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Most of ordinary matter at room temperature

Proton Neutron

valence structure

(more realistic) proton structure

0.2% mass

valence + sea 
(quarks and gluons)

100% mass

∋ {u, d, …, g}
≠ {u, d, …, g}

➜ Quantum Chromodynamics (QCD)

QCD is the strongest and least 
understood force in nature
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Quark Confinement

How do we study them?

Large distances Small distances

QCD Lagrangian within perturbation theory! 
➜ perturbative QCD
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‣ Process with a large momentum transfer: 

Perturbative QCD

4

beam remnant 
(continue in the beam direction)

High momentum quarks 
(in the transverse direction)

√Q2

ΛQCD

Particles @ detector

How to avoid sensitivity to 
hadronization? 

➜ jets

𝚲QCD

parton shower/
branching (pQCD)

Hadronization 
(non pQCD)
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Jets in pp collisions
‣ Jets are an excellent phenomenological tool!

‣ Theoretical understanding from first principles

‣ QCD able to describe accurately jet production 10 orders of magnitude 
in cross-section!

6

‣ Well controlled experimentally 

‣ Used in a multitude of 
phenomenological studies (top 
quark physics, Higgs, 
Electroweak, BSM searches, …)

Jets reflect the behaviour of few coloured 
particles at a very high energy scale

Isn’t a little too limited?
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‣ How to study the QGP? 

‣ Not by building a telescope, but by building an accelerator!

8

RHIC LHC
√scm (TeV) 0.2 2.75/5.5

Nuclei AuAu PbPb

Current ultra-relativistic heavy-ion colliders:
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First order phase transition 
(thermodynamic singularities 

of the system)

Cross-Over  
(second order phase transition)

Critical point (?)
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Fundamental questions: 

- Is there asymptotically 
free quark matter? 

- What is the nature of a 
relativistic quantum 

fluid (QGP)? 
- Why are quarks 

confined into hadrons? 
- Why are hadrons 

massive and what is the 
relation to chiral 

symmetry breaking? 
- …

FAIR/GSI 
(Elmar’s talk)

RHIC/BNL
LHC/C

ERN

? (in this talk)
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Probing the QGP
‣ Probes of the QGP are produced within the collision 

‣ Final distribution of particles

13

Bulk of particles can give 
information on the QGP 
properties (collectivity, 

viscosity, …)
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‣ Spatial and Momentum distribution of the produced particles 

‣ Local or large scale collective behaviour?
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Try different centrality collisions

Response of the system to 
initial spatial anisotropy
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Collective bulk behaviour

(defines azimuthal angle ΨR)

Superposition of multiple 
pp collisions
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added. The simulated data were filtered by a GEANT
model of STAR and reconstructed in a way similar to that
used for the data. For 2% and 10% elliptic flow added to
the simulations, the flow extracted was (2.0± 0.1)% and
(9.7 ± 0.2)%, respectively.

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

max/nchn

2v

FIG. 3. Elliptic flow (solid points) as a function of central-
ity defined as nch/nmax. The open rectangles show a range of
values expected for v2 in the hydrodynamic limit, scaled from
ϵ, the initial space eccentricity of the overlap region. The
lower edges correspond to ϵ multiplied by 0.19 and the upper
edges to ϵ multiplied by 0.25.

Fig. 3 shows v2 as a function of centrality of the colli-
sion. Although this figure was made with the subevents
chosen as in Fig. 2, the same results within errors were
obtained with the other correlation methods. Restricting
the primary vertex z position to reduce TPC acceptance
edge effects also made no difference. From the results of
the study of non-flow contributions by different subevent
selections and the maximum magnitudes of the first and
higher-order harmonics, we estimate a systematic error
for v2 of about 0.005, with somewhat smaller uncertainty
for the mid-centralities where the resolution of the event
plane is high. The systematic errors are not included in
the figures.

