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Heavy Ion Collisions

• Two high-energy nuclei collide 

• Extremely high energy density with strong color fields 

• Creation of lots of soft particles which later thermalize 

• Quark-Gluon Plasma with deconfined colored particles
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Probing the QGP

• Quark-gluon plasma is short lived 

• Can only be measured indirectly 
through the final state particles 

• Instead of using external probes to 
measure its properties we use the 
hard particles created in the early 
stages of the collision

3 Gunther Roland EMMI Workshop, Feb 15-16, 2013 

Suppression of inclusive jets 
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Jet Quenching

• Basic principle: colored particles 
lose energy and slow down when 
going through the plasma 

• Collisional energy loss: elastic 
collisions with plasma 
constituents 

• Radiative energy loss: stimulated 
emissions (dominant for light 
quarks and gluons)
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QCD reminder

Deconfinement transition

Heavy Ion Collisions

Observables
● Initial energy density
● Initial temperature
● Jet quenching
●Collective flow
●Freeze-out parameters
●Strangeness enhancement
●Deconfinement

François Gelis – 2013 Lecture I / IV – Master 2ème année - spécialité NPAC, Orsay, France, Février 2013 - p. 26/34

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

Yacine Mehtar-Tani                                                                                                         Hard Probes  2015

• 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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• Maximum suppression when                tf > L
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[Baier, Dokshitzer, Mueller, Peigné, Schiff (1995-2000)  Zakharov (1996)]
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Jet Quenching Measurements

• RHIC era: single-particle and two-
particle measurements 

• LHC era: full reconstructed jets
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Jet quenching at RHIC

Studies of jet quenching at RHIC have focused on ‘leading particles’
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[Nucl.Phys.A783:249-260,2007]

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

S. CHATRCHYAN et al. PHYSICAL REVIEW C 84, 024906 (2011)

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



Jet-Medium Interaction
• There are solid theoretical models for energy loss from a 

single particle 

• What about jets? Do each particle lose energy 
independently? Is the inner structure of the jet modified? 

• Color coherence plays an important role in jet evolution in 
vacuum, therefore it must be taken into account when 
considering interactions with the medium
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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
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[Bassetto, Ciafaloni, Marchesini, Mueller, Dokshitzer, Khoze, Toyan,… 1980’s]

Vacuum cascade



Color Coherence
• Antenna calculations show that 

interactions with the medium can 
break color coherence and 
enhance emissions at large angles 

• Medium imposes a resolution scale. 
Narrow jets are seen by the medium 
as a single particle
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K. Tywoniuk (CERN) HP2016 29.09.2016

NEW PICTURE OF JETS
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Casalderrey-Solana Mehtar-Tani, Salgado, KT PLB 725 (2013) 357

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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Figure 2. Diagrammatic illustration of in-medium gluon radiation o↵ a qq̄ pair.

up the high energy limit. The process under consideration in sketched in figure 2. We shall

treat the pair field as a perturbation around the strong medium field, denoted by Amed,

thus, the total field can express as

Aµ
⌘ Aµ

med +Aµ
(0) +Aµ

(1), (3.1)

where the A(0), calculated in the previous section, is the gauge field of the pair in the

absence of the medium, and A(1) is the linear response of the medium to the perturbation

caused by the pair. The subscript (1) marks the response of the field at first order in A�
med.

In the asymptotic limit, the medium gauge field is solution of the 2-dimensional Poisson

equation
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Thus, at leading order in the medium field, the CYM equations read
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Again, as for the vacuum case we can drop the redundant equation for the negative light-

cone component of the field, then using the constraint (3.4) in eq. (3.6), we obtain [36, 38]
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Furthermore, the current obeys the continuity relation,
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– 10 –

J
H
E
P
0
4
(
2
0
1
2
)
0
6
4

0 L 0 L

p̄

k

p

�

�qq̄

p̄

k

p

�

�qq̄

Figure 2. Diagrammatic illustration of in-medium gluon radiation o↵ a qq̄ pair.

up the high energy limit. The process under consideration in sketched in figure 2. We shall

treat the pair field as a perturbation around the strong medium field, denoted by Amed,

thus, the total field can express as

Aµ
⌘ Aµ

med +Aµ
(0) +Aµ

(1), (3.1)

where the A(0), calculated in the previous section, is the gauge field of the pair in the

absence of the medium, and A(1) is the linear response of the medium to the perturbation

caused by the pair. The subscript (1) marks the response of the field at first order in A�
med.

