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Outline

• Part I: 

• Heavy-Ion collisions: 

• What? Why? 

• Quark-Gluon Plasma: 

• What? Why? 

• Hydrodynamics & Flow 

• Initial state 

• Small Systems
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• Part II: 

• Probes of QGP short wave-length 
behaviour: 

• High-momentum particles 

• Jets & Jet substructure 

• Quark-Gluon Plasma properties: 

• Transport coefficients 

• Timescale evolution

Today’s lecture:

See Gian Michele’s lectures for 
quarkonia and heavy-quarks
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Hard Probes

• High-momentum particles produced concurrently with the collision 

•
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• High-momentum particles produced concurrently with the collision 
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Hard probes
pQCD

Sensitive to transport 
properties of the QGP



Hard Probes
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Proton-proton vs AA

• “Shoot” a calibrated probe and see the final modifications with respect to a reference (usually pp)

6

Example: jets in pp 
(well known and theoretically 

understood)

Example: jets in PbPb 
(modifications related to the QGP 

microscopic properties)
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QGP short wavelength behaviour

• Probes of the produced medium:

7

pp

log scale
d�

dpT,jet

<latexit sha1_base64="G6vWLrTV7/ggEjsJWuHqFnolSxU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZREKrosunFZoS9oQphMJu3YmUmYmQglBNz4K25cKOLWn3Dn3zh9LLR64MLhnHu5954wZVRpx/mySkvLK6tr5fXKxubW9o69u9dRSSYxaeOEJbIXIkUYFaStqWakl0qCeMhINxxdT/zuPZGKJqKlxynxORoIGlOMtJEC+8CLJcJ55Ck64KjIozTIW6d3RBdFYFedmjMF/EvcOamCOZqB/elFCc44ERozpFTfdVLt50hqihkpKl6mSIrwCA1I31CBOFF+Pv2hgMdGiWCcSFNCw6n6cyJHXKkxD00nR3qoFr2J+J/Xz3R86edUpJkmAs8WxRmDOoGTQGBEJcGajQ1BWFJzK8RDZELRJraKCcFdfPkv6ZzV3Hrt/LZebVzN4yiDQ3AEToALLkAD3IAmaAMMHsATeAGv1qP1bL1Z77PWkjWf2Qe/YH18A/MfmF4=</latexit>

pT,jet

<latexit sha1_base64="h5ad5T1g7m4fgU2W7V3ydg+dHP4=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8SNiViB6DXjxGyEuSJcxOOsmY2dllplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsriKUw6Lrfzsrq2vrGZm4rv72zu7dfODhsmCjRHOo8kpFuBcyAFArqKFBCK9bAwkBCMxjdTv3mE2gjIlXDcQx+yAZK9AVnaKWHuJvWzh8BJ91C0S25M9Bl4mWkSDJUu4WvTi/iSQgKuWTGtD03Rj9lGgWXMMl3EgMx4yM2gLalioVg/HR28ISeWqVH+5G2pZDO1N8TKQuNGYeB7QwZDs2iNxX/89oJ9q/9VKg4QVB8vqifSIoRnX5Pe0IDRzm2hHEt7K2UD5lmHG1GeRuCt/jyMmlclLxy6fK+XKzcZHHkyDE5IWfEI1ekQu5IldQJJyF5Jq/kzdHOi/PufMxbV5xs5oj8gfP5A8WWkGY=</latexit>



L. Apolinário CERN-Fermilab HCP Summer School

QGP short wavelength behaviour

• Probes of the produced medium:
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Result into different jet and 
particle yields
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PbPb/pp scaled Ratio
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QGP short wavelength behaviour

• Probes of the produced medium:
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Colourless particles will not 
interact strongly with the 

QGP

pp
PbPb

log scale
d�

dpT,jet
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QGP short wavelength behaviour
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QGP short wavelength behaviour

• What is the QGP?

11

𝚲QCD

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.

g*
Q2

q

?

QGP

Q2 PT Initial Parton

What scale sets this transition?

Tc

Probe Integrates Over a Range of Q2

pQCD
Scattering from 
Point-Like Bare
Color Charges

µD

pQCD Scattering
From Quasiparticles

with size ~ µDebye

Strong Coupling
No Quasiparticles

 µDebye ! 0

AdS/CFT

?!

" ?

What scale sets this transition?

Scattering 
from Thermal 
Mass Gluons?

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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Jet Quenching
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• What happens to a jet inside of a hot and dense QCD matter?
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Medium-induced energy loss?

Collisional energy loss?
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Medium-induced energy loss?

Collisional energy loss?
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Medium-induced energy loss?

Collisional energy loss?

Medium recoils?

Medium effects on Hadronization?
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Jet Quenching

• What happens to a jet inside of a hot and dense QCD matter?

Medium: Fast expansion!

13

Medium-induced energy loss?

Collisional energy loss?

Medium recoils?

Medium effects on Hadronization?Start with the building blocks:



Jet Quenching

Single-gluon 
emission
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Medium-induced radiation

• Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium 
(QGP):

15

Vacuum

!, k?

✓
p



L. Apolinário CERN-Fermilab HCP Summer School

Medium-induced radiation

• Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium 
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!, k?

✓
p

In-medium

p

k = zp = (k+, k�,k?)
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Light-cone gauge: 
(High-energy limit)
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Medium-induced radiation

• Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium 
(QGP):
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In-medium propagators

• Adapt Feynman rules to account for a hot and dense QCD medium:
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In-medium propagators

• Adapt Feynman rules to account for a hot and dense QCD medium:
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In-medium propagators

• Adapt Feynman rules to account for a hot and dense QCD medium:
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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).

Wilson line (change in colour):
= i�ab

/p+m

p2 �m2 + i"

Vacuum QCD 
Feynman rules

In-medium QCD 
Feynman rules⟹
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In-medium propagators

• Adapt Feynman rules to account for a hot and dense QCD medium:
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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
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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).

Wilson line (change in colour):

In-medium QCD 
Feynman rules

Path-ordered gluon fields

Gluon fields

⟹
Due to Lorentz contraction one can further assume

A(x+, x�, x?) = A(x+, x?)
<latexit sha1_base64="+K7EXG8JLgdLG/ZWrO4kD740OKM="></latexit>

screening length. We are then assuming that this distance is much shorter than the mean free path
of particles through the target.