In the hydrodynamic limit, elliptic flow is approxi-
mately proportional to the initial space anisotropy, ϵ,
which is calculated in Ref. [27]. The transformation to
the multiplicity axis in Fig. 3 was done using a Hijing [22]
simulation, taking into account the above mentioned
vertex-finding inefficiency for low multiplicity events. In
comparing the flow results to ϵ, no unusual structure is
evident which could be attributed to the crossing of a
phase transition while varying centrality [4,19]. The ϵ
values in Fig. 3 are scaled to show the range of hydrody-
namic predictions [6,8] for v2/ϵ from 0.19 to 0.25. The
data values for the lower multiplicities could indicate in-
complete thermalization during the early time when el-
liptic flow is generated [5,6]. On the other hand, for
the most central collisions, comparison of the data with
hydrodynamic calculations suggest that early-time ther-

malization may be complete. The v2 values peak at more
peripheral collisions than RQMD predictions [18], but in
qualitative agreement with hydrodynamic models [7].

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

 (GeV/c)tp

2v

FIG. 4. Elliptic flow as a function of transverse momen-
tum for minimum bias events.

The differential anisotropic flow is a function of η and
pt. For the integrated results presented here, all v val-
ues should first be calculated as a function of η and pt,
and then averaged over either or both variables using the
double differential cross sections as weights. Since we do
not yet know the cross sections, we have averaged us-
ing the observed yields. Fig. 4 shows v2 as a function of
pt for a minimum bias trigger. The η dependence (not
shown), which is averaged over pt from 0.1 to 2.0 GeV/c,
is constant at a value of (4.5 ± 0.5)% for |η| <∼ 1.3. We
have assumed that the efficiency (yield/cross section) is
constant in the pt range where the yield is large. This is
borne out by studies of the effects of different track qual-
ity cuts on the observed pt spectra. For the pt depen-
dence the data are not very sensitive to the assumption
of constant efficiency as a function of η because v2 ap-
pears to be independent of η in the range used, |η| < 1.3.
Mathematically the v2 value at pt = 0, as well as its
first derivative, must be zero, but it is interesting that v2

appears to rise almost linearly with pt starting from rela-
tively low values of pt. This is consistent with a stronger
“in-plane” hydrodynamic expansion of the system than
the average radial expansion. Note that the results shown
in Fig. 3 were obtained by taking the average over both η
and pt, weighted by the yield. Although Fig. 4 is for ap-
proximately minimum bias data [28] the general shapes
are the same for data selected on centrality, except that
the slopes of the pt curves depend on centrality. Fig. 4
was made using pseudorapidity subevents, although the
same results within errors were obtained using the other
two methods.

We conclude that elliptic flow at RHIC rises up to
about 6% for the most peripheral collisions, a value which

4

Peripheral Central

STAR (RHIC) 2008 

Seems to behave like an 
(almost) ideal fluid!!

Range of expected values from 
ideal Hydrodynamics
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Fig. 2. Comparison of the shear viscosity to entropy ratio of QGP with various
ordinary matter.

methods. One can list the kind of observables we are interested in, in an
order of increasing difficulty as follows:

— Firstly, we want to extract the spectrum of hadrons in the T = 0
vacuum state. As explained in Sec. 2 below, holographic QCD can
capture at most spin-2 operators, hence we will calculate the spectra
of glueballs and mesons1, and match to the available lattice QCD
results Sec. 3.

— Next level in difficulty is to calculate the thermodynamics of the sys-
tem. We shall discover that generically there exists a first order
confinement–deconfinement transition at some finite temperature. In
the holographic dual, the confined state corresponds to the so-called
“thermal gas” and the deconfined state to the black-brane geometries.
We shall then calculate the thermodynamic functions in Sec. 4, such
as the free energy, entropy and energy density as a function of T in the
deconfined state, again comparing with available lattice QCD data.

— The next level is to consider the small 4-momenta expansion in hy-
drodynamics. The zeroth order in this expansion is completely de-
termined by the thermodynamic quantities. At the first order, there

1 Baryon spectra in the improved holographic QCD have not been calculated and it is
an open problem.

Acta Phys.Polon. B47 (2016)

Plasma should be a 
strongly coupled 

fluid!
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methods. One can list the kind of observables we are interested in, in an
order of increasing difficulty as follows:

— Firstly, we want to extract the spectrum of hadrons in the T = 0
vacuum state. As explained in Sec. 2 below, holographic QCD can
capture at most spin-2 operators, hence we will calculate the spectra
of glueballs and mesons1, and match to the available lattice QCD
results Sec. 3.

