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Phenomenology of heavy-ion collisions

 Overview of the experimental effort and some salient results

 Focus on two highly-discussed physical phenomena used to 
characterize the medium created in ultrarelativistic collisions:

 anisotropic collective flow
 jet quenching

 Future prospects?
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Heavy-ion experiments
GANIL ≲ 100 MeV/u

(2012- )
Dubna ≈ 2 GeV/u

RHIC @ 
Brookhaven

20-200 GeV/u

GSI SIS ≲ 1 GeV/u
FAIR 1-10 GeV/u

{

CERN
{

SPS 5-17 GeV/u
LHC 5.5 TeV/u  (2008)



Physikalisches Kolloquium — Bielefeld, October 30, 2006 N.Borghini — 3/31

Heavy-ion experiments
Relativistic Heavy Ion Collider

A 4 km-long dedicated machine, 
operating since 2000: 
Au-Au & Cu-Cu collisions at
      = 19.6, 62.4, 130 & 200 GeV
(+ proton-proton & d-Au collisions)

4 experiments (BRAHMS, PHENIX, 
PHOBOS, STAR)
    ≈ 1000 physicists

√
sNN
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Heavy-ion experiments
Relativistic Heavy Ion Collider

Huge experiments!

STAR: ≳400 physicists; ≳1200 tons
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Heavy-ion experiments
Relativistic Heavy Ion Collider

Huge experiments!

STAR: ≳400 physicists; ≳1200 tons PHENIX: ≈450 physicists; ≳3000 tons



An extra huge experiment!!!
“28 countries, 94 institutes, more than 1000 members” (29 March 2006)
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Heavy-ion experiments
A Large Ion Collider Experiment @ LHC

in Germany: DA, F, HD, KA, K, MS, Wo



An extra huge experiment!!!      16 meter high, 20 meter long…

Physikalisches Kolloquium — Bielefeld, October 30, 2006 N.Borghini — 5/31

Heavy-ion experiments
A Large Ion Collider Experiment @ LHC



An extra huge experiment!!!      16 meter high, 20 meter long…

Physikalisches Kolloquium — Bielefeld, October 30, 2006 N.Borghini — 5/31

Heavy-ion experiments
A Large Ion Collider Experiment @ LHC



An extra huge experiment!!!      16 meter high, 20 meter long…

Physikalisches Kolloquium — Bielefeld, October 30, 2006 N.Borghini — 5/31

Heavy-ion experiments
A Large Ion Collider Experiment @ LHC



 60’s: protons & neutrons are made up of coloured quarks       
(bound together by gluons). Quarks cannot escape a nucleon.

 Shuryak (1980): and if you increase the temperature sufficiently, 
you also create a quark-gluon plasma.

 Collins, Perry (1975): thus, if you pack nucleons close together 
(high density in a neutron star), they overlap, and quarks are freed.
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Heavy-ion experiments
WHY?

 Gross, Politzer, Wilczek (1973): Quantum Chromodynamics    
possesses asymptotic freedom: at small distances,                      
the coupling becomes small (≠ QED).

≃3×10   kg/m18         3



 60’s: protons & neutrons are made up of coloured quarks       
(bound together by gluons). Quarks cannot escape a nucleon.

 cf. Hagedorn (1965): there is a highest possible temperature for a 
hadron gas (“for strong interactions”), T≈158 MeV.

 Shuryak (1980): and if you increase the temperature sufficiently, 
you also create a quark-gluon plasma.

 Collins, Perry (1975): thus, if you pack nucleons close together 
(high density in a neutron star), they overlap, and quarks are freed.
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Phase diagram of nuclear matter

T≃170 MeV
(≈2×10  K)12

computed in finite-temperature 
Lattice QCD  (here in Bielefeld)

studied with effective models   

(a sketch)



Physikalisches Kolloquium — Bielefeld, October 30, 2006 N.Borghini — 7/31

Phase diagram of nuclear matter

T≃170 MeV
(≈2×10  K)12

cooling down of the early Universe

“trajectory” of an ultrarelativistic 
nucleus-nucleus collision

(a sketch)
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QCD transition in the early Universe
 Just after the Big Bang, the Universe, at a temperature ≈ 1 TeV, 

was filled with a plasma of quarks and gluons.