We can define the scattering potential of each scattering centre at positions (x�n ,xn?) to be a�a(q).
In the high energy approximation, each scattering centre transfers only transverse momentum to
the projectile:

A�a(x+,x?) =
X

n

Z
dq?
(2⇡)2

ei(x�xn)?·q?a�a(q)�(x� xn)+ (3.42)

and so, a projectile can only interact with sources localized in x+ = x+
n like shown in figure

3.10:

x
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n T
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1
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Figure 3.10: Representation of particle interaction with the medium.

The medium averages are done by integrating in the longitudinal x+
n and transverse coordinates

xn? of the scattering centres:

⌦
A�a(x,x?)A�b(y+,y?)

↵
=

X

n

Z
dq?
(2⇡)2

dk?
(2⇡)2

dx+dxn?ei(x�xn)?·q?+i(y�xn)?·k·

· a�a(q)a�b(k)�(x� xn)+�(y � xn)+
(3.43)

Introducing the longitudinal density of scattering centres n(x+) =
R

dx+
n �(x+ � x+

n ):

⌦
A�a(x,x?)A�b(y+,y?)

↵
=

D
A�a(x,x?)

�
A�b

�⇤
(y+,y?)

E
=

= n(x+)�(x� y)+�ab 1
(2⇡)2

Z
dqei(x�y)?·q? |a(q)|2

(3.44)

For the cross section, we are interested in quantities like:

⌦
Tr

⇥
W †(x?)W (y?)

⇤↵
t
⌘ Tr

⌦
W †(x?)W (y?)

↵
(3.45)

with Wilson lines in the fundamental or adjoint representation. Expanding the exponents and
taking the contribution until the quadratic terms in g, we have for the fundamental representa-
tion:

44
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• Adapt Feynman rules to account for a hot and dense QCD medium:
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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-
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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].
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A simple derivation of the Wilson line can be obtained in terms of multiple
scatterings, like shown in [Casalderrey-Solana 2007]. Considering a parton
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line
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In-medium propagators

• Adapt Feynman rules to account for a hot and dense QCD medium:
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Transverse positions at medium limits [x0+,L+]

Incoming parton’s energy

Kinetic energy
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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+

⌃
.
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the n-scattering amplitude can be written as:

Sn = (2⇤)�(p⇤+ � p+)2p+
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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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Path-integral (all possible trajectories)
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Fourier transforming the fields and using the fact that all scattering centres are Lorentz

contracted in a plane located at x+, we get

A�(x+,x) =

Z
dq

(2⇡)2
ei(x�xi)·qa�(q)�(x+ � xi+), (C.4)

with |a�(q)|2 being a general screened potential (usually taken as a Yukawa potential). In

order to perform the average over all possible colour configuration we have to integrate

over the transverse and longitudinal coordinates of the scattering centres, (xi+,xi). Doing

so, we find

D
A
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dq
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, (C.5)

where we have introduced the longitudinal density of scattering centres

n(x+) =

Z
dxi+�(x+ � xi+). (C.6)

Thus,
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The dipole cross section is identified as

�(x� y) = 2g
2
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dq

(2⇡)2
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⇣
1 � eiq·(x�y)

⌘
. (C.8)

The result can be re-exponented - with account of the ordering in the x+ coordinate - due

to the fact that there is only one possibility for colour state in this average. We finally find

1

N
Tr

D
W (x)W †(y)

E
= exp
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Z
dx+�(x� y)n(x+)
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, (C.9)

and analogously for the adjoint colour representation12,

1
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Tr
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A(x)W †A(y)
E

= exp

⇢
�

CA

2

Z
dx+�(x� y)n(x+)

�
. (C.10)

C.2 Four-point correlation function

The structure that we want to calculate is present in eqs. (3.3) and (3.4)13. We write

D
Wij(x1)W

†

kl(x2)Wmn(x3)W
†

op(x4)
E

(L+,x+)

=
D
Vi↵(x1)V

†

�l(x2)Vmµ(x3)V
†

⌫p(x4)
E
T

↵�µ⌫
jkno .

(C.11)

12Usually, the colour factor CA is included in the definition of the dipole cross section, �.
13This and related calculations can be found in [37, 57–59].
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with |a�(q)|2 being a general screened potential (usually taken as a Yukawa potential). In
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The structure that we want to calculate is present in eqs. (3.3) and (3.4)13. We write
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Medium-induced radiation

• Accumulation of momenta enhances gluon radiation: 

• Single-gluon emission spectrum:
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Fourier transforming the fields and using the fact that all scattering centres are Lorentz

contracted in a plane located at x+, we get

A�(x+,x) =

Z
dq
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ei(x�xi)·qa�(q)�(x+ � xi+), (C.4)

with |a�(q)|2 being a general screened potential (usually taken as a Yukawa potential). In

order to perform the average over all possible colour configuration we have to integrate

over the transverse and longitudinal coordinates of the scattering centres, (xi+,xi). Doing

so, we find
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where we have introduced the longitudinal density of scattering centres
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The dipole cross section is identified as
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The result can be re-exponented - with account of the ordering in the x+ coordinate - due

to the fact that there is only one possibility for colour state in this average. We finally find
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and analogously for the adjoint colour representation12,
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C.2 Four-point correlation function

The structure that we want to calculate is present in eqs. (3.3) and (3.4)13. We write

D
Wij(x1)W

†

kl(x2)Wmn(x3)W
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(C.11)

12Usually, the colour factor CA is included in the definition of the dipole cross section, �.
13This and related calculations can be found in [37, 57–59].
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Density of scattering centres:

Dipole cross-section (collision rate):

<latexit sha1_base64="HDrHQcx0b2UVbsEhjSJtP+iCoXw=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwFRLbpnVXdOOygn1AGspkOmmHTh7M3Agl9DPcuFDErV/jzr9xmlbwdeDC4Zx7ufcePxFcgWV9GIW19Y3NreJ2aWd3b/+gfHjUVXEqKevQWMSy7xPFBI9YBzgI1k8kI6EvWM+fXi/83j2TisfRHcwS5oVkHPGAUwJacgdA0mEWxDKcD8sVy6zXbfvSwZZZs5r1RlUTp+o4VhPbppWjglZoD8vvg1FM05BFQAVRyrWtBLyMSOBUsHlpkCqWEDolY+ZqGpGQKS/LT57jM62MsF6sKwKcq98nMhIqNQt93RkSmKjf3kL8z3NTCJpexqMkBRbR5aIgFRhivPgfj7hkFMRME0Il17diOiGSUNAplfIQlp/iv+QrhO6FaTtm7bZWaV2t4iiiE3SKzpGNGqiFblAbdRBFMXpAT+jZAOPReDFel60FYzVzjH7AePsETrqR8g==</latexit>⌧form

Emission Kernel:

<latexit sha1_base64="FpzhPVLvtY4aOVmz8X3gb4d1yAk="></latexit>

K̃(t0,q; t,p)
<latexit sha1_base64="tUcgznFvGssxb89qGlCNm9wI95k=">AAACFHicbVBNS8NAEN34WetX1aOXxSJUlJJIUcFLoRePFewHNLVstpt26WYTdydCCf0RXvwrXjwo4tWDN/+Nm7agtj4YeLw3w8w8LxJcg21/WQuLS8srq5m17PrG5tZ2bme3rsNYUVajoQhV0yOaCS5ZDTgI1owUI4EnWMMbVFK/cc+U5qG8gWHE2gHpSe5zSsBIndxxteBy6cPwBLsBgb7nJ4PRJYZbN1I8YD/q3eiok8vbRXsMPE+cKcmjKaqd3KfbDWkcMAlUEK1bjh1BOyEKOBVslHVjzSJCB6THWoZKEjDdTsZPjfChUbrYD5UpCXis/p5ISKD1MPBMZ3qinvVS8T+vFYN/0U64jGJgkk4W+bHAEOI0IdzlilEQQ0MIVdzcimmfKELB5Jg1ITizL8+T+mnROSuWrkv5cmUaRwbtowNUQA46R2V0haqohih6QE/oBb1aj9az9Wa9T1oXrOnMHvoD6+Mb/YKeMA==</latexit>

P (1,k; t0,q)

<latexit sha1_base64="criyJKKaCOKAuR0VZu8NtRUJ+YE=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidpKAF48RzALJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sJHPQxAcFj/eqqKoXJZwZ6/vfXmFldW19o7hZ2tre2d0r7x80jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7CpBB7hXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AJI9jyE=</latexit>!
<latexit sha1_base64="aT2n0BIZas0S0KuuKDpTGYB+Ees=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/YlpJJM21oJjMkd4Qy9C/cuFDErX/jzr8x085CWw8EDufcS849fiyFQdf9dgorq2vrG8XN0tb2zu5eef+gaaJEM95gkYx026eGS6F4AwVK3o41p6Evecsf32Z+64lrIyL1gJOY90I6VCIQjKKVHrshxZEfpONpv1xxq+4MZJl4OalAjnq//NUdRCwJuUImqTEdz42xl1KNgkk+LXUTw2PKxnTIO5YqGnLTS2eJp+TEKgMSRNo+hWSm/t5IaWjMJPTtZJbQLHqZ+J/XSTC47qVCxQlyxeYfBYkkGJHsfDIQmjOUE0so08JmJWxENWVoSyrZErzFk5dJ86zqXVYv7s8rtZu8jiIcwTGcggdXUIM7qEMDGCh4hld4c4zz4rw7H/PRgpPvHMIfOJ8/64SRFQ==</latexit>

k



L. Apolinário CERN-Fermilab HCP Summer School

Medium-induced radiation

• Accumulation of momenta enhances gluon radiation: 

• Single-gluon emission spectrum:

19

<latexit sha1_base64="o6p8D0tDuvpB0jwQs8pgdAgqVY0="></latexit>

!
dI

d!d2k
=

2↵sCR

(2⇡)2!2
Re

Z 1

0
dt0

Z t0

0
dt

Z

p,q
p · q

Fourier transforming the fields and using the fact that all scattering centres are Lorentz

contracted in a plane located at x+, we get

A�(x+,x) =

Z
dq

(2⇡)2
ei(x�xi)·qa�(q)�(x+ � xi+), (C.4)

with |a�(q)|2 being a general screened potential (usually taken as a Yukawa potential). In

order to perform the average over all possible colour configuration we have to integrate

over the transverse and longitudinal coordinates of the scattering centres, (xi+,xi). Doing

so, we find

D
A

a
�(x+,x)A⇤b

� (y+,y)
E

= n(x+)�(x+ � y+)

Z
dq

(2⇡)2
|a�(q)|2eiq·(x�y)

�
ab

, (C.5)

where we have introduced the longitudinal density of scattering centres

n(x+) =

Z
dxi+�(x+ � xi+). (C.6)

Thus,

1

N
Tr

D
W (x)W †(y)

E
= 1 + (ig)2CF

Z
dx+

dq

(2⇡)2
|a�(q)|2

⇣
1 � eiq·(x�y)

⌘
n(x+)

+ · · · .

(C.7)

The dipole cross section is identified as

�(x� y) = 2g
2
Z

dq

(2⇡)2
|a�(q)|2

⇣
1 � eiq·(x�y)

⌘
. (C.8)

The result can be re-exponented - with account of the ordering in the x+ coordinate - due

to the fact that there is only one possibility for colour state in this average. We finally find

1

N
Tr

D
W (x)W †(y)

E
= exp

⇢
�

CF

2

Z
dx+�(x� y)n(x+)

�
, (C.9)

and analogously for the adjoint colour representation12,

1

N2 � 1
Tr

D
W

A(x)W †A(y)
E

= exp

⇢
�

CA

2

Z
dx+�(x� y)n(x+)

�
. (C.10)
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The structure that we want to calculate is present in eqs. (3.3) and (3.4)13. We write
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Density of scattering centres:

Dipole cross-section (collision rate):

Solution to the path integral (for an arbitrary potential) poses significant technical challenges…
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• Medium-induced gluon radiation (numerical evaluation)
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<latexit sha1_base64="aT2n0BIZas0S0KuuKDpTGYB+Ees=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/YlpJJM21oJjMkd4Qy9C/cuFDErX/jzr8x085CWw8EDufcS849fiyFQdf9dgorq2vrG8XN0tb2zu5eef+gaaJEM95gkYx026eGS6F4AwVK3o41p6Evecsf32Z+64lrIyL1gJOY90I6VCIQjKKVHrshxZEfpONpv1xxq+4MZJl4OalAjnq//NUdRCwJuUImqTEdz42xl1KNgkk+LXUTw2PKxnTIO5YqGnLTS2eJp+TEKgMSRNo+hWSm/t5IaWjMJPTtZJbQLHqZ+J/XSTC47qVCxQlyxeYfBYkkGJHsfDIQmjOUE0so08JmJWxENWVoSyrZErzFk5dJ86zqXVYv7s8rtZu8jiIcwTGcggdXUIM7qEMDGCh4hld4c4zz4rw7H/PRgpPvHMIfOJ8/64SRFQ==</latexit>

k
<latexit sha1_base64="DuIm/OnhK88hTzOq1TpV1MvPBTw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHjwkIB5QLKE2UknGTM7u8zMCmHJF3jxoIhXP8mbf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6nfvMJleaRfDDjGP2QDiTvc0aNlWr33WLJLbszkGXiZaQEGard4lenF7EkRGmYoFq3PTc2fkqV4UzgpNBJNMaUjegA25ZKGqL209mhE3JilR7pR8qWNGSm/p5Iaaj1OAxsZ0jNUC96U/E/r52Y/rWfchknBiWbL+ongpiITL8mPa6QGTG2hDLF7a2EDamizNhsCjYEb/HlZdI4K3uX5Yvaealyk8WRhyM4hlPw4AoqcAdVqAMDhGd4hTfn0Xlx3p2PeWvOyWYO4Q+czx+llYzW</latexit>

L

Medium length: L
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<latexit sha1_base64="o6p8D0tDuvpB0jwQs8pgdAgqVY0="></latexit>

!
dI

d!d2k
=

2↵sCR

(2⇡)2!2
Re

Z 1

0
dt0

Z t0

0
dt

Z

p,q
p · q

<latexit sha1_base64="1+gPJKWwvOXVEqbrdMWHvw8ztjU=">AAACInicbVDLSgNBEJyNrxhfUY9eBoMQQcKuiA+8BHIRvEQwJpCNYXbSawZnH870CmHZb/Hir3jxoKgnwY9xEgNqtGCgpqqb7i4vlkKjbb9buanpmdm5/HxhYXFpeaW4unaho0RxaPBIRqrlMQ1ShNBAgRJasQIWeBKa3nVt6DdvQWkRhec4iKETsKtQ+IIzNFK3eOSikD1I3YBhnzOZnmYZLeOlGysRwA4d6Z6f3mTHFL+/cbbdLZbsij0C/UucMSmRMerd4qvbi3gSQIhcMq3bjh1jJ2UKBZeQFdxEQ8z4NbuCtqEhC0B30tGJGd0ySo/6kTIvRDpSf3akLNB6EHimcriinvSG4n9eO0H/sJOKME4QQv41yE8kxYgO86I9oYCjHBjCuBJmV8r7TDGOJtWCCcGZPPkvuditOPuVvbO9UrU2jiNPNsgmKROHHJAqOSF10iCc3JEH8kSerXvr0Xqx3r5Kc9a4Z538gvXxCbJwpF4=</latexit>

K̃(t0,q; t,p)
<latexit sha1_base64="tUcgznFvGssxb89qGlCNm9wI95k=">AAACFHicbVBNS8NAEN34WetX1aOXxSJUlJJIUcFLoRePFewHNLVstpt26WYTdydCCf0RXvwrXjwo4tWDN/+Nm7agtj4YeLw3w8w8LxJcg21/WQuLS8srq5m17PrG5tZ2bme3rsNYUVajoQhV0yOaCS5ZDTgI1owUI4EnWMMbVFK/cc+U5qG8gWHE2gHpSe5zSsBIndxxteBy6cPwBLsBgb7nJ4PRJYZbN1I8YD/q3eiok8vbRXsMPE+cKcmjKaqd3KfbDWkcMAlUEK1bjh1BOyEKOBVslHVjzSJCB6THWoZKEjDdTsZPjfChUbrYD5UpCXis/p5ISKD1MPBMZ3qinvVS8T+vFYN/0U64jGJgkk4W+bHAEOI0IdzlilEQQ0MIVdzcimmfKELB5Jg1ITizL8+T+mnROSuWrkv5cmUaRwbtowNUQA46R2V0haqohih6QE/oBb1aj9az9Wa9T1oXrOnMHvoD6+Mb/YKeMA==</latexit>

P (1,k; t0,q)

<latexit sha1_base64="criyJKKaCOKAuR0VZu8NtRUJ+YE=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidpKAF48RzALJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sJHPQxAcFj/eqqKoXJZwZ6/vfXmFldW19o7hZ2tre2d0r7x80jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7CpBB7hXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AJI9jyE=</latexit>!

<latexit sha1_base64="aT2n0BIZas0S0KuuKDpTGYB+Ees=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/YlpJJM21oJjMkd4Qy9C/cuFDErX/jzr8x085CWw8EDufcS849fiyFQdf9dgorq2vrG8XN0tb2zu5eef+gaaJEM95gkYx026eGS6F4AwVK3o41p6Evecsf32Z+64lrIyL1gJOY90I6VCIQjKKVHrshxZEfpONpv1xxq+4MZJl4OalAjnq//NUdRCwJuUImqTEdz42xl1KNgkk+LXUTw2PKxnTIO5YqGnLTS2eJp+TEKgMSRNo+hWSm/t5IaWjMJPTtZJbQLHqZ+J/XSTC47qVCxQlyxeYfBYkkGJHsfDIQmjOUE0so08JmJWxENWVoSyrZErzFk5dJ86zqXVYv7s8rtZu8jiIcwTGcggdXUIM7qEMDGCh4hld4c4zz4rw7H/PRgpPvHMIfOJ8/64SRFQ==</latexit>

k
<latexit sha1_base64="DuIm/OnhK88hTzOq1TpV1MvPBTw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHjwkIB5QLKE2UknGTM7u8zMCmHJF3jxoIhXP8mbf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6nfvMJleaRfDDjGP2QDiTvc0aNlWr33WLJLbszkGXiZaQEGard4lenF7EkRGmYoFq3PTc2fkqV4UzgpNBJNMaUjegA25ZKGqL209mhE3JilR7pR8qWNGSm/p5Iaaj1OAxsZ0jNUC96U/E/r52Y/rWfchknBiWbL+ongpiITL8mPa6QGTG2hDLF7a2EDamizNhsCjYEb/HlZdI4K3uX5Yvaealyk8WRhyM4hlPw4AoqcAdVqAMDhGd4hTfn0Xlx3p2PeWvOyWYO4Q+czx+llYzW</latexit>

L

Medium length: L
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<latexit sha1_base64="o6p8D0tDuvpB0jwQs8pgdAgqVY0="></latexit>
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dI

d!d2k
=

2↵sCR

(2⇡)2!2
Re

Z 1

0
dt0

Z t0

0
dt

Z

p,q
p · q

<latexit sha1_base64="1+gPJKWwvOXVEqbrdMWHvw8ztjU=">AAACInicbVDLSgNBEJyNrxhfUY9eBoMQQcKuiA+8BHIRvEQwJpCNYXbSawZnH870CmHZb/Hir3jxoKgnwY9xEgNqtGCgpqqb7i4vlkKjbb9buanpmdm5/HxhYXFpeaW4unaho0RxaPBIRqrlMQ1ShNBAgRJasQIWeBKa3nVt6DdvQWkRhec4iKETsKtQ+IIzNFK3eOSikD1I3YBhnzOZnmYZLeOlGysRwA4d6Z6f3mTHFL+/cbbdLZbsij0C/UucMSmRMerd4qvbi3gSQIhcMq3bjh1jJ2UKBZeQFdxEQ8z4NbuCtqEhC0B30tGJGd0ySo/6kTIvRDpSf3akLNB6EHimcriinvSG4n9eO0H/sJOKME4QQv41yE8kxYgO86I9oYCjHBjCuBJmV8r7TDGOJtWCCcGZPPkvuditOPuVvbO9UrU2jiNPNsgmKROHHJAqOSF10iCc3JEH8kSerXvr0Xqx3r5Kc9a4Z538gvXxCbJwpF4=</latexit>

K̃(t0,q; t,p)
<latexit sha1_base64="tUcgznFvGssxb89qGlCNm9wI95k=">AAACFHicbVBNS8NAEN34WetX1aOXxSJUlJJIUcFLoRePFewHNLVstpt26WYTdydCCf0RXvwrXjwo4tWDN/+Nm7agtj4YeLw3w8w8LxJcg21/WQuLS8srq5m17PrG5tZ2bme3rsNYUVajoQhV0yOaCS5ZDTgI1owUI4EnWMMbVFK/cc+U5qG8gWHE2gHpSe5zSsBIndxxteBy6cPwBLsBgb7nJ4PRJYZbN1I8YD/q3eiok8vbRXsMPE+cKcmjKaqd3KfbDWkcMAlUEK1bjh1BOyEKOBVslHVjzSJCB6THWoZKEjDdTsZPjfChUbrYD5UpCXis/p5ISKD1MPBMZ3qinvVS8T+vFYN/0U64jGJgkk4W+bHAEOI0IdzlilEQQ0MIVdzcimmfKELB5Jg1ITizL8+T+mnROSuWrkv5cmUaRwbtowNUQA46R2V0haqohih6QE/oBb1aj9az9Wa9T1oXrOnMHvoD6+Mb/YKeMA==</latexit>

P (1,k; t0,q)

<latexit sha1_base64="criyJKKaCOKAuR0VZu8NtRUJ+YE=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidpKAF48RzALJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sJHPQxAcFj/eqqKoXJZwZ6/vfXmFldW19o7hZ2tre2d0r7x80jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7CpBB7hXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AJI9jyE=</latexit>!

<latexit sha1_base64="aT2n0BIZas0S0KuuKDpTGYB+Ees=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/YlpJJM21oJjMkd4Qy9C/cuFDErX/jzr8x085CWw8EDufcS849fiyFQdf9dgorq2vrG8XN0tb2zu5eef+gaaJEM95gkYx026eGS6F4AwVK3o41p6Evecsf32Z+64lrIyL1gJOY90I6VCIQjKKVHrshxZEfpONpv1xxq+4MZJl4OalAjnq//NUdRCwJuUImqTEdz42xl1KNgkk+LXUTw2PKxnTIO5YqGnLTS2eJp+TEKgMSRNo+hWSm/t5IaWjMJPTtZJbQLHqZ+J/XSTC47qVCxQlyxeYfBYkkGJHsfDIQmjOUE0so08JmJWxENWVoSyrZErzFk5dJ86zqXVYv7s8rtZu8jiIcwTGcggdXUIM7qEMDGCh4hld4c4zz4rw7H/PRgpPvHMIfOJ8/64SRFQ==</latexit>

k
<latexit sha1_base64="DuIm/OnhK88hTzOq1TpV1MvPBTw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHjwkIB5QLKE2UknGTM7u8zMCmHJF3jxoIhXP8mbf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6nfvMJleaRfDDjGP2QDiTvc0aNlWr33WLJLbszkGXiZaQEGard4lenF7EkRGmYoFq3PTc2fkqV4UzgpNBJNMaUjegA25ZKGqL209mhE3JilR7pR8qWNGSm/p5Iaaj1OAxsZ0jNUC96U/E/r52Y/rWfchknBiWbL+ongpiITL8mPa6QGTG2hDLF7a2EDamizNhsCjYEb/HlZdI4K3uX5Yvaealyk8WRhyM4hlPw4AoqcAdVqAMDhGd4hTfn0Xlx3p2PeWvOyWYO4Q+czx+llYzW</latexit>

L

Medium length: L
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<latexit sha1_base64="o6p8D0tDuvpB0jwQs8pgdAgqVY0="></latexit>

!
dI

d!d2k
=

2↵sCR

(2⇡)2!2
Re

Z 1

0
dt0

Z t0

0
dt

Z

p,q
p · q

<latexit sha1_base64="1+gPJKWwvOXVEqbrdMWHvw8ztjU=">AAACInicbVDLSgNBEJyNrxhfUY9eBoMQQcKuiA+8BHIRvEQwJpCNYXbSawZnH870CmHZb/Hir3jxoKgnwY9xEgNqtGCgpqqb7i4vlkKjbb9buanpmdm5/HxhYXFpeaW4unaho0RxaPBIRqrlMQ1ShNBAgRJasQIWeBKa3nVt6DdvQWkRhec4iKETsKtQ+IIzNFK3eOSikD1I3YBhnzOZnmYZLeOlGysRwA4d6Z6f3mTHFL+/cbbdLZbsij0C/UucMSmRMerd4qvbi3gSQIhcMq3bjh1jJ2UKBZeQFdxEQ8z4NbuCtqEhC0B30tGJGd0ySo/6kTIvRDpSf3akLNB6EHimcriinvSG4n9eO0H/sJOKME4QQv41yE8kxYgO86I9oYCjHBjCuBJmV8r7TDGOJtWCCcGZPPkvuditOPuVvbO9UrU2jiNPNsgmKROHHJAqOSF10iCc3JEH8kSerXvr0Xqx3r5Kc9a4Z538gvXxCbJwpF4=</latexit>

K̃(t0,q; t,p)
<latexit sha1_base64="tUcgznFvGssxb89qGlCNm9wI95k=">AAACFHicbVBNS8NAEN34WetX1aOXxSJUlJJIUcFLoRePFewHNLVstpt26WYTdydCCf0RXvwrXjwo4tWDN/+Nm7agtj4YeLw3w8w8LxJcg21/WQuLS8srq5m17PrG5tZ2bme3rsNYUVajoQhV0yOaCS5ZDTgI1owUI4EnWMMbVFK/cc+U5qG8gWHE2gHpSe5zSsBIndxxteBy6cPwBLsBgb7nJ4PRJYZbN1I8YD/q3eiok8vbRXsMPE+cKcmjKaqd3KfbDWkcMAlUEK1bjh1BOyEKOBVslHVjzSJCB6THWoZKEjDdTsZPjfChUbrYD5UpCXis/p5ISKD1MPBMZ3qinvVS8T+vFYN/0U64jGJgkk4W+bHAEOI0IdzlilEQQ0MIVdzcimmfKELB5Jg1ITizL8+T+mnROSuWrkv5cmUaRwbtowNUQA46R2V0haqohih6QE/oBb1aj9az9Wa9T1oXrOnMHvoD6+Mb/YKeMA==</latexit>

P (1,k; t0,q)

<latexit sha1_base64="criyJKKaCOKAuR0VZu8NtRUJ+YE=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidpKAF48RzALJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sJHPQxAcFj/eqqKoXJZwZ6/vfXmFldW19o7hZ2tre2d0r7x80jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7CpBB7hXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AJI9jyE=</latexit>!

<latexit sha1_base64="aT2n0BIZas0S0KuuKDpTGYB+Ees=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/YlpJJM21oJjMkd4Qy9C/cuFDErX/jzr8x085CWw8EDufcS849fiyFQdf9dgorq2vrG8XN0tb2zu5eef+gaaJEM95gkYx026eGS6F4AwVK3o41p6Evecsf32Z+64lrIyL1gJOY90I6VCIQjKKVHrshxZEfpONpv1xxq+4MZJl4OalAjnq//NUdRCwJuUImqTEdz42xl1KNgkk+LXUTw2PKxnTIO5YqGnLTS2eJp+TEKgMSRNo+hWSm/t5IaWjMJPTtZJbQLHqZ+J/XSTC47qVCxQlyxeYfBYkkGJHsfDIQmjOUE0so08JmJWxENWVoSyrZErzFk5dJ86zqXVYv7s8rtZu8jiIcwTGcggdXUIM7qEMDGCh4hld4c4zz4rw7H/PRgpPvHMIfOJ8/64SRFQ==</latexit>

k

Scaled energy:

Scaled transverse momentum:

<latexit sha1_base64="DuIm/OnhK88hTzOq1TpV1MvPBTw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHjwkIB5QLKE2UknGTM7u8zMCmHJF3jxoIhXP8mbf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6nfvMJleaRfDDjGP2QDiTvc0aNlWr33WLJLbszkGXiZaQEGard4lenF7EkRGmYoFq3PTc2fkqV4UzgpNBJNMaUjegA25ZKGqL209mhE3JilR7pR8qWNGSm/p5Iaaj1OAxsZ0jNUC96U/E/r52Y/rWfchknBiWbL+ongpiITL8mPa6QGTG2hDLF7a2EDamizNhsCjYEb/HlZdI4K3uX5Yvaealyk8WRhyM4hlPw4AoqcAdVqAMDhGd4hTfn0Xlx3p2PeWvOyWYO4Q+czx+llYzW</latexit>

L

Medium length: L

[Andrés, Apolinário, et al 
(2002.01517)]
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<latexit sha1_base64="o6p8D0tDuvpB0jwQs8pgdAgqVY0="></latexit>
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Z 1

0
dt0
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dt

Z

p,q
p · q

<latexit sha1_base64="1+gPJKWwvOXVEqbrdMWHvw8ztjU=">AAACInicbVDLSgNBEJyNrxhfUY9eBoMQQcKuiA+8BHIRvEQwJpCNYXbSawZnH870CmHZb/Hir3jxoKgnwY9xEgNqtGCgpqqb7i4vlkKjbb9buanpmdm5/HxhYXFpeaW4unaho0RxaPBIRqrlMQ1ShNBAgRJasQIWeBKa3nVt6DdvQWkRhec4iKETsKtQ+IIzNFK3eOSikD1I3YBhnzOZnmYZLeOlGysRwA4d6Z6f3mTHFL+/cbbdLZbsij0C/UucMSmRMerd4qvbi3gSQIhcMq3bjh1jJ2UKBZeQFdxEQ8z4NbuCtqEhC0B30tGJGd0ySo/6kTIvRDpSf3akLNB6EHimcriinvSG4n9eO0H/sJOKME4QQv41yE8kxYgO86I9oYCjHBjCuBJmV8r7TDGOJtWCCcGZPPkvuditOPuVvbO9UrU2jiNPNsgmKROHHJAqOSF10iCc3JEH8kSerXvr0Xqx3r5Kc9a4Z538gvXxCbJwpF4=</latexit>

K̃(t0,q; t,p)
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Medium length: L

[Andrés, Apolinário, et al 
(2002.01517)]
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From the probe to the medium

• Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation) 

• Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening
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Dipole cross-section (collision rate):
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• Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation) 

• Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening
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Medium transport coefficients

• From single-particle or jet suppression recover 

23

0.2 0.4 0.6 0.8
T (GeV)

0

2

4

6

8

10

12

14

16

3
/Tq

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680

JET Collaboration C. Andres et. al, KLN LHC, 1606.04837

C. Andres et. al, KLN RHIC, 1606.04837

C. Andres et. al, Hirano LHC, 1606.04837

C. Andres et. al, Hirano RHIC, 1606.04837

M. Xie et. al, 2003.02441

X. Feal et. al, Quark Jet, 1911.01309

[Apolinário et al (2203.16352)]
<latexit sha1_base64="CDj5A0B+7QzoK2IfqzU7lYMimF0="></latexit>

q̂ =
hkT i
�



L. Apolinário CERN-Fermilab HCP Summer School

Medium transport coefficients

• From single-particle or jet suppression recover 

23

0.2 0.4 0.6 0.8
T (GeV)

0

2

4

6

8

10

12

14

16

3
/Tq

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680

JET Collaboration C. Andres et. al, KLN LHC, 1606.04837

C. Andres et. al, KLN RHIC, 1606.04837

C. Andres et. al, Hirano LHC, 1606.04837

C. Andres et. al, Hirano RHIC, 1606.04837

M. Xie et. al, 2003.02441

X. Feal et. al, Quark Jet, 1911.01309

[Apolinário et al (2203.16352)]
<latexit sha1_base64="CDj5A0B+7QzoK2IfqzU7lYMimF0="></latexit>

q̂ =
hkT i
�

??



