained in (more precisely (3.127))) where
the final state broadening appears as a convolution:

dSNoff—shell SO oo
_ ¢ F2S)%e/ dytev" /dQQiP(k’i —q.,y",0)
0

w 2
dwd®k | 2
2 y* _eT —ddswtah
QJ_ —+ € L =
X ——— dy"™ ———e2wc@twH) (5.7
Gar ), W e 60
where the position of the hard vertex is here 0. Using (5.6 in (5.7), one finds:
3 pyoff-shell f -3 st.ah)
dwd®k | 2 02(y+ yt)

where the superscript “f” is put to highlight the difference between this off-shell spectrum at
formation and the complete off-shell spectrum.
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Instead of elucidating the functions S and C' for a static medium (they are given in Ap-
pendix [B| though), we show that for y™ — §+ < tfmea = \/2w/{, these two functions have their
vacuum-like form, that is:

Svac(y+7 g+) = y+ - g+ (59)
Cvac(g]+,y+) =1 (5.10)

To proceed, we find, thanks to the defining differential equation the Taylor expansion
of these functions when y™ is close to §* (short formation times). We will use the same method
to derive the veto constraint in an expanding plasma. From the differential equation (3.107)),
the Taylor expansion of S and C' around y* = §* gives:

S5 = "~ 5%~ gttt — )+ Oy~ 7)) (5.11)
O ) =1 Saltyt g + Oty — ) (512)

Thus, when t; = [yt — §1| < t7mea one can use C(y*,y") ~ 1 and S(y*,y") ~y* — y*, and
neglect the sub-leading terms in the Taylor expansion. In the off-shell spectrum at formation,
one then split the integral into two pieces: one with y* < tfeq (Where y= — g7 <t 10q since
gt < yT), and the other with y™ > tfmea but y* — tymea < §= < y*. Using the vacuum
approximations for the functions S and C' and keeping only the terms with a leading 1/k%
singularity, this calculation gives:

d3NOff—Sh€H,f tr<tfmed QSCF tf med
~ 20Re
0

1 3t
dy+—( 14 e%)

v dwd?k, 72 24w
.C oo k2 e
+ O‘ﬂfme / dy* e—%y*kiz( e ) (5.13)
tf med L

In this calculation, it is again very important to keep track of the ¢ dependence up to the first
order in the piece with y* unbounded. The second integral over y* then gives a factor 1/2 in
the limit € — 0. The first integral is easy and gives the same value as the second piece with an
extra factor —2, leading to the final result:

d3N0ff—sheH,f L <tf med asCF 1 *kiff,med
~ —Re(l—e

~ 24w 514
dwd?k T k2 (5.14)

in the collinear limit. This spectrum is suppressed for |k ¢;mea/(2iw)| < 1 and averages to 1
for |k3t;/(2iw)| > 1, giving precisely the in-medium veto constraint:

d3 Noff-shell,f £ <tf mea &SCF 1
~ —

2 - 2 2
dwd?k | ki

To sum up, the off-shell spectrum at formation has a Bremsstrahlung component for k£, >
kfmea coming from the short formation time emissions with ¢y = y™ — §* < tfmea. To prove
the result asserted in our qualitative discussion of the in-medium veto constraint, one should
also show that in the infinite path length limit, it is the only Bremsstrahlung-like component.
This is easy. In the infinite path length limit, the function S and C for a static medium are
given by

Okl — kfmed) (5.15)

SW*, ") = sin (Qy* — 51)) (5.16)

C(y*,y") = cos (Q(zﬁ - 17*)) (5.17)
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with Q2 = 4G/(2w). Thus, the phase inside the exponential of formula (5.8)) reads:

SWhyt) _ aa A = O~
’ = Q" tanh (Q A > ~ Q! 5.18
Clyt,y™) v 7) YT =" >t med ( )
which does not lead to a collinear singularity at small k; :
dBNoff—shell,f trmed<ty sC k’2 1—4 ]{32

w 5 ~ BTF T oot Mexp L 2t (5.19)

dwd kJL 2 (2&))2 02 \/§ kf,med
N , [ . y*—tf.med . e—ct+g) )
=0 / dy / dy" ———— (5.20

tf med 0 02 (y+’ y+)

where N is a k, independent dimensionless factor which diverges in the limit € — 0 since for an
infinite medium path length, the amount of induced radiations blows up in a static mediumﬂ.
Thus, for t; > tfmeq, the off-shell spectrum at formation is strongly peaked around k| ~ kj meq
due to the exponential suppression of the form exp(—k? /kmeq) in . In physical terms, in
the infinite medium length limit: either the emission spectrum is vacuum-like with a double
logarithmic singularity at small &, and w but constrained by k| > kjmed, or it saturates the
condition £, = kfmeq- However, in the latter case, the spectrum has no collinear singularity.
In this formal limit, no emission occurs with k| < kf medq.

5.1.2.2 Broadening and finite path length effects

The previous discussion aimed at proving the existence of the red line in the phase space (at
formation) for vacuum-like emissions shown in Fig. [5.1} To discuss the rest of this phase space,
beyond the infinite path length limit, we find extremely convenient to define the following
quantity, that we call “vacuum-like spectrum in a dense medium”

d3NVL d3Noff—shell d3Non—shell
w D) w D) — W 2
dwd®k | dwd®k | dwd®k |

(5.21)

This definition naturally subtracts all the emissions which are not related to the initial virtuality
of the parton. Then, the off-shell spectrum is rewritten:

dSNoH—shell d3 NVL d3 Non—shell

- + 5.22
YTdod®ky Cded®k, Y dwdky (5.22)

This expression has a clear physical interpretation: the first term is to be associated with
emissions triggered by the virtuality of the leading parton, whereas the second term corresponds
to emissions which are all “medium-induced” since an on-shell quark would not radiate in the
vacuum. Nevertheless, in spite of being medium-induced, they could have a Bremsstrahlung-like
form. This is what we want to understand.

The expression has an explicit p regularization dependence, remnant of the p de-
pendence of the on-shell cross section discussed in Chapter [3| Section [3.3.3.3] Of course, by

2Rigorously speaking, we have made the assumption that ¢ vanishes at sufficiently large times to derive the
off-shell spectrum derived in Chapter (3] so one may wonder if our reasoning and especially formula remain
valid for an infinite path length through a static medium. Actually, one can assume that §(¢) vanishes very
slowly (the criterion is slower than 1/t? at large times, see Section , so that formula applies as well

as the results (5.15) and (5.19) with tfmea and ks mea calculated in Section Of course, even in this case,
the factor N is still divergent when &€ — 0, but the k£, dependence of the spectrum we find is right.
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Figure 5.2: Vacuum-like emission spectrum (green curve) as a function of &k, /Qs for a static
medium, compared to the off-shell (blue curve) and on-shell (red curve) spectra. The spectra are nor-
malized by the vacuum Bremsstrahlung spectrum. The choice u/Q, = (w/w,.)"/* for the regularisation
of the on-shell cross-section corresponds to jt = kfmed. At small k|, the off-shell and the on-shell
spectra coincide.

construction this u dependence cancels in the off-shell spectrum (5.22)) so we could choose pu as
we want. The crucial point here is that there is a choice of ¢ which makes the physical content
of (5.22)) transparent. We now justify this choice of p.

In QCD, as strictly on-shell partons do not exist, the meaning of “on-shellness” is relative
to a given virtuality scale. For instance, if the virtuality of an incoming parton is much smaller
than the hard scattering scale, it makes sense to consider it as an idealized on-shell asymptotic
state. In the scattering of an on-shell quark with a dense medium that we are discussing now,
the minimal momentum transferred in the process is of order ks meq so the “on-shellness” of the
quark is relative to this scale.

With this perspective, we point out that p is of order of the small virtuality of the incoming
almost on-shell parton. This is clear from the “onium regularization” studied in Section [3.4.1.4]
The divergence is regulated by the frozen transverse size X, of the onium: pu ~ 1/X, itself
related to the virtuality @ of the photon sourcing the onium by X, ~ 1/Q. Consequently,
for the calculation to make sense, the small virtuality p of the on-shell incoming quark
should not be larger than kyeq. For reasons that will become clear afterwards, we choose p
that saturates this constraint, i.e. it = kfmed:

d3 NVL d3 Noﬁ"—shell d3 Non—shell

w T =W 5 —w 5
dwd®k | dwd®k | dwd?k, lp=kysmea

(5.23)

This is somehow our working hypothesis: the scale kg yeq must be considered as the transition
scale between “offshellness” and “onshellness” in the presence of a dense medium.

With this definition, we show in Appendix [F| that the leading behaviour of (5.21)) in the
soft and collinear limit is:
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dBNVL asCF d2QJ_
~ P k - ,O,L @ - k me: 5.24
Yiwdk, | a2 / 2 P 0ks = a,0, D)O(1gu| = Kpymea) (5.24)

This expression has a clear probabilistic picture for vacuum-like emissions in a dense medium
in agreement with our initial qualitative discussion. These emissions have a very short forma-
tion time ¢; < y/2w/{ and are created inside so that they subsequently undergo momentum
broadening over the full path length L. The medium only restricts the phase space so that
only emissions with k| > k¢ meq are allowed. This is precisely the veto constraint on in-medium
vacuum-like emissions discussed in the previous subsection, with the final state broadening of
the emitted gluon included.

The spectrum does not account for the finite path length L of the off-shell parton
in the medium and especially the vacuum-like radiations outside with ¢; > L discussed in
section . Actually, these emissions are all included in the on-shell term in ! In
mathematical terms, the on-shell spectrum with g = kfpeq reads (see Appendix [F| for the
detailed calculations):

d3Non—shell aSC 1

i = “BDMPS-Z" + WZFE@(kf,med — k) (5.25)

The BDMPS-Z term is a k, integrable term that gives the BDMPS-Z spectrum once integrated

over k. The second term has the Bremsstrahlung form, but is bounded from above by k;, <

k¢ mea. Such a contribution is expected, as the interactions with the medium put the initially

on-shell quark off its mass-shell, so that it radiates afterwards according to the Bremsstrahlung

law. What is somehow unexpected is that the upper boundary is given by kjeq and not Qs,

the maximal transverse momentum acquired via multiple soft collisions during the propagation
of the quark through the medium over a time L.

Now the question of the iteration or resummation of these Bremsstrahlung-like emissions
appearing in arises. We remind the reader that we are looking for leading twist modi-
fications of the intrajet radiation pattern, that is emissions triggered by the virtuality of the
parent parton and not by the scattering with the medium. In this sense, the spectrum (}5.25)
alone is not leading-twist since the initial quark is on its mass shell, and therefore should not
be iterated. However, in , this on-shell spectrum is a component of the off-shell one. This
suggests that there are also leading twist emissions in the second term of .

We now justify that only the contributions with ¢; > L, that is k&% < 2w/L should be
considered as leading twist in the second term of . There is clearly a competition between
two kinds of Bremsstrahlung in the single gluon emission spectrum from an off-shell quark:

e the Bremsstrahlung associated with the initial large virtuality of the quark,

e the Bremsstrahlung associated with the scattering of the quark with the medium, giving
a smaller virtuality of order kfeq to the quark. This explains the presence of the scale

kf,med n "

In our language, the former is said “leading twist”, the latter is “higher twist”. To simplify the
discussion, let us consider that the full medium acts as a single scattering center transferring
a typical momentum k¢ ,q and located at light cone time L. One knows that there exist two
regimes according to the ratio between L and t; = 2w/k7 :

1. Ifty < L, the Bremsstrahlung radiations associated with the initial virtuality and the final
state radiations associated with the scattering add up incoherently. With the constraint
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ty < L, the support of the Bremsstrahlung spectrum associated with the initial virtuality
is k1 > kjfmed since we have just shown that in-medium leading twist Bremsstrahlung
are bounded from below by kfmeq. The support of the Bremsstrahlung associated with
the scattering is constrained by (2w/L)Y? < ki < kfmea. Hence, there is no overlap
between the two mechanisms in the phase space k? > 2w/L.

2. If ty > L < k3 < 2w/L, the two Bremsstrahlung interferes, as in the LPM effect, and
cannot be distinguished from each other. Physically, the wavelength of the gluon is so
large that it does not resolve the source of the virtuality of its parent. Nevertheless, this
is a leading twist effect which must be iterated.

The interested reader should go to Appendix [F|to check these results in the simple case of the
shockwave limit of the off-shell spectrum. In this calculation, the medium-induced spectrum

defined as in (5.5)) reads:

w (5.26)

dw T 2w

dNmie SW 90, Cp < LQ? )
~ log

with L the light-cone time location of the shockwave. This is precisely the logarithmic area of
the vetoed region in the shockwave limit where the transverse scale kymeq is replaced by Q.
This shows that a higher twist effect can produce logarithms in the multiple soft scattering
approximation, at the level of the single gluon spectrum.

The final decomposition of the off-shell spectrum relevant for the resummation performed
in the next section is then:

d3Noff-sheH o CF d2QL CY CF 1
— = k, — L — kfmed) + ———0O(2w/L — K
o~ o [P 000,08 — ) + (20 L= 1)
leadir?gr—twist
« 9 aSCF 1 2
+“BDMPS-Z" + =5 5Ok pmea — k1 )O( — 2w/L) (5.27)
T 1

[ J/

~~
higher twist

We believe that this decomposition is much more physical (as far as one is concerned with the
resummation of vacuum-like emissions in the presence of a dense medium) than the naive one
from which we have started this section.

The conclusion to drawn from this discussion is that an apparent “Bremsstrahlung” form for
an emission spectrum is not a sufficient condition to iterate such emissions in the leading twist
approximation. The latter condition imposed, i.e. if one aims at resumming only emissions
driven by the high virtuality of the process, the phase space for vacuum-like emissions is the
one described in Section That said, we leave for further studies the incorporation of this
medium-induced Bremsstrahlung component in the phase space 2w/L < k? < kfc’med to our
global pQCD picture (see discussion in .

5.1.3 Veto constraint in longitudinally expanding media
5.1.3.1 The general case

The calculations made in the previous subsection in order to obtain the veto constraint for VLEs
in a dense static medium can be easily generalised for longitudinally expanding media. The
method is straightforward: in the leading order off-shell spectrum at formation, one finds the
leading soft and collinear singularity coming from the integration domain |y* —y*| <t meq, for
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some ¢ med, Where the functions S and C have their vacuum form. The leading 1/ k% behaviour
extracted in this way will have the signature of the constraints on VLEs inside the medium.

We first consider the case where the off-shell parton is created at light cone time ¢, inside
the medium. Then the medium expands longitudinally. The easiest way to do the calculation
is to use the expression (5.8) and the Taylor expansion method. In an expanding medium, ¢
depends on y*:

S i) = 0t — ) - 2 gy o - 7)) (5.28)
ooy Lyt )3
Cl' ") =1-5=5-W -y ) +0(F" -y (5.29)

Note that one can also use ¢(y™) in the Taylor expansion of S since the difference ¢(y™) — ¢(g™)
is of order O((y™ — g™1)) if §(¢) is derivable.
The condition to use C'(y*,y") ~ 1 and S(y*,5") =~y — ¢ is:
(" =777 < (2w)/i(y") = thmeay™) (5.30)
In the expanding case, the only extra difficulty is that the medium induced formation time

depends on time. Let us call £} ,.4(w) the smallest solution of the equation y* = to+smea(y™)
larger than ¢, (if such solution exists):

2w
Cj(t},med)
By construction, one has y* — tfmea(y™) < to for y= < t% mea and YT — trmea(yt) > to for
YT > % nea (at least in a neighbourhood of 5 .4).

Consequently, coming back to (5.7), the integral over y* can be split into two pieces: y <
5 mea and y= >4 4. The two pieces give the following result in the soft and collinear limit:

d3 Nolbshellfty<tymea o Cp B med L1 -k (v —t0)
w 5 ~ ——2Ne dym"—( =14+ 2w
dwd“k | s to 21w

asOF

oo k3 tp(yT)
20Re dy* e*2€y+k%( e Eh ) (5.32)
iR

+
72 "
f,med

With respect to the static case, the second term is weird because ¢ s meq(y™) — 00 at large times
in a diluting medium. This is because the condition y* — §+ < s mea(y™) does not make sense
when yT is large. To avoid this difficulty, we take our cue from the static calculation and fix
trmed(Y") 0 tfmed(tfmed) = tmea — to in the second term of E| Then, as in the fixed
q case, the piece with y* >t} | 4(w) gives a factor 1/2 and the first term can be integrated

explicitly:
d3Noff—shell,f ty<tf med SC 1 2 1/2
w . ~ P ok — <—”) (5.33)
dwd kJ_ U kJ_ t},med o to

The step function in ([5.33)) gives the veto constraint on vacuum-like emissions in an expanding
medium. This can be rewritten in a form similar to the static case:

ki > (24*w)Y* (5.34)

with ¢* = qA(t},med).

3For a cleaner proof, we show in Appendix [F| that the second term in (5.32) is actually irrelevant to get
the veto constraint. The latter can always be read in the first term alone. The price to pay is that a factor 2
appears in front of the spectrum, but this factor 2 cancels when using the spectrum (5.21)).
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Illustrative example: exponential decay The most simple time dependent ¢ is the expo-
nential decay, with ty = 0:

q(t) = o exp(—t/N) (5.35)
In this case, the scale ¢} .4(w) is solution of the implicit equation:
eXP( 1} mea/ M) mea = 20/ o (5.36)

When w < §pA?, i.e % mea << A, one can approximate the exponential by one, so that

2w
do
and then, the transverse momentum of vacuum-like emissions inside the medium is such that
k. > (chgw)l/ 4. Note than one would obtain the same result using the argument given in

Section [5.1.1] amended to take into account the time dependence of §. During its formation
t; = 2w/k3, an emission acquires a typical transverse momentum kg meq given by:

(5.37)

;,med (CU) ~

t
Bhues = [ 410 = d0A(1 = exp(—t/) 2, it (5.39)
so that the condition kT > k7, 4 gives also ky > (2Gow) /4.
5.1.3.2 Bjorken expansion
For a Bjorken expansion, the time dependence of ¢ is:
it = () 0t - 1) (539

with 0 <~ <1 for realistic expansion, and ¢y, > 0 by convention (one cannot take ¢y = 0 in the
general case). One must consider two different scenarii according to the location of the hard
vertex: either t; = tg or t; < t.

Hard vertex at t; = t;. The first scenario is more simple as one can directly rely on the
calculation made above. The characteristic medium formation time satisfies:

| 2w
* _ *Y/2
tf,med - t() — Mtf,med (540)

The extreme case v = 0, where one can safely use t; = 0, corresponds to a static medium.
One finds again the familiar relation ¢35 ., = v/2w/qo. The other extreme v = 1 is the ideal
relativistic plasma. The solution of (5.40)) is, for v =1,

1
Fmed — to = = (w + 4 /w? + 2@0t3w> (5.41)
’ qoto

One can then distinguish two different regimes according to the ratio between w and the energy
scale Got?/2:

1. If w > ot%/2, then one can neglect the second term under the square root and one gets
mea — to = 2w/(qoto). The veto constraint is then:

k1 > +/qoto (5.42)

This non trivial result comes entirely from the study of the off-shell spectrum for short
formation times.
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2. On the other hand, if w < §t2/2, one gets trmed — to = y/2w/qy which has the same
form as in the static case with constant gy. Physically, these emissions have such a short
formation time that they do not “see” the expansion of the medium. Hence, the veto
constraint is the same as for a static medium with constant §y.

The condition k% > Goto for w > Got?2 is interesting as the transverse momentum scale v/Goto is
naturally related to the saturation scale ()5 4 of the incoming nuclei in A — A collisions.

In the general v > 0 case, it also possible to get the boundary of the in-medium region for
vacuum-like emissions in the two regimes elucidated for v = 1. For this, it is more convenient
to write ([5.41]) as an equation for ¢*:

~ N\ 1/ A\ 1/2
2
(@> = —WQ(Q—2> —1=0 (5.43)
q Qoty \ 4

When w < ot3/2, one can neglect the second term in this equation, so that the solution is ¢* =
Go. The constraint on k, is the same as in a static medium with constant go: ki > (2gow)"/*.
When w > Gyt2/2, one can neglect the minus 1 term and the solution is:

Ak ~ qAOt?) ﬁ
9 =q |\ 5 (5-44)

2w

Plugging this relation into (5.34]) gives the boundary of the veto region for w > Got2/2.
As a last comment, we point out that the generalisation of the condition k; > ¢ts for
expanding media:
Ly
k2 > / dt 4(t) (5.45)
to
gives the same power dependence of the in-medium boundary as a function of w. Indeed, for
7 <1,

g oty (,1- 1-
/ dtd(t) = - <tf Tt V) (5.46)
to -7
Then, when ¢ ~ t,, one can use t}ﬂ —ty "~ (1 =)ty (t; —to). One can then take the limit
1/4

to — 0, and one recovers the condition k; > (2gow)* corresponding to the regime w < Got2/2.
This also means that this regime is the regime of formation times of the same order as t,. If
tr > to, one can neglect the minus term in (5.46) leading to

1. -

As emphasized, once t is replaced by ~ 2w/k? | this leads to the same dependence in w of the
k, boundary (except the uninteresting prefactor). Nevertheless, the case v = 1 is ambiguous
from the condition ([5.45)) because of a logarithmic prefactor of the form log(t/t).

Hard vertex at t; < ;5. We would like to understand how these results are modified once
the position of the hard vertex creating the off-shell parton is located at 0 < t; < t5. In the
limit ¢; — to, one should recover the results obtained above.

More precisely, when At = tg—t; < 1/2w/{o, we expect the boundary found in the previous
paragraph not to be modified since y/2w/{o is the medium-induced time scale when ¢ ~ ;.
Consequently, we focus on the regime At > \/2w/qy & w <K GoAt?/2.
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There are two possible ways to do the calculation. The first method consists in cutting
the off-shell cross-section in three pieces with t; < y*, gt < ¢y or y*, g > tg or y© > t,
t; <yt < ty. The other method consists in finding a continuous and derivable solution over
the full range [t;, 00| of the differential equation satisfied by S and C. If this is possible, the
calculation leading to ([5.7]) and remains valid. It happens that such solutions exist and can
be built explicitly (cf. Appendix [Bffor a discussion of the junction method). In this paragraph,
v is arbitrary and all the conclusions drawn are independent of the value of . Performing the

integral over §* in (5.8]) using lemma ([3.122)), one finds:

d3Noff-shell,f o CF 1 o] _k? Gfl (y+) 1
— 29Re—— dyt L W) 4
T dwdPk, e { N /t v < 2 ) ki] (5.48)

The function G(y™) = C(t;,y")/S(y",t;) is continuous and derivable even in y* = ¢, and
verifies:

Gy =y " —t; if t; <y* <t (5.49)

For y* > ty, one can approximate the functions S(y*, ¢;) and C(y*,¢;) by their Taylor expansion
around yT = t:

100 At
S(y*. b)) =yt —t; — qiw (5™ —t0)® + O((y™ — 1)) (5.50)
100 A\t
Cltiyt) =1— L=yt — 1) + O((y* — 1)?) (5.51)

2w

The continuity and derivability of the solutions C' and S in y™ = ¢, are essential to get this
result. Let us comment these relations. First of all, when At — 0, the sub-leading term
vanishes, meaning that one should go beyond the first order calculation to obtain the range of
validity of the vacuum-like expressions for S and C. This is precisely the situation studied in
the case t; = ty in the previous paragraph. Our assumption At > /2w/q is in agreement
with the fact that At cannot be too small for this calculation to make sense.

That said, when

-t 1& t =1
20 (y 0) < y < f,med 0+ GoAt

(5.52)

one can neglect the O(y™ — tg) terms and the calculation of (5.48]) in the integration domain
< ives
y = f,med g ﬁ

d3NoH—shell,f tp<tf med SC 1 2 1/2
w ~ =0k — <—w) (5.53)

The step function is the signature of the constraint on in-medium Bremsstrahlung emissions.
As At > \/2w/qo by assumption, t5 .4 —t; = At + 2w/(GAt) ~ At. The veto constraint
reads then:

2w
>/ — .54
TRy (5.54)

4As we have integrated over all 7, the final result is asymmetric (see also Appendix for a discussion of this
peculiarity). Anyway, the —1/k? should be decomposed into two pieces, one cancelling the factor 2 in ([5.48))
and another with k1 < (2w)/(t} ,cq — ti) Which is not related to short formation times vacuum-like emissions.
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In this case, the vacuum-like emissions have a formation time short enough to happen entirely
in the vacuum before entering into the medium, so that the veto does not depend on ¢;. When
w < GAL? /2, the scale y/2w/qo has disappeared in this scenario, contrary to the situation where
the hard scattering occurs directly inside the medium.

To sum up, in a Bjorken expanding plasma, the transverse momentum of vacuum-like emis-
sions is constrained by:

ko > min((Qc_}*(w)w)l/4, (2w/At)1/2> (5.55)

for At <ty and §*(w) given by gy for w < Got2/2 and (5.44) for w > Got3/2.

5.2 Resummation at double logarithmic accuracy and in
the large N, limit

In the previous section, we have identified the phase space for one vacuum-like emission in the
presence of a dense QCD medium. In this section, we explain how such emissions are iterated.
The main obstacle with respect to a straightforward generalisation of the coherent branching
algorithm is the decoherence induced by the medium, studied in Section [3.4.3] As we have seen,
decoherence does not forbid soft emissions outside the opening angle of a colour singlet antenna.
This means that the coherent branching algorithm fails to correctly resum to all orders soft
and collinear emissions for a jet evolving in the medium.

We shall see, however, that one can build an effective branching algorithm for VLEs amended
to take into account the effect of medium decoherence. The main results are:

1. the branching process is angular ordered inside the medium,
2. angular ordering can be violated for the first emission outside the medium.

These statements are demonstrated within the double logarithmic approximation (DLA) of
pQCD and in the large N, limit. In the last section of this chapter, we provide arguments in
order to extend the validity of the branching process beyond DLA and the large N, limit.

5.2.1 Angular ordering inside the medium

For simplicity, we consider a jet which starts as a colour-singlet quark-antiquark antenna with
a small opening angle 6,; < 1, e.g. produced by the decay of a boosted W/Z boson or a
virtual photon. It also applies to the evolution of a quark or gluon jet, provided one replaces
0,7 by either the jet radius or the angle of the first emission. The quark and the antiquark
are assumed to have equal energies: E, = E; = E. As emphasized, we focus on the double-
logarithmic approximation (DLA) where subsequent emissions are strongly ordered in both
energies and emission angles. Furthermore, in the large N, limit, the antenna is the only degree
of freedom in this context as the emission of gluon from the initial ¢¢ antenna is equivalent to
the splitting of this antenna into two other antennae.

In this subsection, we assume that the medium is infinite, with constant quenching param-
eter gop. We relax this approximation in the next subsection. In this limit, the phase space

available for vacuum-like splittings from the initial ¢g pair is (see or (5.24))):

200\ 1/3
2> Viw <= w> (%) — wo(6) (5.56)
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where the inequalities are stong at DLA. w is the energy of the soft daughter antenna and @ its
opening angle.

Colour decoherence. For emissions by a colour-singlet antenna, even a vacuum-like emission
obeying could be still affected by the medium, via colour decoherence |89, 90, 9T, ©2].
In the vacuum, gluon emissions at large angles 6 > 0,; are suppressed by the destructive
interferences between the quark and the antiquark. This argument can be iterated to conclude
that successive emissions in the vacuum are ordered in angles, 0,11 < 6;, an ordering which
becomes strong (f;+1 < 6;) at DLA. But, as seen in Chapter [B}Section [3.4.3] an antenna
propagating through a dense quark-gluon plasma can lose its coherence via rescattering off the
medium: the quark and the antiquark suffer independent colour rotations, hence the probability
that the antenna remains in a colour singlet state decreases with time. The two legs of the
antenna start behaving like independent colour sources after the time ¢ ~ ¢, defined in

toon(6ug) = (i) v (5.57)

403

In principle, then, emissions with formation time ¢; = 2/(wf?) larger than t.., could violate
the angular ordering property.

Now comes the crucial point. We show that to the order of interest, the first emission by
the leading ¢g still has an angle ¢ smaller than 6, despite the potential decoherence of the
parent antenna. To see this, note that

tp (0020 w(0) (@)2/3

teoh w? W 0

(5.58)

where t; is the formation time of the daughter antenna. The loss of colour coherence may only
affect the emissions at sufficiently large angles, 6 2 6,5, which overlap with both sources. For
VLEs satistying , this implies ¢; < tcon meaning that the antenna is still coherent at the
time of the emission and the would-be large-angle emissions are killed by the interference. In
fine, only emissions with § < 6,; are allowed whether or not they occur at times larger than
the decoherence time .

The attentive reader will notice that this time scale argument is based on the ratio ¢/t and
not t;0/(tconbyq) as one would expect from our discussion of the decoherence factor calculated
in Section [3.4.3] (see (3.237) and (3.238))). Nevertheless, this more refined order parameter was
derived in the regime w > w. and k; > @Q)s. In this regime, using the equality

teon O _ w (LN (6 (5.59)
tf 0 We tcoh eqq ’ ’

one shows that the argument inside the Bessel function in (3.238)) is large for in-medium VLEs
with 6 2 6,5, and thus large angle emissions are suppressed (L/tq.on > 1 in the formal infinite
medium length limit we are discussing). The question of whether the right order parameter
is ty/teon O t70/(teonbyg) in the regime wy(f) < w < w, deserves further studies from first
principle calculations as those performed in Section [3.4.3]

These arguments, given for the first emission from the leading qq pair, can be easily gen-
eralised by induction for any vacuum-like cascade in the phase space (5.56)). The leading
logarithmic behaviour of in-medium parton showers comes from cascades which are strongly
ordered in energies and angles, i.e. from cascades with n VLE’s satisfying 0,5 > 61 > --- >0,
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and E > w; > -+ > w, > wy(f,). First, note that the formation times t; = 2/(w;0?) are
strongly increasing from one emission to the next. It means that the condition is satisfied
by all the gluons in the cascade if it is satisfied by the last one. To validate the above picture,
we now show by induction that colour coherence guarantees the angular ordering.

For any antenna in the cascade, say with opening angle 6;, © € N*, one can apply the
same argument about angular ordering as for the original antenna with angle 6,;; VLEs at
larger angles 6 > 6, are strongly suppressed because their formation times are smaller that the
decoherence time t.o,(0;) of that antenna.

Energy loss during formation. Besides colour decoherence, another difficulty due to the
medium is the potential energy loss during the formation of emissions. This effect could change
the energy w in such a way that they could get out of the phase space . As our conclusions
strongly relies on the condition (5.56)), one must show that the energy lost via medium-induced
radiation remains negligible during the development of a vacuum-like cascade.

The hardest medium-induced emission that can occur over the time ¢ has an energy w,(t) ~
Gt*/2 and a probability of order ay. For t =t, = 2/(w,0?) (5.56]) implies w.(t,) < wy, i.e. the
maximal energy loss is small compared to the energy of the softest gluon in the cascade. The
average energy loss, of order ayw.(t,), is even smaller. This argument also shows that, over
their formation time, the gluons from the vacuum-like parton showers do not contribute to the
energy loss of the jet. However, at the end of the in-medium partonic cascade, each of the final
emissions will act as an additional source for medium-induced radiations and loses energy. We
shall return to this point in the next subsection as it intimately related to the finite path length
of the jet in the medium.

5.2.2 Angular ordering violation and finite length effects

Before exploring the consequences of the finite path length L of the jet through the medium, let
us summarize the resummation scheme of VLEs in an infinite medium: the coherent branching
algorithm still correctly resums to all orders the soft and collinear double logarithms provided
that all the emissions belong to phase space . Introducing the path length scale L changes
this picture in two respects:

1. the phase space for VLEs is extended to emissions with ¢y > L,

2. two other scales come into play: the energy w. = GL?/2 of the hardest medium-induced
emission that develops over a time L and its corresponding angle 6, = 2/4/GL3.

When discussing the shape of the phase-space for VLEs in Section we have said that
emissions with w > w,. are necessarily vacuum-like since the maximal energy of a medium-
induced emission in the multiple soft scattering regime is w.. Similarly, the angular scale 6.
should be thought as the minimal angle of an antenna resolvable by the medium. Indeed, the
coherence time scale t., becomes comparable to L when 6,; ~ .. Antennas with smaller
opening angles 6,; < 6. cannot lose their coherence, hence their radiation pattern within the
medium is exactly the same as in the vacuum. For this reason, the phase space for vacuum-like
emissions shown in Fig is amended to take into account this property: any antenna with
opening angle smaller than 6. is considered as “outside” (i.e. as in the vacuum), even if the
emission occurs physically inside. This modification of the phase space is shown in Fig. [5.3



5.2. RESUMMATION AT DLA 129

outside
medium T

Figure 5.3: Complete double-logarithmic phase space taking into account the decoherence of large
angle antennae during their propagation through the medium. With respect to Fig. the only
difference is the introduction of the angular scale 8. that modifies the shape of the in-medium region
for energies larger than w.. The figure includes an example of a cascade with “1” the last emission
inside the medium and “2” the first emission outside. This cascade is pictured on the left. This figure
should also be compared to the corresponding vacuum phase space for emissions shown Fig.

Violation of angular ordering for the first emission outside the medium We remind
that the gluons produced inside the medium are not yet on-shell: their virtualities are as
large as their transverse momenta, themselves bound by the multiple scattering inside the
medium: A3 > vwq > Agcp, with Aqep the QCD confinement scale. These partons will thus
continue radiating. Their next VLE must occur outside the medium, with a large formation
time 2/(w6?) > L, i.e. with an energy w < wr(f) = 2/(L6?), as discussed in Section [5.1] As
seen in the first section, this implies the existence of a gap in the energy of the VLESs, between
the lower limit wy(6) on the last gluon emitted inside the medium, and the upper limit wy (6)
on the first gluon emitted outside the medium. Since wy(#) = wr(0) = w, for 6 = 6. the gap
exists only for w < w,, as shown Fig. 5.3

As explained in Chapter [3| Section [3.4.3] the medium has an important effect on emissions
with ¢¢ > L: this first emission outside the medium can violate angular ordering [93]. Approx-
imating the decoherence factor 1 — S,;(L) that appears in by ©(0 — 6.), one sees that
if the parent antenna of the emission with ¢y > L has an angle 6 larger than 6., the angle of
the emission is not bounded any more by 6. In physical terms, all the in-medium sources with
0 > 0. satisfy t.on(0) < L and thus lose colour coherence after propagating over a distance L
in the medium. These sources can then radiate at any angle.

Energy loss and broadening after formation. After being created inside the medium via
VLEs, the partons cross the plasma over a distance of order L and hence lose energy via medium-
induced radiations and undergo p,-broadening. The pattern of fragmentation produced by the
in-medium VLEs, serving as multiple sources for medium-induced emissions and energy loss, is
a cornerstone of many phenomenological observations made in Part [T
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Emissions from sources created outside the medium. After a first emission outside the
medium, the subsequent emissions follow, of course, the usual pattern of vacuum-like cascades,
with angular ordering (and energy ordering in our DLA approximation). The evolution stops
when the transverse momentum k; ~ w6 becomes comparable to the hadronisation scale Aqcp.
This implies a lower boundary, w 2 Aqcp/f, on the energy of the produced gluons, shown in
Fig. [5.3| (green curve) together with the other boundaries introduced by the medium. The most
interesting region for gluon production — the most sensitive to medium effects highlighted
above — is the “outside medium” region at energies w < w..

5.2.3 Summary of the fundamental QCD picture

A very simple picture for the development of a partonic cascade in the medium emerges from
the above observations and within our approximations. The full cascade can be factorised in
three major steps.

1. in-medium vacuum-like cascade: an angular-ordered vacuum-like cascade governed by the
standard DGLAP splitting functions occurs inside the medium up to tf(w, ) = tmea(w).
During this process, the only effect of the medium is to set the constraint on the
formation time;

2. medium-induced emissions and broadening: every parton resulting from the in-medium
cascade travels through the medium, possible emitting (a cascade of) MIEs and acquiring
momentum broadening;

3. outside-medium vacuum-like cascade: each parton exiting the medium at the end of the
previous step initiates a new vacuum-like cascade outside the medium, down to a non-
perturbative cut-off scale. The first emission in this cascade can happen at an arbitrary
angle.

5.2.4 The double-logarithmic picture in Bjorken expanding media

In this subsection, we generalise the double logarithmic picture for a Bjorken expanding medium.
More precisely, we show that the all-order factorised picture summarized above holds for a
medium in expansion. We check that the boundaries of the veto region found in Section [5.1.3.2
lead to the same properties for the in-medium parton shower: angular ordering is preserved and
energy loss during formation is negligible. Transverse momentum broadening during formation
is negligible by construction of the veto region, see .

Angular ordering. As in the brick case, we first consider a leading g pair with opening
angle 6,;. We also simplify the discussion of subsection assuming that this antenna is
created at t; = 0, meaning that At = ty — t; = to. In this situation, the constraint on short
formation times VLEs is

7

1
w>— if w< 5(}0253 (5.60)

_ (2olto/27 )T o> Lo
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The first condition is not really relevant in practice since the energy scale %@ot% is very small
for typical values of ty ~ 0.1 fm.

We want to extract the characteristic decoherence time as a function of ¢;. It is given by
the calculation of the ¢g dipole S-matrix Sy4(¢) defined by ([3.190)):

Sqq(t) = exp (—é% /t: d€ g(&) (€ — ti)Q) (5.62)

1
— e Pt (3 =3 5.63
o (- b = 47) 569

for t; = 0. Clearly, this calculation is interesting in the regime where t; > ¢;. Otherwise,
the emission happens before %y, i.e in the vacuum where angular ordering holds. At DLA, one
can further consider ¢ > ;. Neglecting the —t8_7 term in the result , one finds the
characteristic (de)coherence time:

4 1/3=7)
teoh = 5.64
) (92 @otﬁ> (564
For ty > 1, one has then:
2/(3-
ty_ wol®) (i) (5.65)
tcoh w 7 ‘

which looks pretty much like except for the exponent which is positive for v < 1 < 3.
This means that for emissions satisfying w > wy(¢), the antenna is still coherent at ¢; so that
large angle emissions are forbidden.

In this reasoning, which is a simple transposition of the argument given for the brick medium,
we have used t; > ¢y = At. This means that the emission should not be sensitive to position of
the hard vertex ¢;. For consistency, we thus need to check that the angular ordering property
remains valid also when t; = ¢y, that is when the antenna is created at the same time as it
enters into the medium. The calculation of gives in this case, for v < 1:

1., 12 ot 2\
Seq(t) = exp <—§9§qqot8 {51‘7 (1 - it _Oi + 3'5_ 7)] > (5.66)
&=to

According to our discussion in Section [5.1.3.2] there are two regimes that we should discuss:
either t ~ ¢y or t > ty,. When t; >~ t;, the dipole S-matrix reads:

Slt) = exp ( - ﬂ<9§qq0(zs — t) ) (5.67)
The limit ¢ty — 0 is not singular any more, and the characteristic coherence time is the same as
in the fixed ¢ case: teon = (qu6’2 /4)*1/3 We have seen that for t; ~ ¢, the constraint on k, is
not given by (5.60) - but rather by k; > (2gow)*/* when w < Got2/2. Consequently, for emissions
in this phase space, the argument for angular ordering developed in the previous section when
q is constant applies in the same way.

In the second regime t > t;, the exponent in is dominated the leading power in ¢:

Seq(t) ~ ex

1
N t7t3_7> .
>t p( 8(3—7) ol (5.68)



132 CHAPTER 5. A NEW FACTORISED PICTURE

we = 3dotoL PTO
L
Opn \Tv
60 o
A
3 &
NS
N2
> <
~— [
= \
—= =
\!
%,
non perturbative \ '“
4 id
o) outside
< medium
-
log(w)

Figure 5.4: Phase space for vacuum-like emissions at DLA in a Bjorken expanding medium with v = 1

One recovers the characteristic coherence time , so that the calculation in remains
valid.

To sum up, whatever the position of the hard-vertex with respect to the parameter ¢, is,
the angular ordering property for the first emission by the leading ¢g¢ pair holds, as long as
this emission belongs to the in-medium phase space. The generalisation for a sequence of n
emissions in this phase space proceeds by mathematical induction.

Energy loss during t;. In a Bjorken expanding medium, the hardest medium-induced emis-
sion that can develop during the formation time ¢¢ of an in-medium vacuum-like emission has

an energy
1. 1, o

welty) = 54(t)t; = Saotity (5.69)

As in static media, the condition w > wy(#) for ty > t, implies w.(ty) < w meaning that

one can neglect the energy loss via medium-induced radiations during the formation of an

in-medium vacuum-like emission.

Angular ordering violation and critical angle .. From the definition of the coher-
ence time in a Bjorken expanding medium, one can easily deduces the parametric dependence
of the critical angle 6. for a jet getting out of the medium at time t; = to + L > ty. This
critical angle is given by the condition teon(6.) = tr:

g__ 2 2
\/ Cfot’oytiﬂ \/ q(to)ty

(5.70)

An antenna with an angle smaller than 6. does not lose its colour coherence when travelling
through the diluting medium. As in the static case, a source inside the medium with 8 > 6.
can then radiate at any angle in the out-medium phase space.
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5.2.5 Beyond the double-logarithmic picture

Now that we have exposed the basic picture for the development of parton showers in the
presence of a medium, we show that several sub-leading corrections, beyond DLA, can easily
be taken into account. First of all, the large N, limit can be easily relaxed (in the collinear
limit) taking into account the color representation of the emissions thanks to the usual DGLAP
splitting functions.

The validity of our factorisation between VLEs and MIEs relies on strong inequalities be-
tween the formation times. Clearly, these inequalities do still hold if the strong ordering refers
only to the emission angles (6, < 6,,_1) but not to the parton energies (as is the case beyond
the soft limit z < 1). There is nevertheless some loss of accuracy with respect to a strict single
logarithmic approximation associated with the uncertainties in the boundaries of the vetoed
region in phase-space. Notably the condition ¢(w,f) = tfmed(w) defining the upper bound-
ary is unambiguous only at DLA. For a generic splitting fraction z, the formation times also
depend upon the energy xFE of the parent parton and not just upon the energy w = zzFE of
the soft daughter gluon. For a generic 1 — 2 splitting where the “vacuum-like” formation time
tr =ts(z,2,0) is given by

2¢F 2 22(1 — z)zE

tr(x,z,0) ~ % ~ 0= 2)iEP ~ =) : (5.71)

where z and 6 (assuming 6 < 1) are the energy fraction and opening angle of the partonic
decay and k; ~ z(1 — 2)0zF is the (relative) transverse momentum of any of the two daughter
partons with respect to the direction of the leading parton.

The corresponding “medium” formation time tfmeq(, 2) is different for different partonic
channels. For example, for a g — gg splitting, it reads

22(1 — z)zFE <1 2w
tf’med(ZL‘,Z)} = # ~

98 e ;o a2 =dll-z1-2] (572)

with w = zzE. One could in principle use these more accurate estimates for ¢y and tfeq
in . One would then need to deal with the difficulty that the evolution phase-space
depends explicitly on xF, z and # and not just on w and 6. The corresponding generalisation of
(5.56|) would also be different for different partonic channels. Last but not least, the distinction
between VLEs and MIEs according to their formation times only holds so long as the strong
inequality t; < fmeq is satisfied, meaning that the precise form of the boundary could also
be sensitive to subleading corrections. In practice, our strategy to deal with this ambiguity
(notably, in the Monte Carlo simulations presented in Part is to stick to the simpler form
of the boundary in (5.56). In phenomenological applications, one should keep in mind that the
dependence on ¢ and L of the VLEs is only leading-logarithmic.