 About 10 ms after the Big Bang, the temperature is down to about 
170 MeV and the quarks and gluons are confined into hadrons.
Witten scenario (1984):
If the transition between the deconfined and hadronic phases is of 
first order, it proceeds through the nucleation of hadronic “bubbles”.
The bubbles then grow, eating the quark-gluon phase.
They coalesce, enclosing remnants of deconfined quarks.
Eventually, the whole Universe is made of hadrons, except for isolated 
quark nuggets… or quark stars?
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Quark stars?

 According to Lattice QCD computations, the (de)confinement phase 
transition is not first order for the baryon-density values relevant for 
cosmology — it is rather a crossover, which invalidates Witten’s idea.

 Yet these computations have to be confirmed by experiment
⇒ ultrarelativistic heavy-ion collisions

 Quark stars would be a good candidate for dark matter, especially 
for the MAssive Compact Halo Objects detected by microlensing.             

 On April 10, 2002, NASA announced the observation of two quark 
stars: “Cosmic X-rays reveal evidence for new form of matter”.        
(But these were probably mis-identified neutron stars.)
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Ultrarelativistic heavy-ion collisions: 
some experimental results

(February 2000)

SPS

“energy densities ≈ 3-4 GeV/fm , temperature of about 240 MeV”3
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Ultrarelativistic heavy-ion collisions: 
some experimental results
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Die Quark-Ursuppe
In Teilchenbeschleunigern 
simulieren Physiker den Zustand des 
Kosmos kurz nach dem Urknall

www.spektrum.de

  Hybridfahrzeuge 
auf der Überholspur

  Mutterschaft ist gut 
für das Gehirn

  ESSAY: Wie stümperhaft 
Forscher programmieren

Neue Angriffspunkte 
für Wirkstoffe

Was macht Menschen 
attraktiv?

Wie gefährlich ist 
ein Marsflug?

MEDIZIN PARTNERWAHL RAUMFAHRT
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Ultrarelativistic heavy-ion collisions: 
some experimental results

What are the arguments behind these strong claims?

macroscopic concepts

microscopic probe



Phenomenology of heavy-ion collisions
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In order to characterize the medium created in heavy-ion collisisons, 
plenty of observables have been proposed:

 “Global” observables quantify bulk features in the collisions
particle multiplicities, abundance ratios, momentum distributions, 
flow phenomena…
    naturally call for macroscopic concepts: statistical physics, 
fluid dynamics…

 “Hard” probes address the medium-induced modification of 
processes known in the collisions of elementary particles

J /ψ suppression, jets… 
    rely on more microscopic approaches
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In a Au-Au collision at       = 200 GeV, many particles are produced
√

sNN

{ up to 5000

cf. maximum number in an e e  collision ≈ 100+  -

Phenomenology of heavy-ion collisions



Heavy-ion collisions: 
bulk observables vs. hard probes
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Particles with high momenta are rare, but their production mechanism 
is a priori better understood (perturbative QCD): can probe the bulk

bulk high-p  
probes

T



Heavy-ion collisions: 
fluid-dynamics description
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⓪ Creation of a dense “collection” of particles.

② The fluid expands: density decreases,   increases (system size also).λ

③ At some time, the mean free path is of the same order as the 
system size: fluid dynamics is no longer a valid description:

usually parameterized in terms of a temperature      .
(kinetic) “freeze-out”

Tf.o.

stolen from Steffen Bass

① If the mean free path   is much smaller than the dimensions of 
the system, after some time it thermalizes (temperature     ).

λ

fireball can be described by fluid dynamics
Tin.



Heavy-ion collisions: 
fluid-dynamics description
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At freeze-out, each fluid cell emit particles according to thermal 
distributions (Bose–Einstein, Fermi–Dirac):

dN

d3
= C

∫
exp

(
− (x)

)

p
pµ

pµ

f.o.T

uµ
E

Σ
dσµ

fluid cell velocity

particle momentumfreeze-out hypersurface

A consistent ideal-hydrodynamics picture requires that Tf.o. ! Tin.

⇔
ideal-fluid limit = small-      limitTf.o.

   one can compute the particle distribution in a model-independent, 
analytic way (using a saddle-point approximation).

N.Borghini & J.-Y.Ollitrault (2005)

Similarly, one can obtain analytical results for collective flow…



 or they can collide almost head on          
(small impact parameter, “central” collisions)

 either the two nuclei barely graze each other 
(large impact parameter, “peripheral” collisions)
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Different kinds of collisions
(Heavy) nuclei have a finite size (≃7 fm for Au or Pb).

    When they collide, the impact parameter plays a role:

The (almond-shaped) overlap regions of the nuclei are very different 
in both cases (size, eccentricity…).
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Anisotropic (collective) flow
Consider a non-central collision:

anisotropy of the source  (in the 
plane transverse to the beam)

⇒ anisotropic pressure gradients 
(larger along the impact parameter)

⇒ anisotropic fluid velocities, 
anisotropic emission of particles:

“anisotropic collective flow”

push
{

p pT y
ϕ ΦRv1E v2pT

dN

d3
∝ dN

d d
[1 + 2 cos ( − ) + 2 cos 2( − ) + · · · ]ϕ ΦR

〈 〉
More particles along the impact parameter (  -     = 0 or 180°) than 
perpendicular to it      “elliptic flow”    ≡  cos 2(  -     )  > 0.

ϕ ΦR

v2 ϕ ΦR

average over particles
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Anisotropic flow: predictions of hydro
 The typical build-up time of    is   /  .

    /  is constant over different centralities:           vs

     is roughly independent of the system size    (Cu-Cu vs. Au-Au).

     increases with increasing speed of sound   .

 Mass-ordering of the         of different particles (the heavier   
the particle, the smaller its     at a given transverse momentum).

 Relationship between different harmonics:             . 

(some of) which can be tested experimentally!

v2

v2

v2

v2

v2( )pT

cs

R̄

ε

v4

(v2)2
=

1
2

v2 R̄ cs

characteristic system size

initial eccentricity
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Anisotropic flow: 
out-of-equilibrium scenario

Despite the terminology, “flow” does not imply fluid dynamics.

An exact computation of the dependence of    ,    on the number    
of collisions undergone by particles requires a microscopic transport 
model, yet one can guess the general tendency:

v2 v4

 In the absence of rescatterings (“gas”), no flow develops.

 The more collisions, the larger the flow.

 For a given number of collisions, the system thermalizes: further 
collisions no longer increase   .v2

N

v2

N

fluid-dynamics regime
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Anisotropic flow: 
out-of-equilibrium scenario

If the number of collisions is insufficient to ensure full equilibrium, so 
that    increases with    , then:Nv2

 Larger systems give rise to larger flows
≠ scale invariance of fluid-dynamics

    /   increases with the “control parameter”        .

              (the ratio decreases with the number of collisions). 

R.S.Bhalerao, J.-P.Blaizot, N.Borghini & J.-Y.Ollitrault (2005)

v2 ε
1
S

dN

dy
surface of the overlap zone

v4

(v2)2
>

1
2

    qualitative agreement with the data, yet a more quantitative 
approach is needed: microscopic model. 
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Particle “jets” in e e  collisions+  -

In proton-(anti)proton or e e  interactions, one observes “jets” of 
collimated particles:

+  -

These jets are very well described in QCD:
a hadron jet = the shower resulting from the successive 
emission of partons (mainly gluons) by a highly-energetic 
parton (quark or gluon) as it propagates in the vacuum.



1 2 3 4 5
ln! 1!!!!!

x
"

1

2

3

4

5

6

dN
!!!!!!!!!!!!!!!!!!!!!!!!!!!!
d ln"#1 $ x% e#e$ % charged hadrons

TASSO&'''s&14 GeVOPAL&'''s&91 GeV
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Jets in elementary-particle collisions
The “Modified Leading Logarithmic Approximation” of QCD (MLLA) 
describes the distribution of the energy fractions    carried away by 
the radiated gluons inside a jet:

x

1 2 3 4 5
ln! 1!!!!!

x
"

1

2

3

4

5

6

dN
!!!!!!!!!!!!!!!!!!!!!!!!!!!!
d ln"#1 $ x% e#e$ % charged hadrons

TASSO&'''s&14 GeVOPAL&'''s&91 GeV
MLLA Kh&1.28

MLLA Kh&1.46

Good description of the data!
(MLLA dates from 1982-1984, data from after 1985…)
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Jets in heavy-ion collisions
It has been predicted (1984, 1992) that the presence of a medium 
controls and enhances the radiation by a fast parton:

By contrast, the initial production rate of the fast partons is not 
modified by the presence of the medium. 
(More accurately, the possible modifications can be checked independently).