L. Apolinário CERN-Fermilab HCP Summer School

Medium transport coefficients

• From single-particle or jet suppression recover 

24

0.2 0.4 0.6 0.8
T (GeV)

0

2

4

6

8

10

12

14

16

3
/Tq

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680

JET Collaboration C. Andres et. al, KLN LHC, 1606.04837

C. Andres et. al, KLN RHIC, 1606.04837

C. Andres et. al, Hirano LHC, 1606.04837

C. Andres et. al, Hirano RHIC, 1606.04837

M. Xie et. al, 2003.02441

X. Feal et. al, Quark Jet, 1911.01309

[Apolinário et al (2203.16352)]
<latexit sha1_base64="CDj5A0B+7QzoK2IfqzU7lYMimF0="></latexit>

q̂ =
hkT i
�

Assume independent gluon emissions:



L. Apolinário CERN-Fermilab HCP Summer School

Medium transport coefficients

• From single-particle or jet suppression recover 

24

0.2 0.4 0.6 0.8
T (GeV)

0

2

4

6

8

10

12

14

16

3
/Tq

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680

JET Collaboration C. Andres et. al, KLN LHC, 1606.04837

C. Andres et. al, KLN RHIC, 1606.04837

C. Andres et. al, Hirano LHC, 1606.04837

C. Andres et. al, Hirano RHIC, 1606.04837

M. Xie et. al, 2003.02441

X. Feal et. al, Quark Jet, 1911.01309

[Apolinário et al (2203.16352)]
<latexit sha1_base64="CDj5A0B+7QzoK2IfqzU7lYMimF0="></latexit>

q̂ =
hkT i
�

Assume independent gluon emissions:



L. Apolinário CERN-Fermilab HCP Summer School

Medium transport coefficients

• From single-particle or jet suppression recover 

24

0.2 0.4 0.6 0.8
T (GeV)

0

2

4

6

8

10

12

14

16

3
/Tq

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680

JET Collaboration C. Andres et. al, KLN LHC, 1606.04837

C. Andres et. al, KLN RHIC, 1606.04837

C. Andres et. al, Hirano LHC, 1606.04837

C. Andres et. al, Hirano RHIC, 1606.04837

M. Xie et. al, 2003.02441

X. Feal et. al, Quark Jet, 1911.01309

[Apolinário et al (2203.16352)]
<latexit sha1_base64="CDj5A0B+7QzoK2IfqzU7lYMimF0="></latexit>

q̂ =
hkT i
�

Assume independent gluon emissions:

Consider different medium time-
evolution scenarios:

[Adhya et al (1911.12193)]
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Jet Quenching II

• What happens to a jet inside of a hot and dense QCD matter?

Medium: Fast expansion!
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Medium-induced energy loss?

Collisional energy loss?

Medium recoils?

Medium effects on Hadronization?
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Medium-induced energy loss?

Collisional energy loss?

Medium recoils?

Medium effects on Hadronization?Beyond single gluon emission…



Jet Quenching

Multiple 
emissions
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QCD Angular ordering

• QCD Antenna setup: emission from a qqbar pair:
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Jet substructure

• To look for jet (de)coherence, single particle measurements will not suffice… 

• Need jet substructure! 

• What is a jet?

29

[Adapted from Yi Chen (QM2019)

[Adapted from K. Zapp (2021)
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Jet substructure

• To look for jet (de)coherence, single particle measurements will not suffice… 

• Need jet substructure! 

• What is a jet?
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[Adapted from Yi Chen (QM2019)

[Adapted from K. Zapp (2021)

Iterative distance between 2 pseudo-jets

dij = min(p2pt,i, p
2p
t,j)

�R2
ij

R2
<latexit sha1_base64="wKK30y+eMCLYOEiAc/RsdFnnYak="></latexit>

diB = p2pt,i
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Generalized-kT family:

p = -1: Anti-kT (signal jets)

p = 1: kT 

(HI background)

[Cacciari et al (0802.1189)]

[Dokshitzer et al  (hep- ph/9707323)]

p = 0: Cambridge/Aachen 
(Angular ordered tree, QCD)

p = 0.5: 𝛕 (QCD Formation time  
ordered tree, jet quenching)

[Catani et al, Ellis et al (hep-ph/9305266)]

[Apolinário et al  (2012.02199)]
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• How can we access QGP-related information with jet substructure?
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Jet substructure
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Jet splitting function

[Larkoski, Marzani, Soyez, Thaler (1402.2657)] 
[Dasgupta, Fregoso, Marzani, Salam (1307.0007)]

[Adapted from Yi Chen (QM2019)
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Jet substructure

• How can we access QGP-related information with jet substructure?

31

Sensitive to decoherence 
angle?

θg

Angular ordered tree

[Caucal et al (2111.14768)]
[Mehtar-Tani, et al (1911.00375)]

Groomed jet radius
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Jet Quenching III

• Medium = Hot gas of quarks and gluons:

Medium: Fast expansion!

32

Medium-induced energy loss?

Collisional energy loss?

Medium recoils?

Medium effects on Hadronization?

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.

g*
Q2

q

?
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What scale sets this transition?
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pQCD
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from Thermal 
Mass Gluons?

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

9
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Medium response

• QGP part that become correlated with the jet: 

• Elastic scatterings with medium constituents or drag effect?