— Next level in difficulty is to calculate the thermodynamics of the sys-
tem. We shall discover that generically there exists a first order
confinement–deconfinement transition at some finite temperature. In
the holographic dual, the confined state corresponds to the so-called
“thermal gas” and the deconfined state to the black-brane geometries.
We shall then calculate the thermodynamic functions in Sec. 4, such
as the free energy, entropy and energy density as a function of T in the
deconfined state, again comparing with available lattice QCD data.

— The next level is to consider the small 4-momenta expansion in hy-
drodynamics. The zeroth order in this expansion is completely de-
termined by the thermodynamic quantities. At the first order, there

1 Baryon spectra in the improved holographic QCD have not been calculated and it is
an open problem.

Acta Phys.Polon. B47 (2016)

Plasma should be a 
strongly coupled 

fluid!

Hydrodynamic able to 
describe observations 👍
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methods. One can list the kind of observables we are interested in, in an
order of increasing difficulty as follows:

— Firstly, we want to extract the spectrum of hadrons in the T = 0
vacuum state. As explained in Sec. 2 below, holographic QCD can
capture at most spin-2 operators, hence we will calculate the spectra
of glueballs and mesons1, and match to the available lattice QCD
results Sec. 3.

— Next level in difficulty is to calculate the thermodynamics of the sys-
tem. We shall discover that generically there exists a first order
confinement–deconfinement transition at some finite temperature. In
the holographic dual, the confined state corresponds to the so-called
“thermal gas” and the deconfined state to the black-brane geometries.
We shall then calculate the thermodynamic functions in Sec. 4, such
as the free energy, entropy and energy density as a function of T in the
deconfined state, again comparing with available lattice QCD data.

— The next level is to consider the small 4-momenta expansion in hy-
drodynamics. The zeroth order in this expansion is completely de-
termined by the thermodynamic quantities. At the first order, there

1 Baryon spectra in the improved holographic QCD have not been calculated and it is
an open problem.

Acta Phys.Polon. B47 (2016)

Plasma should be a 
strongly coupled 

fluid!

Hydrodynamic able to 
describe observations 👍

But we want to connect the 
QGP properties with QCD 

dynamics…
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Need to understand QCD 
dynamics at all energy sales!!!

The Physics Case for sPHENIX What are the inner workings of the QGP?

ments is given in Section 1.5. We note that enhancements in q̂ above the critical temperature
may be a generic feature of many models, as illustrated by the three conjectured evolutions,
and so underscore the need for detailed measurements of quark-gluon plasma properties
near the transition temperature.

All measurements in heavy ion collisions are the result of emitted particles integrated over
the entire time evolution of the reaction, covering a range of temperatures. Similar to the
hydrodynamic model constraints, the theory modeling requires a consistent temperature
and scale dependent model of the quark-gluon plasma and is only well constrained by
precision data through different temperature evolutions, as measured at RHIC and the
LHC.
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Figure 1.7: (Left) Diagram of a quark exchanging a virtual gluon with an unknown object in
the QGP. This highlights the uncertainty for what sets the scale of the interaction and what
objects or quasiparticles are recoiling. (Right) Diagram as a function of the Q2 for the net
interaction of the parton with the medium and the range of possibilities for the recoil objects.

1.3 What are the inner workings of the QGP?

A second axis along which one can investigate the underlying structure of the
quark-gluon plasma concerns the question of what length scale of the medium is being
probed by jet quenching processes. In electron scattering, the scale is set by the virtuality
of the exchanged photon, Q2. By varying this virtuality one can obtain information over
an enormous range of scales: from pictures of viruses at length scales of 10�5 meters, to
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Fig. 2. Comparison of the shear viscosity to entropy ratio of QGP with various
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methods. One can list the kind of observables we are interested in, in an
order of increasing difficulty as follows:

— Firstly, we want to extract the spectrum of hadrons in the T = 0
vacuum state. As explained in Sec. 2 below, holographic QCD can
capture at most spin-2 operators, hence we will calculate the spectra
of glueballs and mesons1, and match to the available lattice QCD
results Sec. 3.

