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✦ What is a Monte Carlo event generator?


✦ How to generate a parton shower?


✦ What do we need to worry about when trying to describe parton showers in heavy-ion events?


✦ In-medium interactions


✦ Parton shower modifications?


✦ Medium re-scatterings?


✦ Medium evolution?


✦ What can we do with a Monte Carlo model for jet quenching?
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✦ Physics event:


✦ Quantum mechanics: amplitudes ⇒ probabilities


✦ Everything can happen, but more or less frequently
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High Energy Collision
✦ How to describe such a process through an event generator? 
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✦ How to describe such a process through an event generator? 

✦ Factorising into simpler problems:

✦ Hard scattering

✦ Initial-state shower and final-state shower

✦ MPI and Beam Remnants

✦ Hadronization
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✦ Two approaches to calculate additional radiation to the hard scattering:

✦ Matrix elements (few particle corrections but higher order) 
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✦ Two approaches to calculate additional radiation to the hard scattering:

✦ Matrix elements (few particle corrections but higher order) 

✦ Parton shower (more particle corrections but LO and NLO only)

✦ Evolution equation based on splitting probabilities (SF)
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Initial- and Final-State Showers
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Figure 2.9: Schematic representation of multiple collinear splittings. The portion of the diagram

shown in red is interpreted as part of the structure of the struck hadron instead of a correction to

the hard matrix element.

The large logarithms are a symptom of interactions far away from the scale at which the coupling

was fixed. Fortunately, these collinear contributions can be resummed by renormalization group

methods. As most of the collinear emissions are well separated in scale from the probe, q0, these

emissions can be reinterpreted as modifying the hadron structure as opposed to corrections to Ca.

This results in a Q-dependence of the PDF that evolves the probe from the hard scale to lower

momentum scales (indicated by the red sub-diagram in Fig 2.9). For the change Q ! Q + �Q the

di↵erential probability of an emission with energy fraction z and transverse momentum Q < p? <

Q + �Q is given by
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where Pa b(z) is the splitting function for parton of b splitting into type a, and can be computed

from the diagrams shown in Fig 2.10. Changes in the distribution of parton a at momentum fraction
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Figure 2.5: Illustration of multiple collinear splittings. The red part of the
diagram is interpreted as part of the structure of the hadron instead of a
correction to the hard scattering matrix element.

In QCD three different splitting processes are possible: q ! qg, g ! gg
and g ! qq̄. They result into four splitting functions, that at LO are given
by
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The pre-factors CF = 4/3, TR = 1/2 and CA = 3 emerge from the gauge
group SU(3). The change of the fragmentation function of a parton a into
the hadron h in a small virtuality interval is
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Splitting Function (SF)

Probability of parton ‘b’ splits into parton ‘a' 
with a fraction of energy z

Evolves parton system 
from q0 scale to lower 

scale
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Monte Carlo Techniques

t0 t1
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✦ Probabilistic picture allows to build subsequent parton emissions:
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✦ Probabilistic picture allows to build subsequent parton emissions:
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Parton Showers in pp

Jets in proton-proton



… Heavy-ions!

And now for something completely 
different… 
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✦ PbPb collision: a complex multi-particle system

10

Heavy-Ions Collision
✦ Hot and dense medium (QGP)


✦ Fluid with collectivity phenomena


✦ Also QCD system, but strongly interacting!


✦ How collectivity emerge from a QFT?


✦ How does it evolve?


✦ How is thermalised?


✦ Products from hard scattering:


✦ Particles modified w.r.t pp: 


✦ Jet Quenching effects
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✦ Hard probes: Heavy-flavour, Quarkonia, jets, …


✦ Produced in a high momentum transfer process (hard scattering)


✦ Indirect observation of the QGP effects


➡ Observe the evolution of the QGP (temperature, density,…)

11

Hard Probes
See Monday lectures
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✦ QGP-induced modifications on a proton-proton jet:

Medium: Strongly coupled fluid?

12

Jets in Heavy-Ion Collisions

Medium-induced energy loss

Collisional energy loss

Medium recoils

Medium effects on Hadronization?Start with the building blocks:

See Ismail Soudi (Fri)
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✦ Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium 
(QGP):

13

Medium-induced radiation

Vacuum
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✦ Within a perturbative QCD perspective, the incoming quark will undergo multiple scatterings with the medium 
(QGP):
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Medium-induced radiation

Vacuum

!, k?

