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ÅEarly universe (~10-5 s): 

deconfined plasma of quarks and gluons (QGP)

ÅReproduced in the laboratory in 

ultrarelativistic heavy-ion collisions

ÅA way to study QCD

é without confinement

é with quarks at their bare masses
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Quark-Gluon Plasma
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QCD Phase Diagram
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adapted from

hep-ph/0503184
ñbaryons ïantibaryonsò

early universe
LHC

Phase 

transition

Neutron stars

color superconductivity

(several phases)

deconfined

confined



ÅIdeallyé

éin practice a bit more complicated
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Studying the QGP
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QGP
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t= 10 fm/c ~ 10-23 s



Evolution of Heavy-Ion Collision
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t = 0 fm/ccollision

pre-equilibrium

hydrodynamic evolution

chemical freeze-out

hadronization

kinetic freeze-out

t = ~1 fm/c

t = 10 fm/c

Time

particle detection t = 4 cm/c

dNch/dhup to 2000 particles



Accelerators
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SPS RHIC LHC

ÕsNN (GeV) 17 200 2760 (5020)

Volume at freeze-out (fm3) 1200 2300 5000

Energy density (GeV/fm3) 3-4 4-7 10

Life time (fm/c) 4 7 10

~3m

NA57 (SPS)

~8m

PHENIX (RHIC)

~16m

ALICE (LHC)

Heavy-ion collisions:

Õs given per nucleon pair (ÕsNN)

ÕsNN = 5.02 TeVĄÕsPb-Pb = 1044 TeV

2016 marks 30th anniversary of first heavy-ion beams in the SPS



ÅActivity in heavy-ion collision depends 

strongly on impact parameter b

ïFew to 1600 nucleon-nucleon collisions

ÅAccessible experimentally

ïNch and SET grows with decreasing b

ÅSoft (low pT) ~ participants (Npart)

ÅHard (high pT) ~ collisions (Ncoll)
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Centrality
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Plot: A. Toia

Multiplicity vs. b

Central

b ~ 0

e.g. ñ0-5%ò

Peripheral

b ~ R

e.g. ñ60-90%ò
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Flow
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Overlap of colliding nuclei not 

isotropic in non-central collisions

Defines reaction planeYRP

(spanned by beam axis 

and impact parameter vector)

Ą Pressure gradients 

dependent on direction

in plane

out of plane

px

py

Measurable in the final state!



ÅParticles as a function of jïYRP

ÅUnambiguous at RHIC

ïReasonable agreement 

with ideal hydrodynamics

Ą perfect liquid
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Elliptic Flow
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PRL86(2001)402

604 citations!
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ÅGeometrical picture Ą ellipse

ÅFluctuating nucleon positions

ïAll kinds of shapes: elliptic, 

triangular, quadruple, é + mixtures

ïHigher-order flow

ÅDirect signal observed at LHC

ïestablished validity of fluctuation 

picture
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Higher-Order Flow
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Å Hydrodynamics very successful in describing flow

ï Study QGP transport properties

Å Shear viscosity h/s precisely determined on average

Å Challenges

ï Measure temperature dependence of h/s

ï Study other transport properties like bulk viscosity, diffusion

ï Understand vn ratios in ultra-central collisions
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Flow and Hydrodynamics
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h/s vs. T



ÅHard processes occur in 

nucleon-nucleon (NN) collisions

ÅHeavy-ion collision : Many NN collisions

ïHard process independent of number of collisions

ÅWithout final-state effects, HI collision is 

superposition with incoherent fragmentation

ÅNuclear-modification factor
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Jet Quenching
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RAA = 1 Ą no modification

RAA != 1 Ąmedium effects



Å Particle production significantly 

suppressed; out to large pT

Å Not strongly interacting probes 

penetrate QGP unaltered

Å Challenges

ï Determine qhat

ï Reappearance quenched energy
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Jet Quenching
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ÅAbundant production of D and B 

ÅHeavy quark production better 

controlled theoretically

ïHeavy quarks lose less energy 

(dead cone effect)

ÅSign of quark mass dependence 

observed at LHC

ïRAA (B Ą J/y) > RAA (D) ºRAA (p)

ï Important input for energy-loss models

ÅChallenges

ïStudy pT evolution

ïQuark-medium interplay at low pT
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D and B RAA
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RAA vs. Centrality


