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Why colliding heavy nuclei at 
high energy ?

- ‘Universal’ character of hadronic wave functions at high 
energy (dense gluonic systems, saturation, color glass 
condensate)

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)

- QCD dynamics in "high density" environment



A multifaceted field

Heavy ions

Quantum field theory

Many-body physics

Statistical physics

Dense hot matter
Astrophysics (compact stars) 

Cosmology (early universe)

Fundamental aspects 

of strong interactions (soft interactions, 


confinement, chiral symmetry)



A field driven by experiments

Complexity of heavy ion collisions -> Plethora of models 

This talk: focus on (some) important theoretical issues without going 

into the detailed comparison of models with experiments

However, many observables, and accurate measurements

(particle species, collision energy, size of colliding systems, etc)

-> we are getting a good control of what is going on

Unexpected phenomena have been discovered



T

µB

Hadronic matter 

Quark-Gluon Plasma

Nuclei

Colour  
superconductor

The QCD phase diagram
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Figure 5: Spline fits to the trace anomaly for several values of the lattice spacing aT = 1/N⌧ and the result of our continuum
extrapolation (left). Note that the error bands shown here do not include the 2% scale error. The right hand panel shows
suitably normalized pressure, energy density, and entropy density as a function of the temperature. In this case the 2% scale
error is included in the error bands. The dark lines show the prediction of the HRG model. The horizontal line at 95⇡2/60
in the right panel corresponds to the ideal gas limit for the energy density and the vertical band marks the crossover region,
Tc = (154± 9) MeV.

Figure 6: The comparison of the HISQ/tree and stout results
for the trace anomaly, the pressure, and the entropy density.

fixing cn = cd = 0 gives an excellent parametrization of
all our numerical data and is in good agreement with the
HRG estimate, at least down to T = 100 MeV. Further-
more, this parametrization agrees with the N⌧ = 8 data
well beyond T = 400 MeV.

The values of the parameters in our ansatz for the pres-
sure, Eq. (16), are summarized in Table II. The results
of this ansatz for the speed of sound, energy density, and
specific heat are compared with our continuum extrapo-
lated error bands in Figs. 7 and 8.

V. SPECIFIC HEAT, THE SPEED OF SOUND
AND DECONFINEMENT

All thermodynamic quantities, for fixed light and
strange quark masses, depend on a single parameter—
the temperature. In Section IV, we derived the basic
thermodynamic observables (✏, p, s) from the contin-
uum extrapolated trace anomaly ⇥µµ(T ). We now dis-
cuss two closely related observables that involve second
order derivatives of the QCD partition function with re-
spect to the temperature, i.e., the specific heat,
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The quantity Td(✏/T 4)/dT can be calculated directly
from the trace anomaly and its derivative with respect
to temperature,
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These identities show that the estimates for the specific
heat and the speed of sound should be of a quality similar
to ✏/T 4 or p/T 4. In Figs. 7 and 8, we show the agree-
ment between the bootstrap error bands for these quan-
tities and the estimates obtained by taking second or-
der derivatives of the analytic parameterization for p/T 4

given in Eq. 16. The latter are shown as dark lines inside
the bootstrap error bands.

[1407.6387 Hot QCD collaboration]

Crossover from hadrons to 
quarks and gluons



Bulk of particle production  (          GeV ) 
RHIC
LHC

High density partonic systems

 Large occupation 
 numbers
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Colliding heavy nuclei



Stages of nucleus-nucleus collisions

Initial conditions. Fluctuations (of various origins)

Particle (entropy) production. Involves mostly small x 
partons

Quark-gluon plasma.  
Thermalization. 

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



(from J. Cleymans et al, hep-ph/0511094)

Matter at freeze-out

well described by a statistical picture

Thermal fit – LHC, Pb–Pb, 0-10%
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Energy dependence of T , µB (central collisions)
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Moving backward in time

Matter flows like a fluid

The quark-gluon plasma as a nearly perfect fluid



Azimuthal anisotropy
dN
d�
=
X

n

Vne�in�

V
2

= elliptic flow

Flow fluctuations

• Vn  fluctuates event to event. 

• V2 in nucleus-nucleus:  
    mean V2 from geometry  
+ fluctuations 

• V3 in nucleus-nucleus,  
V2 in proton-nucleus:  
just fluctuations
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Alver et al nucl-ex/0610037 
Alver Roland 1003.0194

ities [7] but is in agreement with some models that include
viscous corrections which at the LHC become less impor-
tant [12,15–18].

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
RHIC and the LHC of pt-differential elliptic flow at low
pt is consistent with predictions of hydrodynamic models
[7,14]. We find that the integrated elliptic flow increases
about 30% from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at RHIC to
ffiffiffiffiffiffiffiffi
sNN

p ¼

2:76 TeV. The larger integrated elliptic flow at the LHC is
caused by the increase in the mean pt. Future elliptic flow
measurements of identified particles will clarify the role of
radial expansion in the formation of elliptic flow.
The ALICE Collaboration would like to thank all its

engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN ac-
celerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration acknowledges
the following funding agencies for their support in building
and running the ALICE detector: Calouste Gulbenkian
Foundation from Lisbon and Swiss Fonds Kidagan,
Armenia; Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (FINEP), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP); National
Natural Science Foundation of China (NSFC), the
Chinese Ministry of Education (CMOE), and the
Ministry of Science and Technology of China (MSTC);
Ministry of Education and Youth of the Czech Republic;
Danish Natural Science Research Council, the Carlsberg
Foundation, and the Danish National Research
Foundation; The European Research Council under the
European Community’s Seventh Framework Programme;
Helsinki Institute of Physics and the Academy of Finland;
French CNRS-IN2P3, the ‘‘Region Pays de Loire,’’
‘‘Region Alsace,’’ ‘‘Region Auvergne,’’ and CEA,
France; German BMBF and the Helmholtz Association;
Hungarian OTKA and National Office for Research and
Technology (NKTH); Department of Atomic Energy and
Department of Science and Technology of the Government
of India; Istituto Nazionale di Fisica Nucleare (INFN) of
Italy; MEXT Grant-in-Aid for Specially Promoted
Research, Japan; Joint Institute for Nuclear Research,
Dubna; National Research Foundation of Korea (NRF);
CONACYT, DGAPA, México, ALFA-EC, and the
HELEN Program (High-Energy physics Latin-American-
European Network); Stichting voor Fundamenteel
Onderzoek der Materie (FOM) and the Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO),
Netherlands; Research Council of Norway (NFR); Polish
Ministry of Science and Higher Education; National
Authority for Scientific Research–NASR (Autoritatea
Naţională pentru Cercetare Ştiinţifică–ANCS); Federal
Agency of Science of the Ministry of Education and
Science of Russian Federation, International Science and
Technology Center, Russian Academy of Sciences,
Russian Federal Agency of Atomic Energy, Russian
Federal Agency for Science and Innovations, and CERN-
INTAS; Ministry of Education of Slovakia; CIEMAT,
EELA, Ministerio de Educación y Ciencia of Spain,
Xunta de Galicia (Consellerı́a de Educación), CEADEN,
Cubaenergı́a, Cuba, and IAEA (International Atomic
Energy Agency); The Ministry of Science and
Technology and the National Research Foundation
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FIG. 4 (color online). Integrated elliptic flow at 2.76 TeV in
Pb-Pb 20%–30% centrality class compared with results from
lower energies taken at similar centralities [40,43].
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FIG. 3 (color online). Elliptic flow integrated over the pt range
0:2< pt < 5:0 GeV=c, as a function of event centrality, for the
2- and 4-particle cumulant methods, a fit of the distribution of
the flow vector, and the Lee-Yang zeros method. For the cumu-
lants the measurements are shown for all charged particles (full
markers) and same charge particles (open markers). Data points
are shifted for visibility. RHIC measurements for Au-Au atffiffiffiffiffiffiffiffi
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p ¼ 200 GeV, integrated over the pt range 0:15< pt <
2:0 GeV=c, for the event plane v2fEPg and Lee-Yang zeros are
shown by the solid curves.
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[ALICE PRL 105 (2010)]



Collective flow
Matter flows like a fluid and is well described by relativistic hydrodynamics
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Description in terms of a few local fields

"(x)
P(x)

n

B

(x)

energy density 

energy density 

energy density 

Effective theory for long wavelength modes

This description works amazingly well !

even in situations where, a priori, it should not …



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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FIG. 4. (Color online) Root-mean-square anisotropic flow co-
efficients ⟨v2n⟩

1/2, computed as a function of centrality, com-
pared to experimental data of vn{2}, n ∈ {2, 3, 4}, by the
ALICE collaboration [3] (points). Results are for 200 events
per centrality with bands indicating statistical errors.
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FIG. 5. (Color online) Comparison of vn(pT ) using two dif-
ferent switching times τswitch = 0.2 fm/c (wide), and 0.4 fm/c
(narrow). Experimental data by the ATLAS collaboration us-
ing the event-plane (EP) method [4] (points). Bands indicate
statistical errors.

The effect of changing the switching time from
τswitch = 0.2 fm/c to τswitch = 0.4 fm/c is shown in Fig. 5.
Results agree within statistical errors, but tend to be
slightly lower for the later switching time. The nonlinear
interactions of classical fields become weaker as the sys-
tem expands and therefore Yang-Mills dynamics is less
effective than hydrodynamics in building up flow at late
times. Yet it is reassuring that there is a window in time
where both descriptions produce equivalent results.

Because a constant η/s is at best a rough effective
measure of the evolving shear viscosity to entropy den-
sity ratio, we present results for a parametrized temper-
ature dependent η/s, following [33]. We use the same
parametrization (HH-HQ) as in [33, 34] with a minimum
of η/s(T ) = 0.08 at T = Ttr = 180MeV. The result,
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FIG. 6. (Color online) Comparison of vn(pT ) using con-
stant η/s = 0.2 and a temperature dependent η/s(T ) as
parametrized in [33]. Experimental data by the ATLAS col-
laboration using the event-plane (EP) method [4] (points).
Bands indicate statistical errors.

compared to η/s = 0.2 is shown for 20− 30% central col-
lisions in Fig. 6. The results are indistinguishable when
studying just one collision energy. The insensitivity of
our results to two very different functional forms may
suggest that a very large fraction of the magnitude of
the flow coefficients is built up at later times when η/s
is very small. Also, since second order viscous hydrody-
namics breaks down when Πµν is comparable to the ideal
terms, our framework may be inadequate for large values
of η/s.

At top RHIC energy, as shown in Fig. 7, the experi-
mental data from STAR [35] and PHENIX [1] is well de-
scribed when using a constant η/s = 0.12, which is about
40% smaller than the value at LHC. A larger effective η/s
at LHC than at RHIC was also found in [36]. The tem-
perature dependent η/s(T ) used to describe LHC data
works well for low-pT RHIC data, but underestimates
v2(pT ) and v3(pT ) for pT > 1GeV. The parametrizations
of η/s(T ) in the literature are not definitive and signif-
icant improvements are necessary. Our studies suggest
great potential for extracting the temperature dependent
properties of QCD transport coefficients by performing
complementary experiments extracting flow harmonics at
both RHIC and LHC.

In Fig. 8 we present results for v1(pT ) compared to ex-
perimental data from ALICE [37], extracted in [39], and
from ATLAS [38]. v1(pT ) cannot be positive definite be-
cause momentum conservation requires ⟨v1(pT )pT ⟩ = 0.
There is a disagreement between the experimental results
(discussed in [38]) and between theory and experiment at
LHC. On the other hand, v1(pT ) at RHIC is very well re-
produced (see Fig. 7). One possible explanation for the
data crossing v1(pT ) = 0 at a lower pT than the calcu-
lation at LHC could be the underestimation of the pion
pT -spectra at very low pT – see Fig. 2. However, this is

[1209.6330]



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%
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Dusling, Venugopalan:1211.3701

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

[arXiv: 1305.0609]



So, why does hydro work so well

•  How does the hot dense systems of gluons that are freed very early 
in the collisions turn into a liquid with low relative viscosity ?


                              [will be discussed shortly]

•  How small can the system be for hydro still to make sense ? 

Topic of hot debate !

Standard point of view (kinetic)

R � `
micro

⇠ 1/T

AdS/CFT (strong coupling)

⌧
hydro

� ⌧
micro

⇠ 1/T ⌧
hydro

. 1/T

R . 1/T



Moving backward in time
Nuclei are made of densely packed gluons

How does fluid behavior emerge ?



Saturated gluon systems 

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

[For a recent (pedagogical)

 review see 1607.04448]



Figure 1: Schematic overview of a heavy-ion collision modeled with CPIC in the laboratory frame. The random color
charge densities of the nuclei are modeled by placing color charge carrying particles (here depicted as small spheres)
into each cell along the longitudinal direction. These particles move continuously in the longitudinal direction, but
are fixed to the grid points in the transversal plane.

2 Colored particle-in-cell method for heavy-ion collisions

The model of a heavy-ion collision which we implement in this work is that of two sheets of color fields and charges,
each occupying a two-dimensional plane, colliding with each other at the speed of light in the laboratory frame.
The sheets modeling Lorentz contracted nuclei as depicted in Fig. 1 have a finite extent in the longitudinal direction
in which they propagate and a largely random transversal color structure. On the other hand, in our setup the
longitudinal color structure is assumed to be coherent, spreading a given color configuration over the complete
thickness of a nucleus. Each of the sheets consists of two contributions, a charge distribution and its corresponding
classical fields. The charge distributions are chosen according to the McLerran-Venugopalan model and are not
directly participating in the collision dynamics while being tied to the light cone. In our CPIC approach we model
these charges as classical particles with a non-Abelian color charge. Following the core assumptions of the CGC
framework, the charges generate classical gluon fields, which travel alongside them in the sheet and are responsible
for the creation of matter during and after the collision. The dynamics of these fields are consistently described by
Yang-Mills equations without any approximations.