✓
p

In-medium

p

k = zp = (k+, k�,k?)
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(High-energy limit)
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✦ Adapt Feynman rules to account for a hot and dense QCD medium:

14

In-medium propagators

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

Medium longitudinal limits from [x0+,L+]

Transverse coordinate of the incoming parton

Path-ordered gluon fields

Gluon fields

⟹
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✦ Adapt Feynman rules to account for a hot and dense QCD medium:

15

In-medium propagators

⟹

= i�ab
/p+m

p2 �m2 + i"
Green's function (+ change in xT):

Vacuum QCD

Feynman rules

In-medium QCD

Feynman rules

Transverse positions at medium limits [x0+,L+]

Incoming parton’s energy

Kinetic energy

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)

Path-integral (all possible trajectories)
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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+

⌃
.

(3.11b)

Path-integral (all possible trajectories)

(…)
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✦ Medium-induced gluon radiation:
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[Andrés, LA, Dominguez (2002.01517)]
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✦ 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)

17

Medium response

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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✦ What is a jet in heavy-ion collisions?

✦ Multi-scale process:

✦ High momentum particles (typically from vacuum-like parton 
shower)

✦ “Semi-hard” & Soft medium-induced radiation
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✦ Multi-scale process:

✦ High momentum particles (typically from vacuum-like parton 
shower)

✦ “Semi-hard” & Soft medium-induced radiation

✦ Soft jet-induced medium response

✦ Space-temporal evolving structure:

✦ parton fragmentation and parton re-scattering with medium 
constituents at some time

18

Description of  a heavy-ion jet

Not as “easy” as in pp…

How to describe it?
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Analytic vs MC approaches

Analytical approaches Monte Carlo approaches

Based on first principle calculations that 
address elementary jet processes

Limited understanding for:

- lower momentum scales

- interplay between “vacuum” and 
“medium”-induced shower

Can consider the full jet shower evolution 
and evolving medium

✓ Improvements beyond:

- static medium

- limited kinematic approximations 

- …

Rely on analytical results✓
… But lacking most recent 
analytical developments 

Require further modelling beyond 
analytically-controlled phase-

space regions

✓

!

!
!



What is a jet 
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✦ N-particle system originated through a parton shower


✦ Vacuum radiation


✦ Medium-induced effects


✦ Medium-induced radiation


✦ Jet-induced medium response


✦ Medium response re-scattering

21

Jet quenching Monte Carlo models

Ev
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Hadronization
Medium-modified jet in all momentum scales?
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✦ Two different approaches:

22

Parton Shower Models

Change in the jet evolution: Modifications on a developed shower

Medium-induced modifications can take place 
throughout the parton evolution


Medium-modifications at all momentum 
scales

Vacuum (hard and collinear) parton structure 
unmodified


Medium-modifications dominate low 
momentum scales

E.g: JEWEL, MATTER, Q-PYTHIA,… E.g:(Co-)LBT, Hybrid, MARTINI, JetMed..
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✦  

23

Parton Shower Models
Change in the jet evolution:
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p

k = zp = (k+, k�,k?)
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Ansatz:
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Parton Shower Models
Change in the jet evolution:
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Re-summation of multiple emissions

p

k = zp = (k+, k�,k?)
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medium-induced radiations are treated as correction to vacuum kernel
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Parton Shower Models
Modifications on a developed shower

Medium-induced emissions inside them medium: 
(But no double logarithmic enhancement)

Transverse momentum acquired via 
multiple soft scatterings:

Parton formation time:
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Parton Shower Models
Modifications on a developed shower

Medium-induced emissions inside them medium: 
(But no double logarithmic enhancement)

Vacuum-like emissions inside them medium: 
(Vacuum emissions develop much faster than vacuum ones)

Vacuum-like structures

Medium-induced radiation

Transverse momentum acquired via 
multiple soft scatterings:

Parton formation time:
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Parton Shower Models

Change in the jet evolution: Modifications on a developed shower

Minimal changes to the vacuum parton 
shower


(Easier to develop alongside vacuum physics)