— Next level in difficulty is to calculate the thermodynamics of the sys-
tem. We shall discover that generically there exists a first order
confinement–deconfinement transition at some finite temperature. In
the holographic dual, the confined state corresponds to the so-called
“thermal gas” and the deconfined state to the black-brane geometries.
We shall then calculate the thermodynamic functions in Sec. 4, such
as the free energy, entropy and energy density as a function of T in the
deconfined state, again comparing with available lattice QCD data.

— The next level is to consider the small 4-momenta expansion in hy-
drodynamics. The zeroth order in this expansion is completely de-
termined by the thermodynamic quantities. At the first order, there

1 Baryon spectra in the improved holographic QCD have not been calculated and it is
an open problem.

Acta Phys.Polon. B47 (2016)
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Figure 1.4: (Left) The ratio of shear viscosity to entropy density, h/s, normalized by the
conjectured KSS bound as a function of the reduced temperature, T/Tc, for water, Nitrogen,
and Helium. The cusp for Helium as shown corresponds to the case at the critical pressure.
(Right) Calculation of hot QCD matter (quark-gluon plasma) for a weakly coupled system.
Dashed lines show the scale dependence of the perturbative calculation.

from each other near Tc.

Figure 1.5 (left panel) shows several state-of-the-art calculations for h/s as a function of
temperature. Hadron gas calculations show a steep increase in h/s below Tc [22], and
similar results using the UrQMD model have also been obtained [23]. Above Tc there
is a lattice calculation in the SU(3) pure gauge theory [24] resulting in a value near the
KSS bound at T = 1.65 Tc. Calculations in the semi-QGP model [25], in which color is
not completely ionized, have a factor of five increase in h/s in the region of 1–2 Tc. Also
shown are calculations from a quasiparticle model (QPM) with finite µB [26] indicating
little change in h/s up to 2 Tc. There is also an update on the lower limit on h/s from
second order relativistic viscous hydrodynamics [27], with values remaining near 1/4p.
It is safe to say that little is known in a theoretically reliable way about the nature of this
transition or the approach to weak-coupling.

Hydrodynamic modeling of the bulk medium does provide constraints on h/s, and recent
work has been done to understand the combined constraints on h/s as a function of
temperature utilizing both RHIC and LHC flow data sets [28, 29, 30]. The results from [30]
as constrained by RHIC and LHC data on hadron transverse momentum spectra and
elliptic flow are shown in Figure 1.5 (left panel). These reach the pQCD weak coupled value
at 20 ⇥ 1/4p for T = 3.4Tc. Also shown are two scenarios, labeled “Song-a” and “Song-b”,
for h/s(T) in [28] from which the authors conclude that “one cannot unambiguously
determine the functional form of h/s(T) and whether the QGP fluid is more viscous or

6

And the plasma 
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shown are calculations from a quasiparticle model (QPM) with finite µB [26] indicating
little change in h/s up to 2 Tc. There is also an update on the lower limit on h/s from
second order relativistic viscous hydrodynamics [27], with values remaining near 1/4p.
It is safe to say that little is known in a theoretically reliable way about the nature of this
transition or the approach to weak-coupling.

Hydrodynamic modeling of the bulk medium does provide constraints on h/s, and recent
work has been done to understand the combined constraints on h/s as a function of
temperature utilizing both RHIC and LHC flow data sets [28, 29, 30]. The results from [30]
as constrained by RHIC and LHC data on hadron transverse momentum spectra and
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temperature. Hadron gas calculations show a steep increase in h/s below Tc [22], and
similar results using the UrQMD model have also been obtained [23]. Above Tc there
is a lattice calculation in the SU(3) pure gauge theory [24] resulting in a value near the
KSS bound at T = 1.65 Tc. Calculations in the semi-QGP model [25], in which color is
not completely ionized, have a factor of five increase in h/s in the region of 1–2 Tc. Also
shown are calculations from a quasiparticle model (QPM) with finite µB [26] indicating
little change in h/s up to 2 Tc. There is also an update on the lower limit on h/s from
second order relativistic viscous hydrodynamics [27], with values remaining near 1/4p.
It is safe to say that little is known in a theoretically reliable way about the nature of this
transition or the approach to weak-coupling.

