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1. Motivation and introduction



Why heavy ion collisions?

What happens with QCD at large temperature? Is there a phase transition
at the Hagedorn temperature?

Quantum field theory should be understood not only for few particles or at
the conventional vacuum but also at non-zero temperature and density.

Important also for cosmology and condensed matter physics.

Heavy ion collisions allow to study one of our fundamental quantum field
theories (namely QCD) at non-zero temperature and density.

Quark gluon plasma has filled the universe from about 10�12 s to 10

�6 s
after the big bang. Heavy ion collisions allow to learn something about
this state from laboratory experiments.

Heavy ion physics is an active field of research. Ongoing large experimental
programs at the LHC (CERN) by the collaborations ALICE, ATLAS, CMS,
LHCb and at RHIC (BNL) by the collaborations Phenix and STAR.
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Heavy Ion Collisions

2 / 75



Evolution in time

Non-equilibrium evolution at early times
initial state at from QCD? Color Glass Condensate? ...
thermalization via strong interactions, plasma instabilities, particle
production, ...

Local thermal and chemical equilibrium
strong interactions lead to short thermalization times
evolution from relativistic fluid dynamics
expansion, dilution, cool-down

Chemical freeze-out
for small temperatures one has mesons and baryons
inelastic collision rates become small
particle species do not change any more

Thermal freeze-out
elastic collision rates become small
particles stop interacting
particle momenta do not change any more
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2. Basic quantum chromodynamics (QCD)



Microscopic description
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Up 2.3 MeV Charm 1275 MeV Top 173 GeV
Down 4.8 MeV Strange 95 MeV Bottom 4180 MeV
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Asymptotic freedom
9. Quantum chromodynamics 33

QCD αs(Mz) = 0.1185 ± 0.0006
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Figure 9.4: Summary of measurements of �
s

as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of �

s

is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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Coupling constant small at high momentum transfer / energy scale

High-temperature QCD should be weakly coupled

Low-temperature QCD should be strongly coupled
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Confinement - deconfinement
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

CERN Summer School 2011 () QCD in Heavy Ion Collisions Cheile Grǎdiştei, Romania 23 / 70

For low temperature / density: quarks and gluons confined to hadrons

For high temperature / density: deconfined quarks and gluons

In between no sharp phase transition but continuous crossover
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3. Particle production in heavy ion collisions



Collision energies

Large Hadron Collider (LHC), run 1
total collision energy for Pb-Pb

p
s = 2 ⇥ 574TeV

208Pb has 82 + 126 = 208 nucleons
collision energy per nucleon

p
sNN =

574

208
TeV = 2.76TeV

also proton-ion collisions (pA) at
p

sNN = 5.02GeV

Lower energy experiments
Alternating Gradient Synchrotron (AGS) at BNL (since mid 1980’s)

p
sNN ⇡ 2 � 5GeV

CERN SPS fixed target experiments (since 1994)
p

sNN  17GeV

Relativistic Heavy Ion Collider (RHIC) at BNL (since 2000)
p

sNN  200GeV
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Multiplicity
Number of charged particles found in the detector6 A heavy ion phenomenology primer
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Figure 2.1 Charged particle multiplicity distributions for central nucleus–nucleus
collisions (i.e. the 5% or 6% of collisions that have the smallest impact parameter)
over more than two orders of magnitude in

√
sNN. Data taken from Refs. [263]

and [94].

multiplicity would be 3/2 times the charged multiplicity. In reality, this factor turns
out to be about 1.6 [96], meaning that heavy ion collisions at the top RHIC energy
each produce about 8000 hadrons in the final state. At the LHC, the corresponding
pseudorapidity distribution is known so far only in a range around mid-rapidity
(see Fig. 2.1), with d Nch/dη = 1584 ± 4(stat) ± 76(sys) at η = 0 in the 5% or
6% of collisions with

√
s = 2.76 TeV that have the smallest impact parameter [4].

We see from Fig. 2.1 that this multiplicity grows with increasing collision energy
by a factor of close to 2.5 from the top RHIC energy to LHC at

√
s = 2.76 GeV.

The multiplicity per unit pseudorapidity is largest in a range of angles centered
around η = 0, meaning θ = π/2. Moreover, the distribution extends with increas-
ing center of mass energy to larger values of pseudorapidity, so that the total event
multiplicity at LHC is estimated to be a factor ∼ 5 larger than at RHIC, lying in
the ballpark of ∼25 000 charged particles in central collisions. The illustrations in
Fig. 2.2 provide an impression of what collisions with these multiplicities look like.

The large multiplicities in heavy ion collisions indicate large energy densities,
since each of these particles carries a typical (mean) transverse momentum of sev-
eral hundred MeV. There is a simple geometric method due to Bjorken [165], that
can be used to estimate the energy density at a fiducial early time, conventionally

Downloaded from Cambridge Books Online by IP 137.138.93.140 on Mon Jul 13 14:09:28 BST 2015.
http://dx.doi.org/10.1017/CBO9781139136747.002

Cambridge Books Online © Cambridge University Press, 2015

as function of pseudo-rapidity ⌘ = � ln(tan(✓/2))

integration gives Nch = 5060± 250 at upper RHIC energy

not all particles are charged, about 1.6⇥ 5060 ⇡ 8000 hadrons in total

Nch grows with collision energy

estimate for LHC: Nch = 25 000 or about 40 000 hadrons in total
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Identified particle multiplicities
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[Andronic, Braun-Munzinger, Redlich, Stachel (2012/2013)]

Multiplicities of identified particles well described by statistical model:

non-interacting hadron resonance gas in thermal and chemical equilibrium.

includes all hadronic resonances known to the particle data group.

fit parameters are temperature T , volume V and chemical potentials for
baryon number µ

b

, isospin, strangness and charm.
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Chemical freeze-out interpretation

Why does statistical model work that well?

Hadronization is governed by non-perturbative QCD processes. Not
completely understood yet.
Interpretation in terms of chemical freeze-out:

Close-to-equilibrium evolution with expansion and cool-down
Number changing processes are first fast and keep up equilibrium
At low temperature they become too slow to keep up with the expansion
Particle numbers get frozen in

Interpretation seems reasonable for heavy ion collisions.

Puzzle: Statistical model works also for electron-positron collisions with
similar temperatures.
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Statistical model fits and collision energy

Statistical model fits have been made at di↵erent collision energies
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[Andronic, Braun-Munzinger, Stachel (2009)]
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A phase diagram from chemical freeze-out?

The fit parameters (T, µ) from di↵erent collision energies lead to a
suggestive diagram.

But what is the physical significance?
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4. Thermodynamics and fluid dynamics

(from a theoretical perspective)



QCD thermodynamics

Stefan-Boltzmann law: pressure of N
B

real massless bosons and N

F

real
massless fermions (in units with ~ = k

B

= c = 1)

p(T ) =

⇡

2

90

✓
N

B

+

7

8

N

F

◆
T

4

For QCD at high temperatures N
c

= 3 colors, N
f

= 3 quark flavors

N

B

= 2⇥
�
N

2
c

� 1

�
= 16, N

F

= 4⇥N

c

⇥N

f

= 36

Corrections to this arise from quark masses and interactions.

For smaller temperatures there are less e↵ective degrees of freedom. For
example for M

⇡

< T < M

⇢

one has approximately

N

B

= 3, N

F

= 0

At low temperatures p(T ) can be calculated from Hadron resonance gas.

For transition region one needs Lattice QCD.
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Thermodynamic equation of state from Lattice QCD3.1 The QCD equation of state from the lattice 67
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Figure 3.1 Results from a lattice calculation of QCD thermodynamics with phys-
ical quark masses (N f = 3, with appropriate light and strange masses). Upper
panel: temperature dependence of the pressure in units of T 4. Lower panel: the
trace anomaly (ε − 3P) in units of T 4. Data are for lattices with the same tem-
poral extent, meaning the same temperature, but with varying numbers of points
in the Euclidean time direction Nτ . The continuum limit corresponds to taking
Nτ → ∞. Figures taken from Ref. [179].

practical challenges of doing lattice-regularized calculations with light quarks that
we have mentioned above.

The current understanding of QCD thermodynamics at the physical point [179]
is summarized in Fig. 3.1. In the upper panel, the pressure of QCD matter (in ther-
mal equilibrium, with zero baryon chemical potential) is plotted as a function of its
temperature. In order to provide a physically meaningful reference, it is customary
to compare this quantity to the Stefan–Boltzmann result

Downloaded from Cambridge Books Online by IP 137.138.93.140 on Tue Sep 01 10:33:58 BST 2015.
http://dx.doi.org/10.1017/CBO9781139136747.003

Cambridge Books Online © Cambridge University Press, 2015

[Borsanyi, et al. (2010)]

Results are for vanishing baryon, strangeness, electric charge etc. chemical
potentials µ

b

= µ

S

= . . . = 0.
This regime is most relevant for heavy ion collisions at high energy.
Can be extended to p(T, µ

b

, µ

S

, . . .) by Taylor expansion technique.
All thermodynamic information can be derived from p(T, µ

b

, µ

S

, . . .).
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Fluid dynamics

long distances, long times, strong interactions

quantum fields form a fluid!

works well for heavy ion collisions
needs macroscopic material properties

equation of state p(T )
shear viscosity ⌘(T )
bulk viscosity ⇣(T )
heat conductivity (T )
relaxation times ⌧shear(T ), ⌧bulk(T ) etc.

old dream of condensed matter theorists: determine them!

15 / 75



Ideal fluid dynamics

For a fluid in global thermal equilibrium the energy-momentum tensor can
be written as

T

µ⌫

= ✏u

µ

u

⌫

+ p (g

µ⌫

+ u

µ

u

⌫

)

with metric g

µ⌫

= diag(�1, 1, 1, 1) and fluid velocity u

µ.

Pressure p is related to energy density ✏ by thermodynamic equation of
state

p = p(✏)

The ideal fluid approximation assumes local thermal equilibrium, i.e. Tµ⌫

is of the form above with

✏ = ✏(x), u

µ

= u

µ

(x).

From conservation law of energy-momentum r
µ

T

µ⌫

= 0, one obtains
evolution equations for ✏(x) and u

µ

(x) in ideal fluid dynamics

u

µ

@

µ

✏+ (✏+ p)r
µ

u

µ

= 0,

(✏+ p)u

µr
µ

u

⌫

+ (g

⌫µ

+ u

⌫

u

µ

) @

µ

p = 0.
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Viscous relativistic fluid dynamics

Write now more general (with �

µ⌫

= g

µ⌫

+ u

µ

u

⌫)

T

µ⌫

= ✏u

µ

u

⌫

+ (p+ ⇡bulk)�
µ⌫

+ ⇡

µ⌫

where ⇡µ⌫ is transverse u

µ

⇡

µ⌫

= 0 and traceless ⇡µ

µ

= 0.

The bulk viscous pressure ⇡bulk and shear stress ⇡µ⌫ parametrize deviations
from ideal fluid dynamics

Viscous fluid dynamics can be organized as a derivative expansion

⇡bulk =� ⇣r
µ

u

µ

+ . . . ,

⇡

µ⌫

=� 2⌘

⇣
1
2�

µ↵

�

⌫�

+

1
2�

µ�

�

⌫↵ � 1
3�

µ⌫

�

↵�

⌘
r
↵

u

�

+ . . .

First order depends on bulk viscosity ⇣ = ⇣(✏) and shear viscosity ⌘ = ⌘(✏).

At second order relaxation times ⌧shear(✏) and ⌧bulk(✏) as well as other
terms.
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Evolution equation for energy density

Evolution equation for energy density becomes for viscous theory

u

µ

@

µ

✏+ (✏+ p+ ⇡bulk)rµ

u

µ

+ ⇡

µ⌫r
µ

u

⌫

= 0

Non-relativistic limit gives for first order approximation

@

t

✏+ ~v · ~r✏+ (✏+ p)

~r · ~v = ⇣

⇣
~r · ~v

⌘2
+ 2 ⌘ �

ij

�

ij

with �
ij

=

1
2@ivj +

1
2@jvi �

1
3�ij(

~r · ~v).
Left hand side describes thermodynamic work by expansion or contraction.

Right hand side gives dissipation of fluid kinetic energy to thermal energy.

Thermodynamic relations ✏+ p = sT and d✏ = Tds lead to equation for
entropy production

@

t
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~r · (s~v ) = ⇣
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⇣
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T

�

ij

�
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Relativistic Navier-Stokes equation

Evolution equation for fluid velocity becomes for viscous theory

(✏+ p+ ⇡bulk)u
µr

µ

u

⌫

+�

⌫µ

@

µ

(p+ ⇡bulk) +�

⌫

↵

r
µ

⇡

µ↵

= 0

Non-relativistic limit gives for first order approximation the non-relativistic
Navier-Stokes equation

⇢

h
@

t

v

j

+ ~v · ~rv

j

i
+ @

j

p = @

j

�
⇣

~r · ~v
�
+ @

m

�
2 ⌘ �

jm

�

Second term on the left hand side describes acceleration by pressure
gradients.

Terms on right hand side describe damping by viscosity.

In general, equations for ✏ and u

µ get closed by relations for ⇡bulk and ⇡µ⌫

(so called constitutive relations).
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Transport properties

Viscosity is due to transport of momentum. For ⌘/s to be large,
momentum must be transported e�ciently over distances s�1/3 by well
defined quasiparticles.

Theories with small ⌘/s have no well defined quasiparticles.

Transport properties like shear viscosity, bulk viscosity, heat conductivity,
relaxation times, etc. are di�cult to determine from quantum field theory.

Lattice QCD calculations in Euclidean space cannot determine them
directly.

Analytic continuation from Euclidean to Minkowski space is numerically
very di�cult.

Concrete expressions can be obtained for very weakly interacting theories
from perturbation theory (or mapping to kinetic theory) or for strongly
interacting theories with gravity dual.

For theories that are neither very weakly nor very strongly interacting the
determination of transport properties is essentially an open problem.
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Shear and bulk viscosity for non-relativistic gas

Shear viscosity for a simple non-relativistic gas from kinetic theory

⌘ = ⌧f nT

with particle density n, temperature T , mean free time

⌧f =
1

�tot v̄ n

total elastic cross section �tot, mean velocity v̄.

Using T =

1
3mv̄

2 gives

⌘ =

mv̄

3�tot

Viscosity becomes large for small cross-section !

Bulk viscosity vanishes for simple non-relativistic gas ⇣ = 0.
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Shear and bulk viscosity in high temperature QCD

At very high temperature QCD becomes weakly coupled, g ⌧ 1

Shear viscosity at leading logarithmic accuracy [Arnold, Moore, Ya↵e (2000)]

⌘(T ) = k(N

f

)

T

3

g

4
ln(1/g)

Bulk viscosity is related via velocity of sound c

s

[Arnold, Dogan, Moore (2006)]

⇣(T ) ⇡ 15⌘(T )

✓
1

3

� c

2
s

(T )

◆2

For very high temperature c

2
s

! 1/3 and ⇣ ! 0.
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Shear and bulk viscosity in AdS/CFT

For many strongly interacting (conformal) theories with gravitational dual
one has [Policastro, Son, Starinets (2001)]

⌘(T ) = s(T )

1

4⇡

This was conjectured to be a universal lower bound [Kovtun, Son, Starinets

(2005)]
⌘

s

� ~
4⇡k

B

but theoretical counterexamples have been found. Experimentally, no
system seems to violate the bound so far.

For some theories with deviations from conformal symmetry it was found
[Buchel (2005)]

⇣(T ) = 2⌘(T )

✓
1

3

� c

2
s

(T )

◆

but does not seem to be a universal relation.
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5. Fluid dynamics of the fireball

for more and more realistic initial conditions



Initial conditions

Solution of fluid dynamic equations depends on initial conditions at early
time.

Solution is simpler when initial conditions are simpler / more symmetric.

In the context of heavy ion collisions, initial conditions are not completely
known but some of their features are.

Discuss in the following first particularly symmetric and then more and
more realistic initial conditions and the corresponding solution of fluid
dynamics.
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Bjorken boost invariance

-6 -4 -2 0 2 4 6
z @fmD

1

2

3

4

5

6
t @fmêcD

How does the fluid velocity look like?

Bjorkens guess: v
z

(t, x, y, z) = z/t

leads to an invariance under Lorentz-boosts in the z-direction

use coordinates ⌧ =

p
t

2 � z

2
x, y, ⌘ = arctanh(z/t)

fluid velocity u

µ

= (u

⌧

, u

x

, u

y

, 0)

thermodynamic scalars like energy density ✏ = ✏(⌧, x, y)

remaining problem is 2+1 dimensional

Bjorken boost symmetry is an idealization but it is reasonably accurate
close to mid-rapidity ⌘ ⇡ 0.
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The Bjorken model

[coordinates: ⌧ =
p

t

2 � z

2, x, y, ⌘ = arctanh(z/t)]

Consider initial conditions at ⌧ = ⌧0 of the form

✏ = ✏(⌧0), u

µ

= (1, 0, 0, 0)

Simplified model for inner region at early times after central collision.
Symmetries

Bjorken boost invariance ⌘ ! ⌘ + �⌘
Translations and rotations in the transverse plane (x, y)

imply
u

µ = (1, 0, 0, 0) for all times ⌧
✏ = ✏(⌧) independent of x, y, ⌘

Equation for energy density in first order formalism

@

⌧

✏+ (✏+ p)

1

⌧

�
�
4
3⌘ + ⇣

�
1

⌧

2
= 0

Solution depends on equation of state p(✏) and viscosities ⌘(✏), ⇣(✏)
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Bjorken solution
For ✏ ⇠ T

4 one finds

@

⌧

T +

T

3⌧

✓
1� 4⌘/3 + ⇣

sT ⌧

◆
= 0

Solution for ⌘/s = const and ⇣ = 0 is

T (⌧) = T (⌧0)

⇣
⌧0

⌧

⌘1/3 
1 +

2

3⌧0T (⌧0)

⌘

s

✓
1�

⇣
⌧0

⌧

⌘2/3◆�

For ideal fluid or at late times simply T ⇠ ⌧

�1/3

Small heating e↵ect due to shear viscosity
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Radial expansion

More realistic initial energy density depends on transverse coordinates

For central collisions problem becomes 1+1 dimensional, with
r =

p
x

2
+ y

2,
✏ = ✏(⌧, r)

initial pressure gradient leads to fluid velocity in radial direction: “radial
flow” ✓

u

x

u

y

◆
=

✓
x/r

y/r

◆
u

r

(⌧, r)
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Central collisions

System of coupled 1+1 dimensional non-linear partial di↵erential equations for

energy density ✏(⌧, r) or temperature T (⌧, r)

fluid velocity u

r

(⌧, r)

two independent components of shear stress ⇡µ⌫

(⌧, r)

Can be easily solved numerically
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Radius @fmD
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0.4

0.5
T @GeVD
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Kinetic freeze-out

When temperature and densities drop, collisions become less frequent.

At some point, hadrons stop interacting, occupation numbers in
momentum space do not change any more: Kinetic freeze-out

Just before freeze-out: local close-to-equilibrium occupation numbers for
each fluid element

dN

i

d

3
pd

3
x

= f

i

(p

µ

;T (x), u

µ

(x),⇡

µ⌫

(x),⇡bulk(x))

For example, neglecting ⇡µ⌫ and ⇡bulk and assuming Boltzmann statistics

f

i

= c

i

e

u

µ

(x)pµ

T (x) ! c

i

e

�E�~v(x)·~p
T (x)

(~v

2 ⌧ c

2
)

Integral over the freeze-out surface or surface of last scattering ⌃

f

gives
particle spectra [Cooper, Frye (1974)]

E

dN

i

d

3
p

= � 1

(2⇡)

3
p

µ

Z

⌃
f

d⌃

µ

f

i

Feeze-out surface in principle determined by dynamics of expansion and
scattering processes. In practice often assumed to correspond to T =const.
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Blast-wave model

Not a consistent solution of fluid dynamics but rather a semi-realistic
parametrization fluid fields and freeze-out surface.

assume freeze-out at constant time ⌧
f

and freeze-out surface with r < rmax

assume also constant temperature T and radial fluid velocity v

r

leads to analytic expression

dN

i

dyd

2
p

T

=

c

i

4⇡

2
⌧

f

r

2
max

q
p

2
T

+m

2
i

K1

 p
p

2
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2
i

T

p
1� v

2
r

!
I0

✓
p
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v

r

T

p
1� v

2
r

◆

many variants of this have been studied

captures some qualitative features of full fluid dynamics solution

particle spectrum close to exponential

radial flow leads to a “blue shift” of the particle spectrum

spectrum steeper for smaller particle mass m
i
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Charged particle spectra2.1 General characteristics of heavy ion collisions 9
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Figure 2.3 Charged particle spectrum as function of pT in Pb+Pb collisions at
LHC energy for nearly head-on (the 5% of collisions with the lowest impact
parameter) and grazing collisions, compared to the corresponding spectrum in
p+p collisions with an appropriately scaled normalization. Figure taken from
Ref. [7].

have momenta in the soft sector; hard particles are rare in comparison. The separa-
tion between the hard and the soft sectors, which is by no means sharp, lies in the
range of a few (say 3–6) GeV.

There are several lines of evidence that indicate that the soft particles in a heavy
ion collision, which are the bulk of all the hadrons in the final state, have rescattered
many times and come into local thermal equilibrium. The most direct approach
comes via the analysis of the exponentially falling spectra of identified hadrons.
Fitting a slope to these exponential spectra and then extracting an “effective tem-
perature” for each species of hadron yields different “effective temperatures” for
each species. This species dependence arises because the matter produced in a
heavy ion collision expands radially in the directions transverse to the beam axis;
perhaps explodes radially is a better phrase. This means that we should expect
the pT spectra to be a thermal distribution boosted by some radial velocity. If
all hadrons are boosted by the same velocity, the heavier the hadron the more its
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For 0-5% most central collisions and small p
T

almost exponential form,
determined by freeze-out temperature and radial flow velocity.
For peripheral collisions similar form as scaled propton-proton reference.
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Mass ordering

Transperse momentum spectra of identified particles for heavy ion and
proton-proton collisions

10 A heavy ion phenomenology primer
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Figure 2.4 (a) Spectra for identified pions, kaons and protons as a function of pT
in head-on gold–gold collisions at top RHIC energy [25]. (b) Spectra for identified
pions, kaons and protons as a function of pT in (non-single-diffractive) proton–
proton collisions at the same energy

√
s = 200 GeV [17].

momentum is increased by the radial boost. Indeed, what is found in data is that the
effective temperature increases with the mass of the hadron species. This can be
seen at a qualitative level in Fig. 2.4a: in the soft regime, the proton, kaon and pion
spectra are ordered by mass, with the protons falling off most slowly with pT , indi-
cating that they have the highest effective temperature. Quantitatively, one uses the
data for hadron species with varying masses to first extract the mass-dependence of
the effective temperature, and thus the radial expansion velocity, and then to extrap-
olate the effective “temperatures” to the mass → zero limit, and in this way obtain
a measurement of the actual temperature of the final state hadrons. This “kinetic
freezeout temperature” is the temperature at the (very late) time at which the gas
of hadrons becomes so dilute that elastic collisions between the hadrons cease,
and the momentum distributions therefore stop changing as the system expands.
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√
s = 200 GeV [17].

momentum is increased by the radial boost. Indeed, what is found in data is that the
effective temperature increases with the mass of the hadron species. This can be
seen at a qualitative level in Fig. 2.4a: in the soft regime, the proton, kaon and pion
spectra are ordered by mass, with the protons falling off most slowly with pT , indi-
cating that they have the highest effective temperature. Quantitatively, one uses the
data for hadron species with varying masses to first extract the mass-dependence of
the effective temperature, and thus the radial expansion velocity, and then to extrap-
olate the effective “temperatures” to the mass → zero limit, and in this way obtain
a measurement of the actual temperature of the final state hadrons. This “kinetic
freezeout temperature” is the temperature at the (very late) time at which the gas
of hadrons becomes so dilute that elastic collisions between the hadrons cease,
and the momentum distributions therefore stop changing as the system expands.
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[STAR (2005)]

Spectra for heavier particles fall o↵ more slowly in heavy ion collisions
(mass ordering).

Freeze-out temperature T ⇡ 90 MeV, radial velocity v

r

⇡ 0.6c.

No systematic mass ordering for pp collisions.
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Non-central collisions

pressure gradients larger in reaction plane

leads to larger fluid velocity in this direction

more particles fly in this direction

can be quantified in terms of elliptic flow v2

particle distribution

dN

d�

=

N

2⇡

"
1 + 2

X

m

v

m

cos (m (��  

R

))

#

symmetry �! �+ ⇡ implies v1 = v3 = v5 = . . . = 0.
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Centrality classes

Impact parameter cannot be measured directly

More central collisions have higher multiplicity

Events are divided into centrality classes

[ALICE (2010)]
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Elliptic flow

Elliptic flow coe�cient v2 as a function of p
T

for di↵erent centrality classes
2.2 Flow 21
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Figure 2.8 Transverse momentum dependence of the elliptic flow v2(pT ) for
different centrality bins. Measurements made by the ALICE Collaboration at
the LHC (colored points) are compared with parametrized data from the STAR
Collaboration at RHIC (gray shaded bands). We see v2 increasing as one goes
from nearly head-on collisions to semi-peripheral collisions. Figure taken from
Ref. [5].

simulations of the type we shall discuss below. We shall therefore only discuss the
dynamical understanding of how the εn are related to the vn for the moments with
n ≥ 2. We shall first consider an event-averaged almond-shaped nuclear overlap
zone (left-hand side of Fig. 2.7), before we turn to a discussion of the novel oppor-
tunities arising from a study of event-by-event fluctuations (like those illustrated
on the right-hand side of Fig. 2.7).

A Discussion for event-averaged spatial asymmetries

In Fig. 2.8, we show data for the transverse momentum dependence of the elliptic
flow v2(pT ) measured for different centrality classes in Au+Au collisions at RHIC
and in Pb+Pb collisions at the LHC. It is striking that the v2(pT ) measured at√

s = 2.76 TeV by ALICE in three different impact parameter bins agrees within
error bars at all values of pT with that measured at

√
s = 200 GeV by the STAR

collaboration at RHIC out to beyond 4 GeV in pT . On a qualitative level, this
indicates that the quark-gluon plasma produced at the LHC is comparably strongly
coupled, with comparably small η/s, to that produced and studied at RHIC.

Heavy ion collisions at both RHIC and the LHC feature large azimuthal asym-
metries. To appreciate the size of the measured elliptic flow signal, we read from
(2.6) that the ratio of d N/d3p in whatever azimuthal direction it is largest to
d N/d3p ninety degrees in azimuth away is (1 + 2v2)/(1 − 2v2), which is a factor
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[ALICE (2010)]
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Elliptic flow at di↵erent collision energies
Elliptic flow coe�cient v2 for centrality class 20-30% as a function of

p
sNN

Flow and Viscosity in Relativistic Heavy Ion Collisions 36
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Figure 8: (a) Integrated elliptic flow at 2.76 TeV (126) in the 20–30% centrality class compared

with results from lower energies taken at similar centralities. (b) The v2(pT

) for pions and protons

measured by STAR compared to hydrodynamic calculations with di�erent eccentricities and �/s

(109).
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Figure 9: (a) The centrality dependence of v
n

{2} from 2.76 A TeV Pb+Pb collisions measured

by ALICE (102) compared to viscous hydrodynamic model calculations (71). (b) Comparison of

v
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) for the same collision system at 20�30% centrality from ATLAS (133) with hydrodynamical

calculations, using both a constant average and a temperature dependent �/s (71).

[ALICE (2010)]

Elliptic flow in fixed centrality class increases with collision energy.

At very small energy not enough time to develop flow.
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Two-particle correlation function

normalized two-particle correlation function

C(�1,�2) =
h dN

d�1

dN

d�2
ievents

h dN

d�1
ieventsh dN

d�2
ievents

= 1 + 2

X

m

v

2
m

cos(m (�1 � �2))

Surprisingly v2, v3, v4, v5 and v6 are all non-zero!

[ALICE 2011, similar results from CMS, ATLAS, Phenix]
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Harmonic flow coe�cients

Flow coe�cients v2, v3, v4 and v5 for charged particles as a function of
transverse momentum for di↵erent centrality classes.

ALICE Collaboration / Physics Letters B 708 (2012) 249–264 255

Fig. 6. (Color online.) The global-fit parameters, vn{GF}, for 2 � n � 5. Statistical uncertainties are represented by error bars on the points, while systematic uncertainty is
depicted by open rectangles.

Fig. 7. (Color online.) High-pT fit examples in 0–20% central events for n = 1 to 4. Although all datapoints are shown for pt
T > 5 GeV/c, the fit range includes only the six

points with pa
T > 5 GeV/c.

To evaluate the systematic uncertainty, the global fit procedure
is performed three times for each n and centrality bin: once on
the measured Vn! points (leading to the red curves in Fig. 5),
and once on the upper and lower bounds of the systematic er-
ror bars (resulting in black dashed curves). The vn{GF} systematic
error is then assigned as half the difference. The resulting uncer-
tainties are shown as open boxes in Fig. 6 and Fig. 11, which are
discussed in the following sections.

5. Global fit results

In the n = 2 case (Fig. 5, top), the fit agrees well with the data
points at low pt

T and pa
T , but diverges with increasing pa

T for each
pt

T interval. Where disagreement occurs, the fit is systematically
lower than the points. In contrast, for n = 3, the fit does not fol-
low the points that drop sharply to negative values at the highest

momenta. This is also observed for n = 5, though with poorer sta-
tistical precision.

The global fit is driven primarily by lower particle pT , where
the smaller statistical uncertainties provide a stronger constraint
for χ2 minimization. The disagreement between data and the fit,
where pt

T and pa
T are both large, points to the breakdown of the

factorization hypothesis; see also Fig. 3 and the accompanying dis-
cussion.

The factorization hypothesis appears to hold for n � 2 at low
pa

T (� 2 GeV/c) even for the highest pt
T bins. The Vn! values

for these cases are small relative to those measured at higher
pa

T , and remain constant or even decrease in magnitude as pt
T

is increased above 3–4 GeV/c. V 2! dominates over the other co-
efficients, and the n > 3 terms are not significantly greater than
zero. This stands in contrast to the high-pt

T , high-pa
T case, where

it was demonstrated in Fig. 3 that dijet correlations require signif-

[ALICE (2012)]

Elliptic flow v2 has strongest centrality dependence.

Triangular flow v3 as well as v4 and v5 are all non-zero.

v

n

(p

T

) at fixed p

T

decreases for increasing n
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Event-by-event fluctuations

argument for v3 = v5 = 0 is based on event-averaged geometric
distribution

deviations from this can come from event-by-event fluctuations.

one example is Glauber model

!10 !5 0 5 10

!5

0

5

initial transverse density distribution fluctuates event-by-event and this
leads to sizeable v3 and v5

more generally also other initial hydro fields may fluctuate: fluid velocity,
shear stress, baryon number density etc
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Fluid dynamic simulations

Second order relativistic fluid dynamics is solved numerically for given
initial conditions.

Codes use thermodynamic equation of state from lattice QCD.

Initial conditions fluctuate from event-to-event and di↵erent models are
employed and compared.

⌘/s is varied in order to find experimentally favored value.

u!T
!"
CYM ¼ "u", using the fact that u! is a timelike eigen-

vector of T!"
CYM and satisfies u2 ¼ 1.

Other important details of our analysis are as follows.
Unless otherwise noted, #switch ¼ 0:2 fm=c. We employ
the s95p-PCE equation of state, obtained from fits to
lattice quantum chromodynamics (QCD) results and a
hadron resonance gas model [30], with partial chemical
equilibrium (PCE) setting in below a temperature TPCE ¼
150 MeV. Kinetic freeze-out occurs at TFO ¼ 120 MeV.
At this temperature, we implement the Cooper-Frye pre-
scription [31] for computing particle spectra. Unless other-
wise noted, shown results include decays from resonances
of masses up to 1.3 GeV.

A novel feature of our study is the determination of
centrality classes using the multiplicity distribution of
gluons much like the procedure followed by the heavy
ion experiments [32]. The gluon multiplicity distribution
is shown in Fig. 1. Centrality classes are determined from
the fraction of the integral over this distribution, beginning
with integrating from the right. As a consequence of
implementing this centrality selection, we properly
account for impact parameter and multiplicity fluctuations.

Because entropy is produced during the viscous hydro-
dynamic evolution, we need to adjust the normalization of
the initial energy density commensurately to describe the
final particle spectra [33]. The obtained pT spectra of

pions, kaons, and protons are shown for 0%–5% central
collisions at

ffiffiffi
s

p ¼ 2:76 TeV=nucleon, using the shear vis-
cosity to entropy density ratio $=s ¼ 0:2, in Fig. 2, and
compared to data from ALICE [34]. The results are for
averages over only 20 events in this case, but statistical
errors are smaller than the linewidth for the spectra.
Overall, the agreement with experimental data is good.
However, soft pions at pT < 300 MeV are underestimated.
We determine v1 to v5 in every event by first determin-

ing the exact event plane [35,36]

c n ¼
1

n
arctan

hsinðn%Þi
hcosðn%Þi ; (1)

and then computing

vnðpTÞ ¼ hcosðnð%$ c nÞÞi

%
R
d%fðpT;%Þ cosðnð%$ c nÞÞR

d%fðpT;%Þ ; (2)

where fðpT;%Þ are the thermal distribution functions with
viscous corrections obtained in the Cooper-Frye approach
(with additional contributions from resonance decays).
We first present the root-mean-square (rms) vnðpTÞ for

10%–20% central collisions and compare to experimental
data from the ATLAS Collaboration [4] in Fig. 3.
Agreement for v2–v5 is excellent. Note that the vn from
the experimental event-plane method used by ATLAS
agree well with the rms values [37]. We also find excellent
agreement over the whole studied centrality range when
comparing the pT-integrated rms v2, v3, and v4 to the
available vnf2g (obtained from two-particle correlations,
corresponding to the rms values) from the ALICE
Collaboration [3], as shown in Fig. 4.
We studied the effect of initial transverse flow included

in our framework by also computing vnðpTÞ with u! set to
zero at time #switch. The effect on hadron anisotropic flow
turns out to be extremely weak—results agree within sta-
tistical errors. Because photons are produced early on in
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FIG. 1 (color online). Gluon multiplicity distribution in the
IP-Glasma model.
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the collision, we expect a greater effect on photon aniso-
tropic flow; this will be examined in a subsequent work.
We emphasize that preequilibrium dynamics that is not
fully accounted for may still influence the amount of initial
transverse flow.

The effect of changing the switching time from !switch ¼
0:2 fm=c to !switch ¼ 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 system expands and
therefore Yang-Mills dynamics is less effective than hydro-
dynamics in building up flow at late times. Yet it is reassur-
ing that there is a window in time where both descriptions
produce equivalent results.

Because a constant "=s is at best a rough effective mea-
sure of the evolving shear viscosity to entropy density ratio,
we present results for a parametrized temperature dependent
"=s, following [38]. We use the same parametrization (HH-
HQ) as in Ref. [38,39] with a minimum of ð"=sÞðTÞ ¼ 0:08
at T ¼ 180 MeV, approximately at the crossover from
quark-gluon plasma to hadron gas in the used equation of

state. The result, compared to "=s ¼ 0:2 is shown for
20%–30% central collisions in Fig. 6. The results are indis-
tinguishable when studying just one collision energy. The
insensitivity of our results to two very different functional
forms may suggest that the development of flow is strongly
affected at intermediate times when"=s is very small. Also,
since second order viscous hydrodynamics breaks down
when!#$ is comparable to the ideal terms, our framework
may be inadequate for too large values of "=s.
We compare results for top RHIC energies, obtained

using a constant "=s ¼ 0:12, which is about 40% smaller
than the value at LHC, to experimental data fromSTAR [40]
and PHENIX [1] in Fig. 7. The data arewell described given
the systematic uncertainties in both the experimental and

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0  10  20  30  40  50

〈v
n2 〉1/

2

centrality percentile

η/s = 0.2
ALICE data vn{2}, pT>0.2 GeV v2

 v3
 v4
 v5

FIG. 4 (color online). Root-mean-square anisotropic flow co-
efficients hv2

ni1=2, computed as a function of centrality, compared
to experimental data of vnf2g, n 2 f2; 3; 4g, by the ALICE
Collaboration [3] (points). Results are for 200 events per central-
ity with bands indicating statistical errors.

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0  0.5  1  1.5  2

〈v
n2 〉1/

2

pT [GeV]

ATLAS 30%–40%, EP
narrow: τswitch = 0.4 fm/c
wide: τswitch = 0.2 fm/c

η/s =0.2 

 v2
 v3
 v4
 v5

FIG. 5 (color online). Comparison of vnðpTÞ using two differ-
ent switching times !switch ¼ 0:2 fm=c (wide) and 0:4 fm=c
(narrow). Experimental data by the ATLAS Collaboration using
the EP method [4] (points). Bands indicate statistical errors.

 0

 0.05

 0.1

 0.15

 0.2

 0  0.5  1  1.5  2

〈v
n2 〉1/

2

pT [GeV]

ATLAS 20%–30%, EP
narrow: η/s(T)
wide: η/s=0.2

 v2
 v3
 v4
 v5

FIG. 6 (color online). Comparison of vnðpTÞ using constant
"=s ¼ 0:2 and a temperature dependent ð"=sÞðTÞ as parame-
trized in Ref. [38]. Experimental data by the ATLAS
Collaboration using the EP method [4] (points). Bands indicate
statistical errors.

 0

 0.05

 0.1

 0.15

 0.2

〈v
n2 〉1/

2

RHIC 200GeV, 30%–40%

open: PHENIX
filled: STAR prelim.

η/s = 0.12

 v1
 v2
 v3
 v4
 v5

 0

 0.05

 0.1

 0.15

 0.2

 0  0.5  1  1.5  2

〈v
n2 〉1/

2

pT [GeV]

RHIC 200GeV, 30%–40%

open: PHENIX
filled: STAR prelim.

η/s(T)

 v1
 v2
 v3
 v4
 v5

FIG. 7 (color online). Comparison of vnðpTÞ at RHIC using
constant "=s ¼ 0:12 and a temperature dependent ð"=sÞðTÞ as
parametrized in Ref. [38]. Experimental data by the PHENIX [1]
(open symbols) and STAR [40] (preliminary, filled symbols)
Collaborations. Bands indicate statistical errors.

PRL 110, 012302 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

4 JANUARY 2013

012302-3
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Collective behavior in small systems

14 R. Granier de Cassagnac / Nuclear Physics A 931 (2014) 13–21

Fig. 1. Elliptic (left) [7] and triangular (right) [6] flow in pPb and PbPb collisions of similar charge particle multiplicity. 
Left: The preliminary elliptic flow parameter v2 extracted with six- (blue cross) and eight-particle (red diamonds) cumu-
lants, as well as with the Lee–Yang zeros method (green filled circles) agree with the published four-particle cumulant 
(open blue squares) results for both PbPb and pPb collisions. Right: The triangular v3 parameter is similar for pPb (blue 
squares) and PbPb (red circles) collisions of the same multiplicity. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

multiplicity environment of pPb collisions and/or 50–100% most peripheral PbPb collisions, this 
list now extends to identified pions, kaons and protons, KS and Λ, as well as the B+, B0 and BS

mesons.
The newest results, some of them preliminary, are presented below with an emphasis on the 

ones obtained from the latest pPb and pp data samples. All heavy-ion related results from the 
CMS Collaboration are collected in Ref. [2].

2. Collectivity

The first heavy-ion inspired measurement at the LHC was the observation by CMS, in pp 
collisions at 7 TeV, of long-range two-particle correlations [3]. Though their origin is still unclear, 
the later observation of a similar feature in PbPb collisions [4] was reminiscent of results from 
RHIC, that are commonly interpreted as collective flow arising from the initial collision geometry 
and its fluctuations. In pPb collisions, such correlations were also observed [5]. To investigate 
the hypothesis that they may be due to collective flow, the high-multiplicity pPb collisions are 
carefully studied. When possible, they are compared to the corresponding PbPb collisions: the 
highest multiplicity range explored, namely the top 3 × 10−6 fraction of pPb collisions, reaches 
for instance that of 55–60% centrality PbPb collisions.

Beyond the measurement of a second harmonic v2 component from two-particle correlations, 
the following list of seven observations shall shed light on the nature of the particle interactions 
at play in pPb collisions, and put constraints on theories trying to model them.

1. The first pPb/PbPb comparisons at the same multiplicity were made in Ref. [6]. Though the 
elliptic flow (v2) amplitude is larger in PbPb collisions, the triangular flow parameter (v3) is 
similar at equal multiplicities, as shown in Fig. 1 (right).

2. When computed from four-, six- or eight-particle correlations, or with the Lee–Yang zeros 
method, the magnitude of v2 is found to be similar, in both pPb and PbPb collisions, see 
Fig. 1 (left). This implies that a large number of particles are involved in the underlying 
process behind v2, which is thus of collective nature [7].
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RHIC, that are commonly interpreted as collective flow arising from the initial collision geometry 
and its fluctuations. In pPb collisions, such correlations were also observed [5]. To investigate 
the hypothesis that they may be due to collective flow, the high-multiplicity pPb collisions are 
carefully studied. When possible, they are compared to the corresponding PbPb collisions: the 
highest multiplicity range explored, namely the top 3 × 10−6 fraction of pPb collisions, reaches 
for instance that of 55–60% centrality PbPb collisions.

Beyond the measurement of a second harmonic v2 component from two-particle correlations, 
the following list of seven observations shall shed light on the nature of the particle interactions 
at play in pPb collisions, and put constraints on theories trying to model them.

1. The first pPb/PbPb comparisons at the same multiplicity were made in Ref. [6]. Though the 
elliptic flow (v2) amplitude is larger in PbPb collisions, the triangular flow parameter (v3) is 
similar at equal multiplicities, as shown in Fig. 1 (right).

2. When computed from four-, six- or eight-particle correlations, or with the Lee–Yang zeros 
method, the magnitude of v2 is found to be similar, in both pPb and PbPb collisions, see 
Fig. 1 (left). This implies that a large number of particles are involved in the underlying 
process behind v2, which is thus of collective nature [7].

[CMS (2014), similar from ALICE, ATLAS]

Fluid dynamic behavior was found also in proton-ion collisions.

Triangular flow very similar for comparable multiplicity.

Theoretical understanding: Collision geometry smaller but higher initial
energy density.
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6. Initial state fluctuations and their fluid dynamic

propagation



What perturbations are interesting and why?

Initial fluid perturbations: Event-by-event fluctuations around a
background or average of fluid fields at time ⌧0:

energy density ✏
fluid velocity u

µ

shear stress ⇡µ⌫

more general also: baryon number density n

B

,
electric charge density, electromagnetic fields, ...

governed by universal evolution equations

can be used to constrain thermodynamic and transport properties

contain interesting information from early times

measure for deviations from equilibrium
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Similarities to cosmic microwave background

fluctuation spectrum contains info from early times

many numbers can be measured and compared to theory

can lead to detailed understanding of evolution and properties

could trigger precision era in heavy ion physics
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A program to understand fluid perturbations

1 Characterize initial perturbations.

2 Propagated them through fluid dynamic regime.

3 Determine influence on particle spectra and harmonic flow coe�cients.
4 Take also perturbations from non-hydro sources (jets) into account.
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Fluid dynamic perturbation theory for heavy ions

proposed in: [Floerchinger & Wiedemann, PLB 728, 407 (2014)]

goal: determine transport properties experimentally

so far: numerical fluid simulations e.g. [Heinz & Snellings (2013)]

new: solve fluid equations for smooth and symmetric background and
order-by-order in perturbations

less numerical e↵ort – more systematic studies

good convergence properties [Floerchinger et al., PLB 735, 305 (2014)]

similar technique used in cosmology since many years
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Background-fluctuation splitting

Background or average over many events is described by smooth fields

wBG = hwi
u

µ

BG = huµi

Fluctuations are added on top

w = wBG + �w

u

µ

= u

µ

BG + �u

µ

For background one may assume Bjorken boost and azimuthal rotation
invariance

wBG = wBG(⌧, r)

u

µ

BG = (u

⌧

BG, u
r

BG, 0, 0)
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Characterization of transverse density via Bessel-Fourier expansion

Based on Bessel-Fourier expansion and background density
[Floerchinger & Wiedemann 2013, see also Coleman-Smith, Petersen & Wolpert 2012,

Floerchinger & Wiedemann 2014]

w(r,�) = wBG(r) + wBG(r)

X

m,l

w

(m)
l

e

im�

J

m

⇣
z

(m)
l

⇢(r)

⌘

azimuthal wavenumber m, radial wavenumber l

w

(m)
l

dimensionless

higher m and l correspond to finer spatial resolution

coe�cients w(m)
l

can be related to eccentricieties

works similar for vectors (velocity) and tensors (shear stress)
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Transverse density from Glauber model
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Perturbative response formalism

Write the hydrodynamic fields h = (w, u

µ

,⇡

µ⌫

,⇡Bulk, . . .)

at initial time ⌧0 as

h = h0 + ✏h1

with background h0, fluctuation part ✏h1

at later time ⌧ > ⌧0 as

h = h0 + ✏h1 + ✏

2
h2 + ✏

3
h3 + . . .

Solve for time evolution in this scheme

h0 is solution of full, non-linear hydro equations in symmetric situation:
azimuthal rotation and Bjorken boost invariant

h1 is solution of linearized hydro equations around h0,
can be solved mode-by-mode

h2 can be obtained by from interactions between modes etc.
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Evolving perturbation modes linearly

Linearized hydro equations: set of coupled 3 + 1 dimensional, linear,
partial di↵erential equations.

Use Fourier expansion

h

j

(⌧, r,�, ⌘) =

X

m

Z
dk

⌘

2⇡

h

(m)
j

(⌧, r, k

⌘

) e

i(m�+k

⌘

⌘)
.

Reduces to 1 + 1 dimensions.

Can be solved numerically for each initial Bessel-Fourier mode.

51 / 75



Mode interactions

Non-linear terms in the evolution equations lead to mode interactions.

Quadratic and higher order in initial perturbations.

Can be determined from iterative solution but has not been fully worked
out yet.

Convergence can be tested with numerical solution of full hydro equations.
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Freeze-out surface

Background and fluctuations are propagated until Tfo = 120MeV is
reached.

Distribution functions are determined and free streaming is assumed for
later times [Cooper & Frye].

Perturbative expansion can be used also at freeze-out.
[Floerchinger, Wiedemann 2013]

Freeze-out surface is azimuthally symmetric as background.

Generalization to kinetic hadronic scattering and decay phase possible.

0 2 4 6 8 10
r @fmD0

2
4
6
8
10
12
14

t @fmêcD

(solid: ⌘/s = 0.08, dotted: ⌘/s = 0, dashed: ⌘/s = 0.3)
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Particle distribution

for single event

ln

✓
dN

single event

p

T

dp

T

d�dy

◆
= lnS0(pT )| {z }

from background

+

X

m,l

w

(m)
l

e

im�

✓

(m)
l

(p

T

)

| {z }
from fluctuations

each mode comes with an angle, w(m)
l

= |w(m)
l

| eim 
(m)
l

each mode has di↵erent p
T

-dependence, ✓(m)
l

(p

T

)

quadratic order correction
X

m1,m2,l1,l2

w

(m1)
l1

w

(m2)
l2

e

i(m1+m2)�


(m1,m2)
l1,l2

(p

T

)

non-linearities from hydro evolution and freeze-out
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Response to density perturbations

For a single event

V

⇤
m

= v

m

e

�im 

m

=

X

l

S(m)l w
(m)
l

+

X

m1,m2,
l1,l2

S(m1,m2)l1,l2 w
(m1)
l1

w

(m2)
l2

�

m,m1+m2 + . . .

S(m)l is linear dynamic response function

S(m1,m2)l1,l2 is quadratic dynamic response function etc.

Symmetries imply conservation of azimuthal wavenumber

Response functions depend on thermodynamic and transport properties, in
particular viscosity.
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“Proof of principle” study: One-particle spectrum

Initial conditions from Glauber Monte Carlo Model

S(p

T

) = dN/(2⇡p

T

dp

T

d⌘d�)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
pT @GeVD10-4
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1
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104

106
SHpT L

p++p- Hâ100L
K++K- Hâ10L
p+p

Points: 5% most central collisions, ALICE [PRL 109, 252301 (2012)]

Curves: Our calculation, no hadron rescattering and decays after freeze-out.
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Harmonic flow coe�cients for central collisions

Triangular flow for charged particles
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Points: 2% most central collisions, ALICE [PRL 107, 032301 (2011)]

Curves: Di↵erent maximal resolution lmax
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7. Jet quenching



High energetic particles and partons2.1 General characteristics of heavy ion collisions 9
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Figure 2.3 Charged particle spectrum as function of pT in Pb+Pb collisions at
LHC energy for nearly head-on (the 5% of collisions with the lowest impact
parameter) and grazing collisions, compared to the corresponding spectrum in
p+p collisions with an appropriately scaled normalization. Figure taken from
Ref. [7].

have momenta in the soft sector; hard particles are rare in comparison. The separa-
tion between the hard and the soft sectors, which is by no means sharp, lies in the
range of a few (say 3–6) GeV.

There are several lines of evidence that indicate that the soft particles in a heavy
ion collision, which are the bulk of all the hadrons in the final state, have rescattered
many times and come into local thermal equilibrium. The most direct approach
comes via the analysis of the exponentially falling spectra of identified hadrons.
Fitting a slope to these exponential spectra and then extracting an “effective tem-
perature” for each species of hadron yields different “effective temperatures” for
each species. This species dependence arises because the matter produced in a
heavy ion collision expands radially in the directions transverse to the beam axis;
perhaps explodes radially is a better phrase. This means that we should expect
the pT spectra to be a thermal distribution boosted by some radial velocity. If
all hadrons are boosted by the same velocity, the heavier the hadron the more its

Downloaded from Cambridge Books Online by IP 137.138.93.140 on Mon Jul 13 14:09:28 BST 2015.
http://dx.doi.org/10.1017/CBO9781139136747.002

Cambridge Books Online © Cambridge University Press, 2015

At small transverse momenta particle spectra are determined by
thermalized medium.
Physics of high energetic particles and partons is di↵erent: they are not
thermalized but can be influenced by the medium.
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Factorization

High energetic processes in hadron collisions are governed by convolution of

1 Process-independent parton distribution function: probability to find
partons with given momentum in incident hadron.

2 Process-dependent hard scattering cross section: probability that initial
partons scatter to final state partons with given momenta.

3 Process-independent parton fragmentation function: probability that final
state partons fragments into a jet with certain hadron content.
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Parton energy loss

Detailed understanding of perturbative QCD constitutes solid foundation to
measure changes occurring in heavy ion collisions

Nuclear PDF’s di↵er from proton PDF’s but may be measured by
proton-nucleus collisions, electron-nucleus collisions etc.

Hard scattering cross section not modified by medium if momentum
transfer is high enough.

Key modification: After production, high energetic partons must
propagate through hot and dense medium produced in heavy ion collisions.

By interactions with the gluons and quarks in the medium, high energetic
partons transmit part of their energy to the medium.

Because parton production rates are steeply falling with energy, energy loss
leads to a reduction of the number of partons with large energy.
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Dijets in a heavy ion collision
2.3 Jet quenching 41

–

–

–

Figure 2.12 CMS data showing a highly unbalanced dijet event in a Pb+Pb colli-
sion at

√
sNN = 2.76 TeV. Tower heights denote the sum of transverse energy

deposited in the electromagnetic and hadron calorimeters in a particular seg-
ment of azimuthal angle φ and pseudo rapidity η. The reconstructed jets, in
red, are labeled with their corrected jet transverse momentum. Figure taken from
Ref. [264].

carries part of the jet energy away from the jet axis and thus also leads to a reduc-
tion in the rate of jets observed at a given jet energy. Furthermore, the hard parton
dumps energy into the medium, which motivates the use of observables involving
correlations between soft final state hadrons and a high momentum hadron. Most
generally, “jet quenching” refers to the whole suite of medium-induced modifica-
tions of high pT processes in heavy ion collisions and modifications of the medium
in heavy ion collisions in which a high pT process occurs, all of which have their
origin in the propagation of a highly energetic parton through the strongly coupled
plasma.

As we discuss in the following, one of the most detailed experimental sets of
information about jet quenching is provided by the medium-induced suppression
of single inclusive hadron spectra first discovered at RHIC. A more recent, and
arguably more pictorial, manifestation of jet quenching in heavy ion collisions is
provided by the CMS event display shown in Fig. 2.12. This Pb+Pb event was
selected by triggering on a “leading jet” (i.e. a highly collimated spray of ener-
getic particles that may be thought of as arising from the fragmentation of a single
highly energetic parent parton). By momentum conservation, the total transverse
momentum of this leading jet must be balanced by recoil in the opposite azimuthal
hemisphere. However, the subleading jet seen in Fig. 2.12 in the opposite azimuthal

Downloaded from Cambridge Books Online by IP 137.138.93.140 on Mon Jul 13 14:09:28 BST 2015.
http://dx.doi.org/10.1017/CBO9781139136747.002

Cambridge Books Online © Cambridge University Press, 2015

One reconstructed jet has large energy, opposing jet has much less energy.

Transverse energy 205 GeV �70 GeV = 135 GeV must be in soft
fragments that cannot be distinguished from background by eye.
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Dijet asymmetry180 CMS Collaboration / Physics Letters B 712 (2012) 176–197

Fig. 3. Dijet asymmetry ratio, A J , for leading jets of pT,1 > 120 GeV/c and subleading jets of pT,2 > 30 GeV/c with a selection of !φ1,2 > 2π/3 between the two jets. Results
are shown for six bins of collision centrality, corresponding to selections of 70–100% to 0–10% of the total inelastic cross section. Results from data are shown as points, while
the histogram shows the results for pythia dijets embedded into hydjet PbPb simulated events. Data from pp collisions at 2.76 TeV are shown as open points in comparison
to PbPb results of 70–100% centrality. The error bars represent the statistical uncertainties.

Fig. 4. Dijet asymmetry ratio, A J , in bins of leading jet transverse momentum from 120 < pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c
and !φ1,2 > 2π/3 between leading and subleading jets. Results for 0–20% central PbPb events are shown as points, while the histogram shows the results for pythia dijets
embedded into hydjet PbPb simulated events. The error bars represent the statistical uncertainties.

which should be taken into account in the interpretation of the av-
erage value. However, in the bins with leading jet pT > 180 GeV/c,
more than 95% of the leading jets are correlated with a subleading
jet, indicating that the bias due to dijet selection is very small.

3.3. The dependence of dijet momentum imbalance on the pT of the
leading jet

The dependence of the energy loss on the leading jet mo-
mentum can be studied using the jet transverse momentum ratio
pT,2/pT,1. The mean value of this ratio is presented as a func-

tion of pT,1 in Fig. 6 for three bins of collision centrality, 50–100%,
20–50%, and 0–20%. The pythia+hydjet simulations are shown as
squares and the PbPb data are shown as points. Statistical and
systematic uncertainties are plotted as error bars and brackets, re-
spectively. The main contributions to the systematic uncertainty in
pT,2/pT,1 are the uncertainties in the pT-dependent residual en-
ergy scale and the effects of the underlying event on the jet energy
resolution. Earlier studies of jet-track correlations [9] have shown
that the energy composition of the quenched jets was not signifi-
cantly different, which puts a constraint on the energy scale uncer-
tainty. The uncertainty on the energy scale is derived from three

[CMS (2012)]

Dijet asymmetry A

J

=

p

T,1�p

T,2

p

T,1+p

T,2
between leading and sub-leading jet

transverse momentum is larger than in Pythia (no jet quenching).

E↵ect is larger for more central collisions.

Significant fraction of p
T

gets transported outside the jet cone by medium.
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Medium induced gluon radiation

In perturbative QCD, main parton energy loss mechanism is medium
induced gluon radiation. [Baier, Dokshitzer, Mueller, Peigné, Schi↵; Zakharov]

Analogous to bremsstrahlung in QED.
In vacuum essentially only small angle (colinear) splittings. In medium
additional kicks from scattering with medium lead to larger angles.

J
H
E
P
0
8
(
2
0
1
1
)
0
1
5

k

L

q

Figure 1. The standard representation of the Feynman graph for medium-induced gluon radiation:
both the quark and the emitted gluon undergo multiple scattering o� the medium constituents.

in figure 1). If the medium is su�ciently dense, the momentum acquired in this way can

be large and then the gluon spectrum is shifted towards a non-zero central value. At

weak coupling, one can assume the successive collisions to be independent even when the

medium is dense: the gluon mean free path � scales like 1/�
s

and for su�ciently small

�
s

= g2/(4�) it becomes much larger than the screening length µ�1
D

� 1/g for charge

correlations in the medium (µ
D

is the Debye mass). The gluon receives random kicks from

the medium constituents, with each kick transferring a momentum squared � µ2
D

, so its

average transverse momentum squared grows at a rate

d�k2
��

dt
� µ2

D

�
� q̂ . (2.3)

The quantity q̂ is a local transport coe�cient known as the jet quenching parameter.

The interactions within the medium wash out the quantum coherence between the

gluon and its source, and thus determine the formation time �
f

for medium-induced emis-

sions. Specifically, within a time �
f

, the gluon acquires a transverse momentum squared

k2
f

� q̂�
f

with �
f

related to k2
f

as shown in eq. (2.1). We thus deduce

k2
f

� (2�q̂)1/2 and �
f

�
�

2�

q̂
. (2.4)

At the time of emission, the gluon has an average transverse momentum k
f

and hence it

makes a typical angle �
f

� k
f

/� (the formation angle).

