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Why should we study Heavy Ion Collisions (HIC)
in the first place ?

To answer fundamental questions about the QCD dynamics
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Aspects of QCD which are well under control

Hard processes: momentum transfer & 10 GeV (see talk by Zvi Bern)
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Aspects of QCD which are kind of understood

Confinement: hadron spectroscopy, QGP phase transition...

Introduction Hadron spectrum Nonvanishing temperature Summary

Final result for the hadron spectrum
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Z. Fodor Recent Progress in Lattice QCD

We can compute the hadron masses from first principles (lattice QCD)
but analytic insight is still missing.
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Aspects of QCD which might be never understood

Hadronisation: dynamical manifestations of confinement which elude
lattice calculations

We can rely on well tuned models (Lund string model)
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Aspects of QCD about to be understood

The dense forms of partonic matter created in the early and
intermediate stages of a high–energy heavy ion collision

Universal: exist also outside the context of HIC

Their properties can be traced back from the hadron distribution in
the final state (more than ten thousand !)
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New forms of QCD matter produced in HIC

Prior to the collision: 2 Lorentz–contracted nuclei (‘pancakes’)

‘Color Glass Condensate’ (CGC)

Right after the collision: non–equilibrium partonic matter

‘Glasma’

At later stages (∆t & 1 fm/c) : local thermal equilibrium

‘Quark–Gluon Plasma’ (QGP)

Final stage (∆t & 10 fm/c) : hadrons

‘final event’, or ‘particle production’
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Effective theories for Heavy Ion Collisions
A challenge for the theorists:

semi–hard (transverse) momenta: a few GeV
moderate values of the coupling: αs ≡ g2/4π ' 0.3÷ 0.4
important finite density (non–linear) phenomena

z 

t

incoming nuclei CGCs

strong fields classical dynamics

gluons & quarks out of eq. viscous hydro

gluons & quarks in eq. ideal hydro

hadrons kinetic theory

freeze out

General strategies
reorganize perturbation theory by resumming high–density effects
gauge/string duality at strong coupling
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Early Stages: the realm of Strong Colour Fields

Introduction to AA collisions

Bookkeeping

Inclusive gluon spectrum

Loop corrections

CERN

François Gelis – 2007 Lecture III / III – School on QCD, low-x physics, saturation and diffraction, Copanello, July 2007 - p. 5/65

Stages of a nucleus-nucleus collision

z 

t

strong fields classical EOMs

■ τ ∼ 0.2 fm/c
■ Production of semi-hard particles : gluons, light quarks
■ relatively small momentum : p⊥ . 2–3 GeV
■ make up for most of the multiplicity
■ sensitive to the physics of saturation (higher twist)

τ < 0 : hadronic wavefunctions prior to the collision

τ ∼ 0 fm/c : hard scattering & hard particle production

τ ∼ 0.2 fm/c : dense partonic matter out of equilibrium

The focus will be on bulk properties, which are semi–hard
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The bulk kinematics: small x
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99% of the total multiplicity lies below p⊥ = 2 GeV

x ∼ 4× 10−4 for
√
s = 5.5 TeV, p⊥ = 2 GeV & η = 0

x2 ∼ 10−5 for
√
s = 5.5 TeV, p⊥ = 10 GeV & η = 5

Small x : high energy, semi–hard p⊥, forward rapidity (η > 0)
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Gluon evolution at small x
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Gluon distribution xG(x,Q2) : # of gluons with transverse size
∆x⊥ ∼ 1/Q and longitudinal momentum fraction x

Rapid growth of the gluon distribution at small x due to the infrared
singularity (x→ 0) of bremsstrahlung
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Gluon evolution at small x

q

P

BFKL ladders =⇒ explosive growth of the gluon occupation number :

n(x, k⊥, b⊥) ≡ d xG(x, k2
⊥)

d2k⊥ d2b⊥
∼ 1

xωαs
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Gluon evolution at small x

k  = x Pz z

Gluon occupation number cannot exceed a value ∼ 1/αs (by unitarity)

When n(x, k⊥) ∼ 1/αs gluons strongly overlap and thus interact

The evolution becomes non–linear, leading to gluon saturation

This introduces an effective, energy–dependent, infrared cutoff
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The Saturation Momentum

The gluons at saturation have an intrinsic transverse momentum
k⊥ ∼ Qs(x) which increases with the energy

n(x, k⊥) ' xG(x, k2
⊥)

k2
⊥ πR

2
∼ 1

αs

Q2
s(x) ' αs

xG(x,Q2
s)

πR2
∼ 1

xλs

λs ' 0.2÷ 0.3 at NLO accuracy
(Triantafyllopoulos, 2003)

... and also with the atomic number A for a large nucleus (A� 1)

x ∼ 10−5: Qs ∼ 1 GeV for proton and ∼ 3 GeV for Pb or Au
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Multiplicities and average p⊥: energy dependence
The saturation exponent λs can be actually seen in the data !

The saturated gluons are released in the final state

typical transverse momentum 〈p⊥〉 ∝ Qs(E) ∼ Eλs/2

average multiplicity dN/dη ∝ Q2
s(E) ∼ Eλs
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multiplicity is found to be very similar for
!

sNN = 2.76 TeV and
!

sNN = 0.2 TeV.

Fig. 3: Comparison of (dNch/d!)/
!
"Npart#/2

"
with model calculations for Pb–Pb at

!
sNN = 2.76 TeV. Uncer-

tainties in the data are shown as in Fig. 2.

Theoretical descriptions of particle production in nuclear collisions fall into two broad categories: two-
component models combining perturbative QCD processes (e.g. jets and mini-jets) with soft interactions,
and saturation models with various parametrizations for the energy and centrality dependence of the
saturation scale. In Fig. 3 we compare the measured (dNch/d!)/

!
"Npart#/2

"
with model predictions. A

calculation based on the two-component Dual Parton Model (DPMJET [10], with string fusion) exhibits
a stronger rise with centrality than observed. The two-component Hijing 2.0 model [25], which has been
tuned [11]1 to high-energy pp [19, 23] and central Pb–Pb data [2], reasonably describes the data. This
model includes a strong impact parameter dependent gluon shadowing which limits the rise of particle
production with centrality. The remaining models show a weak dependence of multiplicity on centrality.
They are all different implementations of the saturation picture, where the number of soft gluons available
for scattering and particle production is reduced by nonlinear interactions and parton recombination. A
geometrical scaling model with a strong dependence of the saturation scale on nuclear mass and collision
energy [12] predicts a rather weak variation with centrality. The centrality dependence is well reproduced
by saturation models [13] and [14]1, although the former overpredicts the magnitude.

In summary, the measurement of the centrality dependence of the charged-particle multiplicity density at
mid-rapidity in Pb–Pb collisions at

!
sNN = 2.76 TeV has been presented. The charged-particle density

normalized per participating nucleon pair increases by about a factor 2 from peripheral (70–80%) to
central (0–5%) collisions. The dependence of the multiplicity on centrality is strikingly similar for the
data at

!
sNN = 2.76 TeV and

!
sNN = 0.2 TeV. Theoretical descriptions that include a taming of the

multiplicity evolution with centrality are favoured by the data.
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tributions to the construction of the experiment and the CERN accelerator teams for the outstanding

1Published after the most central dNch/d! value [2] was known.
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FIG. 3. Charged particle pseudo-rapidity density per partic-
ipant pair for central nucleus–nucleus [16–24] and non-single
di!ractive pp/pp collisions [25–31], as a function of

!
sNN.

The energy dependence can be described by s0.15
NN for nucleus–

nucleus, and s0.11
NN for pp/ppcollisions.

ity variables (SPD hits, or combined use of the ZDC and
VZERO signals).

We measure a density of primary charged particles
at mid-rapidity dNch/d! = 1584 ± 4 (stat.) ± 76
(sys.). Normalizing per participant pair, we obtain
dNch/d!/(0.5 !Npart") = 8.3 ± 0.4 (sys.) with negligi-
ble statistical error. In Fig. 3, this value is compared
to the measurements for Au–Au and Pb–Pb, and non-
single di!ractive (NSD) pp and pp collisions over a wide
range of collision energies [16–31]. The energy depen-
dence can be described by s0.11

NN for pp and pp, and
by s0.15

NN for nucleus–nucleus collisions. A significant in-
crease, by a factor 2.2, in the pseudo-rapidity density is
observed at

#
sNN = 2.76 TeV for Pb–Pb compared to#

sNN = 0.2 TeV for Au–Au. The average multiplicity
per participant pair for our centrality selection is found
to be a factor 1.9 higher than that for pp and pp collisions
at similar energies.

Figure 4 compares the measured pseudo-rapidity den-
sity to model calculations that describe RHIC measure-
ments at

#
sNN = 0.2 TeV, and for which predictions at#

sNN = 2.76 TeV are available. Empirical extrapolation
from lower energy data [4] significantly underpredicts the
measurement. Perturbative QCD-inspired Monte Carlo
event generators, based on the HIJING model tuned to
7 TeV pp data without jet quenching [5] or on the Dual
Parton Model [6], are consistent with the measurement.
Models based on initial-state gluon density saturation
have a range of predictions depending on the specific im-
plementation [7–11], and exhibit a varying level of agree-
ment with the measurement. The prediction of a hybrid
model based on hydrodynamics and saturation of final-
state phase space of scattered partons [12] is close to
the measurement. A hydrodynamic model in which mul-

FIG. 4. Comparison of this measurement with model predic-
tions. Dashed lines group similar theoretical approaches.

tiplicity is scaled from p+p collisions overpredicts the
measurement [13], while a model incorporating scaling
based on Landau hydrodynamics underpredicts the mea-
surement [14]. Finally, a calculation based on modified
PYTHIA and hadronic rescattering [15] underpredicts
the measurement.

In summary, we have measured the charged-particle
pseudo-rapidity density at mid-rapidity in Pb–Pb colli-
sions at

#
sNN = 2.76 TeV, for the most central 5% frac-

tion of the hadronic cross section. We find dNch/d! =
1584 ± 4 (stat.) ± 76 (sys.), corresponding to 8.3 ±
0.4 (sys.) per participant pair. These values are signif-
icantly larger than those measured at RHIC, and indi-
cate a stronger energy dependence than measured in pp
collisions. The result presented in this Letter provides
an essential constraint for models describing high energy
nucleus–nucleus collisions.
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de Estudos e Projetos (FINEP), Fundação de Amparo
à Pesquisa do Estado de São Paulo (FAPESP); Na-
tional Natural Science Foundation of China (NSFC), the
Chinese Ministry of Education (CMOE) and the Min-
istry of Science and Technology of China (MSTC); Min-
istry of Education and Youth of the Czech Republic;
Danish Natural Science Research Council, the Carlsberg
Foundation and the Danish National Research Founda-
tion; The European Research Council under the Eu-
ropean Community’s Seventh Framework Programme;

~ ln(s)

Centrality dependence
Lessons from data

dNch

d!

!!!!
!=0

!
"

s
0.3 # f(Npart)
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It works for heavy ion collisions as well.
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Colour Glass Condensate

The universal form of hadronic matter made with saturated gluons

glass (Lorentz time dilation of the fast partons with x′ � x)
condensate (occupation numbers n ∼ 1/αs ⇔ colour fields Aia ∼ 1/g)

JIMWLK equation : functional renormalization group equation for the
non–linear evolution of the gluon correlations with decreasing x
(Jalilian-Marian, Iancu, McLerran, Weigert, Leonidov, Kovner; 1997–2000)

Derived from perturbative QCD to leading logarithmic accuracy

powers of αs ln(1/x) and of gAµa are resummed to all orders

Large–Nc limit (Balitsky–Kovchegov equation) known to NLO

Exact numerical solution, recent quasi–exact analytical solutions
(E.I., Triantafyllopoulos, 2011)

Non–perturbative initial conditions at x0 ' 10−2 : the main source of
theoretical uncertainties (especially for nuclei)
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Nuclear modification factor in d+Au at RHIC

Rd+Au ≡
1

2A
dNd+Au/d2p⊥dη

dNpp/d2p⊥dη

Would be one for an incoherent superposition of 2A collisions
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Rd+Au decreases with increasing rapidity ... as predicted by the CGC

B the proton evolves faster than the nucleus since it shows no
saturation at the RHIC energies.
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Nuclear modification factor in d+Au at RHIC

Rd+Au ≡
1

2A
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Well described by the CGC theory (Albacete and Marquet, 2010)

B Balitsky–Kovchegov equation with running coupling and initial
condition Q2

s0 = 0.4GeV2 at x0 = 0.02 for Au

Edmond Iancu () QCD for Heavy Ion Collisions PLHC2012 Vancouver 16 / 55



Di–jet correlations at RHIC: p+p vs. d+Au

k !
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d+Au : the ‘away jet’ gets smeared out = saturation in Au
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d+Au : the ‘away jet’ gets smeared out = saturation in Au
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Nucleus–nucleus collisions
Introduction to AA collisions

Bookkeeping

Inclusive gluon spectrum

Loop corrections

CERN

François Gelis – 2007 Lecture III / III – School on QCD, low-x physics, saturation and diffraction, Copanello, July 2007 - p. 9/65

Initial particle production

■ Dilute regime : one parton in each projectile interact

■ Dense regime : multiparton processes become crucial
(+ pileup of many simultaneous scatterings)

A HIC collision according to the CGC : non–linear effects in the
Yang–Mills equations with ‘left’ and ‘right’ colour sources

DνF
νµ(x) = δµ+ρR(x) + δµ−ρL(x)

ρR,L(x) : random colour charge distributions obeying JIMWLK
factorization demonstrated by Gelis, Lappi, Venugopalan, 2008
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Glasma

Right after the collision, the chromo-electric and magnetic fields are
strong and purely longitudinal

Flux tubes with transverse radius ∼ 1/Qs which are boost invariant.
Glasma (from ‘glass’ + ‘plasma’) (McLerran and Lappi, 06)

At time τ ∼ 1/Qs, the glasma flux tubes break into particles (gluons)
which have long–range correlations in rapidity η
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The Ridge

A natural explanation for the ‘ridge’ : R ≡ 〈N1N2〉−〈N1〉 〈N2〉
〈N1〉 〈N2〉

Ni : # of particles in a bin (ηi, φi) in rapidity and azimuthal angle
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Correlations : long–range in ∆η, narrow in ∆φ

A small ridge found by CMS in p+p events with high multiplicity
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Intermediate stages: the Quark–Gluon Plasma

Introduction to AA collisions

Bookkeeping

Inclusive gluon spectrum

Loop corrections

CERN

François Gelis – 2007 Lecture III / III – School on QCD, low-x physics, saturation and diffraction, Copanello, July 2007 - p. 5/65

Stages of a nucleus-nucleus collision

z 

t

strong fields classical EOMs

gluons & quarks out of eq. kinetic theory

gluons & quarks in eq. hydrodynamics

■ 2 ≤ τ . 10 fm/c
■ Quark gluon plasma

τ ∼ 1 fm/c : Flow and thermalization

1 . τ . 10 fm/c : Quark–Gluon Plasma, jet quenching
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Revisiting the ridge: Elliptic flow

The di–hadron correlations show a characteristic double peak structure
at ∆φ = 0 and ∆φ = π, known as elliptic flow

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . .
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Hydrodynamic calculation

(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )

. . . can be generated by purely collective flow.

MATT LUZUM (IPHT) FLOW FLUCTUATIONS QUARK MATTER 2011 4 / 13

R ≡ 〈N1N2〉 − 〈N1〉 〈N2〉
〈N1〉 〈N2〉

∝ v2
2 cos

(
2∆φ

)

This has a simple physical interpretation (Ollitrault, 1992)

... with far reaching consequences
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Elliptic flow v2

dN
dφ
∝ 1 + 2v2 cos 2φ

v2 : the ‘coefficient of the elliptic flow’

Non–central AA collision: impact parameter b⊥ > 0

The interaction region is (roughly) elliptic

Pressure gradient is larger along the smaller axis (x)

Fluid velocity is proportional to the pressure gradient

Particle emerge predominantly parallel to the fluid velocity

=⇒ the particle distribution is not axially symmetric !
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Hydro simulations for v2 (from Luzum and Romatschke, 08)

The data are well described by nearly ideal hydrodynamics

local thermal equilibrium (the medium keeps expanding)
a rather short equilibration time τ0 . 1 fm/c

a small viscosity/entropy ratio η/s < 0.2

These features are suggestive of strong coupling
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Viscosity over entropy density ratio

Ideal fluid: no dissipation/zero viscosity ⇔ (infinitely) strong coupling

B η ∝ the mean free path ` ∝ 1/σ (Maxwell, 1860)

Ideal fluids cannot exist in nature (Heisenberg): η/s & ~

Weakly coupled QGP (Arnold, Moore, Yaffe, 2003) :

η

s
∼ 1

α2
s ln(1/αs)

� 1

Conjectured limit at strong coupling (Kovtun, Son, Starinets, 05)

η

s
→ 1

4π
when λ ≡ g2Nc → ∞ (AdS/CFT)

The RHIC value is at most a few times 1/4π ' 0.08

‘strongly–coupled quark–gluon plasma’ or ‘perfect fluid’
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A lesson from AdS/CFT
Any non–equilibrium perturbation rapidly approaches a state of local
thermal equilibrium whose subsequent evolution is well described by
viscous hydrodynamics. (Chesler and Yaffe; Heller, Janik et al)But, viscous corrections are important for everything
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Viscous corrections are important for all observables

• Photon production has important viscous correction (Dusling and Shu)

• Jet quenching parameters, i.e. q̂, gets important-anisotropic viscous corrections

When hydro starts to apply, the distribution is still highly anisotropic

Although viscosity is small, its effects can be very large.
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Quark–Gluon Plasma: the lattice viewpoint

Several, competing, collaborations: Hot QCD (Bielefeld, BNL,
Columbia ...); Budapest–Marseille–Wuppertal; Bombay; Hiroshima ...

The precision era: physical quark masses, continuum extrapolation

The ‘deconfinement phase–transition’ is truly ... a cross–over

‘Critical temperature’ : Tc = 150÷ 180 GeV

Transition temperature Equation of state Curvature on µ–T Summary

Pressure and energy density

ε normalized to the Stefan-Boltzmann limit: ε(T→∞)=15.7
at 1000 MeV still 20% difference to the Stefan-Boltzmann value

essentially perfect scaling, lines/points are lying on top of each other

Z. Fodor Tc , EoS and the curvature of the phase diagram from lattice QCD (Wuppertal-Budapest results)

For T & 2.5Tc, ε(T )− εSB(T ) is about 20% : is this small or large ?
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QCD thermodynamics: perturbation theory
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The first perturbative correction, of O(g2), is about 20% as well

Successive perturbative approximations — O(g2), O(g3), O(g4),
O(g5) — jump up and down, without any sign of convergence.

This problem appears in any field theory, including QED, or scalar φ4

A failure of our way of computing, and not of perturbation theory
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Debye screening

The plasma involves collective phenomena which are non–perturbative
at the ‘soft’ scale gT (note that gT � T at weak coupling)

Length scales in the QGP

Long distance effective theories

Collective phenomena

● Dressed propagator

● Quasi-particles

● Debye screening

● Landau damping

Anisotropic plasmas

CERN

François Gelis – 2007 Lecture II / III – 2nd Rio-Saclay meeting, CBPF, Rio de Janeiro, September 2007 - p. 32/46

Debye screening

■ A test charge polarizes the particles of the plasma in its
vicinity, in order to screen its charge :

V(r) = 
exp( - mdebye r)

r
r

■ The Coulomb potential of the test charge decreases
exponentially at large distance. The effective interaction
range is :

ℓ ∼ 1/mdebye ∼ 1/gT

■ Note : static magnetic fields are not screened by this
mechanism (they are screened over length-scales
ℓmag ∼ 1/g2T )

Thermal effect associated with dressing the propagator: mDebye ∼ gT

q
_

q
k ~ gT

p ~ T p ~ T

The soft bosonic modes are amplified by the thermal fluctuations

nB(Ek) =
1

eβEk − 1
' T

Ek
=

T√
k2 +m2

D

∼ 1
g

when k . gT
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Hard Thermal Loops

In a field theory at finite T , strict perturbation theory makes no sense

The plasma develops collective phenomena encoded in Hard Thermal
Loops (Braaten and Pisarski, 1990; Blaizot, E. I., 1992)

k  ~ gTn

p ~ T

n
3

2
1

gT gT

T

T

Hard Thermal Loops : one loop diagrams with internal momenta
p ∼ O(T ) (‘hard’) and external momenta ki ∼ O(gT ) (‘soft’)

This requires reorganizations of the perturbative expansion
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HTL–resummed entropy
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1

‘Two–particle–irreducible’ resummation (dressed propagators)
(J.-P. Blaizot, A. Rebhan, E. I., 2000)

Physical picture: weakly coupled quasiparticles

Good agreement with the lattice data (Bielefeld) for T & 2.5Tc

Screened perturbation theory (Braaten, Andersen, Strickland)
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Transport coefficients on the lattice

The HTL resummation program has not yet been implemented for
transport coefficients (e.g. viscosity)

The lack–of–convergence problem appears in that context too

The heavy quark diffusion coefficient at NLO (Caron-Huot, Moore, 2008)

Non–perturbative strategy: Kubo formula on the lattice

η = lim
ω→0

1
2ω

∫
dtd3x e−iωt 〈 [Txy(t,x), Txy(0,0)] 〉T
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Nakamura, Sakai; Meyer; Kaczmarek, Laine, et al; Banerjee, Datta, Gavai

Quenched QCD, large error bars ... but any progress is tremendously
important
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Jet quenching

How the measure the medium (QGP) created at intermediate stages ?

Hard probes : energetic partons, jets, heavy quarks, thermal photons...

Jet quenching: energy loss, momentum broadening, decollimation ...

B see also the talk by Korinna Zapp, this afternoon !
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Nuclear modification factor at RHIC & the LHC

RA+A ≡
1
A2

dNA+A/d2p⊥dη
dNp+p/d2p⊥dη

 (GeV/c)
T

p
0 5 10 15 20

AA
R

0.1

1

 = 2.76 TeVNNsPb-Pb  0 - 5%

70 - 80%

Strong suppression (RAA . 0.2) at moderate p⊥

p+A run is essential to disentangle possible ‘initial state’ effects
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Di–jet asymmetry (ATLAS)

Central Pb+Pb: ‘mono–jet’ events

The secondary jet cannot be distinguished from the
background: ET1 ≥ 100 GeV, ET2 > 25 GeV
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Di–jet asymmetry (CMS)

Central Pb+Pb: the secondary jet is barely visible

In–medium radiation of relatively soft quanta at large angles
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Medium–induced gluon radiation

Additional radiation triggered by interactions in the medium
Baier, Dokshitzer, Mueller, Peigné, Schiff, Zakharov ∼ 1996

k

L

Naturally leads to emissions at large angles
the emitted gluons receive transverse kicks from the medium

How to compute multiple gluon emissions / jet evolution ?

The essential physics: decoherence via in–medium rescattering
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The formation time

Gluon emission is linked to transverse momentum broadening

τf '
√
ω

q̂
with q̂ ≡ d〈k2

⊥〉
dt

' m2
D

`

The emissions can occur anywhere inside the medium (size L)

Typical emissions have relatively small ω and hence τf � L

f

L

During formation, color coherence is lost =⇒
interference effects are suppressed by a factor τf/L � 1
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Towards Monte–Carlo for in–medium jet evolution

Successive medium–induced emissions can be taken as independent !

B Non–trivial ! In vacuum color coherence leads to angular ordering

Medium–induced jet evolution ≈ a classical branching process
(Blaizot, Dominguez, E.I., Mehtar-Tani, to appear)

+

Justifies previous, heuristic, approaches using Monte–Carlo
(see talk by Korinna Zapp)

Successful phenomenology but with a rather large value for q̂

B ‘Larger by an order of magnitude than expected at weak coupling’

Used as an argument for strong coupling, but the situation is unclear

B The same difficulty as for viscosity: only leading–log estimate
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Conclusions

Heavy ion collisions give us access to new forms of hadronic matter.

The associated phenomena are complex, but not hopeless to study.

To make fundamental progress, these phenomena must be understood
from first principles.

This should be possible not only for the rare, hard, events, but also for
the bulk phenomena at early stages, when the hadronic matter is
made with partons and is marginally weakly–coupled.

Strong–coupling aspects are possible too, in connection with
long–range physics, and can be addressed via AdS/CFT.

The upcoming p+Pb run at the LHC represents a unique opportunity
to test and improve our understanding of the initial conditions.
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Back up slides
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The AdS/CFT correspondance

A tool to compute in a conformal gauge theory at strong ’t Hooft
coupling (λ ≡ g2Nc →∞) using techniques borrowed from string
theory at weak coupling (in practice, gravity in D = 9 + 1)

QCD is not conformal, but it becomes nearly so in the QGP phase.

〈Tµµ 〉 = E − 3p = β(g)
dp
dg

(E − 3p)/E0 . 10%

for T & 2Tc ' 400 MeV

αs ≈ 0.3 =⇒ λ ≡ g2Nc ' 10
 0

 2

 4
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(!-3p)/T4 
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700

QGP is ‘dual’ to a black hole in an Anti-de-Sitter space–time
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Perhaps less suited for hard probes...

High–energy physics looks very different from weak coupling

no jets (Hatta, E.I., Mueller; Hofman and Maldacena, 2008)

weak coupling strong coupling

no quasiparticles at finite T ; plasma looks smooth like a jelly

different mechanism for the energy loss by a hard probe

B Lstop ∼ E1/3 as opposed to Lstop ∼ E1/2 for BDMPS in pQCD

(Hatta, E.I., Mueller; Gubser et al; Chesler and Yaffe, 08)
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Viscosity over entropy density ratio

(Policastro, Son, Starinets, 2001)

Viscosity = the response of a fluid under shear forces ...

... hence, to a gravitational wave :

η = lim
ω→0

1
2ω

∫
dtd3x e−iωt 〈 [Txy(t,x), Txy(0,0)] 〉T

= the absorbtion cross section for a low–energy graviton

Absorption cross section = area of horizon (known in GR)

Entropy too is proportional to the area of the horizon

η

s
→ ~

4π
as λ → ∞

Universality: it holds for any gauge theory with a gravity dual
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The emergence of Hydrodynamics
Any non–equilibrium perturbation rapidly approaches a state of local
thermal equilibrium whose subsequent evolution is well described by
viscous hydrodynamics. (Chesler and Yaffe; Heller, Janik et al)But, viscous corrections are important for everything
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' 1

3

Viscous corrections are important for all observables

• Photon production has important viscous correction (Dusling and Shu)

• Jet quenching parameters, i.e. q̂, gets important-anisotropic viscous corrections

When hydro starts to apply, the distribution is still highly anisotropic

Although viscosity is small, its effects can be very large.
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AdS5 Black Hole space–time

AdS5 : our Minkowski world × a ‘radial’ dimension χ

‘radial’, or ‘5th’, coordinate :

0 ≤ χ <∞

the gauge theory lives at the

Minkowski boundary χ = 0

finite temperature T :

black hole horizon at χ = 1/T

0

Ad
S 

ra
di

us

boundary
(Minkowski)

horizon

bulk

Black Hole

1/T
1/T

D=4

SBH =
Horizon area

4G10
=⇒ s ≡ SBH

V3D
=

π2

2
N2
c T

3 =
3
4
s0
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AdS5 Black Hole space–time

AdS5 : our Minkowski world × a ‘radial’ dimension χ
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Phase–diagram for QCD

... as explored by the expansion of the Early Universe ...

Quark Gluon

hadronic
phase Color superconductor

plasma

Temperature

Nuclei Neutron stars

Density

Expansion of
the early Universe

Heavy ion collisions

... and in the ultrarelativistic heavy ion collisions.
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Multiplicity in HIC at the LHC 6

multiplicity is found to be very similar for
!

sNN = 2.76 TeV and
!

sNN = 0.2 TeV.

Fig. 3: Comparison of (dNch/d!)/
!
"Npart#/2

"
with model calculations for Pb–Pb at

!
sNN = 2.76 TeV. Uncer-

tainties in the data are shown as in Fig. 2.

Theoretical descriptions of particle production in nuclear collisions fall into two broad categories: two-
component models combining perturbative QCD processes (e.g. jets and mini-jets) with soft interactions,
and saturation models with various parametrizations for the energy and centrality dependence of the
saturation scale. In Fig. 3 we compare the measured (dNch/d!)/

!
"Npart#/2

"
with model predictions. A

calculation based on the two-component Dual Parton Model (DPMJET [10], with string fusion) exhibits
a stronger rise with centrality than observed. The two-component Hijing 2.0 model [25], which has been
tuned [11]1 to high-energy pp [19, 23] and central Pb–Pb data [2], reasonably describes the data. This
model includes a strong impact parameter dependent gluon shadowing which limits the rise of particle
production with centrality. The remaining models show a weak dependence of multiplicity on centrality.
They are all different implementations of the saturation picture, where the number of soft gluons available
for scattering and particle production is reduced by nonlinear interactions and parton recombination. A
geometrical scaling model with a strong dependence of the saturation scale on nuclear mass and collision
energy [12] predicts a rather weak variation with centrality. The centrality dependence is well reproduced
by saturation models [13] and [14]1, although the former overpredicts the magnitude.

In summary, the measurement of the centrality dependence of the charged-particle multiplicity density at
mid-rapidity in Pb–Pb collisions at

!
sNN = 2.76 TeV has been presented. The charged-particle density

normalized per participating nucleon pair increases by about a factor 2 from peripheral (70–80%) to
central (0–5%) collisions. The dependence of the multiplicity on centrality is strikingly similar for the
data at

!
sNN = 2.76 TeV and

!
sNN = 0.2 TeV. Theoretical descriptions that include a taming of the

multiplicity evolution with centrality are favoured by the data.
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1Published after the most central dNch/d! value [2] was known.
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FIG. 3. Charged particle pseudo-rapidity density per partic-
ipant pair for central nucleus–nucleus [16–24] and non-single
di!ractive pp/pp collisions [25–31], as a function of

!
sNN.

The energy dependence can be described by s0.15
NN for nucleus–

nucleus, and s0.11
NN for pp/ppcollisions.

ity variables (SPD hits, or combined use of the ZDC and
VZERO signals).

We measure a density of primary charged particles
at mid-rapidity dNch/d! = 1584 ± 4 (stat.) ± 76
(sys.). Normalizing per participant pair, we obtain
dNch/d!/(0.5 !Npart") = 8.3 ± 0.4 (sys.) with negligi-
ble statistical error. In Fig. 3, this value is compared
to the measurements for Au–Au and Pb–Pb, and non-
single di!ractive (NSD) pp and pp collisions over a wide
range of collision energies [16–31]. The energy depen-
dence can be described by s0.11

NN for pp and pp, and
by s0.15

NN for nucleus–nucleus collisions. A significant in-
crease, by a factor 2.2, in the pseudo-rapidity density is
observed at

#
sNN = 2.76 TeV for Pb–Pb compared to#

sNN = 0.2 TeV for Au–Au. The average multiplicity
per participant pair for our centrality selection is found
to be a factor 1.9 higher than that for pp and pp collisions
at similar energies.

Figure 4 compares the measured pseudo-rapidity den-
sity to model calculations that describe RHIC measure-
ments at

#
sNN = 0.2 TeV, and for which predictions at#

sNN = 2.76 TeV are available. Empirical extrapolation
from lower energy data [4] significantly underpredicts the
measurement. Perturbative QCD-inspired Monte Carlo
event generators, based on the HIJING model tuned to
7 TeV pp data without jet quenching [5] or on the Dual
Parton Model [6], are consistent with the measurement.
Models based on initial-state gluon density saturation
have a range of predictions depending on the specific im-
plementation [7–11], and exhibit a varying level of agree-
ment with the measurement. The prediction of a hybrid
model based on hydrodynamics and saturation of final-
state phase space of scattered partons [12] is close to
the measurement. A hydrodynamic model in which mul-

FIG. 4. Comparison of this measurement with model predic-
tions. Dashed lines group similar theoretical approaches.

tiplicity is scaled from p+p collisions overpredicts the
measurement [13], while a model incorporating scaling
based on Landau hydrodynamics underpredicts the mea-
surement [14]. Finally, a calculation based on modified
PYTHIA and hadronic rescattering [15] underpredicts
the measurement.

In summary, we have measured the charged-particle
pseudo-rapidity density at mid-rapidity in Pb–Pb colli-
sions at

#
sNN = 2.76 TeV, for the most central 5% frac-

tion of the hadronic cross section. We find dNch/d! =
1584 ± 4 (stat.) ± 76 (sys.), corresponding to 8.3 ±
0.4 (sys.) per participant pair. These values are signif-
icantly larger than those measured at RHIC, and indi-
cate a stronger energy dependence than measured in pp
collisions. The result presented in this Letter provides
an essential constraint for models describing high energy
nucleus–nucleus collisions.
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5

Excellent fit by the CGC approach

All the models include some form of saturation
B HIJING : energy dependent low–pT cutoff
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The geometry of a HIC

7

Geometry of a Heavy-Ion Collision

Number of participants (Npart): number of incoming nucleons 
(participants) in the overlap region
Number of binary collisions (Nbin or Ncoll): number of equivalent 
inelastic nucleon-nucleon collisions 

Reaction plane

x

z

y

Non-central 
collision

“peripheral” collision (b ~ bmax)
“central”  collision (b ~ 0)
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CGC factorization

JIMWLK =⇒ coupled evolution equations for the n–point function of
Wilson lines (multiple scattering in the eikonal approximation)

E.g.: quark production in p+A collisions

A

p y
x

Cross–section proportional to a dipole scattering amplitude :

dN
dηd2k⊥

∝
∫

d2r⊥ eik⊥·r⊥
〈
trVx⊥V

†
y⊥

〉
, Vx⊥ = P eig

∫
dx−A+

a (x−,x⊥)ta

Di–quark production is proportional to a quadrupole etc.

Exact numerical solution, recent quasi–exact analytical solutions
(E.I., Triantafyllopoulos, 2011)
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HIC : Multiplicities & Transverse energy
6

multiplicity is found to be very similar for
!

sNN = 2.76 TeV and
!

sNN = 0.2 TeV.

Fig. 3: Comparison of (dNch/d!)/
!
"Npart#/2

"
with model calculations for Pb–Pb at

!
sNN = 2.76 TeV. Uncer-

tainties in the data are shown as in Fig. 2.

Theoretical descriptions of particle production in nuclear collisions fall into two broad categories: two-
component models combining perturbative QCD processes (e.g. jets and mini-jets) with soft interactions,
and saturation models with various parametrizations for the energy and centrality dependence of the
saturation scale. In Fig. 3 we compare the measured (dNch/d!)/

!
"Npart#/2

"
with model predictions. A

calculation based on the two-component Dual Parton Model (DPMJET [10], with string fusion) exhibits
a stronger rise with centrality than observed. The two-component Hijing 2.0 model [25], which has been
tuned [11]1 to high-energy pp [19, 23] and central Pb–Pb data [2], reasonably describes the data. This
model includes a strong impact parameter dependent gluon shadowing which limits the rise of particle
production with centrality. The remaining models show a weak dependence of multiplicity on centrality.
They are all different implementations of the saturation picture, where the number of soft gluons available
for scattering and particle production is reduced by nonlinear interactions and parton recombination. A
geometrical scaling model with a strong dependence of the saturation scale on nuclear mass and collision
energy [12] predicts a rather weak variation with centrality. The centrality dependence is well reproduced
by saturation models [13] and [14]1, although the former overpredicts the magnitude.

In summary, the measurement of the centrality dependence of the charged-particle multiplicity density at
mid-rapidity in Pb–Pb collisions at

!
sNN = 2.76 TeV has been presented. The charged-particle density

normalized per participating nucleon pair increases by about a factor 2 from peripheral (70–80%) to
central (0–5%) collisions. The dependence of the multiplicity on centrality is strikingly similar for the
data at

!
sNN = 2.76 TeV and

!
sNN = 0.2 TeV. Theoretical descriptions that include a taming of the

multiplicity evolution with centrality are favoured by the data.
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FIG. 3. Charged particle pseudo-rapidity density per partic-
ipant pair for central nucleus–nucleus [16–24] and non-single
di!ractive pp/pp collisions [25–31], as a function of

!
sNN.

The energy dependence can be described by s0.15
NN for nucleus–

nucleus, and s0.11
NN for pp/ppcollisions.

ity variables (SPD hits, or combined use of the ZDC and
VZERO signals).

We measure a density of primary charged particles
at mid-rapidity dNch/d! = 1584 ± 4 (stat.) ± 76
(sys.). Normalizing per participant pair, we obtain
dNch/d!/(0.5 !Npart") = 8.3 ± 0.4 (sys.) with negligi-
ble statistical error. In Fig. 3, this value is compared
to the measurements for Au–Au and Pb–Pb, and non-
single di!ractive (NSD) pp and pp collisions over a wide
range of collision energies [16–31]. The energy depen-
dence can be described by s0.11

NN for pp and pp, and
by s0.15

NN for nucleus–nucleus collisions. A significant in-
crease, by a factor 2.2, in the pseudo-rapidity density is
observed at

#
sNN = 2.76 TeV for Pb–Pb compared to#

sNN = 0.2 TeV for Au–Au. The average multiplicity
per participant pair for our centrality selection is found
to be a factor 1.9 higher than that for pp and pp collisions
at similar energies.

Figure 4 compares the measured pseudo-rapidity den-
sity to model calculations that describe RHIC measure-
ments at

#
sNN = 0.2 TeV, and for which predictions at#

sNN = 2.76 TeV are available. Empirical extrapolation
from lower energy data [4] significantly underpredicts the
measurement. Perturbative QCD-inspired Monte Carlo
event generators, based on the HIJING model tuned to
7 TeV pp data without jet quenching [5] or on the Dual
Parton Model [6], are consistent with the measurement.
Models based on initial-state gluon density saturation
have a range of predictions depending on the specific im-
plementation [7–11], and exhibit a varying level of agree-
ment with the measurement. The prediction of a hybrid
model based on hydrodynamics and saturation of final-
state phase space of scattered partons [12] is close to
the measurement. A hydrodynamic model in which mul-

FIG. 4. Comparison of this measurement with model predic-
tions. Dashed lines group similar theoretical approaches.

tiplicity is scaled from p+p collisions overpredicts the
measurement [13], while a model incorporating scaling
based on Landau hydrodynamics underpredicts the mea-
surement [14]. Finally, a calculation based on modified
PYTHIA and hadronic rescattering [15] underpredicts
the measurement.

In summary, we have measured the charged-particle
pseudo-rapidity density at mid-rapidity in Pb–Pb colli-
sions at

#
sNN = 2.76 TeV, for the most central 5% frac-

tion of the hadronic cross section. We find dNch/d! =
1584 ± 4 (stat.) ± 76 (sys.), corresponding to 8.3 ±
0.4 (sys.) per participant pair. These values are signif-
icantly larger than those measured at RHIC, and indi-
cate a stronger energy dependence than measured in pp
collisions. The result presented in this Letter provides
an essential constraint for models describing high energy
nucleus–nucleus collisions.
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RHIC parametrization

 8.7 GeV≥ NNs,   0.2
NN0.46 s

dET /dη ∼ 〈p⊥〉 × dN/dη ∝ Q3
s ∼ E3λs/2

CMS (2012) : dET /dη ∝ snNN with n ' 2 ' (3/4)λs

Pb+Pb at
√
sNN = 2.76 TeV : ET ' 15 GeV/fm3 at time 1 fm/c

100 times nuclear matter & 3 times RHIC (
√
sNN = 200 GeV)
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Geometric scaling at the LHC: p+p

Robust, striking prediction of saturation, first tested in DIS at HERA.
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→ 1 as a function of τ ... if scaling

(analysis by McLerran and Praszalowicz, 2010)
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Centrality & momentum dependencies of v2NEW FLOW OBSERVABLES: v3, v4, v5, . . .

ALICE, arXiv:1105.3865
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LESSONS:
Glauber may not work either

. MATT LUZUM (IPHT) FLOW FLUCTUATIONS QUARK MATTER 2011 9 / 13

 [GeV]
T

p
0 5 10 15 20

2v

0

0.1

0.2
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=2.76 TeV 40-50%NNs Pb+Pb  ± hALICE
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=200 GeV 40-50%NNs Au+Au  0π PHENIX

v2 increases with the centrality

for central collisions, the interaction region has spherical symmetry

v2 rises with p⊥ up to 3÷ 4 GeV, then it decreases

at small p⊥, flows contributes significantly to the transverse momentum

relatively hard/fast particles cannot be driven by the flow

No significant increase in v2 from RHIC to LHC
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Screened perturbation theory (Andersen, Strickland et al, 11)

The HTL resummation program has not yet been implemented for
transport coefficients (e.g. viscosity)

The lack–of–convergence problem appears in that context too
Caron-Huot, Moore: NLO calculation of heavy quark diffusion (2008)
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Jet quenching at RHIC

Studies of jet quenching at RHIC have focused on ‘leading particles’
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p+p and d+Au collisions, central rapidity :
two peaks corresponding to back–to–back hadrons

Au+Au : the ‘away–side’ (Φ = π) peak has disappeared

The matter produced in a heavy ion collision is opaque
high density, or strong interactions, ... or both
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