Hydrodynamic modeling of the bulk medium does provide constraints on h/s, and recent
work has been done to understand the combined constraints on h/s as a function of
temperature utilizing both RHIC and LHC flow data sets [28, 29, 30]. The results from [30]
as constrained by RHIC and LHC data on hadron transverse momentum spectra and
elliptic flow are shown in Figure 1.5 (left panel). These reach the pQCD weak coupled value
at 20 ⇥ 1/4p for T = 3.4Tc. Also shown are two scenarios, labeled “Song-a” and “Song-b”,
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46 Chapter 3. Finite Energy Corrections

the n-scattering amplitude can be written as:

Sn = (2⇤)�(p⇤+ � p+)2p+

⌦
d2x⇧e�ix⇤·(p⇥

⇤�p⇤) 1

n!
P
⇤⌦

dx+A�(x+,x⇧)

⌅n
.

(3.8)
The total scattering amplitude is just the sum over all scattering centers, n.
By doing so, the Wilson line given by equation (3.1) is recovered:

S =
⌅ 

n=0

Sn = (2⇤)�(p⇤+ � p+)2p+

⌦
d2x⇧e�ix⇤·(p⇥

⇤�p⇤)W (x1+, xn+;x⇧) (3.9)

However, the eikonal approximation is only valid to describe the propaga-
tion of partons that follow a straight line. In some cases, these restrictions
need to be relaxed to allow some Brownian perturbations in the transverse
plane of the propagating parton. In this case, the Wilson line is replaced by
a Green’s function:

G(x0+,x0⇧;L+,x⇧|p+) =
⌦ r⇤(L+)=x⇤

r⇤(x0+)=x0⇤

Dr⇧(⇥) exp

⌥
ip+
2

⌦ L+

x0+

d⇥

�
dr⇧
d⇥

⇥2�

⇥W (x0+, L+; r⇧(⇥)),

(3.10)

where [x0+, L+] are the longitudinal boundaries of the medium and [x0⇧,x⇧]
the respective transverse coordinates of the propagating parton. The path-
integral corresponds to the motion of a free particle in a two dimensional
space, at the same time that its color phase is modified according to equation
(3.1).

Following the same ideas than the previous derivation, this propagator can
be identified by collecting the p2⇧ terms in the denominator, p2i = 2pi+pi��p2i⇧.
Doing so, the integrals over pi� and pi⇧ are now replaced by:

⌦
dpi�
2⇤

eipi�·(xi+�x(i+1)+) i

pi� � (p2i⇧/(2pi+)� ⌅)

= �(x(i+1) � xi+)e
i
p2i⇤
2pi+

·(xi�x(i+1)+)
,

(3.11a)

⌦
d2pi⇧
(2⇤)2

ei
p2i⇤
2pi+

·(xi+�x(i+1)+)e�ipi⇤·(xi⇤�x(i+1)⇤)

=
pi+

2⇤i(x(i+1)+ � xi+)
exp

⇧
ipi+
2

(x(i+1)⇧ � xi⇧)2

x(i+1)+ � xi+

⌃
.

(3.11b)

44 Chapter 3. Finite Energy Corrections

marily addressed in chapter 2, the ASW spectrum will be further discussed in
this chapter.

3.1. Propagation of high energetic particles in-
side a medium

To describe the jet quenching phenomenon, it is common to consider an
elementary hard collision, with a cross section computed by pQCD, that pro-
duces an energetic parton (quark or gluon) with a large transverse momentum,
pT , with respect to the beam direction. At high energy, the propagation time
of the parton through the surrounding matter can be considered much smal-
ler than the time scale of modifications of the medium. Thus, the medium
can be considered as a background field, whose interactions with the probe
are mediated by very soft gluons. Such modes induce a color rotation on the
parton wave function, usually denominated by eikonal phase [Kovner 2001].
This e�ect is described by what is designated a Wilson line1:

W (x0+, L+;x⇥) = P exp

�
ig

⇤ L+

x0+

dx+A�(x+,x⇥)

⇥
(3.1)

where x⇥ is the transverse coordinate of the propagating parton, [x0+, L+]
the light-cone medium boundaries2 and A� ⇥ Aa

�T
a the medium color field

components, placed in a given light-cone ordering P . In this approximation,
the recoil of the medium is neglected and no elastic energy loss is considered.