Therefore, the comparison between the properties of jets in nucleus-
nucleus collisions and those in proton-proton collisions can yield 
information on the medium: “jet tomography”.
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Jets in heavy-ion collisions
Experimentally, one observes spectacular effects:

 reduction by a factor 5 of the number of high-momentum particles;
 disparition of the “back-jet”;

which are interpreted in terms of a very dense, opaque medium which 
quenches the jet:

vs.



x =
p

Ejet
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Jets in heavy-ion collisions
Several implementations of parton energy loss exist, which emphasize 
different underlying mechanisms; yet with limitations (medium effects 
are only implemented for the “leading parton” with highest momentum, 
not for the radiated gluons/quarks).
    Novel approach, which treats all partons on the same footing and 
reduces to MLLA in the absence of a medium.

N.Borghini, U.A.Wiedemann (2005)

depletion in 
the number of 
high-   partonsx

E.g., medium-induced modification of the distribution of particles inside 
a jet:

many more soft
gluons are radiated 
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Phenomenology of heavy-ion collisions
Complementary observables give alternative views of the physics 
involved in heavy-ion collisions at ultrarelativistic energies.

 collective flow: a mature observable which provides information on 
the bulk: equilibration (kinetic and/or chemical), equation of state 
    macroscopic approaches (fluid dynamics, statistical physics…)

but not only: flow of rare or high-momentum particles

 jets: rare phenomena, but which involve processes that can be 
computed from first principles: reliable reference! 
Numerous jets produced at LHC, over a wide kinematic range
    new physics opportunities: longitudinal distribution of the particles 
inside a jet, multiparticle intrajet correlations…
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Phenomenology of heavy-ion collisions
Two obvious main directions:

 Anisotropic flow will be a first-day measurement at LHC
(new methods developed, N.Borghini, J.-Y.Ollitrault et al. 2000-2004)

    plenty of data, which will necessitate intelligent phenomenology.

 Jet physics will benefit from the jump in energy from RHIC to LHC 
(a factor 27!) and from dedicated detectors.
This opens up the phase space available for particle production:
    should strongly constrain models, especially as one will enter a 
domain where nobody questions the validity of perturbative QCD.

Future surprises?

Absolute need of QUANTITATIVE results

equation of state, transport coefficients…
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Anisotropic-flow phenomenology
A most needed improvement:

3-dimensional fluid-dynamics with viscosity
(non-trivial: instability issues in first-order dissipative relativistic fluid 
theories).
    wanted: code/algorithm & analytical results for comparison.

All “simple” analytical calculations of anisotropic-flow properties have 
not yet been done. There is still room for improvement: scaling laws? 
which features are generic and which are really more specific?

The existing transport-model approach to anisotropic flow can also be 
improved. 
The elliptic flow at (RHIC-)high values of the transverse momentum 
remains unexplained. 
Problem of the initial conditions…



Physikalisches Kolloquium — Bielefeld, October 30, 2006 N.Borghini — 31/31

Jet phenomenology
New approach recently developed, although till now only analytically.

 Further analytical progress is possible (intrajet two-particle 
correlations…) 

 yet a Monte-Carlo implementation would be most welcome:
 to take into account realistic aspects of the collision (geometry, 

intial conditions…)
 to explore novel observables (multiparticle correlations) which 

will be measured at LHC
(cannot be done in present approaches)

 to investigate the possible influence of till now neglected aspects 
(virtuality of the high-momentum parton) or to quantify effects the 
importance of which is only estimated on a qualitative level (jet 
broadening?). 

Many opportunities!