Choose (or develop) a given vacuum parton shower

(Fixed to the ordering variable and parton shower 

accuracy)
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✦ Comparison between the two:

25

Parton Shower Models

Change in the jet evolution: Modifications on a developed shower

Minimal changes to the vacuum parton 
shower


(Easier to develop alongside vacuum physics)

Medium-induced effects from transport 
equations (inheriting kinematical restrictions)

Modifications in the low-momentum particle 
distribution (close to non-perturbative region)

Choose (or develop) a given vacuum parton shower

(Fixed to the ordering variable and parton shower 

accuracy)

Medium-induced effects from in-medium radiation spectrum

(inheriting kinematical restrictions)

Modifications done in momentum scales relatively 
above the non-perturbative region

No “correct” answer… All with their pros and cons…

!

!
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Parton Shower Models

Interplay between vacuum and medium 
shower

QCD processes at lower 
momentum scales

Change in the jet evolution: Modifications on a developed shower

Choose (or develop) a given vacuum parton shower

(Fixed to the ordering variable and parton shower 

accuracy)

Modifications in the low-momentum particle 
distribution (close to non-perturbative region)
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✦ Comparison between the two:
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Parton Shower Models

Interplay between vacuum and medium 
shower

QCD processes at lower 
momentum scales

Change in the jet evolution: Modifications on a developed shower

Choose (or develop) a given vacuum parton shower

(Fixed to the ordering variable and parton shower 

accuracy)

Modifications in the low-momentum particle 
distribution (close to non-perturbative region)

! !

MATTER

(High-virtuality part of the shower)

LBT, MARTINI,…

(Low-virtuality part of the shower)
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✦ Need phase space density of scattering centres (sampled from hydro profile or Bjorken evolution model)


✦ Coupled jet-hydro evolution:

27

Elastic Energy Loss

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

Drag effect

@µT
µ⌫
fluid = J⌫

jet(x)
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Cooper-Frye for particles from 
medium response 

Recoiling particles can further 
re-scatter
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✦ Medium evolution model

28

Medium Evolution modelling

Bjorken 1D expansion

Longitudinal (1D) expansion

(Energy density characterised by a power-law evolution)

[Bjorken (1983)]
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✦ Medium evolution model

28

Medium Evolution modelling

Bjorken 1D expansion

Longitudinal (1D) expansion

(Energy density characterised by a power-law evolution)

Event-by-event non-ideal hydrodynamics

3D expansion

(Energy density characterised by relativistic hydrodynamic 

evolution)

[Bjorken (1983)] [Molner et al(1407.8152), Shen et al (1409.8164),…]

See Mayank Singh (Wed)
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✦ Uncertainty driven by the onset of medium-jet interactions…

29

Medium Evolution modelling
[Andrés, et al (1902.03231), Stojku et al (2008.08987), 

JETSCAPE (2102.11337), Adhya et al (2211.15803)]

https://arxiv.org/abs/2211.15803
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✦ Uncertainty driven by the onset of medium-jet interactions…

29

Medium Evolution modelling

Jet-medium interactions start at t0? What happens before?

[Andrés, et al (1902.03231), Stojku et al (2008.08987), 
JETSCAPE (2102.11337), Adhya et al (2211.15803)]

< t0 (?)

> t0

https://arxiv.org/abs/2211.15803
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✦ Production point (for path-length dependence):

✦ Sampled from initial nuclei overlap

30

And still more…

  

http://inspirehep.net/author/profile/Dainese%2C%20A.?recid=652692&ln=en
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✦ In vacuum parton showers? 
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Evolving medium

Parton formation time:
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✦ Production point (for path-length dependence):

✦ Sampled from initial nuclei overlap

✦ Needs to account for space-time structure of jets

✦ In vacuum parton showers? 

