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Heavy Ion Collisions

• High-energy nuclei collide producing thousands of particles 

• A quark-gluon plasma (QGP) is created and is thought to 
behave like a liquid 

• Unique opportunity to access deconfined quarks and gluons
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Space-time evolution (1):

23

Central region initially 
dominated by low-x partons 
(i.e. gluons), then, at some 
point, quark-antiquarks 
pairs appear 

Initial parton wave 
function described in 
the Color Glass 
Condensate model 

Expansion, cooling, 
transition to hadrons



How does it look like?Pb+Pb collisions at the LHC: ALICE

Pb+Pb collision at ALICE: ⇠ 1600 hadrons per unit rapidity

How to describe/understand such a complex system ?
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Heavy ion collision at the LHC
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Quark-gluon pasma

• Several stages before 
particle can be 
measured in the detector 

• Complicated dynamics 
at each stage 

• Lifetime of QGP is very 
short
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Questions about the QGP

• Does it fully thermalize? 

• Is it strongly or weakly coupled? 

• Deconfinement? 

• What are the local properties of the plasma? 

• Are there pseudoparticles?
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Hydrodynamics

• Initial geometry translates into anisotropies in the n-particle 
correlation measurements 

• Long range rapidity correlations also agree with 
hydrodynamical predictions 

• Measurements consistent with low viscosity
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Azimuthal distribution of produced particles
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Signatures of deconfinement

• Suppression of bound 
states (screening) 

• Energy loss of colored 
particles traversing 
the plasma
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Jet quenching

How to probe the properties of the QGP in HIC ?

Study the effects of the medium on the propagation of a ‘hard probe’

A ‘jet’: the ensemble made by the ‘leading particle’ (a virtual parton
which initiated the jet) and the products of its ‘fragmentation’
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Hard Probes

• Suppression factor is 1 if 
there are no medium 
effects 

• Colorless probes are not 
affected 

• Hadrons and jets are 
suppressed
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RAA =
dNAA/d2pT dy

⟨Ncoll⟩ dNpp/d2pT dy



Energy loss

• How does a parton loses energy in a QCD medium? 

• Collisions - Important for heavy particles 

• Radiation - Dominant for light quarks and gluons
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In-medium radiation

• QCD radiation is qualitatively different from QED radiation 

• Gluons interact with the medium 

• Color degree of freedom allows for extra radiation 

• Radiation present at very high energies 

• LPM effect can be important
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The LPM Effect (QED)

Note:  (1)  bigger E requires bigger boost Æ more time dilation Æ  longer formation length
    (2)  big boost Æ this process is very collinear.
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Medium induced radiation

• Jet quenching parameter quantifies the strength of the 
interaction between probe and medium
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 The jet-quenching parameter 
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Medium induced radiation

• For a single particle propagating through the medium, the 
gluon emission spectrum can be calculated (BDMPS,HT,GLV,
…) 

• Relating such calculations to observables requires making 
additional assumptions: 

• Hadronization 

• Multiple emissions 

• Interplay between medium-induced radiation and vacuum-like 
radiation
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From hadrons to jetsJet quenching

How to probe the properties of the QGP in HIC ?

Study the effects of the medium on the propagation of a ‘hard probe’

A ‘jet’: the ensemble made by the ‘leading particle’ (a virtual parton
which initiated the jet) and the products of its ‘fragmentation’
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Jet quenching at RHIC

Studies of jet quenching at RHIC have focused on ‘leading particles’

jet

jet
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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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FIG. 1. (Color online) Example of an unbalanced dijet in a PbPb collision event at
√

s
NN

= 2.76 TeV. Plotted is the summed transverse
energy in the electromagnetic and hadron calorimeters vs η and φ, with the identified jets highlighted in red, and labeled with the corrected jet
transverse momentum.

The data provide information on the evolution of the dijet
imbalance as a function of both collision centrality (i.e.,
the degree of overlap of the two colliding nuclei) and the
energy of the leading jet. By correlating the dijets detected
in the calorimeters with charged hadrons reconstructed in the
high-resolution tracking system, the modification of the jet
fragmentation pattern can be studied in detail, thus providing
a deeper insight into the dynamics of the jet quenching
phenomenon.

The paper is organized as follows: The experimental
setup, event triggering, selection and characterization, and jet
reconstruction are described in Sec. II. Section III presents the
results and a discussion of systematic uncertainties, followed
by a summary in Sec. IV.

II. EXPERIMENTAL METHOD

The CMS detector is described in detail elsewhere [29]. The
calorimeters provide hermetic coverage over a large range of
pseudorapidity |η| < 5.2, where η = − ln[tan(θ/2)] and θ is
the polar angle relative to the particle beam. In this study, jets
are identified primarily using the energy deposited in the lead-
tungstate crystal electromagnetic calorimeter (ECAL) and the
brass and scintillator hadron calorimeter (HCAL) covering
|η| < 3. In addition, a steel and quartz-fiber Cherenkov
calorimeter, called hadron forward (HF), covers the forward ra-
pidities 3 < |η| < 5.2 and is used to determine the centrality of
the PbPb collision. Calorimeter cells are grouped in projective
towers of granularity in pseudorapidity and azimuthal angle
given by $η × $ϕ = 0.087 × 0.087 at central rapidities,
having a coarser segmentation approximately twice as large
at forward rapidities. The central calorimeters are embedded
in a solenoid with 3.8 T central magnetic field. The event
display shown in Fig. 1 illustrates the projective calorimeter

tower granularity over the full pseudorapidity range. The CMS
tracking system, located inside the calorimeter, consists of
pixel and silicon-strip layers covering |η| < 2.5, and provides
track reconstruction down to pT ≈ 100 MeV/c, with a track
momentum resolution of ∼1% at pT = 100 GeV/c. A set
of scintillator tiles, the beam scintillator counters (BSC), are
mounted on the inner side of the HF calorimeters for triggering
and beam-halo rejection. CMS uses a right-handed coordinate
system, with the origin located at the nominal collision point
at the center of the detector, the x axis pointing toward the
center of the LHC ring, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise
beam direction. The detailed Monte Carlo (MC) simulation of
the CMS detector response is based on GEANT4 [30].

A. Data samples and triggers

The expected cross section for hadronic inelastic PbPb
collisions at

√
s

NN
= 2.76 TeV is 7.65 b, corresponding to

the chosen Glauber MC parameters described in Sec. II C.
In addition, there is a sizable contribution from large impact
parameter ultra-peripheral collisions (UPCs) that lead to the
electromagnetic breakup of one or both of the Pb nuclei [31].
As described later, the few UPC events which pass the online
event selection are removed in the offline analysis.

For online event selection, CMS uses a two-level trigger
system: level-1 (L1) and high level trigger (HLT). The events
for this analysis were selected using an inclusive single-jet
trigger that required a L1 jet with pT > 30 GeV/c and a HLT
jet with pT > 50 GeV/c, where neither pT value was corrected
for the pT-dependent calorimeter energy response discussed in
Sec. II D. The efficiency of the jet trigger is shown in Fig. 2(a)
for leading jets with |η| < 2 as a function of their corrected pT.
The efficiency is defined as the fraction of triggered events out
of a sample of minimum bias events (described below) in bins

024906-2

Jets



In-medium showers
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In-medium showers
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In-medium showers
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In-medium showers

• Different partons in the shower radiate independently? 

• Is the shower modified? 

• Can medium-induced gluons be distinguished from the 
shower partons?
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Vacuum parton showers

• Probability of gluon emission is soft and collinear divergent 

• Many collimated particles are produced (jets) 

• Resummation is needed 

• Color coherence is preserved 

• Large angle emissions are suppressed 

• Angular ordering
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Angular ordering

• Large angle emissions can not resolve previous splitting 

• They are effectively emitted from the parent parton 

• Calculations including only angular ordered diagrams are 
correct to double and single logarithmic accuracy
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Medium modification

• Is the splitting probability modified? 

• Are the color coherence and angular order modified?
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Medium modification

• Is the splitting probability modified? 

• Are the color coherence and angular order modified?
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Yes, but the modification does not have a collinear divergence…



Medium modification

• Is the splitting probability modified? 

• Are the color coherence and angular order modified?
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You cannot just change the splitting function and keep using DGLAP



Medium modification

• Is the splitting probability modified? 