1

p p’p n−1p p 2 p n−2

x x x x nn−12

1

A A A A A A’1 2 n−2 n−1

...

Figure 3.1: Diagram representing multiple scattering of a high energetic quark
with static medium components, represented as a small dark blob.

A simple derivation of the Wilson line can be obtained in terms of multiple
scatterings, like shown in [Casalderrey-Solana 2007]. Considering a parton

1This expression corresponds to a fundamental representation of a fundamental Wilson
line

2The light cone variables are given by x± = (x0 ± x3)/
⌅
2 and x⇥ = (x1, x2).
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need to be relaxed to allow some Brownian perturbations in the transverse
plane of the propagating parton. In this case, the Wilson line is replaced by
a Green’s function:
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where [x0+, L+] are the longitudinal boundaries of the medium and [x0⇧,x⇧]
the respective transverse coordinates of the propagating parton. The path-
integral corresponds to the motion of a free particle in a two dimensional
space, at the same time that its color phase is modified according to equation
(3.1).

Following the same ideas than the previous derivation, this propagator can
be identified by collecting the p2⇧ terms in the denominator, p2i = 2pi+pi��p2i⇧.
Doing so, the integrals over pi� and pi⇧ are now replaced by:
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marily addressed in chapter 2, the ASW spectrum will be further discussed in
this chapter.

3.1. Propagation of high energetic particles in-
side a medium

To describe the jet quenching phenomenon, it is common to consider an
elementary hard collision, with a cross section computed by pQCD, that pro-
duces an energetic parton (quark or gluon) with a large transverse momentum,
pT , with respect to the beam direction. At high energy, the propagation time
of the parton through the surrounding matter can be considered much smal-
ler than the time scale of modifications of the medium. Thus, the medium
can be considered as a background field, whose interactions with the probe
are mediated by very soft gluons. Such modes induce a color rotation on the
parton wave function, usually denominated by eikonal phase [Kovner 2001].
This e�ect is described by what is designated a Wilson line1:

W (x0+, L+;x⇥) = P exp

�
ig

⇤ L+

x0+

dx+A�(x+,x⇥)

⇥
(3.1)

where x⇥ is the transverse coordinate of the propagating parton, [x0+, L+]
the light-cone medium boundaries2 and A� ⇥ Aa

�T
a the medium color field

components, placed in a given light-cone ordering P . In this approximation,
the recoil of the medium is neglected and no elastic energy loss is considered.

1

p p’p n−1p p 2 p n−2

x x x x nn−12

1

A A A A A A’1 2 n−2 n−1

...

Figure 3.1: Diagram representing multiple scattering of a high energetic quark
with static medium components, represented as a small dark blob.

A simple derivation of the Wilson line can be obtained in terms of multiple
scatterings, like shown in [Casalderrey-Solana 2007]. Considering a parton

1This expression corresponds to a fundamental representation of a fundamental Wilson
line

2The light cone variables are given by x± = (x0 ± x3)/
⌅
2 and x⇥ = (x1, x2).
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the n-scattering amplitude can be written as:
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(3.8)
The total scattering amplitude is just the sum over all scattering centers, n.
By doing so, the Wilson line given by equation (3.1) is recovered:
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However, the eikonal approximation is only valid to describe the propaga-
tion of partons that follow a straight line. In some cases, these restrictions
need to be relaxed to allow some Brownian perturbations in the transverse
plane of the propagating parton. In this case, the Wilson line is replaced by
a Green’s function:
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where [x0+, L+] are the longitudinal boundaries of the medium and [x0⇧,x⇧]
the respective transverse coordinates of the propagating parton. The path-
integral corresponds to the motion of a free particle in a two dimensional
space, at the same time that its color phase is modified according to equation
(3.1).

Following the same ideas than the previous derivation, this propagator can
be identified by collecting the p2⇧ terms in the denominator, p2i = 2pi+pi��p2i⇧.
Doing so, the integrals over pi� and pi⇧ are now replaced by:
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marily addressed in chapter 2, the ASW spectrum will be further discussed in
this chapter.