✦ Hadronization:

✦ Usually taken from PYTHIA (might include recoiled particles)

30

And still more…

  

Evolving medium

Parton formation time:

http://inspirehep.net/author/profile/Dainese%2C%20A.?recid=652692&ln=en
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✦ Several jet quenching Monte Carlo models:

31

State-of-the-art models

Q-PYTHIA

JEWEL

MARTINI MATTER

Co-LBT

Hybrid strong/weak coupling

PYQUEN

…

See references in the backup slides

LBT

CUJET

DREENA-A

Jetmed(Saclay)



The successes of  
Monte Carlo 
approaches 

What can we do with a Monte Carlo 
model for jet quenching?
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✦ Jets are formed in the beginning of the collision:


➡ Allow detailed imaging of the QGP


➡ QGP evolution (E.g: thermalisation process)


✦ Formed by collection of soft to hard particles


➡ Allow QGP probing by different scales


➡ Scale dependent quantities (Eg.: “quasi-
particles”)

33

Quantifying QGP propertiesThe 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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✦ Medium-induced radiation and momentum broadening closely connected (multiple soft-scattering approximation)


✦ Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening

34

From the jet to the medium
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kT

Dipole cross-section (collision rate):
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kT

Dipole cross-section (collision rate):

Parton-medium 
interaction
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✦ Accumulation of momenta enhances gluon radiation and partons undergo transverse momentum broadening
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From the jet to the medium
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Dipole cross-section (collision rate):
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q̂ =
hkT i
�

Transport coefficient:
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q̂ /
Z

d2q2q2
d�(q)

d2q

Parton-medium 
interaction
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✦ From single-particle or jet suppression recover 

35

Medium transport coefficients

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

[LA, Y-J Lee, M. Winn (2203.16352)]
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Changing QGP initialisation conditions
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[LA, Y-J Lee, M. Winn (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)
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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
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See John Miller (Tue 25)
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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)
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(boson-hadron correlations dominated by quark, inclusive particle spectra 
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(model-dependent description of medium response on jets)
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✦ Soft components seem necessary for a better description of the jet radial profile and/or jet mass:

36

The elusive medium response

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

With recoil

w/o recoil

LBT
MARTINI

[Park, Jeon, Gale (1807.06550)]

With recoil

w/o recoil
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✦ Soft components seem necessary for a better description of the jet radial profile and/or jet mass:

37

The elusive medium response

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

But might result into 
additional energy at larger 

angles…

[Park, Jeon, Gale (807.06550)]

With recoil

w/o recoil
CMS

MARTINI
LBT with recoils

LBT w/o recoils

[CMS, (2102.13080)]

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

With recoil

w/o recoil
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✦ Jet-induced medium exceptions in Z+jet events:

38

QGP-wake signal

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

Soft-hadron depletion in ɣ direction
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✦ Jet-induced medium exceptions in Z+jet events:

38

QGP-wake signal

Co-LBT

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
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✦ Comparison between quenched and unquenched made through some jet selection:


✦ Impact of jet selection biases on jet substructure observables?

39

Understanding biases

pp
PbPb

log scale
d�

dpT,jet
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pT,jet
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How to compare unmodified with modified jets?

Which jet selection results from applying grooming?
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✦ Comparison between quenched and unquenched made through some jet selection:


✦ Impact of jet selection biases on jet substructure observables?

40

Understanding biases

Hybrid

Jets passing the Soft Drop 
condition are more likely to have 
medium-induced/recoil effects

[Brewer, Brodsky, Rajagopal (2110.13159)][Brewer, Brodsky, Rajagopal (2110.13159)]

Hybrid
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✦ Comparison between quenched and unquenched made through some jet selection:


✦ Impact of jet selection biases on jet substructure observables?

40

Understanding biases

Hybrid

Jets passing the Soft Drop 
condition are more likely to have 
medium-induced/recoil effects

[Brewer, Brodsky, Rajagopal (2110.13159)]

Grooming can be used to 
select different contributions of 

medium response
[Brewer, Brodsky, Rajagopal (2110.13159)]

Hybrid
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✦ Comparison between quenched and unquenched made through some jet selection:


✦ Impact of jet selection biases on jet substructure observables?
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Understanding biases

JEWEL

“Formation time” can also select 
jets with different degrees of 

quenching

[LA, Cordeiro, Zapp (2012.02199)]
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✦ Comparison between quenched and unquenched made through some jet selection:


✦ Impact of jet selection biases on jet substructure observables?