• Are the color coherence and angular order modified?
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Yes, but the modification does not have a collinear divergence…

Depends…

You cannot just change the splitting function and keep using DGLAP



Medium resolution

• Medium introduces a transverse resolution scale given by the 
average transverse momentum transfer 

• Emissions at small angles are not resolved by the medium and 
maintain coherence 

• Emissions at larger angles exchange color with the medium and 
coherence is destroyed
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Coherent energy loss

• “Fat jets” lose more energy than “narrow jets”
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NEW PICTURE OF JETS
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energy loss radiation as total charge radiation as independent 
charges

fragmentation within each substructure: vacuum-like
clean theoretical limit: unresolved jet
- study small deviations from this limit

number of medium-
resolved substructures

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)
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Q�1

s
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s �jet � �c � (q̂L3)�1/2⟹
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Coherent energy loss

• “Fat jets” lose more energy than “narrow jets”
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energy loss radiation as total charge radiation as independent 
charges

fragmentation within each substructure: vacuum-like
clean theoretical limit: unresolved jet
- study small deviations from this limit

number of medium-
resolved substructures
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Coherent limit in pQCD
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Q � �jetE

jet transverse size 

r� � Q�1
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• 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

MC prescription (for unresolved jets): medium t-evolution then collinear Q-evolution 

[Casalderrey-Solana, MT, Salgado, Tywoniuk (2013)]

Unmodified 
intrajet 

structure 

Large angle 
energy flow 
from total 
charge

Casalderrey-Solana, Mehtar-Tani, Salgado, Tywoniuk



Difficulties reconciling vacuum 
showers with medium modification 

• Antenna calculation performed only for rigid antennas as 
sources (external currents), not from previous emissions 

• Vacuum showers are easily understood in momentum space, 
while medium interactions are better understood in coordinate 
space 

• Lack of collinear divergence in medium-induced radiation 
complicates resummation schemes
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Monte Carlo generators?

• Several implementations in the market: JEWEL, JETSCAPE, 
Q-Pythia, Hybrid, MARTINI… 

• All based on Pythia, but with different assumptions on how it 
is affected by the medium 

• Rely on assumptions that don’t have solid theoretical support 

• A coherent picture has not emerged from all the different 
approaches
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L. Apolinário Jets in QCD matter: Monte Carlo approaches

✦ Why so many?

Medium: Bjorken expansion? 3D Hydro? Strong coupled?

�8

Jet Quenching Monte Carlos

Medium-induced energy loss?

parton shower: fully in-medium dynamic or afterburn?

Collisional energy loss?

Medium recoils?

Medium effects on Hadronization?

Initialisation: geometry? 
1st QGP interaction?

Hard Probes 2018



What do we know?

• Most of the energy loss is 
taken away from the jet cone 
by soft gluons 

• The amount of radiated energy 
seems to be independent of 
the path length and correlated 
with fluctuations on jet radius 
(?) 

• Color coherence seems to play 
an important role when 
substructure observables are 
considered
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Recent developments

• Radiative corrections to the jet quenching parameter 

• Two-pronged energy loss 

• Dynamical onset of color decoherence 

• Jet substructure 

• Groomed jets
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Radiative corrections

• Fluctuations due to soft gluon emissions can modify how the 
probe interacts with the medium 

• Double logarithmic enhancement found, leading to a picture 
similar to the double logarithmic limit of DGLAP, with a 
different ordering variable
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Radiative corrections and universality
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• Radiative corrections to pt-broadening to Double Log accuracy 
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[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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Two-pronged energy loss

• Calculate the energy loss of a color correlated set of two 
particles 

• Allows us to go beyond the single particle description of the 
gluon emission spectrum
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parameter independent energy loss
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• Propagation of two color charges at fixed angle 
• Up to the decoherence time                         radiation off 

the total charge  
• At large angle: suppression of neighboring jets
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Two-pronged energy loss

S(t)
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Antenna formation

• Consider emission of high 
energy particles 

• We can account for small, finite 
formation times for the sources 

• The probability for production 
can be plotted in a Lund 
diagram
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Summary

• Still a lot of work needed before we can claim we really 
understand the dynamics of jet quenching in heavy ions 

• New exciting results and lots of opportunities to learn about 
collective phenomena in QCD
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