Limitations. The resummation scheme developed in this chapter has of course its own limi-
tation and domain of applicability. We will not discuss here the limitations due to our simple
modelling of the medium and geometry of the collision. This will be detailed in the next chap-
ter about the Monte Carlo parton shower built from the present picture. However, there are
intrinsic theoretical limitations in our approach. We provide an non-extensive list here.

1. The multiple soft scattering approximation is maybe the strongest assumption in the per-
turbative treatment of the parton shower. Hard scattering off medium scattering centers
are neglected. Combining consistently such scatterings with both the initial virtuality
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and the multiple soft collisions is beyond the scope of the present thesis, but should not
be too difficult to include in a Monte Carlo framework. This is also a widely developed
topic in the literature.

2. Even in the multiple soft scattering regime, there are other emissions which are not
taken into account in the double-logarithmic cascade: the BDMPS-Z emissions and the
“Bremsstrahlung-like” emissions triggered by the medium discussed in Section (5.1} A
complete picture should include the medium-induced emissions a la BDMPS-Z and the
medium-induced emissions & la Bremsstrahlung appearing in (5.25)). The former are
currently included in the Monte Carlo JetMed presented in Chapter [6] but not the latter.

3. The double logarithmic resummation performed so far does not account for running cou-
pling single logarithmic corrections. Including such corrections is straightforward. This
is done semi-analytically in the next section for the jet fragmentation from vacuum-like
emissions and numerically in the Monte Carlo parton shower JetMed presented in Chap-
ter [6

4. While crossing the medium, the hard parton sourcing the jet can transfer energy and
momentum to the medium constituents that may finally belongs to the reconstructed
jet. This is the so-called medium response effect [I70), 171, 172} 173, 174] (see [175] for
a review). This requires a detailed modelling of the medium itself which clearly goes
beyond our current simple approach.

5.3 Analytic fragmentation function and jet energy loss

In this section, as a first step towards the detailed phenomenological study made in Part [T, we
provide analytic results for the fragmentation function and the jet energy loss obtained directly
from our new factorised picture. This results are important since they enable to understand the
important physical mechanisms at play in the modification of the jet fragmentation pattern.

5.3.1 Fragmentation function from vacuum-like emissions

Our first calculation is the intrajet multiplicity for a jet evolving in the medium with constant ¢.
As usual, we note L the path length of the jet through the medium. This calculation is a double
logarithmic resummation in the strict sense, meaning that one completely neglects medium-
induced emissions even for the last vacuum-like emission at the end of the in-medium shower.
We recall that medium-induced emissions do not formally matter at DLA as the process is not
enhanced by collinear logarithms.

Also, p-broadening effects, while important in general, can safely be neglected when com-
puting the gluon multiplicity since the latter is only sensitive to the angle of emission and not
to a change in the direction of the emitter.

5.3.1.1 Strict double logarithmic calculation

Within the present approximation, and in the large N, limit, it is straightforward to compute
the gluon distribution generated by VLEs. To that aim we compute the double differential
distribution,
d’N
T(w,0|E,R?) = wb®>—— 5.73
(w7 ‘ Y ) w dwdez Y ( )
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which describes the gluon distribution in both energies and emission angles. We note R the
opening angle of the jet that we identify with the opening angle 6,5 of the leading ¢¢ pair. In
the vacuum, this distribution has been calculated in Section [4.2.2.2] Eq. thanks to the
coherent branching algorithm. At DLA, successive gluon emissions are strongly ordered in both
energy and emission angle and one finds

' 2
TV (w, 0*|E, R?) = 2 Cs Iy <2\/o7s logg log %) + wb*§(E — w)d(R* — 6) (5.74)
T

where a; = a,Cy/m and Iy(x) is the modified Bessel function of rank 0 which increases expo-
nentially for x > 1. The second term in the r.h.s. which is not present in [£.2.2.2] represents
the leading parton and the first term is associated with subsequent gluon emissions. The frag-
mentation function can be obtained from T; by integrating over all the angles in the jet, as

explained in Section [4.2.2.2 (with Oy = ki min/w)

Di(wa eg‘Ea R2) = /
92

min

e doi 2 2
(9_% T;(w, 07| E, R?) (5.75)
With Oumin = k1 min/w.

We want to do the same calculation taking into account the modifications of the branching
process due to the medium. In the presence of the medium, the DLA calculation is modified by
two effects: the presence of a vetoed phase-space for VLEs inside the medium, and the colour
decoherence allowing for the violation of angular ordering by the first emission outside the
medium. It is helpful to split the medium fragmentation function 7/ in two contributions:

T w, 02|, R?) = O (w, 0T + O gu(w, 03 T out (5.76)

where the step functions ©j,/ou; enforces that an emission (w, 6?) belongs to the “inside” or
“outside” region. The first term, Oy, (w, 6?)T*¢, corresponding to the in-medium contribution, is
unmodified compared to the vacuum. The outside-medium, 7; ., contribution can be expressed
as the product of a vacuum-like cascade inside the medium, up to an intermediate point (wy, 6%),
followed by a first emission outside the medium at (wo,63) (possibly violating angular ordering),
and by a standard vacuum cascade from (ws, #3) to the final point (w,6?):

PTO dQQ w1 d92
E,out(wa 92|pT0a R2> = as/ 1 / 1n wl? 92 / / out w27 92)
w 02 02
Tivac(w1791\pTo7Rz)Tgva°(w,92|W2,9§) (5.77)

The integral over 632 is not constrained by the angle 62 of the previous emission due to absence
of angular ordering for the first emission outside the medium.

The two angular integrations in can be performed analytically. The resulting formula
is well suited for numerical evaluation of the double differential gluon distribution 7" as well as
the fragmentation function D.

To gain more physical intuition, we now develop an analytic approximation, which is valid
when both the energy and angular logarithms are larger than 1/,/a;;. We give here the main
ingredients of the calculation and defer details to Appendix [G]

In the limit of interest, the 0 contribution to 7V¢ (the second term in ) can be neglected
in both TV factors in , the Bessel functions can be approximated by their (exponential)
asymptotic behaviour and the integrations can be evaluated in the saddle-point approximation.
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Figure 5.5: The phase space considered in our double-logarithmic resummation of vacuum-like emis-
sions in the presence of a dense QCD medium. The relevant energy scales for the calculation of the
vacuum-like fragmentation function are represented.

For definiteness, let us consider parameters such that wp(R) < ki min/R, meaning that
the hadronisation line wf = k, i, and the medium boundary wr () = 2/(L6?) intersect at
Wimin = Lk? T min/2. In practice we are interested in the fragmentation function at energies w
within the range wyy, < w < w.. The saddle points for w; and w, integrals are respectively
found to be

(24)1/3 [ 2w
w,ly _ pT0R4?3 A /pT(]CL)O (JJ; = m = v/ CL)U.)L(@) ; (578)

with wy(f) = (2G/6%)"/3 such that wy(R) is the lowest possible energy for a VLE inside the
medium.

Several conditions are needed for these saddle points to control the energy integrations.
First, the integration ranges must be wide enough, pro > wo(R) and w(0) > w, to allow for
large enough logarithmic contributions. This translates into the following conditions:

0
Vvag log P10 =1 and Vag log wr(0) 21 (5.79)
wo(R) w

Second, for w} to be a genuine saddle point, it must remain smaller than w., meaning

R 4/3 55/3 [ A R4/3
) S (5.80)

Pro < We (0—6 27/3

When this condition is satisfied (which is always the case in practice), the integral over w; is
dominated by relatively low-energy emissions with wy(f) < w; < we, i.e. by the triangular
region of the “inside medium” phase-space with energies below w,, see Fig. 0.5 In the opposite
situation, which would occur for sufficiently large prg, the dominating region in phase-space is
the rectangular region at w, < w; < pro and 6, < 6; < R; see Appendix [G| for details.
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Third, energy conservation in Eq. requires wj < wi which implies a #-dependent upper
limit on w. When computing the fragmentation function using Eq. , this condition must
be satisfied for all the angles 6 that are integrated over, including lower bound 0y, = ki min/w-
This defines a critical energy w,,, obtained for § = 6,,,;,,, below which the saddle point method
works:

173\ /3 2 1/3 2/9
1/3 pTOLki,min(Qq)l pTOkL,min R
W < Wer = (pTOWO(R)Wmin> = < SR/ = T 9— . (581)

When the conditions in Egs. (5.79)—(5.81]) are satisfied, the saddle point method gives a
meaningful approximation for the double differential gluon distribution in (5.77]), which reads

asci 3ds — w 9
T; ous (w, 0%|pro, R?) =~ P { > log WZ:(T;%) } exp {\/a_s log #} (5.82)

The first exponential comes from the integrations over 6? and wy, i.e. over the “inside” region,
and can be interpreted as the number of partonic sources generated via VLEs. The second
exponential represents the number of gluons generated by each of these sources via gluon
cascades developing outside the medium. This simple factorisation between the “inside” and
the “outside” jet dynamics holds strictly speaking only in the saddle point approximation (and
for energies w < w,,) and is ultimately a consequence of the colour decoherence which washes
out any correlation between the emission angles outside and inside the medium.
Integrating over # using Eq. we find the fragmentation function for w < w,,.:

med ~ \/0_5_802 — § pT0R4/ 3 2—(,«)
wDP* (w) ~ 0, exp{\/a_s< 2log 2017 + log 1) ( (5.83)

1 ,min

The integration is dominated by the lower limit, § = k&, i, /w. The respective contribution of
the first term oc 77*¢ in , that would be non-zero only for w > wy(R), is comparatively
small, since it lacks the evolution outside the medium. Since 2w/ kiminL = W/wmin > 1, the
second logarithm in is positive and wDM*(w) decreases when decreasing w.

Our predictions are shown in Fig. for the fragmentation function in Figl5.6al and the
nuclear modification factor R;(z|pro) in Fig. [5.6bl This nuclear modification factor is defined
by: ]

Dre

Ri(.CE’pTo) = ZDEIT((LUW)) (584)
with DY*(w) given by (4.25)) (or (5.75)). These plots compare the exact results at DLA based
on Eq. and the numerical integration of Eq. for the vacuum and medium results
respectively, to their asymptotic counterparts. The latter are obtained by taking the asymptotic
behaviour of in the vacuum case and by using the saddle-point approximation Eq.
for the medium results. In Fig. we consider two different values for the IR cut-off k| min
(blue: kj min = 200 MeV, red: k) min = 100 MeV). Overall we see a good agreement, which is
moreover improving when £ i, decreases, i.e. when the phase-space increases and the saddle
point method becomes more reliable.

The fact that the ratio R;(z|pro) increases at small w can be traced back to angular or-
dering and the associated humpback plateau. Unlike the double-differential gluon distribution




138 CHAPTER 5. A NEW FACTORISED PICTURE

20 Fragmentation function at DLA s Nuclear modification factor at DLA
T T T 7 T T . T T T T T T
exact asympt 7 \ exact asympt
35 vacuum wrararsi——f 1 2.0 “ K1, min =100 MeV —_———
medium ——— \ K1, min =200 MeV —
L 1 1.8 \
\
L \
1.6 \
x L
2 1.4
1.2F
1.0F
5L quark, pro =200 GeV, R=0.4, k| .min =100 Mev - 0.8F quark, pro =200 GeV, R=0.4 -
G=1.5GeV¥fm, L=4fm, & =0.3 G=1.5GeV¥fm, L=4 fm, @;=0.3
00.005 0.01 0.02 0.05 0.1 0.2 0.5 0.6 0.005 0.01 0.02 0.05 0.1 0.2 0.5
X X
(a) Fragmentation function at DLA (b) Nuclear modification R(z) at DLA

Figure 5.6: Comparison of the exact calculation of fragmentation functions (solid lines) and the
asymptotic approximations (dashed lines).

(5.74) which keeps increasing when decreasing w at fixed #, the vacuum fragmentation function
wD?*¢(w) in develops a maximum at w >~ Wyump = (Fk 1 min/R)"Y? and decreases very fast
for w below whymp. This is due to the fact that the angular phase-space at k| min/w < 0 < R
permitted by angular ordering shrinks to zero when decreasing w. For sufficiently small w,
namely such thatﬂ w® S prok? i/ R?, the denominator wD**(w) in the medium,/vacuum ratio
Ri(x|pro) decreases faster with 1/w than the respective numerator wD*d(w) (see also Fig. [5.6al),
so the ratio is increasing.

5.3.1.2 Including running coupling and hard collinear corrections

The calculation made in the previous subsection does not take into account single logarithmic
corrections coming from the running of the coupling constant and the hard collinear splittings.
We briefly discuss two ways of including semi-analytically such corrections. Each one has its
own advantages and drawbacks.

The first way is to calculate the convolution in Mellin space. In Mellin space, the
fixed coupling fragmentation function or in vacuum reads:

di (ER)? d0?
oDy @lEB) = [ SLesaen ([ Grna) + G- DlogB) (59

with v; the anomalous dimension, and C; the coefficient function such that:
(@) =~ (G-10+ G- 17 +8a,)
(@) =1 N e S
C] (OZS) 2 (1 + /(j71)2+8075>

From this expression, running coupling corrections can be included using a,(Q?) instead of a;

in the Q? integral corresponding to the evolution, while @, remains fixed (evaluated at Q = ER)
inside the coefficient function. Corrections from hard collinear splittings are added using:

7 @) = (05(Q%) + 2B

(5.86)

Qs

2

5The upper limit pToki,min /R? is smaller than w?. guaranteeing the validity of the saddle-point method.
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instead of 7, in the evolution integral. B, is the finite part of the gluon splitting function.

Then the convolution between the inside evolution and the outside evolution is made
using amended as explained. In the evolution inside the medium, the lower limit of the
(Q)? integration is the in-medium boundary of the veto region, while for the outside evolution,
the upper limit is the out-medium boundary. Such a calculation is complicated, especially
because of the convolution and the final inverse Mellin transform. However, as in the fixed
coupling case, one may obtain a good approximation using the saddle point method. Instead
of taking this path, we explain now a different approach more suitable for a final numerical
evaluation.

The idea is to start with where running coupling effects and hard-collinear contribu-
tions are already included [I76]. From this equation, one obtains the following equation for the
function T' [145], 177]:

R% 112
T(w,0* | B, R?) = a,(w 292 / 49, / dz10s(21 E*07) Pyy(21)T(w, 0% | 21 E, 67)
62

(5.88)
with Pyy(z) = (1 — 2)®99(2)/(2C4). Note that we still work within the large N, limit in order
to avoid complications due to quark/gluon mixing.

Let us first take into account the running of the coupling at one loop, while P, (2) is
approximated by its soft behaviour P,,(2) ~ 1/z. The Landau pole in the running coupling is
regularised by adding a constant C,c, such that

1 1

as(k?) = a,(w?0?) = T oa (AT T O (5.89)

where 3y = Bom/N.. In intermediate steps, we shall use Creg = 0. Taking the logarithmic
derivative with respect to E and R?, one finds the following partial differential equation

0T 1 T

2 = —_—
ER Spore = o log(ER2/A2) (5.90)

Then, changing to the variables k = log(E/w) and A = log(R?/6?) so that
T(k, N\, p) =T (w,0* | E, R?) (5.91)

one gets

PT 1T

=Y .92
OkON  Bo2k+ A+ (5.92)

with u = log(w?0?/A?) and the initial conditions 7(0,A) = T (x,0) = 1/(Bop).
Including hard collinear splittings consists in adding the integral between 0 and 1 of the
finite part of the splitting function, namely using

1 ! 1 1 11 1
Pry(2) = - +/0 dz (ng(z) . ;) — - =-+5, (5.93)

With this approximated splitting function and the running of the coupling, the evolution equa-
tion for T'(w,0* | E, R?) or equivalently T (k, A, ) can also be put into a partial differential
equation form,
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Figure 5.7: Nuclear modification factor for the fragmentation function beyond DLA

aing 4 ;:(; _+8)%T L aT (5.94)
with the initial conditions
T(,0) = 5(1 L+ Bye ™) (5.95)
T(0,2) = 5(1 +B,) (5.96)
g—:(o,A) - ﬁ(—Bﬁ(Hﬂ%ﬁog(HA/u)) (5.97)
(.0 = BSLM /O g B;fi)fjjfjew> (5.98)

since equation gives not only the differential equation but also the initial conditions. The
partial differential equation (PDE) is then solved numerically on a two-dimensional grid, to get
the function 7 (k, A, ) for several values of p.

This PDE is similar to the one given in Gerwick et al [I78] in term of logarithmic accuracy
but it has the advantage of being mathematically equivalent to the master equation ({5.88]) so
that the solution 7" satisfies the Chapman-Kolmogorov relation. This enables to use (5.76[) and
in order to calculate the medium-modified version of 7.

Numerical results are shown Fig. for the nuclear modification factor of the jet fragmen-
tation function. Four calculations are compared: (i) the DLA result already shown above,
(i1) the effect of the running coupling alone using the solution of , (1ii) the MLLA ap-
proximation including both running coupling and hard collinear radiations thanks to the PDE
, (iv) a MC calculation with full DGLAP splitting function and energy conservation (see
Chapter @ As expected, DLA overestimates the number of soft gluons inside the jet but the
enhancement at small energies is still significant if we include the effects of the running coupling
and the hard-collinear emissions. This shows the robustness of decoherence to generate soft
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gluons inside jets in the presence of a medium.

5.3.2 Jet average energy loss

As the last exercise of this chapter, we estimate the jet energy loss within our factorised picture.
So far, we have focused on the vacuum-like emissions since our arguments were grounded at
DLA where one neglects the medium induced radiations. As explained in Section [5.2.2] this is
correct for the vacuum-like series inside the medium, except for the set of partons at the end of
the VLE cascade inside the medium which by definition cross all the medium before radiating
outside. During this travel, such emission triggers medium-induced jets as those studies in
Chapter [4] Section so that the jet loses energy from large angles radiations.

For the intrajet multiplicity, at first sight, it is legitimate to neglect this energy loss since
it does not change the number of partons produced but merely shifts their final energy in the
spectrum (recall also that a double-logarithmic cascade does not satisfy energy conservation
anyway). It is certainly not correct for jet observables which are strongly sensitive to the
energy of the final state particles. For such quantities, one cannot ignore medium-induced
processes. However, one can often rely on the factorisation between vacuum-like emissions and
medium-induced jets to estimate them.

Jet cross-section in A-A collisions. In this subsection, we deal with the average jet energy
loss £. This quantity is ambiguous as it is not generally a well defined quantity in pQCD. It
is not even measurable in experiments. The reason for this is that measuring an energy loss
requires the knowledge of the energy of the leading parton sourcing the jet or some “vacuum-
equivalent” jet. From a theoretical point of view, this is not a well defined problem whereas it
is clearly not experimentally realisable.

Nevertheless, one can use this quantity as an intermediate tool in order to obtain an es-
timation of a well defined observable: the jet cross-section. We start then by explaining how
the average jet energy loss enters into the calculation of the jet cross-section in nucleus-nucleus
collisions. Jets are defined in this subsection with a single parameter R < 1, which should be
thought as the jet radius in the anti-k; algorithm or the opening angle of the effective cone in
cone-based jet definitions.

We call doy/y/dpro the Born level cross-section for producing respectively a quark or a gluon
with transverse momentum prg at central rapidity in pp collision. At the lowest order in «y,
the inclusive jet cross-section in pp collisions can be approximated by:

dot? do, do
jet q g 3
= + + O(a; 5.99
dpr dpr  dpr (as) ( )

At this order, it is independent of R.

Now, let us assume that energy loss is the dominant effect of the medium in the calculation
of the inclusive jet cross section in A-A collisions (this is of course a very strong assumption). A
jet initially made of a single leading parton i € {q, g} with energy prq evolves via vacuum-like
and medium-induced emissions in the medium. We introduce the probability P;(& |pro, R) for
the reconstructed jet to have an energy pro — &. In principle, this probability is non trivial
even in the vacuum as the leading parton can radiate many soft gluons at angles larger than
R. However, if R is large enough, such contributions can be neglected. Therefore, pr¢ can be
thought as the energy of an equivalent jet which would have evolved in the vacuum, so that
P;(&|pro, R) is the probability for a jet to loose an energy &.
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From the probability P, one can calculate the jet yield in A-A collisions as follows:
1 daj“éf

Taa dpr

dO’i

dpro

~ Y / dpro / A48 5(pr — pro + &) P(Elpro, R) (5.100)
0 0

ic{q,g}

The factor T 4 4 accounts for the geometric enhancement of the jet yield due to the larger number
of nucleons in a nucleus A. It depends only on the centrality of the collision and on the nature of
the nucleus. Equation ({5.100)) states that the initial parton with transverse momentum prq ends
up as final state jet with energy prq — & with probability P. An other underlying assumption
of is the absence of nuclear parton distribution function effects since we use the same
Born-level quark/gluon cross-section as in the pp baseline. This formula is hence an estimation
for phenomenological applications rather than a rigorous pQCD calculation with a controlled
Qs expansion.

Performing the pry integration in and a Taylor expansion of Po; for & /pr < 1, one
gets:

1 dogd do; 0 do;
o et L+ (& (pr,R)—) + O((&/pr)? 5.101
Taa dpr . E{qu ) dpr 3PT< (pr )de> ((&/pr)7) ( )
~ 3 doilpr + Eipr, ) (5.102)
i€{q,9} dpr

where the (9((é~a /pT)Z) term makes sense only if the probability P as a finite support £ <
Emax < pro so that O((&/pr)?) = O((Emax/pr)?). This means that if the typical maximal
energy loss is negligible in front the initial prg of the parton, the jet cross-section in A-A can be
understood as a simple shift of the partonic cross-section. Yet, this shift is different according
to the “flavour” of the leading parton and is given by the average jet energy loss & (pro, R):

E:(pro, R) = / A& &P,(&\pr. R) (5.103)
0

To get the second line, we have neglected the logarithmic derivative of £ with respect to pr in
front of the logarithmic derivative of the differential cross-section. This is allowed because the
differential cross-section do; is a steeply falling function of p; whereas we will see that &;(pr)
increases with a «a, suppressed power of py. This steeply falling property of do; as a function
of pr implies that Ry4 < 1.

Calculation of & at DLA for the vacuum-like series. Let us now turn to an analytic
estimation of the quantity & (pro, R). In Sections [4.3.2] and |4.3.3.1, we have investigated the
energy loss by a leading parton via medium-induced jets. We have argued that the energy
lost by the jet via medium-induced radiations at large angles (6 > R) is controlled by multiple
branchings (resummed to all orders) and the associated characteristic scale is wy,. The results

of (4.70) are summarized as follows:

e For jets with energies prg > vwy,, the jet energy loss via MIEs becomes independent of

Pro:
2¢,0.

eimie(R) =~ vwp + 205w, when  prg > vwy, . (5.104)

e Jets with pro < vwy, lose their whole energy via democratic branchings: € \yig(R) =~

~J

€iflow == PT0-
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e For a large jet radius R 2 6./a?, the flow component dominates over the spectrum
component, €; fow > € spec, f0r any energy F, and the energy loss €; mg 2 € fow becomes
independent of R.

We can now consider the generalisation of the above results to the full parton showers,
including both VLEs and MIEs. In the sequential picture described in Section [5.2] in which
the two kinds of emissions are factorised in time, each VLE occurring inside the medium acts
as an independent source of MIEs and hence the energy loss by the full jet can be computed
by convoluting the distribution of partonic sources created by the VLEs in the medium with
the energy loss via MIEs by any of these sources. Assuming that all the in-medium VLEs are
collinear with the jet axis (which is the case in the collinear picture described in Section ,
the energy lost by the full jet is computed as

PTO dN
0 (pTo7 R) = / dw dVLE EMIE (W, R) )
wo(R) w

2045 de [P dw R?
= Gi,MIE(me / / — 1 \/Oés log — Pro log ey Eg,MIE(W7 R)
wo(6) w 0
(5.105)

\.

where d Ny g/dw is the energy distribution of the partons created via VLEs inside the medium.
The second line follows after using the DLA result for the gluon multiplicity, . This is of
course a rough approximation which overestimates the number of sources, but it remains useful
to get a physical insight. Similarly, for qualitative purposes, one can use the simple estimate
for €; mig(w, R) given by the sum of Egs. -

In Fig. we show the numerical results of Eq. ( as a function of the initial ppq
of the parton and the jet opening angle Hﬂ As expected, Ei(pro, R) rises significantly as prq
increases, as a consequence of the in-medium fragmentation. More surprisingly, we observe a
very mild increase of the jet energy loss as R increases. One would naively expect that the
more the jet opening angle is large, the more the energy loss is recovered at large angles (or
equivalently, the spectrum component decreases). However, this effect is compensated
by the increase of the in-medium phase space for radiations. This compensation phenomenon
has also been pointed out in [179] within the hybrid strong/weak coupling model with medium
response included. The figure should also be compared with the Monte Carlo calculations
of this function made in Chapter [§f There is a very nice qualitative agreement between the
simple analytic estimate and these Monte Carlo results.

It is enlightening to understand the asymptotic behaviour of at large pro. This
is straightforward from the analysis made for the double-logarithmic fragmentation function.
Recall that when pro < w.(R/6.)*3, the in-medium multiplicity is controlled by the position
of saddle point wj. If this saddle point is larger than wy,, one can approximate €; yg by Why
n ((5.105) meaning that the typical energy loss of an in-medium source is wy, since its initial
energy satisfies w > wp,. The condition w? > wy, is equivalent to pro > atw.(d./R)*?. Thus,
has the following large pro behaviour:

3as

C; 2 ' R 4/3 R 4/3
Ei(pro, R) ~ wb‘;‘) 20, (wf?;)) if dgwc <—) <L pro < We (9_) (5.106)

6The precise description of the R dependence of the jet energy loss for R ~ 1 would require a proper treatment
of initial state radiations, which is beyond our current framework.
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Figure 5.8: Double-logarithmic estimate of the jet energy loss as a function of prg and R, obtained
from a numerical integration of (5.105). The bands correspond to 25% variations of the parameter c,
and v around ¢, = 0.35 and v = 2.5. Note that (5.105)) predicts an exact Casimir scaling of the quark

and gluon jet energy loss.

This power-like increase of the energy loss with pr is a simple consequence of the larger phase
space available for radiations inside the medium as ppq increases. It is a crucial ingredient to
explain the flatness of the Raa ratio for jet cross-section even at large pr. Last but not least,
and predicts that the jet energy loss is proportional to the Casimir of the initial
parton.

The condition prg < we(R/6.)*? is not very restrictive for phenomenological applications
as w.(R/0.)"3 = O(1 TeV) for typical values of ¢ and L. For completeness we give also
the asymptotic behaviour of when pro is larger than w.(R/6.)*3. In this case, the
multiplicity is controlled by the phase space above w,. and 6. so that the energy loss increases
like:

' ™ ¢, ©Xp <2\/6zslog(pT0/wC)log(R/Qc)>
Ei(pro, R) ~ w, VarC,  (aslog(pro/we) log(R/6,))1/*

4/3

C

Jet quenching vs. hadron quenching. To conclude, let us comment about the difference
between the jet yield and the hadron yield in nucleus-nucleus collisions. For a steeply falling
cross-section, the method would give a wrong answer if the probability P is such that the
mean & is significantly larger than the typical energy loss corresponding to the energy where
P is maximal [84]. This is a consequence of the steeply falling cross-section which favours
typical events rather than the mean scenario. In this situation, one cannot truncate the Taylor
expansion up to the first order derivative. The alternative strategy is to expand as a
function of 1/n where n is the (large) power of the power suppressed cross-section do; [84]. For
the hadron cross-section, such scenario occurs since we have seen in Chapter [ Section [4.3]that
the mean parton energy loss is of order a,w,. whereas the typical event by event energy loss is
Whr = Qlw, < agWwe.

For jets, this is different though. Introducing the parameter R enforces the energy loss by
the jet to be of the order of the event by event energy loss wy, so that the gluons carrying away
this energy end up at angles larger than R. For jets, the typical and the mean energy loss
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Figure 5.9: Analytic estimation of the nuclear modification factor for jets R44. The bands correspond
to 256% variations of the parameter ¢, and v around ¢, = 0.35 and v = 2.5. For the quark and gluon
Born level cross-sections, we used a power law decrease A;(pr/pr)™itmi108®r/pr) from a fit of the
numerical cross-sections over pr € [100,500] GeV and |y| < 2 with LHAPDF6 parton distribution
functions [180].

are of the same order so that one could expect Eq. to give a good estimate of the jet
cross-section in AA.

In Fig. , we show an analytic estimation of the R 44 ratio based on Egs. and the
average energy loss function . The general trend is good, namely a strong suppression,
slightly increasing with pr. However, the suppression is largely overestimated with respect
to the data and the Monte Carlo results obtained in Chapter [§f One explanation is that the
assumption & < pro is not really realised as one can see from Fig. [5.8 Another explanation
is that large angle energy loss fluctuations are as large as the mean ~ wy,. Moreover, for jets,
this energy loss is enhanced by the multiplicity of vacuum-like sources, and this multiplicity has
also large pr-dependent event-by-event fluctuations. Thus, the first order truncation in
is not a good approximation and the quenching weight method would be a better option if we
knew the full probability distribution P;(&|pr, R).






Chapter 6

JetMed: a Monte Carlo parton shower for
jets in the medium

Chapter [5| was dedicated to the theoretical foundation of our factorised picture for the parton
showers in the presence of a dense QCD medium. In the last section of this chapter, we have
tried to include analytically the sub-leading single logarithmic corrections for the vacuum-like
shower as well as the medium-induced emissions in order to quantify the energy lost by jets
in the plasma. Another approach consists in numerically implementing the classical branching
process in a so-called Monte Carlo event generator that mimics the evolution of the jet. This
numerical approach is equivalent to the resolution of the evolution equation for the generating
functional of the exclusive multi-particle production cross-sections so that the large terms in the
as expansion of the cross-section — due to either large soft /collinear logarithms for the vacuum-
like emissions or large medium path length over formation time ratio for the medium-induced
emissions —are correctly resummed to all orders.

In this chapter, we describe the Monte Carlo parton shower for jet fragmentation in a dense
QCD medium as it emerges from the ideas developed in the two previous chapters. The first
Section recalls the basics of the Sudakov veto algorithm used to generate the “times” in the
branching processes. The two following Sections and describe in details the two main
modules of the full parton shower: the vacuum shower which solves the coherent branching
evolution equation and the medium induced shower which solves the evolution equation
for medium-induced jets (4.65). These two modules are combined in the full medium shower
according to the principles exposed in Chapter 5} this is the topic of Section[6.4] In this section,
we also briefly present the code architecture. The last section compares our parton shower
with other Monte Carlo generators.

6.1 The Sudakov veto algorithm

A Monte Carlo parton shower simulates a classical branching process. In this section, we call ¢
or “time” the ordering variable of the process, while keeping in mind that the physical sense of
t may change according to the branching process at hand. The building block of a branching
process is a time branching rate that we call I'(¢). The probability dP for a branching to occur
between t and t + dt is, by definition:

dP = T(t)dt (6.1)

From T', one can calculate the probability density B(t¢) for a branching to occur at time ¢,
knowing that no branching occurred between t3 and ¢. This is given by the exponential decay

147
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B(t) = T(t) exp (- /t: dt’F(t’)) Ot — t) (6.2)

This probability density is properly normalised over the time interval [to, oo]. If the branching
process has an intrinsic maximal time ?,,.,, the normalised probability density B is given by
divided by its integral between ty and t,,.x.

In a Monte Carlo parton shower, one must be able to select a time according to the prob-
ability density B. This gives the time of the subsequent splitting, if the previous one occurred
at time ¢y5. The purpose of this section is to recall the standard methods used to sample B.

6.1.1 Basics of random variable sampling

We assume that we are able to generate numerically random numbers following the uniform
distribution ¢(0, 1) over [0, 1]. We give here two general methods to sample = according to the
density B(z) for = € [zg, Tmax]-

Inverse transform method. If the repartition function B(z)
Blz) = / de' B(z') (6.3)

0

is strictly increasing and if one can find its inverse B~!, then it is straightforward to generate
x according to the probability density B:

= B ! (u) (6.4)

with u following ¢(0, 1). For B of the form ([6.2)), if one knows a primitive  of I" and its inverse
v~1, then the inversion methods reads:

t =71 (3(to) — log(u)) (6.5)

Hit-or-miss (rejection) method. When one cannot find analytically either the repartition
function or its inverse, one can rely on the hit-or-miss method. If one finds a function S(x) and
a constant M > 1 such that:

B(x) < MS(x) (6.6)

for all  in [zg, Tmax], and such that one knows how to sample z following the density S(x), the
variable z is selected according to the following procedure:

e Step 1: select = according to S, and u according to U(0, 1) independently,

e Step 2: while
B(x)
MS(z)

go back to step 1, otherwise stop and select z.

u >

The final = that comes out of this algorithm follows the density B.

Note that if the function B is bounded by M on [zg, Zmax], one can use S = U(xo, Tmax)-
Of course, the more M is small, the more the hit-or-miss algorithm is efficient (one can show
that the expected value of the number of iteration is precisely M), so that it is advantageous
to choose the envelop function S as close of B as possible.
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6.1.2 Sudakov veto method

The hit-or-miss method is very general. Actually, we did not use the fact that the density B is
of the form (6.2)). The Sudakov veto method is a generalisation of the hit-or-miss method that
makes use of the specific form of the branching density probability.

We first consider the case where there is no maximal time t¢,,,, = +00. The veto algorithm
relies also on an envelop function R(t), yet directly for the branching rate and not the full
probability density . That is, we assume that there exists a function R(t) such that:

D(t) < R(t)  forty<t (6.8)

and such that one knows how to generate t following the probability density S;(t):

Silt) = R(t) exp (— /t ar R(t’)) ot —t,) (6.9)

where the index ¢ refers to the initial time in the lower boundary of the integral and have
been introduced for future convenience. From our discussion of the inversion method, one sees
that it is interesting to look for a function R such that its primitive r and its inverse r—! are
analytically known.

Now, let us give the veto algorithm that generates ¢ following the density B:
e Step 1: Initialize the index ¢ = 0, and t;—¢ = to,
e Step 2: While ¢ > 0, select t;,1 according to S; (hence ¢;11 > t;) and wu;4q1 in U(0,1). If

[(ti1)
R(tit1)

(6.10)

Ujp1 >

continue, otherwise stop and select t = ¢;;.

With respect to the hit-or-miss algorithm, one notices two main differences: firstly, the
veto condition is on the ratio of the rates and not on the probability densities, and secondly
the candidates t; are picked according to a probability density that changes from one step to
another. A proof of the validity of this method can be found in [I81].

Finite t,.x values are handled by stopping the veto algorithm if ¢;,7 > t,.c. Also, in all
the applications of the veto algorithm discussed in this chapter, the rate I'(¢) has the following
general form:

I(t) = /dxf(t,x) (6.11)

where the boundaries of the x integral may depend on t. Here, x is an other random variable
over which the rate f(t,x) is marginalised. In principle, if one knows how to select a time ¢
distributed according to I', the generation of the other random variable x proceeds afterwards.
One first selects ¢ and then z following the distribution f‘(t,a:) properly normalised over the
allowed z-range. If one does not know how to generate ¢ directly, one can use an extension of
the veto algorithm relying on an envelop rate R(t, ) such that

T(t,z) < R(t, ) for all z and ¢ty <t (6.12)

and such that the associated probability density S;(t) given by — with R given by R(t,z)
marginalised over x — is easy to generate. The properly adapted veto algorithm becomes:
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e Step 1: Initialize the index ¢ = 0, and t,—g = to,

e Step 2: While 7 > 0, select t;1; according to S;, ;41 following the (normalised) density
R(tiy1,7), and u;yq in U(0,1). If
T(tio1, i)

Uigy > et Tidt) (6.13)
R(tis1,Tiv1)

continue,
e Step 3: else, select t = t;,; and x = x;,1 and stop.

This algorithm is the standard tool in Monte Carlo parton showers. In the following sections,
we shall describe more precisely how this algorithm is used to generate the splitting angles in
the vacuum shower and the splitting times in the medium-induced shower.

6.2 Vacuum shower

We start by describing the implementation of the vacuum-like shower. This shower serves first
as a vacuum baseline for quantifying jet quenching when medium effects are introduced. Most
importantly, this module enters into the full medium shower to iterate vacuum-like emissions
both in the inside and outside phase space.

Generic kinematic. We will represent the massless 4-vectors corresponding to emissions
using their transverse momentum pr;, their rapidity y; and their azimuth ¢;. Since our physical
picture is valid in the collinear limit, we will often neglect differences between physical emission
angles 0 and distances AR = /Ay? + A¢? in the rapidity-azimuth plane. All showers are
considered to be initiated by a single parton of given transverse momentum prg, rapidity yo
and azimuth ¢g, and of a given flavour (quark or gluon).

Implementation of the shower. Still working in the collinear limit, we will generate our
partonic cascades using an angular-ordered approach, starting from an initial opening angle
Omax- Hence the “time” variable of the branching process in the sense of the previous section
is the angle 0 always decreasing, or equivalently log(1/6#). The initial parton can thus be seen
as having 6 = 0,,.« and a relative transverse momentum k&, = probfnax. 10 regulate the soft
divergence of the splitting functions, we introduce a minimal relative transverse momentum
cut-off k| jin. This corresponds to the transition towards the non-perturbative physics of
hadronisation. Note that for a particle of transverse momentum prg, the condition k; > kj min
imposes a minimal angle 6 > O = k1 min/Pr0, and a minimal transverse momentum pr >
PTomin = K1 min/Omax for the next emission.

The shower is then generated using the Sudakov veto algorithm described in Section [6.1]
For the purposes of the subsequent discussion, prg and 6y denote respectively the transverse
momentum and the angle of a generic parent parton, which is not necessarily the leading parton.
Its relative transverse momentum is defined by kg = probo.

With the notation used in Section the rate of the branching process is (see also
for the description of the coherent branching algorithm) reads

L9, 2) = Py(2)5 (6.14)
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where i = (g,q) is a flavour index, z = pr/pro is the pr fraction of the softest emission with
respect to the transverse momentum ppy of the parent and k&, = zprof = prf the relative
transverse momentum of the emission. P;(z) is the splitting function of the parton i defined in
Appendix [C] z and 6 are random variables, and we aim at first generating 6 < 6, according to
the probability density:

1 0o /
Byac(e) — 1 dZ (ZpTOQ) exp de ZpTOQ) Z(Z)
’ 0
DT, min/PT0O pr, mln/pTO m

(6.15)
and then, z is generated with probability density I'}**(6, z) normalised over z € [prmin/Pro0, 1]-
The envelop rate used for the veto algorithm is:

2C; as(zprob) 1
T 0 z

R™(6,2) = (6.16)

where Cy = Ca, Cq = Cp. After the change of variable k; = 2prof, the marginalisation of
R(0, z) over z gives:

1 R Ak 20,(K)C;
R™(0) = 5 /k E— (6.17)
1 Cl 1-— 2Oésﬁ0 10g<kJ_O/MZ)
- s |
0 75 1 — 20,3 log(kj_,min/MZ)

To obtain the second line, we used a 1-loop running coupling a, (k) = 5ok gfg(h e with
as = as(My) the running coupling at the Z mass, fixed to 0.1265, and Sy = (11C4 —2ny)/(127)
the 1-loop QCD g function. We consider a fixed ny = 5 flavours of massless quarks. The
probability density S$Y2¢(0) given by this rate and is sampled using the inversion method
since one can easily find the primitive of R}*® with respect to 6 and its inverse. In equations,
given u uniformly distributed over [0, 1], 6 is picked using:

0 = 0o exp(log(u)/R;*(1)) (6.19)

1 ,min

(6.18)

The k& of the emission is then generated between k| nin and ko following the distribution
as(ky)dk, /ki. The allowed range for k; in has been chosen in order to simplify the
analytic calculation of the # integration and does not correspond to the z physical boundaries
Prmin/Pro < 2z < 1. This procedure thus neglects finite effects in the splitting function and
momentum conservation as the splitting fraction z = ;’;0 = %%0 associated with the emission
of the gluon 6 and k, in (6.17) can take values larger than one. This is simply taken into
account by vetoing emissions with z > 1 and accepting those with z < 1 with a probability
3¢ Pi(2) with P;(2) the targeted splitting function. A similar trick allows us to select between
the g — gg and g — ¢¢ channels for gluon splittings. This trick is detailed in the next section
as it is also used in the medium-induced shower. If any of these vetoes fails, we set § — 6y and
ki10/0y — k1o — so that prg = k1o/6p is preserved — and reiterate the procedure, following
the Sudakov veto algorithm.

After a successful parton branching, both daughter partons are further showered. The

procedure stops when the generated angle 6 is smaller than the minimal angle 6,,;,.

4-vectors reconstruction. To fully specify the procedure we still need to specify how to

reconstruct the daughter partons from the parent. For this, we use z = 5TTO = ]fj 6;0 and also
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generate an azimuthal angle ¢ around the parent parton, randomly chosen between 0 and 27.
We then write

daughter 1: (2 pro,yo + (1 — 2)8 cos(p), ¢o + (1 — 2)0sin(p))

parent: (Pro, g, Go) — {daughter 2: ((1 = 2)pro, yo — 20 cos(p), po — z Osin(p))
(6.20)
This is strictly valid in the small-angle limit and power corrections in ¢ would appear beyond
our small-angle approximation.
For examples of use of the vacuum shower, we refer the reader to Chapter [4f where the
fragmentation function and other jet substructure observables are calculated using the vacuum

module of JetMed. These calculations are compared to analytical predictions.

6.3 Medium-induced shower

The medium-induced module develops a medium-induced parton shower from a leading parton
with transverse momentum pro, as those described in Section [£.3] The evolution parameter in
the case of medium induced cascades is the “time” ¢ = x™ in light-cone coordinates with the
longitudinal axis defined by the direction of motion of the leading particle. The generation of
the shower is made in two steps. In the first step, all the partons produced are exactly collinear
to the leading parton. In the second step, an angle is assigned to each parton produced by the
collinear cascade assuming that all their relative transverse momentum comes from momentum
broadening.

6.3.1 Implementation of the collinear shower

The collinear shower is mathematically equivalent to the resolution of the equation (4.57]).

The splitting time probability density. The rate f?ed(t, z) of the Markovian branching
process is given

= s,me ] ICZ
Fusi(y, ) = 2omet [0 Kul2)

or | pr (1 - 22 (6:21)

as in . The functions IC; are given in Appendix . Here i € {q, g} and pr are respectively
the flavour and the transverse momentum of the parent that splits, which is a prior: different
from the leading parton ppo which defines the direction of the light cone coordinate ¢. In
JetMed, the coupling constant ageq is frozen during the medium induced evolution and is
a parameter of the Monte Carlo. A straightforward extension of the rate consists in
evaluating o at the typical branching transverse momentum ky, = (¢z(1 — 2)pr)'/%. The rate
is constant with time since there is no explicit time dependence. The soft divergence in
IC; is regulated with a minimal energy fraction zpr/pro > Zmin. With respect to , we have
dropped the step function ©(w. — z(1 — z)pr). This constraint is handled directly by the veto
algorithm.

It is convenient to use a dimensionless evolution variable, so we promote the “reduced time”

7 defined by

S,me ] C
- = Qomed [4/Ca, (6.22)

™ Pro
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as our new evolution variable. (We recall that, by convention, we use the adjoint quenching
parameter to define § = §4.) The evolution is made from some 7y, the reduced splitting time
of the parent parton to 7, when ¢ = L, that is when the leading parton escapes the medium.
For the leading parton triggering the cascade, we set 75 = 0.