In the asymptotic limit, the medium gauge field is solution of the 2-dimensional Poisson

equation

� @2
?A

�
med(x

+,x) = ⇢med(x
+,x) , Ai

med = A+
med = 0 , (3.2)

where ⇢med(x+,x) describes the static distribution of medium color charges. Thus, the

only non-zero component reads, in Fourier space,

A�
med(q) = 2⇡ �(q+)

Z
dx+ Amed(x

+, q) eiq
�x+

. (3.3)

Thus, at leading order in the medium field, the CYM equations read

� @+
�
@ · A(1)

�
= J+

(1) , (3.4)

⇤A�
(1) � 2ig

h
A�

med, @
+A�

(0)

i
= @� �

@ · A(1)

�
+ J�

(1) , (3.5)

⇤Ai
(1) � 2ig

h
A�

med, @
+Ai

(0)

i
= @i

�
@ · A(1)

�
+ J i

(1) . (3.6)

Again, as for the vacuum case we can drop the redundant equation for the negative light-

cone component of the field, then using the constraint (3.4) in eq. (3.6), we obtain [36, 38]

⇤Ai
(1) � 2ig

h
A�

med, @
+Ai

(0)

i
= �

@i

@+
J+
(1) + J i

(1) . (3.7)

Furthermore, the current obeys the continuity relation,

@µJ
µ
(1) = ig

h
A�

med, J
+
(0)

i
, (3.8)

– 10 –



Two-Gluon Emission

• To go beyond rigid antenna 
picture it is necessary to consider 
multiple emissions (very hard to 
calculate) 

• Antenna splittings 

• Double emissions when one of the 
gluons is hard and collinear 

• Interferences from emissions 
outside the medium
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(i) when the color correlation length of the medium (≃ 1√
q̂L

) is larger than the size of the pairs,

∆med → 0 (dN ∼ Rq +Rq̄ − 2J ), the medium cannot resolve the individual emitters, thus
acting like an individual object with the total charge of the pair (CF for triplet, CA for
octet or 0 for singlet).

(ii) In the opposite case, ∆med → 1 (dN ∼ Rq +Rq̄), the medium resolves the antenna (opaque
medium: decoherence, two independent emitters) and it breaks the color coherence of the
pair, behaving as two independent particles.

A way to estimate the coherence effects is through the definiton of a coherence time,

tcoh ∼
!

1
12θ

2
qq̄ q̂

"1/3
, so that the pair remains coherent (acting as an individual emitter) for

path lenghts in the medium smaller than tcoh.

4. More than two emitters
The antenna provides a simple and intuitive picture, but does it hold for more than two emitters?
In order to address this question, we repeated the previous calculations now including an
additional hard gluon, with the final goal of extrapolating our results to n-gluon emissions.
We restrict to the case of very soft gluon radiation (ω → 0), where only the out-out component
needs to be computed [4].

So, let us consider now the case of three emitters (two hard splittings inside the medium).
The direct terms Rq, Rq̄ and Rg are proportional to a color factor, i.e., no medium effects appear
as expected with the kinematics chosen.

|M1|2 ∝ C2
F |M2|2 ∝ C2

F |M3|2 ∝ Nc C
2
F (6)

Figure 2. Direct terms for the case of three emitters.

More interesting results are obtained in the interference terms, where the survival probabilites
S appear explicitly, providing information about the color coherence of the emitters.

M1 ⊗M∗
3 ∝

1

2
N2

c S(t, L) J (7)

M2 ⊗M∗
3 ∝ N2

c S(0, t) S(t, L) J (8)

The interpretation of equations (7) and (8) is very clear in the large-Nc limit (see Figs. 3
and 4). The survival probability, controlling the degree of color coherence in the soft gluon
emission, corresponds to that of the dipole from which this gluon is emitted. In Fig. 3 this
dipole is formed at time t during the evolution of the system, while it is produced at time 0
in the diagrams of Fig. 4. In this second case, the survival probability is the product of the
two survival probabilities, from 0 to t and from t to L. If coherence is not preserved after the
in-medium splitting, the antenna won’t radiate coherently in the following emission.

Figure 3. Interference term for the case of three emitters (soft gluon in amplitude).

Figure 4. Interference term for the case of three emitters (soft gluon in conjugate amplitude).

5. Discussion and conclusions
Color coherence is essential to understand if multiple gluon emissions are correlated or not.
Proceeding as in the vacuum case, in which coherence leads to angular ordering, antenna is a
very convenient laboratory. An interesting goal is to incorporate the medium effects: the medium
can destroy the coherence of the system. Our results definitely conclude that the results from
the antenna setup (two emitters) can be easily generalized to the case of more than two emitters.
These computations go a step forward to obtain a complete description of a QCD cascade.
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Summary and Outlook

• A better understanding of the dynamics of jet propagation in 
a medium would allow us to increase the precision fo the 
extraction of properties of the quark-gluon plasma 

• Color coherence plays a major role in the description of jet-
medium interactions 

• There are new exciting developments in the theory of in-
medium jet modification and a lot more to come
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