3.1. Propagation of high energetic particles in-
side a medium

To describe the jet quenching phenomenon, it is common to consider an
elementary hard collision, with a cross section computed by pQCD, that pro-
duces an energetic parton (quark or gluon) with a large transverse momentum,
pT , with respect to the beam direction. At high energy, the propagation time
of the parton through the surrounding matter can be considered much smal-
ler than the time scale of modifications of the medium. Thus, the medium
can be considered as a background field, whose interactions with the probe
are mediated by very soft gluons. Such modes induce a color rotation on the
parton wave function, usually denominated by eikonal phase [Kovner 2001].
This e�ect is described by what is designated a Wilson line1:

W (x0+, L+;x⇥) = P exp

�
ig

⇤ L+

x0+

dx+A�(x+,x⇥)

⇥
(3.1)

where x⇥ is the transverse coordinate of the propagating parton, [x0+, L+]
the light-cone medium boundaries2 and A� ⇥ Aa

�T
a the medium color field

components, placed in a given light-cone ordering P . In this approximation,
the recoil of the medium is neglected and no elastic energy loss is considered.
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Figure 3.1: Diagram representing multiple scattering of a high energetic quark
with static medium components, represented as a small dark blob.

A simple derivation of the Wilson line can be obtained in terms of multiple
scatterings, like shown in [Casalderrey-Solana 2007]. Considering a parton

1This expression corresponds to a fundamental representation of a fundamental Wilson
line

2The light cone variables are given by x± = (x0 ± x3)/
⌅
2 and x⇥ = (x1, x2).
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the n-scattering amplitude can be written as:
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(3.8)
The total scattering amplitude is just the sum over all scattering centers, n.
By doing so, the Wilson line given by equation (3.1) is recovered:
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However, the eikonal approximation is only valid to describe the propaga-
tion of partons that follow a straight line. In some cases, these restrictions
need to be relaxed to allow some Brownian perturbations in the transverse
plane of the propagating parton. In this case, the Wilson line is replaced by
a Green’s function:
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where [x0+, L+] are the longitudinal boundaries of the medium and [x0⇧,x⇧]
the respective transverse coordinates of the propagating parton. The path-
integral corresponds to the motion of a free particle in a two dimensional
space, at the same time that its color phase is modified according to equation
(3.1).

Following the same ideas than the previous derivation, this propagator can
be identified by collecting the p2⇧ terms in the denominator, p2i = 2pi+pi��p2i⇧.
Doing so, the integrals over pi� and pi⇧ are now replaced by:
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marily addressed in chapter 2, the ASW spectrum will be further discussed in
this chapter.

3.1. Propagation of high energetic particles in-
side a medium

To describe the jet quenching phenomenon, it is common to consider an
elementary hard collision, with a cross section computed by pQCD, that pro-
duces an energetic parton (quark or gluon) with a large transverse momentum,
pT , with respect to the beam direction. At high energy, the propagation time
of the parton through the surrounding matter can be considered much smal-
ler than the time scale of modifications of the medium. Thus, the medium
can be considered as a background field, whose interactions with the probe
are mediated by very soft gluons. Such modes induce a color rotation on the
parton wave function, usually denominated by eikonal phase [Kovner 2001].
This e�ect is described by what is designated a Wilson line1:

W (x0+, L+;x⇥) = P exp

�
ig

⇤ L+

x0+

dx+A�(x+,x⇥)

⇥
(3.1)

where x⇥ is the transverse coordinate of the propagating parton, [x0+, L+]
the light-cone medium boundaries2 and A� ⇥ Aa

�T
a the medium color field

components, placed in a given light-cone ordering P . In this approximation,
the recoil of the medium is neglected and no elastic energy loss is considered.
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Figure 3.1: Diagram representing multiple scattering of a high energetic quark
with static medium components, represented as a small dark blob.

A simple derivation of the Wilson line can be obtained in terms of multiple
scatterings, like shown in [Casalderrey-Solana 2007]. Considering a parton

1This expression corresponds to a fundamental representation of a fundamental Wilson
line

2The light cone variables are given by x± = (x0 ± x3)/
⌅
2 and x⇥ = (x1, x2).
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Colourfull particles (hadrons)

vs Jet Quenching observations:

RAA = # Particles in PbPb
(# Particles in pp) x (#pp collisions in a PbPb collision)

RAA = 1

RAA < 1

Amount of suppression can be used to characterise the medium density

QCD dynamics but also QGP properties:


