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Heavy Ion Collisions @ RHIC & the LHC
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Au+Au collisions at RHIC

Au+Au collision at STAR: longitudinal projection

∼ 3000 produced particles streaming into the detector
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Au+Au collisions at RHIC

Au+Au collision at STAR: transverse projection
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Pb+Pb collisions at the LHC: ALICE

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

How to describe/understand such a complex system ?
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Pb+Pb collisions at the LHC: ATLAS

Traditional perturbative methods become inappropriate
(collective phenomena, multiple scattering ...)
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Pb+Pb collisions at the LHC: CMS

The concept of particle is not so useful anymore ...

One should rather speak about QCD matter
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QCD matter: from hadrons ...

At low energies, QCD matter exists only in the form of hadrons
(mesons, baryons, nuclei)
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QCD matter: ... to partons

At sufficiently high energies, the relevant degrees of freedom are
partonic (quarks & gluons)
True for both p+p collisions and A+A collisions ...
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QCD matter: ... to partons

At sufficiently high energies, the relevant degrees of freedom are
partonic (quarks & gluons)
... but HIC give us access to new forms of partonic matter
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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’ (from ‘Glass’ + ‘Plasma’)

At later stages (∆t � 1 fm/c) : local thermal equilibrium
‘Quark–Gluon Plasma’ (QGP)

Final stage (∆t � 6 fm/c) : hadrons
‘final event’, or ‘particle production’
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How to study these new forms of matter ?

Standard perturbation theory in QCD (= expansion in powers of the
coupling ‘constant’ αs) fails even at weak coupling, because of the
high parton density.

High–density effects (multiple scattering, parton saturation, Debye
screening etc) must be resummed to all orders in αs.

This results into effective theories.
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The possibility of a strong coupling

Besides, there is no guarantee that the coupling is weak !

‘Perfect fluid’ = αs → ∞

Interesting connection with string theory (‘AdS/CFT
correspondence’).
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Effective theories for Heavy Ion Collisions

A space–time picture of a heavy ion collision

z

t

strong fields classical EOMs

gluons & quarks out of eq. kinetic theory

gluons & quarks in eq.
hydrodynamics

hadrons in eq.

freeze out

high density gluons CGC

mardi 16 août 2011

Different effective theories apply at different stages.

But they refer all to QCD !
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Lecture 0: A QCD Primer
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QCD: Quarks & Gluons

Electromagnetic interactions: Quantum Electrodynamics (QED)
matter : electron; interaction carrier : photon
interaction vertex :

Introduction
●Quantum Chromo-Dynamics
●Quark-Gluon Plasma
●Heavy ion collisions
●Quantum field theory at T=0

Perturbation theory at finite T

Matsubara formalism

CERN

François Gelis – 2007 Lecture I / III – 2nd Rio-Saclay meeting, CBPF, Rio de Janeiro, September 2007 - p. 5/45

QCD : Quarks and gluons
■ Electromagnetic interaction : Quantum electrodynamics

◆ Matter : electron , interaction carrier : photon
◆ Interaction :

∼ e (electric charge of the electron)

■ Strong interaction : Quantum chromo-dynamics
◆ Matter : quarks , interaction carriers : gluons
◆ Interactions :

a

i

j

∼ g (ta)ij
a

b

c

∼ g (T a)bc

◆ i, j : colors of the quarks (3 possible values)
◆ a, b, c : colors of the gluons (8 possible values)
◆ (ta)ij : 3× 3 matrix , (T a)bc : 8× 8 matrix

Strong interactions: Quantum Chromodynamics (QCD)
matter : quarks; interaction carriers : gluons
interaction vertices :

Introduction
●Quantum Chromo-Dynamics
●Quark-Gluon Plasma
●Heavy ion collisions
●Quantum field theory at T=0

Perturbation theory at finite T

Matsubara formalism

CERN
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QCD : Quarks and gluons
■ Electromagnetic interaction : Quantum electrodynamics

◆ Matter : electron , interaction carrier : photon
◆ Interaction :

∼ e (electric charge of the electron)

■ Strong interaction : Quantum chromo-dynamics
◆ Matter : quarks , interaction carriers : gluons
◆ Interactions :

a

i

j

∼ g (ta)ij
a

b

c

∼ g (T a)bc

◆ i, j : colors of the quarks (3 possible values)
◆ a, b, c : colors of the gluons (8 possible values)
◆ (ta)ij : 3× 3 matrix , (T a)bc : 8× 8 matrix

i, j : color indices of the quarks (Nc = 3 possible values)
a, b, c : color indices of the gluons (N2

c − 1 = 8 possible values)
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Running coupling: QED

An electric charge polarizes the surrounding medium:

The effective charge depends upon the distance R from the bare one.

Normally this leads to screening: eeff(R) decreases with R.
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Running coupling: from QED to QCD

The vacuum itself is a polarisable ‘medium’ !

Introduction
●Quantum Chromo-Dynamics
●Quark-Gluon Plasma
●Heavy ion collisions
●Quantum field theory at T=0

Perturbation theory at finite T

Matsubara formalism

CERN
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QCD : Asymptotic freedom
■ Running coupling : αs = g2/4π

αs(r) =
2πNc

(11Nc − 2Nf ) log(1/rΛ
QCD

)

■ The effective charge seen at large distance is screened by
fermionic fluctuations (as in QED)
QED : αeff(R) =

α

1− 2α
3π ln(1/mR)

, α ≡ e2

�c
≈ 1

137

In QCD, the (longitudinal) gluons yield antiscreening !

Introduction
●Quantum Chromo-Dynamics
●Quark-Gluon Plasma
●Heavy ion collisions
●Quantum field theory at T=0

Perturbation theory at finite T

Matsubara formalism

CERN
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QCD : Asymptotic freedom
■ Running coupling : αs = g2/4π

αs(r) =
2πNc

(11Nc − 2Nf ) log(1/rΛ
QCD

)

■ The effective charge seen at large distance is screened by
fermionic fluctuations (as in QED)

■ But gluonic vacuum fluctuations produce an anti-screening
(because of the non-abelian nature of their interactions)

■ As long as Nf <11Nc/2 = 16.5, the gluons win...

QCD : αs(R) ≡ g2(R)
4π

=
2πNc

(11Nc − 2Nf ) ln(1/ΛQCDR)
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Asymptotic freedom

QCD
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The coupling is weak at short distances, or large transferred momenta:

Q ∼ 1/R � ΛQCD � 200 MeV
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Confinement

The quark–antiquark potential increases linearly with the distance.

Quarks (and gluons) are confined into colorless hadrons
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Quark–antiquark potential at finite T

With increasing the temperature T , the potential flattens at shorter
and shorter distances.
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This eventually leads to a phase transition at some critical
temperature Tc
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Quark–Gluon Plasma

Lattice calculations of the pressure in QCD at finite T
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p/T4 pSB/T4

3 flavour
2+1 flavour

2 flavour
pure gauge

Rapid increase of the pressure

at T � 270 MeV with gluons only
at T � 150 to 180 MeV with light quarks

Interpreted as a rise in the number of active degrees of freedom due to
the liberation of quarks and gluons
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Quark–Gluon Plasma

Lattice calculations of the pressure in QCD at finite T
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T [MeV] 
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3 flavour
2+1 flavour

2 flavour
pure gauge

Rapid increase of the pressure

at T < Tc : 3 light mesons (π0, π±)
at T < Tc : 52 d.o.f. (gluons: 8× 2 = 16; quarks: 3× 3× 2× 2 = 36)

Interpreted as a rise in the number of active degrees of freedom due to
the liberation of quarks and gluons

CERN Summer School 2011 () QCD in Heavy Ion Collisions Cheile Grǎdiştei, Romania 21 / 70



Debye screening

Quark–Gluon Plasma (QGP) : a system of quarks and gluons which
got free of confinement !

How is that possible ???

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 :

� ∼ 1/mdebye ∼ 1/gT

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

In a dense medium, color charges are screened by their neighbors

The interaction potential decreases exponentially beyond the Debye
radius rDebye = 1/mDebye

Hadrons whose sizes are larger than rDebye cannot bind anymore
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Deconfinement phase transition

Individual
nucleons plasma

Quark gluon

Density

When the nucleon density increases, they merge, enabling quarks and
gluons to hop freely from a nucleon to its neighbors

This phenomenon extends to the whole volume when the phase
transition ends

Note: if the transition was first–order, it would go through a mixed
phase containing a mixture of nucleons and plasma
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Possible first–order scenario with critical bubbles

Introduction Hadron spectrum Nonvanishing temperature Summary

Possible first order scenario with critical bubbles

Z. Fodor Recent Progress in Lattice QCD

... but this is not what really happens !
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The actual scenario is a ‘cross–over’
Introduction Hadron spectrum Nonvanishing temperature Summary

Reality: smooth analytic transition (cross-over)

Z. Fodor Recent Progress in Lattice QCD

� This was firmly established by the Wuppertal–Budapest lattice group
(Aoki et al., Nature, 443 (2006) 675)
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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
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The Big Bang

Introduction
●Quantum Chromo-Dynamics
●Quark-Gluon Plasma
●Heavy ion collisions
●Quantum field theory at T=0

Perturbation theory at finite T

Matsubara formalism

CERN
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QGP in the early universe

big bang

end of inflation

EW transition

confinement

nucleosynthesis

formation of atoms

time

Quark Gluon Plasma

10-32 sec

10-10 sec

10-5 sec

10+2 sec

10+12 sec
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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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The Little Bang

The subject of these lectures
CERN Summer School 2011 () QCD in Heavy Ion Collisions Cheile Grǎdiştei, Romania 29 / 70



Lecture I: Initial conditions

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 = ctz = -ct

z  (beam axis)

t

τ < 0 : hadronic wavefunctions prior to the collision
high–energy evolution & the Color Glass Condensate
it applies to any highly energetic hadron (proton or nucleus)
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Lecture I: Initial conditions

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

■ τ ∼ 0 fm/c
■ Production of hard particles :

◆ jets, direct photons
◆ heavy quarks

■ calculable with perturbative QCD (leading twist)

τ < 0 : hadronic wavefunctions prior to the collision

τ ∼ 0 fm/c : the hard scattering
production of hard particles: jets, direct photons, heavy quarks
calculable within (standard) perturbative QCD (‘leading twist’)
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Lecture I: Initial conditions

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 : the hard scattering
τ ∼ 0.2 fm/c : strong color fields (or ‘glasma’)

semi–hard quanta (p⊥ � 2 GeV): gluons, light quarks
make up for most of the multiplicity
sensitive to the physics of saturation (‘higher twist’)
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Color Glass Condensate

Q
S
-1

!
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Parton picture

When an energetic hadron is probed on a hard resolution scale
(momentum transfer Q2 � Λ2

QCD), one sees a bunch of partons ...

with transverse area ∼ 1/Q2 ...

and longitudinal momentum
fraction x = kz/P
fixed by the kinematics

Introduction

Solution of YM equations

Gluon production

Heavy quark production

CERN

François Gelis – 2007 Lecture II / IV – Hadronic collisions at the LHC and QCD at high density, Les Houches, March-April 2008 - p. 5

Probing saturation in ideal conditions

! Ideally, one would like to collide the saturated
nucleon/nucleus with a well known simple probe that does
not involve QCD at all � Deep Inelastic Scattering

Q2

samedi 20 août 2011

E.g. : in Deep Inelastic Scattering (DIS)

x =
Q2

s
s = center-of-mass energy squared

N.B.: high energy ⇐⇒ small x
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Particle production in hadron–hadron 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

x1
pa

pb

x2

samedi 20 août 2011

The partons relevant for the process under consideration carry the
longitudinal momentum fractions

x1 =
pa⊥√

s
eYa +

pb⊥√
s

eYb , x2 =
pa⊥√

s
e−Ya +

pb⊥√
s

e−Yb

p⊥ : transverse momenta of the produced particles
Y : their rapidities√

s : collision energy
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Kinematical domain for the LHC
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AA collisions at RHIC & LHC

 [GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4

]
-2

 [(
G

eV
/c

)
T

 d
p

η
/d

ch
 N2

) d T
 pπ

1/
(2

-510

-410

-310

-210

-110

1

10
Data 0.9 TeV

Data 2.36 TeV

CMS(b)

99% of the total multiplicity lies below p⊥ = 2 GeV

x ∼ 10−2 at RHIC (
√

s = 200 GeV)

x ∼ 4× 10−4 at the LHC (
√

s = 5.5 TeV)
� partons at small x are the most important
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Parton distributions at HERA
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The gluon distribution rises very fast with increasing energy

Gluon distribution xg(x, Q2) : # of gluons with transverse size

∆x⊥ ∼ 1/Q and longitudinal momentum kz = xP
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Bremsstrahlung

dPBrem ∼ αs(k2
⊥) CR

d2k⊥
k2
⊥

dx

x

Phase–space enhancement for the emission of

collinear (k⊥ → 0)

and/or soft (low–energy) (x→ 0) gluons

The parent parton can be either a quark or a gluon

CF = tata = N2
c−1

2Nc
= 4

3 , CA = T aT a = Nc = 3

The daughter gluon can in turn radiate an even softer gluon !
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2 gluons

The ‘cost’ of the addition gluon:

αs

� 1

x

dx1

x1
= αs ln

1
x

Formally, a process of higher order in αs, but which is enhanced by the
available rapidity interval

Y ≡ ln(1/x) : rapidity difference between the parent quark and the
last emitted gluon

When αsY � 1 =⇒ need for resummation !
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Gluon cascades

n gluons strictly ordered in x

The n–gluon cascade contributes

1
n!

(αsY )n

The sum of all the cascades
exponentiates :

xg(x,Q2) ∝ eωαsY BFKL evolution

(Balitsky, Fadin, Kuraev, Lipatov, 75–78)

This evolution is linear :
the emitted gluons do not interact with each other
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Gluon recombination

The gluon density rises with decreasing x (increasing energy)

Low Energy

High Energy

Gluon
Density
Grows

Eventually gluons start overlapping with each other and then they
interact: 2→ 1 gluon recombination

These interactions stop the growth: saturation
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Saturation momentum

Number of gluons per unit area:

N ∼ x gA(x,Q2)
πR2

A

Recombination cross–section

σ ∼ αs

Q2

Recombination happens if Nσ � 1, i.e. Q2 � Q2
s, with

Q2
s(x,A) � αs

xgA(x, Q2
s)

πR2
A

∼ A1/3 1
x0.25

Low Q2 =⇒ large area ∼ 1/Q2 =⇒ strong overlapping
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Saturation scale as a function of x and A

x ∼ 10−5: Qs ∼ 1 GeV for proton and ∼ 3 GeV for Pb or Au
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Multiplicities at the LHC: p+p

In a high–energy scattering, the saturated gluons are released in the
final state

typical transverse momentum �pT � ∼ Qs(E)
average multiplicity dN/dη ∼ Q2

s(E)
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Multiplicities in HIC: RHIC & LHC

6

multiplicity is found to be very similar for
√

sNN = 2.76 TeV and
√

sNN = 0.2 TeV.

Fig. 3: Comparison of (dNch/dη)/
�
�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/dη)/

�
�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/dη 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
diffractive 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/dη = 1584 ± 4 (stat.) ± 76
(sys.). Normalizing per participant pair, we obtain
dNch/dη/(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 diffractive (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/dη =
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.

The ALICE collaboration would like to thank all its en-
gineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN
accelerator teams for the outstanding performance of
the LHC complex. The ALICE collaboration acknowl-
edges 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 Desenvolvi-
mento Cient́ıfico e Tecnológico (CNPq), Financiadora
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

dη

����
η=0

≈
√

s0.3 × f(Npart)

Different models reproduce data “well” (?)

