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Pb-Pb @ √sNN=2.76 TeV 
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 lecture 1 (22.11.): introduction 

 basics of relativistic heavy-ion collisions 

 lecture 2 (29.11.): soft probes 

 hadron yields & spectra 

 hydrodynamics & collective motion 

 lecture 3 (13.12.): hard probes 

 jets 

 heavy-flavor hadrons 

 lecture 4 (20.12.): quarkonia & el.magn. probes 

 quest for J/y suppression/enhancement 

 direct & thermal photons 

 dileptons 

Outline 
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Soft versus hard (pp) 
 systematics of pT spectra   

of charged particles   

versus √s 
 low pT (below 2 GeV/c) 

 
 high pT 

 
 mean transverse momentum 
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Nucleus-Nucleus collisions 
a) Lorentz-contracted 

nuclei approach each 

other                  

(gRHIC≈106, gLHC≈5860) 

b) nuclei lose energy and 

penetrate each other 

c) nuclear remnants leave 

collision zone with large 

energy density (QGP?) 

d) energy density 

manifests itself in 

particle production 
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 chemical 

freeze-out 
 inelastic 

interaction 
stop 

 no further 
change of 
different 
particle 
species yields 

Freeze-Out in statistical models 

 thermal (kinetic) freeze-out 
 elastic interactions stop 

 no further change of kinematic distributions  
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 conserved quantum number  chem. potential m 
 baryon number: 

 
 strangeness: 

 
 charge: 
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 assume a system in thermal (T = const.) and 

chemical (ni = const.) equilibrium 

 hadron gas: grand kanonical ensemble    (system 

can exchange heat and particles with the environment, 

quantum numbers are conserved only on average) 

Basics of statistical model 
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 one particle yield ratio (e.g. p/p) determines mB/T 

 a second ratio (e.g. /p) determines T 

 prediction of ALL other ratios 

 particle densities in hadro-chemical equilibrium 

Determination of mB, T 
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 one particle yield ratio (e.g. p/p) determines mB/T 

 a second ratio (e.g. /p) determines T 

 prediction of ALL other ratios 

 particle densities in hadro-chemical equilibrium 

Determination of mB, T 
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 works reasonably well 

 proton and lambda yields are ‚low‘ (still puzzling!) 

 

 

 

 

 

 

 

 

 

 statistical model: A. Andronic et al., NPA 772(2006)167 

Hadron yields at the LHC 
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 (mB, T) from hadro-    

chemical model fits    

on phase boundary    

for SPS energies        

and above 

 potential explanation: 

chemical composition 

is determined at the 

phase boundary 

 AGS energies: 

investigation of 

compressed baryonic 

matter  FAIR @ GSI  

Energy dependence of mB, T 
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 temperature 
 saturation above       

~8 GeV 

 baryo chemical 

potential 
 approaches zero 

towards higher energy 

 conditions at RHIC 

and the LHC 

approach those of   

the early universe 

Energy dependence of mB, T 
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 hadro chemical fit: not too bad?! 

Thermalization in pp collisions 

F. Beccatini, U. Heinz, Z.Phys. C76(1997)269 
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 every process producing hadrons, which 

populates phase space uniformly, can not be 

distinguished from particle production from 

a micro canonical ensemble! 
 particle yield ratios follow from the populated 

phase space volumes 

 interactions between particles are not needed to 
populate phase space uniformly 

 thermal and/or chemical equilibrium are not 
necessary 

Thermalization in pp collisions 
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 pp collisions 

Statistics ≠ Thermodynamics 

AA collisions 

ensemble of collisions = statistical ensemble 

 interaction of particles            
within collisions 

 thermalization becomes possible 

 pressure can become a 
meaningful concept 

 search for collective behaviour 
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Evolution of an AA collision 

 how does the fireball develop in time?  
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describe evolution of a fluid 
 time dependent velocity profile: 

 stationary case: 

 motion of mass element                        
described via forces acting on volume 
element 
–pressure difference 