In order for the gluon to be formed in the medium, one needs �
f

� L, with L the

longitudinal extent of the slice of the medium which is crossed by the quark. Hence, the

maximal possible value for k
f

, known as the saturation momentum Q
s

, is given by Q2
s

= q̂L

and is reached for a gluon with a frequency �
c

such that �
f

(�
c

) = L. These relations imply

�
c

=
1

2
q̂L2 , Q2

s

= q̂L , �
c

=
Q

s

�
c

=
2

Q
s

L
=

2�
q̂L3

. (2.5)

�
c

is the formation angle for a gluon with frequency �
c

and is the minimal angle in the

problem: gluons with larger frequencies � > �
c

and smaller angles �
q

< �
c

cannot be

– 6 –

Transverse momentum broadening of gluon momentum transverse to
quark momentum k? by di↵usion / random walk type process

d

dt

⌦
k

2
?
↵
= q̂ (jet quenching parameter)

Interactions with medium also induce color decoherence.
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Monte-Carlo with jet quenching
Monte-Carlo code with jet quenching Jewel [K. Zapp et al. (2009)] can account
for dijet asymmetry A

J
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[S. F., Zapp (2014)]
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Nuclear modification factor

Traditional measure of energy loss is nuclear modification factor

R

h

AA

(p

T

, ⌘, centrality) =

dN

AA!h

medium
dp

T

d⌘

hNAA

coll i
dN

pp!h

vacuum
dp

T

d⌘

Ratio of production cross section for particle h in heavy ion (AA) collisions
and scaled proton-proton (pp) reference.

Depends in general on transverse momentum p

T

, rapidity ⌘ and centrality
but some variables are sometimes integrated over.

Has been measured for many di↵erent particles h.

In a similar way one defines R
pA

for proton - ion collisions.
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Nuclear modification factor for charged particles

ALICE Collaboration / Physics Letters B 696 (2011) 30–39 33

Fig. 3. RAA in central (0–5%) and peripheral (70–80%) Pb–Pb collisions at
√

sNN =
2.76 TeV. Error bars indicate the statistical uncertainties. The boxes contain the
systematic errors in the data and the pT dependent systematic errors on the pp
reference, added in quadrature. The histograms indicate, for central collisions only,
the result for RAA at pT > 6.5 GeV/c using alternative pp references obtained by
the use of the pp̄ measurement at

√
sNN = 1.96 TeV [30] in the interpolation pro-

cedure (solid) and by applying NLO scaling to the pp data at 0.9 TeV (dashed) (see
text). The vertical bars around RAA = 1 show the pT independent uncertainty on
〈Ncoll〉.

good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is
30–50% higher than the interpolation reference. The pp reference
spectra derived from the use of the CDF data in the interpolation
and from NLO scaling of the 0.9 TeV data are used in the follow-
ing to illustrate the dependence of RAA at high pT on the choice
of the reference spectrum.

The pT distributions of primary charged particles in central
and peripheral Pb–Pb collisions at 2.76 TeV are shown in Fig. 2,
together with the binary-scaled yields from pp collisions. The
pT -dependence is similar for the pp reference and for periph-
eral Pb–Pb collisions, exhibiting a power law behaviour at pT >
3 GeV/c, which is characteristic of perturbative parton scattering
and vacuum fragmentation. In contrast, the spectral shape in cen-
tral collisions clearly deviates from the scaled pp reference and is
closer to an exponential in the pT range below 5 GeV/c.

Fig. 3 shows the nuclear modification factor RAA for central and
peripheral Pb–Pb collisions. The nuclear modification factor de-
viates from one in both samples. At high pT , where production
from hard processes is expected to dominate, there is a marked
difference between peripheral and central events. In peripheral
collisions, the nuclear modification factor reaches about 0.7 and
shows no pronounced pT dependence for pT > 2 GeV/c. In central
collisions, RAA is again significantly different from one, reaching
a minimum of RAA ≈ 0.14 at pT = 6–7 GeV/c. In the intermedi-
ate region there is a strong dependence on pT with a maximum
at pT = 2 GeV/c. This may reflect a variation of the particle com-
position in heavy-ion collisions with respect to pp, as observed at
RHIC [32,33]. A significant rise of RAA by about a factor of two is

Fig. 4. Comparison of RAA in central Pb–Pb collisions at LHC to measurements at√
sNN = 200 GeV by the PHENIX [34] and STAR [35] experiments at RHIC. The error

representation of the ALICE data is as in Fig. 3. The statistical and systematic errors
of the PHENIX data are shown as error bars and boxes, respectively. The statisti-
cal and systematic errors of the STAR data are combined and shown as boxes. The
vertical bars around RAA = 1 indicate the pT independent scaling errors on RAA .

observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3,
for central events only, are the results for RAA at high pT , using
alternative procedures for the computation of the pp reference, as
described above. For such scenarios, the overall value for RAA is
shifted, but a significant increase of RAA in central collisions for
pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the
LHC is compared to measurements of RAA of charged hadrons
(
√

sNN = 200 GeV) by the PHENIX and STAR experiments [34,
35] at RHIC. At 1 GeV/c the measured value of RAA is similar
to those from RHIC. The position and shape of the maximum at
pT ∼ 2 GeV/c and the subsequent decrease are similar at RHIC and
LHC, contrary to expectations from a recombination model [36].
Despite the much flatter pT spectrum in pp at the LHC, the nu-
clear modification factor at pT = 6–7 GeV/c is smaller than at
RHIC. This suggests an enhanced energy loss at LHC and there-
fore a denser medium. A quantitative determination of the energy
loss and medium density will require further investigation of gluon
shadowing and saturation in the present energy range and detailed
theoretical modeling.

In summary, we have measured the primary charged particle
pT spectra and nuclear modification factors RAA in central (0–5%)
and peripheral (70–80%) Pb–Pb collisions at

√
sNN = 2.76 TeV with

the ALICE experiment. The nuclear modification factor in periph-
eral collisions is large and independent of pT for pT > 2 GeV/c,
indicating only weak parton energy loss. For central collisions, the
value for RAA is found to be ∼0.14 at pT = 6–7 GeV/c, which
is smaller than at lower energies, despite the much less steeply
falling pT spectrum at the LHC. Above 7 GeV/c, RAA increases sig-
nificantly. The observed suppression of high-pT particles provides
evidence for strong parton energy loss and large medium density
at the LHC.

[ALICE (2011)]
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Nuclear modification factor for non-colored particles46 A heavy ion phenomenology primer
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Figure 2.14 The nuclear modification factor RAA in the range up to transverse

momenta mT =
√

m2 + p2
T of 100 GeV for the 10% most central Pb+Pb col-

lisions at the LHC. Data are shown for charged hadrons, b-quarks identified via
secondary J/ψ-decays, as well as for photons and the electroweak gauge bosons
W and Z . The latter do not interact strongly with the medium and can hence
emerge from heavy ion collisions unsuppressed and without energy loss. Data
were compiled by the CMS collaboration from Refs. [265, 271, 267, 270, 272].

in the most central collisions.The suppression increases mildly with transverse
momentum and persists up to the highest pT experimentally measured so far,
see Fig. 2.14. Figures 2.13 and 2.14 illustrate a direct manifestation of jet
quenching: for RAA = 0.2, 80% of the energetic hadrons that would be seen in
the absence of a medium are gone.

(2) Jet quenching is not observed in Rd Au and RpPb

In deuteron–gold collisions at RHIC, Rd Au is consistent with or greater than 1
for all centralities and all transverse momenta. Jet quenching is not observed.
Very first data for RpPb at the LHC support this conclusion [12]. In fact, the
centrality dependence measured at RHIC is opposite to that seen in gold–
gold collisions, with Rd Au reaching maximal values of around 1.5 for pT =
3–5 GeV/c in the most central collisions [23, 15]. The high pT hadrons are
measured at or near mid-rapidity, meaning that they are well separated from
the fragments of the struck gold nucleus. And, d-Au collisions produce at best
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[Compiled by CMS]

Unidentified charged particles and b-quarks are quenched.

Photons, W- and Z-bosons are not quenched (R
AA

= 1).
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Nuclear modification factor for jets

R. Granier de Cassagnac / Nuclear Physics A 931 (2014) 13–21 17

Fig. 4. The fraction of isolated photon that do not find an associated jet of pT larger than 30 GeV, for pp in black and 
pPb (left), 30–100% PbPb (middle) and 0–30% PbPb collisions [17].

Fig. 5. Nuclear modification factors for central PbPb and centrality-integrated pPb collisions for: (left) inclusive jets, 
(middle) jets from b quarks, (right) charged particles. See text for references.

4. The study of b quarks is also extended to lower pT with novel B-meson measurements in 
pPb collisions, showing again RpA ! 1.0 within uncertainties for exclusive B+ → J/ψK+, 
B0 → J/ψK∗ and BS → J/ψφ [22]. This is to be compared to the inclusive B → J/ψ

analysis in PbPb collisions that revealed an RAA of approximately 0.4 for J/ψ ’s above 
12 GeV [23].

Overall, no sign of high-pT particle suppression is observed in pPb collisions, which rein-
forces the energy loss interpretation of the PbPb data. Within the current precision, no flavour 
dependence is observed, between the inclusive and the b jets.

4. Nuclear effects

An enhancement of the nuclear modification factor of charged particles at high pT was ob-
served in pPb collisions, RpA values as large as 1.4 with a systematic uncertainty of 20% [24], 
while it saturates at RAA ! 0.5 in PbPb collisions [25], as illustrated by Fig. 5 (right). This 
unexpected behaviour, also observed by the ATLAS Collaboration [26], seems too large to be ex-
plained by an anti-shadowing effect (the enhancement of parton distributions at high momentum 
fraction), expected in this region. This phenomenon is currently unexplained, and particularly 
puzzling when compared to the RpA of jets that is compatible with unity within uncertainties, 

[CMS (2014)]

Comparison of proton-Pb collisions (RpA) and Pb-Pb collisions (RAA).

No quenching in pA collisions observed.
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8. Quarkonia in hot matter



Deconfinement and screening

How can one test deconfinement of quarks and gluons?

What prevents formation of a meson in a quark-gluon plasma?

Attractive force between quark and antiquark are screened!

82 Results from lattice QCD at nonzero temperature
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Figure 3.5 Lattice results for the singlet free energy F1(r, T ) as a function
of the distance r for different temperatures T , quoted as fractions of the crit-
ical temperature Tc at which the crossover from hadron gas to quark–gluon
plasma occurs. The solid curves are the zero temperature potential. The upper
panel shows results for QCD without quarks [502, 503, 504] and the lower
panel for 2+1 flavor QCD [505]. The fact that below Tc the free energy goes
above the zero temperature result is a lattice artifact [189]. Figures taken from
Refs. [131, 678].

[502, 503, 504]. The solid black line in this figure denotes the T = 0 result, which
rises linearly with the separation r at large r , as expected due to confinement. The
potential is well approximated by the ansatz

F1(r) = σ r − α

r
, (3.24)
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How close do quark and anti-quark have to be in order for their interaction
not to be screened?

How does this depend on temperature?

It was suggested to investigate these questions for bound states of heavy
quark-antiquark pairs (quarkonia) [Matsui, Satz (1986)]
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Quarkonia

Some charmonium states (cc̄ bound states)

J/ (1S) Mass 3.09 GeV

 (2S) Mass 3.69 GeV

�

c1(1P) Mass 3.51 GeV

�

c2(1P) Mass 3.56 GeV

. . .

Some bottomonium states (b¯b bound states)

⌥(1S) Mass 9.46 GeV

⌥(2S) Mass 10.02 GeV

⌥(3S) Mass 10.36 GeV

. . .
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Sequential suppression (traditional picture)

2.4 Quarkonia in hot matter 59

r
Q QQQ

Figure 2.15 Schematic picture of the dissociation of a Q Q̄-pair in hot QCD mat-
ter due to color screening. Figure taken from Ref. [728]. The straight black lines
attached to the heavy Q and Q̄ indicate, that these quarks are external probes,
in contrast to the dynamical quarks within the quark–gluon plasma. Figure taken
from Ref. [728].

be suppressed, until such high temperatures are achieved that the quark–antiquark
attraction is screened even on the short length scale corresponding to the size of
the ϒ meson in its 1s state.

To study this effect, Matsui and Satz suggested comparing the temperature
dependence of the screening length for the quark–antiquark force, which can be
obtained from lattice QCD calculations, with the J/ψ meson radius calculated in
charmonium models. They then discussed the feasibility to detect this effect clearly
in the mass spectrum of e+ e− dilepton pairs. Between 1986, when Matsui and Satz
launched this line of investigation, suggesting it as a quantitative means of charac-
terizing the formation and properties of deconfined matter, and today we know
of no other measurement that has been advocated as a more direct experimental
signature for the deconfinement transition. And, there is hardly any other measure-
ment whose phenomenological analysis has turned out to be more involved. In this
section, we shall describe both the appeal of studying quarkonia in the hot matter
produced in heavy ion collisions and the practical difficulties. The theoretical basis
for the argument of Matsui and Satz has evolved considerably within the last two
decades [728]. Moreover, the debate over how to interpret these measurements is
by now informed by data on J/ψ suppression in nucleus–nucleus collisions at the
CERN SPS [43, 72], at RHIC [19] and at the LHC [1]. There is also a good pos-
sibility that qualitatively novel information will become accessible in future high
statistics runs at RHIC and LHC.

A sketch of the basic idea of Matsui and Satz is shown in Fig. 2.15. In very
general terms, one expects that the attractive interaction between the heavy quark
and antiquark in a putative bound state is sensitive to the medium in which the
heavy particles are embedded, and that this attraction weakens with increasing tem-
perature. If the distance between the heavy quark and antiquark is much smaller
than 1/T , there will not be much quark–gluon plasma between them. Equivalently,
typical momentum scales in the medium are of order the temperature T , and so the
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Larger mesons or bound states are hindered from binding first, smaller
bound states can survive up to higher temperature.
Heuristic Schrödinger equation approach using screened static quark
potentials suggests

J/ dissociates at T

d

⇡ 2.1 T

c

 (2S) is larger and dissociates at T

d

⇡ 1.1 T

c

⌥(1S) dissociates at T

d

⇡ 4 T

c

⌥(2S) is larger and dissociates at T

d

⇡ 1.6 T

c

⌥(3S) is even larger and dissociates at T

d

⇡ 1.2 T

c

In reality, use of static potentials is questionable.
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Confounding e↵ects

Many e↵ects must be taken into account to properly understand quarkonium in
hot matter. Some of them are:

Cold nuclear matter e↵ects already present for pA collisions.

Collective dynamics of heavy ion collisions: expansion, flow etc.

Quarkonia not at rest with respect to medium.

Formation of quarkonium bound states is purely understood but takes
some time. What is influence of medium?

Recombination of open heavy quarks at hadronization / chemical
freeze-out.

Currently no clear picture yet. Experimental and theoretical e↵orts ongoing.
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Ypsilon suppression
62 A heavy ion phenomenology primer
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Figure 2.16 The invariant mass distribution of dimuons in Pb+Pb (above) and
p+p (below) collisions measured by the CMS collaboration. In comparison to the
benchmark measurement in p+p, the higherϒ resonances are strongly suppressed.
Figures taken from Ref. [269].

higher excited states melt completely at CERN SPS and RHIC energies provides a
natural interpretation for the fact that the suppression of the J/ψ yield and its cen-
trality dependence in nucleus–nucleus collisions at the CERN SPS and RHIC are
comparable. However, since these earlier studies did not have experimental access
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Figure 2.16 The invariant mass distribution of dimuons in Pb+Pb (above) and
p+p (below) collisions measured by the CMS collaboration. In comparison to the
benchmark measurement in p+p, the higherϒ resonances are strongly suppressed.
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higher excited states melt completely at CERN SPS and RHIC energies provides a
natural interpretation for the fact that the suppression of the J/ψ yield and its cen-
trality dependence in nucleus–nucleus collisions at the CERN SPS and RHIC are
comparable. However, since these earlier studies did not have experimental access
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Excited states of ⌥ are clearly suppressed in heavy ion collisions compared
to pp collisions at equal energy.

Does this prove sequential suppression according to Matsui & Satz picture?
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Ypsilon excited states from statistical modelA. Andronic / Nuclear Physics A 931 (2014) 135–144 141

Fig. 7. Track multiplicity dependence of the ratio of yields of Υ (2S) and Υ (1S) bottomonium states, measured at the 
LHC in pp, p–Pb and Pb–Pb collisions by the CMS Collaboration [53]. The lines are thermal model predictions for 
central Pb–Pb collisions; the full line includes an estimate of the contribution of the production in the corona of the 
colliding nuclei.

The Υ (1S) data at the LHC indicate that the Debye screening mechanism, implemented in 
a hydrodynamical approach [81], does not describe the measurements [49]. Transport model 
predictions [34] describe the features of the LHC data [49], see Fig. 6 (right panel), exhibiting 
though a much weaker rapidity dependence than the data. They indicate a rather small (re)gener-
ation component for Υ (1S) and a large primordial production [34,82]; Υ (2S) production arises 
in transport models exclusively from (re)generation [82].

The production ratio Υ (2S)/Υ (1S) is expected in the statistical model [67] to be very differ-
ent in Pb–Pb compared to pp collisions. Such an expectation is exhibited by the recent data at the 
LHC [53], shown in Fig. 7. A gradual decrease of the yield ratio Υ (2S)/Υ (1S) is seen as a func-
tion of track multiplicity in pp, p–Pb and Pb–Pb collisions, a trend which is yet to be understood. 
The data are compatible, for central Pb–Pb collisions, to the value predicted by the statistical 
hadronization model for T = 159 MeV. This provides a tantalizing possibility of adding the bot-
tom flavor towards constraining even further the QCD phase boundary with nucleus–nucleus data 
at high energies.

4. Conclusions and outlook

The charmonium data in Pb–Pb collisions at the LHC, in conjunction with data at RHIC, show 
that (re)generation in deconfined matter during the QGP lifetime or generation at the chemical 
freeze-out (hadronization) appear to be the only mechanisms of production that describe the 
measurements. While rather convincing at the LHC, the mechanism of generation by statistical 
hadronization may be disputed for RHIC (and SPS) energies, where transport models currently 
indicate a fraction of (re)generated charmonium below 50%. Even as it remains important to 
clarify all details, it seems safe to affirm, based on models, that we do see in experiments char-

[Andronic (2014)]

Assumes that ⌥ states are generated at chemical freeze-out from available
b, ¯b quarks.
Suppression of higher states is due to the Boltzmann factor. Roughly

e

�
M⌥(2S)�M⌥(1S)

T ⇡ 0.03
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9. Conclusions



Conclusions

We are on the way of understanding the macroscopic material properties
of QCD at high temperature and density.

Relativistic fluid dynamics provides a very good description for the bulk of
particles produced in a heavy ion collision as small transverse momentum.

Heavy ion collisions at RHIC and LHC energies produce a rather strongly
coupled liquid with ⌘/s ⇡ 0.2. New data with improved statistics provide
more insights and better constraints.

High momentum partons loose energy when traversing the dense QCD
medium. More detailed understanding from reconstructed jets at the LHC
and more detailed data on nuclear modification factors.

Modifications of heavy quark bound state spectra in heavy ion collisions
have been observed both for charm and bottom. Detailed understanding in
progress.

Other interesting topics (initial state physics, photons & di-leptons, low
energy run, ...) have been skipped for lack of time.
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