5

Logarithmic growth (ln s) excluded by the LHC data

Larger energy exponent (Eλ) for A+A than for p+p

� this difference is theoretically understood
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Geometric scaling

A very robust, qualitative, prediction of saturation:

DIS at HERA, Au+Au at RHIC, p+p at the LHC ...
(looking forward to the relevant Pb+Pb data at the LHC)

The single–inclusive spectra for particle production depend...

... upon the particle transverse momentum pT

... and the COM energy of the collision
√

s

... only via the ratio of pT to the saturation momentum Qs :

dN

dη d2pT
� F (τ) with τ ≡ p2

T

Q2
s(pT /

√
s)

At high energy, Qs is the only intrinsic scale in the problem !
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Geometric scaling at the LHC: p+p

Rs1/s2
=

�
dN/dη d2pT

���
s1�

dN/dη d2pT
���

s2

→ 1 as a function of τ ... if scaling
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The need for an effective theory

How to compute the saturation scale from first principle ?

k  = x Pz z

Relatively hard scale (Qs � ΛQCD) =⇒ weak coupling !

... but high density =⇒ strong non–linear effects

Solution: a reorganization of perturbation theory !
(McLerran and Venugopalan, 94; E.I., McLerran, and Leonidov, 00)
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Color Glass Condensate

Small–x gluons: classical color fields Aµ
a radiated by fast color charges

ρa with x� � x, frozen in some random configuration

WY [ρ] : probability distribution for the charge density at Y

Evolution equation for WY [ρ] with increasing Y = ln 1/x

∂

∂Y
WY [ρ] = H WY [ρ] (JIMWLK)
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How to scatter 2 CGC’s ?

A heavy ion collision at high energy

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. 8/65

Initial particle production

■ Main difficulty : studying the collision of two densely
occupied projectiles is much more complicated than the
asymmetric cases involving an elementary probe

?
Main difficulty: How to treat collisions involving a large number of
partons ?

CERN Summer School 2011 () QCD in Heavy Ion Collisions Cheile Grǎdiştei, Romania 49 / 70



Proton–proton 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

x1
pa

pb

x2

samedi 20 août 2011

x1 ∼
p⊥√

s
eY

x2 ∼
p⊥√

s
e−Y

Dilute–Dilute: one parton from each projectile interact

Collinear factorization scheme of perturbative QCD

usual pdf’s + DGLAP evolution
partonic cross–sections

� Caution: forward rapidity (Y � 1) & not too hard p⊥ ⇒ x2 � 1
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Proton–nucleus collisions (1)

p

x

x1 ∼
p⊥√

s
eY ∼ O(1)

x2 ∼
p⊥√

s
e−Y � 1

Most interesting situation: forward particle production (Y � 3) at
‘semi–hard’ momenta (p⊥ ∼ 1÷ 5 GeV)

very small x2 � 1 in the nucleus
p⊥ comparable to Qs(A, x2)

Dilute–Dense: new factorization scheme needed
� similar to deep inelastic scattering at small x
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Proton–nucleus collisions (2)

How to include both multiple scattering and saturation ?

proton = collinear factorization (large x1)
nucleus = described as a CGC
parton—CGC cross–section to all orders in the gluon density
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CGC factorization for ‘dilute–dense’

The color charges in the target (ρa) are ‘frozen’ during the collision
(by Lorentz time dilation)

compute the scattering between the parton and a fixed configuration of
color charges

average over all the configurations by integrating over ρa with the CGC
weight function

�
dN

dY d2p⊥

�

Y

=
�

[Dρ] WY [ρ]
dN

dY d2p⊥
[ρ]

The target color field Aµ
a (as generated by ρa) is strong and must be

resummed to all orders
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Eikonal approximation

A very energetic particle is not deflected by its interactions

A

The sum of all the interactions simply exponentiates

The single–particle state gets multiplied by a complex exponential
known as Wilson line

Ψi(x⊥) → Uij(x⊥) Ψj(x⊥), U(x⊥) = T exp
�

i

�
dx−A+

a (x−, x⊥)ta
�
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Nuclear modification factor in d+Au at RHIC

Rd+Au ≡
1

2A

dNd+Au/d2p⊥dη

dNpp/d2p⊥dη

Rd+Au would be one in the absence of nuclear effects
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Rd+Au decreases with increasing rapidity

Strong suppression (R ∼ 0.5) for η = 3 : coherent scattering
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Jets

Two back–to–back jets in the transverse plane:
visible via 2–particle azimuthal correlations
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Di–jet correlations at RHIC: p+p vs. d+Au

k !

k !
2

2

1
1

k

k
2

2

11

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)

Non–linear effects in the wavefunctions: gluon saturation
2 CGC weight functions: WY1

[ρ1], WY2
[ρ2]

generalized pdf’s : multi–parton correlations

... and in the scattering: multiple interactions
classical Yang–Mills equations with 2 sources

Introduction

Bookkeeping

Classical fields

Factorization
●What is the problem ?
●Leading order
●Next to Leading Order
● Initial field perturbation
● JIMWLK Hamiltonian
●Extensions

Summary

CERN

François Gelis – 2007 Lecture III / IV – Hadronic collisions at the LHC and QCD at high density, Les Houches, March-April 2008 - p. 36

What is the problem ?

■ For the single gluon spectrum in AA collisions, one would
like to establish a formula such as :

fi
dN
d3�p

fl

=
LLog

Z
ˆ

Dρ1 Dρ2

˜

W
Ybeam−y

[ρ1] Wy+Ybeam
[ρ2]

dN
d3�p

˛
˛
˛
˛

LO

with ∂
∂Y

W
Y

= HW

Y

p

ρ1ρ2 y + Ybeam- Ybeam

◆ All the leading logs of 1/x1,2 are absorbed in the W �s

◆ The W �s obey the JIMWLK evolution equation
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The CGC factorization

Gluon production in the scattering between 2 CGC’s :
�

dN

dY d2p⊥

�
=

�
[Dρ1Dρ2]WYbeam−y [ρ1] WYbeam+y [ρ2]

dN

dY d2p⊥

����
class

Introduction

Bookkeeping

Classical fields

Factorization
●What is the problem ?
●Leading order
●Next to Leading Order
● Initial field perturbation
● JIMWLK Hamiltonian
●Extensions

Summary

CERN

François Gelis – 2007 Lecture III / IV – Hadronic collisions at the LHC and QCD at high density, Les Houches, March-April 2008 - p. 36

What is the problem ?

■ For the single gluon spectrum in AA collisions, one would
like to establish a formula such as :

fi
dN
d3�p

fl

=
LLog

Z
ˆ

Dρ1 Dρ2

˜

W
Ybeam−y

[ρ1] Wy+Ybeam
[ρ2]

dN
d3�p

˛
˛
˛
˛

LO

with ∂
∂Y

W
Y

= HW

Y

p

ρ1ρ2 y + Ybeam- Ybeam

◆ All the leading logs of 1/x1,2 are absorbed in the W �s

◆ The W �s obey the JIMWLK evolution equation

The classical solution is non–linear to all orders in ρ1 and ρ2 :

DνF
νµ(x) = δµ+ρ1(x) + δµ−ρ2(x)

Introduction

Bookkeeping

Classical fields
●Diagrammatic expansion
●Retarded propagators
●Classical fields
●Gluon spectrum at LO
●Glasma
●Generating functional

Factorization

Summary

CERN

François Gelis – 2007 Lecture III / IV – Hadronic collisions at the LHC and QCD at high density, Les Houches, March-April 2008 - p. 28

Retarded classical solution

■ The diagrammatic expansion of this classical solution is :

+ + + +1
2

1
2

1
2

1
8

■ The classical solution is given by the sum of all the tree
diagrams with retarded propagators

All the leading logs of 1/x1,2 are absorbed in the W ’s.
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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/dη)/
�
�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/dη)/

�
�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.

Acknowledgements
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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/dη 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
diffractive 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/dη = 1584 ± 4 (stat.) ± 76
(sys.). Normalizing per participant pair, we obtain
dNch/dη/(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 diffractive (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/dη =
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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Centrality dependence

Lessons from data

dNch

dη

����
η=0

≈
√

s0.3 × f(Npart)

Different models reproduce data “well” (?)

5

Excellent fit by the CGC approach

All the models include some form of saturation
� 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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Glasma

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

They form flux tubes extending between the projectiles

Glasma : the intermediate stage between the CGC and the Quark
Gluon Plasma (McLerran and Lappi, 06)
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Color flux tubes

Correlation length in the transverse plane: ∆r⊥ ∼ 1/Qs

Correlation length in rapidity (y or η): ∆η ∼ 1/αs

François Gelis

2-hadron correlations

Early stages
Gluon saturation
Color Glass Condensate
Factorization

Ridge in the CGC
Color flux tubes
Ridge in Au-Au collisions
Ridge in p-p collisions

Summary

20

2-hadron correlations at RHIC
Dumitru, FG, McLerran, Venugopalan (2008)
Dusling, Fernandez-Fraile, Venugopalan (2009)
Dusling, FG, Lappi, Venugopalan (2009)

• η-independent fields lead to long range correlations :

R

QS
-1

• Particles emitted by different flux tubes are not correlated
� (RQs)−2 sets the strength of the correlationThe color fluxes eventually break into ‘particles’ (gluons)

Gluons emitted from different flux tubes are not correlated
CERN Summer School 2011 () QCD in Heavy Ion Collisions Cheile Grǎdiştei, Romania 63 / 70



The ridge in HIC at RHIC

A natural explanation for the the ‘ridge’

-2
-1

0
1

2
0

2
4

/

0

0.2

0.4

0.6 STAR Preliminary

Long–range correlations in rapidity ∆η

Narrow correlation in azimuthal angle ∆φ
CERN Summer School 2011 () QCD in Heavy Ion Collisions Cheile Grǎdiştei, Romania 64 / 70



Di–hadron correlations

In a given even count the number of particles N1 in a given bin
centered at (η1, φ1) and similarly N2.

R ≡ �N1 N2� − �N1� �N2�
�N1� �N2�

∆η = η1 − η2, ∆φ = φ1 − φ2

Introduction

Bookkeeping

Classical fields
●Diagrammatic expansion
●Retarded propagators
●Classical fields
●Gluon spectrum at LO
●Glasma
●Generating functional

Factorization

Summary

CERN

François Gelis – 2007 Lecture III / IV – Hadronic collisions at the LHC and QCD at high density, Les Houches, March-April 2008 - p. 32

Boost invariance

■ Gauge condition : x+A− + x−A+ = 0

⇒ A±(x) = ± x± β(τ, η, �x⊥)

η = const
τ = const

■ Initial values at τ = 0+ : Ai(0+, η ,�x⊥) and β(0+, η ,�x⊥) do
not depend on the rapidity η

� Ai and β remain independent of η at all times

Recall: pseudo–rapidity

η =
1
2

ln
p + pz

p− pz

η = − ln tan
θ

2
, θ =

pz

p

τ =
�

t2 − z2
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Di–hadron correlations: p+p vs Au+Au

p+p : peak around ∆η = 0 & flat in ∆φ

� correlated particles make similar angles with the beam axis
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PHOBOS preliminary
0-10%

PHOBOS preliminary

Au+Au :
almost flat over ∆η � 10 & 2 peaks at ∆φ = 0 and ∆φ = π
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Long–range rapidity correlations probe early times

Generated at early stages, where particles with different
longitudinal velocities were still causally connected

detection

freeze out

latest correlation

A B

z 

t

τcorrelation ≤ τfreeze−out e−|ηA−ηB |/2
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The ridge in p+p at CMS (1)

A small ridge has been seen in p+p collisions at the LHC
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The ridge in p+p at CMS (2)

... but only in specially selected events !
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(b) CMS MinBias, 1.0GeV/c<p
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High–multiplicity (=⇒ very central): N ≥ 110 particles

Narrow interval in transverse momentum: 1 ≤ p⊥ ≤ 3 GeV
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The ridge in p+p at CMS (2)

... but only in specially selected events !
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... which look a lot like a heavy ion collision !!

� N.B. 1 ≤ p⊥ ≤ 3 GeV is similar to the proton Qs at LHC
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