 

–gravity 
 

–friction 

 continuity equation 

Classical hydrodynamics  
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Hydro in AA collisions 
 basic approach 

 evolution of fireball = hydrodynamical evolution 
of an ideal fluid 
– early thermalization 

–mean free path l = 0 

– viscosity  = 0 

 necessary input 
 equation of state, relating thermodynamical 

variables with each other 
– p(e, ....) 

 take equation of state for quark-gluon plasma 
from lattice QCD (for example) 
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Hydro in AA collisions 
 ingredients of hydro calculations 

 equation of motion                                                                
+ baryon number                                                    
conservation 

 

 
– 5 equations with                                                                                   

6 unknowns                                                                                        
(ux, uy, uz, e, p, nB) 

 equation of state (EOS)                                                                          
p(e, nB) 

 initial conditions,                                                                            
e.g. from Glauber model 

 freeze-out condition,                                                                              
e.g. limit for                                                                                    
local energy density 

0)(,0  xjT
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EOS I:  
ultra relativistic gas, p = 1/3 e 

EOS H:  
resonance gas, p ≈ 0,15 e 

EOS Q:  
phase transition resonance gas ↔ QGP 
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Hydro: “it ain’t so easy” 
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Hydro calculations 
 initial conditions and time evolution 
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 additional radial (collective) expansion 
 spectral shape different                                                        

for particles with different                                                 
mass                                     

 main parameter:                                                  
expansion velocity b 

„Thermal“ momentum spectra 
 particle emission from a thermal source 

 

 

  mT distribution 

 

 

 

 

 mT spectra have the same shape for all particles 
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 different kinds of flow 
Collective flow of particles 

 radial flow 
– transverse flow even for  collisions 

with b = 0 

– leaves its footprint on pt spectra of 
emitted partics 

 elliptic flow 
– related to initial spatial  anisotropy 

of collision zone (b ≠ 0) 

– necessary: early thermalization 

 directed flow 
– related to pre-equilibrium 

phase of the collision 

– decreases with increasing 
collision energy 
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Radial flow 
 radial expansion 

velocity vr modifies 

the mT spectra 

dependent on the 

particle mass m 

 inverse slope of mT 

spectra depends    

on vr  
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Particle spectra 
 hydrodynamical calculations describe 

particle spectra over a large centrality range 

at RHIC (up to b ≈ 9 fm) 

 large transverse expansion velocity at RHIC 

(vr > 0.5 c) 
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 „traditional“ Ansatz: same flow profile (b(r)) 

and temperature Tth for all particles 

Thermal spectra + flow 
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Thermal spectra + flow 
 „Blastwave“: based on hydrodynamics 

 spectrum of an expanding thermal source 

 

 
 with transverse velocity profile 

 

 

 and rapidity boost 

 
 

(E. Schnedermann, J. Sollfrank, U. Heinz, Phys.Rev. C48(1993)2462) 
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Blastwave fits at RHIC 

 good description of identified hadron spectra 
 T ~ 100 MeV 

 <br> ~ 0.55 c 
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Kinetic freeze-out systematics 
 <br  

 grows with √sNN 

 T 
 grows steeply with 

√sNN but saturates at 
AGS energies 
 

strong collective radial 

expansion at RHIC                  

and the LHC 

 large pressue 

 large scattering rates 

 thermalization is likely! 

