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Heavy Ion Collisions

• Collision of two Lorentz contracted nuclei at very high 
energies 

• Initial production of hard particles (jets, photons heavy 
quarks) 

• Production of semi-hard partons which later thermalize 

• Formation of a Quark-Gluon Plasma 

• Hadron gas and freeze out
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QCD reminder

Deconfinement transition

Heavy Ion Collisions

Observables

François Gelis – 2013 Lecture I / IV – Master 2ème année - spécialité NPAC, Orsay, France, Février 2013 - p. 20/34

Stages of a nucleus-nucleus collision
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t

strong fields classical EOMs

gluons & quarks out of eq. viscous hydro

gluons & quarks in eq.
ideal hydro

hadrons in eq.

freeze out

■ τ → +∞
■ Chemical freeze-out :
density too small to have inelastic interactions

■ Kinetic freeze-out :
no more elastic interactions



Jet Quenching
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Heavy Ion Collisions

Observables

● Initial energy density

● Initial temperature

● Jet quenching

●Collective ßow

●Freeze-out parameters

●Strangeness enhancement

●DeconÞnement
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Jet quenching

■ High p⊥ jets are produced at the initial impact
◆ Not very interesting by themselves...
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Jet quenching

■ High p⊥ jets are produced at the initial impact
◆ Not very interesting by themselves...

■ Radiative energy loss when they travel through the QGP
◆ Sensitive to the energy density of the medium
◆ Depends on the path length as L2

◆ Important modification of the azimuthal correlations
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Jet quenching

■ Interpretation :

◆ Jets escape only if they are produced near the edge
and are directed outwards

◆ The opposite jet is totally absorbed
◃ confirms the very large energy density
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Jet Quenching

• High energy partons are created before the formation of the QGP 

• Jets interact in a convoluted way with the hot medium 

• Jets can potentially provide information about the properties of 
the hot medium
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Jet Quenching - Beginnings

• Predicted suppression of 
particles at high pt 

• Observed  

• Disappearance of away peak 
in two particle correlation at 
high  

• Theory of radiative energy 
loss for fast moving partons
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(Pre LHC)Jet quenching at RHIC

Studies of jet quenching at RHIC have focused on ‘leading particles’
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Azimuthal correlations between the produced jets:

p+p or d+Au : a peak at �� = 180�

CERN Summer School 2011 QCD in Heavy Ion Collisions Cheile Grǎdiştei, Romania 38 / 1
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Energy Loss
• Radiation induced through multiple 

medium scatterings 

• Coherent radiation through LPM 
effect 

• Picture is very clear for on-shell 
partons, not so much for the relevant 
off-shell case (even though formulas 
are general)
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• Radiation triggered by multiple scatterings, related to momentum 
broadening:  
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In-medium radiation mechanism

• Landau-Pomeranchuk-Migdal suppression (Coherent  radiation)  

• Characteristic time scale: effective 
inelastic mean free path
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tf
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• Maximum suppression when                tf > L

� > �c = q̂L2

[Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000)  Zakharov (1996)]
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Baier, Dokshitzer, Mueller, Peigné, Schiff 
Arnold, Moore, Yaffe



Jet Quenching -Today

• Vast array of jet observables: 
• Suppression of fully reconstructed jets 

• Large dijet asymmetries 

• Photon-jet asymmetries 

• Modification of “fragmentation” functions 

• Missing energy found in soft tracks 

• Theory of medium-modified parton 
showers? 

• How does the medium couples to 
jets?
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Theoretical Challenges

• What is the role of interferences? 

• Is there a probabilistic picture suitable for MC implementations? 

• Where does the energy go? 

• Vacuum showers understood in momentum space (virtuality), 
medium interactions better understood in coordinate space

E
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Energy loss
Medium-modified 
parton showers



Color Coherence (I)

• In vacuum, jets are color 
coherent objects and therefore 
angularly ordered (and narrow) 

• Interaction with the medium can 
destroy color coherence 
(antenna calculation) 

• Soft emissions at large angles 
are enhanced

Mehtar-Tani, Salgado, Tywoniuk 
Casalderrey-Solana, Iancu
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• The jet is a coherent object, at each step of the cascade the total color 
charge is conserved: successive branchings are ordered in angles  

• Color coherence: collinear evolution (suppresses large angle soft radiation) 

• Probabilistic picture: Evolution variable  

Q � E �jet

partons hadrons

�jet > �1 > ... > �n

�1

�2

�3

t � ln Q2 ! ln ! 2
jet

�

K

�

�

Q0 � �QCD

[Bassetto, Ciafaloni, Marchesini, Mueller, Dokshitzer, Khoze, Toyan,… 1980’s]

Vacuum cascade
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Multiple Soft Emissions

• Multiple emissions enhanced for short formation 
times 

• Offspring partons lose coherence very quickly 

• Emissions considered quasi-local
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Probabilistic Picture

t0 tL

ka

kb

p0 q

p

q − p

t

Splitting Kernel

Momentum broadening
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P2(ka,kb, z; tL, t0) = 2g2z(1� z)

Z tL

t0

dt

Z

q,Q,l
K(Q, l, z, p+0 ; t)

⇥ P(ka � p; tL, t)P(kb � (q + l� p); tL, t)P(q; t, t0)

• Iteration of branchings lead to evolution equations for gluon 
distributions 

• Shown to transport energy efficiently towards thermal scale



Radiative Corrections
• Momentum broadening 

• Energy loss 

• Double logs can be resummed by 
renormalizing 
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Radiative corrections and universality

24

• Radiative corrections to pt-broadening to Double Log accuracy 
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• Radiative corrections to energy loss 
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• Universality and renormalization of  q̂
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[Wu (2011) Liou, Mueller, Wu (2014) Blaizot, Iancu, Dominguez, MT (2014)]

[Blaizot, MT (2014) Wu (2014)]

[Blaizot, MT (2014) Iancu (2014)]

[F. Dominguez’s talk  Tue and B. Wu’s talk  Wed]
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Vacuum-like vs Medium-
induced emissions

• Total decorrelation limit does not take into account 
early hard emissions (vacuum-like) 

• Early stages of the parton shower might not be 
sensitive to multiple scattering effects 

• Opacity expansion of radiative corrections show 
how they smoothly disappear
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Color Coherence (II)

• Sufficiently narrow jets 
cannot be resolved by 
the medium and therefore 
stay color coherent 

• They lose energy 
coherently as a single 
particle 

• Internal structure of jet 
core is unmodified

13

Yacine Mehtar-Tani                                                                                                         Hard Probes  2015

Coherent limit in pQCD
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r� � �jetL

Q � �jetE

jet transverse size 

• When the transverse size       of the jet is smaller than medium 
resolution scale            the medium interacts “effectively” with the 
total charge of the jet (primary parton)

r�
Q�1

s

r� � Q�1
s �jet � �c � (q̂L3)�1/2⟹

Casalderrey-Solana, Mehtar-Tani, Salgado, Tywoniuk
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intrajet 

structure 

Large angle 
energy flow 
from total 
charge
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Quantitative description of these 
ideas currently underway!



Summary

• Separation of regimes plays a major role in the 
understanding of in-medium jet evolution 

• Recent developments have provided much needed 
insight in the way a jet couples to the medium 

• More work is needed in order to reconciled the well 
understood pictures vacuum parton showers with 
decorrelation in a dense medium
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