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What happens when matter is heated and
compressed to very high temperatures and densities?
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Do we understand what QCD tells us?
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QCD and the Phase Diagram

EEarly Universe
LHC Experiments
J RHIC Experiments

e [attice QCD predicts a
phase transition to a
quark gluon plasma at
an energy density of

about 1 GeV/fim3 and

at a temperature of
about ~1012 K Critical Point ?
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e QOur current understanding of this new state of matter is very limited!



QCD and the Phase Diagram
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Experimental input needed to understand the

Create a hot and dense
system for which
hydrodynamics/
thermodynamics applies

* Collide heavy-ions at the
highest possible energies

* Measure what happens
with state of the art
experimental setups

phase-diagram
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How to connect experimental observables to QCD
predictions?

 Many of the properties of interest, some which are already calculable in
QCD, are difficult or impossible to constrain directly from experimental
observables

 Created system and its evolution is too complicated to fully describe
from first principles

 Need well understood control parameters

 The spatial geometry of the created system turns out to be one of the
best control parameters



cartoon of a heavy-ion collision
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Spatial Geometry and Collective Flow

Ollitrault 1992

1) superposition of independent p+p:
momenta pointed at random
relative to symmetry plane
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2) evolution as a bulk system
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First measurements of Elliptic Flow at the LHC
and the succes of a hydrodynamic description

ideal hydrodynamics
H i STAR

0.06 + ¢ ®

R.S,, S.Voloshin, A. Poskanzer (Berkeley 2001)

STAR Phys. Rev. Lett. 86, 402-407 (2001)

e for more central collisions magnitude of v, described by ideal hydro



Spatial geometry in the transverse plane
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Collective Flow

(a) CMS PbPb |s,, =2.76 TeV, 220 < N, < 260

1< p:ig <3 GeV/c
1< p:ss°° <3 GeV/c
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Collective Flow

ALICE arXiv:1105.3865 (2011) ALICE arXiv:1105.3865 (2011)

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
-V, Glauber 1/s=0.08
- v, CGC 1n/s=0.16

Centrality 0-1%, Inl < 0.8
e I|Anl>1
Vs 3452, |Anl > 1}

2.0<p <'é.0

t,trig

1.0<p <2.0

t,assoc

50 60 70 80
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]‘ dealr NaSSOC
= 1+ Z 2V, A cos(nAg))

Ntrig dA¢ 2T

Described very well in a viscous hydrodynamic framework



Collective Flow

VISH2+1 Phys. Rev. C84, 044903 (2011) : Pb-Pb /s, = 2.76 TeV (ALICE preliminary)
VISH2+1 Phys. Rev. C84, 044903 (2011)

centrality 10-20% ' centrality 40-50%
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Described very well in a viscous hydrodynamic framework



Our current understanding

. e . . . final detected
Early U"""er Went With the Flow RQIGTIVISTIC HCGVY‘IO” CO”IS IoNns particle distributions

Posted April 18, 2005 5:57PM

Between 2000 and 2003 the lab's Relativistic Heavy lon Collider Kinetic

repeatedly smashed the nuclei of gold atoms together with such force
that their energy briefly generated trillion-degree temperatures. ma e y C un S en
Physicists think of the collider as a time machine, because those

il extreme temperature conditions last prevailed in the universe less than
100 millionths of a second after the big bang.
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Early Universe was a liquid ‘

Initial energy
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Early Universe was 'liquid-like’ \ i
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dense matter by crashing o - .
together the nuclei of gold 5 P~ -
atoms. ot AW TN
ople !
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Brookhaven National _ — _
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Constraining the QCD EoS and the transport
parameters

Constraining Eq. of State with RHIC/LHC Data (MADAI Collab.)
Lattice: Hot QCD / BW

upper/lower ranges (arXiv:1407.6387)

= Kinetic theory
= |attice QCD
-- AdS/CFT limit

= Vviscous hydro
viscous hydro + flow data
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Analogy: Superconductivity

experimentally discovered 1911: '
Heike Kamerlingh Onnes
macroscopic theory 1950:

Ginzburg-Landau KSS bound 1/47

microscopic theory 1957: 0. 0.20 0.25
Bardeen, Cooper and Schrieffer

Temperature [GeV]




Summary

 Making use of the spatial anisotropy we can study in detail the strong
collective motion in the hot and dense system created in collisions of
heavy-ions

* allows us to test the QCD EoS and strongly constrain some of the key
transport parameters

 New insight in the properties of matter around the QCD phase transition
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