If 7y is the splitting of the parent parton, the targeted probability distribution for the
subsequent splitting time 7 > g is:

Bred(r) = /x ;:mm \2/\7—4( (’C( ; iz eXp( / " /x;x“‘ \/Q_A( <1’C( ;)1/2()6 23)

with z = pr /pro and ZTyin = Zmin/x. The z-fraction of the splitting is chosen with probability
[(7, z) with z between Z,;, and 1 — 2, Since it is not possible to use the inversion method
for the probability density (6.23]), we use the Sudakov veto method.

Sudakov veto method for gluon splittings. The envelop rate Rmed(r z) for gluons makes
use of the approximated kernel Koy(z - for which analytical solutions from the generating
functional method are known. For convenience, the rate (6.23)) is symmetrised so that z can be
chosen between x,;, and 1/2. This cancels the factor 1/2 in . Then, one checks that

VCa_ Ky(2) - ci? .
vz (21 jz))m <R = —=ka(a), Koo =(a(1-2)7 (6:24)
Marginalising over z € [, 1/2] this envelop rate, one finds the following expression:
03/2 2 — 4 min
Rmed( ) A i (625>

\/_ \/xmm 'rmin)
The probability density S™4(7) built from this rate is sampled by the inversion method using:
T =7 — log(u)/RY*(0) (6.26)

with u distributed as U(0,1). Then, z is randomly chosen with probability density Co(z)
normalised between z,;, and 1/2, again using the inversion method

v 2 — 4z 0
7= v = 6.27
24/16 + v? < v/ Tmin(1 xmm)) (6.27)

with ' following ¢(0,1). With these expressions, one knows how to generate the branching
process with the simplified kernel Ky(z). We are left with the implementation of the veto
algorithm, that we detail to highlight how the condition w < w, for medium-induced emissions
is imposed and how the gluon/gluon and quark/antiquark splittings are handled:

e Initialize 1,9 = 19.
e While 7 > O:

— select 7,4, distributed as S™°4(7), 2,11 between xn;, and 1/2 distributed as Ko(2)
and u;1 in U(0,1).

— If 7341 > 71, stop.
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— Else if
Zi1TPT, > We (6.28)
continue,

— Else if )
Ki(ziv1)/ v/ zig1 (1 = zig1)
CAICO(Zi+1>

stop, and select 7;,1 as the next branching time. The branching is a ¢ splitting
with momentum fraction z; ;.

— Else if
K49(2i11) [/ zis1 (1 — 2i11)
Uip1 <
204K (zi41)

stop, and select 7,47 as the next branching time. The branching is a gluon-gluon
splitting with momentum fraction z;,1.

(6.29)

Ui <

(6.30)

— Else continue.

The first condition guarantees that the subsequent branching time is well smaller than L whereas
the second veto condition ensures that the energy of the soft emission is smaller than w, =

GAL2/2.

Sudakov veto method for quark splittings. For quark, one puts the singular behaviour
of the splitting function in z = 0 only using:

Kq(2) = K3 (2) (6.31)

thanks to the z <> 1 — z symmetry. z is then generated between zpi, and 1 with the envelop
rate R"*Y(7, z) such that:

CrCy? 1
vz 2(z2(1-2))?

VO ICq(Z)
2z (21— 2)) 7

< Rr(r,2) = (6.32)

The marginalisation of R;“ed(T, Z) over z € [T, 1] gives:

CrCY? T = 2mm
R™d(r) = <24 9 ’ (6.33)
\/E Lmin

Then, as for gluons, the branching time 7; following S™°4(7) is picked using, with u distributed
as U(0,1):

7 =17; — log(u)/RX*(0) (6.34)

Finally z is randomly chosen between x,,;, and 1 using (with again «’ given by U(0,1)):

1 1—- min
v =1 (2 —x> (6.35)

Tira in

These formulas enable to generate the branching process given by the envelop rate R‘qned(T, ).
The Sudakov veto algorithm is run to generate the branching given by the true rate f“qned(T, z).
This goes as for gluon splittings with the further simplification that there is only one decay
channel for quarks.
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. 0Fragmentation function for medium-induced jets

G=1.5GeV~2/fm, L =4 fm, ds meq = 0.24
350 G=2Gev~2/fm, L=3fm, s, meg = 0.24 i
3.0 i
anti-k¢(R = 0.4), pro = 200 GeV
2.5F 4 21075 GeV, Oax = 1 1
3R 2.0F 4
3 gluon
1.5¢f -
1.0+ -
0.5} .
0.0

0.1 05 1 5 10 50 100

Figure 6.1: The energy spectrum of particles produced by medium-induced splittings from a leading
gluon with pro = 200 GeV resulting from the module MediumInducedShower, for two different values
of ¢ and L. The parameters 2z, and O are fixed respectively to 107° and 1.

6.3.2 Implementation of the angular structure

In the cascade described above, all the splittings are considered to be exactly collinear. The
angular pattern is generated afterwards via transverse momentum broadening, cf. Sect. [£.3.3]
For this, we go over the whole cascade and, for each parton, we generate an opening angle 6
and azimuthal angle ¢ according to the two-dimensional Gaussian distribution:

dQPbroad 1 ( ki )
_ _ 6.36
Pk, mgeit TP\ T GaAt (6.36)

where At is the lifetime of the parton with colour representation R in the cascade, and k, ~
wfh. Once we have the transverse momenta and angles of each parton in the cascade, we
use to reconstruct the kinematics. Partons which acquire an angle larger than 6.
via broadening are discarded together with their descendants. We could study more involved
broadening distributions in the future, taking into account hard scattering contributions beyond
the Gaussian approximation (see e.g. [182] [183]).

As an example, we show on figure 7 the resulting energy spectrum (or fragmentation
function) of a medium-induced jet triggered by an initial gluon with energy pro = 200 GeV.
After the evolution of the leading gluon via the medium-induced shower, all the produced
particles are clustered with the anti-k; algorithm with R = 0.4 and only the hardest resulting
jet is taken into account into the calculation of the fragmentation pattern. The large narrow
peak near w = 200 GeV is obviously the remnant of the leading particle. The second broad
peak is due to the suppression of soft medium-induced emissions, with energies smaller than
the characteristic energy scale min(Q,/R,ws(R)) (with Q* = L and w,(R) = (§/(a?R*))'/?),
see Section , because such soft emissions are deviated out of the jet cone via transverse
momentum broadening. This spectrum agrees with our study of the fragmentation of medium-
induced jets in Chapter [4 Section [4.3]
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6.4 Full medium shower

6.4.1 The global picture

The in-medium shower is generated in three stages, according to the factorisation discussed in

Section [(.2.3]

1. The first step is to generate in-medium VLEs. This is done exactly as for the full vacuum
shower except that each emission is further tested for the in-medium conditions k3% 6 > 2¢
and 0 > 0.. If any of these two conditions fails, the emission is vetoed.

2. The second step is to generate MIEs for each of the partons obtained at the end of the
first step, following the procedure described above. We neglect the formation time of
the vacuum-like sources since for them, ¢ty < L. Consequently, all the medium-induced
cascades triggered by the in-medium vacuum-like emissions develop over a time L.

3. The third step is to generate the VLEs outside the medium. For this, each parton at
the end of the MIE cascade is taken and showered outside the medium. This uses again
the vacuum shower, starting from an angle 6., since decoherence washes out angular
ordering for the first emission outside the medium. Each emission which satisfies either
k10 <2/L or 0 <6, is kept, the others are vetoed.

The full parton shower can be converted to 4-vectors suited for any analysis. Final-state (un-
decayed) partons are taken massless with a kinematics taken straightforwardly from Eq. .
If needed, the 4-vectors of the other partons in the shower are obtained by adding the 4-momenta
of their daughter partons. This requires traversing the full shower backwards.

Whenever an observable requires to cluster the particles into jets and manipulate them,
we use the FastJet program (v3.3.2) [I84] and the tools in fjcontrib [I85]. In particular,
the initial jet clustering is always done using the anti-k; algorithm [134] with R = 0.4 unless
explicitly mentioned otherwise.

6.4.2 Code architecture

The code is written in C++ (v3 or higher). It requires the installation of the FastJet program
(v3.3.2) [184].

Event classes. Besides generating the branching of a given parton described in the previous
sections, the Monte Carlo records the full history of the branching process. One can access to
any branching information thanks to the three following classes:

1. the class Parton which handles the leaves in the shower. This class gathers all the nec-
essary informations about the partons generated during the cascade. These informations
can be physical: one can access to the kinematic or the “flavour” of any given Parton.
There are also unphysical informations related to the location of the Parton in the full
Event.

2. the class Vertex which handles the nodes of the branching process. This class records the
physical informations associated with the splitting at the node, as well as the location of
the parent and daughters Parton in the Event.
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3. the class Event contains a vector of Vertex, Parton and PseudoJet (class from FastJet)
corresponding to the full tree of the branching process. A set of methods enables to handle
the branching of a parton coming from a given shower to the full event or to access to
the final states partons.

Shower classes. The two kind of showers described in the previous sections, vacuum-like or
medium-induced constitute two independent classes VacuumShower and MediumInducedShower.
A final class MediumShower combines together the vacuum-like shower and the medium-induced
shower according to the principles of our factorisation. In order to highlight the specificity of
this MediumShower with respect to other possible implementation, it is interesting to develop
fictitious unphysical showers where one of the important ingredients of our picture is missing.
Thus, a parton can be showered also via:

1. the class HardMediumInducedShower: in this shower, the angular pattern of the medium
induced shower is not generated. All the medium-induced partons produced via the
purely collinear shower are discarded in the event (and not further showered), because
their angles are set to a value larger than 6., by hand. Only the resulting energy loss
of the leading parton is recorded. This class enables to isolate the effects of the energy
loss via medium-induced radiations, and by contrast, to understand the effect of the
medium-induced emissions with relatively small angles.

2. the class MediumAOShower: this shower is the same as MediumShower except that there
is no reopening of the phase space for the first decay given by the VacuumShower in the
outside phase space. The angle of this emission is constrained by the opening angle of
the previous one, so that all vacuum-like branchings are angular ordered.

6.4.3 JetMed free parameters

We give here the list of parameters that enter into a JetMed calculation. These parameters can
be divided into two sets: the physical parameters that are, in principle, measurable and the
unphysical parameters which enter into the calculation in order to regulate the soft or collinear
singularities.

Shower Unphysical parameters | Physical parameters
VacuumShower Omax, ]m,min as(MZ)
MediumInducedShower Omax, Zmin 4, L, s med

Table 6.1: Parameters of the Monte Carlo JetMed. The unphysical parameters k 1 min and zyi, are
used to regulate the infrared divergences in the probability distribution for generating a given emission.
They are not measurable quantities contrary to the the physical parameters listed in the second column.

Among these parameters, one could easily avoid the use of the frozen coupling o meq using
the value of oy at the transverse momentum scale kyp, (see Section [6.3]).
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6.5 Limitations and comparison with other Monte Carlo
event generators

6.5.1 The missing ingredients

The Monte Carlo generator that is described above is of course very simplistic and has a series
of limitations. We list them here for the sake of completeness.

Hadronisation and initial state radiations. First of all, we only generate a partonic cas-
cade, neglecting non-perturbative effects like hadronisation. Even if one can hope that these
effects are limited — especially at large pr — our description remains incomplete and, for ex-
ample, track-based observables are not easily described in our current framework. Additionally,
our partonic cascade only includes final-state radiation. Including initial-state radiation is left
for future work. This would be needed, for example, to describe the transverse momentum
pattern of jets recoiling against a high-energy photon.

Medium and nucleus-nucleus collision modelling. Our description of the medium is also
simplified: several effects like medium expansion, density non-uniformities and fluctuations, and
the medium geometry are neglected. The geometry of the collision is a crucial missing ingredient
if we aim at understanding the dependence of Monte Carlo calculations with the centrality and
the energy of the collision. This can to a large extent be hidden into an adjustment of the few
parameters we have left, but we would have to include all these effects to claim a full in-medium
generator.

Hard scatterings off medium constituents and medium response. As discussed in
Section [5.2.5] there are other medium effects which are not included in the current implemen-
tation of JetMed. First of all, the medium response of the jet propagation is known to produce
sizeable effects on medium modified jet shapes. Including the medium response of the jet at the
level of our Monte Carlo would require a complete knowledge of the hydrodynamic evolution
of the medium.

Hard scatterings between the leading parton that triggers the jet (or any of its descendent)
and a medium scattering center are also neglected in the multiple soft scattering approximation.
In terms of Monte Carlo modelling, i.e. without relying on a theoretical proof of the validity
of the Monte Carlo calculation in a given approximation scheme, hard scattering contributions
could be added using the full transverse momentum probability distribution P(k,, At) defined
in instead of its Gaussian approximation used to generate the angular pattern of
the medium induced shower (or equivalently, using the analytic approach of [77]). This should
at least correct the angular distributions, so that the Monte Carlo would really solve (4.65)) with
the right collision kernel. Note that the Monte Carlo implementation of the branching process
associated with for gluons only has also been pursued in the parton shower MINCAS [182].

Furthermore, hard scattering also modifies the emission rate. Hence, a complementary
improvement would be to use the recent results of [73]. In this paper, the authors provide a
rate for medium induced splittings that encompasses at the same time the Bethe-Heitler regime,
the multiple soft scattering regime and the single hard scattering regime.

Shortcoming improvements. Among all of these approximations, some of them could easily
be circumvented. As argued, the longitudinal expansion of the medium requires a modification
of the veto region for vacuum-like emissions. This veto region has been calculated in Chapter [5
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so the implementation should be straightforward. Moreover, the effect of the longitudinal
expansion on the medium-induced cascade discussed in amounts to a change in the relation
between the dimensionless parameter 7 and the proper time ¢ along the direction of motion of
the leading parton.

6.5.2 JetMed in the landscape of in-medium event generators

Over the past few years, a large variety of Monte Carlo parton showers and event generators
has appeared in the heavy-ion community, stimulated by the large amount of data associated
with jet quenching effects. In this subsection, we would like to precise the location of JetMed
among all these parton showers. JetMed is based on the factorised picture exposed in Chapter [5
which allows for a fast implementation of an in-medium parton shower. With this perspective,
JetMed is unique as it is the only parton shower that includes decoherence effects in the vacuum-
like cascade and the multiple branching regime for medium-induced radiations as predicted by
perturbative QCD.

The factorisation between the vacuum-like shower and the medium effects is not unique.
Actually, many in-medium parton showers start with a shower triggered by the virtuality of
the hard-process up to some cut-off virtuality scale Q,.q where medium effects take over. This
is the case for MARTINI [I86] for instance, for which the vacuum-like shower is generated by
Pythia 8.1. Nevertheless, in our approach, this virtuality scale ()4 is dictated by the physical
parameters of the medium. Besides the treatment of the vacuum-like cascade, it is not clear
whether the MARTINI approach encompasses the multiple branching regime discussed in Chapter
M], Section [4.3] even if the transition rates used in MARTINI account for both the Bethe-Heitler
and LPM regimes.

In the framework MATTER+LBT [187, 188, 189 190], there is also a virtuality transition scale
between the virtuality-driven shower and the outgoing partons-medium interactions. This tran-
sition scale is chosen of order O(1 GeV). The MATTER shower includes the so-called higher twist
(HT) contributions to the one-gluon emission cross-section from a single scattering, generalised
to include multiple emissions in a DGLAP-like formalism with medium-modified splitting func-
tions. When the shower reaches the typical virtuality scale generated by medium scatterings,
the LBT shower takes over. This shower implements a kinetic rate equation, whose rates are
again given by a higher-twist approach. In JetMed, higher-twist contributions to emission
cross-sections and rates are neglected.

In the way the dominant medium effects are implemented, MATTER is close to the Q-PYTHIA
and Q-HERWIG implementations of the in-medium parton shower [87), 191], 192] 193] (or [194]
which uses a similar idea) since medium-modified splitting functions are used. These medium-
modified splitting functions incorporate the effect of medium-induced emissions via an additive
term to the usual DGLAP splitting functions. This additive term is given by the off-shell
spectrum calculated in Chapter 3| (with the vacuum limit subtracted). This implementation is
different from the one in JetMed since our factorisation enables to ignore either the vacuum or
the medium-induced component according to the stage of the evolution. That said, at the level
of a single emission, both calculations agree in the soft limit.

Our factorised approach is in principle closer to the implementation of the Monte Carlo
JEWEL [88] in which “the interplay between competing radiative processes is governed by the
formation times of the emissions” meaning that, for instance, in the generation of a splitting, the
choice between a vacuum-like and a medium-induced one is made according to the criterion of
shortest formation time. This is precisely the argument made to derive the veto region in Section
b.1.1] Hence, JetMed focuses somehow on the drastic scenario where the in-medium vacuum-
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Monte Carlo JetMed | MARTINI | MATTER+LBT | Q-PYTHIA | JEWEL | Hybrid
Factorisation scale v v v X X X
Decoherence v X X X X X
LPM effect v v X v v X
Multiple branching regime v ? X X ? X
Hadronisation X v v v v v
Medium geometry/expansion X v v X2 v v
Hard single scatterings X v v X v X
Medium response X X v X v v
HT splitting functions X X v X X X
Strongly coupled energy loss X X X X X v

Table 6.2: A personal comparison of several Monte Carlo in-medium parton showers. We apologize if
they are not faithfully represented as it can be sometimes difficult to disentangle the physical ingredients
behind the numerical implementations. Notes: (1) A modified-Boltzmann approach is proposed in [197]
to take into account the LPM regime. (2) Q-PYTHIA can be interfaced to an optical Glauber model
[198].

like cascade happens very shortly before triggering a bunch of medium-induced emissions. Since
this scenario is the dominant one to single logarithmic accuracy for vacuum-like emissions, the
JetMed approach is considerably simplified.

Last but not least, JetMed is completely orthogonal to the hybrid strong/weak coupling
model [195], as the underlying medium in JetMed is assumed to be weakly coupled. Nev-
ertheless, there are some physical similarities since the hybrid model takes into account a
characteristic resolution length [196] of the plasma, a concept which is closed to the coherence
angle derived in weak coupling calculation in Chapter [3|

To summarise, we provide a non-exhaustive Table recapitulating the main ingredients
of all the parton showers discussed in this subsection.
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Chapter 7

Introduction: jet quenching observables

In this introductory chapter, we first aim at giving a large (but of course non exhaustive) survey
of the measurements related to jet quenching phenomena which will be studied in more details
in the following chapters. Furthermore, we explain qualitatively how the physical picture for
jet evolution in a dense QCD medium discussed in Part [[ enables to understand the salient
features of these experimental data.

So far, there are still important missing ingredients in this picture. These missing ingredients
do not allow for a complete description of all the current data. Each time we discuss a mea-
surement, we explain why we expect this measurement to be or not to be properly understood
(at least qualitatively) within our theory.

As usual in jet physics, we also expect better agreement between the theory and the data
when there is a large separation of scales between the hard process and the soft sector: hadro-
nisation, underlying event, flow in heavy-ion collisions, etc. That is why we focus mainly on
LHC data, as the center of mass energy is large enough to produce high pr 2 100 GeV jets
in the final state. A non-exhaustive list of references regarding jet measurements at RHIC is
given in the first section.

One can divide the measurements done so far regarding jets in heavy-ion collisions into
two main categories: global and substructure observables. For global jet observables, all the
informations about the inner properties of jets are discarded, and only the global properties
(transverse momentum, mass, etc) are compared to the proton-proton collision case. On the
contrary, for substructure observables, one looks for modifications of the inner properties of
jets after propagation through the quark-gluon plasma. Therefore, this chapter is divided into
three sections. The first two discuss these global and substructure observables independently.
In the last section, we argue that one can get substantial physical informations by correlating
these two classes.

7.1 Global jet observables

7.1.1 Inclusive jet cross-sections

The first natural jet observable to look at in nuclei-nuclei collisions is the total jet cross-section.
Since the seminal suggestion of Bjorken [43], such quantities have been extensively measured
both at RHIC [199] 200, 201, 202, 203, 204, 205, 206, 207, 208, 209} 210}, 211, 212], 213|, 214], 215]
and at the LHC [19, 216, 217, 218, 219, 220, 221| 222] 223, 224, 225, 226, 227, 228, 229, 230]
(and other references below). We do not discuss the inclusive hadron cross section which has
been the first historical evidence for jet quenching in heavy-ion collisions at RHIC. Instead we
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Figure 7.1: Measurements of the nuclear modification factor for jets. The left plot shows the de-
pendence of the observable with the centrality of collisions. The right plot compares several jet Ra4
measurements at the LHC from different detectors and collision energy /syn-

focus on the inclusive jet cross section and its nuclear modification factor as a function of the
transverse momentum pr and the rapidity y, defined by:

dQO'jet
1 dprdy
RAA(pT,y) = <TAA> dQO'jet e (71)
dprdy |,

The normalisation factor (T44) is the mean nuclear thickness function which accounts for the
geometric enhancement of the hard scattering rate [231]. In the absence of nuclear effect, this
normalisation factor guarantees Ra4(pr,y) = 1. Jets are usually reconstructed using the anti-k;
algorithm with parameter R [134].

In Fig. [7.I}Heft, we show the experimental results obtained by the ATLAS collaboration
[232]. The R a4 ratio is plotted as a function of pr for several centrality classes. For the most
central collisions, one observes a strong suppression of the jet yield over all the py range, i.e
even for very large pr. This suppression is understood as a consequence of jet energy loss: jets
produced with a final pr come from hard partons with a larger transverse momentum in AA
collisions than in pp collisions. As the hard scattering cross-section is steeply falling with pr,
producing such hard partons is less likely, leading to a suppression of the jet yield in AA with
respect to pp.

This simple explanation hides two subtleties, which are easily explained within our theory
for in-medium jet fragmentation:

e contrary to hadrons, jets are reconstructed with a parameter R, the jet radius. Thus, the
energy flow must be deviated at large angles, larger than this jet radius, to effectively
yields a jet suppression. The multiple branching regime, which occurs in the second step
of the jet evolution inside the medium is a natural mechanism for such a large angle
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energy loss. Event by event, the leading parton loses an energy of order wy, = a?qL>
deviated and thermalized outside the jet cone.

e this is not the end of the story, as a constant energy loss independent of pr would not
account for the flatness of R4 over such a large range of py. This is where the in-medium
vacuum-like evolution comes into play: this evolution increases the number of sources that
subsequently lose a typical energy wy,. The higher pr is, the higher the number of these
sources is.

Combining together these two mechanisms explains the behaviour of the ATLAS data, as
we shall see with more quantitative arguments in the next chapter. We expect our approach
to give reasonable results for the jet R44 because the inclusive jet cross-section is an IRC safe
observable, which is qualitatively well described by leading order pQCD calculations in e*e™ or
pp collisions. Moreover, one expects that for the most central collisions, all the distinct geome-
tries of collision can be averaged and thus absorbed into our single parameter L. Therefore, it
is a natural observable to compute in a first place.

7.1.2 Dijet asymmetry and ~-jet correlations

Among global jet quenching observables, another important class corresponds to the correlations
between the global properties of a jet and its recoil partner in two-jets or y-jet events. Typical
quantities related to this class are the dijet asymmetry distribution o4, and the z.,; distribution
0., defined respectively by:

or = 1 dN A, — PriT P2

= T . J —

7 2 jets ev. ]\Gets dAJ Pr2 + P11
1 dN

- )
v-jets ev. ]Vjets dx,yj

(7.2)

Oy Tvj = DTjet/ DT (7.3)
where pr1 > pro and pro are the transverse momenta of the two jets in a dijet event, and prjet
and pr, are respectively the transverse momenta of the jet and photon in a ~-jet event.

By energy conservation, we expect these distributions in pp collisions to be peaked around
0 for 04, and 1 for o, ,. The results from the ATLAS experiment [236, 237, 238] are shown
in Fig. [7.2] Both distributions are modified, and the expected peak is no longer visible. One
observes a strong suppression of symmetric dijet and 7-jet events in PbPb collisions. The CMS
collaboration has made a similar measurement for the photon-jet correlations [239, 240] and
the dijet asymmetry [241] which shows the same trend.

For dijet events in AA collisions, there are two possible mechanisms (not necessarily incom-
patible with each other) explaining the observed dijet asymmetry.

e The geometry of the collision may lead to the following situation: one of the two jet has
a shorter path length through the medium and thus loses less energy, whereas the other
has a much longer path length and loses a substantial amount of its initial energy.

e Even if the geometry is perfectly symmetrical, the event by event fluctuations in the jet
substructure and its energy loss induce also a dijet asymmetry.

Making predictions for the dijet asymmetry taking into account both possible mechanisms
requires a good modelling of the geometry of the nucleus-nucleus collision. This is currently
not included in JetMed. Note however that event by event fluctuations in jet substructure and
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Figure 7.2: Dijet and ~-jet correlations measured by the ATLAS experiment. The upper panel of
Fig. corresponds to the definition of o 4, given in . The results are provided for four centrality
selections in pp and PbPb. The lower panel of Fig. is a measurement of azimuthal correlations (A¢
is defined as the azimuthal separation between the two jets). The bottom figure shows the distribution
defined in for five centrality classes in pp and PbPb. In most central collisions (0—10% centrality),
all these distributions are strongly modified.

energy loss are included in our picture, so we expect to see a dijet asymmetry in our calculation.
As other models predict a minor effect of the geometry fluctuation [242, 243|, this might suggest
that dijet asymmetry would be also qualitatively well described by a JetMed calculation.

For ~-jet events in AA, the underlying physics is even more simple to understand as the
highly energetic photon does not interact with the plasma so the quantity x.; can be thought
as the fraction of energy lost by the leading parton at large angles (either via vacuum-like
or medium-induced emissions). Unfortunately, the z.; distribution is very sensitive to initial
state radiations. That is why this observable lies (so far) beyond the regime of validity of our
calculation.

7.2 Substructure jet observables
In this section, we discuss jet measurements related to their substructure properties. Again,

it is enlightening to divide the actual set of data into two classes: the IRC unsafe substruc-
ture observable and the IRC safe substructure observables. While IRC unsafe observable are
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interesting to have an insight on the main qualitative differences between the fragmentation
pattern of jets in AA with respect to pp, their very definition does not allow for controlled
comparisons between pQCD and data, or to say it differently, any prediction becomes highly
model-dependent. On the contrary, IRC safe observable are often more delicate to interpret
physically (we shall spend a lot of time in Chapter @] doing it) but are much more robust for
quantitative comparisons with pQCD predictions.

7.2.1 IRC unsafe

Definitions. Given a reconstructed jet, one can always define the following two-dimensional
distribution of its hadron content:

1 d2N,

AR) =
Jolw, AR) = G AR

(7.4)
where dN, is the number of hadrons inside the jet with “energy fraction” between x and = + dx
and “angle” with respect to the jet axis between AR and AR + dAR:

pr cos(AR)

DT jet

. AR=/(An)* + (A¢)> (7.5)

X

This two-dimensional distribution carries all the informations about the longitudinal and trans-
verse structure of the hadron content within jets. Marginalising over the angle AR, one gets
the so-called jet fragmentation function, while marginalising over = gives the jet shape:

1 th 1 th

D(x) = — P(AR) =
(x) ]Vjets dz ’ ( R) ]Vjets dAR

(7.6)

Such substructure observables are not IRC safe. They are built from final state hadrons which
are not under control in pQCD. In Chapter [ Section [4.2.2] we have seen that a transverse
momentum cut-off is required in order to regulate the collinear divergence in the calculation of
the fragmentation function. The need for such a cut-off is a consequence of non IRC safety.

The experimental data. Before discussing what we can say about these observables with
our Monte Carlo and its limitations, let us present some experimental data available. For the
fragmentation function, the nuclear modification factor measured by ATLAS [244] and shown
Fig. has an interesting pattern. There is a significant excess of soft and hard hadrons
within jets produced in Pb-Pb collisions with respect to jets produced in pp collisions. A
similar pattern is observed (at least for the enhancement of soft constituents) in y-jet events
[246], 247] and at lower /s [248, 249]. Regarding the jet shape, the CMS data [245, 250, 251],
as those shown in[7.4] show an excess of intrajet very soft particles at large angles in PbPb for
the most central collisions. This excess is stronger around the edges of the jets. Note that the
ALICE collaboration also measured jet radial profiles in qualitative agreement with the CMS
results [252] 253].

The main obstacle for quantitative comparisons between our MC calculations and these
experimental data is the lack of hadronisation model in JetMed. Hadronisation has a large
impact on the jet shape [254], especially for large AR where the medium effects are known to
be important from the CMS data. This large AR enhancement comes mainly from hadrons
with 0.5 < pr < 2 GeV, a kinematic region which is dangerously close to the hadronisation
scale. Note that such effects also limit our predictive power for the large R dependence of the
R 4 4 ratio.
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Figure 7.3: ATLAS - fragmentation function. Note that the variable z is called x in this thesis and
especially in Chapter Three jet pr ranges are shown, suggesting an approximate scaling of the
large x part of the fragmentation function with the jet transverse momentum. Figure from [244].

The fragmentation function is also sensitive to hadronisation effects even if the local parton-
hadron duality hypothesis has been proven to give reasonably good descriptions of multiplicity
distributions within jets produced in eTe™ annihilation. Furthermore, one sees already sub-
stantial nuclear effects for hadron constituents with py 2 2 GeV well beyond the Agcp scale.
That is why we believe that our calculation for the partonic fragmentation function in PbPb
collisions captures at least qualitatively the trend of the hadronic fragmentation function. This
observable is explored in Chapter [I0] Nevertheless, this study would not be complete without
a detailed investigation of hadronisation corrections on the nuclear modification factor.

Physics of in-medium fragmentation. Regarding the physics of the fragmentation func-
tion, we argue in Chapter [L0|that the enhancement seen at large x in the fragmentation function
is essentially a filter effect caused by the medium. Indeed, looking at the large x part of this
observable means looking at jets with a hard constituent inside. Such jets have a reduced evo-
lution (otherwise, the leading particle would not carry a large x ~ 1 value), and thus lose less
energy. Then, there is this generic property of the energy loss effect combined with the steeply
falling cross-section: jets losing less energy are favoured. Consequently, hard fragmenting jets
are preferably produced in AA relatively to other classes, simply because they lose less energy.
This mainly explains the enhancement seen at large x.

The low z part is less trivial. As this enhancement is already present for tracks with py ~ 3-
4 GeV > Aqcep at the LHC, we expect a pQCD mechanism to explain this pattern. In Chapter
bl we have seen that the violation of angular ordering leading to a reopening of the angular
phase space for radiations is a powerful mechanism to produce soft intrajet particles. Indeed,
we confirm in Chapter [10] that this is a crucial ingredient for the nuclear enhancement of the
fragmentation function at low x. On top of that, relatively hard medium-induced emissions with
energies between wy, and w, also play an important role. Whereas medium induced emissions
with w < wy, account for the event by event jet energy loss (at large angles), hard medium
induced emissions are rare events, but they remain inside the jet cone and contribute to the
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radial distribution of jet constituents binned in terms of the transverse momenta of these constituents.
The lower panels present the nuclear modification factor for the jet angular shape. Fach distribution
is given for three centrality classes. Figure from [245].

fragmentation function at low x.

7.2.2 IRC safe

We turn now to IRC safe substructure observables. A common feature of these observables
is to rely on subjets (in a given declustering procedure) and not on hadrons. There are a lot
of possibilities for defining such observables. Among them, an interesting class relies on the
primary Lund plane density [I53]. The Lund plane density is defined as the number density of
primary subjet emissions obtained after a C/A declustering of the jets:

1 d* N
PO kL) = - Tlog(1/0)d1og (k) (7.7)

with 6 the angle of the subjet with respect to the hard branch and & its transverse momentum.
Choosing a kinematic cut on this Lund plane which avoids the non-perturbative region enables
to build IRC safe observables. We refer the reader to Chapter [d], Section [£.2.3]for the definitions
of the z, and ngp distributions and the subjet fragmentation function. One can easily check
that such distributions are built from the Lund plane density with an IRC safe kinematic cut.

A glimpse at the experimental data. There is a lot of experimental activity around the
measurement of substructure observables from grooming techniques [257, 258|. There is a
measurement by the CMS collaboration of the z, distribution in PbPb collisions [255]. Un-
fortunately, this measurement is not unfolded and fully corrected from detector effects. This
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Figure 7.5: Substructure jet observables measured in heavy-ion collisions at the LHC. The figure
on the left shows the self normalised z, distributions defined in section (??) measured by the CMS
collaboration for four centrality classes, and their nuclear modification factors PbPb/(pp smeared).
The smearing of pp data takes into account detector effects. The figure on the right is a measurement
of the Iterative Soft Drop multiplicity distribution (see section in PbPb central collisions by
the ALICE collaboration and its ratio to Pythia embedded in heavy-ion collisions. The measurement
is compared to theoretical predictions from the Hybrid model and Jewel.

prevents a quantitative comparison between theory and data. Nevertheless, the results are
shown in Fig. . The ratio is decreasing with z, for most central collisions. Note that in
this CMS measurement, z, distributions are normalised to unity, so that if the ratio is larger
than 1 in some z, range, it has to be smaller than 1 in another range. Consequently, one can
not conclude that there is an enhancement of soft splitting in the medium, or a reduction of
symmetric splittings since it could just be a normalisation artefact.

The ALICE measurement for this observable shown Fig. uses the Njes-normalisation
prescription. Also, additional cuts on the splitting angles are applied. For AR, =6, > 0.1 or
0.2, the decreasing behaviour is still visible but the overall normalisation leads to a reduction in
the number of wide angles SD splitting in PbPb with respect to pp. Again these measurements
must be interpreted with care as they are not unfolded from detector effects. More recent
measurements of the z, distribution by the ALICE collaboration without cut on AR5 and fully
corrected from detector effects show a very mild medium modification, even if the uncertainties
are quite large.

ALICE also measured the nuclear modification factor of the ngp distribution [256]. The
result is shown [7.5b] They measure a relative increase in the number of jets with few SD
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for the Soft Drop procedure. Figure from [256].

splittings in PbPb collision and a relative reduction of jets with a large number of SD splittings.

Brief physics discussion. Thanks to their IRC safety, these observables are less sensitive to
hadronisation corrections. Moreover, the geometry of the collision is not the driven mechanism
that would explain a nuclear modification. The underlying event is groomed away in the
Soft Drop or Iterative Soft Drop procedure. Consequently, this improves the reliability of our
calculations. The physics a play in these Lund plane based observables consists in the following
four ingredients:

e jets with a hard substructure are more suppressed because they have a larger in-medium
evolution, and hence lose more energy.

e As for the fragmentation function, the small angle (hard) medium-induced emissions con-
tribute to the Lund plane density at small z and k&, ~ (),. As the single BDMPS-Z emis-
sion spectrum is more singular at small z than the standard Bremsstrahlung spectrum,
this often produces a peak at small z in the PbPb/pp ratio of integrated distributions.

e On the contrary, the veto region induces a suppression of the density of vacuum-like
splittings in this region of the Lund plane.

e Finally, for in-medium splittings, subsequent energy loss changes the value of the kine-
matic associated with that spitting. Thus the difference between the physical kinematic
of this emission and the measured one must be taken into account when calculating the
probability of emission.

Such effects will be discussed in details in Chapters [9] and [I0]

7.2.3 Correlating global and substructure jet measurements

Whereas we were dealing so far with global and substructure jet observables rather indepen-
dently, we discuss here the correlation between these two kinds of measurement. The idea that
the jet energy loss is strongly correlated with jet substructure can be tested experimentally by
measuring the nuclear modification factor for different classes of jets according to their sub-
structure. A proposal for such a measurement is presented in Chapter [9 Section 0.3.21 On
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the experimental side, a measurement at the LHC correlating R44 and substructure has been
performed by the ATLAS collaboration [259], but is still preliminary.

Beyond the correlation of R44 and substructure, one can correlate dijet or y-jet asymmetry
with substructure, in the spirit of the correlation between jet shape and leading versus sub-
leading jet in dijet events as done in [260]. Such measurements could disentangle the two
mechanisms discussed in Section for the dijet asymmetry and understand the relative
importance of the path length dependence mechanism versus the jet substructure/energy loss
event by event fluctuation.



Chapter 8

Jet energy loss and the jet nuclear
modification factor R 44

In this chapter we present our Monte Carlo results for the jet nuclear modification factor R4.
We first discuss the case of a monochromatic leading parton, for which we compute the jet
average energy loss defined in Chapter [5] Section [5.3.2] and then turn to R44 itself, using a
Born-level jet spectrum for the hard process producing the leading parton.

8.1 Choice of parameters

The implementation of in-medium partonic cascades described in Chapter [6] has 5 free pa-
rameters: two unphysical ones, O, and kj i, essentially regulating the soft and collinear
divergences, and three physical parameters, ¢, L and g eq, describing the medium. In our
phenomenological studies, we will make sure that our results are not affected by variations
of the unphysical parameters and we will study their sensitivity to variations of the medium
parameters.

The different sets of parameters we have used are listed in Table The first line is our
default setup. It has been chosen to give a reasonable description of the R44 ratio measured
by the ATLAS collaboration (see Sect. below). The next 3 sets are variants which give
a similarly good description of R44 and can thus be used to test if other observables bring
an additional sensitivity to the medium parameters compared to R44. The last 6 lines are
variations that will be used to probe which physical scales, amongst 6., w. and wy,;, influence a
given observable.

8.2 The jet average energy loss

To study the jet energy loss we start with a single hard parton of transverse momentum prq
and shower it with the Monte Carlo including either MIEs only, or both VLEs and MIEs. The
jet energy loss is defined as the difference between the energy of the initial parton and the
energy of the reconstructed jet. To avoid artificial effects related to emissions with an angle
0 between the jet radius R and the maximal opening angle 6,,,, of the Monte Carlo, we have
set Onax = R. Furthermore, for the case where both VLEs and MIEs are included, we have
subtracted the pure-vacuum contribution (which comes from clustering and other edge effects
and is anyway small for 6., = R).

Our results for the energy loss are shown in Fig[8.1]as a function of F = pry and in Fig.

173
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parameters physics constants

Description | ¢ [GeV?/fm] L [fm] @gmea | 6. we [GeV]  wiy [GeV]
default 1.5 4 0.24 | 0.0408 60 3.456
1.5 3 0.35 | 0.0629 33.75 4.134
similar R4 2 3 0.29 | 0.0544 45 3.784
2 4 0.2 0.0354 80 3.200
vary 0 0.667 6 0.24 | 0.0333 60 3.456
¢ 3.375 2.667  0.24 0.05 60 3.456
vary w 0.444 6 0.294 | 0.0408 40 3.456
¢ 5.063 2.667 0.196 | 0.0408 90 3.456
1.5 4 0.196 | 0.0408 60 2.304
VALY @br 1.5 4 0294 | 0.0408 60 5.184

Table 8.1: Table of medium parameters used in this paper. The default set of parameters is given in
the first line. The next 3 lines are parameters which give a similar prediction for Ras. The last 6 lines
are up and down variations of 62, w. and wy, by 50%, keeping the other two physics constants fixed.

as a function of R, for both gluon- and quark-initiated jets. For these plots we have used
the default values for the medium parameters (see the first line of Table [8.1). Overall, we
see a good qualitative agreement with the features expected from the theoretical discussion in
Sections 3.3 and [£.3.21

For the jets involving MIEs only, we see that the energy loss first increases with pry and
then saturates, as predicted by Eqgs. f. Also, as a function of R for fixed prg =
200 GeV, it decreases according to the expected 1/ V'R behaviour, cf. ([4.69). The agreement
is even quantitatively decent. Indeed, with the physical parameters given in Table 8.1} the
fitted R-dependence for gluon-initiated jets, exr(R) ~ €9 + €1/ VR, with ¢y = 10.2 GeV and
€, = 4.0 GeV, corresponds to the prediction in provided one chooses v ~ 2.95 and
¢, ~ 0.38, which are both reasonable.

Consider now the full parton showers, with both VLEs and MIEs. Although we do not
have accurate-enough analytic results to compare with (only the DLA estimate (5.105))), the
curves “MI+VLEs” in Figs. and show the expected trend: the energy loss increases with
both pro and R, due to the rise in the phase-space for VLEs. For later use, we have fitted the
dependence on pry with a quadratic polynomial in In(p7o/w.) and the resulting coefficients are
shown on Fig. [8.1]

It is also striking from Figs. and [8.2] that the average energy loss obeys a surprisingly
good scaling with the Casimir colour factor of the leading parton: the energy loss by the quark
jet is to a good approximation equal to Cr/C4 = 4/9 times the energy loss by the gluon jet.
Such a scaling, natural in the case of a single-gluon emission, is very non-trivial in the presence
of multiple branchings. Let us first recall the explanation of this scaling for the case of MIEs
alone. We have seen that the branching scale that appears in depends on the Casimir of
the leading parton through the relation (4.71)):

qL?

(R _ 0%
Why ET('_;CACR77 (81)

where ¢ is the gluonic jet quenching parameter, proportional to C4.
From (8.1)) it is easy to show the energy loss ([5.104)) of a jet initiated by a parton in an arbi-
trary colour representation R scales linearly with Cg: the first term in ([5.104)) is proportional

to Cg as it is proportional to wéf) and the second term is also proportional to Cr in the general
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Figure 8.1: The MC results for the average energy loss by a gluon-initiate jet (left), respectively, a
quark-initiated one (right), is displayed as a function of the initial energy prg of the leading parton,
for two scenarios for the jet evolution: jets with MIEs only (triangles) and full showers with both
MIEs and VLEs (circles). The dashed line shows the quadratic fit to the energy loss by the full parton
shower.

case. All the other factors only refer to gluons and are independent of R. This justifies the
Casimir scaling visible in Figs. and for the cascades with MIEs only. For the full cas-
cades including VLEs, the linear dependence on Cr can be argued based on , assuming
pro > wpe. The first term in the r.h.s. of is the energy lost by the leading parton and
is by itself proportional to Cg, as just argued. The second term in , which refers to the
additional “sources” created via VLEs, one can assume that most of these “sources” are gluons,
so they all lose energy (via MIEs) in the same way; the only reference to the colour Casimir
of the leading parton is thus in the overall number of sources, which is indeed proportional to

asCr/m as it is clear from Eq. ((5.106]).

8.3 The nuclear modification factor R4

We now consider the physically more interesting jet nuclear modification factor R4, which is
directly measured in the experiments. In order to compute this quantity, we have considered a
sample of Born-level 2 — 2 partonic hard scatterings. We have used the same hard-scattering
spectrum for both the pp baseline and the PbPb sample. This means that we neglect the
effects of nuclear PDF, which can sometimes be as large as 15-20% and can be added in a
more phenomenologically-oriented study. For each event, both final partons are showered using
our Monte Carlo. Jets are reconstructed using the anti-k; algorithm [134] as implemented
in FastJet v3.3.2 [I84]. All the cuts are applied following the ATLAS measurement from
Ref. [232].

Figs. show our predictions together with the LHC (ATLAS) data [232] as a function
of the transverse momentum pr e of the jet (that we shall simply denote as pp in this section).
As discussed in Sect. [6.4.3], our calculation involves 5 free parameters: the 3 “physical” param-
eters ¢, L and o meq Which characterise the medium properties and 2 “unphysical” parameters
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Figure 8.2: The MC results for the average energy loss by the jet are displayed as a function of the
jet angular opening R, for the same choices as in Fig. We also show in dashed line a fit (inspired
by the theoretical estimate in (4.69))) for the jet built with MIEs alone.