The CPIC method simulates the evolution of colored point charges in continuous phase space coupled to non-
Abelian gauge fields on a discrete lattice. In each simulation step, the equations of motion for particles and fields
are solved alternately. Currents for the field equations are obtained by interpolating the motion of charges to the
lattice, while interpolating the discretized fields back to the continuous particle positions gives rise to forces and
parallel transport. The simulation volume is modeled as a three-dimensional grid with N

L

·N2
T

cells, where N

L

and
N

T

are the number of cells in the longitudinal and transversal directions respectively with spatial lattice spacing
a

s

and time step a

t

. In each cell we define the electric fields E

x,i

, the gauge links U

x,i

, and the charge and current
densities ⇢

x

and j

x,i

, where x denotes the lattice site of the cell and i 2 {1, 2, 3} is a vector index. The box is
periodic in the transversal directions and fixed boundary conditions are used for the longitudinal direction.

The initial conditions for the fields are generated from the charge densities ⇢1 and ⇢2 of the two nuclei. This
step is described in Sec. 2.3. The exact form of ⇢(1,2) depends on the model used to describe the nuclei. We choose
the longitudinal separation of the nuclei such that the fields do not overlap in the beginning. The color charge
densities ⇢(1,2) are then used to sample the particle charges. We place Np particles in each cell and apply the charge
refinement algorithm from Sec. 2.4 to get a smooth distribution of color charges among the particles. The fields and
particles are then evolved via the lattice equations of motion (see Sec. 2.1) and the nearest-grid-point interpolation
method (see Sec. 2.2). Consequently, the Gauss constraint is fulfilled throughout the simulation of the system.
Similar to most collision simulations in the color glass condensate framework we do not take the backreaction from
the fields onto the particles into account (apart from parallel transport of the charges), i.e. the particles’ velocity
is held constant at the speed of light. As a consequence the particles act as a reservoir of energy for the fields and
total energy is not conserved. The maximum simulation time is limited by the longitudinal length of the simulation
box, since the nuclei are continuously moving in the longitudinal direction and will reach the end of the box after
some time. The color charge density ⇢

a

(x) is treated as a random variable following a probability functional W [⇢]

3

Simulation of  classical Yang-Mills equations 
with random distribution of color charges

[D. Gelfand, A. Ipp, D. Müller, 1605.07184] 



Statistical-classical field simulations

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



Smooth approach to hydrodynamics

↵s = 0.3

1 10 100
Qτ

0.001

0.01

Kinetic thy.

1st order hydro

2nd order hydro

0.1 1 10
τ[fm/c]

0.001

0.01

C
o
m

p
o
n
en

ts
 o

f 
τ

4
/3

T
µ ν
/Q

8
/3

1/3 τ
4/3

ε

τ
4/3

P
L

τ
4/3

P
T

For realistic couplings, hydrodynamics reached around . 1fm/c.

Hydro seems to give a good description even when PL/PT ⇠ 1/5
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[A. Kurkela and Y. Zhu, PRL 115,182301]

Microscopic understanding of how  
liquid behavior emerges



Moving backward in time
Signals from the early stages

Hard probes



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. But our 

theoretical tools to exploit them still need to be further developed.



Jets in a quark-gluon plasma

Jets are quenched due to interactions with the QGP



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 ‘quenching’...

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

This reflects a genuine feature of 
the in-medium QCD cascade.
(for recent review, see arXiv: 1503.05958)
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 [arXiv:1407.0326]

The angular structure is a generic property 
 of the in-medium QCD cascade
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A very nice idea….

but a very difficult many-body problem !

a considerable experimental effort

Melting of quarkonia
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RHIC

J/ suppression
A long story.... 

SPS
‘anomalous’

suppression

suppression / regeneration
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• Significantly less suppression than at lower energy 

• No strong centrality dependence for Npart > 70

• Statistical hadronization and transport models describe the data ((re)combination)

• Shadowing-comovers-recombination model also describes data

• Need a precise measurement of σcc  and CNM effects in p-Pb to sharpen the conclusions

First hint of recombination



Y suppression

excited states are more ‘fragile’....

It remains a theoretical challenge to understand the details of what is going on, 
but progress are being made, and the quality of the data justifies further 

theoretical efforts.



Conclusions

Modelling of collisions is greatly helped by the success of hydrodynamics

Early stages of the collisions may be amenable to first principle calculations


The LHC is offering new and precise probes to diagnose the QGP, 
and new phenomena are being discovered

A quark-gluon plasma is produced in ultra-relativistic heavy ion collisions, 
whose global properties do not change much between RHIC and LHC (a 
liquid with low relative viscosity)

We have began to study the properties of this quark-gluon plasma

Much, much more remains to be learned ! 

The field has never been so exciting as now !