Slightly model dependent 

here:  

blast wave model  
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Blast wave fits at the LHC 

 consistent with  

previous systematics! 
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Elliptic flow 
 initial spatial asymmetry 

of overlap zone                

 anisotropy of 

momentum distr.               

w.r.t. the orientation       

of the reaction plane 
 origin 

– asymmetric pressure 
gradients 

 prerequisites 
– early thermalization 

– strong „coupling“ 

 „self quenching“ 
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Time evolution of elliptic flow 

 hydrodynamic models: elliptic flow develops 

in the early phase of the fireball evolution 

(quark-gluon plasma) 

K. Reygers 
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 Fourier expansion of particle distribution 
 

 
 f = fparticle – freaction plane 

 v1: directed flow strength (0 at yCMS) 

 v2: elliptic flow strength 

Fourier expansion 

         ff
f

2cos2cos21
210

2

TT

T

pvpvN
dpd

Nd



R. Averbeck, 34 Heidelberg, 29.11.2012 

Fourier expansion 
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 how to measure the 

orientation of the reaction 

plane 

 

 
 choice of weights is not unique, 

common: 

Reaction plane 
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 resolution of the measurement is limited                             
by the finite number of produced particles 

 resolution can be determined via „sub events“ 

 measured v2 has to be corrected for this resolution 

 „particle of interest“ is excluded from reaction plane 
determination 
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Elliptic flow: energy dependence 

from A. Andronic 
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v2 

pT (GeV) 

 „ideal“ hydro calculation describe                       

elliptic flow data with zero viscosity! 

 
 

 

 

 

 

 

 

 thermalization requires t < 1 fm/c 

 initial energy density: 20 GeV/fm3 

perfect fluid (AIP "Story of the Year" 2005) 

v2: experimental results 
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 shear viscosity  of a fluid 
 relation between 

– shear stress 

– velocity gradient                                                                    
in the fluid 

 large interaction cross sections                                         
in the fluid ↔ low viscosity 

Viscosity 
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 largest viscosity ever observed 
 pitch-drop experiment 

 lab experiment continuosly  
running for the longest time 

 T. Parnell: observation since 1927 
(Queensland University, Australia) 

 8 drops in 8 decades 

 eye witnesses of a drop falling: 0 

http://www.nyu.edu/classes/tuckerman/stat.mech/lectures/lecture_21/node6.html
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T. Schäfer & D. Teaney, arXiv:0904.3107 

Fluids with small viscosity 
 quantum fluids 

 liquid Helium 

A. Turlapov et al., J.Low Temp. Phys. 150(2008)567 

http://www.phy.duke.edu/research/photon/qoptics 

 „near perfect" fluid in 
HIC: measurement? 

 strongly interacting Li atoms 

– oscillations 

– damping  viscosity  
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/s ~ 0 

/s = 1/4 

/s = 2 x 1/4 

/s = 3 x 1/4 

/s at RHIC? 
 compare measured elliptic flow with 3d, 

relativistic, viscous  hydro calculations  

t)(Experimen 0.1  (Theorie) 3.1  3.1
4

1
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M. Luzum & P. Romatschke, Phys. Rev. C78(2008)034915 
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Quark scaling of elliptic flow 
 elliptic flow scales with quark content (no gluons?) 

at RHIC 
 violation of scaling seen at LHC and at RHIC at large KET = mT – m0 and in 

more peripheral collisions  accidental scaling??  

mesons 

baryons 

22
mpm

TT


PHENIX: 

Phys.Rev.Lett. 

98(2007)162301 
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Elliptic flow at the LHC 

from A. Andronic 
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Low-viscosity fluid at the LHC 

 viscous hydro calculations are in good agreement 

with the measured v2 using small /s 
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Hanbury-Brown Twiss interferometry  

Hanbury-Brown and Twiss (1950s):                             

correlation of photon intensities in independent 

detectors allows a measurement of the angular 

size of stars 

Goldhaber et al. (1960):                                                    

study of angular correlations between pions 

produced in proton-antiproton collisions 

HBT interferometry = intensity interferometry, not 

amplitude interferometry (as e.g. in Young‘s 

double slit experiment) 
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HBT formalism  

from A. Andronic 
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HBT formalism  

from A. Andronic 
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Correlation functions  

from A. Andronic 
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HBT radii  

from A. Andronic 
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Energy dependence of HBT radii  

from A. Andronic 
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Volume in central collisions  

from A. Andronic 
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Decoupling time  

from A. Andronic 