Omax and k| min which specify the boundaries of the phase-space for the perturbative parton
shower. Our aim is to study the dependence of our results under changes of these parameters.

The first observation, visible in Fig. [8.3| (left) is that the R44 ratio appears to be very little
sensitive to variations of the “unphysical” parameters Oy,ax and k| min. Although our results for
the inclusive jet spectrum do depend on these parametersﬂ the impact on Ras remains well
within the experimental error bars when changing 0,,,x by a factor 2 and k| in by a factor
larger than 3.

In Fig. [8.3right and in the two plots of Fig. [8.4] we fix the “unphysical” parameters and vary
the medium ones. The variations are done, following Table so as to keep two of the three
physical scales wy,;, w. and 6. fixed while varying the third. It is obvious from the figures that
Raa is most sensitive to variations of wy, (Fig. , right) and shows only a small dependence
on w, and #.. This is in perfect agreement with the expectations from section that the jet
energy loss is mostly driven by the scale wy,. Furthermore, the small variations of Raa with
changes in w, and 6. can be attributed to the slight change in the phase-space for VLEs leading
to a corresponding change in the number of sources for energy loss (see section and, in

particular, (5.105)).

One remarkable fact about the LHC measurements is the fact that Raa increases very slowly
with the jet pr. This implies that the jet energy loss e must itself increase with pr to avoid
a fast approach of Raa towards unity. In our picture, such an increase is indeed present, as
manifest in Fig. [8.1] and is associated with the steady rise of the phase-space for VLEs leading
to an increase in the number of sources for MIEs (cf. ([5.107))).

'In particular on 0p,.x as the parton shower would generate collinear logarithms of O ax /R to all orders.
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Figure 8.3: Our MC predictions for Raa are compared with the results of an experimental analysis
by ATLAS [232] (shown as dots with error bars). Left: the sensitivity of our results to changes in the
kinematic cuts @max and k| min. Right: the effect of varying wy, (by £50%) at fixed values for w. and
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Figure 8.5: Phenomenology of the nuclear modification factor for jets with JetMed.

8.3.1 Medium parameters degeneracy

In Fig. , we show a selection of 4 sets of medium parameters, ¢, L and o, meq Which provide
a good description of the LHC data [232] for the jet Ra4 ratio. We see that our 4 choices of
medium parameters correspond to somewhat different values for the physical medium scales
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Figure 8.4: The effects of varying the medium parameters ¢, L and a;meq in such a way to keep a
constant value for wy, (the same as the central value in the right plot in Fig. iLe. wp = 3.46 GeV).
Left: we vary w. by £50% at fixed 6.. Right: we vary 2 by +50% at fixed we.

Whr, We and 6.. They therefore lead to different predictions both for the average energy lost
by a single parton at large angles, dominated by wy,, and for the number and distribution of
sources, which is controlled via the phase-space boundaries for VLEs by w. and 6.. While the
R4 ratio is most sensitive to variations in wy,, small variations in wy, (~ 30% between our
extreme values) can be compensated by larger variations of w, and 6. (a factor ~ 2 between
our extreme values).

8.3.2 Dependence on the jet reconstruction parameter R

In the last subsection of this chapter, we would like to comment on the R dependence of the
R4 ratio predicted by JetMed. The dependence of R44 with the jet reconstruction radius
has driven a lot of experimental and theoretical activities over the past few months. Indeed, it
has been realised that this measurement has an interesting discriminatory power between jet
quenching models. At the time we are writing these lines, the preliminary results of the CMS
collaboration show a very mild increase of the jet cross-section ratio Z(R) defined by

Ria(R) © j}?;t,Pbe

= —f= 8.2
Rual02) ~ o2, &
where aj]zt is the integrated jet cross-section over pr = [400,500] GeV and pseudo-rapidity

In| < 2 for jets reconstructed with anti-k.(R).

From the analytic estimations of the R dependence of the average jet energy loss made in
Chapter [f], Section and from the corresponding Monte Carlo calculations in Section [8.2]
we expect also to observe a very mild modification of the function Rya(R)/Ra4(0.2). Indeed,
the average energy loss is only slightly increasing with R. As explained in Section [5.3.2] this is a
consequence of the competition between the recovered energy loss and the increase of in-medium
vacuum-like sources. This slight increase explains the slight decrease of Raa(R)/Ra4(0.2) seen
in the central curve of Fig. [8.50
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That said, the way the large angle energy loss is recovered is strongly model dependent
and not really under control in the Monte Carlo. By varying the parameter 6,,,, of JetMed
which should be thought as the angle where the turbulent medium-induced flow ends up, one
can access to the uncertainty related to the lack of modelling of thermalization and plasma-jet
interactions (e.g. medium response.) As shown in Fig.|8.5b|with the red band, this uncertainty
is quite large. We have checked that the more 6,,., is small, the more the energy loss recovery
effect is important, so that the upper boundary of the bands in Fig. [8.5b] corresponds to the
minimal value of 6,,,,. Thus, one must be cautious when interpreting these JetMed results, as
the physics at play in the R dependence of R4, certainly involves a lot of non perturbative
modelling which are not currently included in the Monte Carlo.






Chapter 9

The Soft Drop z, distribution in
heavy-ion collisions

Nowadays, there is an increasing interest in jet observables dealing with the inner structure
of jets [261]. By requiring infrared and collinear safety for these substructure observables, one
can hope for controlled calculations in pQCD even in the complex environment of a nucleus-
nucleus collision and therefore quantitative comparisons with experiments. In this chapter, we
explore jet substructure, and in particular the Soft Drop z, distribution within our picture of jet
fragmentation in a dense QCD medium. The emphasis is put on the main physical ingredients
that explain the behaviour of our results. Thus, all the numerical results obtained from the
Monte Carlo JetMed are supported by analytical phenomenological formulas that capture these
ingredients.

To understand the nuclear modifications of a jet observable, it is often enlightening to adopt
the following methodology:

e starting with a leading parton with fized initial transverse momentum ppq, one first tries
to understand the effects of the medium on this observable. In this configuration, one
looks for effects coming from the modification of the jet fragmentation pattern itself. This
first approach also enables to use simple analytical estimates.

e Then, one adds a realistic initial hard scattering spectrum. This causes additional effects,
mostly because large angle energy loss changes the statistics in the transverse momentum
of the initial partons.

Therefore, our discussion is divided into two main sections. Section only investigates the
monochromatic hard spectrum case, whereas Section[9.2]deals with the JetMed calculations with
a realistic initial spectrum. In the last section, we discuss other Soft Drop related observables,
such as the Iterated Soft Drop multiplicity.

9.1 The z, distribution for monochromatic hard spectra

For the benchmark vacuum results, definitions of the z, distribution and notations, we refer

the reader to Chapter [4] section [4.2.3.1]

9.1.1 Two regimes: high-pr and low-pr jets

Let us start with a presentation our Monte Carlo results for the z,-distribution created by
“monochromatic” jets which propagates through the quark-gluon plasma. From these results,

181
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Figure 9.1: A summary of our MC results for the medium /vacuum ratio R;(z,) of the Njets-normalised
distributions, for monochromatic jets initiated either by a gluon (left figure), or by a quark (right figure),
and for 4 different values for the initial transverse momentum ppgq.

we will have to distinguish two regimes — high pr and low p;y — according to the value of
the transverse momentum ppq of the leading parton with respect to the medium-induced scale
we = GL*/2. Detailed analytic calculations are presented in Sections for high-energy jets
and [9.1.3] for lower-energy jets.

We focus on the Njes-normalised distribution f; mea(24) (see , which carries more in-
formation. We define the corresponding nuclear modification factor, R;(z) = fimed(2g)/ fivac(2g)-
Similarly we define R§“°rm)(zg) = Pimed(2g)/Pivac(24) as the nuclear modification factor of the
self-normalised z, distributions. We study four different values for the initial pr spanning a
wide range in prg, from 100 GeV to 1 TeV. We use the same SD parameters as in the CMS
analysis [255], namely 8 = 0 and ze,¢ = 0.1, together with a cut 6, > O, = 0.1.

Our results are shown in Fig. [9.1] separately for jets initiated by a gluon (left plot) and
by a quark (right plot), using our default MC parameters (cf. Table . As for our study of
energy loss for monochromatic jets in Section [10.2.2.1] we set the angular cutoff scale of our
Monte Carlo to 0., = R with R = 0.4 the jet radius. Each of the plots in Fig. 0.1 show
qualitatively different behaviours between our lowest prg (100 GeV) value and the largest one
(1 TeV). More precisely, for the highest energy jets, pro = 1 TeV, the ratio R(z,) is always
smaller than one, indicating a nuclear suppression, and it increases monotonously with zg,
meaning that the nuclear suppression is larger at small z,. Conversely, for lower pro, while the
nuclear suppression becomes stronger at large z,, a peak develops at small z, where R(z,) can
even become larger than one, indicating a nuclear enhancement.

Let us first discuss the behaviour at large prg, focusing on prg = 1 TeV. In this case,
the softest radiation that can be captured by Soft Drop has an energy z.upro = 100 GeV
which is still larger than the hardest medium-induced emissions which have energies w ~ w, =
60 GeV. Hence, for jets with high-enough prg, SD can only select vacuum-like emissions. To
illustrate this, we show in the left plot of Fig. the phase-space selected by SD. Under
these circumstances, the only nuclear effect on the z,-distribution is the energy lost by the
two (hard, z; > z.) subjets passing the SD condition. Due to this energy loss, the effective
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Figure 9.2: The kinematic regions in the Lund plane that are covered by the SD algorithm in the case
of a high-energy jet (zeutpr > we) in the left figure and of a low-energy jet (zewpr < we) in the right
figure. As suggested by the pictorial representation in the right figure, the most interesting situation
for “low-energy jets” is such that there is only little overlap between the kinematic region for SD and
the phase-space for MIEs.

splitting fraction z, measured by SD turns out to be slightly smaller than the physical splitting
fraction z at the branching vertex (see Sect. for details). If we call for now this shift

Az =2z — 2z, >0, we have (cf. (4.34))

Py(z =2+ A A
(2 = 24 + Z)N “g 21_—2 for Az <z, <1, (9.1)

Rizg) P (z) T Az %

which explains the pattern (smaller than one and increasing with z,) observed at large pro in
Fig.[9.1

The above discussion also suggests what changes when moving to the opposite regime of
(relatively) low energy jets, say pro = 100 GeV. In this case, the energy interval covered by
SD, that is w between ze,pro = 10 GeV and pro/2 = 50 GeV, fully overlaps with the BDMPS-
Z spectrum for medium-induced radiation which has w < w. = 60 GeV (cf. the right plot
of Fig. . Consequently, the SD condition can now be triggered either by a vacuum-like
splitting, or by a medium-induced one. Since the BDMPS-Z spectrum increases rapidly at
small z (faster than the vacuum splitting function), this naturally explains the peak in the
ratio R(z,) at small z,, visible in Fig. . The nuclear suppression observe at large z, suggests
that in this region, the energy loss effects dominate over the BDMPS-Z emissions.

The above arguments show that the z, distribution is best discussed separately for high-
energy and low-energy jets, where the separation between the two regimes is set by the ratio
ZewtPro/We.  The high-energy jets, for which prg > w./zcu, are conceptually simpler as the
in-medium z, distribution is only affected by the energy loss via MIEs. For low-energy jets,
i.e. jets with pro < we/Zcut, the z, distribution is affected by the medium both directly when
the SD condition is triggered by a MIE, and indirectly via the energy loss of the two subjets
emerging from the hard splitting. This second case is more complex for a series of reasons and
notably because MIEs do not obey angular ordering.

Since z, is intrinsically tied to energy loss effects, it is interesting to study how the average
jet energy loss correlates with z,. Our numerical results are presented in Fig.[9.3] The dashed
curve shows the MC results for the inclusive jets (all values of z,), the one denoted “no z,” refers
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Figure 9.3: Our MC results for the average energy loss by a gluon-initiated jet are displayed as a
function of the initial gluon energy pro in bins of z45. The inclusive (all jets) result is also shown, by
the dashed line.

to jets which did not pass the SD criterion or failed the cut 6, > 0y, and the other curves
correspond to different bins of z;. One clearly sees a distinction between the “no z,” jets, which
lose much less energy than the average jet, and those which passed SD, whose energy loss is
larger than the average and quasi-independent of z,. The main reason for this behaviour is
that jets passing the SD condition are effectively built of two relatively hard subjets. Since the
angular separation between these two hard subjets is larger than 6.,; = 0.1 > 6. ~ 0.04, they
lose energy (via MIEs) as two independent jets, giving a larger-than-average energy loss. This
is mostly controlled by the geometry of the system, with only a limited sensitivity to the precise
sharing of the energy between the subjets. On the other hand, the jets which did not pass SD
are typically narrow one-prong jets with either no hard substructure or with some substructure
at an angle smaller that 0., = 0.1 (i.e. at an angle ~ 6.). These jet therefore lose less energy
that an average jet. The fact that the angular cut-off 6.,; = 0.1 is close to the critical value
0. ~ 0.04 is clearly essential for the above arguments.

A last comment concerns the difference between the zg,-distributions for gluon- and quark-
initiated jets, as shown in the left and right plots of Fig. [0.1], respectively. The deviation of
the medium /vacuum ratio from unity appears to be larger for quark jets than for gluon jets.
This might look surprising at first sight given that the average energy loss is known to be
larger for the gluon jet than for the quark one (cf. Figs. and . However we will show
in Section that the z, distribution is mostly controlled by the energy loss of the softest
subjet, which is typically a gluon jet even when the leading parton is a quark. The difference
between quark and gluon jets in Fig. is in fact controlled by “non-medium” effects, like the
difference in their respective splitting functions.

9.1.2 High pr jets: VLEs and energy loss

We begin our investigations of the nuclear effects on the z, distribution with the case of a
high-energy jet, pro > we/zcut In this case, the SD condition is triggered by an in-medium VLE
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that we call the “hard splitting” in what follows. This splitting occurs early (since t; < L, cf.
Eq. ) and the daughter partons propagate through the medium over a distance of order
L. During their propagation, they evolve into two subjets, both via VLEs (which obey angular
ordering, except possibly for the first emission outside the medium) and via MIEs (which can
be emitted at any angle).

Since the C/A algorithm is used by the SD procedure, both subjets have an opening angle
of ordelﬂ 8,4, with 6, the angle of the hard splitting. Consequently, the emissions from the two
subjets with angles larger than 6, — either MIEs, or VLEs produced outside the medium —
are not clustered within the two subjets. Accordingly, their reconstructed transverse momenta
pr1 and ppo are generally lower than the initial momenta, w; and ws, of the daughter partons
produced by the hard splitting. This implies a difference between the reconstructed splitting
fraction z, = pr1/(pra + pr2) and the physical one, z = w;/(wy + w2). This difference is
controlled by the energy lost by the two subjets.

Let us first mention that the energy loss via VLEs outside the medium at angles 6 > 6, can
be neglected. Indeed, since these emissions have t; ~ 1/(w#?) > L, they are soft and only give
very small contributions to the energy loss. We have checked this explicitly with MC studies of
the VLEs alone: we find that the effect on the z, distribution of the vetoed region and of the
violation of angular ordering for the first emission outside the medium are much smaller than
those associated with the energy loss via MIEs.

We then discuss the role of colour coherence for the energy loss via MIEs. If the splitting
angle 0, is smaller than 6, the daughter partons are not discriminated by the medium. This
is a case of coherent energy loss where the MIEs at angles 6 > 6, are effectively sourced by
their parent parton [89, 90, 91| 02] 168§], so that z = z,. On the other hand, for larger splitting
angles ¢, > 0., the colour coherence is rapidly washed out, so the two daughter partons act as
independent sources of MIEs. In this case, one can write w; = pp; + &(w;, 0,), where i = 1,2
and &;(w;, 0,) is the average energy loss for a jet of flavour 4, initial energy w; and opening angle
8, (cf. e.g. Eq. ) It would be relatively straightforward to deal with generic values of
64, both coherent and incoherent. In practice, all existing measurements at the LHC imposes
a minimal angle 6, > 0., with 0., = 0.1. Since 0. is larger than 6, for all our choices of
parameters, we only consider the incoherent case 6, > 0., in what follows.

That said, the relation between the measured z, and the physical splitting fraction z can
be written as (assuming pry < pr2)

_ pr1 _ Zpr — 51(ZPT7 eg)
" pri+pre pr—&(zpr, by) — E((1 — 2)pr, by)

2 = Z,(2,0,), (9.2)

where pr = w; + wy is the energy (or transverse momentum) of the parent parton at the time
of the “hard” branching. In what follows we approximate pr =~ pro. This is valid as long
as one can neglect two effects: (i) the transverse momentum of the partons which have been
groomed away during previous iterations of the SD procedure, and (ii) MIEs prior to the hard
branching. The former is indeed negligible as long as we work in the standard limit z., < 1,
and the latter is also negligible based on our short formation time arguments in Chapter
For a given average energy loss £(pr, 0,) one can, at least numerically, invert Eq. to
obtain the physical splitting fraction z = Z(z,,6,) corresponding to the measured z,. The

1On average, the two subjets have an (active) area ~ 0.697r9§, while a single jet of radius 6, has an area
~ 0.81702, cf. Fig 8 of Ref. [262]. Each subjet thus have an effective radius of order /0.69/0.816, ~ 0.9260,

which is very close to 0,.
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kinematic constraint z;, > 2., thus implies a constraint on 2z, 2 > Z (zcut,QQ)H and the in-
medium z, distribution in this high-energy regime becomes a straightforward generalisation of

By

R 1/2
Pimed(2g) = N dfy A (R, 0,) / dz Pj vac(2, 0y) 5(29—39(2, 99))@(29 — Zeut),
ecut 0
(9.3)

where the Sudakov factor is formally the same as in the vacuum, Eq. (4.30)), but with the new,
medium-dependent, lower limit Z(z.y, 6) on z:

R 1/2
AZYLE(Rv 0,) = exp (—/ dQ/ dz P yac(z,0) @(z — Z(Zeut, 8))) (9.4)
9, 0

The normalisation factor A/ in is given by (1— AZVLE)*I. The Njets-normalised distribution
fimea(zy) is obtained by simply removing this factor N.

In practice we will replace 6, by R in the argument of the energy loss. This is motivated
by two facts. Firstly, due to the SD procedure, we know that the jet is free of emissions with
W > ZeutPro at angles between ¢, and R, simply because such an emission would have triggered
the SD condition. The remaining emissions between 6, and R are therefore soft and we neglect
them. Secondly, the angular phase-space 0.+ < 8 < R is relatively small and £ is slowly varying
over this domain. With this approximation, both Z, and Z becomes independent of ¢, and the
Sudakov factor simplifies to the vacuum one, Eq. , evaluated at zey — Z(zeut)-

The above picture can be further simplified by noticing that the energy losses are typically
much smaller than zpy and (1 — 2z)pp. This means that the difference between z and z, is
parametrically small and we can replace z by z, in the arguments of the energy loss in SO
that

2= 2Z(z4,04) > 24 + bozybt8) : (9.5)
pr
with & = &1(z,pr) and & = E((1 — 2z4)pr). Since z, < 1/2, this shows that the physical z is
typicallyﬂ larger than z,.

As before, it is useful to consider the fixed-coupling scenario where the z,-dependence of
Eq. factorises from the integral over 6,. After dividing out by the vacuum distribution
o Py(z,), we find

_ fmea(zy) ~ T(» Py(Z(2y))
R(Zg) - fvac(zg) - \7( 9) pg(zg)

where J is a Jacobian and the last equality in is obtained using the simplified expres-
sion ((9.9)).

At this level, it becomes necessary to specify the energy lost by a subjet. At high energy,
both zpr and (1 — z)pr are large and the energy lost by the subjets is sensitive to the increase
in the number of partonic sources for MIEs (cf. Sections and Fig. [8.1]). To test this
picture, we consider two energy loss scenarios. First, the case of an energy loss which captures

dZ(z)
dzg

~1o8F8 g
pPr

N O

2Here we assume that Z,(z,6,) is a monotonously increasing function of z.

3Small deviations from this behaviour can happen close to z, = 1/2 when & # & . In this limit, our
assumption that the softer physical parton (z < 1/2) matches with the softer measured subjet (z;, < 1/2) has
to be reconsidered anyway.
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Figure 9.4: The ratio z4/z (left figure) and the difference z — z, (right figure) between the splitting
fraction z, measured by SD and the physical splitting fraction z for the hard splitting. This difference
is given by Eq. that we evaluate with two scenarios for the energy loss by the subjets: a constant
energy loss and a pp-dependent one; for the second scenario, we also show the predictions of the
simplified relation ({9.5)).

the increase in the number of sources for MIEs and increases with the jet pr, as in Eq. .
Since Eq. is not very accurate we will instead use &; = &; 4 corresponding to the fit
of the Monte Carlo result shown in Fig. [8.1l The second scenario corresponds to what would
happen in the absence of VLEs, i.e. when only MIEs from the leading parton in each subjet
are included. This gives an energy loss which saturates to a constant £ = ¢; at large pr (see
again Fig. . Clearly, the first scenario is the most physically realistic.

For definiteness, let us first consider the case of a 1-TeV gluon-initiated jetﬁ Fig. shows
the relation between the physical splitting fraction z and the measured z,, with the ratio z,/z
plotted on the left panel and the difference z — z, on the right panel. We see that z is larger
than z, in both energy-loss scenarios. The difference z — 2z, decreases when increasing z (at
least for z > z.,), while the ratio z,/z gets close to 1. The effects are roughly twice as large for
the full energy-loss scenario than for a constant energy loss. The dotted (green) curve shows
the result obtained using the “full” relation while the solid (blue) line uses the simplified
version, Eq . As expected, they both lead to very similar results and we therefore make
the simplified version our default from now on.

The nuclear modification factor for the z, distribution obtained from our analytic calcu-
lation (9.3]), including running-coupling corrections, is shown in Fig. for both the self-
normalised distribution pmed(2,) (left) and the Njes-normalised one fied(2z,) (right). We see
that R(z,) increases with z,. This is expected since, at small z,, P,(2)/P,(2,) =~ z,/2 which
increases with z, (see e.g. Fig. , left). Furthermore, the medium/vacuum ratio of the Njes-
normalised distributions (Fig. [9.5] right) is always smaller than one. With reference to the
fixed-coupling estimate in Eq. , this is a combined effect of z being larger than z,, hence
P,(z) < P,(z,), and of the extra Jacobian in front of Eq. .

Regarding the comparison between the two scenarios for the energy loss, we see that al-
though they produce similar results for the self-normalised z, distribution, the (physical) “full

4We only included the dominant partonic channel ¢ — gg in our analytic calculation.
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Figure 9.5: Our MC results for the medium /vacuum ratio of the z, distributions associated with gluon-
initiated jets with initial energy prg = 1 GeV are compared to our analytic predictions for the two
scenarios of energy loss described in the text. The left plot refers to the self-normalised distributions,
cf. Eq. , and the right plot to the Njes-normalised ones.

jet” scenario predicts a larger suppression than the “constant” one for the medium/vacuum
ratio of the Njes-normalised distributions. In particular, the former predicts a value for R(z,)
which remains significantly smaller than one even at z, close to 1/2. This behaviour is in also in
better agreement with our Monte Carlo simulations. Generally speaking, it is worth keeping in
mind that the Njes-normalised ratio is better suited to disentangle between different energy-loss
models than the self-normalised ratio which is bound to cross one by construction.

Since the nuclear modification of the z, distribution appears to be so sensitive to the energy
loss, it is interesting to check whether this observable follows the Casimir scaling of the jet
energy loss. We show that this is not the case and that the nuclear modification is even slightly
larger for quark than for gluon jets. In practice, the z, distribution is controlled by the energy
loss of the softest among the two subjets created by the hard splitting, which is typically a
gluon independently of the flavour of the initial parton. Let us then consider Eq. in which
we take & = & and & = &g, with R = q or g depending on the colour representation of the
leading parton. Simple algebra yields

gg_gq

Z(g—jet)(zg) ~ Z(Q-jet)(zg) + 2z, -

(9.7)

where z(R‘jet)(zg) is the physical splitting fraction z corresponding to a measured fraction z,
for the case of a leading parton of flavour R, and the energy loss functions £ are evaluated at
(1—2z,)pr. Since & ~ 2&, the second term in is positive and thus 287V (z,) > 2(@¥eV (2 ) as
expected on physical grounds. Yet, the difference between 283 (z,) and (43 (2 ) is weighted
by z,4, hence it suppressed at small z,, where the energy loss effects should be more important.
Furthermore, the effects of the difference 283 (z,) — 2@ (2 ) are difficult to distinguish in
practice since there are other sources of differences between the z, distributions of quark and
gluon jets like the non-singular terms in the splitting functions and the different Sudakov factors.
In practice these effects appear to dominate over difference between 2(&)(z,) and 2(4¥eV)(z,)
This is confirmed by our analytic calculations in Fig.[9.6 Together with our previous results
for a gluon jet, we show two scenarios for quark jets: (a) a realistic scenario which takes into
account the different quark and gluon energy losses (cf. Fig. [8.1), and (b) a fictitious case,
which assumes that a quark subjet loses the same energy as a gluon one, i.e. & = &,. In both
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Figure 9.6: The results of the analytic calculations for the medium/vacuum ratio R(z4) for both
gluon- and quark-initiated jets, together with the fictitious case where a quark-initiated subjet loses
the same amount of energy as a gluon-initiated one.

cases, the nuclear suppression of the z, distribution appears larger for quark-initiated jets than
for gluon-initiated jets, in qualitative agreement with our Monte Carlo findings (recall Fig.|9.1]).
This is clearly driven by effects beyond the energy loss difference between quarks and gluons
(cf our case (b)), even though this difference has indeed the effect of slightly increasing R(z,),
especially close to z, = 1/2, as visible by comparing the curves corresponding to the cases (a)

and (b).

Summary. To sum up, the main lessons one draws from our study of high-energy jets are
as follows: (i) the incoherent energy loss by the two subjets created by the hard splitting
leads to a suppression in the nuclear z, distribution which is larger at small z,; (ii) the MC
results are sensitive to the evolution of the subjets multiplicity via VLEs which leads to an
energy loss increasing with the subjet pr; (iii) this last effect may be hidden when studying
the self-normalised z, distribution; in that respect, the Njes-normalised distribution is better
suited to disentangle between different energy-loss models.

9.1.3 Low-py jets: MIEs and energy loss

We now turn to more phenomenologically-relevant case of “low energy” jets, pro < we/zeut (With
We/Zeut = 600 GeV for our default choice of medium parameters), for which the “hard” emission
that triggers the SD condition can be either vacuum-like or medium-induced. In both cases, the
two ensuing subjets lose energy via MIEs, which, as explained in the previous section, implies
that the measured value z, is different (typically slightly smaller) than the physical value z.

Our main goal in this section is to develop analytic approximations which qualitatively and
even semi-quantitatively capture this complex dynamics. For definiteness, we focus on gluon-
initiated jets with ppro = 200 GeV. This value is at the same time low enough to be representative
for the low-energy regime and large enough to justify some convenient approximations, like the
single emission approximation for the MIEs captured by SD. For pedagogical reasons it is
convenient to first consider two simplified situations — a jet built with MIEs alone and a jet
in which the SD condition can only be triggered by a VLE (as in the “high-energy” case) —,
before addressing the full picture in Sect. [0.1.3.3
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9.1.3.1 Low-pr jets: medium-induced emissions only

To study the case where the SD condition is triggered by a MIE, we consider jets generated
via MIEs only, disabling VLEs. Since the emission angles of MIEs are controlled by their
transverse momentum broadening (cf. Sect. [4.3.3)), they are not ordered in angle. Hence, the
reclustering of the jet constituents with the C/A algorithm does not necessarily respects the
physical ordering of the MIEs in time. In particular, the branching selected by the SD procedure
may not be a primary emission, i.e. a direct emission by the leading parton. However, as long
as ZeutPro is sufficiently large compared to the characteristic scale wy, = 3.46 GeV for multiple
branching — which is definitely the case for our 200 GeV jets, — the probability to select a
non-primary branching is suppressed by o meq. From now on we can therefore assume that SD
selects a primary MIE.

Next, we can argue that the MIEs captured by the SD algorithm are soft and located
in a small corner near z = z,; and # = 6.. Indeed, the bulk of the MIEs lies below the
line k; = Qs = 2.4 GeV and the smallest value of k, that can be selected by SD, namely
ZewtPT00ews = 2 GV, is only slightly smaller than (). This is visible in the phase-space diagram
of Fig. (right). Together with the fact that the BDMPS-Z rate grows quickly as
z — 0, this means that MIEs contribute to the z, distribution only at small z,. After SD, one
therefore has a soft subjet of transverse momentum pp; corresponding to the MIE and a harder
subjet of momentum pzo corresponding to the leading parton.

The differential probability for the emission of a primary MIE with w; = w < prg is
given by the BDMPS-Z spectrum (4.48) multiplied by the angular distribution produced via
transverse momentum broadening after emission, Eq. . The latter depends on the distance
At = L — t, with ¢ the emission time, travelled by the two subjets through the medium. In
principle one should therefore work differentially in ¢. Since this would be a serious complication,
we rather use a picture in which we average over all the emission times ¢, distributed with
uniform probability over the interval 0 < ¢ < L. This picture is further supported by the
angular structure of jets with primary medium-induced emissions after a C/A declustering.
In Section [4.3.3.2] we have seen that in the regime wy(R) = (¢/(a2R*))"/? > wyy, a jet with
only primary medium-induced emissions can be seen as an effective angular ordered branching
process, with a differential rate for the “hard” splitting taking the form:

Cias me: 2wc
d273i7med(w, 0) = i smed o (We —w) 4/ — Phroad(w, 0) dwdf = P; pea(w, 0)dwdb, (9.8)

™

where [168]

1 [t 2020 w26? w? w6
Prrond (@, 0) L/o dt A exp{ i —t)} 0 o (O, oE ) , (9.9)

This distribution predicts an average value k|, = ‘/TEQS for k|, = wh. It shows a peak near k|,
and a rather wide tail at larger values k; > k, (see Fig. , left). Since we have just argued
that SD selects emissions in a narrow range in k, close to (), the tail of this distribution plays
an important role in our discussion. This is amplified by the fact that &, is slightly smaller than
@s. Note that in terms of the emission angle, this argument means that the emissions selected
by SD will need to acquire a # larger than the peak value #(w) = ky /w from broadening in
order to pass the 6., condition. In future work, it will be interesting to study how a description
of broadening beyond the Gaussian approximation affects quantitatively our results.
Additionally, we need to account for the fact that both the MIE that triggers the SD
condition and the leading parton lose energy. The situation is mostly the same as for our earlier
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Figure 9.7: Left: after_multiplication by @, the angular distribution Pproaq in Eq. scales as a
function of the ratio 6/0, with § = (y/7/3)Qs/w. Right: the Sudakov factors AME(R, 6,) for MIEs,
cf. Eq. (9.12), and A;/LE(R, 64) for VLEs, cf. Eq. (9.4)), for a gluon-initiated jet with prg = 200 GeV
and R = 0.4.

high-energy case except that now the medium-induced gluon emission can occur anywhere
inside the medium, i.e. at any time ¢t with 0 < ¢ < L. For an emitted gluon of energy w,
one can write pr; = w — g4(w, 0, At), where the energy loss depends explicitly on the distance
At = L—t travelled by the subjet through the medium. In our kinematic range, this energy loss
is relatively small, ¢, < w, and therefore varies slowly with w (cf. Eq. so we can neglect
the w dependence. It depends however quadratically on At. For simplicity, we use a time-
averaged picture in which () ~ (At) ~ L/2 and therefore e,(At) & £,(L/2) ~ 1e,(L) = &,
with 4(L) oc L? the energy loss corresponding to a distance L.

The situation for the harder subjet matching with the leading parton, is more complex, ow-
ing to differences between the time ordering of MIEs and the (angular-ordered) C/A clustering
used by SD. Indeed, MIEs from the leading parton at times smaller than ¢ and angles smaller
than 6, will be clustered by the C/A algorithm in the harder subjet. These emissions can carry
a substantial amount of energy so that, without a full picture of the time evolution of the jet,
it is delicate to even define a physical transverse momentum, ws, for the harder subjet at the
vertex where the MIE triggering the SD condition is emitted. We can however take a different
approach and realise that, by definition, the difference pro — (pr1 + pr2) corresponds to the
energy €;(pro, ;) lost by the initial parton at angles larger than 6,. As for the high-energy case,
we can neglect the energy lost between 6, and R and hence write pry + pro = pro — €i(pro, R).

In fine, the measured value of z, is related to the initial energy w of the gluonic MIE subjet
via
W= Eg(w,b,)
~ pro — &i(pro, R)

1
z with &,(w,0,) = ng(w,(‘)g) (9.10)

g

Since both energy losses in are small, one can ignore their pr dependence and use the
fits to the MC results shown in Figs. . The z, distribution created via MIEs can then
be computed using a formula similar to that used for VLEs in the previous subsections, cf.
Eq. (9.3]), namely
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Figure 9.8: Separation of the nuclear effects on the z, distribution of low-energy jets into a contribution
due to the MIEs (left) and a contribution due to the VLEs with energy loss (right). Left: MIEs only
(MC vs. analytic calculations). Right: Monte Carlo results for the full parton shower (black) vs. the
case where only VLEs with energy loss are included (red). We also show an analytic result for the
second case (dashed line).

R MIE w = 5g(99)
el = / a6, AN (R, 6,) / 800 P e (0, 6,)5 ( _ _—) O(2y — eur)
Ocut Pro E’L(R)
(9.11)

with the Sudakov factor AM¥(R, 6,) accounting for the probability to have no primary MIEs
with w > weut = &g + Zeut(Pro — €i(R)) and 6 > 6, at any point inside the medium:

0

R
AiVHE(R, 6,) = exp <—/ d&/dw Pimed(w, ) © (w — wcut)> (9.12)

The self-normalised distribution can be computed as p;med(z;) = N fimea(zy) with N =
m. The Sudakov factor is plotted for both MIEs, Eq. (9.12), and VLEs, Eq. (9.4),
as a function of 6, in the right plot of Fig. . In both plots, we use prg = 200 GeV and a
gluon-initiated jet. While this factor is clearly important for VLEs at all §,, it remains very
close to one for MIEs. It is mostly irrelevant for the shape of the z, distribution and only has
a small impact on its overall normalisation.

In Fig. (left) we compare our analytic approximation for the raticﬂ Jimed(2g)/ fvac(24) of
the Njes-normalised z, distributions corresponding the a gluon-initiated jet to the MC results
obtained by “switching off” the VLEs from the general numerical code. The energy losses
are estimated from the fit to the MC results shown in the left plot of Fig. 8.2 which yields
gg ~ 16.5 GeV for the whole jet with R = 0.4 and &, ~ 5 GeV for the subjet with 0, ~ 0., =
0.1. Given the large uncertainty in the calculation of &,, we present two sets of results, one
corresponding to €, = 0 GeV and the other one to e, = 5 GeV. For each of these 2 choices
we indicate by a band the uncertainty associated with £10% variations in the saturation scale
Q, around its central value Q, = v/GL = 2.4 GeV. This variation corresponds to the fact that
the relation between z, and w is only approximate and the associated uncertainty in the

=4 . . . . . . .
°Here, the medium/vacuum ratio is not a genuine nuclear modification factor. For example, in the absence
of medium effects, it would be equal to zero, not to one.
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value of w has consequences, via Eq. , on the angular distribution; this uncertainty was
mimicked by varying ).

Fig. (left) shows a qualitative agreement between the MC and the analytic calculations:
all the curves have a visible rise at small z,, reflecting the fact that the BDMPS-Z spectrum
behaves like z~%/2 which is more singular than the vacuum spectrum oc z~!. This being said, our
analytic study is still too poor to quantitatively reproduce the MC results, or to discriminate
between various scenarios for the energy loss. In particular, the “zero energy loss” scenario is
not in clear disagreement with the MC results. This may be related to the fact that the angular
distribution in Eq. favours small values z ~ 2z, which biases the distribution towards
events with a smaller-than-average energy loss.

9.1.3.2 Low-pr jets: energy loss only

In this section, we consider the situation (opposite to the previous section) where the SD
condition is triggered by a VLE. In this case, we turn off the direct contribution of the MIEs to
SD, but only keep their (indirect) effect associated with incoherent energy loss of the subjets
found by the SD procedure. The physical situation is similar to the high-energy case studied
in Sect. where the “direct” contribution of the MIEs to SD was negligible by definition.

To artificially remove the direct contribution of the MIEs from the MC simulations, we
have enforced that all the partons generated via MIEs propagate at angles # > R. This
obviously overestimates the jet energy loss, simply because some of the partons which would
have remained within the jet are artificially moved outside. This is fine as long as we only focus
on illustrating the qualitative effects of the energy loss on the z, distribution.

In Fig. [9.§|right), we compare Monte Carlo results obtained with this artificial removal of
the direct contribution of MIEs (“energy loss only”, red, curve) to the full simulation (“full”,
black, curve), where both VLEs and MIEs contribute directly. Fig. [9.8|right) also shows the
prediction of an analytic calculation which ignores the direct contribution of the MIEs to SD.
This calculation is the same as the one presented in Sect. for the case of a high-energy
jet, i.e. it is based on Egs. , and , now applied to pr ~ pro = 200 GeV.
The respective Sudakov factor is plotted in the right plot of Fig. By inspection of these
curves, we first notice that the effect of energy loss alone is the same for low-energy jets as it
was for high-energy jets: it leads to a strong nuclear suppressionﬂ of the z, distribution with
larger effects at small z,. Second, adding the direct contribution of the MIEs to SD changes
the picture significantly: the medium/vacuum ratio is now increasing at small z, and can even
becomes close to one. The difference between the two curves is, at least qualitatively, consistent
with an additional peak at small z, from MIEs (see e.g. Fig. left).

9.1.3.3 Low-p; jets: full parton showers

Now that we have studied both effects separately, we can provide an analytic calculation for
the complete z, distribution for a low-energy jet, including both VLEs and MIEs.

Due to angular ordering, VLEs selected by the SD procedure are necessarily primary gluon
emissions from the leading parton. However, whenever SD selects a MIE with energy fraction
z and emission angle 6,, this emission can be emitted by any of the partonic sources created
via VLEs with energy w > zprg. Since, by definition, SD selects the largest-angle emission
with 2z, above z.,, these sources of MIE can have any angle in the range 6. < 6 < 6,. Such

6This suppression appears to be larger for the respective MC calculation than for the analytical one because,
for the former, the energy loss is artificially amplified.
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emissions are formally clustered by the C/A algorithm together with the subjet corresponding
to the leading parton.

The z, distribution for a full parton shower generated by a parton of type i = (q,g) is
obtained by incoherently summing up the probabilities for SD to select either a VLE or a MIE:

R
Rz = [ a8, AYR(R,0,) V(R 0, (9.13

cht

1/2
X [ 2Pl 008 Zpane(2:85) = 24) + Prmea 05 Bymea(:05) = 20)] €0z, = 2w
0

Here, we have used different functions, Z; vac(z, 8,) and Z; med(2, 0,), for the relation between
the measured splitting fraction z, and the physical one z, to take into account the fact that the
energy loss is generally different for the subjets produced by a VLE or a MIE. The function
2, vac(2,0,) is given by Eq. , with the pr of the parent gluon identified with the prg of
the leading parton. As before, we replace , by R in the energy loss and take & (zpr, R) and
E((1 = 2)pr, R) from the fits in Fig. [8.1] In the case of a medium-induced splitting, we use a
generalisation of Eq. , that is

zpro — Eg(0y)

24 = Z, med(2,0 9.14
7 pro— &ilpro, R, 2,) ned (7, 0) ( )

The main difference w.r.t. Eq. refers to the energy loss by the whole jet, i.e. the function
Ei(pro, R, z5) in the denominator: not only this has now a strong dependence upon prg, due to
the rise in the number of partonic sources via VLEs, but this must be evaluated for the special
jets which include a hard splitting with a given value z, > 0.1 and with any 6, > 0., = 0.1.
From our MC calculation illustrated in Fig. [9.3, we know that it is larger than the average
energy loss and largely independent of z,. We use & = 43 GeV for ppy = 200 GeV and
R =10.4. As for £,(6,), we use 5 GeV as in Sect. and study the sensitivity of our results
to variations around this value.

The vacuum splitting probability density P; .. and the associated Sudakov factor AYLE
take the same form as in Sect. , Eqgs. and . The corresponding medium-induced
probability density P;meq takes a form similar to Eq. modified to account for the fact
that each VLE produced in the medium can act as a source of MIE. We therefore write

Qs me O’L 20}0 —
Pi,med(»% Qg) = I/(Z, 99) %1 / Z;O z 3/2 Pbmad(z, 6’9) (915)

(in)

The number of MIE sources v(z,6,) is obtained from the density % of VLEs produced
inside the medium:

DTO g d2N(in)
v(z,0,) =1 +/ dw/e do dw(\:{;E (9.16)
2pT0 e

In this last expression, the first term corresponds to the leading parton and the integration
boundaries in the second term impose that an MIE which triggers the SD condition has to
come from a source of larger energy at an angle between 6. and 6,. The associated Sudakov
factor AM® is then constructed in terms of P;meq as in Eq. . We note however that,
although for the case with only MIEs, the exponentiation of the emission probability in the
Sudakov factor AME is relatively straightforward, this does not obviously hold in the presence
of multiple sources of MIEs. However, since the Sudakov factor AM® only introduces a small
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Figure 9.10: R(z,) for a leading parton (left: gluon, right: quark) with initial transverse momentum
pro = 200 GeV. The Monte Carlo results are compared to analytic calculations corresponding to 3
different approximations for the number v of sources emitting MIEs (see the text for details).

correction (see Fig. , right), we have kept the exponential form, Eq. , for simplicity
and as an easy way to maintain the conservation of probability for MIEs.

In practice, we test three different approximationsﬂ for v: (1) v = vy = 1 includes only the
leading parton, (ii) v = vy = 3.2 is our MC estimate for the average multiplicity of partons
created inside the medium via VLEs by a leading gluon with pro = 200 GeV, cf. Fig[9.9, This
has to be seen as a maximal value since it ignores the kinematic limits in Eq. (9.16)). (iii)
v = vpLa obtained by evaluating Eq. with a DLA estimate for the gluon multiplicity,
corresponding to Eq. with R — 6, and taking the coupling a, at the scale £, = Ef,.
We see in Fig. that this DLA approximation gives a reasonable description of the VLE
multiplicity in a jet (setting #, = R). For the case v = vppa we show no variation band in
Fig. to avoid overlapping bands in an already complicated plot, but it is quite clear what
should be the effects of varying &, and Q2.

In Fig.9.10] we show our MC results for a full shower generated by a leading parton, gluon

"Note also that the formal limit v — 0, in which one keeps only the “direct” contribution of the VLEs to
Eq. (9.15)), corresponds to the analytic result shown with dashed line in Fig. right).
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(left) or quark (right), with prg = 200 GeV, together with our analytic approximation based
on Eq. using the three different approximations for v. In each case, the central curve
corresponds to the average values &, = 5 GeV for the subjet energy loss in Eq. and
Q? = gL = 6 GeV? for the saturation momentum squared in (9.9). The bands around these
central curves correspond to variations by 20% of ,. Note that varying Q% by 20% has a
smaller effect. The unphysical case v, = 1 is disfavoured by the comparison with the MC
results as it underestimates the peak associated with the direct MIE contribution. The other
two cases are at least qualitatively consistent with the MC results.

