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Simplicity may emerge in asymptotic situations

Fundamental issues

-  Extreme states of matter.  Of intrinsic interest (QCD phase 
 diagram, deconfinement, chiral symmetry restoration, etc),  
 and of  relevance for astrophysics (early universe,  
compact stars)
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Crossover from hadrons to 
quarks and gluons

(from Z. Fodor,  

arXiv:0711.0336) 

(from M. Bazavov et al, arXiv:0903.4379)
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Evolution equations describe the 
evolution with energy of relevant 
configurations (DGLAP, BFKL, JIMWLK...) 

Fluctuations into multi-gluon configurations look 
frozen during collision (Lorentz time dilation)

Gluon density increases with energy 

(with decreasing x, increasing Q)

In a collision at high energy, one 
‘sees’ mostly the gluons in the 
nuclei

The growth eventually saturates

Bulk of particle production  (          GeV ) 
RHIC
LHC



High density partonic systems

 Large occupation 
 numbers

xG(x,Q2)
⇥R2Q2s

⇠ 1
�s



Colliding heavy nuclei
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Stages of nucleus-nucleus collisions

Initial conditions. Fluctuations (geometry, nucleus 
wave function and its parton content)

Particle (entropy) production. Involves mostly small x 
partons

Thermalization. Quark-gluon plasma.  
Hydrodynamical expansion

Hadronization in apparent chemical equilibrium. 
Hadronic cascade till freeze-out.

(x = p?/
p
s ⇠ 10�2 � 10�4 for p? ' 2GeV)

One characteristic scale: saturation momentum Qs



Moving backward in time

Matter at freeze-out is in chemical equilibrium

Conditions are reached for the formation of 
a quark-gluon plasma



ALICE PRL 105 (2010)

ALICE PRL 106 (2011)

Counting particles

Compatible with theoretical

expectations, but large

(theoretical) uncertainties 

remain...



The conditions for the formation of a quark-gluon 
plasma are reached in the early stages  of the 
collisions

dNch
d⌘
' 1600

� ⇥0 ' 15GeV/fm2

T0 ' 300MeV

 � ⌧0 �!

order of magnitude estimate
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(from J. Cleymans et al, hep-ph/0511094)

Matter at freeze-out

well described by a statistical picture



Moving backward in time

Matter flows like a fluid

The quark-gluon plasma as a nearly perfect fluid

Puzzles : viscosity, thermalization





Collective flow
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The perfect liquid

⌘

s
=
1
4⇡
~

kB

The small value of eta/s suggests a strongly 
coupled liquid...

Viscous corrections are small

(Luzum, Romatschke, 2007)
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The flow is sensitive to initial density fluctuations

peripheral central

(QM‘2011)
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peripheral central
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Surprising  p-Pb collisions

Is it hydrodynamics ? 

Or evidence for CGC ? 

Let$us$now$go$to$the$opposite$limit:$$$
Small$final$state$interacFons$=>$$$subtracFon$of$jet$contribuFon$is$sensible.$$Maybe$

some$small$effects$of$the$subtracFon$which$make$it$not$quite$perfect,$but$should$be$a$
good$approximaFon$

CorrelaFon$seen$must$arise$from$intrinsic$correlaFon$of$the$Glasma$flux$lines$as$they$
decay:$

RG%evolu9on%of%two%par9cle%correla9ons%C(p,q)%expressed%in%

terms%of%“unintegrated%gluon%distribu9ons”%in%the%proton%

Dumitru,Dusling,Gelis,JalilianKMarian,Lappi,RV,%arXiv:1009.5295%

%Contribu9on%~%α
S
6/N

c
2%in%min.%bias,%%%High%mult.%K>%%1/α

S
2%N

c
2%

%%%%%%%%%%%%%%%%%%%%%–%enhancement%of%1/α
S
8%%~%factor%of%105%!%

%%

Proton%1%

Proton%2%

Dusling, Venugopalan:1211.3701

Dumitru, Dusling, Gelis, Jalilian-Marian, Lappi, Venugopalan : 1009.5295 

[arXiv: 1305.0609]
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Where is the apparent 
strongly coupled character 
of the QGP coming from ?  

A puzzling situation  
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Is initial concept wrong ? 
No… 
QCD asymptotic freedom works !

Is the coupling constant large ?

Not really !

Is production of matter in heavy ion collisions 
compatible with strong coupling?

Not really (?)



- The strongly coupled character of the quark-gluon plasma 
does not seem related in any obvious way to a large value of 
the coupling constant. 
!

- Non perturbative features may arise from the cooperation of 
many degrees of freedom, or strong classical fields. 
!

- The quark-gluon plasma is a multiscale system (no ideal 
plasma,  neither weakly nor strongly coupled) 
!

- Transport properties, thermalization remain challenging 
issues.



Moving backward in time
Nuclei are made of densely packed gluons
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Most partons taking part in collision have 

At saturation, occupation numbers are large
xG(x,Q2)
⇥R2Q2s

⇠ 1
�s

y=0
y=5

y=10



Statistical-classical field simulations

T. Epelbaum and F. Gelis, PRL (2013)



Moving backward in time
Signals from the early stages
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Hard probes

Hard probes are produced on short space time scales, and their production 
rate can be calculated from pQCD

 Examples of hard probes: heavy quarks, quarkonia, photons, Z and W, jets...

Hard probes are like test particles. The study of their propagation provides much 
information about the medium in which they propagate.

Prospects for hard probes at the LHC are truly fascinating



Gunther Roland EMMI Workshop, Feb 15-16, 2013 

Suppression of inclusive jets 

11 

EPJC 72 (2012) 1945 

hard processes are under control

Hard processes are not affected by the nuclear 
environment, as expected. 
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RHIC

J/ suppression
A long story.... 

SPS
‘anomalous’

suppression

LHC

suppression / regeneration



Y suppression

excited states are more ‘fragile’....



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

Di-jet asymmetry

there is more to it than just ‘jet quenching’...

Missing energy is associated with additional radiation 
of many soft quanta at large angles 

We argue that this reflects a genuine feature of 
the in-medium QCD cascade (JPB, E. Iancu and 
Y. Mehtar-Tani, arXiv: 1301.6102)



!

Multiple branchings 
(de)-coherence 

in-medium cascade 

c

L0

Work done in collaboration with F. Dominguez, E. Iancu  
and Y. Mehtar-Tani (arXiv:1209.4585, 1301.6102, 1311.5823)



The turbulent in-medium QCD cascade
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Much, much more remains to be learned ! 

The field has never been so exciting as now !
