41

Understanding biases

JEWEL

“Formation time” can also select 
jets with different degrees of 

quenching

[LA, Cordeiro, Zapp (2012.02199)]

[LA, Guerrero-Rodriguez, Zapp 
(under preparation…)]

Does it have a physical 
realisation in vacuum and/or 

medium?
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sNN = 5.02 TeV
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Pj? > 30 GeV

PZ? > 60 GeV
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pp (PYTHIA + JEWEL)

<latexit sha1_base64="qHtIVmg153J+Bm+Vpg9/pJ38Ek4=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXBgyY/CyJLpxiYlcIkxIp5yBQueStmMkE95BV0bd+Ty+gG9jwVko+K++nv9vcv7jxYIrbdtfVm5peWV1Lb9e2Njc2t4p7u41VJRIhnUWiUi2PKpQ8BDrmmuBrVgiDTyBTW90PfWbDygVj8I7PY7RDWg/5D5nVJtR87GbDk/uJ91iyS7bM5FFcDIoQaZat/jZ6UUsCTDUTFCl2o4dazelUnMmcFLoJApjyka0j22DIQ1Quels3Qk58iNJ9ADJ7P07m9JAqXHgmUxA9UDNe9Phf1470f6lm/IwTjSGzESM5yeC6IhMW5Mel8i0GBugTHKzJWEDKinT5jYFU9+ZL7sIjdOyc14+u62UqlfZIfJwAIdwDA5cQBVuoAZ1YDCCZ3iDd2toPVkv1utPNGdlf/bhj6yPbyqPjR4=</latexit>xj,Z

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="uqydP0aIZKwC77vI+VIHmi1ASf8=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyK0f7vpbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFPDmYg=</latexit>

⌧form < 0.84 fm/c
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⌧form > 0.84 fm/c
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Inclusive
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⌧form < 1.68 fm/c
<latexit sha1_base64="+3YhQ6QrGflVfph1IQ+ZGasM13c=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcefX9Q3+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXW4OZjQ==</latexit>

⌧form > 1.68 fm/c



Towards the Future
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✦ Accuracy bounded by proton-proton


✦ But have a qualitatively different problem: quantum system developing on top of an evolving medium

43

Parton Showers in heavy-ions

Medium density (time)

<latexit sha1_base64="KhqaHsfeBm0Mb/lqKLYJv+OlDwE="></latexit>

Q2
⌘ O(1002GeV2

⇠ 1TeV2)
<latexit sha1_base64="A8+vZnsrf4ohoqZcEQR4xkVAGjI="></latexit>

Q2
⌘ O(1GeV2)

pQCD non pQCD

Expanding Medium
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✦ Accuracy bounded by proton-proton


✦ But have a qualitatively different problem: quantum system developing on top of an evolving medium

43

Parton Showers in heavy-ions

Medium density (time)

<latexit sha1_base64="KhqaHsfeBm0Mb/lqKLYJv+OlDwE="></latexit>

Q2
⌘ O(1002GeV2

⇠ 1TeV2)
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Q2
⌘ O(1GeV2)

pQCD non pQCD

Expanding Medium

- QGP tomography

- Interplay of parton showers with evolving medium

- Transition from perturbative to non-perturbative

Heavy-ions are unique laboratory for:




Summary
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✦ Monte Carlo event generators widely used tools to probe QGP physics

✦ Require phenomenological extensions that need to be constantly tested and refined by analytical input

✦ Ideal framework to probe novel QCD-related phenomena

45

Summary
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✦ Monte Carlo event generators widely used tools to probe QGP physics

✦ Require phenomenological extensions that need to be constantly tested and refined by analytical input

✦ Ideal framework to probe novel QCD-related phenomena

✦ Invaluable instruments for:

✦ Testing new observables in more “realistic” conditions as compared to analytical approaches

✦ Phenomenological studies targeting phenomena whose analytical description is (still) challenging

✦ Understanding biases in our experimental results

45

Summary

Thank you!
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✦ Monte Carlo models for jet quenching:


✦ CUJET:


✦ Dreena:


✦ Hybrid Strong/Weak coupling:


✦ JETSCAPE:


✦ JEWEL:


✦ LBT/Co-LBT:


✦ MARTINI:


✦ MATTER:


✦ PYQUEN:


✦ Q-PYTHIA: 


✦ Jetmed(Saclay):

48
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Sudakov & Lund Planes

Soft and 

Collinear Limit
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✦ Invariant mass distribution:
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Sudakov & Lund Planes
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✦ Invariant mass distribution:

52

Sudakov & Lund Planes

Large N limit: Sudakov Form Factor �i(t) ⌘ exp

2

4�
X

j

Z t

t0

dt0

t0

Z
dx

↵s

2⇡
Pi j(x)

3

5
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Toy Parton Shower
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✦ QCD Antenna setup: emission from a qqbar pair:

54

Introducing angular ordering

!, k?✓

q1

q2

✓1

+ ✓
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!, k?
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✦ QCD Antenna setup: emission from a qqbar pair:

54

Introducing angular ordering

!, k?✓
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!
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⇥(cos ✓1 � cos ✓)

Probability of emitting “soft” (low-energy) gluons:
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QCD Angular ordering
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✦ QCD Antenna setup: emission from a qqbar pair:
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✦ QCD Antenna setup: emission from a qqbar pair:

54

Introducing angular ordering
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For large angle emissions:
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✦ QCD Antenna setup: emission from a qqbar pair:

54

Introducing angular ordering
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✦ QCD Antenna setup: emission from a qqbar pair:

54

Introducing angular ordering
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Probability of emitting “soft” (low-energy) gluons:

ɣ*
ɣ*

QCD Angular ordering

??

For large angle emissions:

↓

Photons do not carry colour charge…

!, k?
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✦ Two in-medium emissions: emission from a qqbar pair:

55

QCD Antenna Setup

Vacuum QCD

dN!!0
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d!

!

sin✓ d✓

1� cos ✓
⇥(cos ✓1 � cos ✓)
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✦ Two in-medium emissions: emission from a qqbar pair:

55

QCD Antenna Setup

Vacuum QCD ⟹ In-medium QCD

dN!!0
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d!
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✦ Two in-medium emissions: emission from a qqbar pair:

55

QCD Antenna Setup

Vacuum QCD ⟹ In-medium QCD
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[Mehtar-Tani, Tywoniuk, Salgado (1009.2965)]
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Color (de)coherence
JETSCAPE

Hybrid

[Tachibana et al (2301.02485)]
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✦ Soft probes: flow, hydrochemistry, …


✦ Direct result of the QGP evolution


➡ Collective properties and hydrodynamical evolution of the medium


57

QGP Probes
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✦ Soft probes: flow, hydrochemistry, …


✦ Direct result of the QGP evolution


➡ Collective properties and hydrodynamical evolution of the medium


✦ Hard probes: Heavy-flavour, Quarkonia, jets, …


✦ Produced in a high momentum transfer process (hard scattering)


✦ Indirect observation of the QGP effects


➡ Observe the evolution of the QGP (temperature, density,…)

57

QGP Probes

See Monday lectures
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✦ Adapt Feynman rules to account for a hot and dense QCD medium:

58

In-medium propagators

= i�ab
/p+m

p2 �m2 + i"

Vacuum QCD

Feynman rules
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✦ Adapt Feynman rules to account for a hot and dense QCD medium:

58

In-medium propagators

= i�ab
/p+m

p2 �m2 + i"

Vacuum QCD

Feynman rules

In-medium QCD

Feynman rules⟹
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✦ Adapt Feynman rules to account for a hot and dense QCD medium:

58

In-medium propagators

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

+

x
+

x
n T

x
1

x
2 T

T

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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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
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Vacuum QCD

Feynman rules

In-medium QCD

Feynman rules

Medium longitudinal limits from [x0+,L+]

Transverse coordinate of the incoming parton

Path-ordered gluon fields

Gluon fields

⟹
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✦  

59

Parton Shower Models
Modifications on a developed shower

Medium-induced emissions inside them medium: 
(But no double logarithmic enhancement)

Transverse momentum acquired via 
multiple soft scatterings:

Parton formation time:
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✦  

59

Parton Shower Models
Modifications on a developed shower

Medium-induced emissions inside them medium: 
(But no double logarithmic enhancement)

Vacuum-like emissions inside them medium: 
(Vacuum emissions develop much faster than vacuum ones)

Vacuum-like structures

Medium-induced radiation

At double logarithmic accuracy, medium-induced radiation is vetoed

Transverse momentum acquired via 
multiple soft scatterings:

Parton formation time:

E.g:JetMed..