It is also interesting to notice the dependence of the results upon the flavour of the leading
parton. The rise of the nuclear distribution at small 2z, appears to be stronger for the gluon-
initiated jet than for the quark-initiated one and this difference is rather well captured by
our analytic approximations, where it is due to a change in the number v of partonic sources
for a “hard” MIE: one has indeed v — 1 o< Cg. At large 2z, on the other hand, the analytic
approximation appears to be less satisfactory for the quark-initiated jet — most likely, because
it underestimates the energy loss by the subjets resulting from a hard VLE. As a matter of facts,
a similar difficulty occurs in the high-energy case, as can be seen by comparing the quark-jet
results for pro = 1 TeV in Figs. [9.1] and [0.6] respectively.

The main conclusions that we can draw from in Fig. and from the overall discussion in
this section is that z, distribution for “low energy jets” is a superposition of two main effects:
(1) incoherent energy loss for the subjets created by a vacuum-like splitting; this controls
the z, distribution at moderate and large values of z,, where it yields a nuclear modification
factor which slowly increase with z,, and (ii) sufficiently hard medium-induced emissions, with
2 2 Zeu, Which leads to a significant growth of the z, distribution at small values z, ~ 2.
This behaviour is qualitatively reproduced by our simple analytic calculations which shows,
for example, that including multiple (VLE) sources of MIEs is important. It is however more
delicate to draw more quantitative conclusions as several effects entering the calculation would
require a more involve treatment.

9.2 z, distribution with realistic initial jet spectra

Even if studying monochromatic jets is helpful to understand the dominant physical effects at
play, any realistic measurement would instead impose cuts on the prjec = pr of the final jet.
For this we need the full prg spectrum of the hard scattering. Here, we follow our prescription
from Section and use a LO dijet spectrum where both final partons are showered using our
Monte Carlo. One can then cluster and analyse the resulting event.

In the case of the z, distribution, it is interesting to note that we expect a competition
between two effects. On one side, due to the steeply-falling underlying pr¢ spectrum, cutting
on the jet pr tends to select jets which lose less energy than average. On the other side, we
have seen from Fig. that jets with 2y > 2.y and 0, > 0., lose more energy than average.

Below, we first study the case of the Njes-normalised z, distribution which is best suited
to discuss the underlying physical details highlighted in section [9.1] Our distributions are also
qualitatively compared to a recent experimental analysis by ALICE [256]. We then consider the
self-normalised z, distribution which is more easily compared to the CMS measurements [255].

9.2.1 Phenomenology with the Njcs-normalised z,

Our main results for the Njeis-normalised z, distribution are plotted in Figs.[9.1TH9.12] They are
the analogue of the results for R44 shown in Figs. 8.4l they highlight the pr-dependence of
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Figure 9.11: Our full MC predictions for the medium/vacuum ratio R(z,) of the Njets-normalised
z4 distributions, including the convolution with the initial jet spectrum. Left: the sensitivity of our
results to changes in the kinematic cuts fiax and k| in. Right: the effect of varying wy, (by £50%)
at fixed values for w. and 6.

our predictions together as well as their sensitivity to changes in the physical (¢, L and & med)
and unphysical (6max and k| min) parameters. The various curves shown in these figures have
been obtained by integrating the z, distribution over all the values of pr above a lower cut-off
Prmin (explicitly shown for each curve). In practice, our choices for this cut-off are the same as
the values taken for pro in Fig.[9.1] Since the jet pr spectrum falls rapidly with pr and the jet
energy loss is relatively small compared to the jet pr, it makes sense to compare the respective
results.

First of all, we see from Fig. left, that our predictions are robust w.r.t. variations of
the unphysical parameters in our Monte Carlo. Then, based on the analyses from Section [9.1]
we expect the z, distribution to be mostly sensitive to changes in the multiple-branching energy
scale wyp, which controls both the energy loss and the rate for SD to be triggered by a MIE.
When varying wy, by 50% around its central value, keeping w,. and 0. fixed, the z, distribution is
indeed strongly affected, see Fig.|9.11], right. The effects of changing either w, or 0., at fixed wy,,
are much less pronounced as seen in Fig. [9.12, The residual variations observed when varying
we or #. can be mainly attributed to variations in the phase-space for VLEs, which affect the
multiplicity of sources for MIEs and the energy loss (cf. Eq. ) Besides, for the low-pr
jets, a change in w, can have a sizeable effect on the phase-space for MIEs that are accessible
to SD (cf. Fig. . This is indeed seen in Fig. which shows a stronger dependence on w,
than on 0., especially for the peak at low pr and small z,.

Comparing now to the results for monochromatic jets shown in Fig. [0.1] we observe impor-
tant differences that can be understood as follows. When studying the Njes-normalised ratio,
the deviation of R(2y) = fmed(2y)/ frac(zy) from unity is proportional to the ratio, Nspjets/Niets,
between the number of jets which passed the SD condition and the total number of jets. This
ratio is considerably smaller when using a realistic jet spectrum, Fig. (left), than for
monochromatic jets, Fig. 0.1 This is explained by the fact that jets passing the SD condi-
tion lose more energy than average jets and therefore have a more suppressed production rate.
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Figure 9.12: The effects of varying ¢, L and o mea keeping wy, = 3.46 GeV fixed at its central value
(cf. the right plot of Fig. . Left: we vary w. by £50% at fixed .. Right: we vary 62 by £50% at
fixed w.

Moreover, among the jets which have passed SD with a given z; > zqy, the initial cross-section
favours those where the subjets have lost less energy, leading to a flattening in the shape of
the ratio R(z,) at large z,, in agreement with Fig. left. Finally, imposing a lower pr cut
on jets introduces a bias towards quark jets, which lose less energy than gluon jets. Since the
former have a smaller R(z,) than the latter (cf. Fig.[9.1), this further reduces R(z,) for jets.

Another interesting feature of Fig. left is the fact that the ratio R(z,) is almost identical
for pr = 500 GeV and pr = 1 TeV. We believe that this purely fortuitous. First, the normalisa-
tion factor Ngpjets/Njets penalises the jets with pr = 1 TeV more than those with pr = 500 GeV,
thus reducing an initially-small difference between the respective results in Fig. Second,
as pr increases so does the fraction of quark-initiated jets, thus contributing to a reduction of
R(zg)-

At this point, it is interesting to compare our predictions with the measurements by the
ALICE collaboration [256] at the LHC. This is not immediately straightforward as the ALICE

Njcts-norm zq distribution - ALICE-like setup Figure 9.13: Predictions of our Monte
2 0.4 0120) l (1_% a0 24)l Carlo generator for the z, distribution ob-
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measurement is at a different collider energy than what we have considered so far, uses only
charged tracks which are not accessible in our parton-level shower, and is not unfolded for the
detector effects and residual background fluctuations. For simplicity, we keep the collider energy
at 5.02 TeV. Since the charged and full transverse momenta of jets are roughly proportional to
one another, we scale the acceptance region for the jet py from [80,120] GeV to [130,200] GeV
and work with all the particles. The discussion below should therefore, at best, be considered
as qualitative.

Our findings are presented in Fig. where, following Ref. [250] (see the first and third
plots in Fig. 3), we have considered both the case 6, > 0.1 and the case §, < 0.1. Our
predictions are shown for a range of medium parameters (see also Table of Fig. . In
all cases, our results are qualitatively similar to those of the experimental analysis: the ratio
R(z,) is decreasing with z,, it shows nuclear suppression (R(z,) < 1) for the large-angle case
6, > 0.1 and nuclear enhancement (R(z,) > 1) for the small-angle case 6, < 0.1. Within our
framework, the enhancement observed for 6, < 0.1 and the rise at small z, are both associated
with medium-induced emissionﬂ being captured by SD. The suppression visible for , > 0.1 is
a consequence of incoherent energy loss as seen in Sect. [9.1]

9.2.2 Self-normalised z, distribution and CMS data

We want to compare the predictions of our Monte Carlo generator to the measurement of the
self-normalised z, distribution by the CMS collaboration in Ref. [255]. This comparison should
however be taken with care since the CMS results are not unfolded for detector (and residual
Underlying Event) effects and are instead presented under the form of “PbPb/smeared pp”
ratios. Without a proper dedicated study, it is delicate to assess the precise effects of this
smearing on RE™)(z,).

Our findings are shown in Fig. (right). In this plot, we show the predictions for the
24 nuclear modification factor for the selection of 4 sets of medium parameters discussed in
Section R(norm)(zg), using the same bins and cuts as in the CMS analysis.

Since the interplay between the 3 scales wy,, w. and 6, is different for R44 and R(norm)(zg),
our 4 sets of parameters predict different behaviours for the latter. However, both observables
are predominantly controlled by the energy loss of the jet, so the spread in R®r™) (24) remains
limited. Some differences are nonetheless observable, in particular for the two bins with the
largest pr. The predictions obtained with a larger wy,, — i.e. larger single-parton energy loss
but smaller phase-space for VLEs — show a pattern dominated by energy loss, similar to what
was seen in Sect. for high-pr jets. Conversely, the predictions obtained with a smaller wy,, —
i.e. smaller single-parton energy loss but larger phase-space for VLEs — show an enhancement
of the small-z, peak associated to MIEs.

If we compare these results with the CMS measurements (see e.g. Fig. 4 of Ref. [255]), we see
that the two agree within the error bars for both the pattern and the magnitude of the deviation
from one. In particular, the CMS data too indicate that R™™) decreases quasi-monotonously
with z, at low pr and become flatter and flatter, approaching unity, when increasing py. This
supports our main picture where the nuclear effects on the z, distribution are a combination
of incoherent energy loss affecting a vacuum-like splitting and a small-z, peak associated with
the SD condition being triggered by a MIE. With increasing pr the first mechanism dominates
over the over, yielding a flatter distribution, in agreement with the CMS data. That being said,
the current experimental uncertainty does not allow one to distinguish between different sets

8Since with our parameters the minimal angle for MIEs is 6, ~ 0.04, MIEs can pass the SD condition even
for 8, < 0.1.
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Self-norm z4 distribution - CMS-like setup
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Figure 9.14: Left: our MC results for jet R44 and for 4 sets of medium parameters which give quasi-
identical predictions are compared to the ATLAS data [232] (black dots with error bars). Right: the
MC predictions for the medium/vacuum ratio R(norm)(zg) of the self-normalised z, distributions are
presented in bins of pp for the same 4 sets of medium parameters as in the left figure.

of medium parameters.

9.3 Other substructure observables

Our final section discusses two substructure observables related to the z, distribution.

9.3.1 Iterated SD multiplicity.

The first observable we consider is the Iterated SD multiplicity [I51], nsp, which has also been
measured on track-jets by the ALICE collaboration [256]P} This observable has been defined in
Chapter [4] Section [4.2.3.2]

Our results for the ngp distribution are presented in Fig. 9.15 and show the same trend as
the ALICE measurements (Fig. 4 of Ref. [256]). In particular, the ngp distribution is shifted
to smaller values for jets created in PbPb collisions compared to pp collisions. This might
seem puzzling at first sight since in the low-pr;c; range probed by the measurement, one could
naively expect an enhancement of ngp due to the additional MIEs passing the SD condition.
However, we believe that the dominant mechanism at play is the incoherent energy loss which,
as discussed in Sect. and Sect. [0.1.2] results (i) in a statistical bias towards jets with small
ngp values as they lose less energy, scenario favored by the steeply-falling initial spectrum, (ii)

90ur comparison to this measurement is subject to the same caveats that for the zg distribution in the same
paper.
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Figure 9.15: ngp distributions emerging from our Monte Carlo simulations. Left: the distributions
themselves, for the vacuum shower, for the full in-medium parton shower, and also for the case where
the MIEs contribute only to the energy loss (but not directly to SD). Right: the medium/vacuum
ratios.

in an effective z, fraction smaller than the actual momentum fraction z at the splitting. These
effects lower the number of measured hard splittings. To support this argument, we have run
a variant of our MC simulations where all the partons created via MIEs are moved outside the
jet and hence only contribute to the energy loss. The corresponding results, shown as crosses
in Fig. demonstrate as expected an even stronger reduction in the average value of ngp,
which is only partially compensated by MIEs captured by the Iterated SD procedure.

Analytic estimate. It is always enlightening to see how these results compare with simple
analytic formulas based on the same ideas as those developed in the investigation of the z,
distribution. For the vacuum baseline, the leading-logarithmic estimate is given in Chapter [,
Section [£.2.3.2] When a monochromatic hard spectrum is considered, we identify essentially
three physical mechanisms: the veto of vacuum-like emissions, the shift of the splitting fraction
caused by large angle energy loss and the existence of relatively hard medium-induced emissions
captured by ISD. We believe that any observable relying on the primary Lund plane can be
analysed in the same way as the following brief analysis of the ngp distributionﬂ.

1. Vetoed region. The vetoed region included in JetMed has an impact on the ngp dis-
tribution at DLA e.g. by reducing the area p; 1y, in the parameter of the Poisson law.
However, as shown Fig. [0.2] the phase space area probed by SD does not overlap with
this vetoed region for our choice of SD parameters. Consequently, the vetoed region can
be neglected at leading logarithmic accuracy.

2. Incoherent large angle energy loss. Because of the energy loss shift as given by (9.5)),
the logarithmic area probed by SD in phase space is reduced, hence the medium /vacuum
ratio for the ngp distribution decreases with ngp. This is shown in the blue curve,

Fig. [9.16]

10T the next Chapter, we will disentangle the nuclear modification factors for the large x part of the frag-
mentation function in this way.
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Iterated Soft Drop multiplicity
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Figure 9.16: Nuclear modification factor ngp distribution calculated with our MC. For the dashed
curves, the calculation is done for a gluon with pro = 200 GeV. For the plain curves, we use the
Born-level spectrum in prg. The red curves correspond to the full parton shower. For the blue curves,
all the MIEs are artificially sent at very large angles to remove the effect coming from intrajet MIEs.

3. Intrajet semi-hard MIEs. The semi-hard MIEs with emission angles § < R remain
inside the jet and can trigger the ISD condition as for the SD z, distribution. To estimate
the order of magnitude of this effect, we rely again on the C/A declustering of jets from
primary medium-induced emissions established in Section [4.3.3.2l For a jet evolving via
primary MIEs only, ngp is also Poisson distributed with average value p; meq and

welbto dy (B AP ned
) — _ — ’ vmed _ B
pz,med(ecut) —A 23/2 Acut do d2df @(2 Zcut(Q/R) ) (917)
200,05 w we/pTo (, (R Q
~— — d0s(0 — —=)0(z — 2z (0/R)?) (9.18
T 2PT0/0 23/2 B ( ZpTo) (Z Z t(/ )) ( )

where we approximate the angular distribution with a delta centered around k, =
Qs = VL. If zewipr00euws S Qs, one finds pj med o (ZewsPro/we) /2 which is non-negligible
compared to p; 11, when zqupro < w.. In this case, ngp follows again a Poisson distribution
with average value p; 11, + pimea. Hence the medium/vacuum ratio increases with ngp as
in the red dashed curve in Fig. [9.16}right.

As expected, there is a strong effect of the initial cross-section, as shown with the red plain
curve of Fig. [0.16] Jets with large nsp are highly suppressed and the enhancement seen at
large ngp in the monochromatic case, due to additional MIEs, is no longer visible. Such a
compensation implies that one must be cautious when interpreting a measurement of ngp with

B =0 [250].

9.3.2 Correlation between R4, and z,

Given that both R4 and the z, distribution are primarily controlled by the jet energy loss, it
is interesting to study the correlation between these 2 variables [261] (similarly to Fig. for
the energy loss of monochromatic jets). To that aim, we show in Fig. the ratio Ra4 as a
function of pr = prje for different bins in z, (imposing 6, > 0.1) (left plot) and for different
bins in 6, (right plot). For reference, the inclusive R 44 ratio is shown by the “all jets” curve.
The curve labelled as “no z,” in the left plot includes both the events which did not pass the
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Figure 9.17: Our MC results for the jet R4 as a function of pr e are shown in bins of z4 (left figure)
and in bins of 6, (right figure). The inclusive (all-z4, respectively all-6,) results are shown with dashed
lines.

SD criteria and the events which failed the 6, > 0.1 constraint. Correspondingly, the curve
labelled “0, < 0.03” in the right plot includes both the events with a genuine splitting passing
the SD condition with 6, < 0.03 and the events which did not pass the SD condition.

The remarkable feature in both plots is the striking difference between the events which
passed SD and those which did not. As explained when we discussed Fig. [9.3] this difference
reflects the fact that, on average, two-prong jets lose more energy than single-prong ones. These
results also reveal the role played by colour (de)coherence and the emergence of a critical angle
6.. With our choice of parameters, ¢, ~ 0.04 corresponds to the region in 6, where R4 changes
significantly. For example, the curve corresponding to 6, < 0.03 < 6, receives almost exclusively
contributions from single-prong jets — even more so than the “no z, curve in the left plot —
and thus shows a nuclear factor R44 close to unity. This suggests that measuring R4 in bins
of f, can be interesting to better characterise the propagation of jets in the quark-gluon plasma.






Chapter 10

Jet fragmentation functions in
nucleus-nucleus collisions

The last chapter of this thesis deals with the jet fragmentation function in nucleus-nucleus
collision. At first sight, the fragmentation function looks like an ideal observable to study
the jet structure in terms of parton showers and its modifications by the interactions with the
medium. One should however be cautious as the jet fragmentation function is not a well-defined
IRC safe quantity in pQCD as explained at length in Chapter[dl This means that its theoretical
predictions are strongly sensitive to non-perturbative (confinement) physics like the modelling
of the hadronisation mechanism. Another potential drawback of the fragmentation function,
already recognised in the literature [263, 264], is that the nuclear enhancement seen in the
LHC data at = 2 0.5 is not necessarily an evidence for new physics in the jet fragmentation at
large z, but merely a consequence of the overall energy loss by the jet together with the bias
introduced by the initial spectrum for jet production via hard (nucleon-nucleon) scatterings.

After a brief presentation of the JetMed results for the IRC unsafe fragmentation in Sec-
tion [10.1], we disentangle the several medium effects in the large x domain of the fragmentation
function in Section and in the small = region in Section [10.3] The last Section is
dedicated to the study of the nuclear modification of the fragmentation function into subjets,
which is IRC safe and defined in a similar way as in Section [£.2.3.3] We show that it is sensitive
to medium effects while under better perturbative control.

10.1 Monte Carlo results

We start by presenting our Monte Carlo results for the fragmentation function and the asso-
ciated nuclear modification factor. We want to pay a special attention to their dependence on
the two “unphysical” parameters of the Monte Carlo, ,.x and k| nin, and to the 3 “physical”
parameters, ¢, L and o, meq. We recall that the dependence on the former can be viewed as an
uncertainty in our underlying parton-level theoretical description and a large uncertainty would
signal a strong dependence of the observable on non-perturbative effects such as hadronisation.
Conversely, the dependence on the “physical” medium parameters sheds light on the role and
importance of the medium effects at play.

10.1.1 General set-up

In order to describe pp and PbPb collisions at the LHC, we consider jets with an initial spectrum
given by a pp collision with center-of-mass energy /s = 5.02 TeV computed at leading-order,
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i.e. with Born-level 2 — 2 partonic hard scatterings. This is similar to our study of the R4
ratio in Chapter , Section . A key property of this initial parton (or dijet) spectrum is
that it is steeply falling with the partons’ transverse momentum pro: dN"4/dpry oc 1/p,
with n 2 5. For each event, both final partons are showered using our Monte Carlo. Jets are
reconstructed using the anti-k; algorithm [134] as implemented in FastJet v3.3.2 [I84]. The
final jets are characterised by their transverse momentum prje;, which is generally different
from the initial momentum prg, in particular for jets in PbPb collisions which suffer energy
loss. The pp baseline is obtained by using the vacuum limit of our Monte Carlo.

We denote the final jet spectrum by dNjes/dprjer and use the upper scripts “med” and
“vac” to distinguish between jets in the medium (PbPb collisions) and jets in the vacuum (pp
collisions), respectively. The jets can be initiated by either a quark or a gluon. In practice, one
often considers the jet yield integrated over an interval in pr e, that is,

PT,max dN
N, = d Jets
jets (pT,mina pT,max) - PT jet d .
PT,min pT7Jet

(10.1)

For a given jet with transverse momentum pr e, we characterise its fragmentation in terms of
the longitudinal momentum fraction

A
T Mj (10.2)
DT jet

where pr is the transverse momentum of a constituent of the jet and AR = /(Ay)? + (A¢)2,
with Ay and A¢ the differences between the jet axis and the particle direction in rapidity and
azimuth. Note that since our Monte Carlo does not include hadronisation, the jet constituents
are partons.

The jet fragmentation function D(x) and its nuclear modification factor R(x) are defined
as in Chapter
1 dN Dmed ()
Niets dz - D)

with Njes the number of jets (in the considered prje, range) and dN/dx the number of jet
constituents with a given momentum fraction z.

For later conceptual studies, we shall also consider “monochromatic jets” produced by a
well identified parton, quark or gluon, with a fixed initial transverse momentum prg. In such a
case, we denote the fragmentation function by D;(x|pro), where i € {q, g} refers to the flavour
of the leading parton. The corresponding medium/vacuum ratio is defined as R;(z|pro) =

D?led(x‘pTo)/Divac<x|PT0)-

D(z) = . R@) (10.3)

10.1.2 Variability with respect to the unphysical cut-offs

Fig. displays the sensitivity of our MC results for R(z) to variations of the “unphysical”
parameters around their central values Oyax = 1 and k) min = 0.25 GeV, for fixed values of ¢, L
and ovs med-

The first observation from Fig. is reassuring: the distribution shows a strong enhance-
ment both at small z and at large x, with a nuclear suppression at intermediate values of x.
This is in qualitative agreement with experimental measurements (see e.g. [244]).

However, the variations w.r.t. the unphysical parameters appear to be very large. We have
checked that they were strongly dominated by variations in %, n,i,. This should not come as a
surprise since the fragmentation function, measured directly on individual constituents, is not
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Figure 10.1: The variability of our MC results for the ratio R(z) w.r.t. changes in the “unphysical”
(left) and “physical” (right) parameters. The 4 sets of values for the “physical” parameters are correlated
in that they provide similarly good descriptions of the LHC data [232] for the “standard” nuclear
modification factor for jets R4 (see the discussion in Chapter .

an infrared-and-collinear (IRC) safe observable. The sizeable variations in the small-z region
directly come from the variations of the available phase-space for radiating soft gluons when
varying k| min. The large variations in the radiation of soft particles directly affect the spectrum
of hard particles in the jet, hence the large uncertainty in the large-x region. Only a proper
description of hadronisation (including varying hadronisation parameters) would (hopefully)
reduce this uncertainty. This should be kept in mind when studying the dependence of our
results on the medium parameters and when comparing our MC results in this work with actual
experimental data.

10.1.3 Variability with respect to the medium parameters

We now fix the unphysical parameters to their central value and study how R(x) depends on
the medium parameters ¢, L, and o meq. We first consider 4 different sets of values, given
in Table together with the angular and energy scales 6., w. and w, characterising the
medium-induced radiation.

The plot in Fig. |1 shows our new results for R(x) for the 4 sets of values for the
physical parameters. For large values of z, 2 0.1, the small variations in wy, (see Table
are compensated by relatively large Varlatlons of w. and #.. This is similar to what happens
for Raa, as discussed at length in Chapter This suggests that for largish = = 0.1, the
nuclear effects on jet fragmentation and on the inclusive jet production are strongly correlated
and in particular that they are both controlled by the jet energy loss. Such a correlation has
been already pointed out in the literature [263, 264] and used to provide a simple and largely
model-independent argument for explaining the enhancement in the ratio R(z) at 2 0.5, as
observed both in the LHC data [244] and in our MC results in Fig. [10.1b| This argument will
be completed in Sect. [10.2.3]

Turning to smaller x values, z < 0.01, the situation becomes different. There is a clear lift
of degeneracy between the 4 sets of values, with two of them — corresponding to the smallest
medium size L = 3 fm, but larger values for o, mea — yielding results that are significantly
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Figure 10.2: Our MC results for the nuclear modification factor R(x) shown as a function of the
energy fraction x of a jet constituent (left) and of its transverse momentum pp (right), for 3 bins of
the jet prjet.

larger than those predicted by the two other sets (with L = 4). In Section [10.3, we provide
physical explanations for these trends.

10.1.4 Dependence on the jet pp

Our Monte Carlo predictions for the nuclear modification R(z) are shown in Fig. for three
bins of prje and for the default set of (medium and unphysical) parameters, cf. the first line
in Table [8.1] Following the experimental analysis by ATLAS [244], we have separately plotted
our results as a function of x (left plot) and of the parton pr (right plot). The left-hand plot
shows only a mild dependence of R(x) on prje for x 2 0.1 when increasing. This suggests a
weak prjet-dependence which is likely correlated to the similarly weak dependence observed for
Raa. At small z, the x scale below which the ratio is larger than 1 decreases with pr e, but
the corresponding pr scale increases with prje¢. These trends are in qualitative agreement with
the respective ATLAS results [244].

10.2 Nuclear effects on the fragmentation function near
r=1

With this section, we start our analytic investigations of the nuclear effects on the jet fragmen-
tation function when 1 — x < 1. Since the main goal of the two following subsections [10.2.1
and is to discuss the nuclear effects neglecting the steeply falling initial jet spectrum, we
mostly work with monochromatic jets with a given initial transverse momentum pz¢. In the
last subsection [10.2.3] the effect of the hard scattering cross-section combined with jet energy
loss is taken into account. To guide the reader, we emphasize that the latter effect turns out
to be the dominant one in the hard fragmentation region.

We therefore first focus on the jet fragmentation function D;(z|pr¢) with ¢ € {q, ¢}, which
can be conveniently computed as a derivative of the cumulative fragmentation distribution

1
(2 lpro) = / Az’ Di(2/|pro) (10.4)
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For the vacuum calculation of this distribution, we refer the reader to Section [4.2.2.1]

To discuss medium-induced effects, it is sufficient to work in the LL approximation where
jet fragmentation function near x = 1 is dominated by a single, relatively soft, gluon emitted
by the leading parton. From this two-parton system we then have to take three effects into
account: (1) emissions in the vetoed region of Fig. are forbidden, (2) the leading parton
and the emitted gluon can both lose energy via MIEs at large angles, (3) the gluon emission
can be a MIE remaining inside the jet. We consider the effect of the vetoed region before the
other two.

10.2.1 Effect of the vetoed region

The effect of the vetoed region in Fig. [5.3] can be implemented as a ©-function excluding this
particular region from the phase-space for VLEs. At LL accuracy, this amounts to having an
extra factor

@Veto =1- @( V QQZPTO - ki)@(kl - 2ZpT0L_1)’ (105)

in the integrand of (4.20)). The first (second) O-function in the r.h.s. of (10.5)) corresponds to
the upper (lower) boundary of the vetoed region. For a fixed-coupling approximation, we find
assuming for simplicity 1 — z < 2/(LproR?) (see Appendix [H| for the result including running
coupling)
In® —.
37 0.

NLL corrections, gﬁo, can be obtained using . In particular, the hard-collinear term pro-
portional to B; is not modified by the veto region and therefore cancels in the medium/vacuum
ratio.

Our analytic estimate for the ratio R;(x|pro) is shown in Fig. left in green for prg = 200
GeV. For comparison, we also show the corresponding MC result, which only includes VLEs
(the green curve in Fig. . These results agree well with each other and they both predict
a nuclear enhancement near x = 1. This enhancement can be easily understood on the basis

of ([10.6]), which implies

Lgf’eito(ozsL, asLo) = Loy (L, asLo) +

(10.6)

veto,LL ]
5 @) 200Gy n R (10.7)

1
= E;fac,LL (.1') BRI ‘9(:

meaning Y°4(z) ~ Y¥e°(z) > $¥2¢(x) and hence R;(x) > 1 when x — 1. Indeed, the presence
of the vetoed region reduces the phase-space allowed for the decay of the leading parton.

10.2.2 Effect of medium-induced emissions

The medium-induced emissions (MIEs), as triggered by the interactions with the plasma con-
stituents, affect differently the total jet momentum pr;e; and the energy wrp carried by its
leading parton. This implies a nuclear modification R(x) at large © = wrp/pr jet-

For convenience, we focus on the case where x is not too close to one, such that wy,/pro <
1 — 2 < 1, with wy, ~ a?gL? the characteristic scale for multiple branchings. For jets with
pr > 200 GeV, a phenomenological region 0.80 < z < 0.95 translates into (1 — z)prg 2 10 GeV
which is indeed larger than wy, ~ 4 GeV (cf. Table .

Within this regime, the medium-induced emissions which control the energy loss by the
leading parton are relatively hard, with energies w > wy,. Thus, they remain inside the jet and
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can be accurately computed in the single emission approximation. This situation is similar to
the one discussed for jets in the vacuum at double-logarithmic accuracy: the parton distribution
near x = 1 is controlled by a single intra-jet emission, with an energy of the order of (1 —z)pro.
This emission can be either vacuum-like, or medium-induced. This “semi-hard” emission is
accompanied by an arbitrary number of soft MIEs, with energies w < wy,, which propagate
outside the jet and take energy away from the jet constituents. The in-medium fragmentation
function near x = 1 can therefore be evaluated as:

D) = [ 180 30 [P ] 5 (=21
0~ &g

(10.8)

In this expression, OP;ac/Ow is the differential probability for emitting a soft gluon with
energy w at any emission angle 0 (with k| nim/w < 6 < R) and AY'®(w) is the Sudakov factor
forbidding VLEs with energies larger than w (including the condition ((10.5)) for the phase space

gap), i.e.

AVPE () = svete (1 — == and  QPiwe _ AMATE 220Gl [ wR
g Ow dw T w ’

Pro kL,min

(10.9)
where the second expression for OP; yac/O0w, shown only for illustration, holds for the case of a
fixed coupling a,; and ignores the constraints introduced by the vetoed region.

Furthermore, OP; neq/0w and AME(w) are the corresponding quantities for the semi-hard
MIE inside the jet (6. < 6 < R). Its energy is restricted to @ < w < w,, where w. = ¢L*/2 and
w is a cutoft of order wy,, separating between “semi-hard” and “soft” MIESH In this regime, one
can safely use the single emission approximation, i.e. (compare to Eq. )

a 7,me s,me C@ 2 c ve 8 2,mne
z;w d s 7rd ;; , AME (W) = exp (—/ dw Pﬁw d) . (10.10)

Next, ¢; and &; refer to the energy loss via soft MIEs outside the jet (0 > R), for the leading
parton and for the jet as a whole, respectively. Finally, the d-function in Eq. encodes
the fact that, in our present approximation, the energy of the leading parton is the energy prg
of the parton initiating the jet minus the energy of the semi-hard emission and the partonic
energy loss ¢;, while the energy of the jet is prjet = pro — &;.

For more clarity, we study separately the two types of medium effects included in Eq. ,
namely energy loss at large angles and energy redistribution via intra-jet MIEs.

10.2.2.1 Energy loss at large angles

To study the energy loss effects alone, we temporarily neglect the contribution of the intra-jet
MIEs to Eq. (10.8]), which then simplifies to (with w, the energy of the soft VLE)

87)7, vac P1ro — Ws — &5
= Z_Lvac AVEE - . 10.11
e-loss /dws 8w8 ¢ (ws) 6 ((E ( 0 )

DY (z|p
(rlpro) pro— &,

In the absence of VLEs, a single parton with initial energy wq loses energy by radiating
MIEs at large angles (6 = 6./a?). This is associated with the “turbulent” component of the

IThe precise value of this cut-off is not important: as we will show below the energy integration is controlled
by the J-function, and since the energy losses are relatively small one roughly has w ~ (1 — z)pro > @ ~ Wy
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Figure 10.3: Nuclear effects on the fragmentation function at large x for monochromatic jets. Three
increasingly more physical scenarios are considered: (i) VLEs only (only the nuclear effects from the
vetoed region are included), (ii) adding energy loss via soft MIEs at large angles (not shown on the
right plot), and (iii) further adding semi-hard MIEs inside the jet. Additionally, we show the “full”
curve in red which includes the bias introduced by the initial hard spectrum and is manifestly the
dominant effect.

medium-induced cascades, associated with very soft partons of energies w < wy,, which are

deflected at large angles via collisions with the plasma. The average energy loss is estimated

by (53

S, me 2 ALQ
ei(wo) = wo [1 — e‘“Owbr/‘“O], with  wp, = (u) C4C; qT ) (10.12)
T
For a full jet, the energy loss receives contributions of the form of Eq. (10.12) from both
the leading parton (LP) and each of the (vacuum-like or medium-induced) intra-jet emissions
(0 < R) which are radiated within the medium. An estimate is given in ([5.105]).
For a hard-fragmenting jet made of only two partons (the LP and a relatively soft VLE, as

in Eq. (10.11))), we have to consider two options:

e If the VLE is emitted outside the medium, i.e. either with 6 < 0, or with ¢; = 2/(w6?) > L,
only the LP loses energy and we have & = ¢;. For 6 < 6., the two partons lose energy
coherently, so one can see the energy loss as coming only from the LP.

e If the VLE occurs inside the medium, both partons lose energy and we have &; = ¢; + ¢,
with €, the energy lost by the VLE. In this case, ¢t < L so the VLE travels a length or
order L through the medium.

For a VLE inside the medium, the é-function in Eq. (10.11]) can be equivalently rewritten

as
5(1_56_%1;'&71'))25(1_35_24_M), (10.13)

Pro — Pro

with z = w,/pro the splitting fraction of the VLE. We have used the fact that the energy loss
is relatively small, & < prg. The effect of the in-medium energy loss is a small increase of the
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splitting fraction, from its initial value in the vacuum, zy,. =1 — x, to
1—2)& —¢g — (1 —x)g

u:l—x—l—x&“g (1= ) :1—m+i>zvac. (10.14)

Pro Pro Pro

z=1—x+

In the second equality we have used & = ¢; + ¢4 and 2 ~ 1 — x. For the third equality we have
used z ~ 1 and g4 > ¢;, making clear that the dominant effect is the energy loss by the soft
gluon. E|

The fact that z > z,,. = 1 — x means that the probability P(z) o 1/z of its emission is
smaller, so there is an enhancement in the probability for the leading parton to survive at large
x. This effect is reinforced by the associated Sudakov factor: when ws = zprg > (1—2)pro, there
is a reduction in the phase-space for emissions by the leading parton and therefore AY™(w,) >
AYYE((1 = 2)pro).-

The purple curve in Fig. [10.3}eft shows a calculation of R(x|pro) based on Eq.
together with &, = ¢, + ¢, and with Eq. for the partonic energy loss. Compared to the
green curve in the same figure, which includes solely the effect of the vetoed region, the purple
curves indeed shows a larger enhancement near x = 1.

10.2.2.2 Energy redistribution via a hard MIE

A semi-hard MIE with energy w > wy,, and which remains inside the jet can modify the
fragmentation function D™ (z|pro) near x = 1 in two ways. On one hand, it brings a posi-
tive contribution via the term proportional to OP;mea/0w in Eq. . On the other hand,
the additional Sudakov factor AME(w) induces an extra suppression. These two effects are
competing with each other. It turns out that the second effect is stronger, resulting in a de-
crease of D(x|pry) near x = 1 as compared to the vacuum, and hence a decrease of the
medium /vacuum ratio R;(x|pro)-

We can actually estimate these two contributions to Eq. . To that aim, we can neglect
the effects of the energy loss at large anglesf| Using the é-function to perform the integral over
w we find

api,vac api,med
+

med _ VLE MIE
D; ($|PT0)’MIE—17T0{ B R A (w) AT (w) (10.15)

w=(1-z)pT0

We need to show that the “medium” Sudakov effect on the VLE (first term in the square
bracket) is larger in absolute value than the direct contribution from MIEs (second term in the
square bracket):

OP; OPi med

— = AME(W)] > — AME (W) . 10.16

e [ ANIB()] > S NI (10.16)

At leading-order accuracy for the MIE, one can set AME ~ 1 in the r.h.s. of the above inequality,
whereas in the l.h.s. one must also keep the linear term in its Taylor expansion:

2 s 2 c
| AMIE() o 206G [ (10.17)
m w

Interestingly, for a VLE outside the medium, we can set ¢, — 0 to get z = 1 — 2z — (1 — x)g;/pro with
1 — a2 < 1. The energy loss effect is therefore much smaller than for an in-medium VLE and with an opposite
sign.

3Indeed, in this case, the intra-jet MIE is the dominant medium effect, whereas the energy loss at large
angles is a subdominant effect since &; ~ €; ~ wyp, are much smaller than w ~ (1 — z)p7o.
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Using a fixed-order approximation for the vacuum emission probability (cf. Eq. (10.9))), together
with Eq. (10.10) for the medium-induced, one finds after simple algebra that Eq. (10.16) is

equivalent to

4 sYi 1 -

aC ln(< x>pT°R) > 1. (10.18)
m kj_,min

This is satisfied both parametrically and numerically under our working assumptions that
collinear logarithms are large. For the parameters used in Fig. [10.3] namely pro = 200 GeV,
R =1, and k| min = 0.25 GeV, and with x = 0.9 and a, = 0.3, one finds that the Lh.s. of
Eq. is about 5.3.

These considerations are confirmed by the explicit numerical integration of Eq. . The
blue curve in Fig. includes all the medium effects discussed in this section (the vetoed
region, the energy loss at large angles and the effects of semi-hard MIEs). Comparing it to
the purple curve which does not include the effects of semi-hard MIEs, we see that the latter
reduce the ratio R;(x|pro) near z = 1, as expected. This plot also shows that the three medium
effects appear to be of similar magnitude and to almost compensate each other, leaving only
a modest enhancement at z = 0.9. This pattern is in very good agreement with what we see
from our MC simulations, Fig. Whereas the details of this compensation depend on
the specific parameters used in our calculation, we have checked using our MC that such a
competition between comparable but opposite effects is a relatively robust prediction from our
pQCD scenario.

One can view this conclusion as a little bit deceptive since it shows that the fragmentation
function has a reduced sensitivity to nuclear effects associated with the internal dynamics of
the jets.

10.2.3 Bias introduced by the steeply falling jet spectrum

The behaviour at large = is in fact largely controlled by the physics of energy loss and its
interplay with the initial production spectrum, as we now explain.

A jet which, after crossing the medium, is measured with a transverse momentum pr je
has originally been produced from a hard quark or gluon emerging from a hard process with a
larger momentum pro = prjet + £(pro), where E(pro) is the energy lost by the jet via MIEs at
large angles (see Ref. [39] for an extensive discussion of this quantity). While the energy lost
by a parton with momentum pr > wy, saturates at a value € ~ wy,, which is independent of pr
[163], the average energy lost by a jet keeps increasing with prg, because of the rise in the phase
space for VLEs and hence in the number of partonic sources for medium-induced radiation.

Due to the steeply-falling underlying pro spectrum, cutting on the jet pr tends to select jets
which lose less energy than average. In particular, this bias favours the “hard-fragmenting” jets
which contain a parton with large z (say, x > 0.5). Such jets correspond to rare configurations,
in which the radiation from leading parton is strongly limited in order to have a final x fraction
close to one. Since they contain only few partons, the hard-fragmenting jets suffer very little
energy loss, of the order of the partonic energy loss € ~ wy,. They are therefore less suppressed
than the average jets by the steeply-falling initial spectrum. In other terms, the medium acts
as a filter which enhances the proportion of hard-fragmenting jets compared to the vacuum.

This bias has already consequences for the inclusive jet production, as measured by R44:
the fraction of hard-fragmenting jets among the total number of jets (say, in a given bin in prje;)
is larger in AA collisions than in pp collisions. The effects of this bias are however expected to
become even stronger for the jet distribution dN/dx at large x, which by definition selects only
hard-fragmenting jets. This stronger bias towards hard-fragmenting jets has been proposed
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Figure 10.4: Energy loss and R44 for different bins of x,,y, the momentum fraction of the jet
harder constituent.

as an explanation for the nuclear enhancement in the fragmentation function observed in the
LHC data [244] at large x = 0.5. This argument is very general: it applies to a large variety of
microscopic pictures for the jet-medium interactions, assuming either weak coupling [242] 265],
or strong coupling [266], 267], or a hybrid scenario [264], 268, 269]. All these scenarios naturally
predict that hard-fragmenting jets lose less energy towards the medium than average jets, for the
physical reason that we already mentioned: hard-fragmenting jets contain less partonic sources
for in-medium energy loss. This physical argument is manifest in both the pQCD [242], 265] and
the hybrid approaches [264] 268, 269], which explicitly include a vacuum-like parton shower. It
is also implicit in the strong coupling scenario in [266, 267| which is tuned such as to reproduce
the angular distribution of jets in p+p collisions at the LHC (itself well described by PYTHIA).

In this section, we argue that this is also the main explanation for the rise seen in our results
in Fig. at = 0.5. Within our pQCD approach this is not entirely obvious since our
scenario also allows for nuclear modifications of the fragmentation process itself, via medium-
induced emissions and energy loss effects. Similar ingredients are a priori present in other
scenarios, like JEWEL, but their relative importance has not been explicitly studied to our
knowledge. In the previous subsections, we have performed an extensive study of these effects,
via both analytical and numerical (MC) methods.

Before we discuss the fragmentation function per se, let us first demonstrate that, in our
picture too, a hard-branching jet loses less energy than the average one. We have numerically
verified this, by selecting (in our MC events) jets for which the harder parton carries a mo-
mentum fraction x,.. in a restricted window. These results are presented in Fig. for the
energy loss of monochromatic jets and in Fig. for the jet R4, for the 3 bins in z,,., and
(for comparison) also for the inclusive jets. Focusing first on the left figure, we find indeed
that the energy lost by jets with . > 0.9, i.e. hard-fragmenting jets, is both considerably
smaller and also less rapidly growing with ppo then for the average jets. As x.x decreases,
both the energy loss and its ppg growth increase. This tendency is confirmed by the study of
Raq, Fig. where jets with a large x,,,x show a smaller-than-average nuclear suppression.
It would be interesting to experimentally measure the correlation between the jet R4 and the
momentum fraction x,,, and compare to our above predictions (see also [264] for a related
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observable, which compares the nuclear suppression for high-pr hadrons and inclusive jets).
To have a more quantitative argument, let us focus on a single bin in pr = prje with
a (vacuum) Born-level pr spectrum. The vacuum fragmentation function can then be easily

estimated as
Ny(pr)Dy(x|pr) + Ny(pr) Dy (x|pr)
Nq(pT)+Ng(pT) ’

where N;(pr) = AN /dpy o< 1/p are the initial spectra for quarks (i = ¢) and gluons (i = g)
and the fragmentation functions for monochromatic jets have been introduced at the end of
Sect. To write down the corresponding formula for jets in the medium, let us assume
that the only medium effect on the jet production is the energy loss. One can thus write

> Nilpr +ei(2)) D (zlpr + £i())

pymed ~ i€{q,9} f ~ 1. 1020
(z|pr) > Nipr+ &lpr)) o ( |

i€{q,9}

DVaC<x|pT> ~

(10.19)

The quantity &;(z) in the numerator is the energy loss of a hard-fragmenting jet. It depends
on x because the focus on large values © > 0.5 selects special configurations in which jets
are made with only few partons. Its precise xr—dependence is not important for what follows.
Rather, it suffices to know that €;(z) is a partonic energy loss, of order wy,, and to a good
approximation is independent of the jet pr. The corresponding quantity in the denominator,
Ei(pr), is the average energy loss by a jet with transverse momentum pr. It is much larger
than ¢;(z) and increases with pr. This difference between the partonic energy loss ¢;(z) in the
numerator of Eq. and the average energy loss &(pr) in its denominator, together with
the rapid decrease of N;(pr) when increasing pr, are the origin of the nuclear bias towards
hard-fragmenting jets at large x, discussed at the beginning of this sectionﬁ

On top of their bias towards less energy loss, hard-fragmenting jets also favour quark-
initiated jets. There are two reasons for this [39, 263]: (i) a quark radiates less than a gluon
due to its reduced colour charge (Cr < Cj), resulting in a larger probability to contribute at
large x, and (ii) quark-initiated jets typically contain less partons than gluon-initiated jets
and hence lose less energy (g, < ¢,); this feature together with the steeply-falling pr spectrum
favours their production in AA collisions. We can therefore only keep the quark contribution

to the numerators of Eqs. (10.19)) and ((10.20) and write

N Jred(z|pr)

R(z|pr) =~ (o) R, (z|pr), (10.21)

with the following definitions:

vac — Nq<pT) med —
[ (pr) = N, (pr) + No(pr) [ (zlpr) =

Ny(pr +e4(x))
> Ni(pr +&(pr))

i€{q,9}

(10.22)

For jets in the vacuum, fy**(pr) is simply the fraction of quark-initiated jets. However, the
corresponding quantity for jets in the medium is generally not a fraction, because of the different
energy losses appearing in the numerator and in the denominator of f;™(z|pr).