34

pQCD perspective AdS/CFT perspective

d�̂

dt̂
(ŝ, |t̂|) ' CR2⇡↵2

s

(|t̂|+ µ2
D)2

<latexit sha1_base64="I/OYFlN0XUTYdjD2YSNwKZEgo8s="></latexit><latexit sha1_base64="I/OYFlN0XUTYdjD2YSNwKZEgo8s="></latexit><latexit sha1_base64="I/OYFlN0XUTYdjD2YSNwKZEgo8s="></latexit><latexit sha1_base64="I/OYFlN0XUTYdjD2YSNwKZEgo8s="></latexit>

Jet

Medium recoil
Jet

Wake in the 
fluid



L. Apolinário CERN-Fermilab HCP Summer School

Medium response

• Soft components seem necessary for a better description of the jet radial profile and/or jet mass:

35

[Luo, Cao, He, Wang, (1803.06785)]

With recoil

w/o recoil

Jet quenching Monte Carlo 
LBT

Jet quenching Monte Carlo  
MARTINI

[Park, et al (1807.06550)]

With recoil

w/o recoil
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36

But might result into 
additional energy at larger 

angles…

[Park et al (1807.06550)]

With recoil

w/o recoil
CMS

MARTINI

LBT with recoils

LBT w/o recoils

[CMS, (2102.13080)]

[Luo, Cao, He, Wang, (1803.06785)]
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Medium response

• Soft components seem necessary for a better description of the jet radial profile and/or jet mass:

36

Is the enhancement due to medium-response or to poorly known non-perturbative physics?

But might result into 
additional energy at larger 

angles…

[Park et al (1807.06550)]
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QGP-wake signal

• Jet-induced medium exceptions in Z+jet events:

37

ɣ+hadron yield (PbPb-pp)
[Chen, Cao, Luo, Pang, Wang (1704.03648)]

Jet quenching Monte Carlo 
Co-LBT
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QGP-wake signal

• Jet-induced medium exceptions in Z+jet events:

37

Introduction of viscous hydro in MC ⇒ 3D Wake that depend on EoS

ɣ+hadron yield (PbPb-pp)
[Chen, Cao, Luo, Pang, Wang (1704.03648)]

Soft-hadron depletion in ɣ direction

Jet quenching Monte Carlo 
Co-LBT
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QGP: a fast expanding medium

• What is the information that we get? 

• Integrated result of the whole medium (fast) 
evolution 

• However there is a strong time-dependence 
of the medium properties (expansion and 
cooling of the system)

39

Can hard probes be able to probe different structures of the QGP?



L. Apolinário CERN-Fermilab HCP Summer School

Sensitivity to QGP timescales

• Reconstructed hadronic W boson jet mass:

40
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Decay times boosted by:

qqbar remains coherent during: 
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Tops as time-delayed probes of the QGP 
(QGP tomography)

Also with cchar: Gian Michele’s lecture
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Take-home messages

• There isn’t a method able to address QCD in-medium processes across all momentum scales… 

• Success lies in pQCD accuracy + non-pQCD modelling
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Medium-induced radiation

• Medium-induced gluon radiation (numerical evaluation)
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[Andrés, Apolinário, et al 
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Medium transport coefficients

• From single-particle or jet suppression recover 

46
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Changing QGP initialisation conditions
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Changing QGP initialisation conditions

Energy loss during all parton shower evolution vs energy loss during final stage 
(Compensation of effects with higher transport coefficient)

Improved Bayesian analysis gives a stronger temperature dependence

<latexit sha1_base64="CDj5A0B+7QzoK2IfqzU7lYMimF0="></latexit>

q̂ =
hkT i
�



L. Apolinário CERN-Fermilab HCP Summer School

Medium transport coefficients

• From single-particle or jet suppression recover 

46

0.2 0.4 0.6 0.8
T (GeV)

0

2

4

6

8

10

12

14

16

3
/Tq

JETSCAPE Matter M. Xie et. al, 2206.01340

JETSCAPE LBT LIDO, 2010.13680

JET Collaboration C. Andres et. al, KLN LHC, 1606.04837

C. Andres et. al, KLN RHIC, 1606.04837

C. Andres et. al, Hirano LHC, 1606.04837

C. Andres et. al, Hirano RHIC, 1606.04837

M. Xie et. al, 2003.02441

X. Feal et. al, Quark Jet, 1911.01309

[Apolinário et al (2203.16352)]

Changing QGP initialisation conditions

Energy loss during all parton shower evolution vs energy loss during final stage 
(Compensation of effects with higher transport coefficient)

Improved Bayesian analysis gives a stronger temperature dependence

Include different data sets  
(boson-hadron correlations dominated by quark, inclusive particle spectra 

contains a mixture of the two)
Hadron vs Jet measurements 

(model-dependent description of medium response on jets)
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Changing QGP initialisation conditions

Energy loss during all parton shower evolution vs energy loss during final stage 
(Compensation of effects with higher transport coefficient)

Improved Bayesian analysis gives a stronger temperature dependence

Include different data sets  
(boson-hadron correlations dominated by quark, inclusive particle spectra 

contains a mixture of the two)
Hadron vs Jet measurements 

(model-dependent description of medium response on jets)

Quantitative assessment of QGP characteristics using hard probes
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Medium response

• QGP part that become correlated with the jet: 

• Seen as (pQCD approach): 

• Recoils from jet-medium interactions with a QGP particle distribution 

➡ Dominated by small momentum transfers (close to non-perturbative region)

47

E.g: JEWEL
d�̂

dt̂
(ŝ, |t̂|) ' CR2⇡↵2

s

(|t̂|+ µ2
D)2
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JEWEL: [Elayavalli, Zapp (17)]

LBT: [Cao, Luo, Qin, Wang (16) He, Luo, Wang, Zhu (17)]

MARTINI: [Schenke, Gale, Jeon (09)]

E.g: LBT
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Fast or Slow Thermalisation?

• Medium response:  

• What exactly is the amount of medium response to the jet passage?

48

[MARTINI:1807.06550]
[Hybrid: 1609.05842][Coupled Jet-Fluid: 1701.07951]

r
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Parton Shower

Towards in-medium parton showers

• Jets propagate on a fast evolving medium:

49
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Parton Shower
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• Jets propagate on a fast evolving medium:
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θ1 >> θ2 >> θ3 …    ↦  𝜏1 >> 𝜏2 >> 𝜏3 …
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In-medium radiation
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Enhancing quenching effects

• Easily select two classes of jets: 
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Enhancing quenching effects

• Easily select two classes of jets: 

• “early” jets: 𝜏1 < 1 fm/c (strongly modified)

• “late” jets: 𝜏1 > 3 fm/c (weakly modified)
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[Apolinário et al (2012.02199, 2309,XXXXX)]
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Enhancing quenching effects

• Easily select two classes of jets: 

• “early” jets: 𝜏1 < 1 fm/c (strongly modified)

• “late” jets: 𝜏1 > 3 fm/c (weakly modified)
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How can it be related to the QGP expansion?

[Apolinário et al (2012.02199, 2309,XXXXX)]