The condition of hard fragmentation (z ~ 1) only plays a role in the case of the medium,
where it distinguishes between the “partonic” energy loss ,(x) in the numerator and the jet

4Strictly speaking, the “average” energy loss & (pr) in the denominator is influenced too by this bias, since
it should be computed as an average over an inclusive sample of jets produced in AA collisions. However, this
bias is less important for the inclusive sample than for the large-x distribution in the numerator of Eq. (10.20)).
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energy loss &,(pr) in the denominator. As already discussed, the physical observation that
gq() < &(pr) implies that the fraction of hard-fragmenting jets in the medium is larger than
that in the vacuum, ie., f"*4(z|pr)/f3*(pr) > 1, which in turn causes R(z|pr) to go above
one for x < 1. As z decreases, the energy loss of jets contributing at this value of z increases,
becoming closer to £(pr) and the nuclear enhancement is less pronounced.

It is enlightening to go one step further: let us present a more detailed (numerical) argument,

based on simple 2-parton jets, which supports Eq. (10.21)). Eq. (10.21)) relies on the “fraction”
fi(z|pr) of hard-fragmenting jets with one constituent having an energy of at least xpr. In

practice, we define (cf. Eq. (10.22))

dog ddaq ‘ ,
v dpr p +En=
o) = ZPT%’ J*(alpr) = > T , (10.23)
oy 7 ic{ag PO PTHEPTO)

where do; /dpro o pyq° is the initial jet spectrum. n, = 5 and n, = 5.6 give a decent description
over the kinematic range covered in this paper. &;(pro) is the average energy loss by a jet
with initial transverse momentum pry and is numerically extracted from MC simulations in
Chapter |8, Section . 5;1:2 is the energy lost by a simple two-parton jet (a leading quark
of energy fraction x ~ 1 and a relatively soft gluon of energy fraction 1 — x). The dominant
contribution (cf. Sect. comes from events where the quark and gluon lose energy
independently of each othelﬂ: EX? = eq(xpro) + €4((1 — x)pro), with g4 and g, given by
Eq. ([012)

By combining Eq. for the fractions of hard-fragmenting jets with our previous calcu-
lations of the ratio R,(z|pr) for monochromatic jets, we can provide a semi-analytic estimate
for the physical observable R(z|pr) using Eq. (10.21)). This is shown by the red curve in
Fig. [10.3a] that should be compared to the corresponding MC result in Fig. [10.3bl The two
red curves are both in good agreement with each other and with the general trend seen in the
LHC data [244]. For z very close to 1 (mainly the last bin in our plots), the pattern observed
in our MC calculations is a combination of the bias induced by the jet spectrum and of the
medium effects on the internal jet dynamics R (x|pr), with a strong domination of the former.
The current experimental uncertainties in this region of x are too large to draw a stronger
conclusion, notably concerning the relative importance of the nuclear effects associated with
R,(x|pr), i.e. with the medium modifications of jet fragmentation itself.

10.3 Small-2 enhancement: colour decoherence and
medium-induced radiations

10.3.1 Qualitative discussion

Let us now consider the situation at small x < 0.01, where our numerical results in Fig.
show a pronounced medium enhancement of the fragmentation function, in qualitative agree-
ment with the experimental observations [244]. These results also exhibit a (partial) lift of the
degeneracy between the various sets of values for the medium parameters, suggesting a weaker
correlation between R(z) and the jet nuclear modification factor R44. This section provides
explanations for these observations within our framework.

5Strictly speaking, the energy argument of eg and g4 should be zpro and (1 — 2)pro, respectively, with z the
gluon splitting fraction, cf. Eq. (10.14)), but to the accuracy of interest one can replace z ~ 1 — x and ppg =~ pr.
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We first note that, for the considered range in prje, z < 0.01 corresponds to momenta
pr < 2 GeV for the emitted partons, which are smaller than the characteristic medium scale
wy, for multiple branching. In our framework, such soft emissions are dominated by VLEs
outside the medium since MIEs with energies w < wy, would fragment into very soft gluons
propagating at angles larger than the jet radius (i.e. outside the jet). The medium enhancement
of VLEs outside the medium has two main origins: (i) the violation of angular ordering by the
first emission outside the medium, which opens the angular phase-space beyond what is allowed
in the vacuum [37, 03], and (ii) the presence of MIEs with w > wy, which remain inside the jet
and can radiate VLEs outside the medium [39]. Our analytic study in Section and our
numerical investigations in the following section show that both effects contribute to explaining
the enhancement visible in the MC results.

The above interpretation of the nuclear enhancement at small z as additional VLEs outside
the medium does explain the differences between the various choices of medium parameters seen
in Fig. [I0.1b] A smaller value for L increases the energy phase-space for the parton cascades
developing outside the medium because the energy of the first emission outside the medium,
w ~ 2/(L6?), with an emission angle §# < R, increases with 1/L. Furthermore, a larger value
of a5 med €nhances the rate for MIEs and hence the number of sources for VLEs outside the
medium.

Even though our MC results at small  show the same qualitative trend as the relevant LHC
data [244], one must remain cautious when interpreting this agreement. Indeed, our current
formalism lacks some important physical ingredients, which are known to influence the soft
region of the fragmentation function: the hadronisation and the medium response to the energy
and momentum deposited by the jet. Whereas one may expect the effects of hadronisation to
at least partially compensate when forming the medium-to-vacuum ratio R(x), the medium-

response effect — i.e. the fact that the experimentally reconstructed jets also include soft
particles originating from the wake of moving plasma trailing behind the jet (and not only from
the jet itself) — is clearly missing in our approach and its inclusion should further enhance

the ratio R(x) at small z. Indeed, we know from other approaches [265] 268, 270, 271], where
the medium response is the only (or at least the main) mechanism for producing such an
enhancement, that this effect by itself is comparable with the enhancement seen in the data
(see also [272] for a different picture).

Of course, it is of utmost importance to complete our formalism with a more realistic
description of the medium, including its feedback on the jet. (We shall return to this point in
the concluding section.) Before such a more complete calculation is actually performed, it is
difficult to anticipate what should be the combined effect of both mechanisms on the behaviour
of R(z) at small .

10.3.2 Monte Carlo tests

We would like to extend the DLA arguments exposed in Chapter [5], Section to include
all the ingredients in our physical picture of jet quenching. Our ultimate goal is to provide a
deeper understanding of the MC results presented in Section. [I0.1] and discussed qualitatively
in the previous section.

For this purpose, it is convenient to think in terms of the factorised picture emerging from
our DLA calculation which allows us to write (for w < we,, cf. Eq. (5.81]))

out
ol ) (10.24)

med ~ A/
wD™ Y (w) ~ Njy, X (w 0
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where NV, is the multiplicity of partonic sources produced by the jet evolution inside the medium
and wdN°" /dw is the fragmentation function generated outside the medium by any of these
sources. This picture is a consequence of colour decoherence which allows the first out-of-
medium emission to be emitted at any angle. This factorisation is not expected to hold beyond
DLA, but can still be used for qualitative considerations.

Beyond DLA, several competing expects should be considered. (i) VLEs are emitted
with the full (DGLAP) splitting functions (including energy conservation) and with a running
coupling. These effects are expected to reduce both factors in Eq. (10.24). (ii) Adding the
intra-jet MIEs enhances the multiplicity NV;, of the partonic sources. (iii) Direct contributions
of the MIEs to the fragmentation function D™®(w) are also possible, but are expected to be
a small effect for the jet kinematics (pro ~ 200 GeV, x < 0.02) and medium parameters (see
Table. considered in this paper. Indeed, the relevant energies w < 2 GeV are softer than the
medium scale wy, ~ 4 GeV for multiple branching meaning that these MIEs would be deviated
outside the jet.

To test these expectations under realistic conditions, we perform MC simulations for inclu-
sive jets (using the full Born-level hard spectrum) with 200 < pr < 251 GeV and |y| < 2.1,
and with three different scenarios: (a) the partons from the hard scattering are showered via
VLEs only; (b) the partons from the hard scattering are showered via both VLEs and MIEs,
but angular ordering is enforced all along the shower, including for the first emission outside
the medium (labelled “no decoherence”); (c) the physical case where the partons from the hard
scattering are showered via both VLEs and MIEs and the angle of the first emission outside
the medium is unconstrained.

The MC results for R(z) are shown in Fig. for each of these three setups. The black
curves correspond to setup (a) for two 2 different IR cutoffs (solid: k| min = 200 MeV, dashed:
ki min = 150 MeV). compared to the DLA results in Fig. the medium enhancement is
strongly reduced and can even be replaced by a suppression for larger values of k| min.

Switching on MIEs leads to a robust nuclear enhancement as visible from the blue curve
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which corresponds to setup (b) with k| i, = 200 MeV. This enhancement is even more pro-
nounced for setup (c¢) corresponding to the red curves in Fig. [10.5a] This new enhancement is
easily associated with the fact that the first “outside” emission can be sourced by any “inside”
emissions while in setup (b) it can only be sourced by “inside” emissions at larger anglesf| Inci-
dentally, the comparison between the blue and the red curves also shows that the decoherence
has no sizeable effects at x ~ 1.

For a more detailed understanding, we compare in Fig. the results for R(x) with the
ratio R;(z|pro) corresponding to monochromatic jets with prg = 200 GeV, for both quark-
initiated (i = ¢, magenta, dashed-dotted curve) and gluon-initiated (i = g, green, dashed,
curve) jets. The small-x enhancement appears to be stronger in the case where the LP is a
quark, rather than a gluon. Although this might look surprising at first sight, one should recall
that the dominant C;-dependence for monochromatic jets cancels out in the medium /vacuum
ratio R;(x|pro). The differences between the quark and gluon curves visible in Fig. is
attributed to more subtle sub-leading effects. For example, a gluon jet loses more energy than
a quark jet via MIEs at large angles and hence has a (slightly) smaller energy phase-space for
radiating outside the medium (and inside the jet).

10.4 Jet fragmentation into subjets

The fragmentation function defined by Eq. is not an infrared-and-collinear (IRC) safe
observable. It is sensitive to the details of hadronisation which is not included in our present
approach. This translates in the strong dependence, observed in Fig. [I0.1a] on the cut-off scale
k| min which regulates the infrared behaviour of our partonic cascade. This strong dependence
on k| min is also present in the analytic calculations of sections [10.2 and |5.3.1.1}

To circumvent this theoretical problem, we propose in this section a different observable
which uses subjets instead of individual hadrons to characterise the jet fragmentation, as ex-
plained in Section [4.2.3.3] This observable is IRC-safe by construction and is therefore expected
to be less sensitive to non-perturbative effects in general and to our & i, cut-off in particular.
There are several ways to define a jet fragmentation function in terms of subjets, e.g. using
different jet algorithms or keeping different branches of the clustering tree. The definition we
propose below, as in Section [4.2.3.3] relies on the Cambridge/Aachen algorithm [I31) [132].
While other approaches, like those based on the k; algorithm [I33], show a similar behaviour,
using the Cambridge/Aachen algorithm appears to be slightly more sensitive to medium effects
and easier to study analytically.

10.4.1 Definition and leading-order estimate in the vacuum

The fragmentation function Dy, (z) for jet fragmentation into subjets discussed in this section is
defined as follows. For a given jet with transverse momentum pr e, we iteratively decluster the
jet using the Cambridge/Aachen algorithm following the hardest branch (in py). At each step,
this produces two subjets p; and py, with pr; > pro. When the relative transverse momentum
of the splitting, k| = proy/Ay?, + Ag,, is larger than a (semi-hard) cut-off k) .y, we compute
and record the splitting fraction z = 22— of the splitting (0 < z < 1/2). The procedure is
iterated with the harder branch p; until it can no longer be de-clustered. The fragmentation

function into subjets is then defined as the density of subjets passing the k| > k| oy criterion

SFor setup (b) the factorisation ((10.24)) is obviously violated as “inside sources” and “outside emissions” are
correlated by angular ordering.
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normalised by the total number of jets{]

1 dNy,
Dan(2) = 5 -, b (10.25)
jets

The cut-off scale k, o regulates the infrared behaviour, guaranteeing that Dg,p(2) be an
IRC-safe observable. As long as ki cut > ki min ~ AQCD we therefore expect small non-
perturbative effects and a small dependence on the (non-physical) k| min parameter.

This definition is very close to the ISD fragmentation function discussed in Chapter [
Section[£.2.3.3} the only difference is the stopping condition that involves the &, of the splitting.
This difference produces negligible effects at leading logarithmic accuracy, so that in the soft-
and-collinear approximation, we can use the result obtained in Section for Dgup(2):

R A6 2a5(20pr e
b (2) =~ [/ - MG(ZepT,jet - ’ﬁ,cut)] x Y Cifi ™ (prjen),
0

0 Tz :
1=q,9
fc. 200 ZRpriet
< 1 Zo et C; 172 (priet), 10.26
2 tog (52 ) % 3 Cp (o) (10.26)

1=q,g9

where f(;f;) (prjet) is the Born-level cross-section for quark (gluon) production with transverse
momentum pr e, normalised to the total number of jets, as defined in Eq. (10.23]). The second
line in the above equation gives the result for a fixed-coupling approximation.

10.4.2 Nuclear modification for Dy, (2): Monte Carlo results

In this section, we provide Monte Carlo results for the nuclear modification factor for the
fragmentation function into subjets, defined as Ry, (2) = DRgd/DYac.

As for the study of the jet fragmentation function D(z), we first study the dependence
of the the fragmentation function into subjets, Dg,p(z), on the non-physical parameters €y,ax
and kj min of our Monte Carlo. This is shown in Fig. for two different jet pr cuts (200
and 500 GeV) and two different lower cut-offs k| ¢ (2 and 5 GeV). The medium parameters
are taken as their default values (cf. Table and the non-physical parameters are varied as
for Fig. [10.1a] As expected, the uncertainty bands in Fig. [10.6] are much smaller than what
was observed in Fig. , confirming that the (IRC-safe) fragmentation function into subjets
Dsub(2) is under much better perturbative control than (the IRC-unsafe) D(x).

That said, we must keep in mind that taking k, .. large-enough to guarantee kj ., >
ki min ~ Aqcp also cuts some of the medium effects occurring below this cut. E.g., it removes
the direct contributions to Dgup(2) coming from MIEs with transverse momenta k; < ki cut-
One should therefore choose the free parameter k| ¢, such as to simultaneously minimise the
effects of hadronisation and highlight the interesting medium effects.

In Fig. [10.7, we show the subjet fragmentation function for the values of the medium
parameters that reproduce the ATLAS R44 ratio (cf. Fig. , for the same two values of
Prjet as in Fig. and for k| cuy = 2 GeV. Compared to Fig. [10.1b] we notice that the curves
are less degenerate at small and intermediate values of z. Most importantly, the dependence on
the medium parameters is larger than the uncertainty bands related to non-physical parameters
shown in Fig. [10.6]

"We use the notation z for the splitting fraction to emphasise that it is defined with respect to the parent
subjet, in contrast with the longitudinal momentum fraction x used in the previous sections which is defined as
a fraction of the total jet momentum pr jet.
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Figure 10.6: Monte Carlo results for the nuclear modification factor Rgy,(2) for the fragmentation
function into subjets, for jets with prjec > 200 GeV (left) and prjec > 500 GeV (right) and for 2 values
of the lower momentum cut-off k| ¢, (2 and 5 GeV). The bands show the variability of our results w.r.t.
changes in the “unphysical” parameters around their central values 0ynax = 1 and k| yin = 250 MeV.

10.4.3 Analytic studies of the nuclear effects

In this section, we would like to disentangle, based on physics considerations and simple analytic
calculations, the various nuclear effects contributing to the behaviour observed in the MC
results in Fig. [10.7, To understand how Eq. is affected by the medium, it is sufficient
to consider jets made of a single splitting (i.e. two subjets) with k; > k) cut. For definiteness,
all the numerical results shown in this subsection correspond to &k o, = 2 GeV.

Vetoed region. When only VLEs are taken into account, the leading medium effect is the
vetoed region. Its effect is straightforwardly included in Eq. by inserting the step-
function ©gyeto defined in Eq. within the integrand. The largest &k, in the vetoed region
is Q, = (24w, )'* = (qL)"/? which is about 2.4 GeV for our default choice of medium parameters.
The vetoed region has thus no effect for k; ... = 5 GeV and only a small effect for &, oy, = 2 GeV
(see Fig. for an illustration).

This is confirmed both by our analytic calculations, based on Eq. with the additional
constraint ©¢yeto, and by MC simulations with only VLEs shown as the black curves in Fig.[10.9]
Of course, one could enhance the effect of the vetoed region by decreasing the value of kj oy,
but this would also amplify the sensitivity of Dgy,(2) to the non-perturbative, soft, emissions.

Incidentally, the previous discussion also shows that, for the ranges of %k, ., considered
here, the VLEs which control Dg,p,(z) do either occur in the “inside” region of the phase-space
in Fig. or at very small angles 6 < 6, in the “outside” region. They are therefore not
significantly affected by colour decoherence. To check that, we have performed MC calculations
with and without the effects of decoherence (i.e. by enforcing or not angular ordering for the
first outside emission). The results, shown by the red and blue curves in Fig. , respectively,
are indeed very close to each other.

Energy loss at large angles. From the discussion in Sect. [10.2] we already know that
the energy loss by a (sub)jet via MIEs at large angles # 2 R may have two main effects on
a substructure observable such as Dgyp(z): (1) a shift between the measured value z of the
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Figure 10.7: Monte Carlo results for the nuclear modification factor Rgup(z) for the values of the
medium parameters that reproduce the ATLAS R44 ratio (cf. Fig. , for the same two ranges
in prjet as in Fig. [10.6] and for k| oyt = 2 GeV. The unphysical parameters are fixed to Opax = 1 and
kj_,min = 250 MeV.
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Figure 10.8: The phase-space for vacuum-like gluon emissions by a jet propagating through a dense
QCD medium, in logarithmic units. In this plot, the variables are the relative transverse momentum
k) ~ wf and the inverse of the angle 1/6.

splitting fraction and the respective value at the time of splitting, and (ii) a bias introduced
by the steeply falling initial spectrum which favours jets losing less energy than average jets,
with the second effect being larger than the first one. The same two effects are still at play
for Dgub(2). As in the case of the standard fragmentation function discussed in Sect. , we
expect the effects of the energy loss to be more important for relatively large values z 2 0.1 of
the splitting fraction. However, their effects on R, (2) is opposite to those on R(z): unlike the
hard-fragmenting jets, which lose less energy than the average jets (leading to an enhancement
in R(z) at 2 0.5), the jets selected by Dsyp(2) lose more energy than the average jets, so
we expect a nuclear suppression, Rsup(2) < 1, at sufficiently large z. The main reason for this
larger energy loss is the following: the jets included in Dy, (2) involve at least two (relatively
hard) subjets with z 2 0.1 and k; > kj . For the typical values of z and k,, the angle
0 ~ k, /pro between these two subjets is larger than the critical angle 6. characterising the
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Figure 10.9: Disentangling nuclear effects on the subjet fragmentation function. Left: analytic approx-
imations illustrating the effects of the vetoed region, the energy loss at large angles, and the intra-jet
MIEs. Right: MC calculations which illustrate the importance of MIEs and the lack of sensitivity to
violations of angular ordering.

angular resolution of the plasma (6. < 0.06, see Table . Accordingly the two subjets lose
energy independently from each other and the whole jet loses more energy than a typical jet
from the inclusive sample Nijets [39) [125] which also includes single-prong jets, as well as two-
prong configurations with 6 < 6.

This discussion is in qualitative agreement with the MC results in Fig. except at very
small z where new effects discussed below contribute. For a more quantitative argument, we
notice that, if one neglects the shift in the value of z, then the energy loss at large angles affects
only the quark- and gluon-jet “fractions” fm°d in Eq. . These should be computed follow-
ing Eq. , with different energy losses in the numerator and respectively the denominator.
In the numerator, £7=2 is the energy loss of jets having two subjets with transverse momentum
balance z and angle 6 (pr = prjet)

E2(2,0) = &((1 — 2)pr, R) + &,(2pr, R) if (2,6) € inside region, (10.27)

whereas in the denominator, & = &;(pr, R). Using the energy loss as a function of pr and R
extracted from the MC simulations in Ref. [39] in Egs. and Eq. (10.26)), one obtains the
dashed, green, curve in Fig. [10.9al This indeed shows a nuclear suppression, Rqu(z) < 1. The
suppression is more pronounced at large z, as anticipated, since the discrepancy (in terms of

energy loss) between the special jets selected by D™4(z) and the average jets increases with z.

Intrajet MIEs. A relatively hard subjet with k; > k| v may also be created by a semi-
hard MIE, with energy w 2 wy,, which remains inside the jet. To leading order, the respective
contributions from VLEs and MIEs can be simply added together, as in Eq. (10.8). Compared

to the latter, the calculation of D™4(2) must also keep the information about the emission

angle, in order to ensure the condition k; > kj .. We therefore write

R 205(k 1) 2we Qs med
Dred(2) = df | ———Ogreto — 2 Prroad (2, 0) | O(ky — ki cu

> Cufire

1=q,g

(10.28)
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where k) = 20prjet and Phroad(z,6) is the angular distribution due to transverse momen-
tum broadening after emission calculated in and given explicitly by (9.9). In writing
Eq. (10.28]), we have assumed for simplicity that the energy loss at large angles is given by
Eq. (10.27)) for both the vacuum-like and medium-induced emissions that generates the sub-
jets. This rough approximation could be relaxed in practice, but is sufficient for our illustrative
purposes. The distribution Ppeaq(2, 0) for MIEs is rather strongly peaked near k; ~ @ (recall
the discussion for the z, distribution in so its corresponding contribution to Eq. ((10.28|)
is expected to be important only when £k .y S @, in which case it should be rapidly increasing
at small z. This is in agreement with the MC results in Figs. and [10.7] which show an
enhancement at small z for k| .., =2 GeV and no visible enhancement for £ o, = 5 GeV.
Eq. includes all the medium effects discussed in this section. The red curve in
Fig. shows the result of numerically evaluating the integral in Eq. . The new
enhancement at small z compared to the dashed, green, curve is due to the intrajet MIEs.
The overall behaviour agrees well with the full MC results shown in Fig. as well as with

Figs. and [10.7]




Chapter 11

Conclusion

In this thesis, we have presented a new picture, emerging from perturbative QCD, for the parton
showers created by an energetic parton propagating through a dense quark-gluon plasma. This
picture is factorised in time with vacuum-like emissions occurring first and creating sources
for subsequent medium-induced radiations. Both types of emission are Markovian processes,
yielding a modular Monte Carlo implementation of our picture in the parton shower JetMed.
This allows us to study separately various aspects of the dynamics of jet quenching and assert
their relative importance in jet observable measured at the LHC in heavy-ion collisions.

We have focused on three observables for which we believe our approximations to be ro-
bust: the jet nuclear modification factor for Ra4, the nuclear effects on the z, distribution
given by the Soft Drop procedure and the jet fragmentation function (and notably its new
version infrared and collinear safe). For all these observables, we obtained good qualitative
and semi-quantitative descriptions of the respective LHC data and we discussed the physical
interpretation of the various trends seen in the data. To make our physical discussions more
convincing, we supplemented the Monte Carlo calculations with suitable analytic calculations,
which were helpful to pinpoint the different mechanisms at play and compare their effects.

In the remaining part of this conclusion, we outline some of our projects for the future.
As acknowledged in Section [5.2.5] the current leading-logarithmic picture for the vacuum-like
evolution has several limitations. Accordingly, the parton shower JetMed is currently rather
simplistic and we have provided a detailed list of possible improvements in Section [6.5] We
point out however that our step-by-step approach is motivated by the following guideline: in
the vacuum, the accuracy of a parton shower means logarithmic accuracy. We believe that an
in-medium parton shower should also start with a correct resummation of the large logarithms.
Thus our first step has consisted in resumming all leading-logarithmic contributions associated
with vacuum-like emissions in the presence of a dense QCD medium. Then, we have included
the dominant (higher-twist) medium-induced emissions through an effective branching process
that encompasses the multiple soft branching regime.

At this stage, the list of physical ingredients that will refine our calculations of jet quenching
observables is large and we refer the reader to Table for a ranked list of such ingredients.
Including the medium expansion is the next step of our project, as well as the emissions a la
GLV due to single hard scatterings.

Instead of going through the complex task of completing our Monte Carlo with a detailed
description of the medium and of its interactions with the jet, one can alternatively think
about using our parton showers as an input for the recently developed JETSCAPE [273] 274]
framework, which offers various approaches for treating the interactions between the parton
shower and the medium.
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Appendix A

Propagators and averaged propagators in
the background field A,

A.1 Gluon propagators beyond the eikonal approximation

In this section, we give all the components of the gluon propagator G*”ab(z,z|A,,) in the
background field A, defined in (3.75) in terms of the scalar propagator G defined by ([3.79).

ij dkt e + + +
Gab(z,x|Am):/ 5 Sy 07Gap(z", 2z, x|k (A.1)
dkt e —ikT(z7—27) _
(z, x| An) z/ By e ;Lgab( vzt w |k (A.2)
dk+ 7zk+ (z7—z7) i
o (2| A) —/ 5 ST +8;Lgab(z+,zL;x+,xL|k+) (A.3)
dk+ —ikt(z7—z7)
Goy (2, 2] Am) :/ o i (k+28ij_a;1_gab(z+7ZJ_;x+7'rJ_|k+)
2
+ —Oad(zt —aT)0P (2, — xl)) (A.4)

with kT — kT + ie for retarted propagators. We refer to [L03] or [118] for a derivation of these
formulas.

A.2 The broadening factor S,, for Gaussian correlators

We calculate now the following average over the background field configurations, often called
the “2-point” function Sg) " (Z1,a1;21,b))

1
N2 -1

Sﬁ)w(zbab z1,b1) = <TF G'(z" 29", al k)G (2T, ZL§y+abL|k+)> (A.5)

We follow the derivation presented in the Appendix of [75]. This 2-point function appears in
the calculation of the average S, defined in ([3.98)):

S’gg(kl,al,bl) = lim dZJ_dEJ_e tki(ar=b1) _Zkl(zl ZL)Si2)y+<ZJ_7(lJ_;ZJ_7bJ_) (A6)

zt—00
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Using the path integral representation (3.79)) and the general result for the average of two Wilson
lines (3.175)) for Gaussian correlators, one finds the following path integral representation of
S

P

S L (ELai;zi,by) = /DM(S)DSL(Q exp </+ € —-
Yy

.k+
S —2)
Z+

_%C’A/er dfn(f)ad(SL—TL)> (A.7)

It is quite remarkable that this path integral can be calculated exactly for any dipole cross-
section o4(r ). The calculation starts with a change of variable of determinant one u; = s, —r,,
vy = (r.+s1)/2 to take advantage of the translational invariance of the average of two Wilson
lines:

zt 2
Sg)’w(éhagzhbl) = /DuL(g)Dvl(f) exp (/ déiktu, v, — %C’An(g)ad(uL)> (A.8)
y

+

In terms of these variables, the boundaries of the path integral are u(y*) = b, —ay, u(z") =
zp —zZ, v(yt) = (aL +b1)/2, v(z%) = (2. + 2z.)/2. Integrating by part the v, dependent
integral enables to remove the derivative of v :

+ _ +
# ZJ_"’ZJ_, CLJ_—FbJ_, #

/+ df’LLJ_UJ_ = 9 UJ_(Z+) B UJ_(er) —/ dfi'uvl (A9)

+

so that, by discretising the path integral over v, (§), one shows:

2t

/DUL(f) exp (—ikJr /‘+ df?:LJ_UJ_> :Nd(ul(f‘)) (AlO)

up to a normalisation factor N to be determined afterwards. The (i, ) factor means that u
is fixed to the classical path u<(£), solution of i, (§) = 0 given the boundaries conditions:

1

ul(€) = (G0 =200 = y") + (b1 = a)(z* =€) (A.11)

As the u, path is fixed in the remaining u, integral (A.8) by a delta function of the form
§(uy —u), the integration is trivial:

ik™

aer — gy (1 m ) = (e b))

Sii),y+<21_;aj_;zj_;bj_) = Nexp (

2t

92 cl
—ECA/y+ dﬁ”(ﬁ)%(“ﬁ) (A.12)

with again, a normalisation factor absorbed in . This factor is finally inferred from the g — 0
limit where the two-point function should reduce to the product of two free propagators. Using
the expression of the free transverse propagator Gy given in ([3.114]) plugged in (A.5]), one finds:

. s
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In order to find the function S,,, one must take the Fourier transform as defined in (A.7).
The following change of variable considerably simplifies the calculation:

pL=7%L—a—z +by gL =21 —ay+z —by (A.14)

since the function S, now reads:

Sgg(kL,ai,b.) :N/dZPJ_/d2QJ_€ikJ-pJ-

flk—i_ g2 2t 5_ y+
X exp 2ot — gy 5 Ca /y+ dﬁn(5)0d<z+ p—C +a — bJ.)
(A.15)

2t

2
= exp (—%CA/ dfn(ﬁ)ad(al - bl)) (A16)
y+
which is precisely (3.100) when 2zt — oo.

A.3 The effective propagator K in the harmonic approxi-
mation

We give first the derivation of formula (3.102)), valid for Gaussian correlators for the background
field. Our starting point is the function Ky, defined by

1
Ing(y+a aj; g+a bJ_|CJ_) =

= (TG an gt bW () (A7)

Using the path integral representation of the gluon propagator (3.79) and the formula for the
average of two Wilson lines (3.175]), one finds the following path integral representation of the
effective propagator Kyy:

N ., ri(yt)=aL vtk " 204
Koy a;57,biler) = Dry(§)exp | — dé——71 (&) + n(§)o(rL —cy)
ri(gt)=b1 gt 2 2
(A.18)

After the shift in the path integral 7, — | + ¢y, one gets (3.101)) and (3.102]). In the harmonic
approximation, the latter expression reduces to the following Gaussian path integral:

ri(yT)=aL Tt
K(y* s by) = / T D) exp <— / ' dgﬂfﬂ@#mvi) (A.19)

Ty (gT)=bL gt 2 4

An explicit formula for K can be found using the Gel’fand and Yaglom formula [275] for
Gaussian path integrals. Given a quadratic action:

1

Sle(t)] = 5 /t At (mi? — ()2, (A.20)

the Gaussian path integral built from it reads:

Lx(tl)zml Dux(t) exp(iS[z(t)]) = <L)) 1/2 exp (iS[l’cl(t)D (A.21)

(to)=z0 2mif(t1,to
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where the function f(¢,t,) satisfies the following linear differential equation:

2
a_f + %f = 0, f<t07 tO) - 07 at:tof(ta tO) =1 (A22)

and z is the classical path, extremum of the action S, with the boundaries conditions z(ty) =
To, Ta(t1) = 1.

From (A.21]), one can find an analytic form for the effective propagator. The dictionary
that translates the variable used in (A.21]) and those used in (A.19) is:

m <+ —k*, c(t) <> _.QAT(f) (A.23)
The classical path r<! satisfies the differential equation:
dQTCl ZC]A f c cl/— c
@—i— 2]{:&)7“120, r(gt) = by, ry*) =ay (A.24)
so that the S[x<(t)] reads:
_k—i— chl =yt
Slde] = 5 |20 (A.25)
T T

Combining everything together, without forgetting that the path integral (A.19) runs over a
2-dimensional path, one finds precisely the formula (3.106)):

—kt —ik™

T, _
Ky a9 ,bi)—mexp (W

(Crun)et + O~ 2010, )
(A.26)

where the functions S and C have been introduced in the main text as independent scalar
solutions of the differential equation (A.24)).



Appendix B

Medium-induced spectra for finite jet
path length

We provide here the on-shell and off-shell medium induced spectra in the case where the in-
coming parton has a finite path length L through the medium. Such a finite path length can
be implemented with a discontinuous ¢(¢) such that ¢(t) = 0 for ¢ > xg + L. However, in
this case, one has to deal with the junction at ¢ = L of the solutions S(t,t,) and C(t,t,) of
the differential equation in such a way that S and C are continuous and derivable in
their first argument. A way to circumvent this calculation is to divide the amplitude into three
parts, with either y* < xf, or 2§ < y™ < L+ z, or y© > xf + L. Then, the full on-shell
cross-section becomes a sum of six terms (the off-shell one is a sum of three terms). For each
term, one inserts the Chapman-Kolmogorov relation in order to use the effective propagator
IC on open sets where the form (3.106)) is valid, with S and C' the solutions of the differential
equation ([3.107).

The on-shell and off-shell spectra are given by the following sums:

d3Non—shell a CR d3Noff—she11 a.C
4 G m/n + _ GsYR m/n
R mzzb:i[ e, T e ;I (B1)
n:b,i:o n=t,0

79 )

where the indices b, ¢ and o stands respectively for “before”, “in” and “out” according to the
integration domain.

B.1 Analytical results for I™/"

The analytical results of the six terms /", in the multiple soft scattering approximation are:

2 b 2
b — An / n iexp( (ki —q1) ) (B.2)

o ) @re o
' 13—+L é<y+) —/{2
b/i __ + L
wrmme [y e e eXp(Qz<y+>+2m+é<y+>) (B.3)

0

x++L 2
0 G(y") —k
) + L B.4
e / W e+ ke P\ rakann)  BY
9 2 2
Ib/o _ _ vl . L B.
K2 Re [eXp (2¢k+G(:c0+ n L)) &P (2¢k+G(xg n L))] (B.5)
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CE++L 2
i 0 G(y") —k
7/t =9 dyt L B.
”/ V) + 2k Gyt P\ @2yt + 2ik Gy ) (B.6)

0

. 2 — k2
I = — - L -1 B.7
i {eXp (2ik+G(a:0+ n L)) } (B.7)
1
1o = — B.

where () = Qs(iCE)r)

Note than one cannot recover the formula by taking the limit L — oo in these
formulas. This is because of the adiabatic switching prescription which is not included in the
integrals over compact domains.

B.2 Integrated medium-induced spectrum

In this thesis, we have presented two ways of defining the medium-induced spectrum. The first
way, which is standard in the literature is to define:

d Nmie d3 Noff—shell a C 1
kt = [ %k, |k _ R B.
dkt / . ( APk, w2 ki) (B.9)
Ne; o
= O‘WQR / A%k, (I + 177°) (B.10)

Each term in this sum leads to a diverging integral, but the divergence cancels exactly in the
sum. To see this, it is convenient to write I*/° as a time integral:

A . rad 4L 1 k2 S(xt + L.t
]’/OZL+ dy* Y7 exp(Z i ($7(1r++,y )) (B.11)
k IBL ¢ (y » Lo + L) 2k O(y » Lo + L)
Integrating over k, both I*/* and I*/°, one finds after a bit of algebra:
deie 2OéSCR
ke = = og (|0 i + 1)) (B.12)

Another possibility is to isolate in the on-shell spectrum the contributions without explicit
1/k% dependence. The full on-shell spectrum for finite path length reads:

d3N0n-shell a CR d2qL 1 _(kl _ QL)2 1 _k2
ot s — T4 )y o —*L 1
ka2, 2 ( / 2mzg P ( Q2 ) ] { ¢exp (2¢k+G(x0+ n L)) }
o +L ~ 2
0 G(y*) —k
2R dy™ _ L B.13
e [ s o (G e aen (B.13)

0

Thus, defining the medium induced spectrum as the k, integral of the last term, one gets:

~ . + —
dN™e  20,CR %o +L G(y") —k?
k+ = S m / d2/{: / d + _ L —
dk+ w2 “ L Q) +2ik Gyt TP\ Q) + 2k Gy

20,C
_ Rlog(|o<xg+L,xo+)y) (B.14)
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For the brick model, where the size of the medium is taken as large as the jet path length,
the function C' satisfies C(x,y) = C(y,x) so both definitions agree exactly, as emphasized in
Chapter . In the general case, there is no such symmetry for the function C' so N, and Noie
give different results. To see why, let us call A the typical time scale for the medium dilution.
The difference between these two definitions comes from the fact that in N™e there are still
implicit vacuum-like components included (due to Bremsstrahlung after scattering with the
medium since the incoming parton was on its mass shell) when G starts behaving like 1/t
for t > A, as discussed in Section [4.3.4f If z§ + L > ), this scenario occurs and leads to
the difference observed between the two spectra. If xj + L < A, the two spectra tend to an
agreement.

B.3 The junction method

To conclude this Appendix, we demonstrate that one recovers formulas (B.2]) and using
the junction method, that is by finding solutions of the differential equation (3.107)) continuous
and derivable in their first argument.

Example: the brick model. First of all, let us give these solutions in the sinple case of the
brick model. The brick model has only two parameters: the constant value ¢y of the quenching
parameter through the path length L of the jet,

q(t) = @O(L — 1) for t > 0 (B.15)

The functions S(t,ty) and C(t, t) are defined as the two independent solutions of the differential
equation ®
" ZqA t

[+ 2/~c+f_0 (B.16)
with initial conditions S(to,to) = O, 8t:t08<t,t0) =1 and O(to,to) = 1, 8t:t00(t,t0) =0. In
particular, S and C' must be continuous and derivable as functions of ¢. The method to solve
for all ¢ € [0, 00[ is to solve it on ¢ € [0, L] and t €]|L, oo[ before adjusting the constants
such that S and C have the right initial conditions and are continuous and derivable in ¢t = L.

One finds, with Q% = igo/(2k™):

FXL——QQ*IQn@Mt—t@)
(

( t—mamm@—%»+94mqu—mD]
+®%—L[@@—M@—m)
(L—ﬂ(L—%M%@ML—Q}%T%m@NL—ﬂ»] (B.17)

and

Ot to) = O(L — to) (L — 1) cos (2t — 1))
+O(t — L)(COS (L —to)) + QL — ) sin (L — to))>]
+@%-Lﬂap4»+mL—wmqu—m} (B.18)

One notices that S(t,to) is also continuous and derivable as a function of ¢y, whereas C(t,ty)
is only continuous as a function of ¢;. Moreover, one has the relation C(t,ty) = C(to,t) for all
t < L, but not for all ¢t values.
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Junction in the general case. To deal with the general case, one notices that if one has
the continuous and derivable solutions S(t,t,) and C(t,t), then the functions G(t) and G(t)
defined in — are continuous and their derivative are piece-wise continuous. One
can then find G~'(t) and G (t) as continuous solutions of the differential equations and
(3.135)). This means that the function G~*(¢) satisfies:

) = (B.19)
dé 1 iG(t) ~ .
— - < :
) 1 1~ 2k+G iftg <t<ty+L (B20)
lim G Mto+L—€) =G Htg+ L+e) (B.21)
-1
G 4 s to+ L (B.22)
dt
The solution of this problem is
GL(t) = O(L +ty — )G (t) + Ot — L — t,) (t —to— L+ G Mty + L)> (B.23)

with G~ the solution of (B.19) and (B.20). This relation is also true for G if one replace G' by
G, solution of G’ + G? +iG(t)/(2k™) = 0 and G(ty) = 0. Using these expressions in the on-shell
or off-shell cross-section ([3.140))-(3.129)) calculated in Chapter , one finds the expressions (B.2))

and (B.6)).



Appendix C

Splitting functions

In this Appendix, we give our conventions for the splitting functions used in this thesis.

C.1 Vacuum (DGLAP) splitting functions

We use the leading order unregularised DGLAP splitting functions. In the notation ®%(2), a
refers to the parent parton, b to the daughter parton carrying the splitting fraction z and c the
daughter parton carrying the splitting fraction 1 — z.

P91(z) = CFM (1)
$9(z) = Cp 11+_Z; (C.2)
P99(z) = 20, <1 2t a1 z)> (C.3)
BU(2) = nyTh (f +(1- 2)2) (C.4)

with obviously ®%7(z) = ®%(z). These are the building rates for the generating functional
in Chapter

Fori € {q, g}, we note P;(z) the i-splitting function summed over all distinct decay channels:

1
P(2) = 5 3 00() (C.5)
" (a,b)

These splitting functions are convenient when one wants to implement the master equation
in a Monte Carlo parton shower. When these splitting functions are integrated between
0 and 1, one can exploit the z <> 1 — z symmetry to write them in such a way that the soft
singularity is only at z = 0:

Pi(z) = Cp ) (C.0)
P = 0a (2 41— 0+ 2 (- 2)) ()
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C.2 Medium splitting functions

When there is no explicit mention of the contrary, ¢ always refers to the adjoint ¢4. Hence, in
([4.57), there is a \/C4 factored out so that the medium-modified splitting kernels K%(z) read:

Ko (z) = (1=2) \/—z2 (- 2) (C.8)
K(z) = O 11+_ZZ O—A(1 24 (C.9)
K99 (2) = 20, U (21(1_;;))2 (1—2)+ 22 (C.10)
K92 )—nfTR<z —i—(l—z \/——l—z (1-2) (C.11)

As for the vacuum splitting functions, we define K;(z) as the splitting function of a parton
i € {q, g} summed over all distinct decay channels:

Ki(z) = 21' Koo () (C.12)
(a,b)
or more explicitly,
K,(2) = %(/cgg(z) FK9(2)) (C.13)
K, (z2) = %(/cgg( )+2/ng(z)> (C.14)



Appendix D

Large r jet fragmentation to NLL
accuracy

Eq. can be deduced from the coherent branching algorithm which resums to all orders
leading and next-to-leading logarithms of the form —aglog(1 — z). Since the fragmentation
function is not IRC safe, we introduce a lower transverse momentum cut-off k| i, for any
resolvable splitting. The final result strongly depends on k| i, s0 we need to keep track of any
k| min dependence in the calculation.

D.1 Strict NLL result

We focus on quark-initiated jets and the generalization to gluon-jets is straightforward. To NLL
accuracy, one can neglect the quark/gluon mixing terms. We discuss this approximation at the
end of this appendix. The MLLA equation for the quark cumulative fragmentation function

(10.4) is (integrating (4.17) over z):

0%,(z, Q)
oQ

where the evolution variable is () = ppf to account for the ordering in the angle 6 of successive
emissions and the kernel is

O - /01 dz K7(z, ky) [Eq<§, ZQ) ~ 9, (a, @)} (D.1)

as(lﬁ_)

™

Koz k1) = S5m0 (k) — ki) (D.2)

q
The initial condition for is Xz, kL = kimm) = ©(1 — ). At NLL accuracy, k; =
2(1-2)Q ~ (1-2)Q and X4 (%, 2Q) ~ X¢(%, Q) since the dominant contribution for  ~ 1 comes
from z ~ 1. In Mellin space, one can solve this equation with our approximations. Anticipating
our resummed result, we note \; = a;log(j) and Ay = aslog(proR/k 1 min) = asLg, so that the
Mellin transform of ¥ reads:

5 pToRd / 1 )

s o) = [ [z - ki, @) (D.3)
_ Cr : 1 — 2By log(1 — 26p)\;)
_W—ﬁo{10g(])<1—10g<1_260)\2)+ 2B, J )

1 — 26\,
—vp log (ng)\é) + B, log(1 — 250)\0)} + O\, as)g),  (D.4)
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where we used the standard trick 27 — 1 ~ —0(e™2/j — z) valid at NLL accuracy and we
kept only the singular and finite part B, = —3/4 of the quark splitting function when z ~ 1.
Eq. (D.4) resums to all orders leading and next-to-leading logarithms of the form A;, Ag. More
explicitly,

log(jinLL(j,pToR)) = log(j)g1(\j, Xo) + fa(Aj; Ao) (D.5)
_ Cr 1 —26pu log(1 — 26qu)
g1(u,v) = e {1 — log (1 — 250@) + o } (D.6)
CF 1-— 2601,6
foq(u,v) = o {—’YE log (m) + By log(1 — 250”)} (D.7)

The final step is to calculate the inverse Mellin transform of (D.4)).

1 :
Yy(r) = — d—j e

, ~ 1
— —J 103;(3:)('2 ; ) - /d u—log(u)+Gq[log(u)—log(—log(z))] D.8
211 c J J q(]) 21 C we ( )

where C is a contour parallel to the imaginary axis and G,[log(j)] = log(j%,(j)). For this, we
Taylor-expand the function G, around L = —log(—log(z)) ~ —log(1 — z).

Gy L]
k!

GylL +log(u)] = Gy[L] + log(u)Gy[L] + > log(u)* (D.9)

For k£ > 2, ng) [L] is certainly beyond NLL accuracy because the derivatives of af8yL with
respect to L bring always at least one extra ay factor. Thus, we truncate the expansion up
to the first derivative. Moreover, the derivative of fs,(asL, asLy) with respect to L is also
sub-leading. Finally, using

1 1
= d u+x log(u) _ D.10
one gets the following result for the cumulative distribution:
ZNLL( R) eGalL] exp <L91(043L7 asLgy) + f2,q(ozsL, OésLO)> D.11)
Z, Pro - = 11
! P = GilL)) F(l _ dmleele) L)

which is exactly (4.16), (4.18).

D.2 Sub-leading j contributions and quark/gluon mixing
terms.

Besides N?LL contributions, we have neglected terms of order O(a”log"(j)/j) in formulas
and . Among such terms, those associated with quark/gluon mixing give sizeable
numerical corrections to the NLL results, especially in the gluon-jet case. The main reason for
this is that, even though the (power-suppressed) probability for a gluon to split in a ¢g pair
where the quark carries most of the momentum (z ~ 1) is much smaller than the probability to
find a hard gluon, once such a splitting occurs, the Sudakov appearing in becomes that
of a quark, i.e. has a much smaller suppression because of the colour factor Cr < C'4 appearing
in the exponential. In the inclusive fragmentation function, this becomes an increasingly likely
situation [276].
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Including all terms of order O(a2log"(j)/7) is beyond the scope of this simple analysis of
the large x behaviour of the fragmentation function. Instead, one can correct Eq. for
gluon jets with an additional piece ¥, mix(z, proR) describing the splitting of the gluon in a gg
pair, with either the quark or the antiquark carrying a large fraction x of the initial energy:

1—x R
Sy e (1 1o R) — / aé Po(€) / O L1 & e — k1 )

2 d deo’
X exp ( CA / : / ZPTO(9 )®<ZPT09/ - kJ_,min))

X exp( 2OF/ dz/ do as(zprod)O(zprol — kl,min)) (D.12)

with P(&) = 2n;Tr(&* + (1 — £)?) =~ 2nTg since £ < 1 — 2z < 1. In Mellin space, this is
equivalent to solve the linear differential equation with an inhomogeneous term associated with
the non-diagonal elements of the kernel matrix. In Fig. [4.1] the analytical “NLL” curve for
gluon jets is actually L3 (2) + Eg mix(2).






Appendix E

The ISD fragmentation function to NLL
accuracy

This Appendix deals with the fragmentation function from subjets built from the Iterative
Soft Drop procedure as explained in Chapter [ Section We aim at calculating this
observable to next-to-leading accuracy in the soft sector. The large logarithms in this case are
L =log(1/2) and Lews = log(1/zcut).

We start with the evolution equation for the fragmentation function EISD(Z, Q) obtained
from the master equation . The logarithmic counting is actually easier when considering
the cumulative fragmentation function Ygp(z, Q) and its logarithmic expansion (4.40). The
validity of our successive approximations can be checked at the level of the evolution equation
satisfied by iISD which is directly deduced from the following equation:

aﬁISD(zy Q) _ Oés(]ﬂ)
)

. 1/2 )
alog(Q - @cut(za Q)Psym<2) +/(; dz ([LL](Z , Q)DISD(Z >Q)

+ [NLL](2, Q)(Bisp (2, (1 — 2)Q) — Disp (2, Q))) (E.1)

with Pym(2) is the symmetrized splitting function defined as

3 99(z) + B1(2)
Psym(z) = ((I)Z%z) + QCI)ZQ(Z)) (EQ)

The transverse momentum is equal to k; = z(1 — 2)@ and the matrices [LL] and [NLL] are:

[LL](2, Q) = O‘S(:L)@cut(z, Q) (;j;gj((j; _q;éfgf()z)) (E.3)
[NLL](2, Q) = as(:@)@cut(z, Q) (;g;((zz)) ggzgg) (E.4)

The step function constrains emissions to satisfy the Soft Drop condition, noting Q = prR:

®cut(za Q) = @(Z - Zcut(Q/Q>ﬂ) (E5)

E.1 LL analytic result

As explained in the Section one can neglect the NLL matrix to LL accuracy, since
the difference Disp(2, (1 — 2')Q) — Disp(2’, Q) regulates the soft divergence of the splitting

241
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functions. In the LL matrix, using a,(z(1 — 2)Q) = as(Q)(1 — 2a4(Q)Fo log(z(1 — 2))), one
sees that one can approximate ag(k) by as(Q) since the next term generates one extra-power
of as which is not compensated by a soft logarithmic singularity in the z integration. Finally,
in the term proportional to lf’sym(z)7 one cannot neglect the z dependence inside «y since the
extra a, power is compensated by the soft singularity of the splitting function. Therefore, one

gets the equation (4.41)):
8Drsp (2, Q) _ 2CR a,(2Q)
0log(Q) m
with the matrix [F| defined as:

()= [T () ) - (Tt CF(M%i)ﬂ

This equation can be solved using the variation of parameters method. The general solution
of the homogeneous equation vanishes because of the initial condition Dy (z,Q = 0) = 0, so
that only the particular solution remains:

. rrR 0 2 5 / ) prR 0 L(Q" .
Y U ) [t

The matrix exponential can be calculated exactly:

= 1 + QN (fa+fF) _ —ANQ")(fatfF)
o (M@) ( A —@) )= 5 (ﬁ e oy fe A<Q><fA+fF>> ()

with (noting oy = as(prR),)

N o prht dQ” m o_ 1
@)= [ @) = 5

After some algebra, the remaining integral over @)’ gives the result (4.43)). In particular, the
terms without exponential factors give the term proportional to the function fy in ,
whereas the others can be integrated explicitly using the incomplete Gamma function.

0 [FDisp(z, Q) (E.6)

a,(Q)

log (1 + 2a05010g(Q'/(prR))) (E.10)

E.2 NLL equivalent equation

One can find an equation equivalent to (E.1)) at NLL accuracy, with a more suitable form
for both analytical and numerical analysis. It is convenient to introduce the following set of
matrices:

_ [ ®i9(z)log(z) Pi(2)log(z)
m= [ (s, ) (E11)
_ (%(87? +3(1 + 21og(2))(—9 + 8log(2))) =S (872 + 3(1 + 2log(2 ))(—9+810g(2))))
- ~% (29 + 241og(2)) MR (29 + 241og(2))
1/2 94 o) —z 99(z) lo
] E/o d= (‘I’q( z)log(l —z)  ®¥(z)log(1 — g) (£.12)
= (

207(2) log(1 — z) ®99(2)log(1 —
Cr (33 — 8n2 + 61og(2)(81log(2) —5)) ==& ( — 13 + 2log(2)(7 + 8log(2)))
nTR (9410g(2) — 23) gA(m +1321og(2) — 131) >

I T
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and to write the differential equation (E.1)) in terms of ¢ = log(Q/Q), @ = prR. Using the
trick

8515D(z’, t)

EISD(Z,a t+log(l—2')) — BISD(Z/a t) =log(l —2') ot

+ O(ag™?log") (E.13)

one can rewrite ([E.1)) as:

DD W (s, Qe Py(e) + (2 - 28011 ) B
4 0l9) g DD (20) g

The last term is a consequence of the fact that at NLL accuracy, one must take into account the
energy recoil of the hard branch. The term proportional to a3[F;] comes from the z dependence
of the transverse momentum £, in the matrix [LL]. It must be included as it is of the same
logarithmic order as the term proportional to [E].

Equation can be further simplified by putting the last term of on the left hand
side of the equation, and multiplying by the inverse matrix:

At -1 At
(11 - O‘S(fe )[E]> ~ 1+ O‘S(fe )B]+ 0(e2(@)) (E.15)
one gets, using o?(Qe!) DRE = a2 DREE at our accuracy,
ODNLL (- ¢ as(zQe! = as(Qet)ag(zQet ~ _,
ISgt< ) _ ( WQ )@Cut(z7 Qet)Psym(Z) + (Q )71.2 ( Q )®Cut<z’ Q€t>[E]Psym(Z)
as(Qet 202 a? —
+ (0D - 2000 4 i) B
7r m m
(E.16)
Finally, one notices that ad DNt = 2D, + O(agt?log") at NLL precision. This enables

to put the terms proportional to a3 in the inhomogeneous term of the differential equation,
since DI, is known exactly. Using Pyn(z) ~ 2Cg/z + Bg, where B; is the finite part of
the splitting function, one can put the NLL differential equation into the form (4.47) with the
inhomogeneous term éNLL(z, Q) reading:

Gl @)= QS(;Q) 2661“(27 @) <]l " @[E]) Crt @6(62 - pTR<2Zcut)71/,8)§R
+(Breir - 282 15y) b0 @17

This allows for a straightforward evaluation of the solution of (4.47) given the initial conditions:

. pTRd / o 5
P (2) = /0 gexp (A(Q’) ( fiF _fj;A>)cNLL(z,Q') (E.18)

Since the homogeneous term involves only the matrix [F], its exponential has the simple form

(E-9).
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Other NLL corrections. To claim a full NLL answer for DNE-(2), one should also include
the two-loop running coupling and splitting functions corrections. These corrections can be
incorporated in the function Cyir.(2, Q) by adding the standard correction §C?71°Ps(z, Q):

o1 11og(1 + apfp log(2Q) ~ K o2(2Q) 5
B B0 ; (1 + oo log(zQ))2 5 2_7T2 z Cr (E.19)

562—100ps (Z, Q) —

where K is the universal two-loop cusp anomalous dimension.



Appendix F

Vacuum-like patterns in the off-shell and
on-shell gluon spectra in a dense medium

The purpose of this Appendix is twofold:

1. we want to show that decomposing the off-shell spectrum according to time integration
domains is ambiguous and can lead to unphysical results, such as . In the presence
of a dense medium in a finite volume, the quantum formation process is intricate and
vacuum formation time arguments can be misleading.

2. for this reason, we prefer the more physical decomposition given by (5.22]) which is pre-
sented in Chapter [f] We thus demonstrate formula (5.24) and (5.25) as promised.

F.1 Decomposition of the off-shell spectrum from time do-
mains

This section aims at explaining where the Bremsstrahlung contributions in the off-shell spec-
trum (3.141)) comes from in the time integral. The results obtained in this section correspond
to those obtained in [124]. As we use analytic expressions valid in the expanding medium case,
this analysis can be straightforwardly extended for expanding media using for instance the
Taylor expansion method as in Chapter [5 Section [6.1]

Let us begin with a rewriting of the result obtained in in a physically more trans-
parent way:

Q3 Noftshell ) o 1 [ —1G ' (yh) 1
= =" |2%e— [ dy" [ d ki —qu,y" ) - =
w odhL = [ %emw/o Y / qL Pk —qi,y",00) exp< 57 > ki]

(F.1)
where the € prescription is implicit. In this form, the final state broadening of the gluon
between y* and oo is convoluted with the emission spectrum at formation. Setting by hand
P(kL —q1) = 6(kL — qu) to remove the effect of broadening, all the physics of the medium
is encoded in the function G(y™) defined in ([3.128)) (with z§ = 0 in this case.) In the special
case of a static medium with constant ¢, the function G=!(y™) is particularly simple (see the
derivation in Appendix :

j 2ftanh (j %gﬁ) if yt <L

T i avEan (vE)] 2 s s

(F.2)
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with j = (1 +14)/v/2 and L is the path length in the medium.

Vacuum formation time. FEmission is a quantum process which is not localized in time.
The so-called “vacuum formation time” ¢; = 2w/k? which has been derived before from
the Heisenberg inequality comes mathematically from the analysis of the integral giving the
Bremsstrahlung spectrum in the vacuum:

3 n7brem 2 00 00
wd N2 _ Ok 29%/ dy+/ dyjte sW )ik =) (F.3)
dwd?k | w2 4w? 0 0

Hence, the phase in the exponential is controlled by the scale k= = k2 /(2kT) = k% /(2w) so

that:

2 (F.4)

,+| -~ kQ
1

tr=ly" -
for Bremsstrahlung emissions in the vacuum. At the level of the amplitude of the process, this

formation time controls also the phase of the integral. Consequently, in the vacuum, one has
also:

tf ~ y+ ~ ]Tr (F5)

In our derivation of the BDMPS-Z spectrum, we have used our lemma to integrate over
the time ¢ in the complex conjugate amplitude in order to obtain compact expressions well
suited for a numerical analysis. The price to pay is that a spurious —1/k? term is generated,
spoiling the symmetry of the result all over k,. This term comes from a region with y* and
g™ much larger than the typical length of the medium. However, it is to be associated with
vacuum-like processes with unconstrained formation time ¢ since y* — g+ can be as small or
as large as desired.

The off-shell spectrum at formation. Setting by hand P(k; —q,) = 6(k. —q. ) to remove
the effect of broadening, this spectrum at formation becomes simply the emission rate integrated
over time:

d3Noff—shell,f o CF 1 oo — k2 Gfl(y+) 1
=BT ome - [ dyt —EE WY F.
T dwdh, 2 {%ezm /0 i eXp( 21 ) kﬁ} (6)

From ([F.1)), one sees that when the function G~ (y™") is of the form G~ (y") ~ y™ + cste,
the spectrum at formation (without broadening) develops a collinear singularity proportional
to 1/k%. More precisely, if G™!(y™) ~ y™ for y* < ;" for instance, the integral in (F.0) gives:

1 t 210, + 1 yt 124
29%—/ dy™ exp (M) ~ 29%—/ 1 dy™ exp( MY ) (F.7)
0 0

21w 21w 21w 21w

2 _ k2 y+
— %Re <1 — e Ea ) (F.8)
L

which has the Bremsstrahlung form and vanishes for k2 < 2w/y;". Note the factor 2 with respect
to (b.1). This is expected as in this calculation, it is as if the quark is created instantaneously
at time ¢ = 0 and vanishes instantaneously at time ¢t = t;, giving twice the genuine spectrum
for an accelerated charge.
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(1) The domain t; < tfmea- Now, we use in Eq the following approximation for the
hyperbolic tangent function in (F.2), tanh(z) ~ z for z < 1 valid when y < t;0a < L (the
second inequality is a consequence of w < w,). One gets G~(y™) ~ y. One can neglect the
y* dependence inside the broadening probability P because the broadening between 0 and ¢¢
of order kfmea is negligible in front of Q5. Thus, the y* integral gives:

2 7qitf,med
—29%(1 —e 2iw ) (Fg)
q1

which is suppressed for q; < kjmea = (24w)/%. At the level of the full spectrum (F.1)), this
contributions plus the —1/k?% term constrained with t; < t;meqa (i-€ k1 > kfmea) reads:

d3N0ff—Shell, tf<tf,med o CF 2 1
== d? ki—q1,0 50(q1 — kfmed) — 75 O(k1 — kfme
d(«ddzl{fl 7(2 / qJ_P( 1—4q1, 700) |:qi (QJ_ 7 d) ki (J_ £, d):|
(F.10)

The first piece is the convolution between a Bremsstrahlung spectrum with a factor 2 and a
Gaussian of width ~ Q)5 whereas the second piece (coming from the e prescription and lemma
(3.122))) is a genuine Bremsstrahlung spectrum cancelling the factor 2 to restore the expected
1/k% behaviour for k; > Q.

The latter expression deserves further comments because it is desperately non-symmetrical.
The minus term is not convoluted with the broadening probability. Is it an artefact of the
way we did the calculation? Actually, it is not as we shall now explain. Coming back to the
expression (3.127)) where the time in the complex conjugate amplitude is not integrated, it is
also possible to factor out the broadening probability as follows:

d3Noff-shell O-/SCF 00 o
W = 29%/ dyte /dzqﬂ?(/ﬁ—ql,yﬂoo)
n 0
2 yT _—eyT -2 5@wt.ah)
X ik 2/ T Gy e
(2iw)? Jo (Wt y")

(F.11)

When t; = |y" —§"| < tfmea one can use C(y*,y") ~ 1 and S(y",y") ~ y* —y* as explained
in Section [5.1.2l The calculation of (5.7) for y* — g < tfmea using these approximations for
C and S and keeping only the terms with an apparent 1/k? singularity gives:

d3 NOH—SheH, tr<tf med
2
dwd?k

SC tf,med 1 7q2 y+
~ 2 QFQ%Q/ dy+/dQQJ_,P(k’J_ — QLnyr,oo)f( — 14 e 7w )
& 0 21w
sC o
0

at

+

7qitf,med
— 14+ e 2

(F.12)

(e

Neglecting the broadening during the formation time teq, the first term in this expression
gives the first term in which has this weird factor 2. In the limit ¢ — 0, only large values
of y* contributes to the integral in the second term so the broadening probability becomes
8@ (ky —q.). The integral over * then gives a factor 1/2 when the ¢ prescription is removed,
and one recovers the second term in ([F.10)).

To summarize this short detour, we showed that the result comes not only from
the domain y* < tfeq but from the full domain y* — §* < tfq With unconstrained y* in
agreement with the definition of ¢; = y™ — . The subsequent broadening treats the short
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formation times VLEs with y* < L differently as those emitted outside the medium, leading
to the asymmetrical result . In the next section, we will understand the physical origin
of this factor 2 and the mismatch of in the regime kfmea < k1 < Qs where one cannot
approximate the probability P by a Dirac delta.

(2) The domain y* > L and t; > tfmea Let us now come back to formula (F.1|) and
investigate the contribution coming from y* > L and t; > tfmea (we have already collected the
y* > L and ty < tymea piece in the previous paragraph.) The exact calculation of the y* > L
integral in (F.1)), where the broadening probability vanishes, reads:

I —kE2GH(y™) 2 BL [w - Jw
— dy* 2 L ) == —L~ 5 [—tanh (j,/ = F.1
2iw ), Y TP ( 2iw ) 12 P ( 2i’ \ w, " (J W )) (F.13)

2 - k2

= 13 OXD (—ijL > for w < w (F.14)
1 f,med
2

SRS (F.15)
1

so that the contribution from L to oo gives a Bremsstrahlung with support for £, < ke (and
not k3 < 2w/L!). Combined with the —1/k?, where the constraint t; > ¢ yeq is imposed, the
contribution from times larger than L and t; > tfmeq to the full spectrum reads:

d?)]\/'oﬂ—shell7 y+>L,tf>tf7med QSCF 1

= —O(kfmed — k F.16
w dodhy o (kf med 1) ( )

Note that one would have obtained a wrong result using the approximation G™'(y™) ~ y* — L
for y* > L, valid when w < w, though.

(3) The domain tfmea < y* < L. In this regime, the emission rate is roughly constant.
Indeed, using tanh(x) ~ 1 for z > 1, one gets G~'(¢t) ~ jy/2w/q. This leads to a purely
medium induced component in the full spectrum without 1/k? behaviour:

d3]\[off—shell7 tf mea<yT <L 20 CF 1 L - C]2
=""""Re— | dy" [ ¢ . Pk —q.,y", —j—t
“ dwd®k, 2 2m/0 4 / a1 PkL = qu,y7, 00) exp T2 e

(F.17)
As the broadening probability averaged over time appearing in this formula is not controlled
by small times, one can safely take y* = 0 instead of ¢feq in the lower boundary of the time
integral. Note that the time integral can be performed exactly in the harmonic approximation
and gives the result obtained in in a different context. With this expression, the medium-
induced mechanism is transparent: gluons are created with a constant formation rate and
a transverse momentum of order kjfmeq (With Gaussian distribution) all along the medium
and then undergo transverse momentum broadening so that they end up with a transverse
momentum of order (). For medium induced emissions, one sees that ¢ meq < yt <Lt =

tf,rned-

Summary. Let us summarize the discussion of the one gluon emission spectrum from an
off-shell quark. In the presence of the medium, y* and ¢+ for Bremsstrahlung emissions are
not any more solely controlled by ¢, contrary to the vacuum calculation (F.3)), so the discussion
involves both y* and §* .The full spectrum receives three kinds of contribution from three
different integration domains:
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1. Short formation time vacuum-like emissions from the domain ¢ = |y™ — 41| < tfmea SO
that ki > kumed.

2. Medium induced emissions from the domain ¢ meq < y* < L with a constant formation
rate. This imposes |yt — §7| =~ tfmea- These emissions produce a peak in the spectrum
around k; = s but final state broadening aside, these emissions are peaked around

kL = kf,med-

3. Vacuum-like emissions from the domain y™ > L and |yT—5 | > tfmed, s0 that k| < ks med-

F.2 The on-shell spectrum in a static medium

To calculate the vacuum-like spectrum defined in [5.21], we need to understand the behaviour of
the spectrum , and especially the contributions which have a double-logarithmic structure,
and which should therefore be resummed. To do so, we rely again on the brick model where
the analytical calculations are simple. We recall that our aim is solely to extract the physical
scales in order to demonstrate the results obtained in Section [5.1.1} For the brick model, the
on-shell spectrum reads:

d3 |y on-shell Qg CF d2 q. 1
- Pk —q1,0,L)0(|q| — p) — —
w de2ka_ 2 |:/ qi ( L q1 ) (|QL| lu) kﬁ_
2 -k C fwe
+ Eiﬁe exp (—j kj%,med coth (] U))

R + 1 - q s [We 4
+2Re dy d*¢q.P(kL —qu,y", L)z—exp | —j;5— coth <j —y >
0 29w kf,med w
(F.1

where p is a regularization scale introduced in Chapter [3}Section [3.3.3.3] One easily checks
that this expression vanishes in the limit ¢ — 0.

We now prove formula ([5.25)). The last term of is not singular as k; — 0. Actually,
the integral over k, of this term gives precisely the integrated BDMPS-Z spectrum. It is
interesting to notice that even if the definition for the medium-induced spectrum and the
alternative definition

8)

d3Nmie L 1 _ q2 _ Jw
SN —ome [ dyt | Py —quyt, L)— i th(' —“+>
wdedki 9/0 Y / QJ_P( 1—4q1,Y , )2z'w eXP( jk]%,med CO J w?/

(F.19)
give the same result once integrated over k; (we have demonstrated this in Chapter Section
for the brick model, see also Appendix [B)) they are not equal and do not have the same
k), dependence. This term is denoted as “BDMPS-Z” in formula (5.25]).

When w < w,, the third term in (F.18)) can be approximated by:

2 _ k2 w 2
“ % G th(' —C) ~ 2 Okt ed — k F.20
2 p( B VL ) gz O brmet = 1) (20

Finally, decomposing the —1/k? term in (F.18)) using 1 = O(kfmed — k1) + O(kL — kfmed), One
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gets:
d3Non-shell a CF quL
~ O Pk —qu,0,L) — d(ky — )@ .
T dwd, 72 (/ =l ( (k1 —qu1,0,L) = 0(kL — q1) ) O(lgL] — Ff.mea)
1
+ 77Ok gmea — /u)> 4 “BDMPS-Z” (F.21)
L
S 1
= ﬁﬁ@(kﬁmed — k) +“BDMPS-Z" (F.22)
d 1

for 11 = kfmea. To get the second line which is precisely formula (5.25)), we used the fact that P
is normalised to 1, so that the integral over k&, of the first term does not generate any collinear
logarithm.

F.3 Leading behaviour of the vacuum-like spectrum

Now, let us explain how this on-shell spectrum combines with the off-shell one. For our purposes
here, one can perfectly approximate the cotangent function in the exponential in by 1
and one sees that this third term exactly cancels the medium induced term in the off-shell
spectrum.

The second term, using coth(j/w./w) ~ 1 for w < w,, cancels the vacuum-like contribution
of the off-shell spectrum for y™ > L calculated in (F.13). The —1/k? cancels with the myste-
rious —1/k?% in the off-shell spectrum. Thus, for w < w,, the in-medium vacuum-like spectrum
as defined in behaves like:

’NVE o Cp / d?q,

Pk = q:,0,L) (26(1] = kpmea) = Ol =) (F.23)

Yk T = | ¢
a,C d?
= 7r2F / qglp(kL — 441, 07 L)@<|qL| - k:f,med) (F24)
i

where we have used y1 = K meq in the last line according to our discussion in Chapter [5], Section

[6.1] This demonstrates formula ([5.24)).

F.4 Shockwave limit of the gluon spectra

When the size of the medium is taken into account, via the jet path length L, the resulting
formula are more complicated and the physics behind may be hidden (see Egs. (F.1)-(F.18])).
It is therefore enlightening to consider the “shockwave limit” defined as:

L0, Q,=+/qL fixed (F.25)

This limit captures the interplay between the virtuality of the initial process and the subsequent
multiple soft scatterings via the unique remaining transverse scale ().

Shockwave limit of the on-shell spectrum. In this limit, the medium-induced spectrum
(F.19) vanishes, since the integration range scales with L. The third term in (F.18) has a
well-defined limit:

2 o o Jwe 2 k%
E?ﬁe exp (—j 12 coth <j U>> Q;)) aexp <—Q—z (F.26)

fymed s=cste
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Combining all the terms of (F.18]) in this limit, one finds:
d3Non—shell, SW asCF |:/ quL
|

2 o\ 1
Py —q.,0,L) — = (1 - e—’n/Qs> n } (F.27)

dod®ky 7 L d Kt k2
_ asCr [41 / Qo 1, gyer AT / 26001 /2
us Qg lgL|>n (27T)2 qi g (27T)2 qiki
1
| (ros
| w9
a,Cr (4n [ d’qL i _9
— - @3 fi —0 F.29
™ (@z/ Gk —qpi ) (F:29)

The on-shell spectrum has a Gunion-Bertsch form [277]. The exponential corresponds to the
Gaussian probability for momentum transfer ¢,. For k; < @), the spectrum has a
Bremsstrahlung tail in ang k% This is precisely why it is interesting to look at the on-shell
spectrum: all the Bremsstrahﬁung components are related to the scattering off the medium.

For k| > @, the spectrum behaves like 2sCr Q%

2 4
m k7

Shockwave limit of the off-shell spectrum. The shockwave limit of the off-shell spectrum
can be readily deduced from Eq. (3.141)). One must distinguish two cases: either z§ =z =
0, meaning that the creation vertex x; of the quark is located at the same position as the
shockwave or z§ > 0. In the latter case, ¥ is the location of the shockwave along the eikonal
quark trajectory. For the former case, one can directly take the shockwave limit of ,

(F.13) and (F.17):

d3Noff—shell, SW OfsCF 1
dwd®, ™ K
which is exactly the vacuum Bremsstrahlung spectrum. In this scenario, nothing happens.
Actually, we have seen in Section that if we start with a virtual onium instead of a virtual
quark, the medium plays a non trivial role even in this simple situation, via the decoherence of
the colour dipole.
The case g > 0 (with z;7 = 0) is much more interesting. The function G in (3.141)) satisfies:
Gyt =y" if y© < (F.31)
1 tan (Qyt —2y)) + Qag
- Q1 - Qaf tan Uyt — 7))
1 tan (QL) + Quzf
Q1 — Quaf tan (QL)
with Q2 = iG/(2w). The integral appearing in (3.141]) between z§ and x§ + L vanishes in the
limit L — 0. The integral between 0 and zJ reads

(F.30)

G (y™) if oy <yt <af+L (F.32)

Gyt =y —af — L+ if of + L <y" (F.33)

2+

2a,Cp [ d? i
= / qgi% —quaf,af + L)(1-e ) (F.34)
1

This integral is naturally regularised by the finite value of x5 . Note the presence of the factor
2 as in (F.10). The integral with y* > x§ + L gives:

205CF 1 eXp( k* 1 tan (QL) + Qug ) R 205,Cp 1 Xp( k% (1 21w >—1>

w2 kK w01 — Quz{ tan (QL) o= w2k ¢ Q2 * Q%xg

(F.35)
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where we emphasize the importance of x§ > 0 to get the shockwave limit. Combining all terms
together, one finds:

d3 ]\[oﬂ“—shell7 SW

sC d2 2zt
_ ¢ e {2/ quP(/ﬂ — qL,xf{,a:g + L) (1 — e‘%)

dwd?k, 2 2
2 k1 2w \ ! |
= ~o2 <1 —> = F.36
ki[ eXp( 2\ O )} Wd (F.36)
OCSCF ¢ 47T / dqu 26_(kl_qL)2/Qg (1 _qixa->
- 2 — € 27w
2 Q2 (2m)2 qi

2 k2 2iw \-1\] 1
e (aleas) ) el e

which looks very much like (F.29)) except for the factor 2 in front of the Gaussian broadening
convolution. To conclude, the spectrum (F.37) can be computed fully analytically:

3 )yoff-shell, SW 9 —k2 /Q? 2 2 2.+ -1
IV ol (2 g (K1) g ﬁ<1+%>
dwd?k . 2 Q)? Q)2 Q)? 2iw

2 k% 2tw \ 1 1

with Ei(z) the exponential integral function. This spectrum behaves like ajr#k% at large and
L

small k. The k -integrated “medium-induced” spectrum reads:

deie, SwW d3Noff—shell, SwW SC 1
w— = /dki w 5 - F—2 (F.39)
dw dwd?k | w2 k]
asCF $8_2Q4
= 1 1 5 F.4
T 08 < + 402 (F.40)
20,C TQ? 2
o ST log (%—QS) , for Q% > —C: (F.41)
T 2w Zg

This result is particularly interesting, because it sheds light on the interplay between lead-
ing and higher twist effects. As the initial quark is off-shell, it can radiate according to the
Bremsstrahlung law: this is a leading twist effect. On top of that, the shockwave can trigger
Bremsstrahlung emissions, but these emissions must satisfy k; < @, since (), is the transverse
momentum transferred by the shockwave. The result has the following physical content:

e the leading twist emissions populate all the phase space,
e whereas the higher twist emissions populate the phase space k; < Q).

e These two mechanisms interfere for k2 < 2w/x{, so that a single Bremsstrahlung tail
remains at small k.

The net result is a combination of two Bremsstrahlung in the phase space 2w/zy < k? < Q2
which gives the logarithmic area of this domain in the &k, integrated spectrum (F.41)).



Appendix G

Saddle-point method for in-medium
intrajet multiplicity at DLA

Our starting point is Eq. , assuming wr,(R) < ki min/R. For definiteness, we also assume
6? > 02, although it turns out that our conclusions remain valid for #2 < #2. It is convenient to
use logarithmic variables: 1 = log(pro/w1), y1 = log(R?/6?), xo = log(wy/w), yo = log(03/6?)
and X = log(pro/w), Y = log(R?*/6?). The energy scales wy(R) and wr,(R), related respectively
to the inside and outside domains, become x¢ = log(pro/wo(R)) and x;, = log(pro/wr(R)), and
the logarithmic scale associated with 6? is y. = log(R?/6?) = 4(x1, — x0)/3. To get the leading
asymptotic behaviour of T .. (X,Y'), one can neglect the § contribution to 7" in since
it generates terms with at least one exponential factor missing. We thus get

min(X,xo) min(yc,%(xg—zl)) min(X—z1,X+Y —zr) X+Y—zp—x2
E,out(Xa Y) :543/ dl’l/ dy1/ d[[‘g/ dy2
0 0 0 0
10(2\/@3$1y1)10(2\/@31323/2) (Gl)

The integral over y; and y, can be performed exactly using the the following relation:

° _ [ s _ aszs>1 [ s exp(2/qsxs)
dylo(2v/aszy) = | — 11 (28/dexs) =~ — ) G.2
/0 y Io( Y) Gz 1(2v ) 3. \/m (G.2)

Using (G.2), one gets

Ton(X,Y) = & /

0

min(X,zo

) min(X—z1,X+Y —xr)
d[El / dCL’Q Rl([El)RQ(ZEQ)
0

62\/6¢5z1 min(yc,%(xo—ar1))62\/645z2(X+Y—xL—x2) (G3)

with the two non-exponential functions

1 (min(ye, 3(zo — z1)))"/* 1 (X+Y —ap —xp)4

Var (aszp )3/ ) Ry(x2) = Jan (Qsa2)3/

The x5 integrations cannot be performed exactly so we use the saddle-point approximation:

2 Mg(z) M:)Joo 2 x\ ,Mg(z*)
[ o gyt M2 [ et (C.5)

1

where the saddle point z* is the mazimum of g(x) between x; and xo. This formula is valid as
long as 1 < x* < @s.
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Setting My = (X +Y —xp) = log(w(0)/w) and integrating over xq/Ms, one get

min(X—z1,X+Y -z, -
Now = O_és/ ( )dacg R2($2)62\/&S$2(X+Y_”_m2) \/Omérm %emMQ. (G.6)
0
The corresponding saddle point is x5 = M,/2 = log(y/wr(#)/w) so that the saddle-point
approximation is valid if x5 < X — 7. This gives the condition z; < X — z% in the first
integral, in order to ensure energy conservation along the cascade.
Calling NVyeq the remaining integral over x;, which is truly a gluon multiplicity inside the
medium, we are left with:

min(zo,X —x5) — . 5
Nined = 075/ dx 31(9’?1)62\/%361 min{ye 3 (0 =e1)), (G.7)
0

Since min(X — 2%, x9) > x. = log(pro/we), the integral can be split into two pieces: z; < z,
where min(y., 3(zg — 21)/2) = y. and z; > x. where min(y., 3(zo — z1)/2) = 3(xg — x1)/2.
The first piece is calculated exactly, and we use again the saddle point method to evaluate the
second piece, assuming o = log(pro/wo(R)) — oo. We get (using x) = x1/x0)

Te min(X—xz3,x0) —
Noped = / dxq gy / 11(2\/0¢sxlyc) + as/ dry R(zp)e? asz1 3 (v0—1)
0

min(1,(X —z%)/x0) / o 1/4 _
— _1+IO(2\/m _|_ —1/4 IZO/ 2 d/'f/lQ <3(1 ]31>) / 62960 %o’zsx’l(lfx’l)
T Je

c/a30 xl 22:1

_ 2/&szcye —
Vi Ty o (G3)
VAT ATy 2

The first term in equation (G.8) is sub-leading due to the square root in the argument and in
the denominator. Thus, the leading term for N,,,.q comes from the “inside-medium” region with
w1 S WCH

The saddle point of the integral over z; is 2] = x¢/2 = log(\/pro/wo(R)) so our estimation
for Nieq is valid only if . < 27 < X — x3. The condition z. < z} leads to the condition
The condition 23 < X —x7} leads to the condition (5.81] . when 235 = log(y/wr(0)/w) is evaluated
at its largest value, that is when 6 = i, = k1 min/w.

We have thus demonstrated that when both /a,zg = /@5 log(pro/wo(R)) and /&g (X +

—x1) = Vaslog(wr(0)/w) are large and X > x3 + 2%, i.e. w < w,,, we have

E,out(Xv Y) ~ % exXp [\/O_é_s (X +Y — rr + \/gl'O)l ’ (Gg)

which is precisely formula (5.82]).

From and , one deduces the asymptotic DLA behaviour of the small-z fragmen-
tation function by integrating T;(w, 60%|pro, R?) over 6% between k% min Jw? and R?. The leading
contribution comes from the lower limit of this integral or, in logarlthmlc units, from the upper

bound 2(zmax — X) on the integral on Y, with . = log(proR/k1 min). This reproduces ([5.83))
in logarithmic units:

2(Tmax—X) =
pix) = [ ay vy m G | (X 2 2a0)
0 4C'4 2
(G.10)

!That is why we can trust our final result for T'(w, #?) even for 6% < 02.
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Finally, the asymptotic form of the ratio R;(X) = D4(X)/Dy*(X) is obtained from
(G.10) and (4.25)), using again the asymptotic form of I;(z) at large x:

C; [2a5($max - X)] 1/4
vV 47TCA X3

VO v [ X T e [VE(VE Vol )] (@12

2045 (xmax -

DY (X) =~ exp (2\/2645X(xmx - X)) (G.11)

Ri(X) ~

From (G.11)), one can estimate the position of the maximum Zpu,, of D}*°(X). Neglecting
the non-exponential prefactor, one finds dD}*/dX & Tyax — 2X, so that the Thump 2 Tmax/2

and Whump = \/Prok 1 min/R. For X > Zhump 1.6, w < Whymp, the derivative is negative, hence
Dy*(w) decreases when w decreases. Similarly, one can study the variation of R;(X) from the

exponential factor alone:

Oés\/_ \/_CL‘O —zL (\/_+ V Tmax — )(\/_ V mmax ) (\/7 \/WT)
dX X(Zmax — X)

(G.13)
The derivative is positive when v X — V2(Tmax — X) > 0 i.e. when X > 22,,,/3. Hence, for
w < (prok? ni/R?)Y?, the ratio R;(w) increases when w decreases.






Appendix H

Medium-modified Sudakov form factors
with running coupling

For the effects of the veto region, the expression corresponding to Eq. (10.6) and including
running-coupling effects is found to be

2C;
Lgveto( ) = Lgl,i(ua 'U) + 7Aveto(L) (Hl)

where the logarithmic area of the veto region Ayeo(L) is defined as:

veto / / _as ZpT09 ( @veto) (H2)

and Oy, is given by (10.5). Introducing the following function:

T(z,y,2) = yt” In(1 + . By + 2)), (H.3)

the logarithmic area Ayeo(L) reads:

Aseto(L) 1‘T:<ZL2L50 [’T(ln 20, 0, 2) — T(lnzL, 0, 2) + T(lnzc, % In zp, %) — T(ln 20,5 3 1n 2, ;)

— T(ln 20,10 21, 1) + T(ln 2r,Inzp, 1) — T(ln ZeyIn zp, 1) + T( In zg, In 27, 1)}
ZL<1;$<202L50 [T( In zg, 0, 2) — T(—L, 0, 2) -+ T(ln Zes % In 2, %) — T(ln 20,5 3 1n 2, 2)
- T(ln 20,1n 27, 1) + T(—L,ln 2L, 1) — T(ln 2e,In zp, 1) + T(lnzo, In 2y, 1)}

z0<1:$<zc% [7‘( In z, % In zp, %) — T(—L, %ln 20, %) — T(ln Ze,In zp, 1) + ’T(—L, In zy, 1))]
0

with 2o = wo(R)/pro = (24/ (P R*))Y?, 21 = wi(R)/pro = 2/(LproR?) and z, = we/pro-.
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Appendix I

Résumé détaillé en francais

Introduction

Le plasma quarks-gluons. La chromodynamique quantique (QCD) est une théorie quan-
tique de l'intéraction forte, la force fondamentale régissant les processus physiques a 1’échelle
nucléaire et sub-nucléaire, tels que la stabilité des noyaux atomiques ou la formation de nom-
breux états liés appelés hadrons. Le cadre conceptuel au sein duquel cette théorie est formulée
est celui de la théorie quantique des champs. Les degrés de libertés élémentaires de la théorie,
c’est a dire les champs quantiques apparaissant dans la description lagrangienne de I'intéraction
forte, sont appelés quarks et gluons. Quarks et gluons, ou génériquement les “partons”; sont
donc considérés comme les constituants élémentaires de la matieére hadronique.

Cette matiére existe sous différentes phases en fonction de la température et de la densité
(ou plus précisément du potentiel chimique baryonique). Le diagramme des phases probable
de la QCD est représenté sur la Fig. [[.I La nature de ces phases est déterminée par deux
propriétés extrémement importantes de la QCD: le confinement des quarks et des gluons, et
la liberté asymptotique de leurs intéractions. A basse température T < T., ot T, ~ 150
MeV /kp est la température critique du systéme, les quarks et les gluons sont confinés au sein
des hadrons. Quand la température du systéme augmente, 7' > T, la constante de couplage
de la QCD, a4(kpT) — évaluée a la valeur typique de I’énergie thermique du systéme, qui
est la seule échelle physique du probléme — devient de plus en plus petite de part la liberté
asymptotique de 'intéraction forte: as(kpT) < 1 quant 7" — oo. Cela signifie qu’a haute
température, un systéme composé de quarks et de gluons se comporte presque comme un gaz
de particules libres sans intéractions: le plasma quarks-gluons.

Les collisions d’ions lourds. Afin d’étudier ses propriétés, ce plasma est créé en laboratoire
dans des accélérateurs de particules apres la collision a trés haute énergie de deux ions lourds,
par exemple du plomb 2¥Pb au Grand Collisionneur de Hadrons (LHC). Le déroulement tem-
porel de telles collisions est schématisé sur la Fig. [I.3] La durée de la phase déconfinée est
trés courte, de l'ordre de 10 fm ; par conséquent, les propriétés de cette phase éphémeére sont
déterminées grace a la mesure de la myriade de hadrons produits par la collision et détectés
dans I’état final. Ces hadrons peuvent étre divisés en deux catégories: les hadrons mous, avec
une impulsion transverse pr plus petite que quelques GeV, considérés comme les relicats d’un
milieu déconfiné et thermalisé, et les hadrons trés énergétiques ou durs, avec un pr > 10
GeV. Le mécanisme de production de ces hadrons durs est essentiellement le méme que dans
les collisions a haute énergie de petits systémes, comme les collisions proton-proton (pp) ou
électron-positron (e*e™): ils proviennent d’un parton source trés énergétique produit durant la
collision entre les deux noyaux.
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La réduction des jets. Ce parton trés énergétique est également hautement virtuel, c’est a
dire qu’il est loin d’étre sur sa couche de masse. Du fait de sa virtualité, il peut radier & nouveau
par émission Bremsstrahlung des partons plus mous, et presque colinéaires & I'impulsion initiale
du parton source. Dans I’état final, ce processus conduit a la formation de jets, qui sont des
gerbes collimatées de hadrons de haute énergie. Le temps caractéristique de formation du
parton source, d’impulsion transverse pro, est 1/prg par le principe d’incertitude d’Heisenberg.
Au contraire, le temps caractéristique de développement de la cascade radiative partonique est
1/Aqep, ot Agep est I'échelle de confinement de la QCD. Pour un plasma avec une durée de
vie L, on a typiquement 1/pro < L < 1/Aqep. Cela signifie que le parton source est produit
trés rapidement, avant méme la formation du plasma, et que la gerbe partonique qu’il génére
se propage en partie a l'intérieur du plasma. Durant sa propagation, les intéractions entre le
milieu dense et le jet vont modifier I’évolution du jet et ses propriétés finales par rapport a celle
mesurées en collisions pp ou eTe~. Ce phénoméne physique est connu sous le nom de réduction
des jets.

Dans cette thése, nous proposons une nouvelle théorie pour décrire 1’évolution des jets
dans un plasma quarks-gluons dense. Dans une premiére partie, nous construisons cette nou-
velle image a partir des principes premiers de la QCD en théorie des perturbations, puis dans
une seconde partie nous confrontons notre modéle aux mesures expérimentales faites au LHC
d’observables caractérisant la réduction des jets.

I.1 Une nouvelle image pour I’évolution des jets dans un
plasma quarks-gluons

Outre le processus radiatif de type Bremsstrahlung di a la grande virtualité du parton a ’origine
du jet, cette thése propose d’inclure de facon cohérente les modifications principales induites
par la présence du milieu sur la propagation d’un parton trés énergétique. Le milieu est un gaz
idéal de quarks et de gluons, a I’équilibre thermodynamique a la température 7},. Ces charges
de couleurs générent un champ de jauge fluctuant dans lequel se propage le parton relativiste.

I.1.1 Propagation d’un parton trés énergétique dans un milieu dense

Dans un premier temps, nous considérons que ce parton énergétique, le projectile, est sur couche
de masse, ce qui revient a négliger les effets de virtualité et nous travaillons dans 'approximation
eikonale pour la propagation du parton. Le projectile est de masse nulle et sa direction de
propagation permet de définir le systéme de coordonnées sur le cone de lumiére associé a cette
direction (cf. Section . Dans ce systéme de coordonnées, la quadri-impulsion du projectile
est p' = (pT,p~,p1) avec p* > |pi| > p~ et p® =2pTp” —p7 =0.

Diffusion transverse. Du fait des collisions multiples avec les centres diffuseurs du milieu, le
parton acquiert durant sa propagation entre le temps ¢; et le temps ¢, une impulsion transverse
k., selon la loi de probabilité gaussienne P(k, ,t1,t2):

4m k% 9 b2
Pk, t1,ts) = ——————— exp (——) L Q% iyt :/ dt 4(t L1
( ) Q3 (t1,12) Q3 (t1,12) . ) s ) -
Le plasma est caractérisé par le paramétre de réduction ¢, défini comme la moyenne de 'impulsion
transverse carrée acquise par unité de temps: (k%) ~ GAt. Dans la formule ([.1)), ¢ dépend du
temps du fait de I'expansion longitudinale du plasma conduisant & une dilution de sa densité
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au cours de la propagation du parton énergétique dans le plan transverse a la collision. Cette
loi est valide dans un régime dominé par les diffusions multiples avec les constituants du milieu:
méme si chaque diffusion ne transfére qu'une petite impulsion, la somme de tous ces transferts
contribue & donner une impulsion totale k. Cette approximation est correcte pour k; < Q.
Au dela de cette approximation, P(ky,t1,t2) est donnée par Eq. (3.64).

Emissions induites. Outre la diffusion transverse, le milieu peut déclencher des émissions
car les collisions avec le milieu mettent le projectile hors de sa couche de masse. Un diagramme
de Feynman typique pour ce processus est représenté Fig. (droite), dans le cas de deux
collisions. Dans le régime des collisions multiples, ces diagrammes doivent étre resommés a
tous les ordres pour prendre en compte un nombre arbitraire de collisions. Cette resommation
permet d’obtenir le spectre d’émission d’un gluon de quadri-impulsion k* = (k*, k™, k) dans
I’approximation des diffusions multiples molles. Pour un projectile dans la représentation de
couleur R = A, F' et sur couche de masse, le résultat est donné par la formule suivante:

| P Nomshel aSCR[ A / dqr 1 (=(k—qu)?
)

A+ %k, | Qxl) ) @r2g Q%(zg)

- G(y") —k3 1
e [ e e (G ) - k_] -

avec g le temps auquel le projectile entre dans le plasma et Q,(t) = Q,(t, o). La fonction G
est la solution du probléme différentiel non-linéaire de type Riccati:

AG |, | idlt) o
AT =0, Gl =0 (1.3)

Dans le cas d’un projectile hors couche de masse, nous obtenons une formule similaire, donnée
par Eq. . Ce dernier spectre est connu sous le nom de spectre BDMPS-Z, et est évalué
numériquement Fig. .

Pour un parton se propageant sur une distance L dans le milieu, le spectre intégré sur k, a
le comportement suivant a petite énergie:

dNonfsheH 200 OR w 1
+ . 2% c + _ L
k e . T Fr<w. = 2qL (L4)

Contrairement au spectre Bethe-Heitler, qui se comporte en agNgeari /5T dans la limite molle,
avec Ngeatt le nombre de centre diffuseur, le spectre induit est réduit puisqu’il se comporte en
1/k*3/2, Cette suppression, appelée effet Landau-Pomerantchuk-Migdal, est une conséquence
du fait que le projectile diffuse de facon cohérente avec plusieurs constituants du milieu durant le
temps de formation du gluon, qui est fini et d’ordre t; ~ 2k™/k%. Durant ce temps, 'émission
acquiert par diffusion une impulsion transverse k; ~ ¢ty. Ces deux égalités fixent a la fois

le temps de formation t;m,eq = /bt /d et Vimpulsion transverse ksmeq = (Gk)/* pour une
émission induite.

Enfin, I’échelle w,. qui apparait dans la formule est typiquement 1’énergie maximale
d’une émission induite dans le régime des diffusions multiples molles. Le parton projectile est
donc considéré comme hautement énergétique si p* > w,, inégalité qui garantie aussi la validité
de 'approximation eikonale pour sa propagation.
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Décohérence d’un dipdle neutre. Le dernier effet qu’il sera important de prendre en
compte dans la description compléte d’un jet évoluant dans un plasma dense est la décohérence
de couleur. Pour comprendre cet effet, il est commode de prendre pour projectile un dipdle
neutre, c’est a dire une paire quark-antiquark dans un état de couleur singulet. Ce dipole est
créé a t = xd a partir, par exemple, d’'un photon ou d'un boson W/Z virtuel. Nous noterons

644 son ouverture angulaire.

Dans le vide, le spectre d’émission d’un gluon par un tel dipole est bien connu: les émissions
a grands angles, avec 6 > 0,; sont supprimées du fait des interférences quantiques induites par
la cohérence de couleur du dipoéle. Qualitativement, une émission de longueur d’onde transverse
AL ~ 1/k; ~ 1/(k*0) plus grande que la taille du dipdle au moment de I’émission, de 'ordre de
Oyats ~ 045/ (k*60%) ne sera sensible qu’a la charge de couleur totale du dipole. Comme le dipole
est neutre, cette charge est nulle et I’émission est supprimée quand 6 > 0,5. Par conséquent les
émissions Bremsstrahlung dans le vide sont ordonnées en angle: 0 < 04.

Dans le milieu, les intéractions avec le dipole modifient sa cohérence de couleur: chaque
branche du dipoéle subit indépendamment une rotation de couleur du fait des collisions multiples.
Aprés un certain temps At passé dans le milieu, le dipole n’est donc plus dans un état singulet
de couleur. Pour quantifier plus précisément cet effet, on introduit le facteur de décohérence du
dipole, noté S,z qui est égal au produit des deux rotations de couleur indépendantes du quark
et de lantiquark (plus précisément, des lignes de Wilson le long de leur trajectoire eikonale,
cf. Section 7 moyenné sur les fluctuations statistiques du champ de jauge généré par le
plasma:

N
Q|
~—~
>
<+
~
i
—_
S

ad AL Gt e AL
Te W I A (15)

1 At
= exp (—gegq/o d¢ g(zg + 5)62) (1.6)

Pour un milieu statique, avec ¢ constant, un temps caractéristique de décohérence t.,, =
(G02,/4)~1/* émerge de cette formule.

Les effets de la décohérence sur le spectre d’émission d’un gluon par un dipoéle neutre doivent
étre discutées séparément en fonction du type d’émission. Le cas des émissions induites par le
milieu est discuté en détail dans la Section[3.4.2] En résumé, il existe un angle du dipdle critique
0. = 2/+/qL3, vérifiant teon(0.) = L, tel que si 0, < 6., le spectre d’émissions induites par le
dipole est supprimé par rapport aux résultats —. Physiquement, 'ouverture du dipole
est trop petite pour qu’il soit résolu par une émission induite, qui ne sera donc sensible qu’a
sa charge de couleur totale. Au contraire, si 6,; > 6., le dipole est non cohérent au moment de
I’émission induite du gluon, et donc le spectre totale est la somme incohérente de deux spectres

BDMPS-Z.

Le cas des émissions de type vide (Bremsstrahlung), ayant soit un temps de formation
trés court devant le temps caractéristique de formation d’une émission induite #meq, S0Oit un
temps de formation grand devant L sera discuté dans le prochain paragraphe. En principe,
la décohérence pourrait briser la propriété d’ordonnancement angulaire des émissions de type
vide, ce qui présente une sérieuse complication pour la description de I'évolution d'un jet dans
un milieu comme un processus de branchement ordonné en angles.
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[.1.2 Resommation des émissions de type vide dans ’approximation
double-logarithmique

Dans la section précédente, nous avons identifié les effets du milieu, dominants en théorie des
perturbations, sur la propagation d’un parton énergétique. A présent, nous allons préciser
comment ces effets se combinent avec la grande virtualité du parton produit par le processus
dur de la collision.

Resommation dans le vide. Dans le vide, cette grande virtualité est a l'origine de la
formation de jets. Nous rappelons ici qu'un parton virtuel (hors couche de masse) peut radier
un gluon, et que le spectre de radiation est donné par la loi du Bremsstrahlung,

a,Crdkt d®k, 20,0 dk™ df

brem __ _
W= = e m (L.7)

écrite ici dans la limite molle & — 0 et collinéaire  — 0. Pour la seconde égalité, nous avons
utilisé k; ~ kT60. Le temps caractéristique de formation du gluon est donné par le principe
d’incertitude, t; ~ kT /k3 ~ 1/(kT6?). Ce spectre est singulier dans la limite molle et colinéaire,
ce qui signifie qu’un parton virtuel radie préférentiellement des gluons mous ou colinéaires a
I'émetteur, et cette singularité est logarithmique. Pour un parton de virtualité @ ~ pt6,;
radiant a 'intérieur d’'un cone d’ouverture angulaire 0,4, la probabilité totale d’émission est

20, 0,4
Nbrem ~ o CR 10g2 (p QQ) (18)

Par conséquent, a trés haute énergie p™ > Aqep, le grand logarithme carré compense la faible
constante de couplage a; < 1, si bien que N”™™ = O(1). Dans ce régime, un calcul a l'ordre
le plus bas tel que celui donné par n’est pas suffisant pour décrire précisément le profil
d’émission de gluons par un parton virtuel. Tous les termes d’ordre a”log*(p*6,4/Aqcp)
doivent étre resommés, avec n € N. Cette resommation est dite double logarithmique, puisque
seuls les termes augmentés d’un logarithmique carré sont pris en compte.

Dans le vide, on peut montrer que cette resommation peut se faire en considérant que les
émissions se produisent selon un processus de branchement markovien, ordonné en angle pour
prendre en compte la cohérence de couleur expliquée ci-dessus. Ce processus de branchement
est a l'origine des émissions multiples observées dans les jets. Un exemple typique d'un tel
processus est représenté sur la Fig. [f.2kgauche. Il est aussi commode de représenter un tel
processus sur un espace de phase (k*,6) ou chaque point de cet espace représente une émission
dans le jet, cf. Fig. [4.2}droite. Les cascades d’émissions s’écoulent du haut en bas pour respecter
I'ordonnancement angulaire, et de la droite vers la gauche pour satisfaire la conservation de
I’énergie (chaque émission est plus molle que I'émetteur). L’espace de phase est tronqué pour
k; < Aqcp car dans ce domaine, les degrés de libertés ne sont plus partoniques du fait du
confinement. Ce dernier régime correspond au processus d’hadronisation des partons produits
dans des d’états liés neutres de couleur.

Espace de phase pour les émissions de type vide dans un plasma. En présence
du plasma, la premiére chose a déterminer est I'espace de phase pour les émissions de type
vide (Bremsstrahlung) qui doivent étre resommées dans I’approximation double logarithmique.
Notons qu’au sein de cette approximation, les émissions induites sont négligeables car le spectre
intégreé ([.4) ne génére pas de double logarithme (pas de singularité colinéaire). Cette espace de
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phase est modifié pour la raison suivante: durant le temps de formation ¢y d'un gluon, le milieu
donne une impulsion transverse k; ~ ¢ty. Cela signifie qu'un gluon émis par Bremsstrahlung
a nécessairement k; > ¢ty (on remarque qu’au contraire, les émissions induites saturent cette
condition puisqu’elles vérifient k£, = gty). Cette contrainte, k; > ¢ty sur les émissions de type
vide produite & l'intérieur du milieu, n’est pertinente que dans le régime k™ < w.. En effet,
comme w, est 'énergie maximale d’une émission induite se formant sur une durée L, toutes les
émissions avec k* > w, sont nécessairement déclenchées par la virtualité du parton sourcd]
Par ailleurs, cette contrainte n’a de sens que pour les émissions ayant un temps de formation
plus court que la durée L de propagation du jet dans le plasma. Un gluon peut ainsi étre émis
directement a I'extérieur du milieu si ¢y > L. Une conséquence directe de ces deux inégalités:

Emissions dans le milieu:  k; > gt = kT > w(8) = (24/6M)Y3 (L.9)
Emissions a l'extérieur: ¢ty > L — kT <wr() =2/(0*L) (I.10)

est 'existence d’une région de 'espace, la région “veto”, dans laquelle les émissions de type vide
sont interdites. Cet espace de phase est représenté sur la Fig. [5.1]

Effets induits par la décohérence. Outre cette modification de ’espace de phase, la déco-
hérence de couleur a aussi des effets sur le développement du processus de branchement. Nous
montrons dans un premier temps qu’en réalité, la décohérence ne modifie pas 1’évolution des
cascades partoniques qui se produisent dans le milieu. Considérons un gluon émis par un dipole
neutre, comme dans la section précédente (’argumentation se généralise aisément aux dipoles
chargés). Il est facile d’observer que

tr (2002)  wo(0) (6, (111)
tcoh k+6? k+ ) ’

0

A présent, supposons qu’une émission de type vide dans le milieu, qui par construction satisfait
k*t > wo(0), viole Pordonnancement angulaire, c’est a dire § > 6,;. Alors, d’aprés I'égalité ci-
dessus, on a nécessairement t; < t.on, ce qui signifie que le dipole est toujours cohérent pendant
la formation du gluon. Par conséquent, une telle émission ne peut pas exister. Par récurrence, on
montre facilement que cet argument se généralise a un nombre arbitraire d’émissions produites
dans le milieu et 'on conclut que la propriété d’ordonnancement angulaire reste vrai dans le
milieu.

La décohérence a néanmoins un effet trés important pour la premiére émission a ’extérieur
du milieu. En effet, pour une telle émission, le dipble émetteur a parcouru une distance d’ordre
L dans le milieu. Si t.n, < L < 60 > 0., ce dipdle a perdu sa cohérence durant sa propagation,
et par conséquent, la premiére émission a 'extérieur peut étre émise a n’importe quel angle.
Il y a violation de l'ordonnancement angulaire pour la premiére émission hors du milieu. Le
reste de la cascade partonique a l'extérieur se déroule ensuite comme dans le vide, jusqu’a
I’hadronisation des partons produits.

Le processus de branchement en présence d’un milieu qui permet de resommer correctement
les double logarithmes dus aux radiations Bremsstrahlung est schématisé sur la Fig. [5.3] Nous
avons donné ici des arguments physiques simples pour justifier cette nouvelle image permettant
de resommer les émissions Bremsstrahlung a tous les ordres dans un milieu dense statique.
Dans le Chapitre [5| de cette thése, des arguments mathématiques précis sont avancés, et le cas
du milieu en expansion longitudinale est aussi traité.

'En toute rigueur, cela n’est vrai que dans I’approximation des diffusions multiples molles. Une émission
avec kT > w. peut étre induite par le milieu via une seule collision dure avec un centre diffuseur. Cependant,
ce genre de processus est rare, et sera négligé par la suite.
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[.1.3 Factorisation et implémentation au sein d’un générateur Monte-
Carlo

Factorisation des émissions induites. L’évolution des émissions de type vide décrite dans
la section précédente présente 'avantage de “factoriser” en temps les émissions induites par le
milieu. Par factorisation, nous entendons ici que le parton a l'origine du jet évolue d’abord
par Bremsstrahlung dans le milieu, produisant une cascade au sein de l’espace de phase en
rouge sur la Fig. Ce n’est qu’aprés que les partons produits par cette premiére cascade ont
évacué leur virtualité jusqu’a 'échelle transverse (gk+)Y/* qu’ils radient par émissions induites
pendant un temps d’ordre L. En effet, on peut montrer que la condition &% > wy(6) satisfaite
par les émissions de type vide émises dans le milieu implique que 1’énergie (maximale) perdue
par émission induite durant la formation, de l'ordre de th(jL est négligeable devant k*. En
conséquence, on peut négliger les radiations induites pendant le développement des cascades
de type vide a l'intérieur du milieu.

Le régime des branchements multiples pour les émissions induites. Ainsi, une fois
I’évolution via Bremsstrahlung a 'intérieur du milieu terminée, les partons produits rayonnent
selon le spectre BDMPS-Z. Pour ces gluons induits, il est cependant aussi nécessaire d’itérer le
processus correspondant & une seule émission. En effet, I'intégrale de sur toutes les
énergies donnent un spectre total d’émission:

We on—shell =2
Nonfshell<w) — / dN Q We
w

i
dk " - (I.12)
qui est d’ordre 1 pour w ~ wy = o‘zfc}L2, avec @y = azN./m. Cela signifie que pour des
énergies de I'ordre de I’échelle de branchement wy,, on ne peut plus interpréter AN~ comme
la probabilité d’un événement rare, mais comme un nombre d’émission, puisque N°P~shell(y)
devient d’ordre 1 malgré le fait que oy < 1. Par conséquent, de telles émissions doivent aussi
étre “resommés”. Le large paramétre sans dimension qui doit étre resommé a tous les ordres
est donné par (.12, que l'on écrira plutdt sous la forme a,L/tfmea = O(1). Cette derniére
écriture est plus transparente physiquement: quand la longueur du chemin a travers le plasma
du parton source est trés grande devant le temps de formation d’une émission induite, de
nombreuses émissions peuvent se produire et donc un calcul & l'ordre le plus bas n’est plus
suffisant.

Cette resommation dans le régime des branchements multiples w < wy, s’effectue par
I'intermédiaire d'un processus de branchement markovien ordonné en temps, le temps physique
d’émission du gluon induit le long de la trajectoire du parton source. Une émission peut étre
considérée comme locale en temps, car le temps de formation tfmeq est réduit par un fac-
teur oy vis a vis du temps de propagation caractéristique entre deux branchements. Le taux
d’émission est donné par le spectre BDMPS-Z différentiel en L (taux d’émission par unité de
temps) et 'angle des émissions induites est fixé par la loi de diffusion transverse entre
deux branchements successifs.

Nous démontrons dans le Chapitre {4, Section que ce type de cascade permet de trans-
porter trés efficacement de 1’énergie & des grands angles, mécanisme physique indispensable
pour expliquer la réduction des jets mesurée au LHC. L’échelle physique typique de cette perte
d’énergie a grand angle est naturellement wy,.

Implémentation Monte-Carlo dans JetMed. Une image simple du développement des cas-
cades de partons dans un milieu émerge donc de la QQCD en théorie des perturbations. Comme
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cette image est markovienne, il est possible de simuler le processus de branchement numérique-
ment grace a un générateur d’événements par la méthode de Monte-Carlo. L’implémentation
suit la factorisation du processus en trois étapes:

1. une cascade d’émissions de type vide ordonnée en angles dans la région de 'espace de
phase correspondant & Uintérieur du miliew: w > wy(f) et > 6.. Les fonctions de
branchement de Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) et la variation de
la constante de couplage a, avec 'impulsion transverse du branchement sont prises en
compte par le programme. [’angle maximal de la premiére émission est fixé & une certaine
valeur 6,,,x.

2. Tous les partons produits par la précédente cascade entrent ensuite dans la cascade
d’émissions induites suivant I'image explicitée dans le paragraphe précédent. Les branche-
ments quark-gluon, gluon-gluon et gluon-quark sont autorisés, avec les fonctions de branche-
ment données en Appendice[C] Durant cette cascade, la constante de couplage o est gelée
a une valeur fixe s med-

3. Finalement, une derniére cascade de type vide ordonnée en angle est générée au sein
de l'espace de phase correspondant & l'extérieur du milieu, w < wp () ou 6 < 6., a
partir des partons produits par les deux premiéres cascades . Pour la premiére émission,
I’angle d’émission maximal est & nouveau 6,,,,, afin de tenir compte de la violation de
I'ordonnancement angulaire pour la premiére émission a 'extérieur du milieu. Cette
derniére cascade s’achéve lorsque 'impulsion transverse des partons produits atteint la
coupure infrarouge k| min de I'ordre de Aqcp.

Les paramétres physiques du Monte-Carlo JetMed sont le coefficient de transport ¢, la longueur
L du chemin a travers le plasma des jets et asmeqa. Ce dernier paramétre pourrait étre évité
en évaluant o a I'impulsion transverse typique des émissions induites kfmeq. Les parametres
non physiques sont Opax €t ki min. Pour éviter d'introduire de telles coupures non physiques, il
faudrait améliorer I'implémentation actuelle en générant des cascades de dipoles et en incluant
les effets d’hadronisation. Pour I’heure, ces paramétres seront variés autour des valeurs centrales
Omax = 1, k1 min = 250 MeV afin d’étudier leur influence sur nos résultats.

I.2 Etude phénoménologique des observables de jets en col-
lisions Pb-Pb au LHC

Dans cette section, nous présentons succinctement des calculs Monte-Carlo d’observables de
jets obtenus avec JetMed. Nous mettrons ’accent sur l'interprétation physique de ces résultats.
Le corps principal de cette thése comprend également des études analytiques qui viennent
corroborer ces interprétations. Comme la géométrie des collisions est largement simplifiée
dans JetMed, nous nous intéresserons essentiellement aux collisions centrales (petit paramétre
d’impact entre les deux noyaux) et aux jets produits proche du plan transverse a la collision
ou ’énergie du jet et son impulsion transverse sont égales.

I.2.1 Le facteur de modification nucléaire pour la section efficace de
production des jets

Le phénoméne de réduction des jets en collisions d’ions lourds est quantifié par le facteur de
modification nucléaire pour la section efficace inclusive de jets, noté Rs4. Cette quantité est
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défini comme le rapport entre la section efficace de production de jets en collisions noyau-noyau
et cette méme section efficace en collisions proton-proton:

dajet
1 dpr
RAA(pT) = (TAA>ﬁ (113)
dpr op

Le facteur (T'44) normalise R44 = 1 en l'absence d’effets nucléaires autre que ’accroissement
de la section efficace dit au nombre plus important de nucléons impliqués dans une collision AA
que dans une collisions pp. R4 est une fonction de 'impulsion transverse pr des jets produits.

Nos résultats pour R 4 obtenus par calcul Monte-Carlo avec JetMed sont présentés sur la
figure[8.3}gauche, superposés aux données expérimentales obtenues par la collaboration ATLAS.
Les bandes rouges correspondent aux incertitudes théoriques de notre calcul, obtenues en variant
les parameétres non physiques pax €t k) min. Les données expérimentales et nos prédictions
théoriques présentent deux caractéristiques notables: R4 est significativement plus petit que
1 et cela, méme quand I’énergie des jets produits est trés grande, jusqu’a 1 TeV !

Le fait que R4 soit plus petit que 1 est une conséquence simple de 'effet combiné de la
perte d’énergie des jets dans le plasma et de la section efficace du processus dur qui décroit
rapidement avec pr. En effet, un jet mesuré en collisions Pb-Pb avec une énergie pr aurait eu
une énergie pr + &£ s’il n’avait pas perdu une énergie £ dans le milieu produit par la collision.
Comme la probabilité de produire un jet avec une énergie pr+& est plus faible que la probabilité
de produire un jet avec une énergie pr, du fait de la chute rapide de la section efficace des jets
avec pr, on a naturellement R 4 < 1.

Le fait non trivial est que R44 ne tende pas rapidement vers 1 quand pr augmente: cela
devrait étre le cas si les jets perdaient une énergie constante £ = wy,. Au sein de notre image
factorisée, nous expliquons ce fait expérimental par le mécanisme physique suivant: plus un
jet & une énergie importante, plus son évolution via Bremsstrahlung & l'intérieur du milieu
sera grande, dans le sens ou le nombre de sources partoniques produites dans le milieu, et
donc susceptibles de perdre de I'énergie, augmente avec 'impulsion transverse du jet. En nous
fondant sur la factorisation mise en avant dans la section précédente, nous proposons une
formule approchée pour estimer cette perte d’énergie £(pr):

Ei(pr) = whr X (1.14)

S ()

ol 7 se référe a la représentation du parton produit par la collision dure et R est le rayon du

jet. Le facteur proportionnel a (pr/wo(R ))ﬁ compte le nombre de sources de type vide
produites dans la région de l'espace de phase a l'intérieur du milieu, dans I'approximation
double logarithmique. Le facteur wy, représente quant a lui I’énergie typique perdue a grands
angles par chacune de ces sources. Cette formule montre clairement que €(pr) augmente avec
pr en loi de puissance. Méme si 'exposant est a priori petit (a; < 1), cette augmentation est
suffisante pour expliquer le plateau a grand pr du facteur de modification nucléaire des jets.

I.2.2 La distribution Soft Drop z,

L’observable R4 4 est trés importante car elle fut historiquement une des premiéres preuves de la
réduction des jets en collisions d’ions lourds. Décrire correctement cette quantité est donc une
premiére étape indispensable & toute analyse phénoménologique plus approfondie des autres
observables de jets. A présent, nous nous intéressons a une observable dite de sous-structure,
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puisqu’elle quantifie la structure interne des jets, la distribution Soft Drop z,. Cette observable
est connue pour étre relativement robuste vis a vis des effets non perturbatifs. Par ailleurs, les
collaborations CMS et ALICE l’ont récemment mesurée en collisions Pb-Pb. Pour ces raisons,
nous avons décidé de la calculer avec JetMed.

Avant de discuter des modifications nucléaires de cette observable, rappelons briévement
sa définition. L’idée générale de cette observable est d’effeuiller le jet de ses émissions molles
afin de trouver un branchement suffisamment “dur”. Etant donné un jet défini via 1’algorithme
anti-k, avec un rayon R, ses constituants sont d’abord reclusterisés en utilisant 1’algorithme
Cambridge/Aachen ordonné en angles. Ensuite, le jet est déclusterisé, ce qui donne deux sous-
jets d’impulsions pry et pro, séparés par une distance en rapidité-azimuth ARZ, = Ay, + Agi,.
La procédure s’arréte lorsque la condition SoftDrop est satisfaite:

: B
mipri, pr2 ARy,
= ( ) > Zeut ( ) )

= D11+ D12 R (1.15)
ol Zey €t B < 0 sont des paramétres de 1'observable. Dans la suite, nous imposons aussi une
condition sur 'angle AR5 du branchement qui doit satisfaire AR5 > O.y. Si la condition Soft
Drop n’est pas satisfaite, la procédure est itérée avec le sous-jet le plus dur. Les valeurs de z, et
8, de ce jet sont alors définies comme étant respectivement z;5 and AR5 pour le branchement
qui a vérifié la condition Soft Drop, si un tel branchement existe. Si aucun branchement n’est
trouvé, on choisit par convention z, = 0 et 6§, = 0. La distribution z,, notée p(z,) est ensuite
définie comme la section efficace de production de jets ayant une valeur donnée de zg:

Lay

= — I.16
p(zg) -Zvjets ng ( )

Intuitivement, cette distribution correspond a la probabilité d’avoir un premier branche-
ment dans un jet avec une fraction d’impulsion telle que z > z.y. Le terme “premier” est ici
entendu vis & vis du processus de branchement ordonné en angles reconstitué par ’algorithme
Cambridge/Aachen. Dans le vide, pour § = 0 et dans l'approximation double-logarithmique
cette probabilité est directement proportionnelle a la partie singuliére des fonctions DGLAP,
c’est a dire p(z,) x 1/z,.

Notre étude Monte-Carlo révéle I'existence de deux régimes en fonction de 'impulsion trans-
verse des jets sélectionnés pour calculer p(z,). Ces deux régimes différent par la monotonie du
ratio entre la distribution mesurée en collisions d’ions lourds et celle mesurée en pp. Pour la
discussion qui suit, nous nous référons a la Fig. [9.1) qui représente ce ratio calculé pour un
spectre dur monochromatique, i.e. de la forme o(pr) = 0;r0(pr — pro). Sur la figure de gauche,
le parton initial est un gluon R = A, tandis que sur la figure de droite, le parton initial est un
quark R = F'. Les différentes courbes correspondent a différentes valeurs de prg. A trés grande
énergie, le ratio avec la distribution du vide est croissant avec z,4, alors que ce ratio devient
décroissant quand pro diminue. L’échelle de transition est de I'ordre de prg ~ ZewWe.

L’existence de deux régimes différents s’explique aisément quand on considére 1’espace de
phase sondé par la distribution en fonction de zey et ey (pour 8 = 0). Cet espace de phase
dans les deux régimes, prg > ZeuWe OU Pro K ZewyWe, €st représenté sur la Fig. en fonction
des variables k| ~ zprof et R/6. L’aire encadrée par les traits en pointillés noirs correspond au
régime cinématique des branchements sélectionnable par la procédure SoftDrop. On remarque
que pour pro > ZewtWe, la distribution n’est sensible qu’aux émissions de type vide produites a
I'intérieur du milieu. Dans cette situation, le seul effet du plasma sur la distribution est la perte
d’énergie des deux sous-jets sélectionnés par Soft Drop. Cette perte d’énergie est incohérente
car les deux sous-jets sont séparés par un angle 6, > 0., > 0. Elle induit alors une modification
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de la fraction de branchement z, mesurée par rapport a la fraction dite “physique” au moment
de I’émission. On peut montrer alors que cet effet se traduit mathématiquement par un facteur
de modification nucléaire croissant pour la distribution z,.

Au contraire, pour prg < ZewWe, on remarque que Soft Drop est en mesure de sélectionner
des branchements avec un sous-jet ayant une énergie plus petite que w,, et un k, de l'ordre de
()s. En d’autres termes, dans ce régime, la distribution z, est aussi sensible aux branchements
induits par le milieu qui restent a l'intérieur du jet. Cette sensibilité aux émissions induites
transparait dans la partie a petit z, de la distribution. Le pic visible sur la Fig. pour
pro = 100,200 GeV est causé par ces émissions, qui dominent la distribution car la partie
singuliére du spectre induit oc 1/2%?2 est plus divergente que celle du spectre Bremsstrahlung
x 1/z.

Jusqu’a présent, nous avons considéré un spectre dur monochromatique idéalisé dans cette
discussion des modifications nucléaires de la distribution z,. En réalité, le spectre du proces-
sus dur est fortement décroissant, et cette forte décroissance favorise les jets qui perdent peu
d’énergie dans le plasma. Nos résultats Monte-Carlo pour un spectre initial réaliste sont montré
sur la Fig. [0.11] Sur cette figure, les bandes correspondent une nouvelle fois a U'incertitude de
nos prédictions obtenue en variant Opax et k| min dans JetMed. En comparant avec la Fig. ,
nous observons un effet important causé par la forte décroissance du spectre initial: les courbes
pour le ratio milieu/vide sont décalées vers des valeurs plus faibles. Cette réduction globale du
facteur de modification nucléaire vient du fait que les jets sélectionnés dans la distribution zg,
dont le nombre est le facteur Njes dans la formule ([[.16]), ont, par définition une sous-structure
dure. Or, de tels jets ont tendance a perdre plus d’énergie que la moyenne, car la présence de
deux sous-jets durs, séparés par un angle ¢, > 0., > 0., implique un plus grand nombre de
sources partoniques formées a l'intérieur du milieu, et donc une plus grand perte d’énergie. En
conséquence, les jets sélectionnés par Soft Drop sont produits en moins grand nombre dans le
milieu du fait du spectre dur fortement décroissant. L’effet résultant est une suppression du
ratio, visible sur la Fig. comparée a la Fig. [9.1]

Les résultats mis en avant dans cette section sont en accord qualitatif avec les données
expérimentales obtenues par la collaboration ALICE et reproduites Fig. [7.6 Ces données
révelent un facteur de modification nucléaire plus petit que 1, et croissant quand z, diminue,
laissant a penser que des émissions induites qui restent a l'intérieur du jet sont bien capturées
par Soft Drop. Cependant, ces données n’étant pas corrigées des effets des détecteurs, nous
restons prudent quant & cette derniére interprétation.

I.2.3 La fonction de fragmentation

La derniére observable a laquelle nous nous intéresserons est la fonction de fragmentation qui
caractérise le contenu énergétique des jets en termes de hadrons. Plus précisément, cette
observable et son facteur de modification nucléaire associé sont définis par:

1 dN
]Vjets dl‘

. R()= —Zm ((j)) , (L17)

D(x) =

ou dN est le nombre de hadrons avec une fraction d’énergie x par rapport a 1’énergie totale
du jet, parmi les jets sélectionnés (dans une certaine fenétre en impulsion transverse et en
rapidité). Les mesures expérimentales obtenues par ATLAS pour le ratio R(x) sont données
sur la Fig. pour trois fenétres en pr distinctes. On observe un nombre plus important de
fragments durs (z ~ 1) et mous (z < 0.01) dans les jets produits en collisions d’ions lourds,
par rapport aux collisions pp.
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Les résultats d’'un calcul JetMed pour R(z) sont montrés sur la Fig. . La figure de
gauche présente la variabilité de ces résultats avec les paramétres non physiques Gmax €t ki min-
Contrairement & Ra4 ou a la distribution z4, 'enveloppe est large. C’est une conséquence du
fait que la fonction de fragmentation définie par Eq. est fortement sensible aux effets
non perturbatifs, et en particulier aux corrections hadroniques. Cette observable est dite non
“protégée” contre les divergences infrarouges et colinéaires. En conséquence, elle dépend de
la valeur précise du régulateur £ i, nécessaire pour la calculer en théorie des perturbations.
Pour remédier a ce probléme, nous avons introduit dans cette thése une nouvelle observable qui
caractérise la fragmentation des jets non pas en termes de hadrons, mais en termes de sous-jets.
Cette observable, protégée des divergences infrarouges, est définie dans la Section [£.2.3.3] et son
facteur de modification nucléaire associé est représenté sur la Fig.[10.6}gauche. Comme attendu,
les enveloppes obtenues en variant k| min €t Omax sont considérablement réduites, tandis que les
effets du milieu sont toujours significatifs. Pour plus de détails, nous renvoyons le lecteur a la
Section 0.4

Retournons a présent a la fonction de fragmentation standard définie par . Le com-
portement qualitatif observé sur la Fig. [I0.I}gauche est identique & celui mesuré expérimen-
talement. Sur la figure de droite, nous varions cette fois les parameétres physiques ¢, L et o mea
au sein d’un ensemble qui reproduit correctement le facteur de modification nucléaire pour la
section efficace (cf. Fig. [8.5al).

Avec la Fig. [10.1}droite, nous notons tout d’abord qu’il y a aussi une dégénérescence des
paramétres physiques dans la région ot x est proche de 1: toutes les courbes de cette figure
se superposent presque parfaitement pour z ~ 1. Cela suggére que le mécanisme physique a
I’origine de 'accroissement visible a x proche de 1 est fortement corrélé avec la perte d’énergie,
qui est l'ingrédient essentiel expliquant R 4. En effet, une analyse analytique approfondie,
détaillée dans la Section [I0.2], révele que l'effet dominant est le biais vers les jets ayant un
hadron avec x ~ 1 induit par le spectre dur initial et la perte d’énergie. Un jet ayant un hadron
avec x ~ 1 a une évolution a l'intérieur du milieu limitée par rapport & une évolution moyenne
(car si le parton créant le jet émets beaucoup de gluons via Bremsstrahlung dans I'espace de
phase correspondant & l'intérieur du milieu, sa fraction d’énergie finale sera nécessairement plus
faible). En conséquence, de tels jets perdent moins d’énergie, et sont donc préférentiellement
produits en présence du plasma. Cela explique I'accroissement visible dans la partie dure de la
fonction de fragmentation, ainsi que la forte corrélation avec R4.

Dans le domaine x < 0.01 de cette fonction, les ingrédients physiques expliquant le nom-
bre plus importants de fragments mous sont radicalement différents (la dégénérescence des
paramétres physiques est d’ailleurs levée). Le mécanisme clé est la décohérence induite par le
milieu et la violation de 'ordonnancement angulaire pour la premiére émission a 'extérieur du
milieu qui en résulte. Cette violation de I'ordonnancement angulaire ré-ouvre ’espace de phase
angulaire, conduisant & une évolution via Bremsstrahlung accrue a I’extérieur du milieu, et donc
a une augmentation du nombre de hadrons mous a l'intérieur des jets en collisions noyau-noyau.
Dans 'approximation double-logarithmique, il est possible de montrer rigoureusement la fac-
torisation entre le nombre de sources (essentiellement gluons) produites via Bremsstrahlung a
I'intérieur du milieu Nj,, et celles produites a I'extérieur N°Ut :

d Nout )

med ~ A/
p (x)_MnX< dz

(I.18)
Cette factorisation est rendu possible par la décohérence qui détruit les corrélations quantiques
entre les émissions dans le milieu et celles a 'extérieur (effet de perte de mémoire). Au dela
de 'approximation double-logarithmique, 'effet est encore accentué par les émissions induites
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relativement dures qui restent a l'intérieur du jet, et qui contribuent & augmenter le facteur
Ni, dans Eq. . L’effet net résultant est un nombre plus important de hadrons mous
dans les jets produits en collisions Pb-Pb comparées aux collisions pp. Ces propos doivent étre
néanmoins nuancés car d’autres études rendent compte de cette hausse des hadrons mous par
la réponse du plasma a la propagation du jet. En se propageant, le parton énergétique entraine
avec lui, par son interaction avec le plasma, des particules molles du milieu qui peuvent étre
finalement clusterisées avec le jet. Le Monte-Carlo JetMed n’incluant pas un tel effet, nous ne
sommes pas encore en mesure de quantifier son importance relative vis a vis de celui induit par
la violation de 'ordonnancement angulaire.

Conclusion

Pour conclure ce résumé détaillé, nous donnons les limitations principales de nos travaux, et
donc nos projets futurs d’améliorations du Monte-Carlo JetMed. A ce titre, le tableau
résume les ingrédients présents et manquants dans JetMed, vis a vis des autres approches
théoriques existantes dans la littérature a 'heure actuelle.

La modélisation du milieu est largement simplifiée dans les considérations théoriques et les
calculs présentés ci-dessus. Incorporer I’expansion du milieu, la géométrie précise des collisions
et les effets de réponse du milieu sont des éléments essentiels pour décrire certaines observables
comme le profil radial des jets, 'asymmetrie des paires de jets ou bien la dépendance de R4
avec la centralité.

D’autres observables, telles que la corrélation photon-jet, sont sensibles aux radiations dans
I’état initial et aux émissions molles & des angles sensables. Inclure proprement ces effets
nécessite de décrire I’évolution des jets par des cascades de dipoles. Une telle approche simplifie
aussi I’adjonction des corrections d’hadronisation. Ainsi, reformuler le Monte-Carlo JetMed en
termes de dipoles serait un travail d’une valeur certaine.

Enfin, le traitement des cascades d’émissions induites souffre aussi de quelques lacunes: la
constante de couplage de la QCD est gelée, au lieu d’étre fixée par I'impulsion transverse du
branchement. Les émissions dures, causées par une collision dure avec un centre diffuseur du
milieu, ont également été négligées. De récents travaux théoriques rendent maintenant possible
I’ajout de ces contributions au sein de I'image factorisée développée dans JetMed.
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Résumé: Afin de sonder les propriétés du
plasma quarks-gluons créé dans les collisions
d’ions lourds, on mesure des observables as-
sociées & la propagation de jets en son sein.
Un jet est une gerbe collimatée de hadrons de
haute énergie générée par des émissions succes-
sives de partons a partir d’'un quark ou d’un
gluon virtuel produit par la collision. Quand de
telles gerbes se propagent dans le milieu dense
créé par la collision des noyaux, leurs interac-
tions avec ce milieu entrainent une modifica-
tion dans leurs propriétés, phénomeéne appelé
"réduction des jets". Dans cette thése, nous
développons une nouvelle théorie permettant de
comprendre la réduction des jets. Nous calcu-
lons pour la premiére fois les effets du milieu

Evolution des jets dans un plasma quarks-gluons dense

Chromodynamique quantique, Plasma quarks-gluons, Jet

dense sur les émissions de type vide dans les
jets, c’est a dire les émissions déclenchées par
la virtualité initiale du parton source. Une nou-
velle image physique pour I’évolution des jets est
présentée, dans laquelle les émissions de type
vide sont factorisées en temps par rapport &
celles induites par le milieu. Cette image est
markovienne, donc adaptée pour une implémen-
tation Monte-Carlo des cascades de partons que
nous développons dans le programme JetMed.
Nous nous intéressons ensuite aux prédictions de
notre théorie sur des observables de jets, et en
particulier le facteur de modification nucléaire
des jets R4, la distribution Soft Drop z, et la
fonction de fragmentation. Ces prédictions se
réveélent étre en bon accord avec les mesures du

LHC.
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Abstract: To probe the properties of the
quark-gluon plasma created in heavy-ion colli-
sions, a very useful class of observables refers
to the propagation of energetic jets. A jet is a
collimated spray of particles generated via suc-
cessive parton branchings, starting with a vir-
tual quark or gluon produced by the collision.
When such a jet is produced in the dense en-
vironment of a nucleus-nucleus collision, its in-
teractions with the surrounding medium lead
to a modification of its properties, phenomenon
known as jet quenching. In this thesis, we de-
velop a new theory to describe jet quenching.
We compute for the first time the effects of the

Jet evolution in a dense QCD medium

Quantum chromodynamics, Quark-gluon plasma, Jet quenching

medium on multiple vacuum-like emissions, that
is emissions triggered by the virtuality of the
initial parton. We present a new physical pic-
ture for jet evolution, with notably a factori-
sation in time between vacuum-like emissions
and medium-induced emissions. This picture is
Markovian, hence well suited for a Monte Carlo
implementation that we develop in the parton
shower JetMed. We then investigate the phe-
nomenological consequences of our new picture
on jet observables and especially the jet nuclear
modification factor R 44, the Soft Drop z, distri-
bution and the jet fragmentation function. Our
Monte Carlo results prove to be in good agree-
ment with the LHC measurements.
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